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that the rate constant is also affected by the E, of
the reaction.®® It is derived from the Collins—
Kimball equation (Eq. 2) by using 7 instead of Dy,
with the assumption that D, isinversely correlated

with .
aT(1)*
kobs = kact —(T)—Z (10)
Ract + C\!T(%)

Here, %, is the rate constant without restric-
tion of diffusion, as represented by Eq. (3), and a is

a constant representing the correlation between ¢’

and the diffusion-controlled rate. When %, is

much greater than diffusion-controlled rate

(Bact >> oT/1%), such that kg, is not affected by E,,
Eq. (10) can be written as kons = aT/:*. Thus, «T in
- Eq. (10) corresponds to Axt§ in Eq. (9), and
similarly, £ corrésponds to g. A smaller value of «
means a smaller value of A 7§, which suggests that
the number of diffusional jumps needed to com-
plete the reaction is larger. Figure 17 shows the
temperature dependence of rate constant (%ops)
simulated using representative values of E,.%°
Here, ko is represented by tgq (the time required
for 10% degradation). As E, decreases, the sig-
- nificance of molecular mobility becomes greater,
resulting in a more obvious change in the slope of
temperature dependence around T. In addition,
the significance of molecular mobility also depends
on the values of a and ¢, such that a decrease in «
and increase in ¢ result in increased significance of
molecular mebility. .
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‘Figure 17. The effect of E, on the temperature
dependence of tog. taoebs) Was calculated from &gy, using
Eq. (10) with a=5x10® deg’ and ¢£=0.75, and
represented by lines. tgp@ety Was calculated from kgt
using Eq. (8), and represented by symbols. (Reproduced
from Reference [69] with permission of copyright owner.)

DO} 10.1002/jps

The rate of degradation of insulin lyophilized
with PVP or dextran (main pathway: A21-deami-
dation and dimerization via a cyclic anhydride
intermediate) was found to exhibit no significant
change in the slope of temperature dependence
around Tg.ﬁs’70 Figure 18 shows the ¢gg of the PVP
formulation, calculated from the apparent first-
order rate constant obtained in the initial stage of
degradation. Furthermore, the value of £g at T
varied greatly depending on humidity. These
findings indicate that the degradation rate is not
affected by global mobility, and that the rate is
determined. only by E,. At low humidity, in
contrast, the trehalose formulation exhibited an
obvious change in the slope of temperature
dependence around T (Fig. 18), which suggests
that the effect of global mobility is significant.
However, the p-relaxation of the insulin molecule,
rather than global mobility, was found to deter-
mine the degradation rate at low humidity, as
described below in the section regarding local
mobility of amorphous pharmaceuticals. The
obvious change in slope observed around T; may
be attributed to a possible coupling between global
mobility and B-relaxation. The relative signifi-
cance of E, and PB-relaxation in the insulin
degradation rate was calculated according to the
modified Collins—Kimball equation (Eq. 10) with
the assumption that the temperature dependence
of B-relaxation time can be approximated by that of
structural relaxation time within the limited
temperature range near Tg.ﬁe'70 The value of -
Eobs/kact Was small at low humidity (Fig. 19)
(unpublished data), indicating that the main
determinant of the degradation rate is B-relaxa-
tion time, rather than the chemical activational
barrier. The longer tgo of the trehalose formulation
compared with the PVP formulation at a given

" temperature can be explained by the stronger

ability of trehalose to hinder B-relaxation of the
insulin molecule, as described below in the section
regarding local mobility.

Temperature Dependence of Global Mobility

Because of the significant effect of global mobility
on chemical reactivity, as described above, an
understanding of the temperature dependence of
global mobility is indispensable for predicting the
stability of amorphous pharmaceuticals. The
temperature dependence of structural relaxation
time (z) for various amorphous materials’’ has
been described using the WLF equation (Eq. 1)
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Figure 18. The rate-Tg/T plots for degradation of insulin lyophilized trehalose or PVP
formulations. tgo was calculated from the apparent first-order rate constant obtained in
the initial stage of degradation. (Produced using data reported in Reference [68,701.)

developed for mechanical and electrical relaxa-
" tion.” The temperature dependence of 7 can also
be described using the Vogel-Tammann-Fulcher
(VTF) equation (Eq. 11), which is roughly equiva-
lent to the WLF equation.

T = Tg €Xp (TD—Tg’(j) (11)

The VTF equation has been used to describe .

the temperature dependence of t of amorphous
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Figure 19. The significance of molecular mobility for
the degradation rate of insulin lyophilized with treha-
lose as a function of T/T, as indicated by the ratio of kgps
to k,et. (Produced using data reported in Reference [68].)
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indomethacin calculated from viscosity and fre-
quency-dependent shear modulus at tempera-
tures near and above Tg._'73

Global mobility, as indicated by 1, in amorphous
pharmaceuticals at temperatures below T’y can be
determined from enthalpy relaxation time, which
can be measured by conventional DSC, modulated
temperature DSC™*5 and isothermal microcalori-
metry.”®”" The enthalpy relaxation times mea-
sured for amorphous indomethacin, PVP and
sucrose indicated that significant global mobility
may be expected even at temperatures well below -
Tg.78 The enthalpy relaxation times of amorphous
benzodiazepines also indicated that global mobi-
lity is significant at temperatures below T,

The temperature dependence of global mobility
in'amorphous pharmaceuticals may also be calcn-
lated according to the AGV equation (Eq. 5) by

_ using experimentally determined values of D, T\,

and T3 The value of fragility, which is
necessary to calculate the values of D and T, can
be measured by various methods, such as those
based on the width of glass transition, the heating-
rate dependence of T, and -configurational
entropy.52-84 o

Shamblin et al.®? calculated the structural
relaxation times of indomethacin, sucrose, treha-
lose and sorbitol glasses using the AGV equation,
and obtained values of T} (T) ranging from 40 to
190 K below the Tg. The structural relaxation time

DO 10.1002/jps
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was estimated to be 3-5 years at Ty, which
suggests that storage at temperatures below T
is- necessary to ensure shelf-life stability. For
stability prediction of pharmaceutical products,
the distribution of = should be taken into account,
because the values of t obtained from enthalpy
relaxation time and those calculated using the
AGV equation v are mean relaxation times.>%

SIGNIFICANCE OF LOCAL MOBILITY
FOR CHEMICAL REACTIVITY OF
AMORPHOUS PHARMACEUTICALS

In addition to global mobility described above, the
local mobility of drug and excipient molecules has
attracted attention as an important factor in
chemical reactivity. This section describes the
effect of local mobility on the chemical reactivity
of amorphous pharmaceuticals. Here, local mobi-
lity (B-relaxation) is referred to as mobility with a
time scale shorter than that of global mobility, but
longer than that of fast dynamics (y-relaxation,
8-relaxation, —) such as the rotational motion of
small functional groups in the molecule (e.g.,
methyl group).

Correlation between Local Mobility and
Chemical Reactivity

The molecular motion required for a chemical
reaction to proceed varies depending on the
reaction mechanism. Correlations between che-
mical reactivity and local mobility have been
demonstrated for several amorphous pharmaceu-
ticals, although the available reported data are
fewer than those related to correlations between
chemical reactivity and global mobility.
Degradation of human insulin lyophilized from
acidic solution involves deamidation at the Asnag;
position and covalent dimerization via formation
of a cyclic anhydride intermediate at A21, which is
' the rate-determining step.?® Based on the finding
that formation of the intermediate occurred even
" in the glassy state, it was suggested that the
conformational flexibility of the A21 segment,
rather than global mobility, was important for
reactivity. Furthermore, the primary degradation
pathway of the cyclic anhydride intermediate in
the glassy state was deamidation, whichis thought
to require only local mobility.2” The importance of
local mobility in insulin degradation is also
suggested by the finding that amorphous insulin

is far more stable than crystalline insulin, which

DOI 10.1002/jps

has lower global mobility, indicating that stability
is not determined by global mobility (Fig. 20).% As
described in the previous section, the degradation
rate of insulin lyophilized with dextran or PVP was
affected only by the chemical activation energy
and not by global mobility.?®™ The degradation
rate of insulin lyophilized with trehalose at low
humidity, in contrast, was determined not only by
the chemical activation energy but also by mole-
cular mobility. The type of molecular mobility
responsible for the degradation was found to be f-
relaxation of the insulin molecule.®® The rotating
frame spin-lattice relaxation time (T;,) of the
insulin carbonyl carbon in the dextran formulation
was equivalent to that determined for insulin
alone, whereas spin-lattice relaxation was signifi-
cantly retarded by the addition of trehalose,
showing a longer Ty, (Fig. 21). This indicates that
B-relaxation is slower in the trehalose formulation
than in the dextran formulation. It is suggested
that trehalose has the ability to retard p-relaxation
of the insulin molecule such that B-relaxation
becomes the rate-determining process. The stabi-
lizing effect of trehalose observed at low humidity
was eliminated at higher humidity, in a similar
manner to that in which the effect of trehalose in
retarding B-relaxation of the insulin molecule at
low humidity was eliminated at higher humidity.
This finding supports the contention that B-
relaxation, rather than global mobility, deter-
mines the degradation rate.

- The significance of p-relaxation was also sug-
gested in terms of the stability of Iyophilized IgG1
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Figure 20. The effect of water content on the rate
constant for A-21 deamidation of insulin in the solid
state. The rate constants refer to the pseudo rate
constant for “square root of time” kinetics. (Reproduced
from Reference [88] with permission of copyright owner.)
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Figare 21. The time courses of rotating-frame spin-

‘lattiee relaxation for insulin carbonyl carbon in lyophi-
lized insulin, insulin-dextran and insulin-trehalose
systems. 25°C, 12% RH. (Reproduced from Reference [89]
with permission of copyright owner.)

antibody.? The addition of a small amount of
sorbitol was found to improve the storage stability .

- of both IgG1-sucrose and IgG1-trehalose formula-
tions, but addition of sorbitol decreased the
struetural relaxation times of both formulations.
These findings indicate that there is no correlation
between stability and global mobility. Further-
more, addition of sorbitol to the sucrose formula-
tion resulted in greater retention of the native
structure of the protein as determined by FTIR,
but addition of sorbitol to the trehalose formula-
tion. had no effect on retention of the native

structure, which indicates there is no correlation -

between stability and the retention of the native
structure. Thus, molecular mobility other than
global mobility (i.e., B-relaxation) is thought to be
a critical factor in the stability of the protein.%-?!
Sorbitol has also been reported to reduce p-
relaxation in a starch-water system.®? Similar
retarded B-relaxation has been observed in a
glucose—water system.®?

Coupiling between Local Mobility
and Global Mobility

Local mobility (B-relaxation), which may. affect
the chemical stability of amorphous pharma-
ceutiecals depending on their degradation mech-
' anisms, can be determined by dielectric

relaxation®®®* and NMR relaxation®% measure-

ments. Local mobility, involving motions on a
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smaller scale than that of global mobility, is
thought to be coupled with global mobility,%97
although only limited data are available in this
regard. The local mobility of lyophilized dextran,
PVP and methylcellulose, determined based on
the T, and T'y, of the carbonyl carbon or methine
carbon of the polymer, was found to increase
abruptly, in association with an increase in global
mobility, when the temperature rose above Tq,
which suggests that local mobility is coupled with
global mobility.*®-2%° Coupling between local
mobility and global mobility was also observed
for y-globulin lyophilized with dextran.!®! The
temperature dependence of p-relaxation as deter-
mined by the T, of the protein carbonyl carbon
exhibited an abrupt change around Ty, in a
similar manner to that of B-relaxation determined
by the T of the dextran methine carbon. Coupling
between local mobility' and global mobility was
also suggested by the finding that the degradation
rate of insulin lyophilized with trehalose, which
was found to be determined by the B-relaxation of
the insulin molecule (as measured by the Ty, of
the insulin carbonyl carbon), exhibited a obvious
change in temperature dependence around Tg.68

EXAMPLES FOR CHEMICAL STABILITY
NOT APPARENTLY RELATED TO
GLOBAL MOBILITY

Whereas many stability studies have demon-
strated that there is a possible relationship
between chemical stability and global mobility
for various amorphous systems, as described
above, the lack of apparent correlation between
these factors have also been reported for many
systems. For some cases, the lack of correlation
can be explained in terms of local mobility

-responsible for the chemical reactivity, as

described in the preceding section. However,
other factors can also be responsible for the lack
of apparent correlation between chemical stabi-
lity and global mobility. The degradation rate of
quinapril lyophilized with B-cyclodextrin was
found to decrease with increasing B-cyclodextrin
content up to a molar ratio of 1:1, regardless of
decreasing T,.'% The effect of B-cyclodextrin in
stabilizing the drug through complexation was
more intense than the effect in decreasing the
matrix T, (Fig. 22).

The hydrolysis rate of 2-(4-nitrophenoxy)tetra-
hydropyran lyophilized with carbohydrates such
as Ficoll decreased with decreases in carbohydrate

DOI 10.1002/jps
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Figure 22. The effect of B-cyclodextrin on the rate
constant for quinapril intramolecular cyclization at
80°C. (Reproduced from Reference [102] with permis-
sion of copyright owner.)

molecular weights, regardless of decreasing Tg.103
The difference in the stabilizing effects of the
" various carbohydrates has been attributed to
differences in the matrix density.

Variations in chemical stability that do not
seem to berelated to global mobility have also been
observed for various solid proteins, including
restriction enzyme EcoRI dried with sucrose,
trehalose, maltodextrin or PVP,*% lactase and
invertase lyophilized with trehalose, maltose,
‘lactose, sucrose, raffinose, maltodextrin, casein
or PVP,?2105-108 5nd glucose-6-phosphate dehy-
drogenase lyophilized with dextran, sucrose or
raffinose. ?®~11 It is not easy to explain the lack of
correlation between chemical stability and global
mobility for proteins because of many complicated
. factors possibly affecting the chemical stability.
Protein structural changes arising during the
lyophilization process may affect stability during
~ subsequent storage.!*?11°

The lack of correlation between chemical stabi-
lity and global mobility observed for several
amorphous systems has been explained by the
contribution of excipient as reactant, complicated
effects of water, and the heterogeneity of amor-
phous matrix, as described below. :

The Role of Excipients as Reactants

The storage stability of amorphous pharmaceu-
ticals in which an excipient is involved in the
chemical degradation as a reactant may not
be related to global mobility. When glucose, a

DOt 10.1002/jps

reducing sugar, was used as an excipient in
lyophilized recombinant human relaxin formula-
tion, covalent adducts- of glucose with amino
groups on the side chains of the protein were
formed via the Maillard reaction.!'® In addition,
glucose was found to react with the Ser hydroxy
group and to cause Ser cleavage from the
C-terminal of the B-chain of relaxin. Another
example of the effect of an excipient as a reactant
has been reported for sucrose lyophilized with
ribonuclease A.!'7 Sucrose lyophilized from acid
solutions is thought to hydrolyze to glucose and
fructose, which undergo further degradation,
resulting in enhancement of protein degradation.

Complex Effects of Water

The effect of water on the storage chemical
stability of amorphous pharmaceuticals is not
simple; water can act not only as a plasticizer, but
also as.a reactant or medium.’11811 Thege
complicated effects of water may also be respon-
sible for an apparent lack of relationship between
chemical stability and global mobility. It has been
found that the degradation rate of aspartame
lyophilized with PVP is not related to the value of
temperature relative to T, (I'-Ty), and the
degradation rate changed with differing water
activity, even when T} is the same. 120,121

For diffusion- controlled degradation 1nvolv1ng
water as a reactant, the rate should depend on the
diffusion rate of water. However, no apparent
relationship between chemical stability and
matrix Ty is expected, unless the diffusion rate of
water is related to T. Various physical states of
water with d1ffer1ng molecular mobilities have
been observed in polymer-water systems by DRS
and NMR.'?22-12¢ Based on molecular dynamics
simulations, water distribution in PVP glasses
was suggested to be highly heterogeneous at 10%
w/w water content.'?® Water molecules are known
to have high diffusivity even in amorphous solids.
Water in solid amorphous Ficoll'?® and carbohy-
drates'?”was found to have diffusivity values high
enough to be determined from the rate of deso-
rption even at temperatures below T; the diffu-
sion constants of water exhibited linear Arrhenius
behavior around T, The diffusion coefficient of
water in solid PVP, determined by the absorption-
desorption technique for smaller water contents
and by the pulsed field gradient spin echo
technique for larger contents, exhibited no
changes in water-content dependence around W,
(the amount of water necessary to depress Tg to the
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Figure 23. The Arrhenius plots for hydrolysis of
cephalothin lyophilized with dextran. (Reproduced from
Reference [10] with permission of copyright owner.)

isotherm temperature), indicating that water
molecules have high translational mobility even
in the glassy state.?® The high diffusivity of water

molecules even at temperatures below 7 can .
explain the lack of an apparent relatlonshlp

between chemical stability and global mobility
when water acts as a reactant in the degradation
of amorphous pharmaceuticals. The hydrolysis
rate of cephalothin in dextran matrices exhibited
temperature dependence which was unaffected by
Tre (65°C, 35° and 22° at 23, 60, and 75% RH,
_respectively), as shown in Figure 23.1°

Heterogeneity of Amorphous Matrix

The heterogeneity of amorphous matrices is
another explanation for cases in which no rela-
tionship is observed between chemical stability
and global mobility. When the amorphous matrix
contains crystalline phases that undergo degra—
dation, the apparent degradation rate is not
necessarily related to Tg. The rate of solid-state
methyl transfer in tetraglycme methyl ester was
faster in the amorphous matrices prepared by
freeze-drying than in those prepared by milling,
because fast degradation occurred in the crystal-
line phases coexisting in the amorphous matrices
prepared by freeze-drying,12%130

Heterogeneity created during chemical reac-
tions may also be responsible for alack of apparent
relationship between chemical stability and global
mobility. The chemical degradation:rate of amor-
phous sodium indomethacin was found to be
unrelated to Ty, with a greater rate observed at

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007

low humidities than at high humidities.’®! This
can be attributed to formation of the more
chemically stable crystalline phase at higher
humidities. The effects of heterogeneity created
during chemical reactions have also been reported
for degradation of tetraglycine methyl ester®? and
aspartame.'®® Amorphous matrices with an appro-
priate distribution of reactants may also exhibit
high reactivity even at temperatures below T, .
displaying temperature dependence that is not
related to T, as exemplified by the oxidation of
solid-state human insulin-like growth factor I.134

- SUMMARY

Literature describing the storage chemical stabi-
lity of amorphous pharmaceuticals in relation to
molecular mobility was reviewed to clarify the

-degree of our understanding about correlations

between chemical stability and molecular mobi-
lity, and to highlight the need for future studies
on'this subject. The chemical reactivity of amor-
phous pharmaceuticals is determined by the
relative effects of the chemical activational bar-
rier and molecular mobility. The significance of
molecular mobility is greatly affected by the value
of E, of the degradation, in that an increase in E,
reduces the significance of molecular mobility.
When the effect of molecular mobility on chemical
reactivity is negligible compared with that of
thermodynamic factors, the chemical stability of
the formulation can be predicted by extrapolating
data obtained at elevated temperatures through
the T,

The 51gn1ﬁcance of molecular mobility for
chemical reactivity is also determined by the
mechanism of degradation, in other words, the
length scale of molecular mobility responsible for

- the chemical reactivity. Global mobility is pre-

dominant in determining the rate of degradation
for bimolecular reactions, in which diffusion of the
reactants is the rate-determining step, as exem-
plified by acetyl transfer between aspirin and
sulfadiazine. In contrast, local mobility is an
important determinant of the degradation rate
for mechanisms requiring smaller-scale motion, as
exemplified by degradation of insulin via forma-
tion of a cyclic anhydride intermediate. Even if
local mobility rather than global mobility is
responsible for the degradation, reactivity may
exhibit changes in the slope of temperature

“dependence around T'g. This apparent relationship

between reactivity and matrix Ty may be

DOI 10.1002/jps
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explained ih terms of | coupling between local
mobility and global mobility, although further

studies about the temperature dependence of local

mobility in comparison with that of global mobility
are needed to confirm this coupling. Formulations
exhibiting degradation with a significant contri-
bution either from global or local mobility can be

stabilized by using antiplasticizers to decrease

global or local mobility.

Close relationships between chemical stability
(orders of months and years) and global mobility
(orders of 100 s at T,) or local mobility (order of ms
to us), demonstrated for various amorphous sys-
tems, give rise of speculation that a number of
diffusional jumps are needed to complete a
degradation in the amorphous state, and that the
rate of each jump is determined by global mobility
or local mobility.

Storage at temperatures below T, is considered
appropriate in ensuring the shelf-life stability of
amorphous pharmaceuticals in which degradation
rate is affected by global mobility. However, this is
not the case for amorphous pharmaceuticals in
which the degradation rate is affected by local
mobility, because local mobility may be sufficient
for degradation to occur even at temperatures
below TY.

Another subject that needs to be studied may
be to elucidate the effect of the heterogeneous
propertles of amorphous pharmaceuticals (e.g.,
microscopic phase separation) on their chemical
reactivity.

Finally, the representative amorphous systems
considered in this article are summarized in
Table 1, classified according to the type of
molecular mobility relevant to the degradation.
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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, #g0, Was calculated from the time course of decreases
in the heat capacity change at T,. The fyo of NLV and NTR decreased with decreases in T, associated with water sorption. The ty 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 T,. In contrast, differences in the crystallization rate between these four drugs cannot be explained only by molecular mobility, since
the top 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 Ty. This also suggests that factors other than molecular mobility affect the crystallization rate.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Crystallization; Amorphous state; Nifedipine; Glass transition; Molecular mobility; Excipients

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
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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, asithas 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 (7) (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 hydroxypropy! methylcellulose (HPMC)). Although some
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abbreviation R, R; Ry R HC ;i R,
nifedipine INFD] 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;»CH H NO,

Rs

Fig. 1. Chenﬁcal 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 ther cooled to approximately

100°C below the T at a cooling rate of 40 °C/min. Thermal

and photo degradation of the drugs was chécked 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 Ty 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, 32.44+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 5h 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 46 h showed the exothermic peak around
120-140°C due to transformation into a stable crystal, although
change in the heat capacity (ACp) at Ty was not significant.
The exottiermic 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

Exothermic
s

(o)

-20 20 60 100 140 180 220
Temperature (°C)
Fig. 2. Typical DSC thermograms: (a) NFD crystalline in the stable form, (b)
freshly prepared amorphous NFD, (c) amorphous NFD after 5h-storage at 60 °C
(d) amorphous NFD after 46 h-storage at 60 °C, () 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, (o) 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 AC, value assuming that the amount of amorphous phase is proporiional to
the AC;. ACy and ACy, are changes in AC, at time 0 and ¢, respectively. Solid
lines denote the fitting to the Avrami equation (x(¢) =exp[—k"], n=3).

(158 °C) and consistent with that reported for a metastable crys-

tal (Kuhnert—Brandst‘cittef and Vollenklee, 1986; Burger et al.,

1997). As shown in Fig. 2(n) and (o), 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
(Hirayarmna 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-
lizationi (f9g). Although NFD and NLV have approximately the
same Tg, their values of #go at the same temperature differed by
more than two orders of magnitude (Fig. 4(A)). As shown in
Fig. 4(B), the value of 7gp at a given Tg/T (T being storage tem-
perature) wasin 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 (Ry), and differ in the substitution
position of the nitro group in the phenyl moiety (R3 or Ry). The

7 -
o)
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| o)
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2 o X
Z sl &
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g |lo X
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s . , .
2.7 29 3.1 33
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Table 1
T values of amorphqus NLV and NTR
RH (%) T, ('0)

NLV NTR

0 (P205) 486 + 0.3 324+£03
12 (LiC1-2H,0) 481 £ 0.7 305+ 04
25 (CH3COOK) 464 £ 0.5 29.0+£03
43 (K,CO0;-2H20) . 434 £ 0.4 258 +£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 R,
is a cyano group in NLV, whereas it is a methy! 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

log 1.46(s)

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 Ty 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 tgp obtained for NLV and NTR in the presence of water.
When compared at the same temperature, the tog value decreased
with increasing RH. As shown in Fig. 5(B), the tgg versus Ty /T
plots for each drug overlapped with those obtained under dry
conditions, suggesting that the effect of water on the tgg value
was explainable by the plasticizing effect of absorbed water,

7+ o O NLV
A A NTR
< NFD
p o * m-NFD
A
o X
st A o
o)
a oX
4t
Ox
3 \ . .
085 09 095 100 105
TJT

Fig. 4. Relationship between tgo for crystallization of drugs and storage temperature under dry conditions.
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Fig. 5. Effect of absorbed water on the fg9 of crystallization for NLV (circles) and NTR (triangles). The toq values were measured at the early stage of crystallization
at which no marked change in Tg was evident.

Table 2 .
Ty values of N'TR=polymer solid dispersions
Polymer (%) T, (FO)
PVP HPMC
0 324+£03
3 332 £ 02 324 £ 0.1
5 341+ 03 329 £ 04
6 341 £ 03 328 £0.2
11 36.6 £ 0.3 334 +£03
20 - 337 07
23 43.4 + 08 -

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
Ty 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 tgg 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 tog values. Both PVP and HPMC increased tog 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 #99 for solid
dispersions containing 5% polymer. The g0 value compared at
the same T,/T was longer for both NTR-polymer dispersions
than for pure NTR. Furthermore, the 99 versus Tg/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., 2006).
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- The m:scnblllty of a drug with excipients in solid dispersions is considered to be one of the most important
factors for preparation of stable amorphous solid dispersions. The purpose of the present study was to elucidate
the feasibility of "H-NMR spin-lattice relaxation measurements to assess the miscibility of a drug with excipi-
ents. Solid dispersions of nifedipine with the hydrophilic polymers poly(vinylpyrrolidone) (PVP), hydroxypropyl-
methylcellulose (HPMC) and a,B-poly(N-5-hydroxypentyl)-L-aspartamide (PHPA) with various weight ratios
were prepared by spray drying, and the spin-lattice relaxation decay of the solid dispersions in a laboratory
frame (7, decay) and in a rotating frame (T, decay) were measured. T,, decay of nifedipine-PVP solid disper-
sions (3:7, 5:5 and 7:3) was describable with a mono-exponential equation, whereas T, decay of
nifedipine—PHPA solid dispersions (3:7, 4: 6-and 5: 5) was describable with a bi-exponential equation. Because a
mono-exponential T, decay indicates that the domain sizes of nifedipine and polymer in solid dispersion are less

than several nm, it is speculated that nifedipine is miscible with PYP but not miscible with PHPA. All the nifedip-

ine-PVP solid dispersions studied showed a single glass transition temperature (7,), whereas two glass transi-
tions were observed for the nifedipine—-PHPA solid dispersion (3 : 7), thus supporting the above speculation. For
nifedipine-HPMC solid dispersions (3:7 and 5: 5), the miscibility of nifedipine and HPMC could not be deter-
mined by DSC measurements due to the lack of obviously evident 7. In contrast, 'H-NMR spin-lattice relax-
ation measurements showed that nifedipine and HPMC are miscible, since T;, decay of the solid dispersions
(3:7, 5:5 and '7: 3) was describable with a mono-exponential equation. These results indicate that '"H-NMR

spin-lattice relaxation measurements are useful for assessing the miscibility of a drug and an.excipient in solid

dispersions.

Key words

Preparing solid dispersions of a poorly soluble drug with
water-soluble polymers is a promising method for improving
.the dissolution characteristics and bioavailability of the drug.
Miscibility between a drug and a polymer is considered to be
one of the most important factors for obtaining stable solid
dispersions."

Miscibility of a drug with a polymer is usually evaluated

by differential scanning calorimetry (DSC).2™® When a solid .

dispersion shows a single glass transition temperature (7;)
between the T, values of the drug and the polymer, the drug
and the polymer are considered to be miscible within the de-
tection limit of DSC.” This method is applicable to a solid

- dispersion when T, of the drug and the polymer can be de- .

tected clearly, and the temperature ranges of the base line
shift due to glass transition do not overlap each other.

The interaction parameter y of the Flory—Huggins equa-
tion provides a measure of miscibility.>” Crowly and Zografi
measured the water vapor sorption isotherm of indomethacin
solid dispersions with PVP and reported that the estimated
interaction. parameter y between indomethacin and PVP was
greater than 0.5, indicating that indomethacin and PVP are
immiscible in terms of y value.®’ Although this method is ex-
cellent in being able to provide a quantitative measure of
miscibility, it may be difficuilt to apply to unstable amorphous
drugs, which crystallize during measurement of water vapor
sorption.

A method that can be used as an alternative to DSC or
measurement of the interaction parameter y is analysis of the
'H spin-lattice relaxation process of solid dispersions, which

* To whom correspondence should be addressed. e-mail: aso@nihs.go.jp

miscibility; solid dispersion; spin diffusion; spin—lattice relaxation time; amorphous

has been reported in the fields of polymer alloy and polymer
blends. If two polymers are miscible, the relaxation decay of
the mixture is describable by a mono-exponential equation,
whereas if they are not miscible, relaxation decay is describ-
able by a bi-exponential equation.'®!"

In this paper, the feasibility of 'H spin-lattice relaxation
measurements for evaluating the miscibility of a drug and
polymers in solid dispersions was studied. Nifedipine solid
dispersions with PVP, HPMC and ¢, B-poly(N-5-hydroxy-
pentyl)-L-aspartamide (PHPA) were used as model solid dis-
persions, and the miscibility measured by '"H-NMR was com-
pared with that measured by DSC. The dissolution profiles of
nifedipine from PVP solid dispersions were compared with
those from PHPA solid dispersions to discuss the effects of
miscibility on the dissolution rate of nifedipine.

‘Theory 'H spin-lattice relaxation rates of respective
spins in a solid are usually averaged by a process called spin
diffusion. Spin diffusion is the equilibration process of polar-
izations of spins at different local sites through mutual ex-
change of magnetization. 'H spin-lattice relaxation decay for

.a single-phase solid is describable by a mono-exponential -

equation with a relaxation rate that is averaged by spin diffu-
sion. When a solid consists of two phases, the spin—lattice re-
laxation decay is describable by a mono-exponential or a bi-
exponential equation depending on both the domain size of
each phase and the effective diffusion length (L). L is ex-
pressed as follows:

L=+6Dt ’ ' (h
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where D is the spin diffusion coefficient, and ¢ is the diffu-
sion time. D is a function of the distance between neighbor-

ing proton spins and spin—spin relaxatlon t1me (T,), and is re-’

ported to be approximately 1072 cm?s™! for organic poly-
mers. Typical spm—lattlce relaxation time in a laboratory
frame (T,) and that in a rotating frame (T,) are of the order
of 1s and 10 ms, respectively. When these values for ¢ were
inserted in Eq. 1, effective diffusion lengths of approximately
50nm and 5 nm.were obtained for T, and 'T,,, respectively.
Depending on the domain size of each phase in a solid, the
following 3 cases can be expected: (1) when the domain is
smaller than about 5nm, both the spin~lattice relaxation
decay patterns in a laboratory frame (7, decay) and in a rotat-
ing frame (T, decay) are describable by a moro-exponential
equation; (2) when the domain size is about 5 to-50 nm, the
T,, decay pattern is describable by a bi-exponential equation,
whereas the T, decay pattern is describable by a mono-expo-
nential equation; and (3) when the domain size is larger than
about 50 nm, both the 7} and T, decay patterns are describ-
able by a bi-exponential equation. When the T, decay is de-
scribable by a mono-exponential equation, the solid can be
considered as a single phase within the detection limit of
NMR. T, and T, decay thus provide information on misci-
bility of a drug anda polymer excipient.'"

Experimental B )
Materials Nifedipine (N-7634), PVP (PVP-40) and HPMC (H-3785)
were purchased from Sigma (Newcastle, DE, US.A.). PHPA was synthe-
sized via polycondensation of L-aspartic acid.'” Phenobarbital was obtained
from sodium phenobarbital (Wako Pure Chemical Ind., Osaka) by neutral-
ization and subsequent re-crystallization from acetone solutions as described
previously.'” Other chemicals used were of reagent grade. Nifedipine solid
dispersions with PVP, HPMC and PHPA were prepared by a solvent evapo-
ration method using a model GS-310 spray dryer (Yamato, Tokyo, Japan).
Drying conditions are summarized in Table 1. The solid dispersions ob-

tained were confirmed to be amorphous from microscopic observation under’

polarized light. Although the drying conditions were not optimized, 50 to
90% of the solid dispersions were obtained. Amorphous nifedipine was pre-
pared by melting and subsequent rapid cooling as reported previously."

DSC T, of nifedipine-PVP and nifedipine—HPMC solid dispersions was
measured by modulated temperature DSC using a model 2920 differential
scanning calorimeter and a refrigerator cooling system (TA Instruments,
Newecastle, DE, U.S.A.). The modulated temperature program used was a
modulation amplitude of +0.5°C, a modulation period of 100s and an un-
derlying heating rate of 1 °C/min. For nifedipine-PHPA solid dispersions, T
was measured at a scanning rate of 20°C/min using a conventional heating
program. Temperature calibration of the instrument was carried out using in-
dium.

NMR T, decay and T), decay were measured using a model JNM-
MU25 pulsed NMR spectrometer (JEOL DATUM, Tokyo, Japan). The in-
version recovery pulse sequence was used to measure 7, decay. 7, decay
was measured in a spin locking field of [0 G. All measurements were carried
out at 27 °C.

X-Ray Powder Diffraction X-Ray powder diffraction patterns of solid
dispersions were obtained using a model RINT-TTR II X-ray diffractometer
(Rigaku Denki, Tokyo) with CuKa radiation (50 kV 300 mA) at a scanning
rate of 4 °C/min from 28=5° to 40°,

Nifedipine Dissolution Profile Nifedipine-PVP (3:7) and nifedipine—
PHPA (3:7) solid dispersions containing 100 mg of rnifedipine were made
into disks with a diameter of 2cm at a pressure of 20kN. Each disk was
mounted on the rotor of the dissolution apparatus and the side surface of the
disk was covered with a Teflon film. The sample was rotated at a rate of
100 rpm in 900 ml of distilled water at 37 °C. The amount of nifedipine dis-
solved”was measured using a model DM 3100 solution monitor (Otsuka
Electronics, Tokyo).

Results and Discussion
Figure 1 shows typical T, and T), decay patterns for the
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Table, 1. Conditions of Spray Drying

. Outlet - Atomlzer Feeding

Drug Polymer  Solvent” temperature ~ gas’ rate
(°C)- (V/min), " - (ml/min)

Nifedipine-PHPA .

0 10 A 68 7 5

3 7 A 68 7 3

4 6 A 68 7 "3

5 .5 A 68 7 3
Phenobarbital-PHPA S

3 7 A 68 7 3.

Nifedipine-PVP

0 10 A 90 9 10

3. 7 A 90 9 10

5 5 A 90 9 10
) 3 A 68 7 3

. Nifedipine~-HPMC

0 10 B 38 - 11 3

3 7 B 38 I 2

5 5 B 38 11 2

7 3 B 38 11 4

a) Solvent A, ethanol; solvent B, ethanol-CH,Cl, (1 : 1). Flow rate of drying gas was
adjusted to 0.5 m*/min.
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NIF-PHPA 3:78D Ty
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Fig. 1. T,(A)and T,,(B) Decay Patterns for Amorphous Nifedipine (<),
Amorphous PHPA (A), Physical Mixture (X) and Solid Dispersions (@) of
Nifedipine and PHPA

solid dispersion and the physical mixture of nifedipine and
PHPA (3:7). T, and T, decay patterns were mono-exponen-
tial for both amorphous nifedipine and PHPA. The T and T,

values of nifedipine were 5.0s and 104 ms, respectlvely, and
those of PHPA were 0.084s and 4.4mis, respectively. The
physical mixture of nifedipine and PHPA (3 : 7) exhibited bi-
exponential T, and T\, decay with the relaxation time of each
component, i ndlcatmg that the particle sizes of nifedipine
and PHPA in the physical mixture are much larger than the
effective diffusion length (approximately 5 nm and 50 nm for
T,, and T, decay, respectively). In contrast to the physical



