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insulin carbonyl carbon in the insulin-trehalose system is longer than in the
insulin-dextran system, indicating that the molecular mobility of insulin is
decreased by trehalose, since longer Ty, indicates slower motion in the slow
motional regime (Fig. 3).

Retardation of spin-lattice relaxation of protein carbonyl carbon brought
about by the addition of sugars is also observed for the carbonyl carbon of
B-galactosidase freeze-dried with sucrose, trehalose, or stachyose, as shown in
Figure 11 (33). The molecular mobility of the protein is most effectively
decreased by sucrose.

The Ty and Ty, of protein carbonyl carbon described above represent the
average of Ty and Ty, for multiple carbonyl carbons present in the protein
molecule. More detailed site-specific analysis becomes possible by the >C-
labeling of an amino acid at a specific site of interest.

Laboratory and Rotating Frame Spin-Lattice Relaxation

Times of Fluorine

’F-NMR has high sensitivity and specificity and has been used to determine the
molecular mobility of '’F-labeled proteins (34) as well as small molecules con-
taining 'F (35). Figure 12 shows the temperature dependence of T; and Ty, of
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FIGURE 12 Temperature dependence of T, (A) and Ty, (B) of flufenamic acid '°F in solid
dispersions with PVP. Abbreviation. PVP, polyvinylpyrrolidone.
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'*F in amorphous flufenamic acid dispersed with PVP (drug-PVP, 7:3). The T, of
F shows a minimum at approximately 110°C as well as a maximum at
approximately —10°C, as shown in Figure 12A. The temperature dependence
can be described by assuming that the "F atom has two Arrhenius-type motions
with an equivalent contribution to the process of T; but with different activation
energies of 50 and 5 kJ/mol, as shown by the solid line in Figure 12A. The
motion with greater activation energy may be attributed to B-relaxation and the
other one to the rotation of the trifluoromethyl group, which is faster than
B-relaxation. ,

The Ty, of °F in flufenamic acid shows a minimum at approximately 60°C,
as shown in Figure 12B. The temperature coefficient of T, is about 50 k] /mol at
temperatures below 60°C, suggesting that T, is determined by B-relaxation in
this temperature range. In contrast, a greater temperature coefficient of Ty, is
observed at temperatures above 60°C, suggesting that T, is determined by a
larger-scale motion than B-relaxation. Thus, motion reflected by the T; and T,
of P°F varies with temperature.

RELATIONSHIP BETWEEN STORAGE STABILITY

AND MOLECULAR MOBILITY AS DETERMINED BY

NMR RELAXATION TIMES

The storage stability of pharmaceuticals in the solid state is largely affected by
molecular mobility. Changes in the molecular mobility of amorphous pharma-
ceuticals at T, bring about changes in the temperature dependence of chemical
and physical degradation rates. Coupling between chemical degradation and
molecular mobility has been reported for several drugs of small molecular
weight in freeze-dried formulation (1-5); hydrolysis of aspirin in freeze-dried
hydroxypropyl-B-cyclodextrin/aspirin complex (1), hydrolysis of peptides in
freeze-dried formulations containing cross-linked sucrose polymer (3), and
deamidation of peptide in freeze-dried formulations containing poly(vinyl-
pyrrolidone) (4,5). In addition to chemical instability, physical instability of
pharmaceuticals, such as crystallization of amorphous compounds, is related to
molecular mobility (36-40). Crystallization of freeze-dried sucrose is inhibited in
the presence of PVP at a level as low as 10% due to the decreased molecular
mobility of sucrose as indicated by the decreased enthalpy relaxation of the
mixtures relative to sucrose alone (41).

Coupling between degradation and molecular mobility has also been
reported for degradation of protein pharmaceuticals (6-15). An excellent cor-
relation has been demonstrated between T, and chemical degradation of freeze-
dried antibody-vinca conjugate (8).

This section discusses the relationship between the storage stability of
freeze-dried formulations and the molecular mobility as determined by NMR
relaxation times, described in the previous section. Focus is placed on the
degradation of small molecular weight drugs via bimolecular reaction and
protein aggregation in the freeze-dried formulations.

Correlations Between Storage Stability and Structural

Relaxation as Reflected by NMR Relaxation Times

NMR relaxation times are useful to determine fast dynamics of freeze-dried
formulations, whereas structural relaxation of freeze-dried formulations, which
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is global mobility rapidly enhanced at temperatures above T, is also reflected
by NMR relaxation times. Correlations between storage stability and structural
relaxation as reflected by NMR relaxation times have been demonstrated for
various freeze-dried formulations. Figure 13 shows the temperature dependence
of the rate constant for acetyl transfer between aspirin and sulfadiazine in
freeze-dried formulations containing dextran. Acetyl transfer is a bimolecular
reaction in which the translational diffusion of reactant molecules becomes rate
determining when molecular mobility is limited in the solid state (42). The rate
constant of acetyl transfer (ky) and the pseudo rate constant of hydrolysis
(kH psendo) that occurs in parallel with acetyl transfer in the presence of water are
described by following equations.

?.[S.P_] = —kr[SD][ASA] (10)
d{ﬁA] = —kr[SD][ASA] — ki1 pseudo[ASA] ()

The temperature dependence of acetyl transfer at 60% RH exhibits a dis-
tinct break at approximately 40°C, although it is linear at 12% RH. The tem-
perature of this distinct break observed at 60% RH is coincident with the Ty, as
determined by the spin-spin relaxation measurements described in section
“Molecular Mobility as Determined by NMR Relaxation Times.” This indicates
that the rate of acetyl transfer is affected by a change in the translational mobility
of aspirin and sulfadiazine molecules at Ty, resulting in a change in temper-
ature dependence. The temperature dependence of acetyl transfer at 12% RH
does not show any break because Ty, at 12% RH is higher than the highest
temperature for the measurement. Compared with acetyl transfer, hydrolysis of
aspirin occurring in parallel with acetyl transfer does not show such a distinct
break at Tp,., even though hydrolysis is also a bimolecular reaction.

Similarly, no distinct break was observed in the temperature dependence of
hydrolysis of cephalothin in freeze-dried formulations containing dextran, as
shown in Figure 14. The hydrolysis rate of cephalothin increased with increasing
humidity because the rate-limiting step involves water as a reactant. The
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temperature dependence of the apparent first-order rate constant is linear at all
humidities in a manner similar to that of hydrolysis in aqueous solution,
regardless of their Tn. indicated by arrows in the figure. The temperature
dependence is also unaffected by the Ty of the formulations that are approxi-
mately 20°C higher than the Tp,. Since the translational mobility of drug and
water molecules in freeze-dried formulations is affected by Ty and/or Tp, the
hydrolysis rate should be affected by T and/or Tp, if the translational diffusion
of the drug and/or water molecules is rate limiting. The absence of a break in
temperature dependence around Ty and Tpc suggests that the translational dif-
fusion is not rate limiting. Since the translational diffusion of water can be con-
sidered to be much faster than that of the larger cephalothin molecule, the
diffusion barrier of water molecules may be smaller than the chemical activational
barrier. This interpretation is supported by the finding that the activation energy
for the hydrolysis of cephalothin in the freeze-dried formulations containing
dextran (between 23 and 26 kcal/mol) is close to the apparent activation energy
obtained for hydrolysis in solution (24 kcal/mol). Because of the small diffusion
barrier of water in freeze-dried formulations compared to the activational barrier,
the hydrolysis rate of cephalothin is not affected by Ty and/or Tp, even if the
translational mobility of water molecules changes around Ty and/or Timc

Correlations Between Storage Stability and Fast Dynamics

as Determined by NMR Relaxation Times

Protein aggregation, one of the most common degradation pathways of freeze-
dried protein formulations, also appears to be closely related to the structural
relaxation as reflected by NMR relaxation times. Figure 15 shows the temper-
ature dependence of the time required for 10% protein aggregation (tgo) in
freeze-dried B-galactosidase formulation containing methylcellulose (43). At
60% RH, the slope changes around the Ty measured by NMR (T). No change
in temperature dependence of to is observed at 12% RH, at which the Ty, is
higher than the highest temperature for the measurement.

Apparent correlation between protein aggregation rate and structural
relaxation is also observed for B-galactosidase freeze-dried with sugars. As
shown in Figure 16, the slope of toy — Ty/T plots changes at around T, sug-
gesting that aggregation rate is related to structural relaxation (33). However,
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structural relaxation cannot be considered to be the most relevant motion to the
protein degradation, because sucrose, which has the shortest structural relaxation
time, stabilizes the protein most effectively. These findings suggest that molecular
motion other than structural relaxation contributes to the protein degradation. As
shown in Figure 11, the T, process of the protein carbonyl carbon is retarded by
the addition of sugars, indicating that the fast dynamics of the protein is
decreased by sugars. Sucrose is most effective in decreasing the protein dynamics.
This suggests that the aggregation rate of f-galactosidase is correlated to the fast
dynamics of the protein as determined by NMR relaxation times.

Figure 17 shows the temperature dependence of toy observed for the
degradation of insulin freeze-dried with trehalose or PVP (44). For insulin
freeze-dried with trehalose stored at 12% RH, the slope of togy — Ty/T plot
changed at around T, suggesting that degradation rate of insulin is correlated
with structural relaxation. In contrast, for insulin freeze-dried with PVP, to
— T/T plots are linear at temperatures around T, without a change in the slope.
The value of g at T varies with humidity, indicating that structural relaxation
is not the major factor that determines the degradation rate of insulin. If the
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degradation rate is determined only by structural relaxation, tg at T should not
vary with humidity, because structural relaxation time is constant (100 seconds)
at T, regardless of humidity. These findings suggest that molecular motion other
than structural relaxation contributes the insulin degradation, as suggested for
the aggregation of B-galactosidase freeze-dried with sugars.

As shown in Figure 18, the o for the degradation of insulin freeze-dried
with dextran is shorter than that of insulin freeze-dried with trehalose at 12%
RH, and this difference in tq is eliminated at 43% RH (32). As shown in Figure 10,
the molecular mobility of the carbonyl carbon of insulin freeze-dried with tre-
halose, as determined by T4, is lower than that of insulin freeze-dried with
dextran, as described in the section “Molecular Mobility as Determined by NMR
Relaxation Times.” This difference in mobility is eliminated at 43% RH, similar
to the difference in toy. These findings suggest that trehalose decreases the
mobility of insulin in low humidity condition, and this decrease in mobility is
related to the increase in insulin stability. Thus, the degradation rate of insulin
also appears to be correlated to fast dynamics as determined by NMR relaxation
times.
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ABSTRACT

To clarify the contribution of drug-polymer interaction to the physical stability of amorphous solid
dispersions, we studied the crystallization rates of nitrendipine (NTR) enantiomers with identical
physicochemical properties in the presence of hydroxypropylmethylcellulose (HPMC), hydroxypropy-
Imethylcellulose phthalate (HPMCP) and polyvinylpyrrolidone (PVP). The overall crystallization rate at
60 C and the nucleation rate at 50-70 C of (+)-NTR were lower than those of (—)-NTR in the pres-
ence of 10-20% HPMC or HPMCP. In contrast, similar crystallization profiles were observed for the NTR
enantiomers in solid dispersions containing PVP. The similar glass transition temperatures for solid dis-
persions of (—)-NTR and (+)-NTR suggested that the molecular mobility of the amorphous matrix did
not differ between the enantiomers. These results indicate that the interaction between the NTR enan-
tiomers and HPMC or HPMCP is stereoselective, and that differences in the stereoselective interaction
create differences in physical stability between (- )-NTR and (+)-NTR at 50-70 C.However, no difference
in physical stability between the enantiomers was obvious at 40 C. Loss of the difference in physical
stability between the NTR enantiomers suggests that the stereoselective interaction between NTR and
the polymers may not contribute significantly to the physical stabilization of amorphous NTR at 40 C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nifedipine analogues are used for treatment of cardiovascular
disorders. Most of them are poorly water soluble and their bioavail-
ability is low when administered orally in crystal form. To improve
the bioavailability by increasing the dissolution rate and solu-
bility, amorphous solid dispersions of nifedipine analogues have
been studied over the past few decades (Suzuki and Sunada, 1998;
Chutimaworapan et al.,, 2000; Vippagunta et al., 2002; Hirasawa et
al.,, 2003a,b, 2004; Tanno et al., 2004; Karavas et al., 2005, 2006;
Wang et al., 2005, 2007; Kim et al., 2006; Konno and Taylor, 2006;
Huang et al., 2008; Marsac et al., 2008; Rumondor et al., 2009a,b).
Drugs in an amorphous state are more easily dissolved in water
than their crystalline counterparts. However, recrystallization to
a thermodynamically stable form during long-term storage is a
matter of concern. The physical stability of amorphous solid dis-
persions (crystallization tendency) has been reported to correlate
with several factors, such as molecular mobility (Aso et al., 2004;
Miyazaki et al., 2007), drug—excipient interactions and miscibility
(Matsumoto and Zografi, 1999; Marsac et al., 2006, 2009; Miyazaki
et al.,, 2004, 2006, 2007; Konno and Taylor, 2006; Haddadin et al.,
2009; Tao et al., 2009; Telang et al., 2009). The crystallization rate

* Corresponding author. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-mail address: miyazaki@nihs.go.jp (T. Miyazaki).
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of amorphous nitrendipine (NTR) increases with a decrease in the
glass transition temperature (Tg) associated with water sorption,
indicating that molecular mobility, in terms of Tg, is correlated with
physical stability. However, amorphous nilvadipine is more stable
than nifedipine, even though the two had similar Tg values, indicat-
ing that the difference in physical stability between nilvadipine and
nifedipine might be attributable to differences in chemical struc-
ture (Miyazaki et al., 2007). Hydrogen bond interaction between
felodipine and hydroxypropylmethylcellulose (HPMC) or hydrox-
ypropylmethylcellulose acetate succinate is considered to decrease
the nucleation rate of felodipine, since no significant change in
molecular mobility, reflected in Ty value, has been observed (Konno
and Taylor, 2006). Also, drug-excipient miscibility is reportedly
related to the physical stability of nifedipines. Drug crystallization
has been observed to occur earlier in solid dispersions showing
phase separation due to low miscibility of the drug with the excip-
ient polymers (Rumondor et al., 2009a,b; Marsac et al., 2010). In
order to develop stable amorphous solid dispersions, it is important
to clarify the relative significance of these factors for the physi-
cal stability of amorphous solid dispersions. Therefore, designing a
model system that is as simple as possible is the key to evaluation
of each individual factor.

NTR has an asymmetric carbon (Fig. 1), and is available as a
mixture of both enantiomers. These enantiomers can be resolved
by chiral chromatography. Since both enantiomers have identical
physical and chemical properties, including molecular mass, Tg,
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Fig. 1. Chemical structure of NTR. The asterisk represents asymmetric carbon.

melting point and density, the effects of molecular mobility and
chemical structure on their physical stability are expected to be the
same. Therefore, solid dispersions of NTR enantiomers may provide
a useful model system for studies of drug-polymer stereoselective
interaction. In the present study, HPMC and hydroxypropylmethyl-
cellulose phthalate (HPMCP) were used as chiral polymers, and
polyvinylpyrrolidone (PVP), an achiral polymer, was selected as
a control to investigate the effect of drug-polymer interaction on
the physical stability of amorphous NTR enantiomers. The over-
all crystallization rates were determined from the time-profiles
of amorphous drug remaining, as measured by differential scan-
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ning calorimetry (DSC). Furthermore, the nucleation and the crystal
growth rates of each NTR enantiomer in the solid dispersions con-
taining HPMC, HPMCP or PVP were determined by polarized light
microscopy. Measurements of T; and Fourier-transform infrared
spectra (FT-IR) were carried out for evaluation of molecular mobil-
ity and drug-polymer interactions, respectively.

2. Materials and methods
2.1. Materials

PVP (PVP10) and HPMC (USP grade) were purchased from
Sigma-Aldrich, Inc. HPMCP (HP-55) was kindly obtained from Shin-
Etsu Chemical Co., Ltd.

NTR (Wako Pure Chemical Industries Ltd.) was resolved on
a CHIRALCEL OJ-H column (Daicel Chemical Industries, Ltd.,
10mm x 250 mm) into two fractions of each enantiomer with a
mobile phase of n-hexane/ethanol (100/15, flow rate: 4 ml/min). A
500 .t of 1% NTR salution in n-hexane/ethanol (1/1) was injected,
and ultraviolet spectrophotometric detection was carried out at
254nm. The circular dichroism spectrum of the first fraction
exhibited a negative peak at around 360 nm, and the second one
exhibited a positive peak. Therefore, the first and second frac-
tions of NTR were designated (—)-NTR and (+)-NTR, respectively.
The optical purity of each enantiomer was determined to be more
than 99.96%, and the amount of photo degradation product of NTR
was determined to be less than 0.03% by liquid chromatography,
on a CHIRALCEL OJ-H column (Daicel Chemical Industries, Ltd.,

0.8
0.6
0.4

0.2 r

0.8
0.6
0.4

0.2

Time (h)

Fig. 2. Crystallization profiles of each NTR enantiomer alone ((a); 4, 4) and the enantiomers in solid dispersions {, ®) with (b) 10% PVP, (¢) 10% HPMC and (d) 10% HPMCP
at 60 'C. Open symbols represent (—)-NTR and solid symbols represent (+)-NTR. The lines in the figures represent the best fit of the Avrami equation.
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Fig. 3. Typical crystal shape observed for the amorphous NTR enantiomers and their solid dispersions: (a) without polymer, (b) 10% HPMC, (c) 10% HPMCP and (d) 10% PVP.
The left side of each micrograph was taken from the (—)-NTR samples, and the right side from the (+)-NTR samples. The bars in the micrographs correspond to 100 jum.

4.6 mm x 250 mm) with a mobile phase of n-hexane/ethanol=10/1
(1 ml/min). Since NTR is a photo sensitive compound, NTR samples
were handled under dim light (<120 Ix).

2.2. Determination of the overall crystallization rate of
amorphous NTR enantiomers

Amorphous solid dispersions of the NTR enantiomers were
prepared by melt-quenching drug-polymer mixtures. One NTR
enantiomer and a polymer were initially dissolved in a solvent that
was suitable for both components. Ethanol/acetone (1:1) was used
for the NTR-HPMC and NTR-HPMCP combinations, and ethanol
was used for the NTR-PVP combination. Next, the solvent was
rotary-evaporated to obtain a homogeneous drug-polymer mix-
ture. Approximately 4 mg of the pulverized mixture was weighed
into an aluminum pan for DSC, and was kept at around 180 “C in the
cell of a DSC (DSC2920, TA Instruments) for approximately 2 min
under dry nitrogen gas flow (30 ml/min). The melted sample was
transferred to a desiccator containing phosphorus pentoxide, and
the desiccator was stored at a constant temperature of 30-70 C.For
the pure NTR enantiomer, the resolved enantiomer crystal (4 mg)
was melt-quenched as described above to obtain an amorphous
sample.

After certain periods of time, the change in heat capacity (ACp)
at Ty was measured for the stored amorphous samples by DSC at a
heating rate of 20 - C/min. The amount of amorphous drug remain-
ing in the sample at time ¢, x(t), was calculated according to Eq.

(1):

Acpt
ACp

x(t) = (1)

where ACp and ACpg are the AC, values at time t and initially,
respectively. The time required for 10% of the amorphous NTR to

crystallize (tgg) was estimated as an indicator of the crystallization
tendency. The time-profiles of x(t) were analyzed according to the

Avrami equation (Eq. (2), n=3) to calculate tgg:
x(t) = exp[—kt"] (2)

where k is the crystallization rate constant and n is the Avrami
index. HPLC analysis of stored NTR samples showed no evidence of
degradation during melt-quenching and subsequent storage.

2.3. Determination of nucleation rate and crystal growth rate of
NTR enantiomer

The nucleation rate and the crystal growth rate were determined
for samples prepared in a space between two glass disks separated
by a stainless steel ring. The NTR enantiomer-polymer mixture,
which was described above, or the crystalline NTR enantiomer
(1.5-2mg) was placed on a clean glass disk (thickness: 0.12 mm,
diameter: 16 mm) and heated at 180 - C in the DSC with a stainless
steel ring (inner diameter: 6 mm, thickness: 20 um) as a spacer.
After the sample had melted completely, it was covered with
another glass disk (thickness: 0.12 mm, diameter: 12 mm) to yield
an amorphous layer between the glasses. Attention was paid to
ensure that the layer was free of bubbles. For measurements at tem-
peratures above 40 C, the sample was stored in the chamber of a
heating/cooling stage for microscopy (THMS600, Linkam Scientific
Instruments), which had been adjusted to a prescribed temper-
ature in advance. The moisture in the chamber was removed by
purging with dry nitrogen gas for 10-15 min. Microscopic images
of the sample were recorded at appropriate time intervals by a digi-
tal camera (DXM1200F, Nikon Corporation) attached to a polarized
light microscope (ECLIPSE E600 POL, Nikon Corporation)witha 10x
objective lens. In order to minimize possible photo degradation
of NTR by the polarized light, the light source of the microscope
was shut off when images were not recorded. For measurements
at 30°C, the samples were stored at 30-C in desiccators contain-
ing phosphorous pentoxide. After an appropriate period of storage,
microscopic images of the sample were recorded, and the sample
was again stored at 30 Cin a dry state.
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2.3.1. Measurement of nucleation rate

The nucleation rate of the NTR enantiomers was estimated from
time-profiles of nucleation site density determined from micro-
scopicimages of the stored samples. Nucleation site density per unit
volume was calculated from the number of nucleation sites per unit
area and the depth of field of the lens used for data collection. The
depth of field was calculated to be 8.46 wm from the wavelength of
the light (546 nm) and the numerical aperture of the lens (0.25). For
samples with more than a dozen nucleation sites per fixed field at
the end of the observation period, nucleation sites were counted in
one fixed field. For samples with less than a dozen nucleation sites
per field near the end of the observation period, and those stored at
30 "C, nucleation sites were counted for 12 individual areas in one
sample, and the average value from the 12 individual images was
regarded as the number of nucleation sites per field. The nucleation
rate was obtained from the slope of time-profiles of the number of
nucleation sites per unit volume (nucleation site density) at steady
state. In cases showing preferential nucleation and growth at the
sample periphery, these sites were not included in the analysis. The
reported nucleation rates were average values of those obtained for
at least three samples prepared separately.

2.3.2. Measurement of crystal growth rate

The crystal growth rates at temperatures above 40 C were
measured concurrently with the nucleation rate measurements as
described above. The measurements at 30 -C were carried out using
samples that showed more than a dozen nucleation sites per one
field after a few months of storage in desiccators containing phos-
phorous pentoxide. The sample was placed in the chamber of the
heating/cooling stage controlled at 30 *C, and the growth of crys-
tals was observed in a fixed field. The radius of each crystal was
estimated from a circular approximation by using Lumina Vision
software (Mitani Co.). The average crystal growth rate was calcu-
lated from the increase in the radius as a function of time based on
observations of at least 20 crystals.

2.4. FI-IR

FI-IR spectra were collected using a FT/IR-6300 (JASCO Cor-
poration) by the KBr method at ambient room temperature.
Transmission spectra were obtained for KBr disks containing
1-1.5% sample at a resolution of 0.4cm~! within the range of
4000-400cm~'. An accumulation of 128-256 scans was acquired
for each disk.

3. Results

3.1. Effects of polymers on the overall crystallization rates of NTR
enantiomers in solid dispersions

No significant differencesin the melting point (158 C), T (33 C)
and AC;, at Tg (0.40]/g/K) were observed between (—)-NTR and (+)-
NTR. Table 1 shows the T values of amorphous solid dispersions
of (—)-NTR and (+)-NTR. There appeared to be no significant dif-
ference in the Ty values between the two. The solid dispersions
containing HPMC (10-20%) and 5% PVP showed Ty values similar
to that of each NTR enantiomer alone. Ty values for solid disper-
sions containing 10% PVP were slightly higher than that of each NTR
enantiomer alone, whereas solid dispersions containing HPMCP
(10-20%) exhibited Tg values slightly lower than that of each NTR
enantiomer alone.

Fig. 2 shows time-profiles of overall crystallization of NTR
enantiomers at 60 * C. No significant differences in the overall crys-
tallization profiles were observed between (—)-NTR and (+)-NTR
without polymer (Fig. 2(a)), and between (—)-NTR and (+)-NTR in

Table 1
T, of pure NTR enantiomers and their solid dispersions with a polymer.
Polymer Polymer T, [ C]
content [%]
(=)-NTR (+)-NTR
None 0 332 +£01 331+02
HPMC 10 331 +1.0 330+ 0.7
20 33.1+08 330 +0.7
HPMCP 10 312 £07 310 £ 04
20 308 £ 1.2 305+ 09
PVP 5 33.0+£ 02 33102
10 363 +£1.2 362+ 0.8

4 Average =+ standard deviation (n=3).

solid dispersions containing 10% PVP (Fig. 2(b)). In contrast, differ-
ences in time-profiles between the enantiomers were observed for
solid dispersions containing 10% HPMC or HPMCP: (+)-NTR crys-
tallized more slowly than (—)-NTR, as shown in Fig. 2(c) and (d).
Table 2 shows the tqg values for the amorphous NTR enantiomers
obtained for NTR alone and NTR in the solid dispersions. The tqgg
values for (—)-NTR without polymer and those of solid dispersions
containing 5-10% PVP were almost the same as the tqg values for
(+)-NTR without polymer and those of solid dispersions containing
5-10% PVP, respectively, at the temperatures studied. The tgg values
at 50 and 60 “ C for (+)-NTR were 1.5-2.0 times longer than that for
(—)-NTR in solid dispersions containing 10-20% HPMC or HPMCP.
At 40 C, however, any difference between the enantiomers was not
clear.

3.2. Effects of polymers on the nucleation rate and crystal growth
rate

Fig. 3 shows the typical micrographs of NTR crystals grown from
amorphous pure enantiomers and their solid dispersions with a
polymer. The recrystallized NTR enantiomers without polymers
showed a melting point of 158 C, suggesting the same crystal form
as the originally resolved stable one. The melting point of the sam-
ples containing 10% HPMC, HPMCP and PVP was approximately
151 Cin all cases, regardless of the various crystal shapes shown
in Fig. 3. The difference from the melting point of the pure enan-
tiomers would have been due to melting point depression by the

Table 2
tgg for NTR enantiomers with and without polymer.
Temperature  Polymer [%] tgo® [h]
Ry
(=)-NTR (+)-NTR
40 None 0 41 (n 41 (1
HPMC 10 230, 240° 230, 230°
HPMCP 10 49 (1) 49 (1
50 None 0 5.7 (02) 57 (0.1)
PVP 10 250 (10) 240 (4)
HPMC 10 17 (0.4) 25 (0.1)
HPMCP 10 6.1 (0.3) 11 (0.3)
60 None 0 1.1 (0.1) 1.1 (0.1)
PVP 5 35 (0.1) 3.6 (0.1)
10 25+3¢ 254£3¢
HPMC 10 3.8,4.1° 6.7,6.9°
20 8.7 (0.3) 15 (0.4)
HPMCP 10 1.5+£0.2° 2.7+£0.3°
20 32 (0.1) 6.4 (0.2)

* The values in parentheses are standard error estimated from single experiments
using Origin 8.1 software (Lightstone Corp.).

b Results with two values represent the results obtained from duplicate experi-
ments using separately prepared samples.

¢ Mean + standard deviation (n=3).
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Fig. 4. Time profiles of the number of nucleation sites per field of view for (+)-NTR
at50°C(C ), 60°C(x)and 70°C (2). The dotted lines show the linear regression at
steady state.

Number of nucleation sites

added polymers, as the melting point fell gradually with increasing
polymer content (data not shown). The data suggested that differ-
ences in crystal habit, rather than polymorphism, might have been
responsible for the differences in crystal shape among the solid
dispersions.

Fig. 4 shows the typical time-profiles of the nucleation of amor-
phous NTR enantiomer stored at various temperatures. The lower
the storage temperature, the longer the period required before
the first crystal was observed. The nucleation rates at steady state
were obtained from the slope of the lines in Fig. 4, and these
were plotted against storage temperature (Fig. 5). As expected from
the similar overall crystallization profiles of the NTR enantiomers
(Fig. 2(a) and (b)), no significant difference in the nucleation rates
between (—)-NTR and (+)-NTR was observed for amorphous NTR
alone and the solid dispersions containing PVP within the temper-
ature range studied (Fig. 5(a)). In contrast, the nucleation rates of
(+)-NTR were lower than those of (—)-NTR in the solid dispersions
containing HPMC and HPMCP (Fig. 5(b)) within the temperature
range of 50-70 C. At 40 C, however, the differences in the rates
between (—)-NTR and (+)-NTR were not pronounced. These results
were consistent with the tgg values of the enantiomers shown in
Table 2.

Fig. 6 shows the typical time-profiles of the NTR crystal growth
at60 - C. Crystal radius increased linearly with time, and the growth
rate was estimated from linear regression of the plots. The higher
the temperature, the faster the crystals grew within the tempera-
ture range studied (Fig. 7). In contrast to the nucleation rates, no
significant growth rate differences between the NTR enantiomers
were observed, irrespective of the absence or presence of any poly-
mer.

3.3. FT-IR

FT-IR spectra (4000-400cm!) of (—)-NTR and (+)-NTR were
indistinguishable from one another for both the amorphous and
the crystalline forms. Similarly, the FT-IR spectra of amorphous
solid dispersions were almost the same for (—)-NTR and (+)-NTR
with any polymer. Fig. 8 shows the spectra for crystalline (—)-NTR
(dotted line in Fig. 8 (a)), NTR solid dispersions containing 25-75%
HPMC and HPMC alone (dotted line in Fig. 8 (c)) in the range of
1800-1550 cm~, corresponding to C=0 stretching region of NTR.
Spectra with and without an asterisk represent that of (—)-NTR

te in logarithm (/m3/s)

ionra

Nucleat

30 40 50 60 70
Temperature (°C)

Fig. 5. Plots of nucleation rate as a function of temperature. Error bars represent
standard deviation for at least triplicate experiments. (a) 4, o: without polymer, O,
@®: 10% PVP and (b) O, m: 10% HPMC, ¢, 4: 10% HPMCP. Open symbols represent
(—=)-NTR and solid symbols represent (+)-NTR.
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Fig. 6. Typical time profiles of the radius of NTR crystals in (+)-NTR alone (a), and
solid dispersions with 10% HPMC (M), 10% HPMCP (4) and 10% PVP (@) at 60°C.
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Fig. 7. Temperature dependence of crystal growth rate of NTR enantiomers. Error
bars represent standard deviation for at least triplicate experiments. (a) A, a: with-
out polymer; C, ®: 10%PVPand (b) ], ®: 10% HPMC; 0, 4: 10% HPMCP. Open symbols
represent (—)-NTR and solid symbols represent (+)-NTR.

and (+)-NTR, respectively. Despite its vicinity to the asymmetric
carbon, carbonyl group of (—)-NTR and (+)-NTR showed same
spectra even in the presence of HPMC. Likewise, no difference
in spectra between solid dispersions of (—)-NTR and (+)-NTR
containing HPMCP was observed (data not shown).

Fig. 9 shows the spectra in the range of 3650-3150cm™!, cor-
responding to NH stretching vibrations of nifedipine derivatives
(Konno and Taylor, 2006), where the changes in peak position
were obvious upon mixing with polymers as solid dispersions.
There were also no obvious differences in the spectra between the
two enantiomers. The peak around 3350 cm™! was assigned to the
NH stretching vibration that was expected to be involved in the
hydrogen bonding between the drug and a polymer. The peak posi-
tion was shifted from 3360cm~" to 3337 cm~! by amorphization,
and additionally shifted to 3291 cm~! in the presence of 50% PVP
(Figs.9(b)and 10). On the other hand, for solid dispersions prepared
with HPMC and HPMCP, the peak position showed a degree of shift
to a higher wavenumber (Figs. 9(c) and (d) and 10). The peak posi-
tion for solid dispersions with 75% HPMCP was nearly equal to that
of the pure NTR crystals. These changes in peak position showed
the same tendency for both (+)-NTR and (-)-NTR.

4. Discussion

The overall crystallization of (—)-NTR proceeded faster than that
of (+)-NTR in solid dispersions with HPMC or HPMCP (Fig. 2(c)
and (d)), while that for solid dispersions with PVP proceeded at
almost the same rate, regardless of NTR chirality (Fig. 2(b)). The
nucleation rates of (—)-NTR were greater than those of (+)-NTR
in solid dispersions with HPMC or HPMCP at 50-70 C (Fig. 5(b)),
while no difference in nucleation rates between the NTR enan-
tiomers was observed for solid dispersions with PVP (Fig. 5(a)). The
Tg values for samples using (—)-NTR or (+)-NTR were almost the
same (Table 1), suggesting that the differences in the overall crys-
tallization profiles and nucleation rates between the enantiomers
are not due to differences in molecular mobility between (—)-NTR
and (+)-NTR in solid dispersions with HPMC or HPMCP. The dif-
ference in physical stability between the two enantiomers may be
explained by the difference in strength of NTR-polymer interac-
tion between them. The results obtained from FT-IR measurements
indicate that PVP interacts with NTR through hydrogen bonding at
the NH moiety of NTR (Figs. 9 and 10). Almost the same degrees of
shift in wavenumber for NH stretching suggest a similar strength
of hydrogen bond interaction for (—)-NTR and (+)-NTR. PVP poly-
mer chains possess an asymmetric carbon in a monomer unit, and
are composed of monomer units with an equal ratio of R and S
configurations. Therefore, (—)-NTR and (+)-NTR are considered to
interact with PVP through hydrogen bonds of the same strength and
number, resulting in a similar degree of physical stability between
(=)-NTR and (+)-NTR. In contrast, HPMC and HPMCP are cellulose
derivatives that are polymers of optically active b-glucose, and thus
are expected to interact differently (strength and/or number) with
NTR enantiomers, resulting in the difference in physical stability
between (—)-NTR and (+)-NTR, although differences in interaction
were not detectable by FT-IR. At 40 C, however, the differences in
physical stability between the enantiomers with HPMC or HPMCP
were not remarkable (Table 2, Fig. 5). We do not have a satisfactory
explanation for the loss of the difference in stabilization by HPMC
and HPMCP. However, one possible explanation is as follows: The
temperature dependence of the nucleation rate exhibits a maxi-
mum just above Ty because the nucleation rate is influenced by both
molecular mobility and thermodynamic factors; an increase of tem-
perature increases the molecular mobility, and thus the nucleation
rate, whereas nucleation is thermodynamically favored at lower
temperatures. A barrier due to molecular mobility is considered to
play a predominantrolein nucleation within the temperature range
below the maximum point (Hancock and Zografi, 1997; Andronis
and Zografi, 2000). Therefore, loss of the difference in physical
stability between the enantiomers at 40 C may be due to the pre-
dominant contribution of molecular mobility, since the molecular
mobility is suggested to be similar for (—)-NTR and (+)-NTR in solid
dispersions, as indicated by the T values (Table 1). However, phys-
ical stability data at temperatures below 40 - C, which are difficult
to obtain within the commonly used experimental time scale, are
needed in order to support this speculation.

In contrast to the nucleation rates, no significant difference
in the crystal growth rates between the NTR enantiomers was
observed for solid dispersions with HPMC or HPMCP (Fig. 7). The
crystal growth rates for solid dispersions with HPMC or HPMCP
were similar to those for each NTR enantiomer alone, indicating
that the effects of HPMC and HPMCP on the crystal growth rate
were small. This might be one of the reasons why differences in
the crystal growth rate between the NTR enantiomers could not be
detected in solid dispersions with HPMC or HPMCP.

It may be worth to note that PVP decreased the crystal growth
rate of NTR enantiomers more than HPMC and HPMCP at all the
temperatures studied (Fig. 7). On the other hand, PVP did not always
decrease the nucleation rate of NTR more effectively than HPMC or
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Fig. 8. FT-IR spectra of crystalline (—)-NTR, solid dispersions of NTR enantiomer containing HPMC, and HPMC alone. HPMC content was (a) 25% (b) 50%, and (c)75%. Dotted
line in (a) represents the spectrum for crystalline (—)-NTR, and dotted line in (c) represents the spectrum for HPMC alone. The spectra with an asterisk are those of (—)-NTR.

HPMCP. For example, the nucleation rate of NTR at 60 C was fol-
lowing order; (—)-NTR, (+)-NTR = (= )-NTR-HPMCP > (—)-NTR-PVP,
(+)-NTR-PVP > (—)-NTR-HPMC > (+)-NTR-HPMC, (+)-NTR-HPMCP
(Fig. 5). PVP seems to decrease the crystal growth rate more effec-
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Fig. 9. FT-IR spectra of (a) crystalline and amorphous NTR enantiomers, and their
amorphous solid dispersions with (b) PVP, (¢) HPMC and (d) HPMCP. Percentages
represent the weight percentage of polymer in the solid dispersions. The spectra
with an asterisk are those of (—)-NTR.
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Fig. 10. Changes in FT-IR peak position showing the NH stretching region. +: (-)-
NTR without polymer (crystalline); x: (+)-NTR without polymer (crystalline); 4, a:
without polymer (amorphous); O, B: HPMC; ¢, 4: HPMCP; O, @: PVP. Open symbols
represent (—)-NTR and solid symbols represent (+)-NTR.

tively than the nucleation rate of NTR, whereas HPMC and HPMCP
decrease only the nucleation rate of NTR. The reason for the dif-
ferent stabilizing effects of the polymers for the nucleation and
crystal growth of NTR is not clear. The growth rate of NTR may
only be decreased by strong interactions such as hydrogen bonding
between NTR and PVP, which is detectable by FT-IR (Figs. 9 and 10).
Weak drug-polymer interactions, which are not detectable by FT-
IR, may decrease the nucleation rate of NTR, as well as hydrogen
bond interactions between drug and polymer.

5. Conclusions

Using NTR enantiomers as model drugs, the effects of stere-
oselective drug-polymer interaction on the crystallization rate of
amorphous solid dispersions were elucidated. The chiral polymers,
HPMC and HPMCP, retarded the crystallization of (+)-NTR more
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effectively than that of (—)-NTR. The difference in physical stability
at 50-70 C would be due to stereoselective interaction. Stereose-
lective interaction affected the nucleation process more markedly
than the crystal growth process. Since the stereoselective interac-
tion between NTR enantiomers and HPMC or HPMCP would have
been relatively weak, the impact of the interaction on the physical
stability of amorphous NTR solid dispersions was obscure at room
temperature.
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Tumor Permeability of Nanocarriers Observed by Dynamic Contrast-enhanced
Magnetic Resonance Imaging
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The structure of tumor vasculature is crucial for the nanocarrier-mediated chemotherapy. Recently, transforming
growth factor-f (TGF-f) inhibitor was reported to increase the tumor accumulation of nanocarriers by changing the
structure of tumor vasculature. To indentify the parameters of tumor vasculature function following TGF-f inhibitor
(A-83-01) treatment, dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) was performed using Gd-
DTPA and its liposomal formulation (Gd-L) as contrast agents. Observation of tumor MR image before, during, and
after injection of contrast agent could calculate the parameters of vascular function, such as volume transfer constant
between blood plasma and extracellular space (K'™) and fractional plasma volume (v,). A—83-01 treatment sig-
nificantly increased these parameters within 24 h that was positively related to pericyte coverage and tumor cell prolifera-
tion. Furthermore, apparent diffusion coefficient (ADC) determined by diffusion-weighed imaging was decreased by A—
83-01 treatment, suggesting the decrease of tumor interstitial fluid pressure. Vascular function of the tumor improved by
A-83-01 treatment well assessed on post-Gd-L-enhanced MR images, which predicted delivery of liposomal drug to the
tumor. These findings suggest that DCE-MRI and, in particular, K2 and v, quantitation, provide important additional
information about tumor vasculature by A-83-01 treatment.

Key words—liposome; tumor permeability; magnetic resonance imaging; transforming growth factor-# inhibitor
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Fig. 1. Compartmental Modeling of the Tumor Microvas-
culature
Contrast agents (represented as black dots) distribute in the blood plas-
ma volume (v;) and the volume of the extravascular extracellular space (v.).
The rate of transfer is described by the volume transfer constant (K'ram)
from blood plasma to the v,.
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