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along the needle-shaped crystal axis have been shown
to increase during storage for 2-7 days under dry and
humid conditions, and regular triangular or rectan-
gular features have been observed, indicating surface
recrystallization of caffeine cocrystals. Changes in the
surface topology of spray-dried lactose particles have
also been observed by AFM.8 Linear striated features
due to crystallization appeared and gradually prop-
agated across the surface of the particles stored at
58% relative humidity. The crystallized surface had
an irregular topology with a well-ordered and de-
finable structure over relatively small areas but not
over wide areas, suggesting that secondary nucleation
and growth had occurred. Furthermore, the surface
crystallization rate of spray-dried amorphous lactose
has been reported.?>!® Images of rectangular shapes
on the surface of the lactose particles have been se-
quentially captured as a function of time by AFM,
and the growth rate has been estimated from the
time profiles of width and length of the rectangular
shapes.

The aim of this study was to investigate the
feasibility of AFM for determining crystal growth
rates at the surface of amorphous NFD in the pres-
ence and absence of polymer excipients by cap-
turing sequential images in specific areas of the
samples. The polymer excipients used were polyethy-
lene glycol (PEG) and «,B-poly(N-5-hydroxypentyl)-
L-aspartamide (PHPA). PEG is one of the typical
polymers used for preparation of solid dispersions to
improve drug dissolution.!’** PHPA has been se-
lected as a model of a partially immiscible polymer
with NFD! because the miscibility of an amorphous
drug with polymer excipients is one of the factors that
determine the physical stability of amorphous solid
dispersions.’® Here, we compared the growth rates
estimated from AFM measurements with the values
estimated from polarized light microscopy measure-
ments. Spatial information on the crystallization of
NFD alone and that in these solid dispersions ob-
tained by AFM is described.

EXPERIMENTAL
Materials and Sample Preparation

Nifedipine was obtained from Sigma-Aldrich Com-
pany (St. Louis, MO). PEG with an average molec-
ular weight of 300 was purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). PHPA was
synthesized via polycondensation of L-aspartic acid
and l-aminopentane using a method similar to that
reported previously.'8

The sample of amorphous NFD was prepared on
a glass plate as follows: Crystalline NFD (approx-
imately 20 mg) was put on a glass plate (thick-
ness 0.12-0.17 mm, diameter 18 mm), and the plate
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was placed in a differential scanning calorimeter
(DSC2920; TA Instruments, New Castle, DE) at
190°C for approximately 2 min under dry nitrogen
flow (30 mL/min). Then, the glass plate was removed
from the differential scanning calorimeter and cooled
to room temperature on a stainless steel block for sev-
eral seconds. The samples were stored in a desiccator
over phosphorous pentoxide to avoid moisture, and
were kept at 25°C before AFM measurements. Amor-
phous NFD samples containing PEG or PHPA were
prepared as described above using approximately
20 mg of NFD-polymer mixtures, which were ob-
tained by solvent evaporation of NFD—PEG methanol
solution and NFD-PHPA ethanol solution.

Amorphous NFD containing PEG was also pre-
pared in a glass Petri dish (inner diameter 23 mm,
depth 7 mm) to visually examine positions of NFD
crystallization in the NFD-PEG solid dispersion. Ap-
proximately 2 g of NFD-PEG (5%) mixture in the
Petri dish was kept at 197°C for 5 min in an oven,
and then quenched on a stainless steel block that had
been precooled with ice.

AFM Measurements

Atomic force microscopy (Dimension 3100; Veeco In-
struments, Plainview, NY) measurements were per-
formed in tapping mode, analogous to noncontact
mode and alternating current mode, under ambient
temperature (26+1°C) and relative humidity (<50%).
The operation software used was Nanoscope 5.30r1
(Veeco Instruments). Silicon probes with a nominal
spring constant of 42 N/m and a nominal length of
125 pm were used. AFM images were collected at
a scan speed of 50-150 pm/s for a square region of
50-100 pm with 256-512 collecting points per line.
The topography images were collected by scanning
the probe across the surface of the sample in a raster
pattern, line by line, from one side of the square area
toward the opposing side. Because the scan direction
changed alternately from downward and upward dur-
ing sequential data collection, only the images col-
lected in the downward scan direction were used to
determine the crystal growth rate. To investigate the
potential effects of physical stimulation from the AFM
probe on the crystal growth rate of NFD, AFM images
were collected at various time intervals (1.3-17 min/
image) by varying the scan range, scan speed, and
collecting points per line.

Measurements of Crystal Growth Rate by Polarized
Light Microscopy

Crystal growth rates of NFD in amorphous NFD
alone and NFD-polymer solid dispersions were deter-
mined using a polarized light microscope (ECLIPSE
E600 POL; Nikon Corporation, Tokyo, Japan) with
a x10 objective lens (depth of field 8.46 pm). The
microscope was equipped with a heating/cooling
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FEASIBILITY OF ATOMIC FORCE MICROSCOPY FOR DETERMINING CRYSTAL GROWTH RATES 3

stage (THMS600; Linkam Scientific Instruments,
Tadworth, Surrey, UK) to control the temperature of
the sample. The sample of amorphous NFD, prepared
as described above, was placed in the chamber of the
heating/cooling stage, which had been preheated to
25°C. Then, the chamber was purged with dry nitro-
gen gas for 5-10 min to remove moisture, and hermet-
ically closed. The focus of the microscope was adjusted
to the free surface of the amorphous sample, and the
crystal growth was observed. Microscopy images were
recorded at constant time intervals by a digital cam-
era (DXM1200F; Nikon Corporation) attached to the
microscope, and were analyzed using Lumina Vision
software (Mitani Company, Fukui, Japan). The crys-
tal growth rates were estimated from the increase in
size of the crystals with storage time.

Differential Scanning Calorimetry Measurements

Glass transition temperature values of the amor-
phous NFD and NFD-polymer solid dispersions
were determined by differential scanning calorimetry
(DSC) measurement. Indium was used to calibrate
the cell constant and the temperature of the instru-
ment. The DSC cell was purged constantly by dry
nitrogen gas flow at 30 mI/min. Crystalline NFD or
NFD-polymer mixed powder (approximately 5 mg) in
a hermetic aluminum pan was heated to 190°C at a
heating rate of 20°C/min, kept at that temperature
for 90 s, and then cooled to —80°C at a cooling rate
of 40°C/min by pouring liquid nitrogen into a cooling
jacket surrounding the DSC cell. The T, was obtained
on the second heating run at a rate of 20°C/min.

The melting point of recrystallized NFD was mea-
sured by DSC. After AFM observation, the sample
was stored in a desiccator over phosphorous pentoxide
at 25°C to complete the recrystallization. Completion
of the recrystallization took approximately 3 months
for pure NFD, 1 month for NFD-PEG solid disper-
sions, and a % year for NFD-PHPA solid dispersions.
The recrystallized sample (5—-10 mg) was scratched off
from the glass plate into a hermetic aluminum pan,
and the melting point of the sample was measured at
a heating rate of 20°C/min.
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Figure 1.

RESULTS AND DISCUSSION

Amorphous NFD Without Polymer

Figure 1 shows typical AFM images of amorphous
NFD. Amorphous NFD exhibited a smooth surface
immediately after preparation as shown in Figure 1a.
The root-mean-square value of the surface roughness
was less than 0.5 nm for freshly prepared amorphous
samples. After storage at 25°C, structures resembling
clusters of curling and branching fibers with a width
of approximately 1 pm appeared on the surface as
shown in Figure 1b. The size of these structures in-
creased with storage time, suggesting that they were
NFD crystals that had formed during storage. The
height of the crystals was approximately 1 pm, and
hardly this changed even when the scanning area for
AFM was covered by NFD crystals. This suggested
that NFD crystals preferentially grew along the sur-
face than toward the inner part of the sample. This
speculation is supported by the fact that the inner
part of the NFD sample after AFM measurements
was transparent, indicating that the interior of the
samples remained amorphous even after the surface
had crystallized. Faster crystal growth of NFD at the
surface of amorphous solids has been reported by Zhu
et al.’ They found that the crystal growth of NFD oc-
curred preferentially at the free surface of the amor-
phous sample when it was exposed to air by removing
one glass plate from a sample that had been prepared
between two glass plates. The crystal shape reported
by Zhu et al.? was similar to that shown in Figure 1b.

The crystal form of NFD observed by AFM was
determined from the melting point of the recrystal-
lized samples. Figure 2 shows DSC thermograms of
crystalline NFD and completely recrystallized NFD,
which had been stored as amorphous NFD at 25°C for
approximately 3 months after AFM measurements.
The recrystallized NFD showed an endothermic peak
at approximately 171°C (Fig. 2b), suggesting that a
stable form of NFD crystal (Fig. 2a) is formed during
storage at 25°C.

Serial AFM images of partially recrystallized amor-
phous NFD were captured continuously in the same
area to determine the crystal growth rate of NFD at

b
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diately after preparation and (b) after storage at 25°C.
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Figure 2. Differential scanning calorimeter thermograms
for (a) nifedipine (NFD) in stable form, NFD recrystal-
lized at 25°C from amorphous (b) NFD without polymer,
(¢) NFD-polyethylene glycol (5%) solid dispersion, and
(d) NFD-«,B-poly(N-5-hydroxypentyl)-L-aspartamide (30%)
solid dispersion.

the surface. Figure 3 shows typical images represent-
ing crystal growth of NFD at the surface. The time
required to capture one image was approximately
17 min for this series of measurements. Using im-
age analysis software, the crystal growth rate was
determined from the coordinates (xa, ya) and (xg, yB),
which are the end points of one crystal indicated by
A in the image after 68 min and B in the image after
102 min, respectively. The growth rate was calculated
by dividing the distance between (xa, ya) and (xg, yB)
by the time interval, 34 min. In order to confirm that
the physical stimulation from the AFM probe did not
affect the crystal growth rate of NFD, AFM images
were collected at various time intervals by varying
the experimental conditions (scan range, scan speed,
and collecting points per line). If the physical stim-
ulus of tapping affected the crystal growth, the esti-
mated growth rates have differed depending on the
interval employed for image collection. Growth rates
estimated under various experimental conditions are
shown in Table 1. Because differences in the esti-
mated growth rates lay within experimental error
range regardless of the interval used for image col-
lection, any influence of tapping by the AFM probe

Initial After 68 min y

After 102 min : After 170 min

on the crystal growth rate was considered to be neg-
ligible. The NFD crystal growth rate was also esti-
mated by polarized light microscopy using some pairs
of micrographs recorded when the microscope was fo-
cused on the surface of the amorphous solid (Table 1).
The crystal growth rates of NFD determined from the
data obtained by AFM and polarized light microscopy
agreed well, and the growth rates determined in the
present study were similar to those reported by Zhu
et al.? for the crystal growth rate at the free surface
of amorphous NFD solids.

NFD Solid Dispersions with PEG

The surface of NFD solid dispersions containing PEG
was smooth immediately after preparation (images
not shown). Figure 4 shows representative AFM im-
ages after storage at 25°C for approximately 1 day.
NFD-PEG (5%) solid dispersions exhibited dimples
at the surface, as shown in Figure 4a. Dimples with
a depth of more than 5.7 pm (the operational limit
of the AFM probe) were sometimes observed. After
longer storage, spiky structures were observed in the
dimples, as shown in Figure 4b, and the area with an
apparently rough surface increased with time. Crys-
tals were detected by polarized light microscopy in the
positions where the dimples, with and without spiky
structures, had been observed by AFM. This implies
that the formation of dimples and spiky structures
is associated with NFD crystallization during stor-
age. Figure 5 shows a partially crystallized NFD-PEG
(5%) solid dispersion prepared in a small glass Petri
dish. After storage at 25°C for approximately 15 h,
some crystals grew at the surface, as circled by dotted
lines (Fig. 5a), although most of them were observed
randomly in the bulk (Figs. 5a and 5b). These results
indicated that NFD crystallization was not always ini-
tiated at the surface of NFD-PEG solid dispersions.
The dimples at the surface observed by AFM may
have been formed by volume reduction upon crystal-
lization of amorphous NFD initiated in the bulk, but
not so far from the sample surface. Therefore, it may
take some time for the crystals with spiky structures
to become apparent at the sample surface, as shown in
Figure 4b. These results suggest that AFM measure-
ments discriminate the position where crystallization
has initiated (at the surface or in the bulk), and the
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Figure 3. Serial atomic force microscopy images representing crystal growth at the surface
of amorphous nifedipine without polymer at ambient temperature (26 + 1°C).
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Table 1.
25°C

Tg Values Determined by DSC, and NFD Crystal Growth Rates Obtained by AFM and Polarized Light Microscopy at Around

AFM Experimental Conditions

Crystal Growth Rate (m/s)

Scan Range Scan Speed Collected Collection Polarized Light
Tg (°C) (pm) (pm/s) Points Per Line Interval? (min) AFM Microscopy

NFD 46.24+0.5° 100 75 256 5.3 (1.240.3) x 10-9% (1.6 £0.4) x 10-9

100 50 256 8.6 (1.1+£0.3) x 10-9%

50 50 512 8.6 (1.0£0.2) x 109

100 50 512 17 (1.3£0.4) x 1079
NFD-PEG (5%) 33.5+0.6° 100 150 256 2.6 5.1x10°8 (7.2 +1.7) x 108

80 150 256 22 6.3 x 1078

50 150 256 1.3 49 x 1078

100 100 256 4.3 4.5 % 1078

aTime required to collect one image.

bAverage with standard deviation (n = 5).

¢Average with standard deviation (n > 9 points for each five samples).
dAverage with standard deviation (n > 5 points for each five samples).
¢Average with standard deviation (n = 6).

AFM, atomic force microscopy; NFD, nifedipine; PEG, polyethylene glycol.

direction of crystal growth (along the surface or into
the bulk): characteristics that are difficult to deter-
mine by polarized light microscopy. It should be noted
that even though AFM images suggest that crystals
grow at the surface of samples, crystallization is not
always initiated at the surface.

Although the crystal growth rate of NFD in a solid
dispersion with PEG determined by AFM is not the
surface growth rate, as described above, the apparent
rate was estimated and compared with that obtained
by polarized light microscopy. From serial AFM im-
ages exemplified by Figure 4b, the crystal growth rate
of NFD in solid dispersions containing 5% PEG was
determined. Because of possible changes in the NFD
crystallization rate by the physical stimulus of tap-
ping, the increase in diameter of the recrystallized
domains was measured at various time intervals by
varying the experimental scan range (50-100 pm)
and scan speed (100-150 pm/s). Figure 6 shows the
time profiles of the diameter of the recrystallized do-

Height
12.5um
0.0 ym
‘m‘ ~-2.5 uym
b Initial After 13 min
z

100 pm

After 26 min

mains measured under various experimental condi-
tions: hollow triangles and hollow squares represent
the results of measurements using the shortest and
the longest time intervals, respectively. The variation
in slope appeared to lie within the range of experi-
mental error, and no clear dependence of the growth
rate on the time interval for collection was evident.
From these results, it is considered that the influence
of tapping by the AFM probe on the crystal growth
rate is negligible in NFD-PEG solid dispersions. Each
growth rate calculated from the slope of the plots
shown in Figure 6 is listed in Table 1. The value was of
the same order as that obtained by polarized light mi-
croscopy at 25°C (Table 1). The crystal growth rate of
NFD in the NFD-PEG (5%) solid dispersions was ap-
proximately 50 times higher than that in amorphous
NFD alone. The T, value of the NFD-PEG (5%) solid
dispersion was approximately 13° lower than that of
NFD alone (Table 1), indicating that the matrix mo-
bility of NFD-PEG is higher than that of NFD alone.

After 39 min  Height
[25um
P 1§ |0£pm
v -2,5 ym

Figure 4. Atomic force microscopy images of nifedipine (NFD)-polyethylene glycol (5%) solid
dispersion. (a) Partially recrystallized solid dispersion after storage at 25°C and (b) serial images
representing NFD crystal growth at ambient temperature, 26 & 1 C.
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6 MIYAZAKI, ASO, AND KAWANISHI

Figure 5. Partially crystallized nifedipine (NFD)-
polyethylene glycol (5%) solid dispersion prepared in a small
glass Petri dish (inner diameter 23 mm). The sample was
stored at 25 C for approximately 15h. Dotted green cir-
cles in the photograph (a) indicate sites of crystallization at
the surface. Other dark granular shapes are NFD crystals
formed in the amorphous bulk. (a) Photograph taken from
top and (b) photograph taken from the side.

The increased molecular mobility of the amorphous
matrix may be one of the reasons for the higher crys-
tal growth rate in NFD-PEG solid dispersions. An-
other possible reason for the higher crystal growth
rate may be due to the difference in the crystalline
form formed in pure NFD and NFD-PEG solid dis-
persions during AFM measurements. Although the
melting point of the recrystallized NFD in the solid
dispersions containing PEG [169°C (Fig. 2¢)] suggests
that a stable form of NFD crystal is formed during
the storage for 1 month, this result may not exclude
the possibility that crystals other than stable form
have been formed in the solid dispersions during AFM
measurements.

NFD Solid Dispersions with PHPA

Figure 7a shows a typical AFM image of partially re-
crystallized NFD-PHPA solid dispersions stored at
25°C for a few weeks. The diameter and height of the
cone-shaped structures increased with storage time.

JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 6. Increase in diameter of crystallized domains
at the surface of nifedipine—polyethylene glycol (5%) solid
dispersions at ambient temperature, 26 = 1°C. The time
when the first scan had been completed was defined as “time
= 0” for each sequential measurement. The measurement
conditions for each symbol are as follows (scan range and
scan speed): O (100 pm, 150 pm/s), ® (80 pm, 150 pm/s), A
(50 pm, 150 pm/s), and O (100 pm, 100 pm/s).

The melting point of the recrystallized NFD-PHPA
(30%) samples stored at 25°C for approximately
6 months (169°C as shown in Fig. 2d) suggests that
the crystal with a cone-shaped structure is the stable
form of NFD.

Only the cone-shaped structures were observed in
the first scan (Fig. 7a), but string-like structures
were also observed in the image of the second scan
(Fig. 7b). The area covered by the string-like struc-
tures increased gradually with each scan, as shown
in Figure 7c, which is the image collected after con-
tinuous scanning for 34 min. Visual inspection of the
area where AFM images were collected revealed loss
of transparency in the area, suggesting crystalliza-
tion of NFD. During the measurements, the size of
the originally existing cone-shaped structures did not
change (images not shown). Figure 7d shows an im-
age of a different site in the same sample, wherein
the AFM probe had not made contact, obtained after
scanning the image shown in Figure 7c. No string-like
structures were evident. These results suggest that
physical stimulation by tapping with the AFM probe
caused acceleration of new NFD crystal formation and
growth at the surface of solid dispersions containing
30% PHPA. This acceleration effect was also observed
for solid dispersions containing up to 70% PHPA. The
reason why tapping by the AFM probe only acceler-
ates the formation and growth of string-like crystals is
still unclear. NFD is partially immiscible with PHPA.
The presence of at least two different phases in the
solid dispersion was indicated by the biexponential
decay patterns of 'H NMR spin-lattice relaxation.
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Figure 7. Atomic force microscopy images of nifedipine—a,B-poly(N-5-hydroxypentyl)-L-
aspartamide (30%) solid dispersion. (a) The first scan of the partially crystallized sample
stored at 25 C for over 1 month, (b) the second scan, (c) after continuous scanning for 34 min,
(d) a different site in the same sample after measurement (c). The area for images (b) and
(c) corresponds to approximately one-fourth of the bottom-right corner of the image (a).

The finding that the NFD-PHPA solid dispersions
exhibit two Tgs has also supported the partial im-
miscibility between NFD and PHPA.!* T,s at 46°C
and 70°C for the NFD-PHPA (30%) solid dispersions
may correspond to the T, of amorphous NFD alone
and that of the NFD-PHPA matrix, respectively. NFD
may be present in a supersaturated state, and may
be more sensitive to the physical stimulation of tap-
ping than amorphous NFD without polymer or with
PEG.

CONCLUSIONS

Atomic force microscopy was found to be a useful tool
for studying the crystallization kinetics of amorphous
solids by targeting crystals at the surface. The abil-
ity to obtain three-dimensional information at the
surface is one of the advantages of AFM, as well as
its nanoscale resolution, enabling it to detect minute
topographical changes that can indicate the crystal
growth rate in a short time. However, two phenom-
ena revealed in this study need to be borne in mind
when interpreting the data obtained by AFM mea-
surements: (1) Although crystal structures are cap-
tured at the surface of the sample by AFM, the crystal
formation may not always be initiated at the surface.
The change in surface topography may reflect the
growth of crystals from the bulk. (2) Physical stimula-
tion by the AFM probe may affect the crystallization
rate, as shown for NFD crystallization in NFD-PHPA
solid dispersions.
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Evaluation of Crystallization of Amorphous Drugs by Thermal Analysis
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About half of candidates for active pharmaceutical ingredients are poorly water soluble
compounds. Amorphization of poorly water soluble drugs has attracted much attention due to
improved dissolution characteristics and bioavailability of amorphous drugs. On the other
hand, crystallization during storage is of concern for amorphous drugs. Therefore, evaluation
of crystallization of amorphous drug is important for developing stable pharmaceuticals using
amorphous drugs. In this article, feasibility of thermal method such as differential scanning
calorimeter and isothermal microcalorimeter for evaluating crystallization of amorphous drugs

and research topics on the crystallization of amorphous drug are described.
Keywords; amorphous, crystallization, DSC, isothermal microcalorimetry,
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Fig.3 Typical time courses for crystallization of

amorphous drugs stored at 60 (closed symbol)
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A nifedipine, 60 °C; B, nitrendipine, 60 C; @,
nilvadipine, 60 °C; 4, nifedipine, 45C; *,
phenobarbital, 45°C; +, flopropine, 45TC; X,
acetaminophen, 45 C.
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Table 1 Thermodynamic parameters of amorphous

drugs.
Drug AGv at T, T, Tm AH,,
Jm-3 /C /C / kJ mol !
Nifedipine 3.13 41.3 172.5 37.9
X107 +0.2 +0.5 +0.8
Nitrendipine  3.07 27.1 156.0 39.0
X107 +0.4 +0.6 +0.5
Nilvadipine 2.77 42.8. 168.1 39.1
X107 +0.4 +0.4 +0.7

22T, AHm, ToldBRBLBIYET,

Table 112773 £ 912, T, B 2 BAHEYL7- 0 DAG,
DEEF= 72V > LY VEY S MRV EVDIE
THb, iE>T, FigdB)ITRT T IIBIF2E&LO LR
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EVEREEERORESEOEII—HES L TDLER
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72O DEINE C, FEEHEI AV F—DFS R
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OMENZ, EYIHECT, ¥ F T 555 RS2 &
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PIFIENE Z LS, R LESFOMBEIER bR
IHENIHELTWA L2 6N A, E—ESFHEER
DOFEFALRE I RIZTTHEL R T 572012, oFERE
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T, EMHMOBAIZ TS v F AT —MTHMN S 1 4
T—ARERRON LT, T, REREEZET LN
G Y LRNEEEE &> TWAOIEEREFA L 2w
PVP #{RIML72BEL T F v F A v —ETHRLD Y 1 4
TI—AREER O edh ol FNIHL, LI —XH

128

5
o0
=
£
<«
£
4
=
=
3
<]
=
&
<]
£
<

0.01 0.1 1 10

t / day
Fig.5 Time courses of crystallization of (+)-
nitrenndipine (closed symbols) and (-)-

nitrendipine (open symbols) in the absence
(&, A) and presence of 10%PVP (O, #) or
10%HPMC(O, @) at 60°C.

Table 2 tg for crystallization of nitrendipine

enantiomers.
T/ C Polymer too / h
(-)-nitrendipine (+)-nitrendipine
40 None 41 41
10% HPMC 235 230
50 None 5.7 5.7
10% PVP 250 250
10% HPMC 17 25
60 None 1.1 1.1
10% PVP 25 25
10% HPMC 3.9 6.8

kETHY, WEEFEE AT S HPMC RN L 7 EESHE
ZBWTEH)-Z Ly P E)-= Ly PE VIR
HERALASBV I EAVRENT, SOTF U F AT —HOR
FHEOERBEEROEILL L bDEEZONS, = L
YUY L DRERALD teo fE% Table 2 127K T . 50°C%60°C
[ZBWTIE, HPMC 2L 7 (#)-= b b v P L 1E(0)-
S Ly VTS B E 190 D3R {, HPMC i(+)-
ZhLOVE R IDEE{ET B, 40TCIIBWTE, T
F U FAT M Tl 2D RSN ah o7, FOHBEET
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b Lz, MREEOREREMRED, BIGR~<7 X
I A TFEMEORTF L BNFN ZEFIC L o THREEN
B, TAHERFRE WEVEREES TS FES O R
FOTENTH L EELNTW S, HPMC 2Rl =
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Table 3 Cohesive energy density of nitrendipine
enantiomers at 25 C.

polymer Cohesive energy density / X108 J m~—3
(S)-nitrendipine (R)-nitrendipine
None 5.36 5.37
PVP 5.00 4.93
HPMC 5.56 5.58

LYY DT T F o F A= TENR L (+)-= b
LYY ¥ 10% HPMC: 33.0£0.7°C, (-)-= L ¥ T¥
~-10 % HPMC: 33.1 £1.0°C), HFESfEiccF o 54
T TENF R fEoT, 40CIEBWTIRTF v F4~
— BTl ICEFRON o bDEEZ LND,
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Y OFPFINARY PG T F v FF - TREREN
RoNahol, 22°C, PFENEN I~ a
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JRF121 2% FNEIERKO IS | B M 7201203
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EPVP 721 HPMC DR EWDE 7V % Materials Studio
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AWTER L7z, REYOEF VI LY YE YIS
FFT—200FEE /=2y VA 10 DESTFIHF
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IANF =R Uiz I¥ldpeff #HV 2, 25 CTTR
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HY, HPMC = b Lo V¥ v I F v F 4w —MOEEE
BAOEFRIMEINARY MV RBRET F IV F— (2T
NLEVE )P SLETHLEEZ bNS,

3. IMC (Z & 2 IEEEEM OIS LOTHE

IMC &, DSCIZH~EVIEE CRERMITETH Y
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Fig.6 Typical heat flow-time curves of amorphous
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Fig.8 Effect of relative humidity in the ample on heat

flow-time curve of amorphous nifedipine at 50
C.

Relative humidity: b, 22%; ¢, 40%; d, 56%.

a: ample was purged by dry nitrogen before
the ample was closed.
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Fig.9 Effect of thermal history on heat flow-time curve
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Fig.10 Effect of particle size on heat flow-time curve
of amorphous nifedipine at 25C.
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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
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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 isimportant
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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NO,

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 Ty 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 ! of 1% NTR solution 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.,
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Fig. 2. Crystallization profiles of each NTR enantiomer alone ((a); 4, o) and the enantiomers in solid dispersions (O, ®) 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 p.m.

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 1x).

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 “Cin 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 DSCat a
heating rate of 20 °C/min. The amount of amorphous drug remain-
ing in the sample at time t, x(t), was calculated according to Eq.

(1):

A
X0 = S M

where ACp; and ACy are the ACp values at time t and initially,
respectively. The time required for 10% of the amorphous NTR to
crystallize (tgp) 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 wm) 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 “C in 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 p.m 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.

24. 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~1. 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 differences in the melting point (158 *C), Tg (33 °C)
and ACp 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 Tg 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:2 [°C]
content [%]
(=)-NTR (+)-NTR
None 0 332 +0.1 331=x02
HPMC 10 331x1.0 33.0+0.7
20 33.1+08 33.0+0.7
HPMCP 10 312 +£0.7 31.0+ 04
20 30.8 +£1.2 305 +0.9
PVP 5 33.0+0.2 331402
10 363+1.2 36.2 £ 0.8

@ 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 tgg values for the amorphous NTR enantiomers
obtained for NTR alone and NTR in the solid dispersions. The tqg
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 tqq 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.
At40°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
tgo for NTR enantiomers with and without polymer.
Temperature  Polymer [%] tgo? [h]
[°cl
(=)-NTR (+)-NTR
40 None 0 41 (1) 41 (1)
HPMC 10 230, 2400 230, 230P
HPMCP 10 49 (1) 49 (1)
50 None 0 5.7 (0.2) 5.7 (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) 36 (0.1)
10 2543¢ 25+3¢
HPMC 10 3.8,4.1° 6.7, 6.9
20 8.7 (0.3) 15 (0.4)
HPMCP 10 1.540.2° 2.7+03¢
20 32 (0.1) 6.4 (0.2)

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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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
at 60°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
1800-1550cm™!, corresponding to C=O0 stretching region of NTR.
Spectra with and without an asterisk represent that of (—)-NTR

Nucleation rate in logarithm (/m3/s)

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, B: 10% HPMC, ¢, ¢: 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
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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 p-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 Tg 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 apredominantrole in 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



