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ABSTRACT
Purpose To investigate crystallization behavior on the surface
of amorphous solid dispersion powder using inverse gas chro-
matography (IGC) and to predict the physical stability at tem-
peratures below the glass transition temperature (Tg).
Methods Amorphous solid dispersion powder was prepared
by melt-quenching of a mixture of crystalline nifedipine and
polyvinylpyrrolidon (PVP) K-30. IGC was conducted by inject-
ing undecane (probe gas) and methane (reference gas) repeat-
edly to the solid dispersion at temperatures below Tg. Surface
crystallization was evaluated by the retention volume change of
undecane based on the observation that the surface of the solid
dispersion with crystallized nifedipine gives an increased reten-
tion volume.
Results On applying the retention volume change to the
Hancock-Sharp equation, surface crystallization was found
to follow a two-dimensional growth of nuclei mechanism.
Estimation of the crystallization rates at temperatures far
below Tg using the Avrami-Erofeev equation and Arrhenius
equation showed that, to maintain its quality for at least
three years, the solid dispersion should be stored at −20°C
(Tg−65°C).
Conclusions IGC can be used to evaluate crystallization be-
havior on the surface of a solid dispersion powder, and, unlike
traditional techniques, can also predict the stability of the solid
dispersion based on the surface crystallization behavior.

KEY WORDS inverse gas chromatography (IGC) . kinetic
study . solid dispersion powder . stability prediction . surface
crystallization

INTRODUCTION

The development phase of drug discovery has been lead to an
increase in the percentage of active pharmaceutical ingre-
dients (APIs) with poor water solubility. To improve the water
solubility as well as bioavailability, several techniques such as
amorphization (1–3), micronization (4,5), and emulsification
(6,7) have been considered. Amorphization is the most widely
used for enhancing the solubility of drugs, some of which are
now commercially available. However, since the amorphous
states of APIs are physically unstable compared to their crys-
talline forms, crystallization occurs during either or both the
manufacturing process or drug storage, resulting in a reduc-
tion in both solubility and bioavailability.

Recent studies have shown that the crystallization of amor-
phous APIs occurs faster on the surface than in the bulk. Wu
and Yu found this phenomenon to be true for amorphous
indomethacin (8). They also reported that the crystallization
rate of amorphous indomethacin significantly reduced by gold
nano-coating (9). Another study demonstrated that the overall
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crystallization kinetics of amorphous griseofulvin is dominated
by the surface crystallization at temperatures below the glass
transition temperature (Tg) (10). Surface crystallization is con-
sidered to significantly affect the dissolution rate of an amor-
phous API because the dissolution process depends on the
contact between the surface of the API and the dissolution
media (11). Thermal analysis, powder X-ray diffraction
(PXRD) and solid-state nuclear magnetic resonance (NMR)
analysis are often used to evaluate the crystallization of amor-
phous APIs (12). However, crystallinity on the surface and in
the bulk cannot be distinguished via these methods.

Using microscopy, Cai et al. recently proposed a new meth-
od that successfully evaluated the surface crystallization of a
nifedipine/polyvinylpyrrodone (PVP) K15 solid dispersion
film prepared by which melting the mixture of nifedipine and
PVP K15 between cover slips and then cooling to room
temperature (13). Unfortunately, solid dispersions are normally
manufactured in powder forms in which the microscopy meth-
od is difficult to apply for quantitative analysis. Therefore,
alternative methods are needed to evaluate the surface crystal-
lization of powders.

Inverse gas chromatography (IGC) is one such method that
can be used to evaluate the surface properties of the APIs and
excipients used for drug formulations (14). IGC can determine
the dispersive component of the surface free energy as well as
acid and basic parameters and the Tg of powders (15,16).
Hasegawa et al. demonstrated that the molecular mobility at
the surface of an indomethacin solid dispersion evaluated by
IGC is higher than the molecular mobility in the bulk as
measured via differential scanning calorimetry (DSC) (17).
This result is consistent with the fact that the crystallization
of amorphous APIs on the surface is faster than that in the
bulk. Given the above previous findings, we considered that
IGC could potentially be used to specifically detect and eval-
uate the surface crystallization of solid dispersion powders.

In the present study, the crystallization behavior on the
surface of nifedipine/PVP K30 solid dispersion powders was
determined using IGC. Nifedipine is a well-studied model
compound with low solubility, while PVP is a widely used
stabilizer for solid dispersions. The Hancock-Sharp equa-
tion (18,19) was subsequently applied to clarify the solid
reaction mechanism based on the crystallization behavior.
Furthermore, the stability of the solid dispersion at temper-
atures significantly lower than the Tg was estimated based
on the surface crystallization behavior.

MATERIALS AND METHODS

Materials

Nifedipine and PVP K30 were obtained from Sigma (St.
Louis, MO, USA) and Wako Chemicals (Osaka, Japan),

respectively. Methanol and undecane were obtained from
Kanto Chemical (Tokyo, Japan).

Methods

Preparation of Nifedipine/PVP Solid Dispersion and Crystalline
Nifedipine

For the nifedipine/PVP solid dispersion powder (96:4 w/w),
3.84 g of nifedipine and 0.16 g of PVP K30 were dissolved in
120 mL of methanol. After the solvent was evaporated, the
solid was put into a stainless plate and melted at 185°C, which
is 10°C above the melting point of nifedipine. The molten
sample was cooled by immersion in liquid nitrogen to obtain
the solid dispersion with amorphized nifedipine. The obtained
solid dispersion was ground up gently using an agate mortar
and then sieved using an aperture size of 75 μm and 250 μm
mesh. Procedures after melting the sample were conducted at
a relative humidity of less than 30%. The sieved samples were
dried in vacuo with phosphoric pentoxide for about one hour.
Solid dispersion powders with different nifedipine:PVP ratios
(92:8, 88:12, and 80:20 w/w) were prepared using the same
procedure on a 1-g scale. The crystalline nifedipine (75–
250 μm), as a control, was also prepared by quench-cooling
of received crystalline nifedipine as above and followed by
recrystallization at 36°C.

IGC Measurement

A commercial IGC equipped with a flame ionization detector
(iGC, Surface Measurement Systems, London, UK) was used
to evaluate the surface property of the solid dispersions. A total
of 0.4 g of ground powder (particle size between 75 and
250 μm) was packed into a glass column with an inner diam-
eter of 3 mm, and the column was tapped for 10 min. For the
measurement of PVP K30, 0.7 g of powder was used. Sample
preparation was conducted at a relative humidity of less than
30%. The column was placed in a column oven with the
temperature set between 24 and 40°C and subjected to con-
secutive injections of probe gas (undecane) and reference gas
(methane). Undecane was chosen as probe gas because it gave
an adequate separation from reference gas. Concentrations of
the probe and reference gases were set at 0.03 p/p0, because
this infinite dilution condition could evaluate the surface
energy at inhomogeneous surface as described previously
(20). Helium was used as a carrier gas with a flow rate of
10 ml/min. The retention volume of probe gas, V, was deter-
mined as follows:

V ¼ jF tv � tmð Þ; ð1Þ
where tv and tm are retention times of probe gas and methane,
respectively. The retention times were calculated using
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maximum height of peak since the peaks were almost
symmetric. j is a correction factor due to pressure differ-
ences and F is the carrier gas flow rate (ml/min).

Polarized Light Microscopic Observation

The surface of the solid dispersions was visually observed
using a polarized light microscopy system (BX51, Olympus,
Tokyo, Japan). The sample was placed onto a microscope
slide glass, and a drop of paraffin was added before the
cover slip was placed.

Powder X-ray Diffraction

Physical stability in the bulk of the solid dispersions was
evaluated using an X-ray powder diffractometer (RINT-
TTRIII; Rigaku, Tokyo, Japan). CuKα radiation was uti-
lized, and the tube voltage and amperage were set to 50 kV
and 300 mA. Scanning was conducted at room temperature
between 5° to 40° 2θ with a scanning speed of 5°/min. The
crystallization rate of nifedipine in the bulk of the solid
dispersions was evaluated using the increment of the sum
of diffraction peak intensities at 2θ values of 11.9°, 19.6°,
and 24.1° of crystalline nifedipine.

DSC Measurement

Recrystallization and thermal properties of the solid disper-
sions were evaluated using a differential scanning calorime-
ter (DSC-Q1000, TA Instruments, New Castle, DE, USA)
under 50 mL/min nitrogen gas flow. For evaluation of
recrystallization of the solid dispersion, 3 mg of sample
was put into an aluminum pan and crimped with an alumi-
num lid. Samples were equilibrated at –20°C and then
heated to 190°C at a heating rate of 2°C/min with modu-
lation amplitude and frequency of ±0.3°C/min. Using the
same heating rate, modulation amplitude and frequency,
the sample was cooled to –20°C and then heated to
190°C again. For evaluation of thermal properties of the

solid dispersion, 2 mg of sample was put into an aluminum
pan and crimped with an aluminum lid. Samples were
equilibrated at 60°C to erase thermal histories and then
cooled to 30°C. DSC measurements were carried out in
the temperature range of 30–200°C and at a heating rate of
10°C/min.

Evaluation of Crystallization Behavior by IGC

The crystallization behavior at the surface of the solid dis-
persion was evaluated using a modified Hancock-Sharp
equation:

V ¼ 1� exp �Btmð Þ½ � Vmax � V0ð Þ þ V0; ð2Þ
where V is the retention volume at time t, V0 is the retention
volume at t00, and Vmax is the retention volume when the
crystallization at the surface is completed (t0∞). m and
B represent the reaction mechanism and reaction rate,

Fig. 1 Change in Retention Volume of Undecane Based on IGC of the
Nifedipine/PVP Solid Dispersion (96:4 w/w) at 40°C.

Fig. 2 Polarized microscopic observation of the nifedipine/PVP solid
dispersion (96:4 w/w) before (a) and after (b) IGC.

504 Miyanishi et al.



respectively. These parameters and Vmax were obtained
from non-linear curve fitting of Eq. (2) to the retention
volume data.

Kinetic Study of Surface Crystallization

The Avrami-Erofeev equation (3) and Polany-Winger
equation (4) were applied for the kinetic study of crys-
tallization at the surface of the nifedipine/PVP solid
dispersion.

� ln 1�að Þ½ �1=2 ¼ kt; ð3Þ

a ¼ kt; ð4Þ
where α represents the percentage of crystallized nifedipine
at the surface of the solid dispersion at time t and was
calculated as follows:

a ¼ V � V0ð Þ= Vmax � V0ð Þ; ð5Þ
The reaction (i.e. crystallization) rate, k, was obtained

from the linear regression of Eqs. (3) and (5).
The stability prediction of the solid dispersion was con-

ducted using the Arrhenius equation:

ln k ¼ lnA� Ea=RT ; ð6Þ
where A is a constant, Ea is the activation energy, R is the gas
constant, and T is temperature.

After linear regression of Eq. (6), k at the temperature for
stability prediction was calculated. Using this value and Eq.
(3), the time required for surface crystallization to occur at a
given amount was estimated.

Data Analysis for Kinetic Studies

Curve fitting and linear regression analysis were con-
ducted using GraphPad Prism 5 (GraphPad Software,
La Jolla, CA, USA).

RESULTS AND DISCUSSION

Detection of Crystallization at the Surface of Solid
Dispersion Powder by IGC

Figure 1 shows the time course of the retention volume
of undecane injected into the nifedipine/PVP K30 solid
dispersion powder (96:4 w/w) as obtained by IGC at
40°C. The retention volume remarkably increased over
time until it asymptotically approached the maximum
volume. To clarify the cause of this change in retention
volume, the powder before and after the IGC was
observed by polarized microscopy. The surface of the
powder was broadly covered with crystallized nifedipine
after the IGC measurement, as shown in Fig. 2. Taken
together, these findings suggest that the increased reten-

Fig. 3 Change in retention
volume of undecane based
on IGC of the nifedipine/PVP
solid dispersion (96:4 w/w)
at (a) 36°C, (b) 32°C, (c) 28°C
and (d) 24°C.
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tion volume was due to the crystallization of nifedipine
on the surface of the powder.

Correlation between the surface crystallization and the
increment of retention volume was also confirmed by sever-
al observations. First, the retention volume reached near
maximum after 15 h when stored at 36°C (Fig. 3a). It took
significantly longer for the maximum to be reached at lower
temperatures than higher ones: 30 h at 32°C, 60 h at 28°C
and 90 h at 24°C (Fig. 3b–d). The crystallization rate should
theoretically decrease at lower temperatures, as lower

temperatures make the activation energy required for amor-
phous compounds to crystallize harder to obtain. Second,
the rate of increase in retention volume slowed significantly
when the amount of PVP in the solid dispersion increased
(Fig. 4a–c). For the solid dispersions containing 8% and
12% PVP K30, the retention volume was increased by
80% and 18% in 37 h, respectively. For the solid dispersion
containing 20% PVP K30, the retention volume was in-
creased by 5% in 63 h. The increment of PVP content in the
solid dispersions was shown to delay crystallization, possibly
through interactions with amorphous APIs (21,22). A previ-
ous study showed that the surface crystallization rate of
nifedipine solid dispersion glass decreases when the amount
of PVP increases (13). Third, PXRD analysis of the nifedi-
pine/PVP solid dispersion powder (92:8 w/w) after the IGC
measurement, which showed an increase in retention vol-
ume of undecane, found a complete halo pattern (Fig. 5a).
On the other hand, crystallization was observed on polar-
ized light microscopy (Fig. 5b). These results strongly indi-
cate that the crystallization of this sample occurred only at
the surface. Fourth, modulated DSC analysis using the
nifedipine/PVP solid dispersion powder (96:4 w/w) after
the IGC measurement showed that the reversing heat ca-
pacity (Cp) in a cooling step at above Tg was higher than that
in an initial heating step (Fig. 6a). On the other hand, any

Fig. 4 Change in retention volume of undecane based on IGC of the
nifedipine/PVP solid dispersion at 25°C and nifedipine:PVP ratios of (a) 92:8
(w/w), (b) 88:12 (w/w) and (c) 80:20 (w/w).

Fig. 5 Evaluation of crystallization of the nifedipine/PVP solid dispersion
(92:8 w/w) after IGC by (a) PXRD and (b) polarized microscopy.
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differences between the reversing Cp values in the both steps
were not observed for the freshly prepared powder before
IGC measurement (Fig. 6b). According to the recent evi-
dence reported by Qi et al. (23), the reversing Cp value in the
initial heating step was lower than that in cooling step due to
the presence of crystalline drug in the sample, suggesting
that in the current study, the crystallization might be oc-
curred during IGC measurement. Fifth, IGC measurements
of crystalline nifedipine and PVP K30 alone were conducted
as control studies. Retention volume of both powders
remained constant during IGC measurement (Fig. 7). In
addition, the retention volume of crystalline nifedipine
showed higher value compared with that of solid dispersions
after multiple injections (Fig 3a). These results suggest that
the increment of retention volume is correlated with surface
crystallization of the solid dispersion.

Nifedipine has hydrophobic aromatic group in its struc-
ture. When amorphous nifedipine in the solid dispersion
crystallizes, the aromatic group might appear on its surface.
This could cause strong interaction between probe gas
(undecane) and the powder surface probably given by van
der Waals force. Therefore, the retention volume could be
larger as the powder surface crystallizes.

Kinetic Studies of Surface Crystallization

To investigate the crystallization mechanism on the surface
of the powder in more detail, we applied the Hancock-
Sharp equation, an empirical formula that describes solid
reactions, to the time course of the retention volume change.
Influence of relaxation of amorphous nifedipine in the solid
dispersion was ruled out since the retention volume change
due to relaxation is significantly smaller than that from
crystallization (17). We have already confirmed the same
result for nifedipine solid dispersion (data not shown). Table I
shows m and B for various temperatures. B decreased as the
temperature decreased. m had values ranging between 1.294
and 1.554, which are above the zero-order reaction value of
1.24 (24) and below the two-dimensional growth of nuclei
value of 2.00 (25–27). That m was relatively insensitive to
temperature suggests that the crystallization mechanism was
common for all conditions and that the crystallization rate
decreased with temperature.

Fig. 7 Time course of retention volume of undecane based on IGC of the
crystalline nifedipine and PVP K30 at 36°C.

Table I Parameters from Fitting the Retention Volume Change during
IGC at Various Temperatures with the Hancock-Sharp Equation

Temperature (°C) m B (h−1)

24 1.521±0.014 0.0024±0.0001

28 1.394±0.023 0.0103±0.0007

32 1.554±0.031 0.0155±0.0010

36 1.425±0.036 0.0699±0.0041
Fig. 6 Modulated DSC analysis of the nifedipine/PVP solid dispersion
(96:4 w/w) after (a) and before (b) IGC (Solid line is first heating, long
dash is cooling and short dash is the reheating).
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The Hancock-Sharp equation could not clearly distin-
guish whether the mechanism of the surface crystallization
for the nifedipine solid dispersion powder was two-
dimensional growth of nuclei or a zero-order reaction.
Therefore, the Avrami-Erofeev equation, which is an em-
pirical formula for two-dimensional growth of nuclei, and
the Polany-Winger equation, which is an empirical formula
for the zero-order reaction, were applied using linear re-
gression analysis. The regression line from the Avrami-

Erofeev equation showed good correlation (R200.986 to
0.999, n02 for each temperatures) with the actual data
(Fig. 8), whereas that from the Polany-Winger equation
did not (R200.862 to 0.975, n02 for each temperatures)
(Fig. 9). Given these findings, we concluded that the surface
crystallization of the nifedipine solid dispersion occurs by a
two-dimensional growth of nuclei mechanism. Justification
for this conclusion will be discussed in the last sub-section of
“Results and Discussion”.

Fig. 8 Linear regression analysis
of the change in retention volume
using the Avrami-Erofeev
equation. Temperatures
at (a) 36°C, (b) 32°C, (c) 28°C
and (d) 24°C.

Fig. 9 Linear regression analysis
of the change in retention
volume using the Polany-Winger
equation. Temperatures
at (a) 36°C, (b) 32°C, (c) 28°C
and (d) 24°C.
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Stability Prediction of the Solid Dispersion Based
on the Surface Crystallization Mechanism

The slope of the regression line corresponds to the reaction (in
this case, the crystallization) rate. Table II shows the crystalli-
zation rate (k) of the nifedipine/PVP K30 solid dispersion
powder (96:4 w/w) as obtained by the Avrami-Erofeev equa-
tion at various temperatures. From k we can predict the
stability at the surface of the solid dispersion powder using
the Arrhenius equation. Figure 10 shows an Arrhenius plot
using the crystallization rate calculated above. From the plot,
Ea, and A was calculated as 129.5 (kJmol−1) and 7.8×1020

(h−1), respectively. Stability at the powder surface at 5°C
(refrigerated), –5°C (Tg – 50°C) and –20°C (freezing) was
predicted as follows: The time required for 20% of the surface
area to crystallize was calculated assuming that a certain
amount of surface crystallization would affect the quality (i.e.
dissolution rate) of the solid dispersion powder (Table III).
Results showed that it would take less than 4 months to
crystallize 20% of the surface even at –5°C, which is 50°C
below the Tg of the solid dispersion. Storing the sample
at –20°C, which is 65°C below the Tg, will require more than
8 years to crystallize the same amount of the surface, making
this condition suitable for storage considering that a lot of
commercially available pharmaceutical formulations have
three years of their shelf life. A previous study has suggested
that a glass should be stored at a temperature at least 50°C
below Tg to suppress its molecular mobility completely to

Table II Crystallization Rate Constants at the Nifedipine Solid Dispersion
Surface at Various Temperatures as Determined by Fitting the Retention
Volume Change with the Avrami-Erofeev Equation

Temperature (°C) k (h−1) R2

24 0.0139±0.0003 0.9861

28 0.0242±0.0004 0.9944

32 0.0497±0.0013 0.9946

36 0.1054±0.0029 0.9963

Two-dimensional growth of nuclei was assumed

Fig. 10 Arrhenius plot for predicting the stability of the solid dispersion
based on surface crystallization behavior.

Table III Estimation of Surface Stability of the Nifedipine Solid Dispersion
Powder

Storage Temperature (°C) k (h−1) T20% (h)a

5 (refrigerated) 3.7×10−4 3.1×102

–5 (Tg – 50) 4.5×10−5 2.5×103

–20 (frozen) 1.4×10−6 7.7×104

a T20%: time required for 20% of the surface area to crystallize

Fig. 11 Evaluation of bulk crystallization of solid dispersions of various
particle sizes by PXRD. Particle diameter (a) ≥250 μm, (b) 75–
250 μm and (c) <75 μm.
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avoid crystallization (28). Although this rule has been consid-
ered very preliminary, the reason that crystallization of a glass
occurs at such low temperature has not been fully understood.
Our results suggest that instability on the surface of solid
dispersion powders could be one reason for crystallization at
such low temperature conditions. Considering that surface
crystallization can affect the quality of the solid dispersion
formulation, surface stability should be considered when de-
termining the storage conditions.

Influence of Surface Crystallization on Bulk Stability
of the Solid Dispersion

Bulk crystallization could significantly affect the dissolution rate
of solid dispersion powders as well as surface crystallization.
Surface crystallization would be involved in bulk crystallization
considering that a crystallized compound at surface might act
as a nucleus for bulk crystallization. To investigate the influence
of surface crystallization on the physical stability of the bulk,
nifedipine/PVP K30 solid dispersion powders (96:4 w/w) with
various particle sizes were prepared and their stabilities evalu-
ated using PXRD. The diffraction patterns of powders with
particles of diameters over 250 μmand stored at 40°C, which is
slightly below Tg, are shown in Fig. 11a. The diffraction pat-
terns were almost halo-shaped with weak diffraction peaks at
24.1° 2θ that became prominent only after storage for 24 h.
The diffraction patterns of powders with particles of diameters
between 75 and 250 μm are shown in Fig. 11b. In this case,
diffraction peaks were detected after storage for 8 h, and the
intensities were higher than those of the larger particles. The
diffraction peaks of powders with particles of diameters under
75 μm were detected after storage for 3.5 h, and these inten-
sities were the highest of any examined (Fig. 11c). It should be
noted that IGC was conducted using solid dispersion powders
with particle diameters between 75 and 250 μm. Although a
significant increase in retention volume was detected after

beginning the measurement, it took 8 h for the diffraction peak
to be detected by PXRD. These results strongly indicate that
the crystallization of the solid dispersion powder first occurs on
the surface and then gradually proceeds internally such that it
can be detected by PXRD as bulk crystallization. This means
that the growth of nuclei along the surface of solid dispersion is
much faster than that into bulk. Therefore, the surface crystal-
lization mechanism we proposed as two-dimensional growth of
nuclei would be consistent with these observations.

The change in the sum of the intensities for the three main
peaks—11.9°, 19.6°, and 24.1° 2θ, which represent the
amount of crystallized nifedipine—is summarized in Fig. 12.
The crystallization rate of the particles increased as the parti-
cle size decreased. Also, the Tg (approximately 45°C) was
independent of the particle size (Fig. 13) according to the
DSC measurement. Taken together, these findings indicate
that differences in crystallization rates are not due to the
uniformity of nifedipine or PVP in the powders. Instead, solid
dispersion powder with smaller particle sizes likely crystallized
faster because of its larger specific surface area. In other
words, surface crystallization of solid dispersion powder would
influence its bulk stability depending on its particle size.

CONCLUSIONS

In this study, we have shown that the surface crystallization of
the solid dispersion powder can be evaluated using IGC by
measuring the retention volume change of a probe gas
injected into the powder. Fitting the retention volume data
to the Hancock-Sharp equation and the Avrami-Erofeev
equation, the crystallization mechanism at the surface of the
nifedipine solid dispersion prepared by quench-cooling and
followed by grinding was estimated to be two-dimensional
growth of nuclei. Assuming this crystallization mechanism,
kinetic studies including an estimate for stability were

Fig. 13 DSC traces of the solid dispersion at various particle sizes.

Fig. 12 Change in the sum of the intensities of diffraction peaks at 11.9°,
19.6°, and 24.1° 2θ.
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conducted, and the storage temperature required for the
nifedipine solid dispersion to maintain its quality was conclud-
ed to be “Tg−65°C”. This study demonstrates that IGC can
accurately evaluate surface crystallization and estimate the
surface stability of solid dispersion powders for pharmaceuti-
cal formulations.
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