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Fig. 5 Effect of heating on T, of lysozyme carbonyl carbons in freeze-
dried lysozyme-trehalose and lysozyme-sucrose. Heating was carried out
at 62°C for 8 h. The error bars represent standard deviation (n=3).

the carbon has a single type of motion that shows a
single T..

1 Az, ()
Ty, 1+40Pt?
where m; is the strength of spin-locking and A is a constant
determined by the gyromagnetic ratio of carbon, the
number of protons involved in proton-carbon dipole
interaction, which causes spin-lattice relaxation, and the
distance between the carbon and the proton involved in
the interaction. Because T, becomes a minimum when
1.=1/2m,, the value of A can be determined from the
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Fig. 6 Temperature dependence for T, of carbons C-1 of trehalose and
sucrose with and without lysozyme. The error bars represent standard
deviation (n=3).
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Fig. 7 Temperature dependence for T, of carbon C-1 of isomaltose
with and without lysozyme and temperature dependence for T, of the
methyl carbon of methylated isomaltose. The error bars represent
standard deviation (n=3).

T, value observed at the minimum (T’ ,(min)) according
to Eq. 2.

4601

A= T i) (2)

When the carbon has multiple types of moton with
different 7. values, T, is described by an equation that
sums the term for each 7. value (Eq. 3).

I 3 Amg
,TIP B =1 1 + 4'wlg‘r(.iz

1

(3)

The analysis of NMR relaxation times using an equation
comprising multiple terms of 7. has been reported for the
T, of ’H of [Co(H,0)g][SiFs] (42) and the T, and T, of
"F for flufenamic acid dispersed in PVP (Aso e al.,
unpublished data). The same approach can be applied to
the T, of the lysozyme carbonyl carbons (Fig. 3) by
assuming that the carbon has two different types of
molecular motion with different 7. values and that each 1,
shows an Arrhenius type of temperature dependence
(Eq. 4).

E,
T, = Tgexp (E) (4)

The regression curve obtained for each molecular motion
is shown in Fig. 8a, and the temperature dependence of T,
for each motion is compared in Fig. 8b, which also
includes the temperature dependence of a-relaxation time
as calculated by the Vogel-Tammann-Fulcher (385 kJ/mol)
and the Adam-Gibbs-Vogel equations (29) (123 kJ/mol) at
temperatures above and below T,, respectively. The T, and
the fragility parameter were assumed to be 130°C and 50
(16), respectively. The two types of motion observed for the
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lysozyme carbonyl carbons revealed much smaller values of
7. and Ea (ie., slopes) than a-relaxation. The relaxation
observed at higher temperatures showed a larger Ea and is
referred to as f-relaxation in this paper. The other
relaxation, observed at lower temperatures, is referred to as
y-rclaxation. The parameters of T (min), Ty and Ea were
estimated to be 19 ms, 4x107"% and 48 kJ/mol, respectively,
for P-relaxation. For y-relaxation, the parameters of
T, (min), tp and Ea were estimated to be 13 ms, 9x 1071
and 20 kJ/mol, respectively.

The temperature dependence for the T, of the
lysozyme carbonyl carbons in the presence of sugars was
also describable with a model that assumes that the carbon
has two different types of molecular motion with different
T, values, with each 7. showing Arrhenius temperature
dependence. The regression curves obtained for the freeze-
dried lysozyme-trehalose, lysozyme-sucrose and lysozyme-
isomaltose are shown in Fig. 9. The estimated parameters
of Tp(min) and Ea for f- and y-relaxation are listed in
Table 1. The values of . at 25°C calculated using these
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Fig. 9 Regression curves for T, of lysozyme
lysozyme freeze-dried with sugars.

carbonyl carbons in

estimated parameters are also compared in Table I. The
addition of sugars did not change the 7. of the lysozyme
carbonyl carbons or the Ea of t. for y-relaxation. In
contrast, 7. for p-relaxation was increased by sucrose and
decreased by isomaltose. Trehalose slightly decreased 7.
The orders of T, and Ea for p-relaxation are as follows:
sucrose > none > trehalose > isomaltose, although the
standard errors in Ea make comparisons with pure
lysozyme uncertain. These findings suggest that the
mobility of the lysozyme carbonyl carbons is decreased
by sucrose and increased by isomaltose. Because few data
are available addressing the stability of freeze-dried
lysozyme in the presence of sugars, the precise effect of
sucrose on lysozyme stability is not known. However, the
decrease in P-mobility brought about by sucrose may be
related to the greater stabilizing effect of sucrose than
trehalose, which was observed with some freeze-dried
protein-sugar systems reported earlier (24,34).

The value of T, minimum for the lysozyme carbonyl
carbons shown in Table I varied with the sugars. The
constant A in Eq. 1, which determines T, is inversely
proportional to the sixth power of the distance between the
carbon and the proton that relaxes the carbon nuclei
through dipole-dipole interaction (43). Thus, a small
change in the distance between the carbon and proton
nucleus results in a significant change in T',. The change in
the estimated T,(min) caused by the addition of sugars
suggests that the molecular structure of lysozyme 1s slightly
changed by the sugars, such that the distance between the
carbon and proton involved in nuclear relaxation is
changed. The change in the value of T, minimum caused
by sucrose is smaller than that caused by trehalose and
isomaltose, such that the change in the molecular structure
of lysozyme caused by sucrose appears to be smaller than
those caused by trchalose and isomaltose, which is curious
in view of the fact that the apparent impact of sucrose on
mobility (i.e., T.) is quite significant.
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Table | Estimated Parameters of T,g(min) and Ea for - and y-Relaxation, and Calculated T. Values at 25°C

Formulation [ -relaxation y-relaxation
To (5) Ea (/mol) T, (min) (ms) 7. (25°C) (ms)  To (s) Ea (kJ/mol)  Tg (min) (ms) T (25°C) (us)
lysozyme 2 4x 1073 48 (14) 19 (4) 0.1 9x 107" 20 (4) 13 (3) 03
2x107"% 2% 1079
lysozyme-trehalose ° - 47 (1) 32 (7) 0.07 - 20 (0) 22 (2) 0.3
lysozyme-sucrose © - 49 (1) - 0.2 — 20 (0) 152) 0.3
lysozyme-isomaltose b= 43 (1) 28 (6) 0.02 - 20 (0) 20 (2) 0.3

() denotes standard error as provided by the non-linear regression

* Parameters of To, Ea and T5(min) for each of the B- and y-relaxation were evaluated by fit of the theoretical model (Eqs. 3 and 4) to the data.

® Parameters of Ea and T\ p(min) for each of the B- and y-relaxation were estimated using the value of Tq obtained for lysozyme without sugars.

¢ The parameter Ea for B-relaxation was estimated using the values of Tg and T 5(min) obtained for lysozyme without sugars, and parameters of Ea and
T p(min) for y-relaxation were estimated using the value of Ty obtained for lysozyme without sugars.

The value of apparent activation energy (i.c., tempera-
ture coefficient, Ea) determined for the p-relaxation of the
lysozyme carbonyl carbons, shown in Table I, ranges
between 43 to 50 kJ/mol, with the values for pure lysozyme
and both the sucrose and trehalose systems being essentially
the same but with the Ea for the isomaltose system being
lower. By contrast, the Ea values for the y-relaxation are all
much smaller and essentially equal at around 20 kJ/mol.
These Ea values are greater than those reported for fast
dynamics of amorphous formulations determined by NMR
relaxation measurements. For example, the apparent
activation energy was determined to be 4.2 kJ/mol and
2.1 kJ/mol for the motion of the methine carbon in freeze-
dried dextran and that of the protein carbonyl carbons in
freeze-dried bovine serum vy-globulin, respectively, from
NMR relaxation times (35). The dynamics of the PVP ring
carbon and the sucrose methine carbon in freeze-dried
PVP-sucrose mixtures, as determined by T; and T, show
apparent Ea values less than 10 kJ/mol. Moreover, the
dynamics of the PVP ring carbon in freeze-dried PVP,
determined by T, exhibit a very small apparent Ea of
0.8 kJ/mol (36). These small apparent activation energies
evaluated from the temperature dependence of NMR
relaxation times, which are too small to be interpreted in
terms of an activated state kinetic model, may be attributed
to the invalid assumption that the atom of interest has only
a single type of motion with a single T, value. When the
atom has multiple types of motion with different 7. values,
the Ea value determined in a temperature range near 17,
maximum according to this analysis has no sound theoret-
ical foundation and may have no physical meaning as an
activation energy. The analysis of NMR relaxation time
according to a multiple-dynamic model, as described in this
paper, is necessary to determine Ea for the individual type
of motion. The value of Ea observed for freeze-dried
lysozyme-sugar systems in this study is much smaller than
the Ea for alpha relaxation for freeze-dried trechalose
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(145 kJ/mol) and freeze-dried sucrose (225 kJ/mol) as
determined by isothermal microcalorimetry (28), calculated
using p=0.4, but comparable to those for freeze-dried
lactose by dielectric relaxation spectroscopy (72 kJ/mol and
52 kJ/mol for B- and y-relaxation, respectively) (32).

The value of Ea determined for molecular motions in
freeze-dried formulations is one of the basic clues for
exploring the molecular motion most relevant to the
instability of freeze-dried formulations. For example, if a
certain motion shows an Ea value that is markedly different
from the activation energy for degradation, it seems likely'
that this motion may be excluded from the candidate
motions responsible for the instability. The values of Ea
determined for the P-relaxation of the lysozyme carbonyl
carbons in this study are comparable to the values of
activation energy for degradation observed for frecze-dried
formulations as described below, suggesting correlations
between f-relaxation and instability. Few data on activation
energy have been reported for degradation in freeze-dried
formulations, but Ea can be calculated from the Arrhenius
plots of the apparent rate constants reported for degrada-
tion in freeze-dried formulations. For example, the Ea of
the hydrolysis rate of cephalothin freeze-dried with dextran
was calculated to be about 50 kJ/mol; Ea of 46 kJ/mol
was calculated for acetyl transfer reaction between aspirin
and sulfadiazine freeze-dried with poly(vinylpyrrolidone)
(14). For degradation of frecze-dried proteins, 63 kJ/mol
for aggregation of P-galactosidase freeze-dried with sugars
(24), 50 kJ/mol for p-galactosidase freeze-dried with
polyvinylalcohol (12), 67 kJ/mol for degradation of insulin
freeze-dried with PVP (18).

! This statement is equivalent to stating that the motion represented by
the relaxation process may have nothing directly to do with the motion
required for degradation, if the “coupling coefficient” relating a relaxation
time constant for a given microstate with degradation within that
microstate, which has been discussed in a reference (6), is much less
than unity.
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Effect of Sub-T,; Heating on the Mobility of Lysozyme
Carbonyl Carbons

Annealing of freeze-dried formulations at temperatures
below and near the T, is well known to increase o-
relaxation time and to stabilize the formulations (41). For
the freeze-dried lysozyme-trehalose and lysozyme-sucrose,
the T, value obtained immediately after the temperature
was raised from —40°C to 62°C was close to the value
determined at 62.3°C without heating or cooling (Fig. 3), as
shown in Fig. 4. Thereafter, T, decreased with time and
became roughly constant within several hours. This
finding suggests that the - and 7y-relaxations of lysozyme
at the dme point immediately after the temperature
increase is different from those of lysozyme heated at
62°C for several hours.

As shown in Fig. 5, the Ty, of the protein carbonyl
carbons observed at temperatures below 0°C was not
significantly affected by heating at 62°C for 8 h, but T},
above 0°C was greatly decreased by heating. The V-shaped
temperature dependence of T, for y-relaxation was
widened and moved toward a higher temperature range
both for trchalose and sucrose. These findings suggest that
the average 7. for all carbonyl carbons in the lysozyme
molecule is increased after heating and also that carbonyl
carbons at different sites of the lysozyme molecule are
affected by the heating treatment in varying degrees from
cach other, such that the range of 7. for y-relaxation of the
lysozyme carbonyl carbons is widened. The effect of
heating on the P-relaxation is not clear because of more
limited T}, data. However, the finding that the T,
minimum for P-relaxation of the freeze-dried lysozyme-
trehalose observed before heating is not observed after
heating in the temperature range studied suggests that the
Ty, minimum for p-relaxation is shifted to a higher
temperature by heating. Thus, both B- and y-relaxations
appear to be slowed by heating in a manner similar to the
annealing effects on a-relaxations.

Mobility of Sugars Freeze-Dried with Lysozyme

The temperature dependence for the T;, of trehalose,
sucrose and isomaltose carbons (Figs. 5 and 6) exhibits T,
minima in a similar temperature range as for the Ty, of the
lysozyme carbonyl carbons. This suggests that the sugar
carbons have motions with similar T, values as the - and
y-relaxation of the protein carbonyl carbons. Here, the
values of T, for the sucrose carbon are greater than those
for the trehalose and isomaltose methine carbon. This is
expected because the sucrose carbon (C-1) has no proton
directly binding to the carbon, while trehalose and
isomaltose methine carbons have a proton directly binding
to the carbon. The rate of spin-lattice relaxation depends

on the number of the protons that cause dipole-dipole
interaction with the carbon, leading to spin-lattice relaxa-
tion, as well as the distance between the proton and the
carbon (C-1). More protons and a shorter distance both
lead to faster spin-lattice relaxation. The spin-lattice
relaxation of sucrose carbon (C-1) is slower than that of
trehalose and isomaltose, because the proton involved in
the dipole-dipole interaction with the carbon (C-1) in the
sucrose system is at a greater distance from the carbon
compared to the trehalose and isomaltose systems.

The temperature dependence for the Ty, of sugar
carbons was not significantly changed by the addition of
lysozyme. This finding means that the motions of sugar
carbons with similar 7. values as the - and y-relaxation of
the protein carbonyl carbons are not affected by interaction
with lysozyme. This finding is in contrast to the observation
that the - and y-relaxations of the lysozyme carbonyl
carbons are affected by interaction with the sugars
(Table I). This difference may be explained by assuming
that the sugar induces conformational changes in the
protein, such that the mobility of the protein carbonyl
carbons is significantly changed but mobility of the sugar
carbon is changed by interaction with the protein only for
the carbons involved in the interaction. Mobility of the
carbons that are not involved in the interaction also
contributes to the determined T, value, such that the
measured T, for the sugar is not sensitive to the interaction
with protein.

The T,, of the methyl carbon of ®C-methylated
isomaltose decreases rapidly as temperature increases near
and above T, (Fig. 7). This finding suggests that the motion
of the methyl carbon, which is speculated to be much faster
than the carbon (C-1), is coupled with structural relaxation
since structural relaxation shows strong temperature
dependence near T,. This observation is in contrast to
the general concept that the fast motion of side chains is
generally independent of structural relaxation.

CONCLUSION

The temperature dependence for the T, of the lysozyme
carbonyl carbons in freeze-dried lysozyme with and without
sugars (trehalose, sucrose and isomaltose) was describable
with a model that assumes that the carbon has two different
types of molecular motion with different 7. values and that
cach t. shows an Arrhenius type of temperature depen-
dence. A single relaxation mode is not consistent with the
data, meaning that interpretation of relaxation time data is
complex and may demand data over an extended temper-
ature range. If T, is determined in a temperature range
near T, maximum, simply obscrving that an increase in
temperature reduces Ty, does not necessarily mean that the
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Ty, measured is directly proportional to the correlation
time, T, nor is the temperature coefficient of T';, necessarily
a good measure of the activation energy of a single process.
Further, trends in T, with formulation determined in this
temperature range may not nhecessarily be predictive of
trends in molecular mobility.

Lysozyme carbonyl carbons in the absence of sugars
revealed two types of motion with much smaller values of
1. and Ea than structural relaxation: a motion with a T, of
1X107* s at 25°C and an Ea of 48 kJ/mol (B-relaxation),
and another faster motion with a 7, of 3x1077 s at 25°C
and an Ea of 20 kJ/mol (y-relaxation). Addition of sugars
does impact the mobility of lysozyme, as evidenced by the
impact of sugars on the values of T. and Ea. The 7. and Ea
for P-relaxation were increased by the addition of sucrose
and decreased by the addition of trehalose and isomaltose.
The orders of T. and Ea are as follows: sucrose > none >
trehalose > isomaltose, suggesting that the B-mobility of
the lysozyme carbonyl carbons is significantly decreased by
sucrose but increased by isomaltose.
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ABSTRACT: Amorphous nifedipine (NFD), which has a smooth surface immediately after
preparation, was shown to have structures resembling clusters of curling and branching fibers
approximately 1 pm wide by atomic force microscopy (AFM) after storage at 25°C. The size of the
cluster-like structures increased with storage over time, implying crystal growth. The average
elongation rate of the fibers determined by AFM at ambient room temperature was 1.1 x 107°
m/s, and this agreed well with the crystal growth rate of 1.6 x 10~° m/s determined by polarized
light microscopy. The crystal growth rate of NFD in solid dispersions with 5% polyethylene
glycol (PEG) was found to be 5.0 x 10~ m/s by AFM. Although this value was approximately
the same as that obtained by polarized light microscopy, three-dimensional information obtained
by AFM for the crystallization of NFD in a solid dispersion with PEG revealed that the changes
in topography were not a consequence of surface crystal growth, but rather attributable to
the growth of crystals formed in the amorphous bulk. For solid dispersions with «,B-poly(N-
5-hydroxypentyl)-L-aspartamide, acceleration of NFD crystallization by tapping with an AFM
probe was observed. The present study has demonstrated the feasibility and application of AFM
for interpretation of surface crystallization data. © 2011 Wiley-Liss, Inc. and the American

Pharmacists Association J Pharm Sci

Keywords: amorphous; crystallization; excipients; physical stability; solid dispersion;

microscopy

INTRODUCTION

Amorphous drugs are generally more soluble and dis-
solve faster than their crystalline counterparts.!-3
Therefore, amorphization of poorly water-soluble
drugs is a useful method for enhancing their dissolu-
tion rate and consequently improving their bioavail-
ability. However, the amorphous form is thermo-
dynamically unstable and tends to revert to its
crystalline form, resulting in loss of the solubility
advantage. Recently, surface-enhanced crystalliza-
tion of indomethacin* and nifedipine (NFD)5 has been
reported. The crystal growth rates of amorphous in-
domethacin and NFD at the free surface were or-
ders of magnitude faster than those in bulk at tem-
peratures below their glass transition temperature
(Tg). Microscopic observation of partially crystallized
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indomethacin and NFD samples has revealed that
crystallized drugs are localized at the surface of the
samples.? Once the surface is covered with a crystal
layer, the solubility advantage is lost even if the most
interior part of the solid remains amorphous.

Atomic force microscopy (AFM), which can capture
surface topography images of solid samples with a
resolution of the micrometer order or less, may be a
useful tool for investigating the surface crystalliza-
tion of pharmaceuticals. The crystallization of choles-
terol under conditions simulating the gallbladder en-
vironment has been studied by AFM.® Cholesterol
crystals of submicrometer size have been observed
on the surface of mica and mucin-coated mica, but
no such crystals have been found on the surface of
silanized mica, suggesting that a network of hydro-
gen bonds on the surface provides favorable condi-
tions for the nucleation and growth of cholesterol crys-
tals. Molecular rearrangements at the surface have
been observed for caffeine/carboxylic acid coerystals
by AFM.” The depth and width of trenches aligned
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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.>1° 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 1l-aminopentane using a method similar to that
reported previously.'®

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 mIL/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

DOI 10.1002/jps



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 mL/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.

. A
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10 um
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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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0.5 ym

IOZSpm

0.0 pm

50 pm

Figure 1. Representative atomic force microscopy images of amorphous nifedipine (a) imme-
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-a,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 (xp, 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

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

@ Height
0.5 pm

0.25 ym

~ 0.0 pm

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. Tg Values Determined by DSC, and NFD Crystal Growth Rates Obtained by AFM and Polarized Light Microscopy at Around
25°C

AFM Experimental Conditions Crystal Growth Rate (m/s)
Scan Range Scan Speed Collected Collection Polarized Light
Ty (CC) (pm) (pm/s) Points Per Line Interval? (min) AFM Microscopy

NFD 46.24+0.50 100 75 256 5.3 (1.2+£0.3) x 10-9% (1.6 £0.4) x 10-%

100 50 256 8.6 (1.1+£0.3) x 10-9%

50 50 512 8.6 (1.0+0.2) x 10-9%

100 50 512 17 (1.3 £0.4) x 107%
NFD-PEG (5%) 83.5+0.6° 100 150 256 2.6 5.1x 1078 (7.2 +£1.7) x 108

80 150 256 2.2 6.3 x 1078

50 150 256 1.3 4.9 x 1078

100 100 256 4.3 4.5 x 1078

aTime required to collect one image.

bAverage with standard deviation (n = 5).

cAverage 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 mains measured under various experimental condi-
the bulk): characteristics that are difficult to deter- tions: hollow triangles and hollow squares represent
mine by polarized light microscopy. It should be noted the results of measurements using the shortest and
that even though AFM images suggest that crystals the longest time intervals, respectively. The variation
grow at the surface of samples, crystallization is not in slope appeared to lie within the range of experi-
always initiated at the surface. mental error, and no clear dependence of the growth

Although the crystal growth rate of NFD in a solid rate on the time interval for collection was evident.

dispersion with PEG determined by AFM is not the From these results, it is considered that the influence
surface growth rate, as described above, the apparent of tapping by the AFM probe on the crystal growth
rate was estimated and compared with that obtained rateis negligible in NFD-PEG solid dispersions. Each
by polarized light microscopy. From serial AFM im- growth rate calculated from the slope of the plots
ages exemplified by Figure 4b, the crystal growth rate shown in Figure 6 is listed in Table 1. The value was of
of NFD in solid dispersions containing 5% PEG was the same order as that obtained by polarized light mi-
determined. Because of possible changes in the NFD croscopy at 25°C (Table 1). The crystal growth rate of

crystallization rate by the physical stimulus of tap- NFD in the NFD-PEG (5%) solid dispersions was ap-
ping, the increase in diameter of the recrystallized proximately 50 times higher than that in amorphous
domains was measured at various time intervals by NFD alone. The T, value of the NFD-PEG (5%) solid
varying the experimental scan range (50-100 pm) dispersion was approximately 13° lower than that of

and scan speed (100-150 pm/s). Figure 6 shows the NFD alone (Table 1), indicating that the matrix mo-
time profiles of the diameter of the recrystallized do- bility of NFD-PEG is higher than that of NFD alone.

a £ Height
. £ 2.5 um
g : 0.0 um
N
-2.5
50 ym W
b jnitial After 13min  After 26 min  After 39 min  Height
s . 2 25um
Z vy g:‘e(/ 2 ¥
k i - 3 0.0 ym
X

.z/4€§:m 2.5 pm

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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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.
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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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Height
12.5pum

Figure 7. Atomic force microscopy images of nifedipine—a«,p-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, (¢) 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 Ty 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.
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Fig.3 Typical time courses for crystallization of

amorphous drugs stored at 60 (closed symbol)
or 45 C.

A, nifedipine, 60 'C; M nitrendipine, 60 C; @,
nilvadipine, 60 C; A, nifedipine, 45C; *,
phenobarbital, 45°C; +, flopropine, 45C; X,
acetaminophen, 45 C.
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Table 1 Thermodynamic parameters of amorphous

drugs.
DI‘Ug AGv a[ Tg Tg Tm AIim
Jm-3 /C /1C / 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
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Fig.5 Time courses of crystallization of (+)-
nitrenndipine (closed symbols) and (-)-

nitrendipine (open symbols) in the absence
(£, A) and presence of 10%PVP (O, 9) or
10%HPMC(O, @) at 60C.

Table 2 14 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
RThY, NEEET AT S HPMC 20 L 2zERS g
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EELPBVLI ERREN, TOIF L F v —HDR
EUNEIFEEHAOEI L bDEELLND, = L
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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
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Fig.6 Typical heat flow-time curves of amorphous
nifedipine and phenobaribital at 65 C.
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Fig.7 Comparison of amorphous nifedipine remaining
estimated from IMC (---) and DSC (&),
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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
of amorphous nifedipine at 50 C.
a, initial; b, -20°C for 17 months; ¢, 5C for 40
days; d, 25°C for 2days.
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Fig.10 Effect of particle size on heat flow-time curve
of amorphous nifedipine at 25C.
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