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ABSTRACT: Amorphous solid dispersions have great potential for enhancing oral absorption
of poorly soluble drugs. Crystallization behavior during storage and after exposure to aqueous
media must be examined in detail for designing stable and effective amorphous formulations,
and it is significantly affected by the intrinsic properties of an amorphous drug. Many attempts
have been made to correlate various thermodynamic parameters of pharmaceutical glasses with
their crystallization behavior; however, variations in model drugs that could be used for such
investigation has been limited because the amorphous characteristics of drugs possessing a high
crystallization tendency are difficult to evaluate. In this study, high-speed differential scanning
calorimetry, which could inhibit their crystallization using high cooling rates up to 2000°C/s, was
employed for assessing such drugs. The thermodynamic parameters of the glasses, including
glass transition temperature (T,) and fragility, were obtained to show that their crystallization
tendency cannot be explained simply by the parameters, although there have been general
thought that fragility may be correlated with crystallization tendency. Also investigated was
correlation between the thermodynamic parameters and crystallization tendency upon contact
with water, which influences in vivo efficacy of amorphous formulations. T, was correlated well
with the crystallization tendency upon contact with water. © 2012 Wiley Periodicals, Inc. and
the American Pharmacists Association J Pharm Sci 101:3239-3248, 2012
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INTRODUCTION

Amorphous solid dispersions are one of the most
promising options for developing poorly soluble drugs

spray drying is a well-established technique in indus-
try, special facilities are required to allow handling
of flammable solvents used for dissolving poorly solu-
ble drugs. Another serious problem is the absence of

because the amorphous state has solubility advan-
tage over crystals.!® The maintenance of high-level
supersaturation after dissolution is important for im-
proving oral absorption.?5 However, many problems
remain unsolved for active use of solid dispersions
as oral dosage forms. For example, special facilities
are required for manufacturing amorphous formula-
tions. Commercial production currently employs ei-
ther a spray-drying® or hot-melt extrusion.” Although
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protocols for predicting the physical stability of amor-
phous formulations,!3-8-9 mainly because the temper-
ature dependence of the nucleation rate is difficult to
evaluate. An accurate estimation of the crystalliza-
tion rate during storage can be performed only by ob-
serving the stability at the same temperature with the
storage conditions. Thus, efforts are ongoing to estab-
lish a protocol for predicting the long-term physical
stability of amorphous formulations.?°

Failure of a liquid to crystallize below the melt-
ing temperature had been explained only by kinet-
ics. In the pharmaceutical field, the amorphous state
has widely been believed to be maintained stably be-
low a temperature lower 50°C or more than a glass
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transition temperature (Tg), where configurational
entropy almost disappears. Recently, frustration in
liquid structure is gaining considerable attention as
an important factor in the inhibition of crystalliza-
tion, in which a difference in the locally favored lig-
uid structure and crystal structure is considered to
play a crucial role.!%1? Under this assumption, T,
cannot predict the glass-forming ability and, as a
matter of fact, principal component analysis showed
that the ability to form a stable amorphous state de-
pends instead on the molecular weight and the com-
plexity of the molecular structure.!® Glass-forming
ability is an important notion for evaluating pos-
sibility of amorphous formulations because drugs
with low glass-forming ability must be stabilized us-
ing a large amount of excipients miscible with the
drug.

Determining factors that dominate the glass-
forming ability is difficult partially because of the
difficulty in evaluating the amorphous characteris-
tics of compounds that crystallize easily. Variation in
the data is always limited when the correlation be-
tween thermodynamic parameters and glass-forming
ability is discussed. High-speed differential scanning
calorimetry (DSC) is a novel tool that allows tem-
perature change at a much faster rate compared
with conventional DSC, which should make analysis
of amorphous materials much easier. In this study,
drugs with very low glass-forming ability, tolbu-
tamide (TLB), carbamazepine (CBZ), and haloperidol
(HPD), were employed as model compounds for eval-
uating amorphous characteristics using high-speed
DSC.

Another interest of this study is the relevance of
glass-forming ability in the dry state to crystalliza-
tion tendency in the wet state. Drugs with a low crys-
tallization tendency in the wet state are expected to
be good candidates for amorphous formulations be-
cause maintenance of the supersaturated state can be
expected. Transformation in the wet state can be ex-
plained by two mechanisms: solid—solid and solvent-
mediated transformations. The likelihood of the for-
mer mechanism to occur in the transformation should
be identical to crystallization tendency in the dry
state, whereas the latter mechanism is believed to be
governed by solubility and the interaction of the drug
with solvents.!*1®> The solvent-mediated transforma-
tion in water is frequently faster than the transfor-
mation expected from the solubility,'* and it is usu-
ally explained in terms of interactions between the
solid and water via hydrogen bonding. Transforma-
tion in aqueous media is a very important process
that requires understanding for the design of effective
amorphous dosage forms. Crystallization tendency in
the wet state is also discussed in relation to various
amorphous characteristics.
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EXPERIMENTAL
Materials

Tolbutamide (TLB) and indomethacin were obtained
from Wako Pure Chemicals (Osaka, Japan). CBZ and
HPD were obtained from Nacalai Tesque (Kyoto,
Japan). Ketoconazole and itraconazole were obtained
from Tokyo Chemical Industry (Tokyo, Japan). Acet-
aminophen and procaine were obtained from MP
Biomedicals (Solon, Ohio). Nifedipine, fenofibrate,
and ibuprofen were supplied from Alexis Biochemic-
als (San Diego, California), Sigma—Aldrich (St. Louis,
Missouri), and Hamari Chemicals (Osaka, Japan), re-
spectively. All the reagents were used as supplied.

Thermal Stability of Model Drugs

A trace amount of impurity may affect the crystal-
lization behavior. Thermal stability of each drug was
investigated because degradation products may ap-
pear during the thermal analysis. All the compounds
except CBZ and TLB were regarded as stable in
the melt-crystallization cycle because the decrease
in weight was below 0.01% in the thermogravime-
try analysis on SDT Q600 (TA Instruments, New
Castle, Delaware) up to their melting temperatures.
Note that decrease in weight due to removal of ad-
sorbed water was ignored in this evaluation. CBZ
and TLB were annealed at 200°C and 140°C, respec-
tively, on DSC Q2000 (TA Instruments) and dissolved
by ethanol. High-performance liquid chromatogra-
phy (HPLC) analysis was performed on a Shimadzu
Prominence (Shimadzu, Kyoto, Japan) equipped with
a Cosmosil 5C18-AR-II (150 mm L x 5.0 mm ID;
Nacalai Tesque, Kyoto, Japan) with a flow rate at
1 mL/min. For CBZ, the column was equilibrated
by acetonitrile-water (10:90), which was changed to
100:0 in 40 min, followed by elution using acetonitrile
for 20 min. For TLB, acetonitrile-water (5:95) was
applied for 5 min, followed by gradient to 100:0 in
45 min and elution by acetonitrile for 10 min. Detec-
tion wavelength and injection volume were 210 nm,
and 2 pL, respectively.

Differential Scanning Calorimetry

Conventional DSC measurements were performed on
DSC Q2000 (TA Instruments). The instrument was
periodically calibrated with indium and sapphire. Ni-
trogen was supplied as an inert gas at a flow rate
of 50 mL/min. Approximately 5 mg of samples was
loaded in an aluminum-sealed pan. CBZ, HPD, and
TLB were melted at 200°C, 170°C, and 140°C for 0.5
min, respectively, to obtain the amorphous state. All
the measurements were duplicated to ensure repro-
ducibility. Onset values are reported to present 7.
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High-Speed DSC

High-speed DSC measurements were conducted on
Flash DSC 1 (Mettler-Toledo, Greifensee, Switzer-
land). Approximately 100—400 ng of sample was
loaded onto the central portion of a sensor using an
optical microscope, and the sample mass was deter-
mined from the melting enthalpy during heating at
3°C/s. CBZ, HPD, and TLB were melted at 200°C,
170°C, and 140°C for 0.5 s, respectively, to obtain
the amorphous state. One sensor was assigned to
one compound, and each was calibrated by the man-
ufacturer prior to the supply. After a series of experi-
ments, the accuracy of the temperature was validated
by measuring reference samples of indium and naph-
thalene. Nitrogen was supplied as an inert gas at a
flow rate of 20 mL/min. All measurements were du-
plicated to ensure reproducibility. Onset values are
reported to present T.

Investigation of Crystallization Tendency in Wet State

Model drugs that have high and moderate glass-
forming ability were investigated in this study. The
model drugs were melted in open aluminum pans on
SDT Q600 (TA Instruments), to which 100 mL/min
of argon gas was supplied. Samples of approximately
10 mg were heated to above their melting tempera-
tures at a rate of 10°C/min, followed by cooling in the
air stream. Subsequently, 20 pL of water was added
to each sample in the pan, which was then allowed
to stand at room temperature for 24 h. Aluminum
lids with pinholes were placed on the sample pans
for DSC measurements at 10°C/min on Q2000 (TA
Instruments). Crystallinity was evaluated based on
their melting enthalpy.

RESULTS
Thermal Stability of Model Drugs

Thermogravimetry analysis indicated that all the
model drugs used in this study were thermally sta-
ble in the heat—cool cycles except CBZ and TLB as
described in the Experimental section. 0.86 % de-
crease in weight was observed for CBZ by heating
up to 200°C. In the HPLC analysis, CBZ was found at
17.1 min. The degradation products were not found
for the sample annealed at 200°C for 1 min. However,
a novel peak appeared at 23.4 min, of which the peak
area corresponded to approximately 1% of CBZ, for
the sample annealed for 10 min, indicating that long
or repeated annealing above the melting temperature
may cause degradation. Thus, the thermal program
for melting CBZ was determined carefully for the fol-
lowing studies to avoid degradation. Although 0.02%
decrease in weight was observed for TLB at 140°C in
the thermogravimetry analysis, no degradation prod-
ucts were found for the sample that was annealed
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at 140°C for 10 min in the HPLC analysis. Thus, a
decrease in weight was likely to be due to partial va-
porization of the melt.

Conventional Thermal Analysis of the Model Drugs

Figure 1 shows the thermal behavior of the model
drugs investigated on a conventional DSC. TLB used
in this study was initially in form I, which under-
goes enantiotropic polymorphic transition at 40°C,%
followed by melting at 128°C. In subsequent cooling
processes, exothermic peaks at about 60°C were ob-
served and interpreted as crystallization. The crystal-
lization peak decreased in size with increasing cool-
ing rate; however, a small peak remained even when
the sample was cooled at 20°C/min. A glass transi-
tion appeared at 4°C in the cooling curve and the
subsequent heating curve, suggesting that TLB was
partially transformed into the amorphous state dur-
ing cooling at a rate of 20°C/min. CBZ was supplied
as form III, which transformed into the most sta-
ble form, form I, via a melt-crystallization process
at 179°C.17 During the cooling process, crystallization
curves were always observed and glass transition was
not investigated in the subsequent heating curves,
when the cooling rate was slower than 20°C/min. Note
that the crystallization behavior in the cooling process
at 5°C/min appeared to be different from those in the
10 and 20°C/min cooling curves, which may be due to
production of a trace amount of degradation products
during the temperature scan. The only thermal event
for HPD was a melting peak at 150°C in the heat-
ing curve. In the subsequent cooling, a sharp crys-
tallization exotherm was always observed at about
100°C, regardless of the cooling rate, and glass tran-
sition was not observed in any cooling/heating curves.
Thus, in the conventional DSC-quenching procedure,
TLB was partially transformed into the amorphous
state, whereas CBZ and HPD crystallized easily and
the amorphous state was not obtained. These obser-
vations revealed the difficulty in evaluating the amor-
phous characteristics of these drugs on a conventional
DSC.

Crystallization/Amorphization During Rapid Cooling

Figure 2 shows the effect of cooling rates on the ther-
mal behavior of model drugs in the high-speed DSC
analysis. Crystallization was not observed in the cool-
ing curves for TLB and CBZ, even at the slowest cool-
ing rate of 1°C/s. In the subsequent heating process,
Ty was found at 23-27°C and 59-66°C, respectively,
as indicated by arrows in the figures. The T, value
for CBZ agreed well with the reported value'?; how-
ever, that of TLB was higher,'? although little infor-
mation is available because of the difficulty in ob-
taining the amorphous state. The dependence of T
on the cooling rate can be elucidated in terms of dif-
ference in degree of relaxation, which decreases free
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Heating (left)/cooling (right) curves of TLB, CBZ, and HPD obtained on a conven-

tional DSC. Samples were melted by heating above the melting temperature at 10°C/min (top
curves in left columns), followed by cooling at 20°C/min (top curves in right columns). Sub-
sequently, two heating/cooling cycles were applied: heating at 10°C/min (middle curves of left
columns), followed by cooling at 10°C/min (middle curves of right columns), and heating at
10°C/min (bottom curves of left columns), followed by heating at 5°C/min (bottom curves in
right columns). Note that the heating processes after the cooling were initiated far below the
lower temperature limits of the figures. An arrow in the figure indicates T,.

volume and increases molecular cooperativity to raise
T,.1® The absence of melting peaks indicated that
these drugs were totally transformed into the amor-
phous state under all cooling rates presented. The
crystallization temperature of HPD decreased with
increasing cooling rate, and another exothermic peak
appeared at 44°C in the cooling curves when HPD was
cooled faster than 30°C/s. The hot crystallization peak
completely disappeared at a cooling rate faster than
100°C/s. T was found at 27°C in the heating curves,
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when the cooling rate was faster than 30°C/s. The en-
dothermic peak at 44°C and the cold crystallization
peak at 60°C grew with increasing cooling rate and
exhibited a constant value above 100°C/s. The appear-
ance of T, indicates that the exothermic peak at 44°C
in the cooling curves was not due to crystallization but
to formation of a mesophase, which is supported by
the observation that the peak was always found at the
same temperature regardless of very wide range of
the heating/cooling rate and direction of scan. These
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Figure 2. Heating (left)/cooling (right) curves of TLB, CBZ, and HPD obtained on a high-speed
DSC. The experimental procedure was the same with that for Figure 1, except that high scan
rates were applied. Samples were initially melted by heating above the melting temperature at
100°C/s (data not shown). Subsequently, samples were cooled at various cooling rates as shown
in the figures (right curves) and heated at a constant rate, 100°C/s (left curves). Arrows in the
figures indicate T's.

results suggest that HPD was transformed into the
mesophase at cooling rates faster than 100°C/s.

where AEq, d(ng)

R d(1/T)

(2

Determination of Fragilit

SIEY Thus, m can be determined from the dependence of
T on the ramp rate. m is related with the strength
parameter, D, as follows:

Fragility is an important notion that may explain var-
ious amorphous characteristics, including the glass-
forming ability.'®-1° Various methods are available for

determining the fragility value,'®2° among which the DTy T,

dependence of T, on the ramp rate, ¢, in DSC mea-
surements is the most suitable because it does not
require precise thermodynamic parameters such as
heat capacity. The fragility value, m, is determined
using the following equations!®:20;

dlogt 1 AEp

g
= — - 1
"Tdm/)|,., ~ 23T R W
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m= 5 3)
2.303 (1 - To/T)

A glass with a large D value (D > 30) is consid-
ered as “strong,” whereas that with a low D value
(D < 10) is regarded as "fragile.” Figure 3 shows DSC
curves of TLB heated at various ramp rates. The val-
ues for m and D of the TLB glass were 108 and 6.44,
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respectively. Those for CBZ glass were 55.3 and 15.0,
respectively. For HPD, m and D of the mesophase
(not the glassy phase) were 72.8 and 10.4, respec-
tively. Thus, only the TLB glass could be regarded as
fragile, whereas other glasses are considered to form
relatively strong pharmaceutical glasses. Also, these
m and D values are almost the same with those of
the compounds with high glass-forming ability. This
observation does not support the general thought
that glasses with low glass-forming ability are frag-
ile, which is in agreement with earlier investigation
made by Baird et al.'?2!

Fragility can be determined using various meth-
ods; however, the values obtained are sometimes af-
fected by the procedure employed. It has frequently
been pointed out that thermodynamic fragility does
not correlate with dynamic fragility at least for small
organic compounds.??-23 The dynamic fragility can be
determined by extrapolating configurational entropy
to zero, or by estimating activation energy for molecu-
lar motion at T, from the ramp rate dependence of T
or width of the T, range.'®2° Thus, values from these
methods should agree with each other only when the
compound exhibits “ideal” fragile behavior. Employ-
ment of the ramp rate dependence of T; appears to be
the most reasonable for investigating its relevance to
the crystallization behavior because the crystalliza-
tion tendency may be governed by the energy barrier
of the molecular motion. However, because the crys-
tallization is usually observed well above T, applica-
bility of the fragility values determined by observing
Ty may have limitation. A nice attempt to overcome
this problem was made by Baird et al.,?! in which vis-
cosity of the melt was evaluated as a function of tem-
perature to calculate fragility values, although the
correlation with the crystallization tendency was not
observed. Nevertheless, further efforts to investigate
possible factors that influence crystallization are re-
quired because it is directly related to the formulation
strategy for amorphous dosage forms.

Relaxation During Rapid Cooling

Thermal analysis is the most common method for
investigating the structural relaxation behavior of
pharmaceutical glasses.?* In general, spontaneous re-
laxation during storage is reproduced by intentional
annealing to examine the relaxation process quanti-
tatively, under the assumption that the recovery en-
thalpy observed in the DSC scan is equivalent to the
relaxation enthalpy consumed during annealing. In
this procedure, little or no relaxation is expected dur-
ing the heating/cooling cycles in the thermal program.
However, the growth of recovery peaks was observed
for TLB with decreasing cooling rate, which indicates
extremely high molecular mobility during the tem-
perature scan. Figure 4 shows the enthalpy recovery
of TLB as a function of cooling rate. Even when TLB

DOI 10.1002/jps
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Figure 4. Enthalpy recovery of TLB as a function of the
cooling rate.

was cooled at 100°C/s, an enthalpy recovery of ap-
proximately 1 J/g was observed, although the cooling
process completed within 2 s. Because the heating
process was also performed at 100°C/s, half of the en-
thalpy (~0.5 J/g) could be considered to be consumed
in each (cooling and heating) process. The enthalpy of
structural relaxation, H, can be described as a func-
tion of time, ¢, as follows:

H = H, [1—exp{—(§)ﬁHo <B<1 @@

where H| stands for initial excess enthalpy with refer-
ence to metastable amorphous. The relaxation time,
7, 1s regarded as a function of temperature. The fitting
parameter, 8, which may take values between 0 and
1, is usually regarded as a reflection of the relaxation
time distribution; when B is near unity, the distribu-
tion is narrow, whereas a value of 8 much less than
unity would indicate a broad distribution. Hy can be
calculated from

Hy=AC, (Ty—T) (5)
where AC,, is the heat capacity difference between the

crystalline and the glassy states. t can be expressed by
the Vogel-Tamman—Fulcher equation shown below:

DTy )

T )

r:‘roexp<

where 1) is timescale of vibrational motions (ca.
10714 5). T\ is a constant that usually has almost the
same value as the Kauzmann temperature. Figure 5
shows the relaxation times as functions of D and
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Figure 5. Model calculation of relaxation time as a func-
tion of temperature and the strength parameter, D.

temperature. The results demonstrate that smaller
D provides rapid growth in relaxation time with de-
creasing temperature below T.

Figure 6 shows model calculations for the evolution
of relaxation enthalpy obtained by integrating Eq. 4
numerically with time for various fragilities and ramp
rates. Because the relaxation time increased dramat-
ically with decreasing temperature when D has a low
value, evolution of relaxation enthalpy should be very
small for glasses with low D values. Also, relaxation
is suppressed with rapid cooling. Note that the values
obtained in this simulation should be an overestima-
tion because the degree of relaxation in the glass tran-
sition region is usually much smaller than expected.?!
Nevertheless, the calculation indicates that a
relatively large D value is required for the glasses
that exhibit relaxation recovery in the high-speed
DSC measurements because almost no relaxation is
expected for fragile glasses (D < 10). This contradicts
the observation made for TLB and requires further
investigation.

Crystallization Tendency in Aqueous Media

Crystallization tendency of the drug in the dry state
is closely related to the storage stability of the amor-
phous formulation. Meanwhile, crystallization ten-
dency in aqueous media is an important factor that
requires further clarification for improving oral ab-
sorption of poorly soluble drugs because the amor-
phous state must be maintained in gastric fluids
to obtain a long supersaturation state.>® Table 1
summarizes the crystallization behavior of various
model drugs in the wet state with their basic phys-
ical characteristics. The order of each drug is pre-
sented according to the classification system proposed
by Baird et al.’® Class I drugs crystallize during cool-
ing from the melt in the DSC analysis, class II drugs
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Figure 6. Time evolution of relaxation enthalpy during
the DSC scan as a function of the ramp rate and the strength
parameter, D.

maintain an amorphous state during the cooling but
crystallize during subsequent heating, and class III
drugs do not crystallize during the cooling/heating cy-
cle mentioned above. It is obvious that classification
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Table 1. Crystallization Tendency in the Presence of Water

Drug Classification® Tp (°C) Ty (°C)  Solubility (mg/mL)® m¢ Molecular State After 24 h
Carbamazepme I 190 59 0.95 55.3 Crystallized?
Haloperidol I 150 29 0.003 72.8¢ Crystallized?
Tolbutamide I 127 20 0.11 101 Crystallized?
Acetaminophen II 169 23 140 60 Crystallized
Flurbiprofen II 115 -7 0.033 61 Crystallized
Nifecupine II 172 45 0.0058 33 Amorphous
Fenofibrate 111 81 —18 0.1/ 76 Crystallized
Ibuprofen III 75 —43 0.011 58 Crystallized
Indomethacin III 160 46 0.004 58 Amorphous
Itraconazole III 164 56 0.0000018 731 Partially crystallized
Ketoconazole 111 147 42 0.08 78 Partially crystallized
Procane 11 61 -39 1.3 69 Crystallized

aClassification system proposed by Baird et al.!® For details, see the text.
bAqueous solubility at room temperature. Data are taken from Ref. 25 unless otherwise mentioned.

¢From Ref. 13 except for class I drugs.

dAlready crystallized prior to contact with water.
¢Fragility of the mesophase.

fFrom Ref. 26.

&From Ref. 27.

in the dry state has no relevance with crystalliza-
tion tendency in the wet state. Some observations
have indicated that solvent-mediated transformation
is governed by solubility to the solvent and solven-
t—drug interactions.'%1® The solubility threshold that
results in solvent-mediated transformation is usually
around 10 mM. Only acetaminophen satisfies this re-
quirement. However, water is frequently an excep-
tional solvent because of its ability to form hydro-
gen bonds with drug molecules and transformation
can be observed even though the solubility is far be-
low the threshold, which was also of the case in this
observation.

Interestingly, there is an indication that crystal-
lization tendency in the wet state is correlated with
Ty in the dry state. The model drugs with a T; higher
than room temperature maintained an amorphous
state or crystallized only partially, whereas those with
a Ty lower than that crystallized almost completely.
Although the value of T itself is less meaningful in
the wet state, it should be valid for assuming the or-
der of molecular mobility under identical temperature
conditions. Molecular mobility is sometimes corre-
lated with the crystallization rate in the solid state??;
however, this is not a general observation presum-
ably due to strong restrictions on molecular diffu-
sion. Existence of a solvent may aid rearrangement
of the solid structure by decreasing energy barriers.
As a result, the molecular mobility may become more
dominant for controlling the crystallization behavior.
The supersaturation mechanism requires further in-
vestigation because it is a complicated process that
involves dissolution, supersaturation, crash out into
a crystalline or amorphous state, and formation of
nanoparticles.?? Nevertheless, 7, of a drug may func-
tion as a parameter for assessing its supersaturation
ability. Because the number of the compound used in
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this study has been limited, further observation on
this matter is required.

CONCLUSIONS

Amorphous characteristics of drugs with high crys-
tallization tendency, TLB, CBZ, and HPD, were in-
vestigated using high-speed DSC. TLB and CBZ were
transformed into the amorphous state successfully by
rapid cooling from the melts, whereas HPD formed
the mesophase upon the cooling. No thermodynamic
parameters of the glasses explained their low glass-
forming ability. CBZ and HPD were found to form
relatively strong glass and mesophase, respectively,
and thus the general thought that glasses with low
glass-forming ability are fragile did not hold. Also in-
vestigated was the correlation of thermodynamic pa-
rameters with crystallization tendency upon contact
with water, which is important for evaluating in vivo
efficacy of amorphous formulations. Ty was the best
descriptor for assuming crystallization tendency upon
contact with water.
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