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Purpose. To investigate the underlying physical processes taking place during dissolution of amorphous
pharmaceuticals and correlate them to the observed solution concentration-time profiles. Felodipine and
indomethacin were used as model hydrophobic compounds.
Methods. Concentration-time profiles were monitored during dissolution of the model amorphous
compounds using in situ fiber-optic ultraviolet spectroscopy. Crystallization of the solid exposed to an
aqueous environment was monitored using Raman spectroscopy and/or powder X-ray diffraction.
Polarized light microscopy was used to provide qualitative information about crystallization processes.
Results. For felodipine, a small extent of supersaturation was generated via dissolution at 25°C but not at
37°C. The amorphous solid was found to crystallize rapidly at both temperatures upon exposure to the
dissolution medium. Addition of low concentrations of polymers to the dissolution medium was found to
delay crystallization of the amorphous solid, leading to the generation of supersaturated solutions.
Amorphous indomethacin did not crystallize as readily in an aqueous environment; hence, dissolution
resulted in supersaturated solutions. However, crystallization from these supersaturated solutions was
rapid. Polymeric additives were able to retard crystallization from supersaturated solutions of both
indomethacin and felodipine for up to 4 h.
Conclusions. The dissolution advantage of amorphous solids can be negated either by crystallization of
the amorphous solid on contact with the dissolution medium or through rapid crystallization of the
supersaturated solution. Polymeric additives can potentially retard both of these crystallization routes,
leading to the generation of supersaturated solutions that can persist for biologically relevant timeframes.
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INTRODUCTION

Strategies for increasing the bioavailability of pharma-
ceutical compounds by solubility/dissolution enhancement are
extremely important to the pharmaceutical industry. Many
active pharmaceutical ingredients (APIs) with important
therapeutic targets are poorly soluble, and a method for
overcoming this issue would make these APIs more viable
candidates for development (1,2). Amorphous materials are
attractive for solubility enhancement since they can generate
solution concentrations many times greater than their crystal-
line counterparts (3–5). This increased effective solubility has

been shown in several in vivo studies to have a direct impact
on bioavailability (5–9). However, a number of challenges need
to be addressed in order to take advantage of amorphous
materials. For example, one major issue associated with
amorphous APIs is that they are inherently metastable, which
can lead to phase transformations during storage as well as
during dissolution. Although there has been a significant
amount of research conducted on the physical stability of
amorphous pharmaceuticals under storage conditions (10–14),
much less attention has been given to the in vitro and in vivo
behavior of these amorphous materials during dissolution. As a
result, there is an insufficient understanding of the processes
governing the resultant concentration-time profiles.

Although it has been demonstrated that amorphous
pharmaceuticals can provide faster dissolution rates and
higher solution concentrations than their crystalline counter-
parts, as mentioned earlier, there are several potential issues
(15). First, when introduced to aqueous media, amorphous
APIs have a tendency to crystallize via a solid-to-solid
transition. If this phase transition takes place rapidly, the
observed supersaturation will be much lower than that
expected based on theoretical estimates. If the crystallization
rate of the solid is extremely rapid, it is possible that no
supersaturation will be observed. Although extremely impor-
tant, detailed investigation and analysis into the phase
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behavior of pharmaceutical solids during dissolution is very
limited (16–19). In order to prevent crystallization of the
amorphous phase, polymers are usually incorporated into the
matrix as stabilizers (20–23). These polymers are usually
designed to provide stabilization of the amorphous drug
during storage. However, stabilization of the solid phase
during dissolution is equally as important and should be as
much of a consideration for formulators as stabilization
during storage. Therefore, elucidating how the polymer
interacts with amorphous solids in an aqueous medium is of
interest from this perspective. A second potential issue with
amorphous formulations is that once supersaturation is
generated, there will be a thermodynamic driving force for
crystallization from solution to a more stable crystalline form.
If elevated solution concentrations are not maintained for a
sufficient period of time to provide an increase in bioavail-
ability, then the benefits of using high energy amorphous
materials as “solubility enhancers” will be marginal at best.

The purpose of this research was to gain an under-
standing of the phase behavior of amorphous solids during
dissolution and how this behavior impacts the resultant
solution concentration-time profiles. It is hypothesized that
the level of supersaturation attained during dissolution of an
amorphous solid depends on the crystallization rate of the
solid as well as the tendency of the supersaturated solution to
crystallize. Furthermore, the observed concentration-time
profiles will be determined by the rates of the phase trans-
formations mentioned above relative to the rate of dissolu-
tion. Felodipine and indomethacin were selected as the model
compounds because of their low aqueous solubility. Dissolu-
tion profiles of these two APIs were evaluated in the presence
and absence of polymeric additives at 25°C and 37°C.

MATERIALS AND METHODS

Felodipine was a provided by AstraZeneca, Södertälje,
Sweden. Indomethacin was purchased from Hawkins Phar-
maceutical (Hawkins Inc., Minneapolis, MN). Polyvinylpyr-
rolidone (PVP) K29/32 was purchased from Sigma Aldrich
Co. (St. Louis MO, USA), while hydroxypropylmethyl
cellulose (HPMC) Pharmacoat grade 606 and hydroxypro-
pylmethyl cellulose acetate succinate (HPMC-AS) MF grade
were supplied by Shin Etsu (Shin-Etsu Chemical Co., Ltd.,
Tokyo, Japan). The dissolution medium (with and without
pre-dissolved polymer) used in all of the following experi-
ments was 20 mL of 50 mM pH 6.8 phosphate buffer for
felodipine and 50 mL of 50 mM pH 2 phosphate buffer for
indomethacin. In the case of felodipine, polymer concentra-
tions were either 500 μg/mL (0.05% w/v) or 1,000 μg/mL
(0.1% w/v). In the case of indomethacin, polymer concen-
trations were 250 μg/mL (0.025% w/v). Molecular structures
of the model compounds and polymers are shown in Fig. 1.

Preparation of Amorphous Solids

Samples of amorphous felodipine and indomethacin
were prepared by heating the crystalline API to 10°C above
the melting temperature followed by quench cooling. Samples
were cryo-milled with a Spex model 6750 cryo-mill for 30 s at
3 impacts per second for 3 cycles (SPEX CertiPrep LLC,
Metuchen, NJ) and then sieved; the particle size range 100–

300 μm was retained. The amorphous material was then
stored in desiccators containing Drie-Rite® in a refrigerator
or freezer until analyzed. The amorphous nature of the
materials was verified using powder X-ray diffraction or
cross-polarized light microscopy prior to use.

Powder X-Ray Diffraction (PXRD)

PXRD data were collected using a G3000 diffractometer
(Inel Corp., Artenay, France) equipped with a curved
position-sensitive detector and parallel beam optics. The
diffractometer was operated with a copper anode tube
(1.5 kW fine focus) at 40 kV and 30 mA. An incident beam
germanium monochrometer provided monochromatic radia-
tion. The diffractometer was calibrated using the attenuated
direct beam at one-degree intervals. Calibration was checked
using a silicon powder line position reference standard (NIST
640c). The instrument was computer-controlled using the
Symphonix software (Inel Corp., Artenay, France), and the
data was analyzed using the Jade software (version 6.5,
Materials Data, Inc., Livermore, CA). A sample of amor-
phous felodipine was loaded onto an aluminum sample
holder and leveled with a glass slide. The amorphous material
was then exposed to the dissolution media by adding 3–4
drops of solution in the presence and absence of 1 mg/mL
HPMC-AS or PVP. Data collection began 15 min after the
initial exposure.

Raman Spectroscopy

Phase transformations of slurried amorphous felodipine
and indomethacin were monitored using a RamanRxn-785
Raman Spectrometer (Kaiser Optical Systems, Inc., Ann
Arbor, MI) with a laser wavelength of 785 nm. Slurries
consisted of approximately 500 mg to 750 mg of solid and
2 mL or 5 mL of solution for felodipine and indomethacin,
respectively. The spectra were collected using a fiber-optic
MR probe coupled with a sapphire-tipped immersion probe.
Holograms software (Version 4.0, Kaiser Optical Systems,
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Fig. 1. Molecular structures of indomethacin, felodipine, PVP,
HPMC and HPMC-AS. Polymer molecular weights and substitution
information were compiled by Konno et al. (20).
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Inc., Ann Arbor, MI) was used to control the Raman
spectrometer. The probe was immersed in a slurry of
amorphous material that was exposed to the dissolution
medium in the presence and absence of the aforementioned
polymers at both 25°C and 37°C. Spectra were collected
every minute until the transformation was complete or 4 h
had gone by. In the case of felodipine, a partial-least-squares
(PLS) calibration was built with SIMCA P + V. 12 software
(Umetrics Inc., Umea Sweden). Mixtures of amorphous and
crystalline felodipine composed of 0%, 10%, 25%, 50%,
75%, 90% and 100% crystalline felodipine were used as
calibration standards. Three independent sets of these stand-
ards were prepared by cryo-milling the mixtures. A standard
normal variate correction was performed on the mean
centered data in order to minimize fluctuations in spectral
intensity. For the model, one principal component was found
to describe 96.4% of the variation in the data R2Y(cum), with
a Q2(cum) (fraction of the total variation in the y variable
that can be predicted by the model) of 0.959 and a root mean
square error of the estimation (RMSEE) of 7.21. Indometha-
cin spectra had fluorescent backgrounds, making PLS model-
ing difficult. In order to obtain a qualitative profile of the
transformation kinetics in this system, a univariate approach
was used. First, the data was unit-normalized, followed by a
baseline correction whereby the intensity values at 1,730 cm−1

were subtracted from a peak at 1,648 cm−1 that is
characteristic of the alpha form of indomethacin. This
corrected peak intensity for the alpha form was then plotted
vs. time.

Microscopy

A Nikon Eclipse E600 Pol microscope with 10x magni-
fication was used with NIS-Elements version 2.3 software
package (Nikon Co., Tokyo, Japan). Amorphous indometha-
cin samples were analyzed using polarized light with an
analyzer set to 90° with respect to the polarizer and a λ
(530 nm) tint plate at room temperature. The amorphous
material was placed on a microscope slide and then exposed
to phosphate buffer in the presence or absence of the
polymers mentioned above. Images were taken at various
time intervals in order to observe the transformation behav-
ior. AVI videos from an experiment in the absence of polymer
were taken and are available online in Supplementary
Material. Select images from this video were extracted and
included in the results section.

UV Spectroscopy

Dissolution experiments for amorphous felodipine were
carried out using a pION μ-Diss Profiler (pION Inc.,Woburn,
MA) equipped with a 6-channel fiber-optic probe system,
heating blocks and magnetic stirrers (500 rpm). For amor-
phous indomethacin, dissolution experiments were conducted
in a jacketed flask (connected to a circulating water bath),
and a Corning stir plate was used for stirring. Concentration
monitoring was achieved via a SI-Photonics UV spectrometer
equipped with a single fiber-optic probe (SI Photonics INC,
Tuscon, AZ). In addition, the effect of polymers on crystal-
lization from solution was evaluated for indomethacin by
generating a supersaturated solution through addition of a

small volume of indomethacin dissolved in MeOH (less than
1 ml) to a buffered solution at pH 2 containing the polymer at
a concentration of 250 μg/mL. The concentration-time
profiles were monitored using the aforementioned SI Pho-
tonics system. Wavelength scans were performed at 1 min
time intervals for all experiments (for clarity, not all of these
data points are included in the graphs presented in the results
section). Second derivatives of the spectra were taken for the
calibration as well as the sample data in order to mitigate
particle scattering effects. Calibration solutions were pre-
pared in methanol for both APIs investigated. Dissolution
media were equilibrated at 37°C or 25°C prior to addition of
the API. API (either in the amorphous form or pre-dissolved
in methanol) was then added to the dissolution media, and
data collection commenced immediately.

Estimation of Amorphous Solubility Advantage

In order to approximate the solubility ratio of the
amorphous to crystalline form, equation 1 was used (15):

�amorph

�crystal
¼ e

$G
RT ð1Þ

where σamorph/σcrystal represents the ratio of the solubility of
the amorphous form to the solubility of the stable crystalline
form. ΔG is the free energy difference between the
amorphous and crystalline forms, R is the universal gas
constant and T is the temperature in Kelvin. The free
energy difference estimate is obtained from the Hoffman
equation (24).

$G ¼ $Hf � $T � T
T2
m

ð2Þ

where ΔHf is the enthalpy of fusion, T is the operating
temperature, Tm is the melting temperature and ΔT is Tm – T.
Enthalpies of fusion were measured using a TA Q2000
differential scanning calorimeter (TA Instruments, New
Castle, DE), and analysis of the melting endotherms was
performed using the TA Universal analysis software (TA
Instruments, New Castle, DE). Solubility values of the α
crystalline form of indomethacin were measured in the pH 2
dissolution media in the presence and absence of pre-
dissolved polymer with the SI-Photonics UV spectrometer
described above as well as a Cary 300 Bio UV spectrometer
with WinUV software (Varian Inc., Palo Alto, CA). Presence
of the polymers at the aforementioned concentration did not
have an impact on the equilibrium solubility at either 25°C or
37°C. The equilibrium solubility values for felodipine were
taken from Konno et. al. (25).

RESULTS

Felodipine

Fig. 2 shows the dissolution profiles for amorphous
felodipine at 25°C and 37°C. The dissolution profile of
crystalline felodipine at 37°C is included in the plot for
reference. It should be noted that the dissolution experiments
were performed under non-sink conditions in order to
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evaluate the maximum solution concentration generated from
an amorphous solid. Thus, the amount of solid added was in
excess of the amount required to reach the equilibrium
solubility of felodipine. For the dissolution of amorphous
felodipine at 37°C, different amounts of solid were evaluated:
100 μg solid, 500 μg solid and 1,000 μg solid per mL of
solution. It is apparent that the dissolution profile of 100 μg/
mL (solid) of amorphous felodipine at 37°C is virtually
identical to that of an equivalent mass of the crystalline
material, reaching a plateau solution concentration of 1 μg/
mL, which corresponds to the solubility of crystalline
felodipine at 37°C (25). When the amount of amorphous
solid is increased by a factor of 5 or 10, the maximum solution
concentration generated is still approximately 1 μg/mL,
although the dissolution rate is faster; hence, the maximum
solution concentration is reached sooner. Thus, at 37°C, no
“amorphous advantage” is observed for the felodipine system
under these conditions. In contrast, at 25°C, the solution
concentration reaches a maximum of about 2.50 μg/mL and
then rapidly decreases. Thus, at 25°C a supersaturated
solution is generated, which is followed by desupersaturation
as a result of crystallization of felodipine from the solution
phase. The final concentration measured is below 1 μg/mL.

In order to investigate the phase behavior, Raman
spectroscopy was used to monitor the crystallinity of the
solid material in contact with the dissolution medium as a
function of time. Fig. 3 shows the resultant percent crystal-
linity vs. time plots which illustrate the transformation
kinetics of felodipine slurried with the dissolution medium
at both 37°C and 25°C. Amorphous felodipine commences
crystallization immediately upon exposure to the dissolution
medium at 37°C. After 1 min (first data acquisition point), the
felodipine slurry is more than 50% crystalline. The extent of
crystallinity then increases rapidly until the transformation is
complete. These results explain why the dissolution profile of
amorphous felodipine at 37°C looks very similar to that of the
crystalline material. Essentially, the amorphous solid crystal-
lizes more rapidly than it can dissolve on contact with the
dissolution medium; hence, no supersaturation is generated.

In contrast, Raman spectra from slurries at 25°C indicate that
the crystallization kinetics are much slower than at 37°C, and
approximately 8 min are required to reach 50% crystallinity.
This delay in crystallization at 25°C enables some of the
amorphous material to dissolve before it undergoes the solid
state transformation resulting in a small extent of super-
saturation, which reaches a peak at about 16 min as shown in
Fig. 2.

Having established that no solubility advantage was
provided by dissolution of amorphous felodipine at 37°C, it
was of interest to investigate the impact of polymers dissolved
in the dissolution medium on the concentration-time profile.
Interestingly, when PVP, HPMC or HPMC-AS were pre-
dissolved in the medium at a concentration of 500 μg/mL,
supersaturated solutions were generated upon dissolution of
amorphous felodipine (500 μg solid per mL of dissolution
media). The dissolution profiles of amorphous felodipine at
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Fig. 2. Dissolution profiles of amorphous felodipine, where the
amount of solid added per mL of dissolution medium was varied.
At 25°C; 500 μg/mL (♦), 37°C; 100 μg/mL (○), 500 μg/ml (▲),
1,000 μg/mL (□) and crystalline felodipine (■).
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Fig. 3. Transformation kinetics of amorphous felodipine at 25°C (▲)
and 37°C (○) determined using Raman spectroscopy.
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Fig. 4. Dissolution of profiles of amorphous felodipine at 37°C in the
presence of various polymers pre-dissolved at a concentration of
500 μg/mL; PVP (∆), HPMC (●) and HPMC-AS (■). Dissolution of
crystalline felodipine at 37°C is included as a reference (▲).
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37°C in the presence of polymers are shown in Fig. 4. The
maximum supersaturation generated in the presence of each
polymer is close to the theoretically calculated amorphous
solubility advantage of around 9 μg/mL. This solubility
advantage was calculated using equations 1 and 2 and the
following values: enthalpy of fusion of 30.12 kJ/mol, melting
temperature of 143.41°C and crystalline solubility of 1 μg/mL
(37°C). In the case of PVP, the solution concentration reaches
a peak of about 7.5 μg/mL, which then is followed by a rapid
desupersaturation. In contrast, both HPMC and HPMC-AS
were able to maintain the solution concentrations above 7 μg/
mL and 10 μg/mL, respectively, for at least 4 h. For both of
these polymers, there appears to be a slow decline in solution
concentration once the maximum is reached. These results
indicate that, in the case of felodipine, PVP is a poor inhibitor
of crystallization from a supersaturated solution. In contrast,
both HPMC and HPMC-AS are able to inhibit crystallization
of felodipine from solution at the degree of supersaturation
generated by the amorphous solid. These observations are in
excellent agreement with previous results (25).

Fig. 5 shows the PXRD patterns of amorphous felodipine
obtained 15 min after exposure to buffer in the presence and
absence of HPMC-AS and PVP. The data clearly show that, in
the absence of polymer, amorphous felodipine crystallizes
within 15 min of exposure as indicated by the presence of the
sharp diffraction peaks characteristic of crystalline felodipine.
However, when PVP is present (1 mg/mL), there are no
observable crystalline peaks after 15 min. At a concentration
of 1 mg/mL, HPMC-AS also appears to be effective at delaying
crystallization. After 15 min, the sample appears largely
amorphous, although there is a small diffraction peak at 10°
2θ, indicating that crystallization is commencing.

The XRPD results suggest that the presence of PVP or
HPMC-AS in the solution phase has a significant impact on
the crystallization kinetics of the amorphous solid. Raman
spectroscopy was used to further interrogate the crystalliza-
tion kinetics in aqueous slurries containing the polymer.
Percent crystallinity vs. time plots for felodipine slurried with

a dissolution medium containing 500 μg/mL PVP, HPMC or
HPMC-AS are shown in Fig. 6. The amorphous (37°C) data
from Fig. 3 are included to provide a reference profile. For all
of the polymers, a sigmoidal profile is obtained, indicating
that there is a lag phase before crystallization begins, followed
by a transformation period and then a plateau signaling the
completion of the phase transformation. Thus, it appears that
the polymers delay crystallization of the amorphous solid for
a sufficient length of time such that a supersaturated solution
can be generated through dissolution of the high energy
amorphous form.

Indomethacin

Fig. 7 illustrates the concentration-time profiles of
amorphous indomethacin dissolved at both 25°C and 37°C.
As in the case of felodipine, the amount of solid added was in
excess of the amount required to reach the equilibrium
solubility of indomethacin. Only one amount of solid was
used in all dissolution experiments: 300 μg solid per mL of
solution. The peak solution concentration reached at 25°C is
around 15 μg/mL, whereas at 37°C it is only 11.5 μg/mL. The
theoretically calculated amorphous advantage at 25°C is 17–
25 μg/ml, which is just above the maximum solution concen-
tration levels generated upon dissolution at this temperature.
The amorphous solubility estimates were based on equations 1
and 2 and an enthalpy of fusion of 32.48 kJ/mol, a melting
temperature of 153.4°C and a crystalline solubility between 1
and 1.5 μg/mL (α form of indomethacin). At 37°C, the
theoretically calculated solubility advantage is around 37 μg/
ml based on the aforementioned enthalpy of fusion and
melting temperature and a crystalline solubility of 3 μg/mL. It
should be noted that the estimated solubility advantage at
37°C is substantially higher than that observed experimentally.
At both temperatures, the solution concentrations drop once
the maximum has been reached, suggesting that indomethacin
is crystallizing from the supersaturated solution.

Fig. 5. PXRD patterns showing, from top to bottom, amorphous felodipine, amorphous
felodipine exposed to dissolution media containing 1 mg/mL dissolved HPMC-AS, 1 mg/
mL dissolved PVP and no polymer.
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The elevated solution concentration observed at 25°C
(relative to 37°C) for indomethacin is similar to that seen for
felodipine, albeit to a higher extent. In contrast to felodipine,
supersaturation was also generated at 37°C. However, it
should be noted that the results obtained at 37°C were
complicated by a rapid agglomeration of the amorphous
material to a few large particles. As a result, this led to an
uncontrolled surface area with an unknown impact on the
dissolution profile.

In order to better understand the dissolution of indome-
thacin, the phase behavior of the amorphous solid in contact
with the aqueous medium was probed using Raman spectro-
scopy at both 25°C and 37°C. Fig. 8 illustrates representative
Raman spectra of indomethacin after exposure to dissolution
media at 25°C for 120, 180 and 240 min (alpha crystalline and
amorphous spectra are provided for reference). As can be
seen from both the carbonyl region between 1,600–
1,800 cm−1, which contains characteristic peaks of the

different forms, as well by monitoring a small peak at
753 cm−1 (indicated by the arrow) which is only present in
the amorphous spectra, the slurried indomethacin remained
amorphous for at least 4 h. This was confirmed with cross-
polarized microscopy. In contrast, at 37°C, the sample was
still largely amorphous after 20 min, but after 90 min, the
presence of the alpha polymorph could clearly be observed,
and after 120 min, the spectrum was similar to that of pure
alpha (Fig. 9). These results clearly show that, at 37°C,
amorphous indomethacin transformed to the crystalline alpha
polymorph. The time course of the conversion at 37°C was
estimated by monitoring the intensity of a peak unique to the
alpha form of indomethacin and is shown in Fig. 10. This peak
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Fig. 6. Transformation kinetics of amorphous felodipine (37°C) with
no polymer (●) and in the presence of various polymers dissolved at
a concentration of 500 μg/mL; PVP (■), HPMC (▲), HPMC-AS (○).
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Fig. 7. Dissolution of amorphous indomethacin at 37°C (▲) and 25° (◊).
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Fig. 8. Raman spectra of indomethacin slurries showing, from top to
bottom, amorphous indomethacin 240 min, 180 min and 120 min after
exposure to buffer (25°C), unexposed amorphous indomethacin and
alpha indomethacin.
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Fig. 9. Raman spectra of indomethacin slurries showing, from top to
bottom, amorphous indomethacin 120 min, 90 min and 20 min after
exposure to buffer (37°C), unexposed amorphous indomethacin and
alpha indomethacin.
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corresponds to the hydrogen bonded carbonyl of the amide
group in indomethacin (26,27). This plot shows a lag phase of
about 30 min, followed by a transformation phase that
plateaus at around 120 min. When these solid state
transformation kinetics are compared with the dissolution
profile at 37°C, potential correlations between the two
processes can be investigated. Figure 10 shows that the
maximum in concentration in the dissolution profile occurs
around the onset of the transformation of the amorphous solid
to the crystalline phase. Crystallization of this solid would
result in a reduction in the dissolution rate. In turn, the rate of
dissolution relative to the rate of crystallization from solution
would be altered. The combination of these events would
ultimately add up to a reduction in the solution concentration
as a function of time.

Dissolution of amorphous indomethacin in the presence
of PVP (250 μg/mL pre-dissolved in the dissolution medium)
yields an increase in the level of supersaturation (when
compared with no polymer) at both 25°C and 37°C, as shown
in Fig. 11. At 25°C, the maximum concentration reached is

around 23.5 μg/mL. This value lies within the range estimated
for the solubility of amorphous indomethacin (17–25 μg/mL).
In addition, once generated, this solution concentration was
maintained for the duration of the experiment (4 h). Thus, it
appears that PVP is an effective inhibitor of solution
crystallization at this temperature and supersaturation. At
37°C, the maximum solution concentration reached was the
same as at 25°C. This maximum solution concentration was
not maintained for the duration of the experiment and was
less than the estimated amorphous solubility at this temper-
ature (~37 μg/mL). A similar profile was achieved for the
dissolution of amorphous indomethacin in the presence of
HPMC (250 μg/mL) at 25°C as shown in Fig. 12. At 37°C, the
observed dissolution behavior was different. The peak
solution concentration achieved was much lower than in the
presence of PVP. However, HPMC appeared to maintain the
solution concentration more effectively at 37°C than PVP,
albeit at a lower level of supersaturation. Several factors
could lead to this observation, including a difference in the
thermodynamic driving force for crystallization, a parameter
which is directly linked with the degree of supersaturation.

The solid state phase transformation behavior of slurried
amorphous indomethacin at 37°C was investigated in the
presence of pre-dissolved PVP and HPMC (250 μg/mL) using
Raman spectroscopy (data not shown). Although neither
polymer appeared to result in a substantial delay in the onset
of crystallization, a more rigorous study is needed in order to
more accurately determine the onset of crystallization.

The effect of polymers on crystallization of indomethacin
from solution was also evaluated, since unlike felodipine this
information is not available in the literature. In order to
assess the ability of the two polymers to inhibit solution
crystallization, supersaturated solutions were generated in pH
2 dissolution media at both 25°C and 37°C, and solution
concentration-time profiles were monitored. Results are
shown in Figs. 13 and 14 for the experiments in the absence
of polymer as well as in the presence of pre-dissolved PVP
and HPMC (250 μg/mL). The artificially generated concen-
trations, around 40 μg/mL at 37°C and 25 μg/mL at 25°C,
were chosen based on the theoretically calculated solubility
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Fig. 11. Dissolution of amorphous indomethacin in the presence of
250 μg/mL dissolved PVP at 37°C (▲) and 25° (◊).
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Fig. 12. Dissolution of amorphous indomethacin in the presence of
250 μg/mL dissolved HPMC at 37°C (▲) and 25° (◊).
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advantage provided by the amorphous form of indomethacin.
It is clear from the data that both HPMC and PVP have the
ability to inhibit crystallization of indomethacin from a
supersaturated solution at both temperatures. At 37°C, in
the absence of polymer, the solution concentration drops
rapidly. The presence of HPMC results in maintenance of the
initial solution concentration for about 2.5 h, and then the
concentration starts to decrease. For the PVP-containing
solutions, there is an initial drop in concentration to about
33 μg/mL, followed by a fairly steady concentration until
160 min, at which point the concentration begins to decrease.
Based on these results, it would be expected that both
polymers would be able to largely inhibit crystallization from
solution at the supersaturations generated by dissolution of
the amorphous solid (Fig. 7).

There is a slightly different behavior at 25°C. The initial
concentration generated was around 25 μg/mL. There is a

25 min delay before desupersaturation takes place in the
absence of polymer. In the presence of either polymer, there
is a very slow desupersaturation that takes place throughout
the 4 h experiment such that the final solution concentration
is approximately 20 μg/mL. Thus, at 25°C, the polymers
should be able to largely inhibit crystallization from solution
at the supersaturation generated by dissolution of the
amorphous material (Fig. 7).

Fig. 15 shows two micrographs obtained under cross
polarized light of amorphous indomethacin exposed to pH 2
phosphate buffer (room temperature) initially (A) and after
1 h (B). In the absence of polymer, there are several areas,
including the one highlighted, where dendritic needle-like
crystals appear, indicating crystallization of indomethacin
from the solution phase. It should also be noted that there
is no evidence of crystallization of the amorphous indome-
thacin in solid state. Images were also taken with the solution
containing both polymers (data not shown) at a solution
concentration of 250 μg/mL. It was quite clear from the
images that the formation of crystalline indomethacin (nee-
dle-like crystals) via a solution-mediated phase transforma-
tion was completely arrested.

DISCUSSION

Both the amorphous solid undergoing dissolution and
the supersaturated solution generated from the dissolution of
this solid are thermodynamically metastable or unstable and
therefore may undergo a phase transformation to a lower free
energy state. The kinetics of these phase changes relative to
kinetics of dissolution will in large part shape the observed
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Fig. 13. Concentration-time profile of indomethacin in the absence of
polymer (◊) and in presence of 500 μg/mL pre-dissolved PVP (■) and
HPMC (□) at 37°C.
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Fig. 14. Concentration time profile of indomethacin in the absence of
polymer (◊) and in presence of 500 μg/mL pre-dissolved PVP (■) and
HPMC (□) at 25°C.

Fig. 15. Micrographs of amorphous indomethacin exposed to pH 2
buffer at room temperature initially (A) and after 60 min (B).
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concentration-time profile. Hence, the concentration-time
profiles generated during dissolution of amorphous materials
are governed by several factors that need to be understood in
order to effectively characterize the behavior of these
systems. As was shown in the previous section, crystallization
of the amorphous solid during dissolution can have a
significant impact on the concentration-time profile. If the
rate of crystallization of the amorphous material is sufficiently
fast upon contact with the dissolution medium, it will not be
possible to generate a solution concentration higher than that
produced by the crystalline material. In other words, the
material converts so fast that the observed profile looks
similar to that of the crystalline material because it is the
crystalline material that is dissolving. This is the case for
amorphous felodipine at 37°C where no supersaturation is
observed, and rapid crystallization of the amorphous solid on
contact with the aqueous medium was confirmed using
Raman spectroscopy. However, when the temperature was
reduced to 25°C, supersaturation was observed. This differ-
ence can be explained by the difference in the crystallization
rate of the solid at the two temperatures investigated; at 25°C,
there was a clear reduction in crystallization rate of amor-
phous felodipine when compared to 37°C, based on the
Raman spectroscopic evidence shown in Fig. 3. In considering
the effect of temperature on the crystallization kinetics of the
solid material, it is relevant to take into account that the glass
transition temperature of dry felodipine is around 45°C and
that of felodipine exposed to 75% RH is just below 35°C (28).
Thus, the hydrated amorphous material at 37°C will be above
Tg and therefore presumably subject to faster crystallization
kinetics than the sample at 25°C.

Interestingly, addition of polymers to the dissolution
medium delayed the crystallization of the solid amorphous
phase. It was previously reported by Sato et al. that the
presence of pre-dissolved HPMC inhibited the crystallization
of amorphous 9,3-diacetylmidecamycin during dissolution
(29). Our findings on amorphous felodipine are consistent
with this previous observation. It would be reasonable to
speculate that crystallization begins at the surface of the
amorphous solid as observed for other amorphous solids
(12,30,31) and that this surface crystallization would be
exacerbated through plasticization by water. Given the low
levels of polymer in solution, it would seem reasonable to
speculate that the polymers act to inhibit crystallization of the
solid material by interacting with the surface and delaying
surface crystallization. Work by Yu et al. has demonstrated
that a thin film of polymer on the surface of an amorphous
particle can indeed inhibit surface crystallization (32). The
inhibition of crystallization of amorphous felodipine subse-
quently resulted in solution concentrations peaking in the
range 8–12 μg/mL; these solution levels are in reasonable
agreement with the estimated value for the amorphous
solubility of around 9 μg/mL. Therefore, through the
inhibition of crystallization of the amorphous solid, it is
possible to approach the “amorphous solubility advantage.”

In addition to crystallization of the solid phase, crystal-
lization kinetics from the solution phase also have to be
considered when attempting to evaluate the advantage
achieved through dissolution of amorphous materials. Once
a supersaturated solution is generated and the solution
concentration exceeds the metastable zone, nucleation fol-

lowed by crystal growth can occur. This would lead to a
depletion of the solution concentration towards the thermo-
dynamic solubility. In order to have the desired impact on
bioavailability, prevention of this desupersaturation is neces-
sary. Previous studies have shown that crystallization of
felodipine in the absence of polymer is rapid in aqueous
solutions at a concentration of about 9 μg/mL. However,
HPMC and HPMC-AS were able to substantially inhibit
solution crystallization at this concentration, whereas PVP
was much less effective (25). These previous observations are
in agreement with the dissolution experiments presented in
this article, where PVP is much less effective at maintaining
superaturation than the cellulosic polymers. In contrast, its
presence in solution is at least as effective as the other
polymers at delaying crystallization of the solid material
(Fig. 6). Based on the data shown here, the limiting factors
that impact the dissolution of amorphous felodipine include
crystallization from the solid as well as from solution. When
both of these processes are substantially delayed, the solution
concentration generated is close to the theoretically estimated
values.

In the case of indomethacin, the solid amorphous
material was much less susceptible to crystallization on
contact with the dissolution medium. At 25°C, no crystalliza-
tion of amorphous indomethacin was observed via Raman
spectroscopy or cross-polarized microscopy, and as a result,
significantly supersaturated solutions were generated upon
dissolution. However, there was a solution-mediated crystal-
lization that took place which subsequently reduced the
solution concentration (Figs. 7 and 15). These observations
indicate that the limiting factor in the dissolution of amor-
phous indomethacin at 25°C is crystallization from solution
and that this is the process that needs to be inhibited in order
to reach the estimated amorphous solubility. This was
achieved successfully by adding small amounts of either
PVP or HPMC to the solution. The situation is a little more
complicated at 37°C because amorphous indomethacin
agglomerates extensively, and this agglomeration would
certainly be expected to delay dissolution. At this temper-
ature, it is clear that the amorphous solid does crystallize over
the timescale of the experiment (after about 90 min to the α
form, Fig. 9). Although the polymers did inhibit crystalliza-

Fig. 16. Schematic illustrating the competition between dissolution
and crystallization via the solid or solution state for amorphous
systems.
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tion from solution, they do not appear to be very effective at
delaying the solid phase crystallization. Presumably, the lower
extent of supersaturation reached at 37°C can be explained
by a combination of delayed dissolution due to reduced
surface area and subsequent crystallization of the solid
material. It should be noted that the polymers appeared to
be less effective at inhibiting solution crystallization at 37°C,
whichmay also have an impact. Another interesting observation
is that amorphous indomethacin either does not crystallize or
does so much slower than amorphous felodipine at both
temperatures. The glass transition temperature of indomethacin
has been shown to rapidly decrease as a function of water
content similar to felodipine (33). This, coupled with the fact
that amorphous indomethacin has a larger driving force for
crystallization than amorphous felodipine, would suggest that it
should at least crystallize near the same rate as felodipine.
However, the data presented show dramatic differences in the
crystallization rates of these two compounds during dissolution.
This is an indication of the complexity of the processes taking
place in these systems and that a single parameter like the glass
transition temperature will not fully explain the observed
behavior (34).

Fig. 16 is a diagram that summarizes the important
processes that can occur during dissolution of an amorphous
system. In the dissolution path of this diagram, dc/dt
represents the dissolution rate which is proportional to the
surface area A and the difference between the solution
concentration (C) and the equlibrium concentration (Ceq) as
described by the modified Noyes and Whitney equation (35).
In the nucleation path, J (36) represents the nucleation rate,
which is proportional to the degree of supersaturation S. In
the growth path, the rate of crystal growth is also propor-
tional to the the difference between the actual solution
concentration and the equlibrium concentration (37). If, as
in the case of amorphous felodipine at 37°C, crystallization
from the matrix is extremely rapid upon exposure to the
dissolution media relative to the dissolution rate, no super-
saturation will be observed. However, if crystallization from
the matrix is slow relative to the dissolution rate, or does not
take place, then any lack of performance of the amorphous
material will be a result of crystallization from the super-
saturated solution. The nucleation and growth proportion-
alities in Fig. 16 demonstrate the relationship that the higher
the degree of supersaturation, the higher the nucleation and
growth rates. Therefore, as the degree of supersaturation
increases during dissolution of the amorphous material, the
greater the likelihood of nucleation and growth from solution
with a corresponding decrease in solution concentration. This
was the case with indomethacin at 25°C and felodipine in the
presence of pre-dissolved polymers where the solution-
mediated transformation was the dominant mechanism for
the depletion of elevated solution concentrations.

These observations are of great importance because it is
likely that both routes of crystallization will be important for
many compounds. Having a complete understanding of the
relative contribution of each route will not only facilitate an
understanding of the observed concentration-time profile
generated on dissolution of the amorphous solid, but will
also enable the stabilization potential of polymers, included
as part of the formulation on each of these crystallization
routes to be assessed. This type of assessment would be of

relevance for the rational design of solid dispersions, where it
would be resonable to speculate that certain amorphous APIs
might be more effectively formulated using multiple poly-
mers: one polymer optimal for stabilizing the amorphous
solid with the other being the most effective solution
crystallization inhibitor.

CONCLUSIONS

Amorphous solids can undergo crystallization during
dissolution via two routes: crystallization of the solid material
or crystallization from the supersaturated solution generated
by dissolution of the amorphous solid. Amorphous felodipine
was found to rapidly crystallize when introduced into
dissolution media at 37°C, resulting in maximum solution
concentrations equivalent to the equilibrium solubility of the
crystalline form. At 25°C, crystallization of the solid material
was reduced, and a small extent of supersaturation was
achieved. Polymeric additives, present in the solution phase,
were found to dramatically reduce the crystallization ten-
dency of the amorphous solid during dissolution; conse-
quently, supersaturated solutions were generated and were
stabilized by the presence of the polymers. In the case of
indomethacin, supersaturation was generated at both temper-
atures because the solid crystallized much slower on contact
with the dissolution medium. Crystallization from solution
was the predominant mechanism for reducing the solubility
advantage for this compound. Again, polymeric additives
were able to stabilize the supersaturated solutions to some
extent. Understanding these phase changes will lead to an
improved understanding of the potential solubility advantage
of amorphous compounds and how this can be maximized
through the addition of stabilizing additives.
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