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ABSTRACT: Amorphous solid dispersions (ASDs) are widely utilized in the pharmaceutical
industry for bioavailability enhancement of low solubility drugs. The important factors governing the dissolution behavior of these systems are still far from adequately understood. As a
consequence, it is of interest to investigate the behavior of these systems during the dissolution
process. The purpose of this research was twofold. First, the degree of supersaturation generated upon dissolution as a function of drug–polymer composition was investigated. Second,
an investigation was conducted to correlate physical behavior upon dissolution with polymer
loading. Felodipine and indomethacin were selected as model drugs and hydroxypropylmethylcellulose (HPMC) and polyvinylpyrrolidone (PVP) were used to form the dispersions. Diffusion
and nuclear magnetic resonance spectroscopy experiments revealed that the extent of bulk supersaturation generated on dissolution of the ASD did not depend on the drug–polymer ratio.
Interestingly, the maximum supersaturation generated was similar to the predicted amorphous
solubility advantage. However, dynamic light scattering measurements revealed that particles
on the submicron scale were generated during dissolution of the solid dispersions containing
90% polymer, whereas solid dispersions at a 50% polymer loading did not yield these nanoparticles. The nanoparticles were found to result in anomalous concentration measurements when
using in situ ultraviolet spectroscopy. The supersaturation generated upon dissolution of the
solid dispersions was maintained for biologically relevant timeframes for the HPMC dispersions, whereas PVP appeared to be a less effective crystallization inhibitor. © 2011 Wiley-Liss,
Inc. and the American Pharmacists Association J Pharm Sci 100:3316–3331, 2011
Keywords: felodipine; indomethacin; amorphous; solid dispersion; supersaturation; polymer;
dissolution; crystallization inhibition

INTRODUCTION
Amorphous solid dispersions (ASDs) are of great current interest as a formulation strategy for increasing the effective solubility1–4 and bioavailability5–9 of
insoluble active pharmaceutical ingredients (APIs).
However, the fundamental processes that govern the
dissolution of ASDs are not well understood, makCorrespondence to: Lynne S. Taylor (Telephone: +765-496-6614;
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ing scientifically sound formulation design challenging from a dissolution and performance perspective.
Simonelli et al.4 illustrated a number of complexities
that need to be considered when evaluating the dissolution behavior of solid dispersions including the
drug–polymer ratio, the relative dissolution rates of
the two components, and the crystallization behavior
of the drug during the dissolution process.
Much of the research conducted in the area of
solid dispersion dissolution has focused on evaluating differences in dissolution rates between various systems/compositions. An additional parameter
that has not been widely studied is the degree of
supersaturation generated and maintained following
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dissolution under nonsink conditions. Thus, one important question that remains largely unaddressed
is: how does the “solubility advantage” (here we use
the term coined by Hancock and Parks1 to describe
the transient concentration enhancement potentially
offered by amorphous solids) of the amorphous dispersion compare with that obtained from the pure
amorphous drug? It is difficult to predict/measure
the solubility advantage of a pure amorphous solid
for both thermodynamic (a glassy amorphous solid
is a nonequilibrium form, so from a rigorous thermodynamic perspective, it is impossible to measure/
define a solubility value) and kinetic reasons (rapid
crystallization to a more stable form). Recent studies
have highlighted some of the considerations that need
be taken into account when predicting and evaluating the dissolution behavior of amorphous solids.10–12
It has been shown that the physical stability of the
pure amorphous solid against crystallization when
in contact with the dissolution medium, as well as
the crystallization kinetics of the supersaturated solution generated via dissolution, are important factors that dictate the observed concentration–time
profiles.10 When both the amorphous solid and the supersaturated solution can be stabilized against crystallization, the maximum supersaturation observed
can reach a level that is close to the theoretically estimated amorphous solubility. Although concentration–
time profiles are commonly measured for amorphous
solids, the magnitude of the observed supersaturation
is not always compared with theoretical estimates.
This comparison is important as it not only provides
an inherent “measuring stick” from which to gauge
the performance of the amorphous solid but can also
serve as an indicator of the stability (or lack thereof) of
the supersaturated solution and/or amorphous solid.
With the understanding of the origin of a particular
instability, we can seek strategies to improve the stability of these systems and maximize the advantage
gained from using a high-energy form.
The theoretical solubility advantage that would
be expected following dissolution of an amorphous solid can be estimated by several different
methods.1,11,13,14 The underlying assumption of all
of these calculations is that the difference in free energy between the crystalline and amorphous form is
responsible for determining the maximum possible
theoretical solubility advantage. The free energy difference between a crystalline material and the supercooled liquid can be estimated from the melting
temperature and enthalpy of fusion, however, this
method becomes increasingly approximate if the operating temperature is much below the glass transition
temperature (Tg ).13 If the configurational heat capacity is known, a more rigorous estimate can be made
where the proximity of the operating temperature to
the Tg is less of an issue.14,15 Murdande et al.11 have
DOI 10.1002/jps
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published a more sophisticated model that, in addition to calculation of the energetic differences, takes
into account changes in activity due to both water
absorption and differing extents of ionization of the
crystalline and amorphous forms. These corrections
can be significant for acidic or basic compounds, or if
the amorphous form absorbs a significant amount of
water. Regardless of the method used for estimating
the solubility advantage, the main driver remains the
difference in free energy between the amorphous and
crystalline forms. It is important to note that all of
these estimations assume that the contribution of the
solute–solvent intermolecular interactions to the solubility remains the same, regardless of whether the
solid is in the amorphous state or the crystalline state.
Although this assumption is reasonable for the comparison of a poorly soluble stable crystalline form with
its pure amorphous form (or metastable polymorphs),
it is of interest to consider how this would apply to an
ASD. Assuming the presence of intermolecular interactions between the API and the polymeric carrier,
it would be reasonable to speculate that the theoretical estimates described above would not be applicable to ASDs. Dissolution of an API dispersed in
a polymeric matrix is known to be affected by both
the type of polymer as well as the relative drug-topolymer composition.3,4,16 Other contributing factors
summarized in the literature include polymer–drug
miscibility, physical stability of the solid dispersion,
and aqueous solubility of both components.17,18
Dissolution of ASDs has been shown in many instances to yield higher solution concentrations than
that of the crystalline form or the pure amorphous
form.19,20 However, the underlying behavior that
yields the concentration–time profiles could be extremely complex, requiring a deeper understanding in
order to fully characterize such systems. The purpose
of this study was to investigate the behavior of ASDs
containing felodipine or indomethacin incorporated in
different polymeric carriers at various drug loadings
during dissolution under nonsink conditions. The progression of solution concentration–time profiles was
monitored using ultraviolet (UV) spectroscopy and
diffusion experiments, whereas precipitation behavior was investigated using dynamic light scattering
(DLS). Cross-polarized light microscopy was also used
to visualize the dissolution of the ASDs. Solution nuclear magnetic resonance (NMR) spectroscopy was
employed to verify the degree of supersaturation produced by felodipine ASDs.

MATERIALS
Felodipine
was
provided
by
AstraZeneca,
Södertälje, Sweden. Indomethacin was purchased
from Hawkins Pharmaceutical (Hawkins Inc.,
Minneapolis, Minnesota). Polymers used included
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 8, AUGUST 2011
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polyvinylpyrrolidone (PVP) K29/32 purchased from
Sigma–Aldrich Company. (St. Louis, Missouri) and
hydroxypropylmethylcellulose (HPMC) Pharmacoat
grade 606 supplied by Shin-Etsu Chemical Company,
Ltd. (Tokyo, Japan). The dissolution medium used
for all experiments was 50 mM phosphate buffer
(pH 6.8) for felodipine and 50 mM phosphate buffer
(pH 2.0) for indomethacin.

METHODS
Preparation of ASDs
Solid dispersions of amorphous felodipine and indomethacin were prepared by dissolving the model
compound and polymers in a solution of 50%
methanol and 50% dichloromethane by volume, followed by rotary evaporation. Two concentrations
were investigated for all drug–polymer systems in
this study: 90% polymer–10% API (90:10, w/w) and
50% polymer-50% API (50:50, w/w). The miscibility of all API–polymer combinations has been previously confirmed.21–23 Samples were cryomilled with
a Spex cryomill (Model 6750; SPEX CertiPrep LLC,
Metuchen, New Jersey) for 30 s at four impacts per
second for four cycles in order to yield a reasonably
uniform particle size. The ASDs were then stored
R

in desiccators containing Drie-Rite (WA Hammond
Drierite Co. LTD., Xenia, OH, USA) in a refrigerator.
UV Spectroscopy
Dissolution and diffusion experiments were carried
out using an Ocean Optics 6 channel in situ UV–Vis
fiber optic system (Dunedin, Florida). Wavelength
scans were performed at 1 min time intervals for all
experiments and in the interests of clarity, some data
points were excluded from the graphs presented in
the Results section. Absorbance values from 270 to
450 nm were used for analysis. Second derivatives of
the spectra were taken for both the calibration and
investigation sample data in order to mitigate particle scattering effects. Calibration solutions were prepared in pure methanol for both APIs investigated.
Dissolution media containing stir bars (+ shaped) rotating at 300 rpm were equilibrated at 37◦ C or 25◦ C
prior to addition of the solid dispersions. API (either
as an ASD or predissolved in methanol) was then
added to 18 mL of dissolution medium and data collection commenced immediately. For analysis of the
solid dispersion samples, approximately 5–20 mg of
solid was introduced to the dissolution medium depending on the drug-to-polymer ratio. For all samples, dissolution was performed under nonsink conditions in order to assess the maximum achievable
solution concentration. In the case of the solid dispersions, all polymers present in the solution was
derived solely from the initial solid added. Use of
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 8, AUGUST 2011

phrase “nominal concentration” with respect to solid
dispersions refers to the solution concentration that
would be generated if the solid or individual components dissolved completely. When used in reference to
supersaturated solutions generated by solvent addition, “nominal concentration” refers to the calculated
concentration added through pipetting prior to any
precipitation. Diffusion experiments where felodipine predissolved in methanol was used to generate
supersaturated conditions contained HPMC predissolved in the buffer. See Diffusion Experiments section
below for details. All experiments except the 90:10
HPMC-felodipine solid dispersion dissolution at 37◦ C
with different amounts of solid were performed in
triplicate.
Diffusion Experiments
In order to investigate the accuracy of observed differences in peak solution concentrations of felodipine from the dissolution experiments, diffusion experiments through dialysis tubing were performed
at 37◦ C with various supersaturated solutions of
felodipine. Differences in diffusion–flux across a dialysis membrane can be described by the following
equation24 :
Ji =

Di × K i
× (cio − cil)
l

(1)

where Ji is the flux of component i across a dialysis membrane, D is Fick’s law diffusion coefficient,
K is the sorption coefficient for the liquid/membrane
phase, l is the thickness of the membrane, and (cio −
cil ) is the difference in concentration between outside
and inside of the membrane. Therefore, flux across
a dialysis membrane will be directly proportional to
the concentration difference across membrane. Consequently, any significant difference in the level of
the supersaturation between various solid dispersions will be directly reflected as difference in the flux
across the membrane.
A 600 mL-jacketed beaker with a stir bar was filled
with 300 mL of dissolution buffer (pH 6.8 50 mM phosphate). A UV fiber optic probe (as described above)
was inserted into the vessel, which will be referred
to as the donor chamber. A second chamber, termed
the receptor chamber, consisted of a second UV probe
placed in dialysis tubing containing 10 mL of pH 6.8
buffer. This solution contained 500 :g/mL of predissolved HPMC added to prevent crystallization of the
drug following diffusion into the receptor compartment. The dialysis tubing was purchased from Spectrum Laboratories Inc. (Rancho Dominguez, California), and was Spectra/Por1 membrane type with a
flat width of 32 mm and a molecular weight cutoff of
6–8 kDa. Figure 1 shows a schematic of the general
experimental setup.
DOI 10.1002/jps
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diffusion rates. All experiments were performed in
triplicate.
Dynamic Light Scattering

Figure 1. Experimental schematic for the diffusion experiments.

Supersaturated solutions were generated by two
different methods. First, solid dispersions containing 90:10 or 50:50 HPMC–felodipine, or pure amorphous felodipine were placed into the donor chamber
and allowed to dissolve. Crystalline felodipine was
used as a control. For the experiments with the solid
dispersions, all of the dissolved polymer present in
the donor chamber originated from the solid. In the
case of the pure amorphous felodipine and crystalline
felodipine, HPMC was predissolved at a solution concentration of 250 :g/mL. Second, two additional control experiments were conducted, whereby supersaturated solutions of felodipine were produced by pipetting into an aqueous buffer (pH 6.8), a concentrated
methanolic solution of felodipine generating nominal
solution concentrations of 5 and 10 :g/mL. As with the
pure amorphous felodipine and crystalline felodipine,
HPMC was predissolved in the dissolution medium at
a concentration of 250 :g/mL. The receptor chamber
was initially kept separate from the donor chamber
for experiments with all solid samples in order to allow a stable solution concentration to be generated by
the dissolution process. Solid was thus introduced and
allowed to dissolve until a plateau in the concentration was reached according to the donor probe measurements. This was approximately 40 min for the
amorphous samples and about 60 min for the crystalline sample. Once this steady state was reached,
the diffusion chamber was introduced to the donor
chamber and the concentration in each chamber was
measured as a function of time. When the supersaturation was generated by adding a concentrated
methanolic solution of the drug, the receptor chamber
was present in the donor chamber from the beginning
of the experiment as the maximum supersaturation
level was instantaneous. The receptor chamber was
set up immediately prior to use in order to ensure
that the membrane did not dry out. The membrane
was kept in a beaker with deionized water and the
receiving solution was preheated to 37◦ C prior to use.
The slopes of the concentration–time profiles obtained
from the receptor chamber were used to estimate
DOI 10.1002/jps

Dynamic light scattering experiments were perR

formed using a Malvern Zetasizer ZS (Worchester◦
shire, UK) series instrument. A 173 backscatter detector was used in order to minimize the signal from
large dust particles or other large contaminants. For
the majority of the experiments, the measurement
settings were optimized automatically by the Malvern
R

Zetasizer software. However, two experiments were
conducted with the measurement position and attenuation manually set to 1.25 mm and 6, respectively,
to measure the relative amount of particles present
in different systems. These parameters must be set
to the same values for each experiment to properly
compare particle concentration from different samples using scattering intensity. Disposable cuvettes
purchased from VWR International (West Chester,
Pennsylvania) with a 1 cm path length were used as
sample containers. Experiments were performed at
25◦ C and 37◦ C and under similar conditions to the
dissolution experiments with respect to the dissolution media, stirring rate and concentrations of the
API. Briefly, supersaturated solutions of felodipine or
indomethacin were generated by dissolution of solid
dispersions or by pipetting methanolic solutions of
drug into the dissolution buffer. In the case of the solid
dispersions, all polymers present in the solution was
derived solely from the initial solid added. When the
methanolic solutions were used to create supersaturation, polymer was predissolved in the buffer prior
to the start of the experiment.
Optical Microscopy
A Nikon Eclipse E600 Pol microscope with a 10× or
20× objective was used with NIS-Elements software
package (Version 2.3; Nikon Company, Tokyo, Japan).
ASDs were analyzed using polarized light with the
analyzer at 90◦ with respect to the polarizer and a
λ (530 nm) tint plate at room temperature. The ASD
particles were placed on a microscope slide and then
exposed to phosphate buffer. Images were taken at
various time intervals in order to observe the physical behavior of these systems. Select images are presented in the Results section.
Solution NMR Spectroscopy
Proton NMR spectroscopy (solution)25 was used to
compare the maximum degree of supersaturation
generated by dissolution of a 90:10 and a 50:50 (HPMC–felodipine) ASD. Dissolution experiments with
these solid dispersions (90:10 and 50:50) at 37◦ C,
carried out exactly as described above in the UV
Spectroscopy section, were performed. NMR samples were prepared for both systems by combining
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 8, AUGUST 2011
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20 :L D2 O with 530 :L of suspension in NMR tubes
withdrawn from the dissolution vessel using a micropipettor, 50 min after the start of the experiment.
One-dimensional (1D) proton NMR data acquisitions
commenced within 30 min of sample preparation at
37◦ C using a Bruker AVANCE DRX500 spectrometer
equipped with an inverse proton cryoprobe and singleaxis (z) gradient. Successive 1D proton solution spectra were monitored over approximately 40–60 min
to determine the relative solution concentration of
felodipine generated by dissolution of the 90:10 and
50:50 solid dispersions, with each spectrum accumulated over 256 scans. The total interscan delay was
5 s, sweep width was 16 ppm, and 16 K complex data
points were acquired. Solvent water was suppressed
by a WATERGATE sequence so that the aromatic signals of felodipine could be clearly observed. Aromatic
peaks of felodipine were integrated to determine the
relative solution concentration after the free induction decay was processed with a mild window function
(0.3 Hz exponential line broadening), Fourier transformation, manual phasing, and baseline corrections.
Estimation of the Amorphous Solubility Advantage
In order to approximate the solubility ratio of the pure
amorphous to crystalline form, Eq. 2 was used1 :
Famorph
G
= e RT
crystal
F

(2)

where σamorph /σcrystal represents the ratio of the solubility of the amorphous form to the solubility of the
stable crystalline form. G 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.13
G =

Hf × T × T
2
Tm

RESULTS
Dissolution of Felodipine ASDs
Figure 2 shows the apparent concentration–time profiles, generated from the absorbance values measured
using a UV dip probe during dissolution of felodipine–HPMC ASDs at 37◦ C. When 90% (w/w) of the solid
dispersion is HPMC, the apparent solution concentration of felodipine peaked between 25–30 :g/mL,
which was approximately 100% of the total amount
of felodipine present in the solid initially introduced
to the dissolution medium (30 :g/mL). When the
polymer-to-drug ratio was reduced to 50:50, and the
same mass of ASD added, the solution concentration of felodipine peaked at around 9 :g/mL despite
the fact that there was more felodipine (150 :g/mL)
in the system. This peak was close to the theoretically estimated solubility of the pure amorphous form
(∼9.1 :g/mL) and well below the total amount of
felodipine added to the solution. It can be further noted that the measured rate of dissolution of
the 90:10 HPMC–felodipine ASD was much faster
than that of the 50:50 HPMC–felodipine ASD. Figure 3 shows the apparent concentration–time profiles obtained when increasing amounts of the 90%
HPMC solid dispersion were added to the dissolution medium. As the amount of solid (and therefore
felodipine) was increased, the peak solution concentration observed also appeared to increase, with the
maximum occurring within the first 10 min of the
experiment. Similar to the 90:10 samples shown in
Figure 2, the apparent peak concentration achieved
was 80%–100% of the total amount of felodipine introduced to the dissolution medium for all three samples. Interestingly, these solutions become uniformly

(3)

where Hf is the enthalpy of fusion, T is the operating temperature, Tm is the melting temperature, and
T is Tm − T. Enthalpies of fusion were measured using a TA Q2000 differential scanning calorimeter (TA
Instruments, New Castle, Delaware) and analysis of
the melting endotherms was performed using the TA
Universal analysis software. Solubility values of the
α crystalline form of indomethacin were measured in
pH 2.0 dissolution media in the presence and absence
of predissolved polymer using UV spectroscopy for
analysis of the solution concentration. The 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.2
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 8, AUGUST 2011

Figure 2. Apparent dissolution profiles of 90:10 (䊏) and
50:50 ( ) HPMC–felodipine solid dispersions at 37◦ C. Error
bars represent 1 standard deviation (n = 3).
DOI 10.1002/jps
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Figure 3. Apparently dissolution profiles at 37◦ C for
90:10 HPMC–felodipine solid dispersions containing 90 (䊏),
60 ( ), and 30 :g ( ) felodipine per mL of dissolution
buffer.

cloudy a few minutes after the solid was introduced
to the solution. This cloudiness was only visually observed during dissolution of the 90% HPMC solid dispersions. When the 50% HPMC systems were investigated, individual particles (assumed to be initial dispersion particles) were visually detectable. Uniform
cloudiness was not observed.
Qualitative differences in dissolution behavior of
the two ASDs could be observed using cross-polarized
microscopy. Figure 4 shows images from experiments
where both the 90:10 and 50:50 HPMC–felodipine
solid dispersions were exposed to dissolution buffer

Figure 4. Solid dispersion microscope images under
cross-polarized light: 50:50 HPMC–felodipine (10× magnification) initial (a) and 30 min after exposure (b), and 90:10
HPMC–felodipine (20× magnification) initial (c) and 5 min
(d) after exposure.
DOI 10.1002/jps
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and analyzed under cross-polarized light. Interestingly, in the case of the 90% HPMC ASD, the initial structure of the particle dissipated very rapidly
(within 5 min). In contrast, the particles made up
of 50:50 HPMC–felodipine maintained their initial
shape and integrity for at least 30 min. PVP–felodipine solid dispersion behavior was visually consistent
with what was observed for the HPMC–felodipine
solid dispersions (data not shown). Particles from the
90% PVP ASD disappeared almost instantly, whereas
the particles from the 50% PVP ASD remained intact
throughout the experiment.
To evaluate any temperature-dependent effects, a
second set of dissolution experiments was performed
at 25◦ C (Fig. 5). Similar to 37◦ C, very high apparent supersaturations were measured at 25◦ C upon
dissolution of the ASDs containing 90% HPMC. However, when the 50:50 HPMC–felodipine ASD was dissolved, the peak solution concentrations were much
lower, reaching a maximum just above the theoretically predicted solubility of amorphous felodipine
of 5–6 :g/mL. Both 90:10 and 50:50 PVP–felodipine ASDs were also investigated at this temperature, and similar to the ASDs containing HPMC, dispersions containing 90% polymer (PVP) resulted in
very high apparent solution concentrations. Again,
the initial dissolution rates are much faster in the
90% PVP ASD than in the 50% ASD. These results, in combination with the data obtained at
37◦ C indicate that the relative amount of polymerto-drug in the ASD was an extremely important factor in determining the dissolution behavior. As with
the experiments conducted at 37◦ C, the dissolution

Figure 5. Apparent dissolution profiles of 90:10 HPMC–felodipine (䊏), 50:50 HPMC–felodipine ( ), 90:10
PVP–felodipine ( ), and 50:50 PVP–felodipine (♦) solid dispersions at 25◦ C. Error bars represent 1 standard deviation
(n = 3). Error bars for the 50:50 data are smaller than the
symbols.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 8, AUGUST 2011
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medium became uniformly cloudy within a few minutes only for the samples containing 90% PVP.
Dynamic Light Scattering
The observed cloudiness in the previous section indicated that there were very small scattering particles
present in the solutions generated during dissolution
of the 90:10 ASDs (PVP or HPMC). DLS was used to
evaluate the size of these scattering particles as well
as to monitor any changes in diameter as a function of
time. Figure 6 shows the particle size as a function of
time in a system where the scattering particles were
generated by dissolution of a 90:10 (HPMC–felodipine) solid dispersion at 25◦ C. The nominal amount of
felodipine present in the system was 25 :g/mL (analogous to the system shown in Fig. 5). Initially, the
average particle diameter was around 215 nm and
increased to above 300 nm after 90 min. Further observation of the particle size evolution indicated that
these particles continued to grow over an experimental period of 10 h. Around the 10th h, there was a
substantial jump in particle size, which most likely
results from the fact that a significant portion of the
particles present in the solution had grown to above
a micrometer in diameter. As a consequence, many
of the particles in the suspension were too large for
Brownian motion to overcome the force of gravity and
began to settle out. The presence of large particles
settling in a solution can cause inaccuracies in the
calculation of particle size from the autocorrelation
function even when a backscattering detector is used.
Nevertheless, this measurement can still provide an
approximate indication of the particle size. Settling
was indeed visually observed for this sample, whereby
accumulation of particles at the bottom of the sample
cell could be seen after allowing the material to settle

Figure 6. Average particle diameter generated during
dissolution of a 90:10 (HPMC–felodipine) solid dispersion
at 25◦ C.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 8, AUGUST 2011

for 5–10 min. To confirm the visual observations from
the dissolution experiments, sufficient 50:50 (HPMC–felodipine) solid dispersion was added to the dissolution medium to generate a nominal felodipine concentration of 250 :g/mL and analyzed for submicron
particles. On the basis of examination of the correlation function, no submicron particles could be detected in the system and were therefore assumed to
be absent.
Additional experiments were conducted to further
explore this phenomenon, evaluating the size of the
submicron particles formed in the supersaturated solutions generated by dissolution of ASDs as well as
supersaturated solutions generated through adding
a methanolic solution of the drug. For these studies,
we chose to add different masses of the 90:10 HPMC–felodipine ASD to 20 mL of dissolution buffer to
generate a nominal felodipine solution concentration
of either 30 or 50 :g/mL. The nominal HPMC concentrations in these solutions were 270 and 450 :g/
mL, respectively. For comparison, supersaturated solutions were created by adding a methanolic solution
of felodipine to generate nominal felodipine concentrations of 30 and 50 :g/mL. HPMC was predissolved
in these solutions at concentrations of 250 and 500 :g/
mL, similar to the ASD systems described above. Particle size as a function of time in the above systems
was monitored and the resultant comparisons are
shown in Figure 7. In all instances, submicron particles were generated, which increased in size with
time, rapidly at first and more slowly later. Interestingly, both the initial size of the particles and
their evolution with time was very similar for these
different systems, where the initial particle size was

Figure 7. Average particle diameter generated by a 90:10
HPMC–felodipine solid dispersion at 30 (䊏) and 50 :g/mL
( ), and an artificial supersaturation at 30 ( ) and 50 :g/mL
() at 25◦ C. All concentrations refer to the nominal amount
of felodipine in the system.
DOI 10.1002/jps
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around 175–200 nm and increased to about 300 nm
after 1.5 h. To probe if there was a difference in the
concentration of scattering particles when different
amounts of 90:10 (HPMC–felodipine) ASD were dissolved, experiments using the same concentrations
as shown in Figure 7 were repeated. In order to properly make this comparison, the instrument parameters were set as follows: the attenuation was manually set to six and the measurement position was
set to 1.25 mm (previously optimized automatically
by the software). The resultant data indicated that
the particle size increased from approximately 210 to
270 nm for all samples taken between 10 and 45 min
(similar to data shown in Fig. 7). However, the derived
intensity (i.e., amount of scattered photons detected)
was 71,000 ± 7500 kilocounts per second (kcps) for
the 30 :g/mL sample and 148,000 ± 8100 kcps for
the 50 :g/mL sample (average and standard deviation of the data collected at 10, 20, 30, and 45 min.)
As expected, the number of counts in the higher concentration sample was approximately twice that of
the lower concentration sample, indicating that there
was roughly twice the amount of scattering particles
in the former system.
The data generated from the experiments conducted with the two different amounts of the 90:10
HPMC–felodipine ASDs (Fig. 7) were then compared
with the behavior of two additional systems. First, a
supersaturated solution of felodipine was artificially
generated (by adding a concentrated methanolic solution of felodipine) in the dissolution medium in absence of predissolved polymer in order to evaluate the
precipitation behavior in the absence of a crystallization inhibitor. The second system investigated was a
solid dispersion containing 90% PVP and 10% felodipine, a polymer that has been shown to be relatively
ineffective at inhibiting crystallization of felodipine
from a supersaturated solution when compared with
HPMC.2,10 Figure 8 shows that the average particle
size was 450 nm immediately after a solution concentration of 30 :g/mL was artificially generated in the
absence of polymer at 25◦ C. At 7 min, the average particle size was 936 nm. At this point, the particles had
grown to a size where significant settling was taking place making this measurement quantitatively
unreliable. However, the fact that there were particles settling at 7 min suggests that the particles in
this system grew very rapidly from the supersaturated solution in the absence of any crystallization
inhibitor. In the case of the solid dispersion containing PVP, the rate of particle growth was considerably
faster than in the presence of HPMC, as would be expected from previously reported data.2,10 It should be
noted that the average size at the 5 min point in the
PVP ASD experiment was an outlier. This sampling
point showed a bimodal distribution with a peak at
about 5 :m, which can be attributed to the presence
DOI 10.1002/jps
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Figure 8. Average particle diameter generated by a 90:10
HPMC–felodipine solid dispersion at 30 (䊏) and 50 ( ) :g/
mL, a 90:10 PVP–felodipine solid dispersion at 40 :g/mL
( ), and an artificial supersaturation in the absence of polymer at 30 :g/mL ( ) at 25◦ C. All concentrations refer to the
nominal amount of felodipine in the system.

of either a dust particle or an initial solid dispersion
particle not yet completely dissolved. In either case,
the presence of these large particles would impact
the overall average particle diameter expressed in
the z-average hence this result was removed from the
data set.
A similar set of experiments was performed at 37◦ C
(Fig. 9), wherein the amount of felodipine added was
increased because the solubility is higher than at
25◦ C. This was performed to ensure that there was
a similar quantity of scattering particles present in
the solution. For the artificially supersaturated solutions, the particle size as a function of time was almost
identical to that observed at 25◦ C. In the case of the
90:10 HPMC–felodipine ASDs, the initial particle size
generated from dissolution of the solid dispersion was
consistently larger (250–260 nm) than for the same
dispersion at 25◦ C (Fig. 8) as well as compared with
the particles evolving, following artificial supersaturations at 37◦ C (∼200 nm). The rate of increase in particle size was slower at 37◦ C and the profiles appear
to level off faster. Consistent with the observations
at 25◦ C, the rate of increase in size for the particles
generated by dissolution of the 90:10 PVP–felodipine
ASD was much higher than for the HPMC dispersion.
As expected, the rate of particle growth in the absence
of polymer was even more rapid.
Diffusion and NMR Spectroscopy
Because of the observation that submicron particles were generated during the dissolution of some
ASD systems, it was important to verify the degree of supersaturation achieved. Diffusion and NMR
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Figure 9. Average particle diameter generated by a 90:10
HPMC–felodipine solid dispersion at 40 ( ) and 60 (䊏) :g/
mL, a 90:10 PVP–felodipine solid dispersion at 50 :g/mL
( ), an artificial supersaturation in the presence of HPMC
at 40 ( ) and 60 () :g/mL, and an artificial supersaturation in the absence of polymer at 40 :g/mL ( ) at 37◦ C. All
concentrations refer to the nominal amount of felodipine in
the system.

◦

experiments were therefore conducted at 37 C to determine if the apparent differences in supersaturation observed between the 90:10 and 50:50 HPMC–
felodipine systems were accurate representations of
the actual solution concentration or artifacts of the
UV measurement. Figure 10 shows a graph of the
bulk solution concentrations as a function of time
for the various samples investigated, as derived from
the UV measurements. As shown earlier, there was a
large difference (∼ factor of 2.5) in apparent maximum concentration between the 90:10 and 50:50
HPMC–felodipine ASDs. In the case of the dissolution of pure amorphous felodipine in the presence of
polymer, the concentration–time profile was almost
identical to that of the 50% HPMC ASD. Control experiments included artificially supersaturated solutions at 5 and 10 :g/mL (measured concentrations
were slightly less) as well as a saturated solution
of crystalline felodipine. According to these solution
concentration versus time profiles and Eq. 1, diffusion of felodipine across a dialysis membrane from a
solution generated by dissolution of the 90:10 HPMC–felodipine solid dispersion system should occur at
a rate approximately 2.5 times that of the corresponding solution produced on dissolution of the 50:50
HPMC–felodipine dispersion. Furthermore, the rate
of diffusion for the 5 :g/mL artificially supersaturated
sample should be half of solutions produced from the
50% HPMC solid dispersion, pure amorphous felodipine, and the artificially supersaturated solution at
10 :g/mL.
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Figure 10. Apparent concentration–time profiles (donor
chamber) for the dissolution of 90:10 (䊏) and 50:50 ( ) HPMC–felodipine solid dispersions, pure amorphous felodipine
( ), and crystalline felodipine ( ). Concentration–time profiles of artificial supersaturations of felodipine at 5 ( ) and
10 () :g/mL. All data were acquired at 37◦ C. Error bars
represent 1 standard deviation (n = 3).

Figure 11 shows the average felodipine concentration versus time profiles in the receptor chamber (error bars excluded for clarity). Visual inspection of the
slopes of these profiles shows that the diffusion rate
of the 10 :g/mL solution was the fastest, whereas
that of the crystalline solid was the slowest. To provide a more quantitative analysis of the diffusion
rates, linear regression analysis on the linear portion

Figure 11. Diffusion profiles (receptor chamber) for the
dissolution of 90:10 (䊏) and 50:50 ( ) HPMC–felodipine solid
dispersions, pure amorphous felodipine ( ), and crystalline
felodipine ( ). Concentration–time profiles of artificial supersaturations of felodipine at 5 ( ) and 10 () :g/mL. All
data were acquired at 37◦ C.
DOI 10.1002/jps
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Table 1. Comparison of the Relative Diffusion Rates Between
ASDs, Pure Amorphous, Crystalline, and Artificially
Supersaturated Felodipine (n = 3 except for crystalline, where
n = 1)
System
10 :g/mL
90:10
50:50
Pure amorphous
5 :g/mL
Crystalline

Slope

Ratio with
Crystalline Slope

0.0816 ± 0.028
0.0858 ± 0.0094
0.0782 ± 0.015
0.0698 ± 0.015
0.0394 ± 0.0032
0.0082

10.0 ± 3.4
10.5 ± 1.2
9.5 ± 1.8
8.5 ± 1.8
4.8 ± 0.39
1.0

(10–40 min) of the experimental data was performed
to estimate the slopes of these profiles. Most systems showed a lag phase, which lasted approximately
10 min, indicating an equilibration period prior to attaining steady-state diffusion.
Table 1 summarizes values of the slopes obtained
from linear regression analysis of the data. To better compare the diffusion rates between the systems,
they were normalized to the slope obtained from the
steady-state diffusion of a solution derived from dissolved crystalline material. The equilibrium solubility of the crystalline phase is about 1 :g/mL. When
the felodipine solution concentration was artificially
generated at 5 :g/mL, the rate of diffusion was 4.8
times that of the dissolved crystalline material, and
when the solution concentration was generated at
10 :g/mL, the ratio of the slopes was 10. These results
are consistent with Eq. 1, indicating that the experimental design can accurately discriminate between
solution concentrations in the donor chamber. Supersaturated solutions generated via dissolution of the
three solid amorphous systems yielded slopes of 8.5
for the pure amorphous solid, 9.5 for 50:50, and 10.5
for the 90:10 (HPMC–felodipine) ASD. The theoretically estimated solubility for pure amorphous felodipine at 37◦ C is about 9 :g/mL or a factor of nine times
that of the crystalline solubility. On the basis of calculated diffusion rate ratios, the dissolution of both
pure amorphous felodipine and the solid dispersions
generated solution concentrations (or more correctly
solution activities) remarkably close to values predicted by Eq. 2, which provides a theoretical estimate
for the pure amorphous material. This indicates that,
at least over the timeframe that these experiments
were conducted, there is no significant difference in
the maximum thermodynamic activity of dissolved
felodipine for solutions derived from the three amorphous systems. Additionally, this technique confirms
that felodipine was not complexed with HPMC in the
bulk solution as has been demonstrated in other systems under similar conditions.26,27 On the basis of the
measured concentrations from the UV probe experiments (Fig. 3), it would be expected that the diffusion
rate of the 90% HPMC system would be at least twice
DOI 10.1002/jps
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that of the 50% HPMC and pure amorphous systems
in direct contradiction to these experimental results.
The diffusion data were supported by the NMR experiments, wherein the integrated peak area for the 90%
HPMC solid dispersion sample was 1370 and the area
for the 50% HPMC sample was 1014 arbitrary units,
which was a relative difference of approximately 26%.
Indomethacin and PVP Dispersions
In order to test the generality of the above observations in different polymer–API solid dispersions,
similar experiments were conducted using ASDs
composed of indomethacin and PVP as well as indomethacin and HPMC (data not shown). Figure 12
shows the concentration–time profiles obtained at
25◦ C for 90:10 PVP–indomethacin and 50:50 PVP–indomethacin ASDs. As observed for felodipine, when
the polymer content was 90%, elevated supersaturations appear to be generated as compared with the
50:50 sample (note the equilibrium crystalline solubility is ∼1.2 :g/mL). The peak solution concentration
generated in the 50:50 PVP–indomethacin solid dispersion was around 22 :g/mL, which was near the
theoretically predicted value of 21 :g/mL for pure
amorphous indomethacin in a buffered solution of pH
2.0, where no ionization would be expected. In contrast, the UV data indicate that the 90:10 (PVP–indomethacin) dispersion reached a maximum apparent solution concentration more than twice of the predicted amorphous solubility. For the 90% PVP solid
dispersion, the solution became cloudy after addition
to the buffer similar to the high polymer concentration felodipine dispersions. DLS was used to measure the size of the small particles present in these

Figure 12. Apparent concentration–time profiles for dissolution of a 90:10 (䊏) and a 50:50 ( ) PVP–indomethacin
solid dispersion at 25◦ C. Error bars represent 1 standard
deviation (n = 3).
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suspensions. The presence of large dissolving particles for the first 25 min of the dissolution experiment
prevented meaningful data from being collected (due
to a poor correlation function). However, at 30 and
45 min, the concentration of large particles was low
enough to make proper estimates of the average particle diameter, which were 210 and 217 nm, respectively. Similar to felodipine, uniform cloudiness was
not observed with the 50:50 samples. As a result, a
proper correlation function was not obtained at any
time point with the 50:50 ASD presumably due to the
absence of submicron particles.
Dissolution of the HPMC–indomethacin solid dispersions yielded profiles consistent with all other systems investigated in this paper. The 50:50 HPMC–
indomethacin solid dispersion yielded a concentration–time profile similar to 50:50 PVP–indomethacin,
wherein the peak solution concentration was near the
effective solubility of neat amorphous indomethacin
(∼21 :g/mL). Dissolution of the 90:10 HPMC–indomethacin solid dispersion resulted in apparent solution concentrations five times greater than the
50:50 (HPMC–indomethacin) system. Again, this was
consistent with all other systems containing 90%
polymer investigated in this study. However, these
systems produced apparent solution concentrations
that were quite variable, fluctuating between 80 and
120 :g/mL. The absorbance at these concentrations
was near the upper limit of linearity of the UV fiber
optic system used for the experiments, which most
likely explains the fluctuations in the experimental
measurements.

DISCUSSION
The behavior of ASDs during dissolution is known
to be extremely complex, with many processes taking place simultaneously.17,28,29 From the UV experiments described above, dissolution of both felodipine and indomethacin ADSs containing 90% polymer
(HPMC or PVP) apparently generated solutions with
drug concentrations well in excess of those observed
for the corresponding ASDs containing 50% polymer
or the pure amorphous API. Additionally, the apparent maximum solution concentrations observed were
much higher than the theoretical estimates for the
pure amorphous form (Eqs. 2 and 3). In other words,
according to the dissolution data obtained via the UV
system, it appears at first glance that the 90:10 ASDs
have the ability to generate much higher supersaturation ratios (where supersaturation ratio is defined
as the ratio of the observed solution concentration
to the crystalline equilibrium solubility) relative to
the 50:50 ADSs regardless of which polymer or API
is investigated. However, these results are in direct
contradiction with the conclusions made from the diffusion and NMR studies. In these experiments, the
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data indicated that the peak concentrations of felodipine were similar for solutions produced by dissolution of the 90% HPMC and 50% HPMC ASDs, the
neat amorphous solid, as well as the artificially created supersaturated solution of approximately 10 :g/
mL. The most likely explanation for this discrepancy
is the presence of the submicron particles (detected
by the DLS measurements, see Figs. 6–9) generated
during dissolution of the 90:10 ASDs. Although second derivatives of the spectra were taken in order
to mitigate particle scattering effects,30–33 very small
particles on the order of the size seen in the DLS
experiments (200–400 nm) can absorb light in a similar manner to the corresponding solution.34 In a recent study, it has been noted that absorption of UV
light by crystalline nanosupensions of felodipine occurs and is dependent on the amount of solid present
in that suspension.35 It was further noted that absorption by these small particulates leads to erroneous
estimates of the solution concentration (solution concentration was estimated to be higher than that actually present). UV absorption by nanoparticles in solution is not corrected for by taking a second derivative,
meaning that accurate concentration measurements
cannot be easily performed by this technique in the
presence of these submicron particles. The extent of
absorption by particulates is strongly dependent on
particle size over the nanometer size range and as
particle size decreases, absorption efficiency relative
to scattering efficiency increases dramatically.34 This
observation is relevant because in the current study
the initially observed particle size (∼200 nm) is small
enough that a substantial degree of absorption would
be anticipated. With this in mind, it is reasonable to
hypothesize that the concentration estimates for the
dissolution of the 90:10 dispersions derived from the
UV fiber optic probe sampling methodology represent
absorption not only from molecules in solution but
also by molecules present in small particles. In contrast, both the diffusion and the NMR experiments
measure only highly mobile species and therefore do
not detect the molecules present as particulates.
It is of interest to consider further the difference
in the dissolution behavior of the 90:10 and the 50:50
systems. The 90:10 HPMC–felodipine ASDs dissolved
immediately upon exposure to dissolution buffer (see
microscope images in Fig. 4), followed by the immediate formation of submicron particles (<5 min).
In contrast, the 50:50 HPMC–felodipine ASD particles maintained their integrity and no submicron
particles could be detected with the DLS measurements. Although the diffusion and NMR results suggested that the solution concentrations were the same
for each system, neither experiment was able to
provide information about the kinetics of the dissolution process because both techniques required
data to be collected over at least a 40-min period.
DOI 10.1002/jps
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Therefore, the generation of a short-lived, elevated
solution concentration (most likely on a local scale)
in the case of the 90:10 HPMC–felodipine dispersion
cannot be discounted, and would in fact provide an
explanation for the generation of the submicron particles observed. According to classical crystallization
theory, the nucleation rate increases with increasing
supersaturation. Spontaneous nucleation from solution occurs when the system reaches a sufficiently
high level of supersaturation and is followed by crystal growth. Therefore, it might be anticipated that
upon dissolution of a 90:10 ASD (HPMC, PVP–felodipine, or indomethacin), a highly supersaturated solution would be formed creating ideal conditions for
rapid nucleation. We speculate that for the 90:10
ASDs, almost all of the drug present in the ASD particles rapidly dissolves into the solution forming a
highly supersaturated state, from which it immediately begins to crystallize. This supposition is supported by the results of the DLS study, which shows
that the submicron particulates generated upon dissolution of the 90:10 HPMC–felodipine ASD are not
only similar in initial size to those derived from an artificially generated supersaturated solution but also
grow at the same rate (Fig. 7). Again, these particles
were not observed in the 50% HPMC experiments visually or by DLS. For the predissolved felodipine used
to create the artificially supersaturated solutions, obviously all of the felodipine originates from the solution phase. On addition of this methanolic solution
to buffer to create a supersaturation ratio of 60 (at
25◦ C), a substantial amount of precipitation is to be
expected given the extremely high level of supersaturation. This precipitation clearly occurs, even in the
presence of a predissolved crystallization inhibitor
(HPMC), indicating that nucleation cannot be completely suppressed at this level of supersaturation.
The fact that the behavior of the submicron precipitates was similar regardless of how they were created
suggests that the mechanism of particle formation
was similar for the ASDs and the artificially supersaturated solutions. It is interesting to note that the
submicron particles produced at a supersaturation ratio of 60 grow much more rapidly in the absence of
predissolved HPMC (Fig. 8), consistent with previous
results demonstrating that HPMC is able to reduce
the crystallization rate of felodipine from solution.10
The precipitates are thought to be crystalline
rather than amorphous for the following reasons:
First, they increase in size continuously with time
and as they reach about 1 :m become visible as single (i.e., not aggregated) birefringent particles under polarized light microscopy (data not shown). Second, amorphous felodipine crystallizes rapidly on its
own when exposed to aqueous solutions even in the
presence of polymeric crystallization inhibitors.10 In
addition, evidence supporting our claim that these
DOI 10.1002/jps
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Figure 13. UV Absorption spectra of a 10 :g/mL
methanolic solution of felodipine (red), 25 :g/mL solid content nanosuspension of felodipine (blue),36 and a spectrum
from the 90:10 (black) solid dispersion dissolution experiments at 60 min shown in Figure 2.

nanoparticles are crystalline can be found by analyzing the UV spectra of three different felodipine samples (Fig. 13)36 : a spectrum obtained with the in situ
UV probe after 60 min of dissolution of the 90:10
HPMC–felodipine ASDs (Fig. 2), wherein the apparent solution concentration is well above the amorphous solubility advantage; a spectrum of a methanolic solution of felodipine (10 :g/mL); and a spectrum of
an aqueous crystalline nanosuspension of felodipine
at 25 :g/mL solid content. The spectrum of felodipine
in the methanolic solution has a peak at 360 nm and a
valley at 294 nm, both of which are almost identical to
the peaks and valleys obtained from spectra of felodipine as an amorphous film with thickness ranging from
1.5 :m down to 200 nm (data not shown). Felodipine
dissolved in buffer has a slightly shifted peak at about
364 nm and a valley in the same position as the other
two examples at 294 nm (data not shown). The spectrum of the crystalline nanosuspension is quite different, with the most important distinction coming
from the significant red shift of the valley (325 nm)
accompanied by a smaller shift in the peak (373 nm).
When the spectrum from the dissolution experiment
of the 90:10 HPMC–felodipine solid dispersion is compared with the solution and (predominantly) crystalline reference spectra, the peak (367 nm) and the
valley (312 nm) are found at a position intermediate to
the two control samples suggesting that this spectrum
represents the combined absorption of felodipine dissolved in solution as well as absorption by crystalline
nanoparticles. This spectral shift was observed within
5 min of the start of the dissolution of the 90:10 ASDs,
which is consistent with the timeframe in which the
particles were observed in the DLS experiments. It
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Figure 14. Summed UV Absorption spectra of the
10 :g/mL methanolic solution combined with the 25 :g/mL
solid content nanosuspension of felodipine (Fig. 13) and a
spectrum from the 90:10 solid dispersion dissolution experiments at 60 min (same spectrum as shown in Fig. 13).
The combined spectrum from the methanol solution and the
nanosuspension was uniformly reduced by 10% at all wavelengths so that the peak absorbance values for both spectra
shown above were of the same magnitude.

should be noted that the red shift was not observed at
any time point for solutions derived from dissolution
of the 50:50 HPMC–felodipine ADS, pure amorphous
system, or the 5 and 10 :g/mL control experiments
(Fig. 10), supporting the conclusion that crystalline
nanoparticles were only created during dissolution
of the 90:10 HPMC–felodipine solid dispersions. As
UV absorption is additive, combining the spectra of
the solution and nanocrystalline felodipine samples
should yield a spectrum similar to that obtained from
the dissolved 90:10 HPMC–felodipine solid dispersion
if our speculation is correct. As shown in Figure 14,
the resultant additive spectrum shows a peak and
valley in positions similar to those of the spectrum
from the 90% HPMC ASD dissolution experiment. As
felodipine dissolved in solution as well as amorphous
films of felodipine do not demonstrate a significant red
shift (small shift in peak of aqueous solution is noted
above), it would be reasonable to conclude that the
nanoparticles present in the systems following dissolution of 90:10 HPMC–felodipine ASDs were indeed
crystalline. The possibility that the particles could
originate from crystallization of small (i.e., nanometer
scale) regions of amorphous drug present dispersed in
the polymeric matrix cannot be entirely ruled out but
seems unlikely given the high polymer concentration
and the known molecular level miscibility of the systems in our investigation.21–23
The difference in the observed dissolution behavior of ASDs containing 50% versus 90% polymer is
perhaps unsurprising, given the substantial body of
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evidence in the literature illustrating that the dissolution rate of an ASD depends on the drug–polymer ratio, although there is little information about
the generation of submicron particles observed in
our studies per se. At least two dissolution regimens,
namely polymer controlled (high-polymer concentrations) and drug controlled (high-drug loadings) have
been defined.4,37,38 In some of the earliest studies on
solid dispersions, Simonelli et al. compared the relative dissolution rates of amorphous dispersions of
PVP and sulfathiazole. They observed that at highdrug loadings, although the initial dissolution rate
was faster than that for the crystalline material, it
did not depend on the polymer concentration (up to
50 wt % polymer). The authors concluded that, at a
moderate to high drug loading, a relatively watersoluble polymer will dissolve into the bulk phase from
the surface at a faster rate than the drug.4 This
will leave behind a drug-rich interface, possibly in
the amorphous state, that regulates the dissolution
rate of the remaining solid. At high-polymer loadings however, the dissolution rate of the drug was
higher and congruent with the dissolution rate of the
polymer, indicating that the polymer dissolution controlled the dissolution rate of the drug. At this elevated polymer loading, there would not be enough API
present to physically form a drug-rich layer limiting
dissolution.37 Thus, in this regimen, the dissolution
rate of the drug can be modeled as a fraction of the
dissolution rate of the polymer by the relation shown
in Eq. 4 below4,37,39 :
GD =

GC × AD
AC

(4)

where G is the dissolution rate, A is the component
concentration and the subscripts D and C refer to
the drug and carrier, respectively. From a qualitative
standpoint, the above observations indicate that the
dissolution rate at very high-polymer concentration
for a molecularly dispersed system of amorphous drug
and polymer would be controlled by the dissolution
rate of the polymer. The data presented for both
felodipine and indomethacin appears to agree with
this model where the dissolution rate of solid dispersions containing 90% polymer dissolved much faster
than those with 50% polymer (Figs. 4, 5, and 12). This
model provides a basis for our conclusion that 90:10
ASDs can generate very high local supersaturations
directly controlled by the rapid dissolution of the polymer. For the 50:50 ASDs, supersaturations beyond
those observable for the pure amorphous solid would
not be expected because the dissolution behavior is
controlled by a layer of pure drug. In other words,
at the interface with the solution, the polymer has
already entered the solution phase before the drug
DOI 10.1002/jps
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dissolves and so the maximum solution concentration
cannot exceed that of the pure drug.
A thermodynamic argument can be also made
to explain the observed differences in dissolution
behavior of the various solid dispersions investigated.
The higher apparent solubility of a pure amorphous
drug stems from the higher activity of the solid
amorphous material where the ratio of the amorphous–crystalline solubilities is given by Eq. 2. On the
basis of the diffusion results presented above, the ratio of the flux for the solution generated by the amorphous to that generated by the crystalline is close to
what is estimated based on the activity differences
between the drug in the crystalline and amorphous
states. However, if the drug is present in an ASD, the
activity of the drug would not be expected to be the
same as in the pure amorphous solid; if miscibility has
been achieved, the free energy of the system will be
lower and consequently the activity of the drug in the
dispersion will be lower than for the pure amorphous
solid.40–43 On the basis of this reasoning, the solubility advantage of a miscible amorphous dispersion
might actually be expected to be lower using Eq. 2.
However, an underlying assumption of Eq. 2 is that
the solute–solvent interaction upon dissolution is the
same for both solid forms (e.g., crystalline and amorphous). Although this assumption is quite reasonable
when comparing the crystalline and pure amorphous
forms, it is unlikely to be true when considering an
ASD. Considering this from a thermodynamic standpoint, because the intermolecular bonding in the
matrix of an ASD is different from that in a pure
amorphous material, both the entropy and enthalpy
of solution will be different between the two systems.
This in turn results in differences in the energy required to bring the drug from the solid phase into the
solution phase. Ignoring heat capacity contributions,
the activity of a solute in solution is related to its solid
phase by44
ln (c =

Hf × Tm
×
R



1
1
−
Tm
T


(5)

where
ln (c = ln a

(6)

where a is the activity, γ is the activity coefficient, c
is the equilibrium solubility of the solute, Hf is the
enthalpy of fusion, R is the universal gas constant,
Tm is the melting temperature, and T is the temperature of interest. This right hand side of the equation
estimates the difference in free energy of the drug
from a given physical form (usually the stable crystal) to its liquid form at a temperature T (i.e., energy
of the crystal lattice). Removal of the energy barrier
present in the crystal lattice leads to the origin of the
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solubility advantage for amorphous materials. An inherent assumption of this estimation is that γ is same
for both the amorphous and crystalline form (aforementioned assumption in Eq. 2). This approach is derived from regular solution theory where γ represents
the net energy required to mix the solvent (water in
our case) with the solute in a pure liquid state. However, when the dissolving solid is composed of an API
molecularly dispersed in a polymeric matrix, the free
energy (and enthalpy) of solution would be different
from that of the API in the pure state. Consequently,
γ would not be expected to be the same for a miscible
ASD. In both cases, the γ term represents the nonideality of mixing two different molecules defined by
a nonzero enthalpy of solution (Hsol ). From an entropic standpoint, it is almost always favorable to introduce an additional component into a mixture.45,46
From an enthalpic standpoint, Hsol can either promote or prevent mixing and for a two-component system (i.e., pure amorphous system and water) is mathematically represented by Eq. 7,47 :
Hsol = RTP12 n1 V2

(7)

For a three-component system (ASD mixing with
water):
Hsol = RT (n1 V2 P 12 + n1 V3 P 13 + n2 V3 P 23 )

(8)

where χ is the binary interaction parameter between
any two components, n is the mole fraction, and V is
the volume fraction of a given component. The subscripts 1, 2, and 3 represent the water, drug, and
polymer, respectively. These equations clearly show
that the energetic exchange required to take place
in order to remove a drug molecule from the solid
phase to the solution phase is different in the pure
amorphous form when compared with being dispersed
in a polymeric matrix. In the case of the pure amorphous system, only the energy exchange between the
solvent and API is considered. When a third component (i.e., polymer) is incorporated into the mixture,
the energetic exchange of all three components must
be considered. With respect to the drug and polymer,
the relative amounts of these two components could
have a significant impact on the Hsol . In a miscible
system where the amount of polymer is upward of
90% of the solid, the amount of potential drug–drug
interactions in the solid will be significantly reduced
compared with a system containing 50% polymer. As
the drug–drug interactions resist solubilization and
are in large part what dictate the value of χ12 , a reduction in these interactions would lead to a reduction
in the barrier to the API entering the solution phase.
It is helpful to consider that χ12 (where 2 in the binary
mixture could be the drug or polymer) for the binary
mixture in Eq. 7 would not be the same as χ12 for
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the ternary mixture in Eq. 8, which makes practical
application of Eq. 8 difficult. This stems from the fact
that the interaction of the drug (or polymer) with water in the pure state is not necessarily the same when
it is molecularly mixed with a second component as
in an ASD.48,49 Rumondor et al.50 demonstrated that
the interaction parameters measured for binary mixtures of felodipine and water and PVP and water could
not be used with the ternary form of the Flory–Huggins model to obtain reasonable values for the interaction parameter between felodipine and PVP (χ23 ).
This was a result of the fact that the interaction of
the drug (or polymer) and water is not the same in a
solid dispersion as when it is in the pure state.
In summary, from a purely thermodynamic perspective, there is no reason to expect that the activity of a solution derived from an ASD would be
the same as from the pure amorphous solid. Despite
this thermodynamic reasoning, the diffusion experiments indicate that the activities in solution are in
fact the same. It is easiest to rationalize this result
for the 50:50 HPMC–felodpine dispersion based on
the expected development of a drug-rich layer at the
diffusion front, as a consequence of the faster dissolution rate of the polymer relative to the drug (see
Simonelli et al.,4 Corrigan,37 and Craig17 for a detailed discussion of this phenomenon). If this layer
remains amorphous, then it would presumably control the solution concentration achieved. For the 90:10
HPMC–felodipine ASD, we rationalize that a higher
solution concentration evolved through polymer controlled dissolution of the drug. This process was extremely fast and most likely local to the dissolving
particles, whereby the resultant solute concentration
was depleted by the rapid precipitation of submicron
drug particles to the point where the solution activity is approximately the same as that generated from
the pure amorphous solid. The fact that these values
are similar may be purely coincidental (at this point
we see no theoretical reason why they should be) and
requires further investigation.

CONCLUSIONS
It is clear from the experimental results and analysis in this study that understanding the behavior of
ASDs during dissolution requires knowledge of many
different parameters. The amount of polymer relative
to drug has a significant impact on the dissolution behavior of ASDs during dissolution. At moderate drug
loading (50%), the solubility advantage of the solid
dispersions was shown to be similar to that of pure
amorphous system. This is a consequence of the difference in solubility between the drug and the polymer, which most likely leads to a drug-rich layer at
the dissolving surface. At low-drug loading (10%), the
solubility advantage was also shown to be similar to
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that of pure amorphous system as confirmed by diffusion and NMR experiments. At this drug loading,
dissolution appeared to be controlled by the physicochemical properties of the polymer and resulted in
a highly supersaturated solution from which felodipine immediately crystallized. This rapid precipitation
generated submicron particles that prevented the accurate measurement of solution concentration via in
situ UV spectroscopy as demonstrated by the diffusion
and NMR experiments. The impact of this behavior on
the in vivo performance of these systems is not clear
at this point and will require further investigation.
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