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Factors Affecting the Dissolution of Indomethacin Solid Dispersions
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Abstract. The aim of this study was to investigate the influence of factors such as carrier
type, drug/carrier ratio, binary carriers, and preparation method on the dissolution of an
insoluble drug, indomethacin (IM), under supersaturation conditions. Using a solvent
evaporation (SE) method, poloxamer 188 and PVP K30 showed better dissolution among
the selected carriers. Furthermore, as the ratio of carriers increased (drug/carrier ratio from
1:0.5 to 1:2), the dissolution rate increased especially in almost two times poloxamer 188 solid
dispersions (SDs), while the reverse results were observed for PVP K30 SDs. For the binary
carrier SD, a lower dissolution was found. Under hot melt extrusion (HME), the dissolution
of poloxamer 188 SD and PVP K30 SD was 0.83- and 0.94-folds lower than that using SE,
respectively, while the binary carrier SD showed the best dissolution. For poloxamer 188
SDs, the drug’s crystal form changed when using SE, while no crystal form change was
observed using HME. IM was amorphous in PVP K30 SDs prepared by both methods. For
binary carrier systems, amorphous and crystalline drugs coexisted in SD using SE, and
negligible amorphous IM was in SD using HME. This study indicated that a higher
amorphous proportion in SD did not correlate with higher dissolution rate, and other factors,
such as carrier type, particle size, and density, were also critical.

KEY WORDS: indomethacin solid dispersions; dissolution; carrier type; drug/carrier ration; binary
carriers; preparation method.

INTRODUCTION

In recent years, combinatorial chemistry and high-
throughput screening have led to the discovery of many
active pharmaceutical ingredients (1). According to the
literature, more than 40% of new chemical entities discovered
by these techniques are compounds with poor aqueous
solubility (2). Such compounds with low solubility and high
permeability are categorized as class II drugs according to the
Biopharmaceutics Classification System (3). These drugs are
poorly soluble in water, but once they are dissolved, they are
easily absorbed from the gastrointestinal tract. Their oral
absorption is thus dependent upon dissolution rate (4). Thus,
a great challenge for pharmaceutical technology is to create
new formulations and efficient drug delivery systems to
overcome these dissolution problems. Several methods have
been employed to enhance the dissolution rate and bioavail-
ability of these poorly water-soluble drugs. These methods

include particle size reduction, cyclodextrin complexation, co-
solvency, solid dispersion (SD), salt formation, polymorphs,
solvates or hydrates, pro-drugs, and microparticulates (lipo-
somes, microspheres, etc.) (5,6). SD is one of the first and
most commonly used techniques to date for enhancing the
dissolution rate of these drugs (5). Generally, SD may be
defined as a pharmaceutical dosage forms in which the drug is
incorporated in an inert hydrophilic carrier or matrix in the
solid state. In order to prepare more stable and better
dissolution SDs, combinations of various characteristic car-
riers have been developed in recent years (7,8). These
approaches encompass a variety of formulation types because
the matrix could be in the crystal or amorphous state;
similarly, the drug could also be dispersed as amorphous or
crystalline particles or molecularly dispersed in the carrier
matrix (9). Different techniques have been used to obtain
SDs, such as solvent evaporation (SE), kneading method, hot
melt extrusion (HME), spray-drying, freeze-drying, and
supercritical fluid technology (6,10). Often one method of
preparation is arbitrarily selected, and the formulation
scientist modifies the formulation until the desired product
performance is achieved. However, processing of materials
using different technologies may yield a product with
significantly different properties and performance (11,12). In
this research, SE and HME technologies were selected to
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prepare different SDs. In addition to the properties of drug
and carriers (4,13) and the preparation method, the
drug/carrier ratio also plays an important role in the
performance of SD. It is has an impact not only on the
dissolution rate (14,15) but also on the long-term stability of
SD (16).

The drug dissolution test is proposed to be an important
factor for the assessment of drug bioavailability and is
considered as the most investigated topic in pharmaceutical
research (17). Such a background becomes of paramount
relevance in the case of insoluble drugs, where dissolution
represents the most critical factor affecting the rate of
systemic absorption. Currently, there are two main dissolu-
tion methods for assessing release profiles of drugs in SDs,
namely dissolution under sink and superheated condition
(18–20). In general, sink conditions during the dissolution test
are essential for the common dosage forms in order to
simulate an in vivo situation, where gastrointestinal absorp-
tion continuously reduces the concentration of the drug in the
fluids. However, the sink condition, obtained by a high
concentration of surfactant, may not be an appropriate
approach for developing a biorelevant supersaturated disso-
lution method such as solid dispersion. The supersaturated
condition may represent a very discriminating dissolution
condition, acting like a magnifying lens for an in-depth
evaluation of the dissolution phenomenology. Nucleation
and crystallization of drugs in supersaturated conditions are
easily observed, and this plays a key role in determining the
in vivo performance of SDs. The drug dissolution test, under
supersaturated conditions, can be a predictive tool during
formulation development, as well as for batch-to-batch
quality control. Therefore, drug dissolution tests under
supersaturated conditions were selected in this research. In
clinical trials, some water-insoluble drugs are needed to
achieve high concentrations in gastric fluids to get immediate
effective treatment; thus, a pH 2.0 medium was used as the
dissolution medium. Indomethacin (IM), which was classified
as a class II compound, was selected as a model drug in this
study because of its poor solubility in acidic media (21).

Generally, a dissolution test will be accomplished when
one SD preparation is characterized. However, a limited
amount of research has been directed towards investigating
the factors that influence the dissolution of SD. The objective
of this study is to investigate the influence of factors such as
carrier type, drug/carrier ratio, binary carriers, and prepara-
tion method on the dissolution of an insoluble drug, IM,
under a supersaturation condition in pH 2.0. The SDs are
thoroughly characterized by X-ray diffraction (XRD) and
differential scanning calorimetry (DSC) in order to investi-
gate their dissolution behavior.

MATERIALS AND METHODS

Materials

IM was purchased from Kangbaotai Fine-Chemicals Co.,
Ltd. (Hubei, China). PVP K30, PVP K90, and PVP S-630
were supplied from the China Division of ISP Chemicals Co.,
Ltd. (Shanghai, China). Poloxamer 188, poloxamer 407, and
mannitol were obtained from BASF Co., Ltd. (Shanghai,
China). D-Alpha-tocopheryl polyethylene glycol 1000

succinate (TPGS) and citric acid were gift samples from
ISOCHEM (Wilmington, USA) and the China Division of
Merck Co., Ltd. (Shanghai, China), respectively. Absolute
ethanol (99.5%), hydrochloric acid, and acetone were sup-
plied by Adamas-beta (Shanghai, China).

Preparation of the Physical Mixtures and SDs

Preparation of Physical Mixtures

Physical mixtures of IM and different carriers were
prepared by thorough mixing in a polyethylene bag at the
ratio 1:1 (w/w) or 1:0.5:0.5 (w/w/w).

Preparation of SDs by SE

Single carrier SDs with a drug/carrier ratio of 1:0.5, 1:1,
and 1:2 and binary carrier SD with a drug/carrier A/carrier B
ratio of 1:0.5:0.5 were prepared by dissolving specific amounts
of carrier or carriers and IM in ethanol (the batch size is 10 g,
and specific amounts of carrier or carriers were determined
according to the drug/carrier ratio), followed by evaporation
under reduced pressure at 50°C in a rotary evaporator to
remove the solvent. Any residual solvent was removed by
drying in a vacuum oven for 24 h at 45°C. The solid samples
(not including waxy TPGS SD) were ground gently with a
mortar and pestle, passed through a 60-mesh sieve, and
stored at −20°C in a freezer until the next experiment.

Preparation of SDs by HME

The carrier or carriers and IM were pre-mixed (the batch
size is 200 g) and then manually fed into a twin-screw
extruder (Thermo Scientific Pharma 11; Thermo Fisher
Scientific, Shanghai, China) at a screw speed of 20–25 rpm.
In the extruder, both screws were rotated in the same
direction and the eight independent barrel heaters were set
depending on the characteristics of the drug and carrier or
carriers. After extrusion through a 2-mm circular die, the
strands were cooled to room temperature, ground gently with
a mortar and pestle, passed through a 60-mesh sieve, and
stored at −20°C until the next experiment.

Dissolution Test Under Supersaturated Conditions

Dissolution tests were performed with a RCZ-8M
dissolution apparatus with RZQ-8D auto-sampling and
Collection System (Tianda Tianfa Technology Co., Ltd.,
Tianjin, China) using the paddle method according to USP
40. Excess amounts of samples equivalent to 55.6 mg of IM
were placed in 500 mL simulated gastric fluid without pepsin
(pH 2.0). The paddle rotation speed was set at 100 rpm, and
the temperature was maintained at 37 ± 0.5°C. At
predetermined intervals (5, 10, 15, 30, 45, 60, and 90 min),
5 mL of the sample was withdrawn, filtered through a 0.45-μm
membrane filter, and assayed by a spectrophotometer at
320 nm (UV2400PC UV-Visible Spectrophotometer; Shang-
hai Shunyu Hengping Scientific Instrument Co., Ltd., Shang-
hai, China). Fresh medium was added to maintain a constant
volume after each sampling. Triplicate runs were carried out.
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Effect of Carrier on the Solubility of Indomethacin

The equilibrium solubility of crystalline IM in the
solution of pH 2.0 was measured at 37 ± 0.5°C in the presence
and absence of the different carriers. To do this, 55.6 mg of
IM was dispersed in 500 mL of test fluid at pH 2.0, in which
0.5% (w/v) of carrier or carriers had been previously
dissolved and stirred at 100 rpm. After 24 h, the concentra-
tion of IM in the solutions was measured by UV. The
solubility of IM in the test fluid in the absence of carrier or
carriers was also evaluated. All measurements were carried
out in triplicate.

Inhibitory Effect of Carriers on Recrystallization from
Supersaturated Solutions

The effect of the carriers on the concentration-time
profile was assessed by generating an initial supersaturated
solution of IM in the test fluid. For this procedure, 0.5 g IM
was dissolved in acetone of 20 mL, and then 1 mL of the
solution was added to 500 mL of the test fluid, in which 25 mg
of the carrier or carriers had been previously dissolved,
leading to a final carrier concentration of 50 μg/mL. The
temperature of the test fluid was held at 37 ± 0.5°C, and the
paddle rotation speed was 100 rpm. The concentration of IM
in the solution was measured at predetermined intervals (5,
10, 15, 30, 45, 60, and 90 min), using a UV spectrometer
described above. Triplicate measurements were carried out.

X-ray Diffraction Analysis

XRD profiles were obtained using an X-ray diffractom-
eter (Bruker D8 Advance, Bruker Co., Ltd., Germany) under
the following conditions: target CuKα radiation, voltage
40 kV, and current 40 mA at ambient temperature. The
samples were analyzed in the 2θ range 3°–40° with an
increment of 0.02° and a scanning speed of 0.1 s/step.

Differential Scanning Calorimetry

DSC Q1000 from TA Universal Instruments was used to
conduct DSC and modulated DSC (mDSC) tests. Approxi-
mately 3–5 mg of the powdered sample was accurately
weighed, placed in an aluminum pan, and crimped with an
aluminum lid. The heating rate for DSC was 10°C/min from
30 to 180°C under a nitrogen flow of 50 mL/min. The mDSC
tests were used to detect the amorphous samples by a heating
rate of 1°C/min with a modulation of ±0.50°C every 40 s over
the range ~30–124°C. The DSC and mDSC data were
analyzed by using Universal Analysis software (version
4.5A, TA Instruments).

RESULTS AND DISCUSSION

Carrier Type

In order to investigate the effect of carrier type on the
dissolution of IM from different SDs in order to further study,
SDs of IM and different hydrophilic carriers, at a 1:1 (w/w)
ratio, were prepared by SE, and their dissolution patterns
under a supersaturation condition in the pH 2.0 medium were
compared. Figure 1 illustrates the dissolution profiles of pure
IM and its SDs. It was evident that the dissolution rate of
pure IM was very low, exhibiting a maximum concentration
of 1.17 μg/mL in 90 min. While SDs of IM with various
hydrophilic carriers enhanced the dissolution rate to different
degrees compared to the pure drug, poloxamer 188 SD gave
the best dissolution rate of IM among the used carriers with a
maximum concentration of 33.83 μg/mL in 5 min. However,
after a fast release of IM within 5 min, parts of the dissolved
drug gradually recrystallized from the solution, and this may
be due to the low solubility of IM at pH 2.0 (Table I).
Dissolution profiles of poloxamer 407 SD and citric acid SD
also showed a fast release of IM within 5 min; the maximum
concentrations were 22.87 and 11.31 μg/mL, respectively, but
the degree of supersaturation was lower than that of

Fig. 1. Dissolution profiles for indomethacin and solid dispersions of different carriers

3260 Zhang et al.



poloxamer 188 SD. As shown in Fig. 1, the SDs containing
mannitol, PVP K30, PVP K90, PVP S-630, and TPGS showed
a relatively slower release rate of IM in the dissolution
medium with maximum concentrations of 2.02, 15.43, 14.57,
11.27, and 9.04 μg/mL in 90 min, respectively.

The carrier type is known to be an important factor
affecting the characteristics of SDs (10). Different carriers
have various characteristics, such as viscosity, solubility, and
wettability, and therefore, different dissolution behaviors
appear in the dissolution test. In this study, it was evident
that poloxamer 188 SD resulted in greater enhancement of
dissolution rate than other SDs. Poloxamers are nonionic
polyoxyethylene–polyoxypropylene copolymer nonionic sur-
factants used primarily in pharmaceutical formulations as
emulsifying, wetting, and solubilizing agents. The
polyoxyethylene segment is hydrophilic while the
polyoxypropylene segment is hydrophobic. Poloxamer 188 is
freely soluble in water and ethanol and has a melting point of
52–57°C; it is used in a variety of oral, parenteral, and topical
pharmaceutical formulations, which is generally regarded as
nontoxic and nonirritant materials (22).

In recent years, poloxamer 188 has been widely used to
prepare SDs with many water-insoluble drugs (14,23), improv-
ing the dissolution rate markedly. Although poloxamer 188 was
used byChokshi et al. (24) to prepare SDwith IMbyHME, they
only characterized its physicomechanical properties to assess
suitability for HME, without carrying the dissolution of SDs.

Therefore, poloxamer 188 was selected for further investigation
in this study.

Currently, a major strategy used to obtain good physical
stability (16), as well as enhanced dissolution and oral
bioavailability, is to use glass solution SDs. In these systems,
the active pharmaceutical ingredient (API) is combined with
an amorphous polymer to produce a single-phase amorphous
mixture of the API and the polymer. Among the amorphous
polymers used in the present study, PVP K30 gave the best
improvement on the dissolution rate of IM. This polymer,
with a high Tg value around 154°C, could prevent mobiliza-
tion and recrystallization of drugs following long storage
times, as well as improve the amorphous state stability of
drugs (25). PVP K30 is freely soluble in water and ethanol. It
has very hygroscopic, significant amounts of moisture being
absorbed at low relative humidity levels. When consumed
orally, PVP K30 may be regarded as essentially nontoxic since
it is not absorbed from the gastrointestinal tract or mucous
membranes. Therefore, PVP K30 proved to be a potential
carrier and has been used in various SD formulations, such as
carbamazepine, carvedilol, and loratadine SDs, improving the
solubility or dissolution rate obviously (11,26,27). Although
PVP K30 was used to prepare SDs with IM by some
researchers, they focused on the interaction between PVP
and IM and physical properties of SDs, without considering
their dissolution behavior (28,29). Therefore, PVP K30 was
subjected for further investigation.

Table I. Solubility of Indomethacin in the Solution of pH 2.0 With or Without Dissolved Carrier or Carriers

Added carrier, 0.5% (w/v) Solubility of indomethacin in the solution of pH 2.0

Without carrier Poloxamer 188 PVP K30 Binary carriers

Solubility (μg/mL) 1.21 1.60 2.02 2.23

Fig. 2. Dissolution profiles for indomethacin, poloxamer PM, and poloxamer 188 solid
dispersions of different ratios
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Fig. 3. Dissolution profiles for indomethacin, PVP K30 PM, and PVP K30 solid dispersions
of different ratios

Fig. 4. XRD profiles for indomethacin, poloxamer 188, PM, and poloxamer 188 solid dispersions of different ratios
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The Drug/Carrier Ratio

SDs of the selected carriers with different drug/carrier
ratios (w/w) were prepared by SE. Three different ratios were
chosen to determine how they would affect the dissolution of
poloxamer 188 SDs, interestingly; these solutions become
cloudy a few seconds after the white powdery poloxamer 188
SDs were incorporated in the solution. This cloudiness
existed during the dissolution test, possibly because of the
rapid crystallization of the drug. The dissolution profiles are

shown in Fig. 2. The physical mixture (PM) of IM and
poloxamer 188 showed improvement in the dissolution rate
compared with that of the pure drug, while the poloxamer 188
SDs showed marked enhancement in the dissolution charac-
teristics relative to the pure drug and the PM. Furthermore, it
was clear that the degree of supersaturation increased as the
proportion of poloxamer 188 in the SDs increased. When the
drug/carrier ratio was 1:2 (w/w), the maximum concentration
was 45.67 μg/mL, which was 1.35-fold and 39.03-fold higher
than that of poloxamer 188 SD at the ratio of 1:1 and pure



Fig. 5. DSC thermograms for indomethacin, poloxamer 188, PM, and poloxamer 188 solid dispersions of different ratios

Fig. 6. XRD profiles for indomethacin, PVP K30, PM, and PVP K30 solid dispersions of different ratios
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drug, respectively.
Meanwhile, the same drug/carrier ratios were chosen to

determine how they would affect the dissolution of PVP K30
SDs. As shown in Fig. 3, the PM of IM and PVP K30 had a
slight improvement in the dissolution rate compared to the

pure drug. The drug was released gradually from PVP K30
SDs, which was different from the fast release pattern of
poloxamer 188 SDs. Figure 3 also shows that when the
proportion of PVP K30 increased, the dissolution rate was
suppressed. The maximum concentration of PVP K30 SD



Fig. 7. DSC thermograms for indomethacin, PVP K30, PM, and PVP K30 solid dispersions of different ratios

Fig. 8. Dissolution profiles for indomethacin, PM, poloxamer 188 solid dispersion, PVP
K30 solid dispersion, and binary carrier solid dispersion prepared by solvent evaporation
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with the drug/carrier ratio of 1:2 (w/w) was 8.76 μg/mL in
90 min, which was only half of that of PVP K30 SD with the
drug/carrier ratio of 1:0.5 (w/w).

The XRD patterns of IM, poloxamer 188, PM, and
poloxamer 188 SDs are shown in Fig. 4. The diffraction
spectrum of IM showed that the drug was a highly crystalline
powder, which produced sharp peaks at 2θ equal to 11.6°,
17.1°, 19.6°, 21.0°, 21.9°, 26.7°, 29.5°, and 33.7°. This
corresponded to the γ-crystalline form polymorph of IM
(30). Poloxamer 188 showed two prominent peaks with the
highest intensity at 2θ of 19.1° and 23.3°. All the characteristic

peaks of poloxamer 188 and IM were present in their PM.
The diffraction spectrum of poloxamer 188 SDs with different
drug/carrier ratios presented several new sharp peaks (7.0°,
8.5°, 12.0°, 14.0°, 14.3°, 14.6°, 24.6°), which are not associated
with IM of γ-form, indicating the formation of a new
crystalline form. Furthermore, as the proportion of
poloxamer 188 in the SDs increased, several peaks associated
with IM of γ-form (17.1°, 19.6°, 21.0°, 21.9°, 26.7°, 29.5°)
gradually disappeared. These variations in spectrums suggest
that IM of γ-form gradually transformed into a new
crystalline form with increased poloxamer 188 in the SDs.



Fig. 9. XRD profiles for indomethacin, PVP K30 solid dispersion, and binary carrier SD prepared by solvent evaporation

Fig. 10. DSC thermograms for indomethacin, PVP K30, poloxamer 188, and binary carrier solid dispersion prepared by
solvent evaporation
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By searching the literature (30,31), we found that the new
crystalline form was α-form, which is a high-energy metasta-
ble form of IM. It is known that the drug in the metastable
form has higher apparent solubility than the drug in the stable

crystalline form, which results in a higher dissolution rate. An
increase in the amount of poloxamer 188 resulted in an
increased dissolution rate of the drug, possibly due to the
higher proportion of IM of α-form in the SDs.



Table II. Processing Parameters in the Hot Melt Extrusion Process

Carriers Barrel temperatures (°C) Torque (%) Pressure (bar)

Poloxamer 188 35, 40, 40, 45, 45, 50, 50, 45 7–14 8–13
PVP K30 100, 125, 125, 130, 140, 145, 150, 145 12–18 12–19
Binary carriers 35, 40, 40, 45, 45, 50, 50, 45 8–15 9–14

Fig. 11. Dissolution profiles for indomethacin and poloxamer 188 solid dispersions
prepared by solvent evaporation and hot melt extrusion
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Thermograms of IM, poloxamer 188, and its PM and SDs
are shown in Fig. 5. The thermogram of pure IM showed a
sharp endotherm at 162.05°C, which represented its standard
melting point. The endothermic peak at 54.37°C was a
characteristic melting peak of poloxamer 188. In thermo-
grams of PM (1:1), poloxamer 188 SD (1:1), and poloxamer
188 SD (1:2), the endothermic peak corresponding to the
melting point of the drug disappeared, indicating that IM
dissolved completely into the fusional carrier. The broadening
and shifting of the peak (149.65°C) of poloxamer 188 SD
(1:0.5) towards the left showed that the drug partially
dissolved in the carrier, possibly because of the limit of
solubility of the carrier. Furthermore, the melting points of
poloxamer 188 SDs were below the melting points of the drug
and carrier alone. The XRD and DSC results suggest that
poloxamer 188 SDs were eutectic systems.

Poloxamers were widely used as wetting agents. The
presence of poloxamer 188 decreased drug surface tension and
enhanced the wettability of the drug, which also contributed to
the high dissolution rate of the drug. It should be noted that the
high dissolution rate of poloxamer 188 SDs was not due to the
micellar solubility of poloxamer 188. The CMC of poloxamer
188 was 2.4–3.2% (32), which was much higher than the
maximum poloxamer 188 concentration found in our study.

PVP K30 was dominantly amorphous in nature, as
indicated in the diffractogram in Fig. 6. The PM of PVP
K30 and IM exhibited sharp characteristic peaks attributable
to the IM of γ-form. However, PVP K30 SDs of different

ratios showed the complete absence of any diffraction peaks,
indicating a complete amorphization of the drug in the used
carrier. Thermograms of IM, PVP K30, and its PM and SDs
are shown in Fig. 7. During scanning of PVP K30, a broad
endotherm was observed, indicating the loss of water due to
the extremely hygroscopic nature of PVP polymers. Repeated
scanning led to the disappearance of the endotherm. The
thermograms of PVP K30 SDs showed a similar broad
endotherm, but no endotherms were observed around the
melting point of IM, suggesting that the drug was in the
amorphous state. The thermogram of PM did not show a
broad endotherm, but a melting endotherm corresponding to
the melting point of IM, indicating the presence of crystal.
The dissolution behavior of PVP K30 SDs of different
drug/carrier ratios could not be explained based on XRD
and DSC data, as there were no differences in the
spectrums. It is well known that the property of the
carrier plays an important role, as the drug in the SD is in
intimate contact with the hydrophilic carrier (33,34). If a
drug is molecularly dispersed into its carrier, the dissolu-
tion of the carrier becomes the dissolution rate-limiting
step (35,36). Craig (36) described the mechanism of
dissolution of SDs with water-soluble polymers as either
carrier- or drug-controlled dissolution. For both mecha-
nisms, the concentrated carrier layer was formed at the
dissolving surface through which the drug had to pass,
prior to release into the dissolution medium. As the
proportion of PVP K30 increased, the viscosity of the



Fig. 12. XRD profiles for indomethacin, poloxamer 188, PM, and poloxamer 188 solid dispersions prepared by solvent
evaporation and hot melt extrusion

Fig. 13. DSC thermograms for indomethacin, poloxamer 188, PM, and poloxamer 188 solid dispersions prepared by solvent
evaporation and hot melt extrusion
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SD systems increased (11,37), and the release of drug
from SDs became more difficult. Therefore, the increased

proportion of PVP K30 in the SDs led to a decrease in
the dissolution rate.



Binary Carrier SD

In order to investigate the effect of binary carriers on the
dissolution of IM, a binary carrier SD (IM/poloxamer 188/
PVP K30 1:0.5:0.5) was prepared by SE. The ratio of 1:0.5:0.5
was selected in early stages; other ratios, such as 1:0.7:0.3 and
1:0.3:0.7, will be investigated in future research. As depicted
in Fig. 8, the PM (IM/poloxamer 188/PVP K30 1:0.5:0.5)
slightly improved the dissolution rate of the drug, while the

binary carrier SD had better performance than the PM. The
drug was rapidly released from the binary carrier SD and
resulted in supersaturation in 5 min, which was similar to
poloxamer 188 SD (drug/carrier 1:1). However, the presence
of PVP K30 in the binary carrier SD markedly decreased the
degree of supersaturation, with a maximum concentration of
12.09 μg/mL. When compared to PVP K30 SD (drug/carrier
1:1), the addition of poloxamer 188 in the SD released the
drug, but a lower maximum concentration emerged in 90 min.

Fig. 14. Dissolution profiles for indomethacin and PVP K30 solid dispersions prepared by
solvent evaporation and hot melt extrusion

Fig. 15. XRD profiles for indomethacin, PVP K30, PM, and PVP K30 solid dispersions prepared by solvent evaporation and
hot melt extrusion
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The binary carrier SD as well as the single carrier SDs in the
dissolution test did not perform.

The binary carrier SD is characterized by XRD in Fig. 9.
The XRD diffraction pattern of PVP K30 SD (drug/carrier
1:1) showed a broad halo hump in the range of 7°–40° 2θ, and
no sharp diffraction peaks were observed, which was indica-
tive of complete amorphization of the drug in the SD. The
diffraction spectrum of the binary carrier SD also had a broad
halo hump in the range of 7°–40° 2θ, but several sharp peaks
suggested that the drug remained partially crystalline in the
SD. The thermogram of the binary carrier SD (Fig. 10)
showed two endotherms at around 43 and 50–95°C. The
melting peak, corresponding to poloxamer 188, shifted from

54.37°C to around 43°C, possibly because of the presence of
PVP K30. The endotherm at 50–95°C indicated a loss of
water. There was no endotherm corresponding to the drug,
because the crystalline drug completely dissolved in the
fusional poloxamer 188. From the XRD, DSC, and dissolu-
tion results, we found that the two carriers were mutually
restrictive in the binary SD. The presence of PVP K30 in the
binary carrier SD restrained the drug to transform from γ-
form to α-form. Meanwhile, poloxamer 188 in the binary
carrier SD expelled the drug from the PVP K30 phase and a
complete amorphous SD was not achieved. These factors
resulted in a decreased dissolution rate; i.e., the interaction
among the drug and the two carriers resulted in the different

Fig. 16. mDSC thermograms for PVP K30 solid dispersions prepared by solvent evaporation and hot melt
extrusion (Rev reversing)

Fig. 17. Dissolution profiles for indomethacin, PVP K30 solid dispersion, and poloxamer
188 solid dispersion prepared by hot melt extrusion and for binary carrier solid dispersion
prepared by solvent evaporation and hot melt extrusion
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dissolution characteristics between the binary carrier SD and
the single carrier SDs. Such a case is also encountered by
other researchers. Wang et al. demonstrated that although

itraconazole and PVP VA64 can form a complete molecular
SD, Myrj 52 can expel itraconazole from PVP VA64 phase
while preparing ternary SD (38). Janssens et al. pointed out

Fig. 18. XRD profiles for indomethacin, PM (indomethacin/poloxamer 188 1:1), and binary carrier solid dispersions
prepared by solvent evaporation and hot melt extrusion

Fig. 19. DSC thermograms for indomethacin, poloxamer 188, and binary carrier solid dispersions prepared by solvent
evaporation and hot melt extrusion
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that the addition of TPGS 1000 to the PVP VA64 can lead to
destabilization of the molecular dispersion of itraconazole,
forming crystalline itraconazole clusters (39).

Preparation Method

In order to investigate the influence of the preparation
method on the dissolution behavior of SDs, the poloxamer
188 SD (drug/carrier 1:1), PVP K30 SD (drug/carrier 1:1), and
binary carrier SD (IM/poloxamer 188/PVP K30 1:0.5:0.5)
were also prepared by HME, and their dissolutions were
compared with SDs prepared from SE. The important
processing parameters for the HME process are feed rate,
screw speed, barrel temperatures, torque, and pressure. For
this study, feeding rate and screw speed were kept constant
for all formulations, which was a feed rate of 3–4 g/min and a
screw speed of 20–25 rpm. The HME process parameters for
various formulations are shown in Table II.

For poloxamer 188 SD prepared by HME, the mixture
appeared uniformly cloudy after the white powder was
introduced to the dissolution medium. The dissolution
profiles in Fig. 11 show that the dissolution rate and
supersaturation degree were lower for the HME batch
compared with the corresponding SE formulation, and the
maximum concentrations were 28.05 and 33.83 μg/mL,

respectively. This was mainly attributed to change in crystal
form during the preparation process. The XRD diffraction
patterns in Fig. 12 show that the drug had a crystal form
change when using the SE method, while no crystal form
change was observed when using HME. The presence of a
metastable form in the SE product might be attributed to the
higher dissolution rate. There was no difference in the DSC
thermograms (Fig. 13) of the two products. Furthermore,
densification and reduction of polymeric-free volume during
extrusion, compared with the porous particulate nature of SE
products, might be another contribution of the higher
dissolution rate. HME material was denser with less hydro-
philic surface area than SE products. The carrier was
subjected to high-intensity mixing and pressure during
extrusion, which led to the free space present in the polymeric
matrix to be reduced, resulting in a low-porosity polymeric
matrix (40,41).

PVP K30 SD prepared by HME had the same appear-
ance and dissolution phenomenon, but a different dissolution
rate when compared to that prepared by SE. In Fig. 14, the
SE product had a higher dissolution rate than the HME
product and the maximum concentrations were 16.31 and
15.28 μg/mL, respectively. There were no sharp peaks in the
XRD diffraction pattern (Fig. 15) of the HME product, which
suggests that the drug was also amorphous in the SD. In the

Fig. 20. Concentration time profile of indomethacin in the absence of carrier or carriers
and in the presence of 50 μg/mL pre-dissolved carrier or carriers

Fig. 21. Factors affecting the dissolution of solid dispersions
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mDSC results (Fig. 16), the SE and HME products both had a
single glass transition temperature (Tg), indicating the drug
was molecularly dispersed in the amorphous polymer. How-
ever, the HME product had a higher Tg (92.14°C) than the
SE product (77.43°C), which was possibly caused by the
plasticizing effect of the residual solvent in the SE product.
The HME material was denser with a less hydrophilic surface
area than SE products, which might be the reason for the
dissolution difference.

In the case of the binary carrier SD prepared by HME, the
mixture was uniformly cloudy when the white powder was
added to the dissolution medium, as for poloxamer 188 SDs.
The dissolution rate of the HME product was improved
markedly with a maximum concentration of 47.52 μg/mL
(Fig. 17), which was approximately 4-fold greater than SD
prepared by the SE method and 41-fold greater than pure drug.
Meanwhile, the performance of the binary carrier SD was also
better than the single carrier SDs prepared by HME. The XRD
diffraction pattern (Fig. 18) of the HME product showed that
the drug was still highly crystalline with sharp peaks corre-
sponding to the γ-crystalline form of IM, and no amorphous
halo was observed, indicating a negligible amorphous content of
IM. TheDSC thermogram (Fig. 19) of theHMEproduct had an
endotherm at around 142°C corresponding to the drug, while no
endotherm of the drug was observed in the SE product, which
indicated that there was more crystalline drug in the HME SD
than in the SE SD. This means that the SE product had more
amorphous drug than the HME product.

Generally, when the drug is incorporated in the amor-
phous state in SD, it has a higher dissolution rate than when
the drug is crystalline (42). These increases arise from the
lack of a highly ordered crystal with lattice energies that must
be overcome to attain adequate solubility of the crystal.
However, we found that the amorphous SD had a far lower
dissolution rate than the crystalline SD in our study, Janssens
et al. also found this phenomenon in their study (39). The
prepared itraconazole ternary SD with TPGS 1000 and PVP
VA64 containing both amorphous and crystalline itraconazole
had a much higher dissolution rate than the amorphous
itraconazole PVP VA64 SD. One possible explanation might
be that after the SE process, the drug might be trapped in
PVP K30 and remains in the bulk powder; therefore, the drug
had to pass through the carrier layer before being dissolved in
the medium (43). This would be a difficult process because of
the high viscosity of PVP K30, while in the HME process, the
highest operating temperature was much lower than the Tg of
PVP K30. Moreover, PVP K30 was not bonded tightly and
would be quickly dissolved in the dissolution; therefore, the
drug would not be trapped and can be rapidly released.
Compared to poloxamer 188 SD prepared from HME, PVP
K30 in the binary carrier SD (HME) can be quickly released
into solution and inhibit the crystallization of the drug during
dissolution (Fig. 20), which can further contribute to the
dissolution rate. Therefore, when the binary SD was prepared
by HME, PVP K30 was no longer an inhibitor but was now a
promoter of the dissolution rate, and the preparation method
is critical in this binary carrier SD system.

In summary, the dissolution of poorly water-soluble
drugs from SD is a complicated process. Figure 21 shows

the dissolution process from SD. First, the drug is released
from solid dispersion to form a solution or supersaturation. If
a supersaturation was formed, the drug may precipitate
before it can be absorbed. Carrier properties such as viscosity,
solubility, wettability, drug physical state (amorphous/crystal),
granule particle size, and density can affect the dissolution. In
addition, the carrier type can also affect the precipitation. To
understand the dissolution of solid dispersion, all these factors
must be considered.

CONCLUSION

The effect of factors such as carrier type, drug/carrier ratio,
binary carrier, and preparation method on the dissolution of IM
under supersaturation conditions was investigated in this study.
Binary carrier SD (IM/poloxamer 188/PVP K30 1:0.5:0.5), pre-
pared by HME, was found to have the highest dissolution rate.
However, XRD and DSC results indicated that the crystal form of
drug remained unchanged and negligible amounts of amorphous
state drugwere found in this binary carrier SD.The possible reason
for its fast dissolution is that poloxamer 188 can maintain its
wettability property to the drug after the HME process, and PVP
K30 in binary carrier SD (HME) can be rapidly released into
solution and inhibit the crystallization of drug during dissolution.
The dissolution of poorly water-soluble drugs from SD is a
complicated process; many factors, such as carrier type, drug
physical state, granule particle size, and density, can affect the
dissolution. In order to understand the dissolution of solid
dispersion, it is necessary to consider all these factors.
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