
RESEARCH PAPER

Theoretical Prediction of a Phase Diagram for Solid Dispersions

Bin Tian & Xiaoyan Wang & Yuanyuan Zhang & Keru Zhang & Yu Zhang & Xing Tang

Received: 18 November 2013 /Accepted: 20 August 2014 /Published online: 28 August 2014
# Springer Science+Business Media New York 2014

ABSTRACT
Purpose To predict the temperature-composition phase diagram
of solid dispersions (SDs) through theoretical approaches using
cinnarizine-Soluplus® SD as a model system and evaluate the
predicted results.
Methods A complete phase diagram of cinnarizine-Soluplus®

SD, including the solubility curve, miscibility curve and glass tran-
sition temperature curve, was constructed on the basis of the
solid–liquid equilibrium (SLE) equation, Florry-Huggins (F-H) the-
ory and Fox equation. Cinnarizine-Soluplus® SDs with different
drug loadings were prepared by hot melt extrusion. The
extrudates and corresponding physical mixtures were analyzed
to check the predicted results.
Results The experimental data revealed a solubility of 7.9 wt% at
110°C and a miscibility level of 65 wt% at room temperature,
which were both consistent with predicted values.
Conclusions The predicted phase diagram agrees well with the
experimental results for the non-polar components which mainly
interact through dispersion forces, thus facilitating the formulation
design of SDs.

KEY WORDS miscibility . phase diagram . solid dispersion .
solubility

INTRODUCTION

SDs have been proved to be one of the most promising
strategies to enhance the solubility, dissolution and bioavail-
ability of poorly water soluble drugs (1). However, the formu-
lation design of SDs is still a great challenge for pharmaceu-
tical scientists. It has been demonstrated that the solubility of a

crystalline drug in an amorphous polymer and the miscibility
of a drug and a polymer are two key parameters for designing
an optimal formulation (2,3). For a given drug-polymer binary
system, the solubility and miscibility provide an important
basis for the selection of a drug loading, which is related to
the physical stability of SDs. The solubility defines the maxi-
mum drug loading for thermodynamically stable SDs, in
which the drugs exist as molecularly dispersed compounds
and will not undergo phase separation or crystallization dur-
ing storage (4). On the other hand, the miscibility determines
the upper limit of the drug loading for a metastable SD,
because a higher drug loading will lead to spontaneous phase
separation followed by drug crystallization, which would ne-
gate the advantages of SDs (2). Finally, for SDs with a drug
loading between the solubility and miscibility, drugs disperse
as amorphous molecular aggregates in the polymer matrix (5),
and the SDs can maintain their amorphous status both ther-
modynamically and kinetically within a selected period of time
(2). In addition, the glass transition temperature (Tg) is another
critical parameter for SDs. As a demarcation between high
and low molecular mobility, Tg can be used to predict the
physical stability and select the proper storage temperature for
SDs (6). However, it should be noted that the real Tgs of SDs
can be lower than the predicted values due to the moisture
absorption. The water can decrease the Tgs of SDs signifi-
cantly as an plasticizing agent, and cause physical instability
(7). As a result, the humidity must be taken into consideration
when selecting storage conditions for SDs.

The solubility curve, miscibility curve and Tg curve (i.e.,
solubility, miscibility and Tg at different temperatures or
compositions) allow the construction of a temperature-
composition phase diagram, which provides valuable infor-
mation facilitating the formulation design and product
manufacturing of SDs (2,3,8). Consequently, it is highly desir-
able to establish a phase diagram for a drug-polymer binary
system. However, due to the high viscosity of polymers, espe-
cially at temperatures below their Tg, the time required to
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reach solubility equilibrium is rather long, making it a challenge
to determine the drug-polymer solubility and miscibility at a
variety of temperatures (4,9,10). Accordingly, in such cases,
theoretical prediction is favored (11–13). Indeed, it has been
reported that a phase diagram can be obtained by a theoretical
approach according to F-H theory (3,8). In this theory, binodal
and spinodal curves are thermodynamically defined (14,15).
The binodal curve represents the phase boundary, outside of
which a single phase is formed. On the other hand, the spinodal
curve is the limit of metastability. At any point inside the
spinodal curve, a spontaneous phase separation called spinodal
decomposition occurs. This process is barrier-free, and can be
initiated by any small composition fluctuation. While in the
region between these two curves, the drug-polymer system is
metastable, because large fluctuations are needed to overcome
the nucleation barrier to initiate the phase separation. As a
result, the binodal and spinodal curves correspond to the
solubility and miscibility curves respectively. Compared with
the solubility andmiscibility, the determination of Tg is feasible,
and can be performed by a wide range of techniques, such as
differential scanning calorimetry (DSC), and dynamic mechan-
ical analysis (DMA) (16). Moreover, Tg can also be predicted
using equations as a function of composition (16–18).

Although the phase diagrams of SDs have been predicted
theoretically, it is still unclear whether the predicted results
could agree with the practical ones. In order to investigate this
issue, cinnarizine (CIN)-Soluplus® SD prepared using the hot
melt extrusion technique was selected as a model system in
present work. The constructed temperature-composition
phase diagram was evaluated by comparing the predicted
results with the experimental data at a quantitative level. In
addition, the variation in the form of drugs dispersed in
polymers with the increased drug loading as well as the mixing
level of the drug and polymer was also discussed.

MATERIALS AND METHODS

Materials

CIN was purchased from Shanghai Xiandai Hasen Pharma
Ltd. Co. (Shangqiu, China) and used as received. Soluplus®

(polyethylene glycol-polyvinyl caprolactam-polyvinyl acetate
grafted copolymer) was a gift from BASF (Germany) and was
milled before use (finer particles passing through the 100mesh
screen were collected). All other reagents were of analytical
grade. The chemical structures of cinnarizine and Soluplus®

are given in Fig. 1.

Prediction of the Solubility Curve

From a thermodynamic point of view, when the crystalline
drug is in equilibrium with the dissolved drug, a saturated

solution is formed. If the polymer is considered a solvent, then
the solubility of a crystalline drug in a polymer could be
calculated using the SLE equation:

lnxdrug ¼ ΔHfus
RTm

1−
Tm

T

� �
−lnγdrug ð1Þ

Where xdrug is the mole fraction of the dissolved
drug, γdrug is the activity coefficient, ΔHfus is the heat
of melting, R is the gas constant, Tm is the melting
temperature and T is the temperature of the two phases
of drug in equilibrium (19,20).

Apart from the melting temperature and the heat of melt-
ing of the drug which can be obtained by DSC, the activity
coefficient of the drug is required to solve Eq. (1). Estimation
of the activity coefficient of the drug was made on the basis of
the extended Hansen model (20,21):

ln γdrug ¼
Vdrug
RT
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� �2
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þ δdrugh −δ̄h
� �2

� �� 	

þ ln
Vdrug

V̄
þ 1−
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Where V is the molar volume, δ is the Hansen solubility
parameter, δ is the molar volume weighted Hansen solubility
parameter, and Vis the mixture volume. The subscripts d, p,
and h stand for dispersion forces, polar interaction, and hy-
drogen bonding, respectively.

The mixture volume and molar volume weighted Hansen
solubility parameter can be calculated using the following
equations:

δ̄¼
X
k¼1

n

ϕkδk ð3Þ

ϕk ¼
xkVk

V̄
ð4Þ

V̄¼
X
k¼1

n
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Vk ¼ Mk

ρk
ð6Þ
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Where ϕ is the volume fraction, x is the mole fraction, M is
the molecular weight, ρ is the density, and the subscript k
denotes the different components of the mixture.

The parameters needed for calculation of the solubility of
the drug in the polymer at different temperatures are listed in
Table I, and these were determined experimentally or taken
from the literature.

Prediction of the Miscibility Curve

As stated previously, the miscibility curve corresponds to the
spinodal curve, which can be predicted based on the F-H
theory. For a drug-polymer binary system, the Gibbs free
energy of mixing is described by Eq.(7) (3,8):

ΔGmix ¼ RT ϕlnϕ þ 1−ϕ
m

ln 1−ϕð Þ þ χϕ 1‐ϕð Þ
� �

ð7Þ

Where R is the gas constant, T is the absolute temperature,ϕ
is the volume fraction of the drug, m is the number of lattice sites
(defined here as the volume of a drug molecule) occupied by a
polymer chain and χ is the drug-polymer interaction parameter.

The numbers of lattice sites occupied by a polymer chain
and the drug-polymer interaction parameter can be calculat-
ed from Eqs. (8) and (9) respectively:

m ¼ Mpolymer=ρpolymer
Mdrug=ρdrug

ð8Þ

χ ¼ v δdrug−δpolymer

 �2

RT
ð9Þ

Where v is the volume of a lattice site (i.e. volume of the
drug).

The spinodal curve can be found by setting the second
derivative of the free energy to zero and expressed as Eq. (10).

Ts ¼
2v δdrug−δpolymer

 �2

R
⋅

1
1
ϕ

þ 1
m 1−ϕð Þ

ð10Þ

The parameters required for the estimation of the misci-
bility curve (i.e. spinodal curve) are shown in Table I.

Prediction of the Tg Curve

A series of equations have been proposed to estimate the Tg of
a binary system (16–18). In this study, the Fox equation was
used (24).

1

Tg
¼ Wdrug

Tg; drug
þ 1‐Wdrug

Tg; polymer
ð11Þ

Where Wdrug is the weight fraction of the drug.

Preparation of Physical Mixtures

CIN and Soluplus® were weighed accurately and manually
mixed using a mortar and pestle to prepare the physical
mixtures used for the DSC, PXRD, and FTIRmeasurements.
The drug concentrations of the samples were 10, 20, 35, 50,
and 65% w/w.

Preparation of Solid Dispersions

SDs were prepared by the hot melt extrusion technique with
10, 20, 35, 50, and 65%w/wCIN (denoted by SD-10, SD-20,
SD-35, SD-50 and SD-65%). CIN and Soluplus® were
premixed (batch size of 200 g) and fed into the hopper of a
co-rotating twin-screw extruder TE-20 (Coperion Keya Co.,
China). The materials were passed through the entire barrel
consisting of four heated zones, at temperatures of 100, 120,
120 and 120°C from feeder to die. The feeding rate and the
screw rate were both fixed at 3 Hz. The extrudates were
collected after cooling at ambient temperature, milled with a
laboratory cutting mill and stored in a desiccator at room
temperature. The amorphous CIN was also prepared by
melting and subsequent rapid cooling.

DSC Measurements

The DSC measurements were performed using a DSC 1
differential scanning calorimeter (Mettler Toledo, Switzer-
land) equipped with a refrigerated cooling system. Samples

Fig. 1 Chemical structures of
cinnarizine and Soluplus®.
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(approximately 4 mg, accurately weighed) were placed in
hermetically sealed aluminum pans for analysis. A pin hole
was made in the lid to allow the escape of moisture. Nitrogen
at a flow rate of 80 mL/min was used as the purge gas. The
instrument was calibrated for temperature and enthalpy using
indium and zinc standards.

Pure drug and physical mixtures were heated from 25 to
130°C at a heating rate of 10°C /min, and held for 2 min.
The samples were then cooled to −20°C at a cooling rate of
40°C /min, held for 2 min, and then heated again to 130 at
10°C /min. In the case of SDs, the samples were first equili-
brated at −20°C for 2 min, and then heated to 130°C at a
heating rate of 10°C /min.

Powder X-ray Diffraction (PXRD) Analysis

PXRD measurements were performed using a D/Max-2400
X-ray Fluorescence Spectrometer (Rigaku, Japan). A Cu Kα
radiation anode tube was used at 56 kV 182 mA. Samples
were scanned over a 2-theta range of 5–60° at a scan rate of
2°/min.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were obtained on a BRUKER EQUINOX55
FTIR spectrometer using the KBr disk method. The scans
were performed over the wave number region of 4,000–
400 cm−1 at a resolution of 2 cm−1.

Raman Microscopy

Raman spectra of the pure CIN and Soluplus® were recorded
using a Raman microscope (inVia, Renishaw, UK). The
samples were irradiated with a 785 nm laser (laser power
150 mw) at room temperature. Raman mapping was per-
formed on SDs to investigate the spatial distribution of the
drug in SDs in a spectral range from 700 to 1,800 cm−1 in the
StreamLine mode. A 50× objective lens was used and the step
size was 5 μm in both the x and y directions.

Dissolution

The dissolution tests were performed using a paddle appara-
tus (ZRS-8G, Tianda Tianfa, China) according to the ChP
(2010 Edition) at 37±0.5°C and 75 rpm. For CIN, a weak
base, its solubility is dependent on the pH of the local envi-
ronment. Hence the dissolution profiles of CIN-Soluplus®

SDs will be significantly different from each other in dissolu-
tion media with different pH values. Herein, to discriminate
between the dissolution behaviors of different formulations,
several dissolution media of 900 mL with various pH values
were used, including pH 4.5 acetate buffer (0.05 M), pH 6.8
phosphate buffer (0.05 M) and pH 7.6 phosphate buffer
(0.05 M).

Samples equivalent to 25mg drug were transferred into the
dissolution vessel. 5 mL of dissolution samples were with-
drawn at predetermined intervals, and passed through a
0.45 μm filter. The concentrations of CIN were subsequently
quantified using a UV-photometer at a maximumwavelength
of 253 nm. Analyses was carried out in triplicate. In addition,
the particle size of the extrudates and the amorphous CIN
used for the dissolution tests was in the range of 150–200 μm
to allow comparison of the dissolution profiles of different
formulations.

RESULTS

Construction of the Phase Diagram

As shown in Fig. 2, the temperature-composition phase dia-
gram of CIN-Soluplus® SD was theoretically constructed
based on the aforementionedmethods, including the solubility
curve, miscibility curve and Tg curve. The SDs in the region
below the solubility curve are thermodynamically stable with-
out the risk of phase separation or crystallization. However,
for those above the miscibility curve, spontaneous phase sep-
aration will occur. The metastable region between the solu-
bility andmiscibility curves is divided into Zone I and II by the

Table I Data used for Calculation of the Solubility and Activity Coefficient of CIN

Substance M (g/mol) Density (g/cm3) Heat of Melting (J/mol) Molar volume (cm3/mol) Melting point (K) Solubility parametersd (Mpa1/2)

δd δp δh δ

CIN 368.52 1.13a 37670.11b 326.12d 391.4b 20.35 5.4 5.75 21.8

Soluplus®c 118,000 1.20 – 98,333 – 17.4 0.3 8.6 19.4

a Taken from the literature [22]
b Experimentally determined using DSC
cData on Soluplus® were taken from the literature [20]
d Solubility parameters and molar volume of CIN were calculated as described in the literature [23]

Theoretical Prediction of a Phase Diagram for Solid Dispersions 843



Tg curve, and Zone I shares the potential to enhance both the
drug loading and stability of SDs.

It can be seen from the phase diagram that the solubility
and miscibility both increase with increasing the temperature,
while Tg decreases with an increase in the drug weight frac-
tion. According to the phase diagram, the solubility of CIN in
Soluplus® is 0.1 wt% at 25°C and 6.3 wt% at 110°C, and the
miscibility of CIN and Soluplus® is 65 wt% at 25°C. The
predicted results indicate that CIN and Soluplus® could hard-
ly form a solid solution and the maximum drug loading of SDs
can not exceed 65 wt% at room temperature.

Solubility Measured by DSC

To verify the predicted solubility above, the solubility of CIN
in Soluplus® was determined experimentally. The quantita-
tive determination of the solubility of a crystalline drug in a
polymer using DSC is based on the fact that a drug dissolved
in the polymer will not be responsible for the enthalpy of
fusion. Therefore, the solubility of a drug in a polymer can
be estimated by plotting the enthalpy of fusion versus the drug
concentration and making the extrapolation to zero enthalpy
of fusion (25). DSC scans of the first heating run of CIN-
Soluplus® physical mixtures with different drug concentra-
tions are shown in Fig. 3. Each of the samples exhibited a
single endothermic peak with a melting point (onset temper-
ature) of 110°C. The enthalpy of fusion was plotted versus
drug concentration and the regression equation was obtained
using a linear regression model to fit the data (Fig. 4):

ΔH ¼ 1:00W–7:93 r ¼ 0:9985ð Þ ð12Þ

Where ΔH is the enthalpy of fusion, W is the weight
fraction of CIN and r is the correlation coefficient of the
regression line.

By extrapolating to zero enthalpy of fusion in Eq. (12), the
solubility of CIN in Soluplus® was 7.9 wt%, calculated as the
x-intercept of the regression line. It is worth noting that the
solubility value provided here is that at the melting tempera-
ture of the drug (110°C) rather than at room temperature.
Consequently, it could be assumed that the theoretically cal-
culated solubility (6.3 wt%) is comparable with the measured
one (7.9 wt%). Meanwhile, it was also demonstrated that for
the CIN-Soluplus® system, the SLE equation can be used for
estimation of the solubility curve.

Determination and Analysis of the Tg

CIN-Soluplus® SDs were formed after melting and rapid
cooling of the physical mixtures using DSC as described in
the DSC Measurements section. A second heating run was
subsequently carried out to determine the Tg of SDs and the
thermograms are presented in Fig. 5. All the SDs formed in

Fig. 2 Temperature–composition phase diagram predicted for the CIN-
Soluplus® system.

Fig. 3 DSC thermograms of the first heating run for CIN/Soluplus®mixtures
with 10, 20, 35, 50, and 65% w/w CIN from top to bottom.

Fig. 4 Experimentally determined enthalpy of fusion as a function of the CIN
concentration.

844 Tian et al.



pans were amorphous exhibiting a single composition-
dependent Tg between those of the two neat components
except the sample with a CIN weight fraction of 65%, which
also displayed a weak endothermic peak corresponding to the
melting of crystalline CIN. Thermograms of the pure drug
after the first and second heating are also shown in Fig. 6. The
pure drug displayed a single melting point of 118.4°C during
the first heating cycle, while during the second heating cycle,
DSC scans of CIN revealed a Tg at 6°C. This was followed by
an exothermic event in the range of 54~84°C and an endo-
thermic peak at 115.2°C, due to the recrystallization of amor-
phous CIN and the melting of recrystallized CIN, respective-
ly. DSC measurement was also performed on Soluplus®,
which showed a Tg at 73°C.

Figure 7 shows the Tg of SDs determined using DSC
together with the predicted Tg curve from the Fox equation.
The Tgs of CIN and Soluplus® required for application of the
Fox equation are 6 and 73°C respectively. By comparing the
determined and predicted Tgs in Fig. 7, it can be seen that

when the drug loadings are no more than 35 wt%, the
experimental data fit the predicted ones well, while for higher
drug loadings, a negative deviation was observed.

Determination of the Miscibility of CIN and Soluplus®

Compared with solubility and Tg, determination of the mis-
cibility at a quantitative level is more challenging. So far there
is no literature report of the direct experimental measurement
of the miscibility of a drug and a polymer. As mentioned
above, spontaneous phase separation takes place when the
drug loading of SDs is higher than the miscibility at a certain
temperature. Based on this theory, CIN-Soluplus® SDs with a
series of drug loadings were prepared by hot melt extrusion,
and the drug loading above which spontaneous phase separa-
tion occurred was investigated. By this means, the miscibility
of CIN and Soluplus® was achieved.

In order to explore the phase separation, DSC measure-
ments were first taken with freshly prepared SDs and the
results are shown in Fig. 8. Division of the five thermograms

Fig. 5 DSC thermograms of Soluplus® and the second heating run for CIN/
Soluplus® mixtures with 10, 20, 35, 50, and 65% w/w CIN. Arrows
represent glass transition events.

Fig. 6 DSC thermograms of the pure CIN after the first (a) and the second
heating run (b).

Fig. 7 Compositional variation of the Tg for CIN/Soluplus® system exper-
imentally determined or predicted by the Fox equation.

Fig. 8 DSC thermograms of CIN-Soluplus® SDs with 10, 20, 35, 50, and
65% w/w CIN. Arrows represent glass transition events.
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into two groups may be expected at first sight, because SD-10
and SD-20% presented only a single Tg. However, obvious
endothermic peaks attributed to themelting of crystalline CIN
were observed in SDs with higher drug loadings and the
enthalpy of fusion rose with the increased drug loading. This
appeared to indicate that a 35 wt% drug loading may be a
critical value above which CINmolecules can crystallize out of
the amorphous SDs, resulting in a spontaneous phase separa-
tion. However, PXRD results of SDs contradicted this as-
sumption. It can been seen from Fig. 9 that the PXRD pattern
of unprocessed CIN exhibits sharp Bragg peaks, characteristic
of a crystalline material. In contrast, the diffractograms of
Soluplus® and all SDs present only a diffuse halo with no
Bragg peaks, characteristic of a PXRD amorphous system.
This disagreement between DSC and PXRD led to a further
examination of DSC thermograms. As a result, a broad exo-
thermic peak was observed in SD-50 and SD-65% over the
temperature range of 74~102 and 50~89°C respectively.
This exotherm is located between the Tg and the melting
endotherm, and can be attributed to the recrystallization of
amorphous CIN. Subsequently, the amount of crystallized
CIN contained in SDs expressed as a percentage of the total
CIN was calculated from the enthalpies of recrystallization
and fusion before and after the DSC scan. The results shown
in Table II revealed a 6% crystallization for SD-65% after the
DSC scan, together with a 1% crystallization that originally
existed in freshly prepared SD and could not be detected by
PXRD because of its extremely low concentration. It also
indicated that 5% of CIN recrystallized during the DSC scan
for SD-65% due to the heat. While for SD-50%, 4% crystal-
lization was obtained, totally produced by recrystallization. In
addition, the DSC thermogram of SD-35% displayed only a
melting endothermic peak corresponding to a crystallization
of 1%. Considering the detection limit of DSC, it was assumed
that the exothermic peak of SD-35% was too weak to be
detected, and the recrystallization was completely responsible
for the crystallized CIN. Combining the DSC and PXRD
results, it can be demonstrated that all the SDs were

amorphous except SD-65%, which contained an extremely
low level of crystalline CIN, a sign of spontaneous phase
separation. Based on these results, it appeared that the misci-
bility of CIN and Soluplus® is no more than 65 wt% at room
temperature.

Dissolution Behavior of SDs

According to the analysis above, it can be seen that the
miscibility experimentally determined is in agreement with
that predicted by the phase diagram, which presented data
of 65 wt% at 25°C. To further confirm the conclusion pro-
vided byDSC and PXRD, dissolution studies were performed
on SDs. It is reasonable to assume that the dissolution behav-
ior of SD-65% would be quite distinct from that of the others
under certain dissolution conditions, if they really fall into
different areas of the phase diagram. In fact, dissolution tests
were first performed in 0.1 mol/L HCl (pH 1.0). It was found
that the dissolution profiles of all SDs were no different from
that of the pure crystalline CIN, because they all displayed
complete dissolution at 15min (data not shown). This is due to
the very high solubility of CIN at pH 1.0 (solubility of CIN at
pH 1.1 is 1.5 mg/mL (26)). So, dissolution tests were then
conducted at a higher pH. The dissolution profiles of SDs in
pH 4.5 acetate buffer were shown in Fig. 10a. For compari-
son, dissolution profiles of the crystalline and amorphous CIN
were also given. It can be seen that dissolution rate of the
amorphous CIN was enhanced compared with its crystalline
counterpart, but it was still much slower than that of the SDs.
The results also reveal that all SDs shared similar dissolution
profiles except SD-65%, which demonstrated a much slower
dissolution rate. This marked difference in dissolution be-
tween SD-65% and other SDs indicates that qualitative
changes occurred to the form of the drug dispersed in SDs
when the drug loading reached a level of 65 wt%. These
results support the inference mentioned above, and agree with
the predicted miscibility level at 25°C.

It has been shown that SD-65% is different from others
with lower drug loadings, both in the form of drug dispersed in
SDs and the dissolution behavior. Then one question deserv-
ing consideration is whether there is any difference in the
dissolution behavior of SDs with drug loadings from 10 to
50%, although they are all amorphous. To investigate this
issue, dissolution profiles were determined in pH 6.8 phos-
phate buffer first. The results obtained (Fig. 10b) showed that

Fig. 9 PXRD patterns of CIN (a), Soluplus® (b), SD-10% (c), SD-20% (d),
SD-35% (e), SD-50% (f), and SD-65% (f).

Table II Concentrations of Crystalline CIN for SD-35, SD-50 and SD-65%
Before and After the DSC Scans

Crystalline CIN (%) SD-35% SD-50% SD-65%

Before the DSC scans 0 0 1

After the DSC scans 1 4 6
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SD-10 and SD-20% shared similar dissolution profiles under
this condition. They both achieved a maximum dissolution of
nearly 50% at 45 min, then followed by a rapid reduction in
drug concentration. This phenomenon could be attributed to
the high degree of supersaturation and precipitation of CIN,
considering the very low solubility of CIN in the dissolution
medium (solubility of CIN at pH 6.7 is 2.2 mg/L (26)).
Compared with SD-10 and SD-20, SD-35% displayed an
obvious decrease both in the rate and extent of dissolution.
A maximum dissolution of about 30% was reached at 60 min,
and then the concentration of CIN decreased slowly due to a
low degree of supersaturation. In addition, under the dissolu-
tion testing conditions used, SD-50% exhibited the slowest
dissolution rate and no decline in drug concentration was
observed. Subsequently, dissolution tests were carried out in
pH 7.6 phosphate buffer using SD-10 and SD-20%. As shown
in Fig. 10c, fluctuating and irregular dissolution profiles were
observed for both, because CIN was insoluble in pH 7.6
medium. Also, during the whole dissolution process, SD-
10% maintained a higher extent of dissolution than SD-20%.

It can be seen from the dissolution studies that drug loading
is a critical factor, which could directly affect the dissolution
profiles of SDs. It is worth noting that for SDs with different
drug loadings, a fully amorphous state is no guarantee of
similar dissolution behavior. Drug would be released more
easily from those with lower drug loadings.

FTIR Characterization

Possible interactions between CIN and Soluplus® in SDs were
investigated by FTIR, as shown in Fig. 11. The spectrum of
the physical mixture containing 20 wt% CIN showed a com-
bination of pure CIN and pure Soluplus® with the same drug-
polymer weight ratio. The spectrum of SD-20%was similar to
that of the corresponding physical mixture except that some
peaks arising from CIN became broader and merged to a
large extent, indicating that CIN dispersed in SDs in amor-
phous form. Due to a lack of significant changes in wavenum-
ber or relative intensity of peaks in SD-20%, it could be
assumed that no specific interactions, such as hydrogen bond-
ing, were exhibited by CIN and Soluplus®.

DISCUSSION

Evaluation of the Predicted Phase Diagram

The solubility at 110°C and miscibility at 25°C of CIN in
Soluplus® experimentally determined were 6.3 and 65 wt%
respectively, both in good agreement with those provided by
the phase diagram. Indeed, for the purpose of justifying the
solubility at 25°C shown in the phase diagram (0.1 wt%), SD

with a drug loading of 5 wt% (SD-5%) was prepared by hot
melt extrusion. Assuming that if the drug loading does not
exceed the solubility of the drug in the polymer, the SD would
be thermodynamically stable and retain its properties in any
circumstances, dissolution tests were performed on SD-5% in
pH 4.5 acetate buffer before and after exposure to 40°C and
75% relative humidity for 30 days. However, it was found that
the rate and extent of dissolution decreased significantly after
treatment (data not shown), indicating a thermodynamically
unstable system for SD-5%. This demonstrated a low solubil-
ity of CIN in Soluplus®, at least no more than 5 wt%, thereby
supporting the conclusion drawn from the phase diagram.
Based on the results presented above, it can be assumed that
information provided by the phase diagram agrees with the
actual findings. So it is essential to explore the reasons for this,
namely the applicability of the theories.

In the present work, the solubility curve was generated by
the SLE equation, which needs information about the drug
activity coefficient. Further, the F-H interaction parameter is
required for calculation of the activity coefficient (11,12). In
addition, the F-H theory was used to determine the miscibility
curve. According to this theory, the free energy of mixing is
proposed to determine the miscibility of two species. It consists
of two parts: entropy of mixing and enthalpy of mixing. The
former always favours mixing, but the later can either pro-
mote or inhibit mixing. Generally, the entropy contribution to
the free energy term is considered small and relatively con-
stant, because the number of possible configurations of poly-
mers is significantly reduced due to their large molecular
weights. As a result, the enthalpic interactions determine
whether the binary system is miscible or not. Similar to the
activity coefficient, the enthalpic interactions also mainly de-
pend on the interaction parameter. Consequently, the reli-
ability of the phase diagram relies heavily on the accuracy of
the interaction parameter.

According to literature reports, the melting point depres-
sion and solubility parameter are two methods widely used to
estimate the interaction parameter for a drug-polymer system
(11,27). However, each method has its own limitations. It has
been reported that complications can arise if experimentally
determined melting point depression data is used to calculate
the interaction parameter, because the melting point depres-
sion approach was developed from equilibrium conditions
(28). As a result, some measures were taken, such as reducing
the particle size of materials and the scan rate of DSC, to
maintain the phase equilibrium during heating (4). Usually,
the samples should be subjected to high energy milling to
provide sufficient physical interaction between the drug and
polymer, and also, a very low heating rate (1°C/min or even
lower) is required to obtain the “true” melting point. Com-
pared with melting point depression, the solubility parameter
approach is simple and time-saving, because only a calcula-
tion based on the group contribution method is needed to
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estimate the interaction parameter. However, this method is
not applicable to systems that present specific interactions

between the drug and polymer. In this work, the solubility
parameter method was applied to calculate the interaction

Fig. 10 Dissolution profiles of SD-
10, SD-20, SD-35, SD-50 and SD-
65% at pH 4.5 (a); Dissolution
profiles of SD-10, SD-20, SD-35,
and SD-50% at pH 6.8 (b);
Dissolution profiles of SD-10 and
SD-20% at pH 7.6 (c). Each point
represents mean ± SD, n=3.

848 Tian et al.



parameter. Since the FTIR results have demonstrated the
absence of specific interactions between CIN and Soluplus®,
the solubility parameter method is suitable for this system. As
a result, an interaction parameter in accordance with the
practical situation was generated, leading to an acceptable
phase diagram.

Forms of the Drug in Amorphous SDs

Generally, drugs can exist in polymers as molecular, amor-
phous or crystalline forms, depending on their solubility and
miscibility in polymers and the drug loading of SDs. Here the
amorphous form is defined as the agglomeration of drug
molecules with disordered packing. The SDs would be ther-
modynamically stable when the drug is dispersed in a molec-
ular or crystalline form. However, the amorphous form can
generate a thermodynamically metastable system, which tends
to crystallize. In practical terms, drugs can exist as a combi-
nation of two or three of these forms. Compared with the
crystalline form, which can be identified readily by DSC or
PXRD, it is difficult to distinguish between the molecular and
amorphous forms, because they are both characterized by a
non-crystalline state. Nevertheless, the solubility of a drug in a
polymer is always too low to satisfy the dose requirement. So it
is essential to investigate the properties of SDs with higher
drug loadings.

The above studies have revealed an extremely low solubil-
ity (0.1 wt%) of CIN in Soluplus® at room temperature, so the
drug molecules should not be dispersed uniformly throughout
the SDs. To probing the spatial distribution of CIN in SDs,
ramanmapping was performed, and the results were shown in
Fig. 12 presented in terms of peak intensity of CIN around

1,000 cm−1. As expected, it can be seen from these images that
the drug distributed unevenly in all SDs to form drug-rich
(red) and polymer-rich (dark blue) regions, leading to
amorphous-amorphous phase separation. Moreover, the
phase separated regions grew larger progressively with in-
creased drug loading. These findings can explain the results
of DSC. For SD-10 and SD-20% possessing low drug load-
ings, the size of drug-rich regions was small and the local drug
concentration in these regions was relatively low. As a result,
neither SD-10 nor SD-20% exhibited exothermic crystalliza-
tion peak during the DSC scans. When the drug loading was
increased to 35 wt%, the size of drug-rich regions increased
significantly (Fig. 12d), indicating enhanced phase separation.
The local drug concentration in these drug-rich regions
should reach a critical value, because recrystallization oc-
curred during the DSC heating, although the exothermic
peak was not observed. For SD-50 and 65%, the drug loading
was increased further, leading to drug-rich regions with larger
dimensions. Due to the high drug concentration in these drug-
rich regions, recrystallization could take place easily during
the DSC scans, as reflected by the obvious exothermic crys-
tallization peak. In addition, more information can be obtain-
ed from the recrystallization temperature range of SD-50 and
SD-65%. As shown in Figs. 6 and 8, the recrystallization
temperature range of SD-50% (74~102°C) was higher than
that of the pure amorphous CIN (54~84°C). This indicates
that some polymers still remained in drug-rich regions of SD-
50%, which could hinder the recrystallization of drug mole-
cules to some extent. In contrast, the recrystallization temper-
ature range of SD-65% (50~89°C) was similar to that of the
pure amorphous CIN. This strongly suggests that drug-rich
regions in SD-65% have completely phase separated, and

Fig. 11 FTIR spectra of CIN, Soluplus®, CIN/Soluplus® mixtures with 20 w/w CIN, and SD-20% from top to bottom.
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pure amorphous drug domains without any polymers have
been generated. In addition, the raman data also indicate that
dissolution of SDs is correlated with the forms of the drug in
SDs. As shown in this study, phase separation has an adverse
effect on the dissolution of SDs. Those possessing drug-rich
regions with large dimension and high local drug concentra-
tion will show poor dissolution.

Mixing Level between CIN and Soluplus®

It has been widely reported that the Tg of a mixture can be
related to the Tgs of its components by some equations (6).
The relationship between the Tg and composition can reflect
interactions or the mixing level of a drug-polymer system. It is
assumed that the goodness of fit of the experimental data to
the equation indicates an ideal mixing of two components.
However, deviations from ideal behavior can always be ob-
served and explained by differences in the strength of inter-
molecular interactions between individual components and
those of the blend. Usually, the presence of strong interactions
between the drug and polymer will lead to a positive deviation
(i.e. the Tg measured is higher than the predicted value), and a
negative deviation can occur when the drug and polymer bind
less strongly to each other than to themselves (29). For the
CIN-Soluplus® system, due to the absence of a specific drug-
polymer interaction revealed by FTIR, and a positive inter-
action parameter (0.76) calculated from the solubility

parameter, it can be inferred that drug-drug interactions
are stronger than that of the drug-polymer. Hence,
negative deviations should be generated. However, as
shown in Fig. 7, ideal behavior was observed for the
CIN-Soluplus® mixture with a drug weight fraction no
more than 35%, suggesting that the drug was uniformly
dispersed throughout the blend to produce mixing at a
molecular level. This disagreement suggests that the
observed ideal mixing is a result of the solid solution
formed at a high temperature and kinetically frozen
during the cooling process, rather than a thermodynam-
ic equilibrium. If this is the case, increasing the ratio of
the drug in mixtures would lead to a self-association of
drug molecules, due to stronger interactions between
them and decreased concentrations of the polymer,
and as a result, negative deviations could be observed.
As can be seen from Fig. 7, the systems with a drug
weight fraction of 50 and 65% both displayed negative
deviations, and even a weak endothermic peak appeared
at the temperature corresponding to the melting of
crystalline CIN for the sample with a 65% drug weight
fraction (Fig. 5), although it is unclear whether they
were generated during the cooling process or caused
by recrystallization in the second heating circle. These
results suggest the influence of interactions between the
drug and polymer on the mixing level of these two
components.

Fig. 12 Raman spectra of pure (a) CIN and (b) Soluplus (a), and XY raman mapping of SD-10% (b), SD-20% (c), SD-35% (d), SD-50% (e) and SD-65% (f).
Color bars indicate the intensity of CIN characteristic peak (~1,000 cm−1). Red color represents higher concentration of CIN.
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CONCLUSION

This work shows how to construct a phase diagram of SDs
using a theoretical approach, according to the SLE equation,
the F-H theory and the Fox equation. Using CIN-Soluplus®

SD as a model system, the predicted phase diagram was
evaluated by comparing the solubility, miscibility and Tg

experimentally determined with those predicted by the phase
diagram. It was found that the key to the reliability of the
phase diagram depends on the accuracy of the interaction
parameter, and also, it is reasonable to estimate the interac-
tion parameter using the solubility parameter approach for
non-polar mixtures interacting mainly by dispersion forces.
The interaction parameter can determine the intermolecular
interactions between the drug and polymer, thus markedly
influencing the mixing level between the drug and polymer. It
should be emphasized that a fully amorphous state is no
guarantee of similar properties for SDs. The forms of the drug
dispersed in polymers and the dissolution behavior could be
significantly different for SDs possessing completely an amor-
phous state but different drug loadings. In addition, the ap-
pearance of crystalline drugmight adversely affect SDs in spite
of an extremely low concentration.
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