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Abstract
Amorphous solid dispersion (ASD) has been well known as a potential strategy to improve the bioavailability and dissolution 
performance of poorly water-soluble drugs. The primary concern of this approach is the long-term stability of the amorphous 
drug in the solid dispersion. Accurate prediction and detection of the solubility and miscibility of drug in polymeric binary 
system will be a milestone to the development of ASDs. In this investigation, a method based on Flory–Huggins (F–H) 
theory was proposed to predict and calculate the solubility and miscibility of the drug in polymeric matrix and construct 
the phase diagram to identify the relevance between drug loading and temperature for ASDs development. Indomethacin 
(Indo) was chosen as the model drug, and polyvinyl pyrrolidone vinyl acetate (Kollidon® VA 64) was used as a polymeric 
carrier for the ASD systems. Physical mixtures were prepared with different drug loadings (10 to 90%) and analyzed by dif-
ferential scanning calorimetry (DSC). The interaction parameter χ was calculated for physical mixtures by the melting point 
depression and solubility parameter contribution methods. The phase diagram was constructed to investigate the impact of 
other parameters like drug loading, processing temperature, and Gibbs free energy of mixing (ΔGmix). For further validation, 
formulations were developed using HME to verify the accuracy of the phase diagram and to guide in the hot-melt extrusion 
(HME) process design space and optimization.

KEY WORDS flory–huggins theory · amorphous solid dispersions · melting point depression · hot-melt extrusion · phase 
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INTRODUCTION

In recent decades, developing amorphous solid dispersions 
has become an attractive strategy for improving compound 
solubility, dissolution rate, and oral bioavailability (1–4). 
The drug aqueous solubility can be significantly increased 
once combined into a dispersed system compared to its crys-
talline form. However, the Gibbs free energy is higher for the 
amorphous state than the crystalline state, so the amorphous 

drugs usually have long-term stability concerns and chal-
lenges because of the quick recrystallization tendency dur-
ing processing and storage (5–7). There are many ways to 
improve the stability of the amorphous drugs, such as select-
ing proper polymeric carriers and proper drug loading for 
the formulation, allowing the drug to disperse into the poly-
meric matrix, and forming a stable amorphous solid disper-
sion (8). Therefore, there is an urgency to develop a method 
to select the suitable polymer and the optimum drug loading 
that could help the stabilization of the ASD formulation (7).

Even though ASD can help improve the solubility of 
poorly water-soluble drugs, the selection of polymer type 
is essential to stabilize the high-energy nature of ASD. The 
miscibility of a drug and a polymer system is essential since 
the specific interaction between the drug and polymer is 
critical for the stability of the ASD system. Another criti-
cal factor that needs to be considered when producing ASD 

Advancements in Amorphous Solid Dispersions to Improve Bioavailability 

 * Michael A. Repka 
 marepka@olemiss.edu

1 Department of Pharmaceutics and Drug Delivery, School 
of Pharmacy, The University of Mississippi, University, 
MS 38677, USA

2 Pii Center for Pharmaceutical Technology, University 
of Mississippi, University, MS 38677, USA

/ Published online: 17 June 2022

http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-022-02319-4&domain=pdf


AAPS PharmSciTech (2022) 23: 169

1 3

formulation is the amount of drug loading integrated into the 
polymeric matrix. High drug loading can cause instability 
of the dispersion system and further recrystallization, which 
leads to solubility reduction (9).

Developing a one-phase drug-polymer binary system 
requires the two components (drug and polymer) to be ther-
modynamically miscible; also, the process parameters need 
to be optimized during this production (10). The most com-
mon methods to prepare ASDs are hot-melt extrusion (heat-
based) and spray drying (solvent-based) in the pharmaceuti-
cal industry (3). Furthermore, since the preparation of ASDs 
may occur at non-ambient temperatures or in the presence of 
organic solvents, disturbance of the system during operation 
can guide a dynamic system that re-equilibrates after pro-
cessing (11). A more relevant and logical approach would be 
beneficial to comprehend the miscibility degree of a drug in 
a polymeric matrix as a function of temperature and how this 
might be connected to the molecular structure and physical 
characteristics of the drug-polymer combination. (12, 13). 
It would be contributory in identifying better drug-polymer 
compositions that form strong interactions between them 
by implementing simple experimental methods. The con-
struction of a phase diagram could guide the selection of 
ideal drug loading and optimize processing conditions to 
maximize the stability of the ASD formulation (11, 14, 15).

HME has been extensively explored as one of the devel-
opment strategies for preparing ASDs, which improves the 
solubility and bioavailability of poorly water-soluble drugs 
(BCS class II and class IV). HME provides several advan-
tages compared to the solvent-based method for thermally 
stable materials, including an eco-friendly, solvent-free, 
low-cost, continuous, and accessible processing method 
(2). HME is an application that combines mixing, melting, 
softening, and conveying simultaneously. The optimization 
of the HME process in the pharmaceutical area has been 
investigated by formulation development, process param-
eters, and other factors (2, 7).

In the present study, the melting point depression method 
was evaluated using DSC measurements based on the 
Flory–Huggins (F–H) theory, in which the F–H interaction 
parameter (χ) could be determined from the mixture of dif-
ferent combinations of drug and polymer system (12, 16, 
17). Recent studies reported that χ is not only drug loading-
dependent but also temperature-dependent (18–20). Gibbs 
free energy of mixing (ΔGmix) was not favorable when χ 
was positive, indicating immiscibility between the drug-pol-
ymer system. Conversely, when χ had a negative or slightly 
positive value, the ΔGmix was negative, implying that the 
drug and polymer system was miscible. This research will 
allow for a better understanding of F–H interaction theory 
for drug-polymer miscibility suggestions during process-
ing and the choice and loading limit of the drug and poly-
meric carrier. This research aimed to build and construct 

the phase diagrams that can provide thermodynamics infor-
mation through different processing conditions, including 
the relationship between drug loading, temperature, and 
phase transitions and separation. This binary phase diagram 
allows predicting the solubility and miscibility of different 
drug-polymer systems (16, 18). Building phase diagrams 
that significantly correlate with experimental measurements 
and product states would benefit formulation development 
studies (13, 14).

The acquired data will guide the HME design space map 
for extruded ASDs preparation. Additionally, the study 
aimed at providing a logical and reasonable discussion on 
how this phase diagram can be used to evaluate the appropri-
ate drug for the ASD system (21, 22) and also validated the 
prediction from the phase diagram by executing the HME 
based on the suggested information and utilized phase dia-
gram validation to evaluate the stability analysis. The model 
drug selected in this investigation was indomethacin (Indo), 
a BCS class II (low solubility, high permeability) compound, 
and Kollidon® VA 64 was chosen as a polymeric carrier 
for ASDs.

MATERIALS AND METHODS

Materials

Indomethacin was purchased from TCI (Tokyo Chemical 
Industry Co., Ltd., Tokyo, Japan); Kollidon® VA 64 grade 
was gifted from BASF (Florham Park, NJ, USA). The chem-
ical structure of the indomethacin and Kollidon® VA 64 are 
shown in Fig. 1.

Sample Preparation

Indomethacin and Kollidon® VA 64 were stored in a vac-
uum drying oven at 40 °C, 200 mbar at least 2 days before 
further investigation. Then, different drug loadings 10, 20, 
30, 40, 50, 60, 70, 80, and 90% (w/w) were mixed with Kol-
lidon® VA 64 using MaxiBlend™ blender (GlobePharma 
Inc., New Brunswick, NJ, USA) at 30 RPM for 10 min to 
ensure an even distribution of chemicals (total weight 10.0 g 
per batch).

Drug and Polymer Thermal Stability Analysis

DSC and TGA tests were performed to verify the drug and 
polymer thermal stability and provide information about 
their physical state and thermal behavior for future analy-
sis. For the DSC test, TA DSC 25 (TA Instruments, New 
Castle, DE, USA) was used in this research. Around 5 mg 
of each drug/polymer physical mixture with different drug 
loading was packed into a Tzero hermetic aluminum pan (TA 
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Instruments, Waters, LLC, USA) with a lid. A pinhole was 
made into the lid to allow the moisture to escape. DSC was 
conducted at a heating rate of 10 °C/min from 0 to 200 °C. 
For the TGA test, approximately 5–10 mg drug/polymer 
were placed in a platinum pan with a heating rate of 10 °C/
min from 25 to 200 °C to check the sample weight loss with 
the heating flow. Nitrogen was used as the purge gas for 
both tests.

Glass Forming Abilities (GFA)

GFA is a classification system based on drugs recrystalliza-
tion behavior during DSC heat-cool-heat cycles. GFA class 
1 defines drugs that will recrystallize at a cooling section 
with a cooling rate of 20 °C/min; GFA class 2 includes drugs 
that will recrystallize at the 2nd heating ramp with the heat-
ing rate of 10 °C/min, while class 3 drugs will not recrystal-
lize either at a 20 °C/min cooling rate or at the 10 °C/min 
2nd heating ramp (23, 24). This GFA classification system 
allows for more understanding about the glass-forming 
behavior of drugs and guides to make better decisions of the 
suitable drug for ASD development with long-term stability.

Melting Point Depression (MPD) Method

Modulated DSC (MDSC) was used for the MPD method, 
where nitrogen was used as the purge gas. The modula-
tion amplitude applied over the entire method was 1 °C 
every 60 s for the mixtures of Indo and Kollidon® VA 
64. Around 5 mg sample was packed into a Tzero pan (TA 
Instruments, Waters, LLC, USA) with a lid. A pinhole was 
made in the lid to allow the moisture to escape. An ini-
tial drying step with a heating rate of 10 °C/min to 80 °C 
was used to remove residual moisture from the system 
before the heat-cool-heat cycle since the moisture could 
interfere with the DSC heat flow measurements. DSC was 
set up after the initial heat cycle to equilibrate at 0 °C for 
5 min. Melting depression experiments were conducted at 
a heating rate of 2 °C/min from 0 to 200 °C and allowed 
to re-equilibrate for 5 min to make sure the compound and 

polymer are totally melted, followed by a jump cooling 
step to 0 °C and then isothermal step for 5 min again. The 
DSC pans were then reheated at 2 °C/min to 200 °C. The 
start point of the endothermic melting peak (Tm onset) was 
computed by the Trios software (TA Instruments, Waters, 
LLC, USA) and used for the calculation in this research.

This heat-cool-heat cycle was performed as mentioned 
above to identify the Tm and Tg of drug-polymer solid dis-
persion. Tm was estimated from the 1st heating ramp and 
the Tg from the 2nd heating ramp. This Tg value repre-
sented the neat Tg of freshly prepared ASDs when only a 
single Tg appeared in this section.

Theoretical Considerations

From the Gordon-Taylor (G-T) equations (Eqs. 1, and 2), 
if the drug-polymer are miscible, there should only be a 
single Tg for this binary system, and this Tg value can be 
predicted by the equation below:

where, Tgmix, Tg1, and Tg2 are the glass transition tem-
perature of ASDs, pure drug, and pure polymer, respec-
tively; w1 and w2 are the drug and polymer weight fraction, 
respectively; ρ1 and ρ2 are the drug and polymer density, 
respectively; and K is the adjustable fitting parameter cal-
culated by drug and polymer densities and Tg.

According to F–H theory, the change in Gibbs free 
energy of mixing for drug-polymer binary solid disper-
sions can be described as below (Eq. 3):

where ΔGmix , ΔHmix , and ΔSmix are the change in Gibbs 
free energy of mixing, enthalpy, and entropy and T repre-
sents temperature in kelvin.

(1)Tgmix =
(w

1
Tg1 + Kw

2
Tg2)

(w
1
+ Kw

2
)

(2)K = �
1
Tg1∕�2Tg2

(3)ΔGmix = ΔHmix − T ∗ ΔSmix

Fig. 1  Chemical structure of a 
indomethacin and b Kollidon® 
VA 64
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Then, Gibbs free energy of mixing can be calculated by 
F − H drug-polymer interaction parameter, χ as shown in 
Eq. 4.

where φ and 1-φ are the volume fraction of drug and 
polymer, respectively. χ is the F–H interaction parameter, R 
is the molar gas constant, T is the temperature in kelvin, m is 
the ratio of the volume of a polymer chain to drug molecular 
volume, and it can be calculated by Eq. 5:

Mw1 and Mw2 are the molecular weights of drug and poly-
mer, respectively, and ρ1 and ρ2 are the densities of drug 
and polymer. ΔGmix can be calculated by Eq. 4 at a speci-
fied temperature and the corresponding interaction param-
eter. MPD DSC data from the different compositions can be 
used to predict the interaction parameter using the following 
equation (Eq. 6):

where Tm and Tm0 are the melting points of the drug 
crystal in the drug/polymer physical mixture and the pure 
drug, respectively, and ΔH is the heat of fusion of the drug. 
It should be noted that the interaction parameter χ is not 
constant but temperature- and composition-dependent. To 
develop a phase diagram to accommodate temperature varia-
tion, it defines the temperature dependence of the F–H inter-
action parameter χ as shown in Eq. 7 below:

where A is the value of the temperature-independent term 
for entropic contribution and B is the value of the tempera-
ture-dependent term for enthalpy contribution; the relation-
ship has been simplified as this equation and has proven to 
be sufficient in many drug-polymer systems exhibiting an 
upper critical solution temperature (UCST). The first-order 
relationship between χ and 1/T has been used to extrapo-
late the value of χ for drug-polymer binary systems outside 
experimental temperatures. In this study, we have employed 
this equation that relates χ to temperature and used this to 
identify F–H constants A and B. Suppose the relationship 
between χ and T within a given temperature range can be 
determined for specific drug-polymer binary systems. In 
that case, ΔGmix versus composition and temperature may 
be constructed by combining Eqs. 4, 6, and 7. Furthermore, 

(4)
ΔGmix

RT
= φlnφ +

(1 − φ)

m
ln(1 − φ) + φ(1 − φ)χ

(5)m =

MW2

�
2

Mw1

�
1

=
MW2

∗ �
1

Mw1 ∗ �
2

(6)

1

Tm
−

1

Tmo
= −

R

ΔH
[lnφ +

(

1 −
1

m

)

(1 − φ) + χ(1 − �)2]

(7)χ ≅ A +
B

T

the maximum drug-polymer miscibility boundary (spinodal 
curve) may be calculated by determining the second deriva-
tive of the free energy (Eq. 7) and setting equal to zero as 
shown in Eq. 8 below:

where the interaction parameter χ can be substituted from 
Eq. 7, thereby, the maximum drug-polymer miscibility curve 
may be obtained.

Prediction of Solubility/Miscibility Using Drug 
and Polymer Solubility Parameters

In this research, the Van Krevelen group contribution method 
(25) has been used to calculate the solubility parameter δt 
of indomethacin and the polymer, which may be expressed 
as Eq. 9:

where δd and δp and δh are the components of disperse 
forces, polar group forces, and hydrogen bond energy, 
respectively; these forces can be calculated as follows in 
Eqs. 10, 11, and 12.

where Fdi is the group contribution to the disperse forces, 
Ehi is the group contribution to hydrogen bonding energy, 
and Fpi is the plane symmetry factor of polar groups. The 
values of Fdi, Fpi, and Ehi of each group at 25 °C used in this 
work were chosen from Van Krevelen’s solubility parameters 
(25).

Therefore, the drug-polymer interaction parameter χ may 
be calculated as follows (25).

where V0 is the group contributions to the molar volume, 
the volume of the lattice site, and the molar volumes of a 
single polymer unit calculated from the group contributions 
that were used for the drug-polymer system. As shown in 
Eq. 13, χ refers to the square of the difference in solubility 

(8)
1

�drug

+
1

m ∗ �poly

− 2�drug−poly = 0

(9)�t =

√

�d
2 + �p

2 + �h
2

(10)�d =

∑

Fdi

V

(11)�p =

∑

Fpi
2

V

(12)�h =

�

∑

Ehi

V

(13)χ =
V
0

RT
(�drug − �polymer)

2
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parameters calculated from the values of group contributions 
at 25 °C. The drug-polymer interaction parameters for the 
Indo-based systems as calculated from solubility parameters 
(group contribution method) compared with the results were 
obtained from the melting point depression method.

Application of Phase Diagram for HME Process Map

The composition temperature phase diagram based on the 
F–H theory introduced before can also be applied to the 
HME to understand further and optimize the formulation 
performance and process development. The process design 
space that needs to be constructed is bounded by the drug-
polymer solubility curve and the drug-polymer thermal deg-
radation range (26). Polymer Tg and the minimum processing 
temperature (Tmin) were also introduced to the design map 
to provide the viscosity requirements—with the lower drug 
loading—for the process; it was reported that most polymers 
need at least 10 °C above the polymer Tg (usually 10–15 °C 
above Tg) to ensure the drug will be molten (27, 28).

Preparation of Amorphous Solid Dispersions 
Through Hot Melt Extrusion: Validation of the Phase 
Diagram

ASDs were prepared by HME in order to validate the 
impacts of processing parameters on extruded filaments’ 
characteristics. The HME processing conditions are clearly 
suggested previously from the temperature-composition 
phase diagram, which implied the temperature should be 
above Tmin (around 120 °C) and under Tdeg (around 200 °C). 
Amorphous solid dispersions of 20% and 40% drug load-
ing of indomethacin in Kollidon® VA 64 were selected for 
investigation. The physical mixtures (PM) of Indo and Kol-
lidon® VA 64 (total batch of 100 g) were prepared at the 
weight ratios and thoroughly blended for 30 min at 30 RPM 
by MaxiBlend™ blender (GlobePharma Inc., New Brun-
swick, NJ, USA).

The ASDs were prepared by a Thermo Scientific™ 
Pharma 11 Twin-screw Extruder (Thermo Fisher, Waltham, 
MA, USA). The standard screw configuration with four con-
veying zones and three mixing zones was used in this study, 
and 100 g batch sizes of PM with the screw rate of 20 RPM 
was set for the whole extruding process. The extruding tem-
peratures were set between 120 and 170 °C. For the exami-
nation, the torque and physical appearance of the filaments 
were also recorded.

Stability Analysis

The extruded filaments produced by the HME process ear-
lier were milled by mortar and pestle into powder after it 
was allowed to cool down. The storage stability testing was 

evaluated under accelerated testing conditions at 40 °C and 
75% relative humidity (RH) for a month. XRD was used to 
evaluate the structural states of the extruded samples.

X‑Ray Diffraction (XRD) Analysis

PXRD evaluated the milled extrudates’ physical state at zero 
time point (Tzero) and after 1 month. Analysis was pursued 
by the D8 ADVANCE ECO diffractometer (Bruker, Bill-
erica, MA, USA). The spectra were collected from the scans 
within the range of 0.0 to 40.0° at 2-Theta (2θ) with a 0.01° 
step size and 1 s for per step time.

RESULTS AND DISCUSSIONS

Glass Forming Abilities (GFA)

Applying the DSC method described above, Indo is classi-
fied as class 3 by the GFA definition. It suggests that indo-
methacin is suitable for ASD development since it will not 
recrystallize easily neither in the first cooling cycle nor the 
2nd heating ramp. It will also be beneficial to the ASD for-
mulation’s long-term stability. The following studies will 
further emphasize this result, as discussed below.

Drug‑Polymers Miscibility Prediction by Solubility 
Parameters

Solubility parameters of drugs and polymers were estimated 
using the Hoftyzer and Van Krevelen method with the infor-
mation provided in Table I (29). The solubility parameter 
values obtained for Kollidon® VA 64 was 21.1  MPa1/2, 
and indomethacin solubility parameters were calculated 
for 23.38  MPa1/2. Therefore, the drug-polymer interaction 
parameter χ calculated by Eq. 13 is 0.5654, slightly above 
zero. However, since the value is for all compositions ranges, 
it still suggested that the indomethacin and Kollidon® VA 
64 were miscible.

Table I  HME Processing Parameters with Physical Appearances

Drug load-
ing (w/w) 
%

Formulations Extrusion 
tempera-
ture (°C)

Torque aver-
age (%)

Filaments 
physical 
appearance

20 F1 120 60 ± 13.0 Opaque 
with 
particles

F2 150 41 ± 8.0 Clear
F3 160 32.0 ± 6.0 Clear

40 F4 150 51.0 ± 8.0 Clear
F5 160 37.0 ± 12.0 Clear
F6 170 30 ± 7.0 Clear
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Solubility parameters here were used to suggest drug-
polymer miscibility information. It is well-known that com-
pounds with similar solubility parameters (∼7  MPa1/2) are 
more likely to be miscible. On the other hand, compounds 
with solubility parameters differing by more than 10  MPa1/2 
are more likely to be immiscible (23). In this research, the 
difference between the solubility parameter of indomethacin 
and Kollidon® VA 64 was 2.28  MPa1/2 which is less than 
7  MPa1/2. This value suggests that indomethacin is misci-
ble with Kollidon® VA 64. Further thermal analysis should 
be conducted to examine the possibility of glass-forming 
ability.

Melting Point Depression

The Indo and Kollidon® VA 64 TGA thermogram showed 
less than 0.5% weight loss of the pure powder after drying 
the sample for 2 days, followed by heating to 200 °C. This 
result verified the drug and polymer’s thermal stability and 
confirmed the MPD method’s possibility by DSC heating 
ramp below.

Usually, the melting point of solid crystalline com-
pounds is the highest when the substance is pure and Tm is 
depressed in impure solids. In this research, Indo showed 
melting point depression with the Kollidon® VA 64 as a 
polymeric carrier across the compositions range, as dem-
onstrated in Fig. 2a. DSC was employed to understand the 
miscibility between Indo and Kollidon® VA 64 and sug-
gest the optimum drug loading choice for stabilizing the 
dispersion. Previously, it has been reported that the 

solubility of a drug within a polymeric matrix can be 
determined by measuring melting temperatures (Tm onset 
from DSC  1st heating ramp) of known different drug-pol-
ymer compositions (16, 17). The Tm onset was explored as 
a reflection of the dissolution of several drug compositions 
in this research.(18). On the addition of the polymer, MPD 
occurred relative to the Tm of indomethacin. ( 1

Tm
−

1

Tmo
 ) can 

be used with Eq. 6 (20). Indo Tm onset decreased with 
increasing the fraction of Kollidon® VA 64 used, as shown 
in Fig. 2a. However, this effect is more obvious when drug 
composition is higher. From Fig.  2b, the endothermic 
melting peak showed in 1st heating ramp was gone after 
the rapid cooling, and it only showed one Tg for the system 
of all drug-polymer compositions (10–90%). Thereby, the 
DSC heat-cool-heat cycle suggested the formation of Indo-
Kollidon® VA 64 ASDs across the drug loading range 
selected in this study.

Figure 3 shows the predicted and experimental Tg for 
the drug-polymer binary system. Deviations were observed 
between experimental Tg and calculated Tg by G-T equa-
tion. Positive deviations may show stronger interactions 
between drug and polymer molecules. On the other hand, 
negative deviations may reflect weak interactions between 
drug and polymer molecules. In this study, most composi-
tions selected showed positive deviations of the experimen-
tal data from the predicted ones. This result suggested strong 
interactions between Indo and Kollidon® VA 64 molecules.

A plot of (1/Tm mix − 1/Tm pure) × (ΔHfus/ − R) − ln(φdrug
) −   (1 − 1/m) φpolymer versus φpolymer

2, as shown in Fig. 4a, 

Fig. 2  Indo-Kollidon® VA 64 DSC thermograms overlay. a Melting point depression from the 1st heating ramp. b ASDs Tg overlay from the 
2nd heating ramp
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yielded a linear relationship between these two factors. The 
Indo-Kollidon® VA 64 system showed a linear relation-
ship across the drug loading range 0.70 to 0.90, and the 
interaction parameter χ value of − 6.7382 (R2 = 0.9992) 
was obtained. This is characterized by the limited melting 
point depression data observed from the DSC thermal mix-
ing (Fig. 4). Usually, large positive interaction values were 
observed for the immiscible drug-polymer binary system 
through the MPD method. On the other hand, in the current 
study, the negative χ value suggested Indo and Kollidon® 
VA 64 were miscible within the compositions range (14). To 
further understand the drug-polymer miscibility, this study 
used Eq. 4 and the F–H interaction parameter values (χ) to 
examine the change in Gibbs free energy as a function of 
drug volume fraction (Fig. 4b). Gibbs free energy of mixing 
for this binary system was negative through the composition 

range 0.10 to 0.90 at room temperature 25  °C and was 
dependent upon drug volume fraction and temperature.

Moreover, this study was able to calculate the values for 
F–H theory A and B constants as manifested in Eq. 7 where 
A and B values can be used to calculate interaction param-
eter χ value at different temperatures as shown in Fig. 5 (25, 
50, 80, 100, 120, 140, and 160 °C). Therefore, substituting 
the χ value to Eq. 4 will give us a broader understanding of 
Gibbs free energy of mixing as a function of drug volume 
fraction and temperature. This plot helps map the compo-
sitions and temperature for spontaneously mixing. It sug-
gested that Kollidon® VA 64 would be miscible with Indo 
above 100 °C since it showed negative ΔGmix. At 100 °C and 

Fig. 3  Indo-Kollidon® VA 64 ASDs Tg of the mixture by DSC (trian-
gle) and G-T equation prediction (solid line)

Fig. 4  a F–H interaction parameter plot close to the Indo melting point. b Indo-Kollidon® VA 64 system ΔGmix/RT as a function with drug vol-
ume fraction

Fig. 5  Gibbs free energy of mixing/RT as a function of Indo volume 
fraction for model compound and Kollidon® VA 64 system at 25, 50, 
80, 100, 120, 140, and 160 °C
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above, Indo-Kollidon® VA 64 binary system will generate 
a homogenous mixture and are more thermodynamically 
stable at all drug loading.

Construction of the Phase Diagram

For Indo-Kollidon® VA 64binary system, this research plot-
ted the ΔGmix as a function of different compositions and 
temperatures. This information can be combined with Tg to 
construct the phase diagram, as shown in Fig. 6. The glass 
transition curve was plotted by the experimental data from 
DSC 2nd heating cycle. Below the Tg curve, the molecu-
lar mobility is low, and the phase separation is thermody-
namically favored, so it is usually not considered for ASDs 
development. Most importantly, this phase diagram identi-
fies the drug-polymer binary system phase boundaries. The 
drug-polymer solubility curve (liquid–solid boundary) was 
determined by the melting point depression method. Com-
pounds Tm dropped with the addition of the polymer carrier 
due to the interaction between drug and polymer. Above 
the drug-polymer solubility curve (zone A and B), which 
are considered stable zones, the drug is expected to stay 
stable in a polymeric carrier, and phase separation is not 
expected. In general, drugs in this stable range are super-
saturated, which can address the drug solubility, dissolu-
tion profile, and bioavailability in the gastrointestinal fluids 
(GI) fluids. Below the drug-polymer solubility curve and 
above the drug-polymer miscibility curve (zone C and D), 
which are considered metastable zones. The metastable zone 
is important to understand the supersaturation and phase 
separation. In zone C and D, it requires activation energy 
and kinetics effects to overcome the phase separation. At this 

metastable zone, the compound is metastable supersaturated 
in the polymeric matrix, which helps prevent the precipita-
tion and overall helps to improve the oral dosage absorption. 
Below the drug-polymer miscibility curve (zones E and F), 
which are considered unstable zones, phase separation is 
thermodynamically favored, and it is usually not considered 
for ASD development.

However, ASD formulation crystallization is a complex 
process and depends on many thermodynamic factors and 
storage conditions (e.g., humidity, temperature) and other 
elements (30). This research constructed a phase diagram 
with F–H theory by exploring selected drug-polymer com-
positions’ preferences and thermal stability. It is worth 
knowing that when the system is under room temperature 
25 °C, the ASD formulation would very likely be below the 
system Tg and is perhaps kinetically inhibited from recrys-
tallization, which secures long-term stability. Neverthe-
less, with the phase diagram, we can determine appropriate 
compositions and processing conditions that lead to a more 
stable ASDs system, at least from the thermodynamical 
consideration.

HME Process Design Space

HME technology is one of the most common ways to pro-
duce ASD formulations in the pharmaceutical industry. 
However, it also has some limitations, especially for ther-
mal-sensitive drugs and polymers. Usually, if the drug Tm 
is over 200 °C, it has thermal degradation concerns when 
the processing temperature is set that high during extrusion. 
Therefore, it is crucial to map the extrusion temperature 
range to help us avoid thermal degradation and confirm that 

Fig. 6  Indo-Kollidon® VA 64 
binary system phase diagram
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the drug is dispersed in the amorphous form in a polymeric 
carrier. The phase diagram (Fig. 2a) showed the indometha-
cin Tm dropped by the addition of the Kollidon® VA 64 
under equilibrium conditions, which allow for the produc-
tion of Indo dispersed ASD at lower processing temperatures 
even lower than Indo Tm.

Based on the guidance from the phase diagram (Fig. 6), 
this research identified the stable, metastable, and unsta-
ble zone for the Indo-Kollidon® VA 64 system. To extend 
this study, Fig. 7 clearly illustrated the design space for the 
HME process, where drug-polymer solubility curve, indo-
methacin Tm, and the polymer Tmin dictate (construct) the 
design space as shown in the green area. The solubility curve 
obtained from melting point depression helps to select the 
processing temperature to ensure Indo can fully dissolve in 
Kollidon® VA 64 polymeric carrier. The crystalline drug 
compound will convert to its amorphous form in these pro-
cessing conditions by applying sufficient processing time 
and conditions. Above the HME process design space, the 
ASD system may be formed, but it has a higher chance for 
thermal degradation. Under this design space, the operation 
most likely will not possess sufficient viscosity and tem-
perature for selected drug loading, so it is expected that the 
drug could not fully dissolve in the polymeric matrix and 
will form a suspension.

Preparation of ASDs by HME: Validation of the Phase 
Diagram

HME processing parameters were selected based on the 
information suggested by the temperature-composition 
phase diagram and the HME design space map. This way 
could reduce the risk of drug degradation. The phase dia-
gram showed that the solubility and miscibility lines both 
increase as the temperature rises, whereas the Tg curve 
decreases as the temperature rises. The solubility of Indo 

in Kollidon® VA 64 is around 160 °C at 40% drug loading, 
as per the solubility curve in Fig. 7b. According to the pre-
dicted results, the maximum drug loading of Indo at drug 
melting temperature cannot surpass 40%. To confirm the 
phase diagram and cover the region until the maximum solu-
bility is reached, 20% and 40% Indo loading were used to 
stand for the below and maximum drug loading in this case 
and validate the prediction above. To investigate the temper-
ature impacts on the extruded ASD formulations, formula-
tions of 20% drug loading were extruded at 120 °C, 150 °C, 
and 160 °C, whereas for 40% drug loading, the extruding 
temperature was set at 150 °C, 160 °C, and 170 °C. The 
HME experiments were executed in triplicate. From Figs. 6 
to 7b, the maximum solubility of Indo in Kollidon® VA 64 
at 20% drug volume fraction is approximately 140 °C. In 
this case, 120 °C was selected to validate the area under the 
solubility curve. Most of the processing temperature chose 
here are under the pure Indo Tm. These process tempera-
tures were selected to represent the stable, metastable, and 
unstable areas. However, it is difficult to know the phys-
icochemical properties of the filaments based on the phase 
diagram since the F–H theory did not consider the shearing 
stress and the mechanical energy input during the extru-
sion process. Therefore, to obtain further understanding of 
each formulation (F1-F6), validation was necessary to the 
different applied temperatures. The average torque and the 
physical appearance of the filaments are listed in Table I.

Table I showed F1–F6 samples processing parameters 
and the physical appearance changes of the extruded fila-
ments. The average torque value observed decreased with 
the increasing extrusion temperature with all formulation 
batches. For 20% drug loading of indomethacin, it showed 
the lowest torque at 160 °C processing temperature; and 
for 40% drug loading of Indo, it showed the lowest torque 
at 170  °C extruding temperature. Since the other pro-
cess parameters (screw design, screw speed, die size, die 

Fig. 7  The temperature-composition phase diagram for HME process design space application
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temperature) were fixed, the impacts of the barrel tempera-
ture on the filament’s characterization were clearly observed. 
The filaments at 120 °C were opaque with surface particles. 
The torque was the highest; this may be explained by insuf-
ficient melting of the drug, which led to the drug particle 
not fully dissolved in the polymer carrier. Other formula-
tion batches showed good physical appearance and can be 
considered further investigation.

Accelerated Stability Test by PXRD

The filaments obtained from the HME process were milled 
into powder and stored under accelerated testing conditions 
at 40 °C and 75% relative humidity (RH) stability cham-
ber for a month. The stability of ASDs formulations was 
checked using PXRD at the initial development (Tzero) 
and after exposed in the stability chamber for 1 month. 
The PXRD results revealed in Fig. 8 confirmed that the 
amorphization of the Indo in the HME extruded filaments 
(F2–F6) from Tzero until 1 month under 40 °C/75% RH 
showed good physical stability of these ASD systems and 
validated the HME processing setting. F1 formulation (20% 
Indo) produced under drug-polymer solubility line (120 °C 
extrusion temperature) showed partial crystallinity at both 
Tzero and after 1 month. This is likely because the process-
ing temperature was lower than the system Tm, so the drug 
could not totally transfer to the amorphous state. As shown 
in Fig. 8, though F4 filaments produced under drug-polymer 
solubility line (150 °C) showed drug in the amorphous state 
retained its form after storage, this was likely mediated by 
strong drug-polymer molecular interactions in addition to 

the processing temperature (150 °C) close to the binary 
curve at 40% drug loading. On the other hand, it confirmed 
that the phase diagram and the HME processing are neces-
sary for optimizing the producing parameters.

CONCLUSION

This research has proposed a lab-scale method based on 
the F–H theory to predict the solubility and miscibility of 
the drug-polymer binary system. Indo and Kollidon® VA 
64 interaction parameters were obtained by melting point 
depression and solubility parameter methods. The temper-
ature-composition and Gibbs free energy of mixing phase 
diagrams above the system Tg were constructed. The phase 
diagram clarifies the stable, metastable, and unstable zone 
for the ASDs system. The phase diagram provides a rea-
sonable design space for the HME process of ASDs with 
the kinetic and thermodynamic considerations allowing for 
extrusion process at lower temperatures besides inhibiting 
the recrystallization. This work established fundamental 
thermodynamic elements for the HME process design as 
well as the process development.

Abbreviations ASD: Amorphous solid dispersion; HME: Hot melt 
extrusion; Indo: Indomethacin; PVP VA 64: Polyvinyl pyrrolidone 
vinyl acetate; Kollidon® VA 64: Polyvinyl pyrrolidone vinyl acetate; 
F–H theory: Flory-Huggins theory; G-T equation: Gordon-Taylor 
equation; BCS: Biopharmaceutical classification system; DSC: Dif-
ferential scanning calorimetry; TGA : Thermogravimetric analysis; 
Eq: Equation; χ:  Interaction parameter; Tg: Glass transition tem-
perature; Tgmix: ASDs glass transition temperature; Tg1: Drug glass 

Fig. 8  XRD overlay for ASDs formulation (F1–F6) at Tzero and 1 month under 40 °C/75% RH stability chamber
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transition temperature; Tg2: Polymer glass transition temperature; 
w1: Drug weight fraction; w2: Polymer weight fraction; φ: Drug vol-
ume fraction; φpolymer: Polymer volume fraction; 1-φ: Polymer volume 
fraction; ρ1: Drug density; ρ2: Polymer density; K: Adjustable fitting 
parameter; Tm: Melting point temperature; ΔGmix: Gibbs free energy of 
mixing; ΔHmix: The change in enthalpy; ΔSmix: The change in entropy; 
δt: Solubility parameter; δd: Components of disperse forces; δp: Compo-
nents of polar group forces; δh: Components of hydrogen bond energy; 
Fdi: Group contribution to the disperse forces,; Ehi: Group contribu-
tion to hydrogen bonding energy; Fpi: Plane symmetry factor of polar 
groups; V0: Group contributions to the molar volume; R2: R-Squared; 
GFA:  Glass forming abilities; MPD:  Melting point depression; 
UCST: Upper critical solution temperature; Tmin: Minimum processing 
temperature; GI fluids: Gastrointestinal fluids; PM: Physical mixture; 
Tdeg: Degradation temperature; XRD: X-ray diffraction; PXRD: Powder 
X-ray diffraction; θ: Theta; RH: Relative humidity
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