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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 drugs in polymeric binary 

systems will be a milestone in the development of ASDs. In Chapter Ⅰ, a method based on Flory-

Huggins (F-H) theory was proposed to predict and calculate the solubility and miscibility of the 

drug in the polymeric matrix and construct the phase diagram to identify the relevance between 

drug loading and temperature for ASDs development. For further validation, formulations were 

developed using HME to verify the accuracy of the phase diagram and to get in the hot-melt 

extrusion (HME) process design space and optimization. Chapter Ⅱ aimed to investigate the 

impacts of HME processing parameters by the design of experiment (DoE) for the poorly water-

soluble compound. This study presents a simple, novel, and three-level factorial design to evaluate 

each condition’s effect and explore the optimized formulation. Barrel temperature and screw speed 

were the most affected parameters in this research. The primary objective of Chapter Ⅲ was to 

combine fused deposition modeling (FDM) 3D printing with HME technology to explore the effect 

of manufacturing tablets with different densities and designs. These tablets are designed with an 

outer shell and inner core. HME technology causes some crystalline drugs to change form into an 

ASD during the processes used. Overall, this work illustrated the impacts of changing a printed 

tablet’s filling density as a strategy to control the drug release performance for 3-dimentional (3D) 

printed dosages and the possibility of HME coupling 3D printing technology to prepare ASDs. 
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CHAPTER Ⅰ 

PREDICTION AND CONSTRUCTION OF DRUG-POLYMER BINARY SYSTEM 

THERMODYNAMIC PHASE DIAGRAM IN AMORPHOUS SOLID DISPERSIONS 

(ASDS)  

1.1. Introduction 

Developing amorphous solid dispersions has become an attractive strategy for improving 

compound solubility, dissolution rate, and oral bioavailability [1-4]. The aqueous drug solubility 

can be significantly increased once combined into a dispersed system than in its crystalline form. 

However, the Gibbs free energy is higher for the amorphous state than in the crystalline state, so 

the amorphous drugs usually have long-term stability concerns and challenges because of the quick 

recrystallization tendency during processing and storage [5-7]. There are many ways to improve 

the stability of amorphous drugs, such as selecting proper polymeric carriers and proper drug 

loading for the formulation, allowing the drug to disperse into the polymeric matrix, and forming 

a stable amorphous solid dispersion [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 crucial since the specific interaction between the drug and 
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polymer is critical for the stability of the ASD system. Another critical factor that needs to 

be considered when producing ASD 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 thermodynamically miscible; also, the process parameters need to be optimized 

during this production [10]. The most common methods to prepare ASDs are hot-melt extrusion 

(heat-based) and spray drying (solvent-based) in the pharmaceutical 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 processing [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 to identifying better drug-polymer 

compositions that form strong interactions between them by implementing simple experimental 

methods. The construction 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 development strategies for preparing 

ASDs, which improves the solubility and bioavailability of poorly water-soluble drugs (BCS Class 

II and Class IV). 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 parameters, and other factors [2,7]. 
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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 different combinations of drug and polymer systems 

[12,16,17]. Recent studies reported that χ is not only drug loading dependent but also temperature-

dependent [18-20]. Gibb's free energy of mixing (ΔGmix) was not favorable when χ was positive, 

indicating immiscibility between the drug-polymer 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 to explore more about the thermodynamics behavior of drug-

polymer mixing during processing and the choice and loading limit of the drug and polymeric 

carrier in future studies. This research aimed to build and construct these diagrams that provide 

thermodynamics information through different processing conditions, including the relationship 

between drug loading, temperature, and phase transitions and separation. This binary phase 

diagram allows for 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 appropriate drug for the ASD system. [21,22]. Also, validated 

the prediction from the phase diagram by executing the HME based on the suggested information 

and utilized phase diagram 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.   
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1.2. MATERIALS AND METHODS 

1.2.1. 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 chemical structure 

of the indomethacin and Kollidon® VA 64 are shown in Figure 1.1. 

 

Figure 1.1. Chemical Structure of (a) Indomethacin; (b) Kollidon® VA 64. 

1.2.2. Sample Preparation 

         Indomethacin and Kollidon® VA 64 were stored in a vacuum drying oven at 40 °C, 200 mbar, 

at least two days before further investigation. Then, different drug loading 10, 20, 30, 40, 50, 60, 

70, 80, and 90% (w/w) were mixed with Kollidon® VA 64 using MaxiBlendTM 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).  

1.2.3. 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 analysis. For the 
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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 a different drug loading was packed into a Tzero 

hermetic aluminum pan (TA 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°C 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 25ºC to 200 °C to check the sample weight loss with 

the heating flow. Nitrogen was used as the purge gas for both tests. 

1.2.4. Glass Forming Abilities (GFA)  

          GFA is a classification system based on drugs recrystallization 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 heating rate 10 °C/min. While Class 3 drugs will not recrystallize either at a 

20 °C/min cooling rate or the 10 °C/min 2nd heating ramp [24,25]. This GFA classification system 

allows for more understanding of the glass-forming behavior of drugs and guides to making better 

suitable drugs for ASD development with long-term stability. 

1.2.5. Melting Point Depression (MPD) Method 

         Modulated DSC (mDSC) was used for the MPD method, where nitrogen was used as the 

purge gas. The modulation amplitude applied over the entire method was 1 °C every 60 s for 

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 initial 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 
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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°C to 200 °C and allowed to re-equilibrate for 5 min to make sure the compound 

and polymer are melted; followed by a jump cooling step to 0 °C, 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 dispersion. Tm was estimated from the 1st heating ramp and the Tg from the 2nd 

heating ramp. This Tg value represented the neat Tg of freshly prepared ASDs when only a single 

Tg appeared in this section. 

1.2.6. Theoretical Considerations 

         From the Gordon-Taylor (G-T) equations (Eqs 1, and 2), if the drug-polymer is miscible, 

there should only be a single Tg for this binary system, and this Tg value can be predicted by the 

equation below:  

                                                  𝑇𝑔𝑚𝑖𝑥 =
(𝑤1𝑇𝑔1+𝐾𝑤2𝑇𝑔2)

(𝑤1+𝐾𝑤2)
                                                               (1)         

𝐾 = 𝜌1𝑇𝑔1 𝜌2𝑇𝑔2⁄                                                                    (2) 

Where, Tgmix, Tg1, and Tg2 are the glass transition temperature of ASDs, pure drug, and pure 

polymer, respectively; w1 and w2 are the drug and polymer weight fraction, respectively; ρ1 and ρ2 

are the drug and polymer density, respectively; K is the adjustable fitting parameter calculated by 

drug and polymer densities and Tg.  
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         According to F-H theory, the change in Gibb's free energy of mixing for drug-polymer binary 

solid dispersions can be described as below (Eq 4):  

                                                ∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇 ∗ ∆𝑆𝑚𝑖𝑥                                                          (3) 

 Where,  ∆𝐺𝑚𝑖𝑥, ∆𝐻𝑚𝑖𝑥, and ∆𝑆𝑚𝑖𝑥 are the change in Gibb’s free energy of mixing, enthalpy, and 

entropy, T represents temperature in kelvin.      

         Then, Gibb's free energy of mixing can be calculated by F−H drug-polymer interaction 

parameter, χ as shown in Eq 4.  

                                          
𝛥𝐺𝑚𝑖𝑥

𝑅𝑇
= φlnφ +

(1−φ)

𝑚
ln(1 − φ) + φ(1 − φ)χ                                   (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 the following equation can calculate 

it                                  

                                                      𝑚 =

𝑀𝑊2
𝜌2

𝑀𝑤1
𝜌1

=
𝑀𝑊2∗𝜌1

𝑀𝑤1∗𝜌2
                                                                   (5)  

Mw1 and Mw2 are the molecular weights of drug and polymer, respectively, and ρ1 and ρ2 are the 

densities of drug and polymer. ΔGmix can be calculated by Eq 4. at a specified temperature and the 

corresponding interaction parameter. MPD DSC data from the different compositions can be used 

to predict the interaction parameter using the following equation (Eq 6): 

                                 
1

𝑇𝑚
−

1

𝑇𝑚𝑜
= −

𝑅

∆𝐻
[𝑙𝑛φ + (1 −

1

𝑚
) (1 − φ) + χ(1 − 𝜑)2]                             (6) 
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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 variation, it defines the temperature dependence of 

the F-H interaction parameter χ as shown in Eq 7 below: 

                                                                χ ≅ A +
𝐵

𝑇
                                                                        (7) 

where A is the value of the temperature-independent term for entropic contribution, and B is the 

value of the temperature-dependent term for enthalpy contribution; the relationship 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 extrapolate 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, the maximum drug-polymer miscibility boundary (spinodal curve) 

may be calculated by determining the second derivative of the free energy (Eq 7) and setting it 

equal to zero, as shown in Eq 8 below:  

                                                 
1

𝜑𝑑𝑟𝑢𝑔
+

1

𝑚∗𝜑𝑝𝑜𝑙𝑦
− 2𝜒𝑑𝑟𝑢𝑔−𝑝𝑜𝑙𝑦 = 0                                             (8) 

Where the interaction parameter χ can be substituted from Eq 7, thereby, the maximum drug-

polymer miscibility curve may be obtained. 
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1.2.7. Prediction of Solubility/Miscibility Using Drug and Polymer Solubility Parameters 

          In this research, the Van Krevelen group contribution method [28] has been used to calculate 

the solubility parameter δt of indomethacin and the polymer, which may be expressed as Eq 9:  

                                              𝛿𝑡 = √𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2
                                                                   (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 Eqs 10, 11, and 12. 

                                                         𝛿𝑑 =
∑𝑭𝒅𝒊

𝑉
                                                                              (10)                      

                                                         𝛿𝑝 =
∑𝑭𝒑𝒊

𝟐

𝑉
                                                                             (11)                  

                                                         𝛿ℎ = √
∑𝑬𝒉𝒊

𝑉
                                                                            (12)                     

Fdi is the group contribution to the dispersed 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 

[28]. 

         Therefore, the drug-polymer interaction parameter χ may be calculated as follows [28]. 

                                                χ =
𝑉0

𝑅𝑇
(𝛿𝑑𝑟𝑢𝑔 − 𝛿𝑝𝑜𝑙𝑦𝑚𝑒𝑟)2                                                          (13) 

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 were used for the 

polymer-drug system. As shown in Eq 13, χ refers to the square of the difference in solubility 
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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 obtained from the melting point depression 

method.  

1.2.8. 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 degradation range [29]. 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 [30,31]. 

1.2.9 Preparation of Amorphous Solid Dispersions through Hot Melt Extrusion: validation of 

the phase diagram  

       For further investigation on the impacts of processing temperature and other factors on 

extruded filaments’ characteristics, ASDs were prepared by HME for validation. The HME 

processing conditions are clearly suggested previously from the temperature-composition phase 

diagram, which implies the temperature should be above Tmin (around 120 °C) and under Tdeg 

(about 200 °C). Amorphous solid dispersions of 20% and 40% drug loading of indomethacin in 

Kollidon® VA 64 were selected for investigation. The physical mixtures (PM) of Indo and 
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Kollidon® VA 64 (entire batch of 100 g) were prepared at the weight ratios and thoroughly blended 

for 30 min at 30 RPM by MaxiBlendTM blender (GlobePharma Inc, New Brunswick, NJ, USA).  

The ASDs were prepared by a Thermo ScientificTM Pharma 11 Twin-screw Extruder (Thermo 

Fisher, Waltham, MA, USA). The standard screw configuration with four conveying zones and 

three mixing zones was used in this study, and 100 g batch sizes of PM with the screw rate of 20 

RPM were set for the whole extruding process. The extruding temperatures were set between 

120 °C and 170 °C. For the examination, the torque and physical appearance of the filaments were 

also recorded.  

1.2.10 Stability Analysis 

         The extruded filaments produced by the HME process earlier 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. 

1.2.11 X-Ray Diffraction (XRD) analysis 

          PXRD evaluated the milled extrudates’ physical state at zero time point (Tzero) and after 

one month. The investigation was pursued by the D8 ADVANCE ECO diffractometer (Bruker, 

Billerica, 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 per step time.  
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1.3. Results and discussions 

1.3.1. Glass Forming Abilities (GFA) 

         Applying the DSC method described above, Indo is classified as class 3 by the GFA 

definition. It suggests that indomethacin is suitable for ASD development since it will not 

recrystallize easily nether in the first cooling cycle or the 2nd heating ramp. It will also be beneficial 

to the ASD formulation’s long-term stability. The following studies will further emphasize this 

result, as discussed below. 

1.3.2. Drug-Polymers Miscibility Prediction by Solubility Parameters 

          Solubility parameters of drugs and polymers were estimated using the Hoftyzer and Van 

Krevelen method with the information provided in Table 1 [23]. 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 

equation 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 64were miscible. 

        Solubility parameters here were used to suggest drug-polymer miscibility information.  It is 

well-known that compounds 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 [24]. 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 miscible with Kollidon® VA 64. Further thermal analysis 

should be conducted to examine the possibility of glass-forming ability.  
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1.3.3. 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 two 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 

the DSC heating ramp below. 

         Usually, the melting point of solid crystalline compounds is 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 demonstrated 

in Figure 1.2a. DSC was employed to understand the miscibility between Indo and Kollidon® VA 

64 and suggest 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-

polymer compositions [16, 17]. The Tm onset was explored to reflect 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 Figure 1.2a.  From Fig 1.2b, the 

endothermic melting peak shown 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%). The DSC heat-cool-

heat cycle suggested the formation of Indo-Kollidon® VA 64 ASDs across the drug loading range 

selected in this study. 
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Figure 1.2. 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. 

         Figure 1.3 shows the predicted and experimental Tg for the drug-polymer binary system. 

Deviations were observed between experimental Tg and calculated Tg by the G-T equation. 

Positive deviations may lead to 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 compositions selected showed positive deviations of the 

experimental data from the predicted ones. This result suggested strong interactions between Indo 

and Kollidon® VA 64 molecules. 
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Figure 1.3. Indo- Kollidon® VA 64 ASDs Tg of the mixture by DSC (triangle) and G-T equation 

prediction (solid line).  

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

shown in Figure 1.4a, yielded a linear relationship between these two factors. The Indo-Kollidon® 

VA 64 system showed a linear relationship across the drug loading range from 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 mixing (Figure 1.4). 

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 Gibb's free energy as a function of drug volume fraction 

(Figure 1.4b). Gibb's 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. 

 

Figure 1.4. (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 volume fraction.   
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         Moreover, this study was able to calculate the values for F-H theory A and B constants as 

manifested in Eqs. 7 where A and B values can be used to calculate interaction parameter χ value 

at different temperatures, as shown in Figure 1.5 (25, 50, 80, 100, 120, 140 and 160 °C). Therefore, 

substituting the χ value to Eqs. 4 will give us a broader understanding of Gibb's free energy of 

mixing as a function of drug volume fraction and temperature. This plot helps map the 

compositions and temperature for spontaneously mixing. It suggested that Kollidon® VA 64 would 

be miscible with Indo above 100 °C since it showed negative ΔGmix. At 100 °C and above, Indo-

Kollidon® VA 64 binary system will generate a homogenous mixture and are more 

thermodynamically stable at all drug loading.       

 

Figure 1.5. Gibb’s 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. 

1.3.4. Construction of the Phase Diagram 

         For Indo- Kollidon® VA 64binary system, this research plotted the ΔGmix as a function of 

different compositions and temperatures. This information can be combined with Tg to construct 
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the phase diagram, as shown in Figure 1.6. The glass transition curve was plotted by the 

experimental data from DSC 2nd heating cycle. Below the Tg curve, the molecular mobility is low, 

and the phase separation is thermodynamically favored, so it is usually not considered for ASDs 

development. Most importantly, this phase diagram identifies the drug-polymer binary system 

phase boundaries. The drug-polymer solubility curve (liquid-solid boundary) was determined by 

the melting point depression method. Compounds 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), 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 supersaturated, 

which can address the drug solubility, dissolution 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 essential to 

understanding 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 

precipitation, and helps to improve the oral dosage absorption. Below the drug-polymer miscibility 

curve (zone 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 complex and depends on many thermodynamic 

factors and storage conditions (e.g., humidity, temperature), and other elements [27]. This research 

constructed a phase diagram with F-H theory by exploring selected drug-polymer compositions’ 

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 
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kinetically inhibited from recrystallization, which secures long-term stability. Nevertheless, 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. 

 

Figure 1.6. Indo- Kollidon® VA 64 binary system phase diagram. 

1.3.5 HME Process Design Space 

         HME technology is one of the most common ways to produce ASD formulations in the 

pharmaceutical industry. However, it also has limitations, especially for thermal-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 the drug is 

dispersed in the amorphous form in a polymeric carrier. The phase diagram (Figure 1.2a) showed 

the indomethacin Tm dropped by the addition of the Kollidon® VA 64 under equilibrium conditions, 
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which allow for the production of Indo dispersed ASD at lower processing temperatures even 

lower than Indo Tm.   

         Based on the guidance from the phase diagram (Figure 6), this research identified the stable, 

metastable, and unstable zone for the Indo- Kollidon® VA 64 system. To extend this study, Figure 

1.7 clearly illustrates the design space for the HME process, where the drug-polymer solubility 

curve, indomethacin Tm, and the polymer Tmin dictate (construct) the design space as shown in the 

green area. The solubility curve obtained from melting point depression help 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 processing 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 of thermal degradation. Under this design 

space, the operation most likely will not possess sufficient viscosity and temperature for selected 

drug loading, so it is expected that the drug could not fully dissolve in the polymeric matrix and 

will form a suspension. 

 

Figure 1.7. The temperature-composition phase diagram for HME process design space 

application.  
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1.3.6 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. To investigate the temperature impacts on the extruded ASD 

formulations, formulations 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. These process temperatures were selected to 

represent the stable, metastable, and unstable areas. However, it is difficult to know the 

physicochemical 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 extrusion process. 

Therefore, to further understand 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 1 below.  

 

Drug loading 

(w/w) % 

 

Formulations 

Extrusion 

temperature  

(°C) 

 

Torque average  

(Nm) 

Filaments  

physical  

appearance 

 

20 

F1 120 1.87 ± 0.40 Opaque with particles 

F2 150 1.28 ± 0.25 Clear 

F3 160 0.99 ± 0.20 Clear 

 

40 

F4 150 1.60 ± 0.25 Clear 

F5 160 1.15 ± 0.36 Clear 

F6 170 0.94 ± 0.23 Clear 
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Table 1.1. HME processing parameters with physical appearances. 

         Table 1.1 shows F1-F6 samples processing parameters and the physical appearance changes 

of the extruded filaments. 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 under 160 °C processing temperature; and for 40% drug loading of Indo, 

it showed the lowest torque under 170 °C extruding temperature. Since the other process 

parameters (screw design, screw speed, die size, die temperature) were fixed, the impacts of the 

barrel temperature 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 

insufficient melting of the drug, which led to the drug particle not being fully dissolved in the 

polymer carrier. Other formulation batches showed good physical appearance and can be 

considered for further investigation. 

1.3.7 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 chamber for a 

month. The stability of ASDs formulations was checked using PXRD at the initial development 

(Tzero) and after being exposed in the stability chamber for one month. The PXRD results revealed 

in Figure 1.8 confirmed the amorphization of the Indo in the HME extruded filaments (F2-F6) 

from Tzero till one 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 one month. This is likely because the processing temperature was lower than the 
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system Tm, so the drug could not totally transfer to the amorphous state. As shown in Figure 8 and 

Table 2, 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 necessary for optimizing the producing parameters.  

Figure 1.8. XRD overlay for ASDs formulation (F1-F6) at Tzero and 1month under 40 °C/ 75% 

RH stability chamber.  
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1.4. 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 64interaction 

parameters were obtained by melting point depression and solubility parameter methods. The 

temperature-composition and Gibb’s 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 reasonable 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. 
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CHAPTER Ⅱ 

DESIGN OF EXPERIMENT (DOE) IN HOT-MELT EXTRUSION (HME) PROCESS 

FOR AMORPHOUS SOLID DISPERSIONS (ASDS) FORMULATION OPTIMIZATION 

2.1. Introduction 

Amorphous solid dispersions (ASDs) have attracted increasing attention due to improving 

compound solubility, dissolution rate, and oral bioavailability. The drug solubility can be 

significantly higher once it is dispersed into the polymer carrier compared to its previous 

crystalline aqueous solubility [32-35]. However, amorphous drugs’ Gibbs free energy (ΔG) is 

higher than the crystalline counterpart. It caused the biggest concern for ASD formulation since it 

is naturally unstable and easily crystallized. [36,37]. The standard technique to prepare an 

amorphous solid dispersion formulation includes hot-melt extrusion (HME) (heat-based) and spray 

drying (solvent-based) [38].  

HME was widely used in plastic and rubber manufacturing last century and has now been 

explored as a strategy for ASDs production in the pharmaceutical industry, which improves the 

solubility and bioavailability of biopharmaceutical classification system (BCS) Class II and IV 

drugs with low solubility. HME provides several advantages compared with the solvent-based 

method for thermally stable materials: eco-friendly, solvent-free, affordable, continuous, and 

accessible [38]. HME is an application that combines mixing, melting, softening, and conveying 

simultaneously. The optimization of the HME process in the pharmaceutical area has been 

considered by formulation development, process parameters, and other factors [38-40]. 



24 
 

 

According to the US Food and Drug Administration (FDA), the highest-quality medicine 

product is one that consistently and reliably delivers therapeutic performance while also being free 

of impurities [41]. FDA, European Medicines Agency (EMA), and other international regulatory 

bodies strongly support the concept of Quality by Design (QbD). QbD was created to ensure a 

thorough grasp of the pharmaceutical manufacturing process at any stage of the product 

development cycle, including commercial production. Furthermore, this strategy aimed to promote 

a more profound knowledge of product and process design and process improvement, scale-up, 

and optimization [42]. Critical quality characteristics and risk assessment, design space, process 

analytical technology (PAT), control strategy, and real-time release testing are the primary 

components of the QbD, as shown in Fig. 2.1 [41-43]. 

One of the most common techniques used to study QbD is the design of experiment (DoE) 

[44]. DoE is a designed and systematic approach for establishing a mathematical method to assess 

the links between input factors influencing one or more output responses. The controlled input 

factors are methodically varied in the DoE approach to evaluate their impacts on the response 

variables, allowing for the identification of the most significant input factors, the identification of 

input factor settings that lead to optimized output responses, and the elaboration of input factor 

interactions [44,45].    

The DoE tests considered screw speed, feeding rate, and barrel temperature as factors. This 

study analyzed their impacts on the response of drug release rate by exploiting a response surface 

designs (RSD) model. The central composite design (CCD) analysis is the most commonly utilized 

RSD experiment in DoE, which identified the influence on the extruded product associated with 

well-defined factors combination. Using DoE to construct experimentally efficient factors 

screening and optimizing the response, this study identified critical elements and the optimized 
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parameter setting that leads to a desirable response. Furthermore, the use of DoE allowed us to 

gather more information about ASDs formulation solubility. This knowledge will guide the 

suggestions of polymer and drug compositions to improve decision-making while developing 

more stable extruded ASDs. 

This research investigates the rheological characteristics of a mixture of a model drug and 

a polymer excipient using rheometers. As a result, the collected rheological data may be utilized 

to optimize the extrusion process and indirectly estimate the drug's solubility in the polymer 

excipient, as described in the next section of this paper. In general, if a polymer and a drug form 

one phase at the processing temperature, the result will be more homogeneous, but it will also have 

other desired qualities, such as a faster drug dissolution rate [46]. Understanding solubility 

information may reduce the time spent on trials and comprehend how the drug's physical state 

varies over the HME preparation and storage period. Despite the apparent advantage and high 

interest in establishing the drug's solubility in a polymeric excipient, few earlier articles have 

systematically described how to establish this fundamental data [46,47]. The differential scanning 

calorimetry (DSC) approach slowly heating a mixed sample from room temperature to the desired 

temperature such that the kinetics do not impact the solubility results [48]. A longer evaluation 

time is needed, which may result in the sample's thermal degradation. Researchers will extract the 

solubility data from the mixture's viscosity at various drug loadings, which only requires a 

reasonably quick and straightforward viscosity test. Consider a series of API-polymer PM with 

various drug loadings equilibrated at a temperature lower than the drug's melting point but higher 

than the polymer's melting/softening point, which is why the drug's solubility in the polymer may 

be deduced from the mixture's viscosity [49,50]. Because the dissolved small drug molecules 

improve the mobility of the polymer chain and the free space between polymer molecules, the 
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mixture's viscosity decreases as the drug loading increases. The mixture comprised crystalline drug 

particles and a drug-polymer solution above the solubility limit [51].  

As a result, this work aims to examine how HME parameter differences affect the physical 

stability of Indo-based ASDs. Furthermore, rheology studies enable us to select a better 

composition to stabilize the ASD system from a material science standpoint. This study also 

focuses on defining a design space for Indo and polyvinyl pyrrolidone vinyl acetate (PVP VA 64) 

ASD systems using DoE by studying the impacts of processing settings. 

Indomethacin (Indo), a BCS Class II (low solubility, high permeability) drug, was chosen 

as the study's model compound. The polymeric carrier for ASDs was selected as PVP VA 64. This 

research aimed to prepare ASD formulations of indomethacin with selected polymer and apply 

essential characterization of the ASDs. Determine the factors contributing to successful ASDs and 

identify the formulation’s compositions. Constructed the temperature-composition phase diagram 

with F-H theory and then generated an HME process design space diagram to identify the 

processing condition with the selected composition. Prepared the extruded formulations with the 

specified temperature range and explained the minimum extenuating temperature based on the 

thermodynamic considerations. 

 

Figure 2.1. Instruction of Quality by design (QbD)   
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2.2. Materials and Methods 

2.2.1. Materials 

Indomethacin (purity: >98.0%) was purchased from TCI (Tokyo Chemical Industry Co., 

Ltd., Tokyo, Japan); Kollidon® VA 64 grades of PVP VA 64 was kindly donated by BASF 

(Florham Park, NJ, USA), and the chemical structure of the indomethacin and Kollidon® VA 64 

showed in Figure 2.2. 

 

Figure 2.2. Chemical Structure of (a) Indomethacin; (b) Kollidon® VA 64. 

2.2.2. Physical Mixture (PM) Preparation 

        To prevent moisture influences, Indo and Kollidon® VA 64 were kept in a vacuum oven 

(Thermo Fisher Scientific, Waltham, MA, USA) for at least two days before further analysis. To 

obtain a better sample distribution, drug and polymer PM with varying compositions of 10%, 20%, 

30%, 40%, and 50% (drug weight fraction w%) were mixed using a MaxiBlend® Lab blender 

(GlobePharma Inc, New Brunswick, NJ, USA) at 30 RPM for 10 minutes (total weight 100.0 g 

each batch). 

2.2.3. Rheology Studies 
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         A rheometer AR 2000 (TA Instruments, New Castle, DE, USA) has been used to determine 

the dynamically rheological properties of Kollidon® VA 64 and its PM with Indo to learn more 

about the impacts of rheology behavior on the variable composition of Indo-Kollidon® VA 64 

binary systems. PM (with 10%, 20%, 30%, 40%, and 50% w% Indo loading) were examined 

further in this research, and 1 g of each sample was pressed into disks of 25 mm in diameter. A 

sample disk with a diameter of 25 mm and a thickness of 1 mm was placed between two parallel 

plates for the experiment (25 mm in diameter). At 160 °C temperature constantly, dynamic time 

sweeps were performed. A 0.05% strain was applied to the sample, with frequencies ranging from 

0.1 to 100 rad/s. A dynamic temperature ramp was conducted at a fixed angular frequency of 0.1 

rad/s. All samples were heated at a 5 °C/min rate until they achieved 160 °C. All samples’ complex 

viscosity was collected after being put through both experiments. To maintain all the tests within 

the linear viscoelastic range of substances, a strain of 0.05 % was supplied to all samples. 

2.2.4. Design of Experiment (DoE) 

         Using DoE by JMP, the experimental process and output response were created and studied 

to optimize the extrusion process parameters (SAS Institute, Cary, NC, USA). A response surface 

design (RSD) is a collection of sophisticated DoE approaches that provide a whole idea, optimizing 

the intended response. The central composite design (CCD) is the most popular RSD experiment 

developed for this subject. The impact of processing parameters during extrusion on the 

formulation solubility of extruded ASDs is critical to ASD development. Which, in this case, 

represents the experiment's response: drug release rate at pH 6.8 phosphate buffer.  
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         Furthermore, three different continuous factors were selected barrel temperature (120-

160 °C), feeding rate (3-10 g/min), and screw speed (100-400 RPM) to further investigate the 

impacts of processing conditions on the response.  

         This study employed the response prediction profiler option based on the response surface 

design to gain additional information and determine the settings that generate the optimal response 

target by selecting maximize desirability. The prediction profiler allows to change variables 

interactively and analyze their impact on the expected response, which isn't possible with 

experiments. The hot-melt extrusion technology is used for the validation extrusion process as 

follows. Response surface designs were used to assess the impact of extrusion temperature, feeding 

rate, and screw speed in a quantitative manner (Table 2.1). 

Table 2.1. DoE CCD Design for the experiments. 

Formulations Pattern Barrel 

Temperature 

(°C) 

Screw speed 

(RPM) 

Feeding Rate 

(g/min) 

D1 +++ 160 400 10 

D2 0a0 140 100 6.5 

D3 a00 120 250 6.5 

D4 -++ 120 400 10 

D5 +--+ 160 100 10 
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D6 000 140 250 6.5 

D7 +-- 160 100 3 

D8 000 140 250 6.5 

D9 A00 160 250 6.5 

D10 00a 140 250 3 

D11 0A0 140 400 6.5 

D12 ++- 160 400 3 

D13 --- 120 100 3 

D14 00A 140 250 10 

D15 -+- 120 400 3 

D16 --+ 120 100 10 

2.2.5. Preparation of Amorphous Solid Dispersions through Hot Melt Extrusion. 

          Indo-Kollidon® VA 64 filaments were prepared by an 11 mm twin-screw extruder (Thermo 

Fisher Scientific, Waltham, MA, USA) to discover the effects of barrel temperature and other 

factors on extruded filament characteristics, followed by DoE response surface design. A twin-

screw volumetric feeder (Thermo Fisher Scientific, Waltham, MA, USA) was utilized to feed the 

PM at different feeding rates (3 to10 g/min). Formulations were prepared at various barrel 

temperatures (ranging from 120 to 160 °C) at different screw speeds (100 to 400 RPM). Extrudates 

were cooled at room temperature. All samples were stored in a desiccator with calcium sulfate and 

cobalt chloride indicators for further analysis. The standard screw configuration with four 
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conveying zones and three mixing zones was used for all experiments of 10 g batch sizes of PM. 

The torque and the filaments’ physical appearance were recorded. After cooling to room 

temperature, the ingredients were ground into fine powders with a mortar and pestle. These 

optimized extruder parameters were validated by using Indo/Kollidon® VA 64 (40:60) (w/w) PM. 

         The specific mechanical energy (SME) was also calculated to quantify the mechanical energy 

input during the extrusion process. The SME indicates the amount of power provided by the 

extruder motor divided by the feed rate of the materials. The calculation of the specific mechanical 

energy was based on Eqs. (2) and (3), as shown below [52,53]: 

𝐾𝑊 (𝑎𝑝𝑝𝑙𝑖𝑒𝑑) =  𝐾𝑊(𝑚𝑜𝑡𝑜𝑟 𝑟𝑎𝑡𝑖𝑛𝑔) ∗ % 𝑇𝑜𝑟𝑞𝑢𝑒 ∗
𝑅𝑃𝑀 𝑟𝑢𝑛𝑛𝑖𝑛𝑔

𝑅𝑃𝑀 𝑚𝑎𝑥
 * 0.97 (gearbox efficiency) 

(2) 

𝑆𝑀𝐸 =
𝐾𝑊 (𝑎𝑝𝑝𝑙𝑖𝑒𝑑)

𝐹𝑒𝑒𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
                                                             (3) 

2.2.6. Dissolution Studies 

         Dissolution tests (n=3) were performed on a small lab scale with distilled water to validate 

the previous drug loading and HME process optimization. Different Indo-Kollidon® VA 64 

extrudate powders (F1-F5), as shown in Table 2, were weighed (50 mg each) and added to the 20 

mL vial with a small stir bar inside when 2ml pH 2 hydrochloric acid (HCl) buffer preheated to 

37 °C. After 1 h, added 3x volume (6ml) preheated pH 6.8 phosphate buffer and adjusted the pH. 

Take 200 uL out at the 1, 2, 3, 4, 5 hours’ time points, and samples will be centrifuged for 3 min 

at 3000 rpm, and the supernatant will be diluted 2x with the mobile phase. 

         The Indo content was measured using the high-performance liquid chromatography (HPLC) 

in this section. A Waters Alliance 2695 HPLC (Waters Corporation, Milford, MA, USA) equipped 
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with a UV detector was used to determine the amount of indomethacin in the extrudate materials 

(Waters Corporation, Milford, MA, USA). Supelco® analytical column (15cm*4.6mm, 3 m 

column) kept at room temperature (Sigma-Aldrich, St. Louis, MO, USA). The HPLC system was 

operated at a flow rate of 1 mL/min, with each run injecting a 10 µL sample and measuring UV 

absorbance at a wavelength of 235 nm. At HPLC grade, the mobile phase is 50% acetonitrile and 

50% water. All chromatographic data were processed and managed using Empower 2 software 

(Waters, Milford, MA, USA). Indo had a retention time of around 6 minutes. For indomethacin 

detection, the linear calibration range was 5-200 μg/mL (R2=0.999). 

2.2.7. Analysis of Storage Stability 

         After cooling down, the extruded filaments generated by the HME process were milled to 

powder using a mortar and pestle. The storage stability investigation was performed for a month 

under accelerated testing conditions of 40 °C and 75% relative humidity (RH). 

2.2.8. X-Ray Diffraction (XRD) analysis 

          The amorphous states of extruded powder were examined using PXRD, and the examination 

was carried out using a D8 Advance Eco diffractometer (Bruker, Billerica, MA, USA). The spectra 

were obtained from scans performed at 2-Theta (2), with a 0.01 ° step size and a 1 s per step period, 

in the range of 0.0 ° to 40.0 °.  



33 
 

 

2.3. Results and Discussions 

2.3.1. Rheology Studies of Indo-Kollidon® VA 64 System 

         The powder rheometer has been used to examine the rheological characteristics of the 

polymer and drug-polymer PM with various ratios (as shown in Fig. 2.3 and 2.4). Fig. 2.3 shows 

the effect of the Indo concentration on the complex viscosity. At 120 °C, the viscosity decreases 

with all the PM, and polymer material with the temperature increases. The Indo concentration is 

up to 40%, indicating the plasticizer effect of the Kollidon® VA 64. In addition, at 140 °C, the 

viscosity of the 40% w/w Indo-Kollidon® VA 64PM was the lowest compared to other PM and 

the pure polymer. 

 

Figure 2.3. The complex viscosity of Indo-Kollidon® VA 64 PM under the temperature ramp at 

0.1 rad/s ang. Frequency. 

         Temperature ramp studies were carried out at temperatures ranging from 120 to 160 °C (as 

shown in Fig. 2.3). The experiment's results reveal that the complex viscosity of both pure 

Kollidon® VA 64 and its PM with Indo decreases as the temperature rises. The viscosity of 

Kollidon® VA 64 and PM was slightly reduced at 135 °C due to the greater shear frequency. 
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Furthermore, as compared to other PM and the pure polymer, the viscosity of the 40% w/w Indo-

Kollidon® VA 64 PM at 140 °C was the lowest. 

 

Figure 2.4. The complex viscosity of Indo-Kollidon® VA 64 PM under the dynamic frequency 

sweep at 160 °C temperature.     

         At the same temperature, Figure 2.3 illustrates that the viscosity variations of Kollidon® VA 

64 and its PM with Indo stayed within the same trend around the drug melting point under varied 

shear rates, which is not significant in this case. This can be attributable to Kollidon® VA 64's 

rheological characteristics. The viscosity of the materials and the temperature have an impact on 

shearing. 

         The zero-shear viscosity ratio was obtained using the approach previously described to 

investigate further the miscibility limit of Indo in Kollidon® VA 64 [49]. The results are depicted 

in Fig. 2.7, and more information is provided in Section 3.5. At 140 °C, it was observed that around 

40% w/w Indo had the lowest zero shear viscosity ratio, which doses with greater drug loading 
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mixes. This key point implies that Indo's estimated miscibility limit in Kollidon® VA 64 is about 

40% drug loading, which has been validated by other approaches [50]. 

         It suggests that a better composition improves PM miscibility. Suppose the dispersed solid 

particles are single-sized spheres. The reduced viscosity η/η0 of the PM increases as the volume 

fraction χ of the dispersed phase increases, as shown by the equation below.  

η/η0 =1+2.5χ                                                                     (1) 

         Herein, η is the mixture's viscosity, and η0 is the viscosity of the pure solvent or molten 

polymer in our study. Eq 1 suggests that the PM’s viscosity will increase with the amount of the 

drug particles when the solubility limit is passed. The curve’s slope depends on factors such as the 

shape of particles and the potential particle-particle physical interactions. In other words, the slope 

may vary from 2.5 given here. 

          The reduced viscosity of Indo-Kollidon® VA 64 η/η0 was determined and presented in Fig. 

5 at various concentrations. Each curve was fitted with a polynomial of 5th degree, and a minimum 

point was found for each curve. As previously stated, the drug's solubility in the polymer is 

determined by the minimum viscosity point. The viscosity for 50% Indo is higher than that of 40% 

Indo, indicating that the system had reached the solubility of Indo at that temperature. The decrease 

in viscosity is very pronounced at lower shear rates up to 10 rad/s and becomes insignificant at 

high shear rates. The phenomenon suggests that it is better to use a lower shear rate to obtain the 

drug’s solubility data, as shown in Fig 2.5. 

         In summary, if the viscosity of a drug-polymer PM is plotted against the drug concentration, 

the slope is expected to be negative below the solubility limit and changes to positive beyond the 

limit. The critical point on the curve gives the drug’s solubility in the polymeric excipient [47]. A 
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similar phenomenon has been observed in current drug-polymer systems. The viscosity of 50% 

Indo is greater than that of 40% Indo, suggesting that perhaps the system had attained solubility at 

the temperature. As shown in Fig 2.5, choosing the 40% drug loading is preferable to investigate 

more. 

 

Figure 2.5. The predicted miscibility limitation of the Indo-Kollidon® VA 64 PM at 160 °C by 

zero shear viscosity method. 

2.3.2. Hot melt extrusion parameters optimization by DoE 

          The extrusion temperature was the research’s first variable. In an attempt to develop an 

amorphous solid dispersion system, HME requires thermal energy to melt the particles. The 

melting point, thermal stability, glass transition, and desired formulation all play a role in 

determining the best barrel/ processing temperature. Heating components situated within the 

extruder barrel were used to maintain the extrusion temperature. The extrusion employed in this 

investigation may reach 200 °C. Because of the vast temperature range, it was necessary to narrow 

down this parameter and limit the number of experiments. In the current investigation, the 
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formulations were prepared underneath this temperature, which avoided the minor thermal 

instabilities risk, reducing the first high temperature from 180 °C to only 159.83 °C in Fig 2.6. 

         The screw speed was the study’s second variable. The resident time, shearing force, and 

extrusion torque are all affected by screw speed. Low screw speed allows for more heat and less 

shearing force in the formulation and vice versa. To modify the screw speed, examine the 

parameters of the formulation, such as viscosity, melting point, and stability. High-viscous 

materials, for example, will necessitate a slow processing screw speed. Due to extruder torque and 

pressure, screw speed may be restricted. According to preliminary research, while using a high 

screw speed, the molten Indo-Kollidon® VA 64 matrix demonstrates a high torque value. On the 

other hand, the extrudates became irregularly informed when the screw speed remained low. This 

one was attributed to decreased backpressure, a key element in extrudate sculpting [51]. From Fig 

2.6, the optimized screw speed in this research is 256.60 RPM. 

         The feeding rate is the final parameter being discussed in this examination. The feeding rate 

impacted the particle size, screw speed, and extrusion temperatures were all affected by the feeding 

rate. As shown in Figure 6 below, the optimized feeding rate by DoE is 7.35.  

         Identifying the optimal conditions for the intended objective is the most critical part of 

response surface design. To find the significant parameters, a screening or factorial experiment 

was employed first (temperature, pressure, cooling rate). A response surface-designed study can 

be used to select the optimal parameters for each variable. Fig 2.6. shows the result of the most 

desirable settings to meet the response.  Furthermore, as previously stated, the optimized extruding 

parameters are not an actual experiment setup, but rather new parameters based on the 

experimental data, which will be validated in subsequent experiments. 
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Figure 2.6. Prediction profiler for the DoE Response Surface Analysis.     

2.3.3. Hot-melt Extrusion and Preparation of Indo-Kollidon® VA 64 ASDs: Validation for DoE 

optimization. 

         Four HME runs were conducted using five different formulation designs (F1-F5), which 

consisted of different drug loading and the optimized extruding parameters above, as shown in 

Table. 2.2. Each run was composed of multiple batches by varying the barrel temperature and 

screw speed to study the influence of these parameters on SME (as shown in Table 2) and the 

preparation of Indo-based ASDs.    

Table 2.2. HME processing parameters and physical-chemical characterizations of optimization 

design. 

Formulations Ind

o  

Kollidon® 

VA 64   

(% w/w) 

Torque  

(N*m) 

Barrel 

Temperatur

e  

Scre

w 

speed 

Feeding 

rate 

(g/min) 

SME 

kWh/kg 

Indo 

ASDs 
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(% 

w/

w) 

°C (rpm) (yes/n

o) 

F1 100 0 9.55±0.1

4 

159 256 7 1.763 No 

F2 20 80 4.71±0.0

9 

159 256 7 0.419 Yes 

F3 30 70 4.74±0.3

5 

159 256 7 0.436 Yes 

F4 40 60 3.93±0.2

7 

159 256 7 0.385 Yes 

F5 50 50 5.59±0.1

6 

159 256 7 0.682 Yes 

      Table 2.2 shows the F1-F5 samples’ processing parameters and the extruded materials’ 

physical-chemical characterizations of optimization design changes. The average torque value 

observed decreased with the polymer in all batches. It showed the lowest torque under 40% Indo 

loading in this study. Since the other process parameters (screw design, die size, and die 

temperature) were fixed here, it’s clear to illustrate the function of the optimized extrusion 

parameters and the validation of the PM rheology studies. It suggested sufficient melting of the 

drug at the current temperature and speed, which leads to the drug particle being fully dissolved in 
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the polymer carrier. Other formulation batches showed good physical-chemical properties too in 

this study and can be considered for further investigation. 

         As the previous section described, all batches’ formulations used the same standard screw 

configuration, so SME was not controlled by screw design in this case. Thus, other extrusion 

parameters were studied. As shown in Table 2.2, by increasing the Indo content from 20% to 50% 

at 160 °C, the SME was increased from 0.419 to 0.682 kWh/kg. This influence of the drug content 

(F2-F5) on the SME was also observed at 160 °C when compared with the raw polymer F1 (1.763 

kWh/kg).  

         Moreover, adjustments in the drug loading had effects on SMEs, showing the lowest SME 

(0.385 kWh/kg) at 40% Indo loading. From Table 2.2, it is clear that the SME decreased as the 

drug loading increased to 40% drug loading. At 50% drug loading, SME changed the direction and 

went higher. It is probably caused by the drug-polymer interaction, consistent with the PM 

rheological anticipation from Fig 5 (40% Indo loading is the miscibility limit for this ASD system). 

It is worth knowing that the extruder’s screw speed, feeding rate, and barrel temperature are 

optimized here by DoE, so they did not show impacts on SME, but it is worth further investigation 

in the future for this part.  

        However, the amount of polymer loading did significantly influence torque value. Increasing 

the polymer composition decreased the torque compared with the pure Indo average torque of 

9.55±0.14 N·m. Moreover, the lowest toque value was shown at 40% Indo loading, which indicates 

this drug-polymer system is the easiest one to operate, confirming the PM rheological expectation. 

2.3.4 Dissolution studies 
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         Fig. 2.7 depicts the dissolution profiles of all Indo-Kollidon® VA 64 extrudates powder (F2-

F5) at pH 2 HCl buffer and pH 6.8 phosphate buffer, as well as the pure crystalline Indo powder 

F1 dissolution behavior. Starting with the pH 2 HCl buffer studies, it is clear to see that the drug 

release % of indomethacin at 40% drug (F4) loading has the fastest drug release at both low and 

high pH, which validates the previous observation of the extrusion process torque and SME, as 

well as the PM rheological miscibility limit assumption. Moreover, all compositions of extruded 

ASD powder showed a better release profile than the crystalline Indo in 6 hours, which confirmed 

the ASDs formulation could significantly improve the dissolution rate over its crystalline form. 

Though ASD systems always have the concern of being unstable, it is crucial to monitor the 

physical and chemical stability of the products.     

 

Figure 2.7. Dissolution profiles of indomethacin released from the extrudates powder and of the 

pure Indo.  
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         The effect of the dissolving medium pH and drug loading on the dissolution performance of 

indomethacin-Kollidon® VA 64 extrudates was investigated in the present research. The 

experiments were carried out at pH 2 to replicate mimic environments and pH 6.8 to mimic post-

stomach environments. This research discovered that indomethacin has a low detectable dissolving 

rate at pH 2. Still, a higher rate at pH 6.8 indicates the drug release mechanism is dependent on the 

highly water-soluble Kollidon® VA 64. The poor dissolving performance at pH 2 for the other 

drug loadings (20 % or higher) is due to the production of an amorphous and hydrophobic coating 

of the drug, which prevents drug release from the compact's interior. The change in pH from low 

to above the indomethacin pKa of 4.5 dissolves the coating and allows the extrudates to dissolve. 

We believe that the suggested pH-dependent dissolution model may also be used to control and 

modulate drug release in the stomach and small intestine for a broad range of poorly soluble 

ionizable drugs in the future. 

2.3.5. Accelerated stability test of Indo- Kollidon® VA 64 ASDs by PXRD 

         The pre-milled filament powder obtained from the HME process was held under accelerated 

testing conditions at 40 °C and a 75% relative humidity (RH) stability chamber for a month. PXRD 

tested the stability of ASD formulations after one month of exposure in the stability chamber. The 

PXRD data in Figure 2.8 confirmed the amorphization of HME extruded F2-F6 powder after one 

month at 40 °C and 75% RH also the PM and pure Indo (F1), demonstrating the ASD systems' 

strong physical stability and validating the HME processing setup. The F1 formulation (20% Indo) 

developed under the drug-polymer solubility line (120 °C extrusion temperature) exhibited partial 

crystallinity at one month. This is more than likely owing to the processing temperature is lower 

than the system Tm, preventing the drug from fully transferring to the amorphous form in this 

situation. Even though F4 filaments were formed at temperatures lower than the drug-polymer 
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solubility limit (150 °C), XRD data revealed that F4 remained in amorphous forms of the drug. 

Strong drug-polymer molecular interactions are most likely to blame.  Strong drug-polymer 

molecular interactions are most likely to blame. Furthermore, at 40% drug loading, the processing 

temperature (160 °C) is near the binary curve. It did, however, demonstrate that the phase diagram 

and HME processing are required to improve the manufacturing parameters. 

 

Figure 2.8. XRD overlay for ASDs formulation (F1-F5) PM and after one month under 40 °C/ 75% 

RH stability chamber. 

         After accelerated storage, the fore samples (F2-F5) still didn’t show percentages of 

crystallinity, as indicated in Figure 8. As we know, the crystallinity of Indo ASDs can be affected 

by both SME and torques. Nonetheless, at a 160 °C processing temperature, the effect of SME on 

the stability of Indo ASDs was negligible in this research. Samples F2-F5 were all treated at the 

same barrel temperature but with different SMEs, and they didn’t crystallize similarly after one 

month of accelerated conditions. These observations may also be limited by the XRD detectable 

limitation, which is that if the crystalline percentage is under 5%, there is a high chance it will not 

be detectable.
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2.4. Conclusions 

         This research has proposed the influence of various processing parameters of HME on the 

pharmaceutical performance of the Indo solid dispersion system, using a 3-level full factorial 

statistical design. The results showed that processing parameters have a significant influence on 

the pharmaceutical properties of Indo solid dispersion. Screw speed, feeding rate, and barrel 

temperature were found to be affecting processing parameters on the pharmaceutical performance 

of Indo extrudates properties. The unique and straightforward functional CCD designs by DoE 

allow the evaluation of each factor and, therefore, the production of the optimized formulation. 

The DoE concept reduces the cost and time required while providing a high percentage of success 

by obtaining the most information in the fewest number of experiment runs. This method will 

reduce the number of experimental trials while obtaining good final-product quality. 

         From the discussion above, key findings emerge: this research investigates mechanical and 

thermal energy influences on the preparation and physical stability of Indo-Kollidon® VA 64 ASDs. 

We demonstrate that extruders generate thermal energy that is more effective in the amorphization 

of Indo in Kollidon® VA 64. We also show that small extruders exhibit thermal energy input that 

has more impact on achieving a homogeneous ASD system, which results in better physical 

stability. Finally, based on QbD, this study defined a DoE drive optimized processing parameters 

setting for Indo-Kollidon® VA 64 by understanding the difference in effects on dissolution 

behavior. Extensive results carried out show that this method improves the workflow of ASDs 

formulation production by HME technology and provides insight into the relationship between 

mechanical and thermal energies and the preparation and physical stability of Indo-based ASDs. 
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CHAPTER Ⅲ 

DEVELOPMENT OF CONTROLLED RELEASE ORAL DOSAGES BY DENSITY 

GRADIENT MODIFICATION VIA THREE-DIMENSIONAL (3D) PRINTING AND 

HOT-MELT EXTRUSION (HME) TECHNOLOGY  

3.1. Introduction 

Extensive research has been conducted on HME applications in the pharmaceutical industry 

for years due to its versatile usage and economic benefits. HME technology is known for its ability 

to support the development of different dosage forms, especially benefiting poorly water-soluble 

active pharmaceutical ingredients (APIs) to produce ASD formulations.  The research revealed 

that ASD has significantly improved the dissolution rate, solubility, wettability, and oral 

bioavailability of APIs and masks the bitter taste of an API [54-57]. HME is a continuous process 

that extrudes filaments by heating the API and excipients to a specific temperature and pushing 

them through a shaped die. The resulting filament’s quality is affected by the design of the mixing 

zone, the feeding rate, the screw configuration, the barrel temperatures, and various other factors. 

In addition, HME helps to change the drug release profile to formulate both immediate release and 

controlled release dosages as needed [54-57].  

During the HME process, a homogeneous mixture of drugs and excipients is rapidly heated 

and mixed in the equipment, and then the material is pressurized through the extruder into 

filaments [54,55]. In recent years, researchers have taken filaments created through HME and used 

them in 3D printing to create many things. Their achievements have also proved that this novel 
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technology has excellent potential for developing pharmaceutical products [58]. Zhang and 

colleagues (2016) have used acetaminophen and hydroxypropyl methylcellulose (HPMC) based 

polymers to develop a controlled release formulation by coupling HME and 3D printing 

technologies. Furthermore, this study observed the impact of the infill density on the tablet’s 

performance [59].  

3D printing is revolutionizing the pharmaceutical industry by promoting personalized therapy, 

and it has many advantages over traditional dosage forms. For example, it can easily modify the 

shape, dosage, size, and density to meet the different needs [59-61]. Furthermore, FDM 3D 

printing technology has been broadly used to produce immediate release drug delivery systems 

[62] and controlled release [63] drug delivery systems. The Food and Drug Administration (FDA) 

approved the first 3D printed prescription drug called Spritam® (Aprecia Pharmaceuticals, 

Langhorne, PA, USA) in 2015 to treat partial epileptic seizures. It has been successfully marketed 

in the USA. This new dosage form (fast-melt tablets) requires little water to allow the tablet to 

dissolve quickly in the mouth, which is helpful for people who have difficulty swallowing [60]. 

      However, there are a variety of 3D printing technologies available in the market for producing 

pharmaceutical dosages, which include selective laser sintering (SLS), fused deposition modeling 

(FDM), and stereolithographic (SLA) based approaches [59]. The FDM 3D printer is one of the 

most popular because of its advantages, such as low price and ease of operation. The process 

started with a 3D digital object created by a computer-aided design (CAD) program and saved as 

digital stereolithography (.stl) file. FDM 3D printers use a melted filament to build the object 

through layer-by-layer printing [61,64]. The next layer cannot start printing until the last layer is 

wholly printed and cured. This curing process is repeated until the object is finished [63,64]. The 

most common 3D printing material of the FDM 3D printer is polylactic acid (PLA). PLA is a 



 

47 

 

ubiquitous synthetic plastic with a low melting point and can be easily printed at 180 °C. In this 

investigation, PLA also was employed as a reference to evaluate and compare the extruded 

filaments to fit 3D printing requirements, such as hardness, toughness, and stiffness [65]. The 

texture analysis (TA) evaluated these characters of filaments in this article. 

      In this study, ketoprofen was chosen as the model drug. Ketoprofen is a weak acid drug-

assigned to biopharmaceutics classification system (BCS) Class II, with low aqueous solubility 

and high permeability. HPMC-based polymers were used as the polymer matrix, and they are also 

one of the most common polymers used for ASDs manufacturing by HME technology [66]. These 

drug-polymer-loaded filaments, which were prepared by HME, were then used to make the 

uniquely designed 3D printed tablets with different infill densities. The tablets were evaluated 

using kinetic models through their in vitro drug release performance. This research demonstrated 

the relationship between the infill density of the 3D printed tablets with the in vitro release kinetics. 

      In summary, this study applied an innovative design of a 3D printed tablet structure, which 

was combined with a loose shell and compact tablet core, to demonstrate how a printed tablet’s 

density affected the speed of a drug’s release. Furthermore, this paper investigates how simply 

changing the different density gradient settings during printing can allow the formulation to have 

a controlled release profile without modifying the formulation compositions. Subsequently, 

mathematical dissolution models were used to elicit further data and received a comprehensive 

understanding of the 3D printed ketoprofen core-shell structure tablets in vitro behavior. 

3.2. Material and Methods 

3.2.1. Materials 
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Ketoprofen is a model API procured from LGM Pharma (Jersey City, NJ, USA). BenecelTM 

hydroxypropyl methylcellulose (HPMC) K4M, AquaSolveTM hydroxypropyl methylcellulose 

acetate succinate (HPMCAS) HG, and KlucelTM hydroxypropyl cellulose (HPC) LF, were kindly 

donated by Ashland (Wilmington, DE, USA). Other analytical-grade chemicals used in the study 

were obtained from Fisher Scientific (Hampton, NH, USA). 

3.2.2. Formulations 

The filaments used in the tablet’s core (F1) were made with 30% (w/w) ketoprofen, 50% (w/w) 

HPMC K4M and 20% (w/w) HPMCAS HG; the filament used in the tablet’s shell (F2) was made 

with 30% (w/w) ketoprofen, 50% (w/w) HPMC K4M and 10% (w/w) HPMCAS HG 10% HPC 

LF. Two formulations were listed in Table 3.1. 

Table 3.1. Formulation composition for extrusion. 

Formulations Ketoprofen 

w/w% 

HPMC-K4M 

w/w% 

HPMCAS HG 

w/w% 

HPC LF  

w/w% 

F1 30 50 20 0 

F2 30 50 10 10 

3.2.3. Hot melt extrusion (HME) Process 

 Physical mixtures (PM) of 100g of both F1 and F2 were prepared separately and mixed 

using a MaxiBlendTM blender (GlobePharma Inc, New Brunswick, NJ, USA), which was run at 30 

RPM for 30 min to ensure an even distribution of samples before the HME process. A Thermo 

Scientific process 11 parallel twin-screw extruder (Thermo Fisher, Waltham, MA, US) was used 

to prepare 10g batch sizes for both F1 and F2’s formulations. Then, the premixed formulations 

were extruded employing the standard screw configuration (Figure. 3.1) at 150 ℃ with a screw 
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speed of 50 RPM in all zones. As per the requirement of filament diameter (1.7 mm) of the FDM 

3D printer, a 1.5 mm rounded shape die was chosen to extrude filaments. 

 

Figure 3.1. Standard screw configuration of Thermo Scientific™ Pharma 11 Twin-screw 

Extruder. 

3.2.4. Filaments Texture Analysis (TA) 

A stiffness test was performed using the TA-XT2i analyzer (Texture Technologies, Hamilton, 

MA, USA) to optimize the formulations and filaments better, as shown in Figure 3.2. Smooth and 

even extruded filaments were selected for texture analysis, and each segment was cut 5 cm long. 

For all formulations, the stiffness test speed was set to 2 mm/s, and the trigger force was set to 5.0 

g. Ten filaments for each formulation were tested; data collection and analysis were performed 

using Exponent software version 6.1.5.0 (Stable Micro Systems, Godalming, UK). The stiffness 

is the key to determining the filaments to be successfully printed. The stiffness is obtained using 

the following formula: 

Stiffness =
𝐹

𝛿
                                                             (1) 
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The applied force is F, and deformation is δ in this equation. Each group of filaments was 

tested and printed ten times, and the filaments that were successfully printed more than six times 

are considered adequate for 3D printing. 

 

Figure 3.2. PLA texture analysis test. 

3.2.5. Differential Scanning Calorimetry (DSC) 

The physical blend, the filaments, and the printed tablets were analyzed using DSC to measure 

the thermal characteristics. The TA DSC 25 (TA Instruments, New Castle, DE, USA) was utilized 

to measure and analyze around 5 mg samples each time. Samples were packed inside a Tzero 

aluminum pan (TA Instruments, New Castle, DE, USA) covered with an aluminum hermetic lid 

(TA Instruments, New Castle, DE, USA). Then, heat the sample and an empty reference pan with 

a heating rate of 25 °C / min from 25 °C to 200 °C. Ultra-purified nitrogen was applied as the 

purge gas at a 50 mL/min rate. Results were collected and analyzed by Trios software (TA 

Instruments, New Castle, DE, USA). 

3.2.6. 3D Printing  
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Autodesk® Fusion 360TM (Autodesk, San Rafael, CA, USA) was utilized to design the tablet 

model in this study. The selected dosage form’s geometry was a tablet consisting of a cylindrical 

shell with a core inside, as shown in Figure 3.3. It was then exported as a .stl file to be used with 

an Original Prusa i3 MK3S kit (Prusa Research, Prague, Czech Republic) FDM 3D printer. The 

HME process prepared the extruded filaments before being pushed through the FDM printer’s 

nozzle above the drug melting point to print the desired dosage form. 

 

Figure 3.3. 3D printing design. 

         To ensure the printing process, the control operations of 3D printing were completed through 

Ultimaker CURA software version 3.4.1 (Ultimaker, Geldermalsen, Netherlands). The printing 

temperature and the build plate temperature were set at 200℃ and 45℃, respectively, and the 

printing speed was kept at 60 mm/s, layer height was set at 0.1 mm. The core and shell combination 

density of all nine formulations in Table 3.2, were set differently. The core density was set higher 

as 40%, 50%, 60% infill, respectively; the shell was designed more porous and looser with a lower 

density as 20%, 30%, 40%, respectively. The rest of the settings were kept the same. 

Table 3.2. Density gradient modification 3D Printing tablets design.  
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3.2.7. X-Ray Diffraction (XRD) Analysis 

The amorphous states of extruded filament were examined using powder XRD, and the 

examination was carried out using a D8 Advance Eco diffractometer (Bruker, Billerica, MA, 

USA). The spectra were obtained from scans performed at 2-Theta (2θ), with a 0.01 ° step size and 

a 1 s per step period, in the range of 0.0 ° to 40.0 °. 

3.2.8. Scanning Electron Microscopy (SEM) 

The cross-sections and surfaces of the printed tablets shell and core were analyzed using a 

JSM-7200 FLV field-emission scanning electron microscope (SEM) (JEOL, Peabody, MA, US). 

A gold layer covers all samples by a gold sputtering system for 30 s at 70 mTorr pressure for 

visualization. The picture was taken by a hybrid objective lens, the new combination of magnetic 

lens and electrostatic lens.  

3.2.9. Tablets Physical Parameters  

T1 T2 T3

T4 T5 T6

T7 T8 T9

Shell

Density
Core

Density
20% 30% 40%

40%

50%

60%
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VWR® Digital Calipers (VWR®, Radnor, PA, USA) were used to check every tablet’s 

diameter and height. Forty-five tablets from nine formulations (T1-T9) were tested here, and each 

tablet was measured five times at different locations. The standard tablet hardness tester VK200 

(Agilent Technologies, Santa Clara, CA, USA) was applied to determine the hardness of the 

tablets; each formulation was tested five times. 

3.2.10. In Vitro Drug Release Study 

Following the tablet morphology test, each formulation (T1-T9) was quantitatively analyzed 

for the ketoprofen release profile using The Hanson SR8-Plus™ Dissolution Test Station (Hansen 

Research, Chatsworth, CA, USA) employing United States Pharmacopoeia (USP)-II Dissolution 

Apparatus. 3D printed tablets of each grade were exposed to 900 mL phosphate buffer (pH 6.8) 

for 24 hours in a 1000 mL standard dissolution vessel. The dissolution system was maintained at 

37 ℃ ± 0.5 with the 50 RPM paddle speed. Samples were collected at 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 

12, 24 hours. The dissolution test followed the same protocol for all 3D printed tablets and was 

conducted in triplicate (n=3). The amount of ketoprofen was detected by Waters alliance model 

2695 high-performance liquid chromatographic (HPLC) Waters Corporation, Milford, MA, USA) 

equipped with a SupelcoTM analytical column (Col: 176607-04; BL: 9277, 15cm*4.6mm, 3μm) 

maintained under room temperature. The UV absorbance was measured at 246nm wavelength. 

The mobile phase was prepared using HPLC grade water for the aqueous phase and HPLC grade 

methanol for the organic phase at a 30:70 ratio. The flow rate was set at 1 mL/min, and injected 

10 µL sample each run. The sample analysis was performed using Empower 2 software (Waters 

Corporation, Milford, MA, USA). The estimation of ketoprofen was performed using a calibration 

curve ranging from 1-94 µg/mL (R2= 0.999).  

3.2.11. Dissolution Mathematical Model Study 
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    OriginPro 2018 64bit (OriginLab, Northampton, MA, USA) was used to analyze and create the 

dissolution curve in this study. The non-linear fitting was applied to the previous in vitro drug 

release test data to draw and analyze its relative curve. The standard mathematical release models 

of dissolution (zero-order kinetic release model, first-order kinetic release model, Higuchi model, 

Ritger-Peppas model, and Peppas-Sahlin model) were applied to fit the dissolution data. This 

study’s correlation coefficient (R2 ) was an essential parameter to judge its degree of fit [67].  

In order to create a reliable mathematical dissolution model, the evaluation of the different 

models was studied to predict the dissolution curve of the 3D-printed drugs. When a particular 

mathematical function expresses a specific dosage’s dissolution rate, it is easier to make a 

quantitative analysis of the dissolution prediction. In this case, a total of five major release kinetic 

models were studied: zero-order, first-order, Higuchi, Ritger-Peppas, and Peppas-Sahlin models 

[67, 68]. 

Zero-order Kinetic Release Model 

The equation here can be described as:   

𝑄(𝑡) = 𝑄0 + 𝐾0t                                                             (2) 

Where Q(t) is the release amount of the drug at time t, K0 is the zero-order constant. It 

represents a zero-order dissolution rate, and Q0 is the initial amount of the drug in the solution at 

the initial state (generally, when t=0) [69]. 

First-order Kinetic Release Model 

This model can be described as: 

                                                        ln𝑄(𝑡) = 𝑙𝑛𝑄0 + 𝐾1𝑡                                                       (3) 
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Where Q(t) is the release amount of the drug at time t, K1 is the first-order dissolution rate. In 

this circumstance, the percentage of drugs eliminated per unit time in the body remains constant 

[70]. 

   Higuchi Model  

   The Higuchi model first described the drug release rate from the matrix system form published 

in 1961. The Q(t) is given as:  

𝑄(𝑡) = 𝑄0 + 𝐾𝐻√𝑡                                                          (4) 

Where Q(t) is the release amount of the drug at time t, KH is the Higuchi model’s drug release 

rate, and this model is the most common model to describe the drug release for the controlled 

release formulations [71, 72]. 

    Ritger-Peppas Model 

The Ritger-Peppas model describes the drug release from a polymeric system when the 

release mechanism is unclear. The Ritger-Peppas model follows the formula:  

𝑄(𝑡)

𝑄(∞)
= 𝑘𝑡𝑛                                                              (5) 

Where Q(t) is the release amount of the drug at time t, Q(∞) is the release amount of drug at the 

time ∞, k, and n are coefficients [73]. 

   Peppas-Sahlin Model 

   The Peppas-Sahlin model is the correction formula of the Ritger-Peppas formula. This function 

can calculate both diffusional and relaxational mechanisms during drug release from a polymeric 

system developed by Peppas and Sahlin in 1989 written as: 
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𝑄(𝑡)

𝑄(∞)
= 𝐾1𝑡𝑛 + 𝐾2𝑡2𝑛                                                       (6) 

    Q(t) is the release amount of the drug at time t, Q is the release amount of the drug at the time ∞, 

k1, k2, and n are constants [74]. 

3.3. Results and Discussion 

3.3.1. Thermal Analysis 

    To verify the formation of ASDs, DSC data was gathered for both the homogeneous powder 

mixtures and the 3D printed tablets. Core, shell, core printed, and shell printed curves in Figure 

3.4 represented the curves for homogeneous F1, F2 mixtures powder and the core, shell product 

after HME and 3D printing process. The original formulation blends DSC curve peaked at about 

93 ℃. It can be seen that after the HME and 3D printing process, there were no peaks in F1 and 

F2, which shows that ketoprofen successfully formed amorphous solid dispersion and achieved 

the amorphous state with the polymers. 

 

Figure 3.4. DSC thermogram for F1 (Core) and F2 (Shell) homogeneous mixture and the printed 

core and shell ground powder. 
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3.3.2. X-Ray Diffraction (XRD) Analysis 

    The XRD overlay on Fig. 3.5 shows the difference of F1 and F2 PM and extruded sample. It is 

clear that the extruded sample become amorphous compared to the PM. 

 

Figure 3.5. XRD overlay of F1 and F2.              

3.3.3. Filament Texture Analysis 

     The HME process successfully produced two formulations of ketoprofen-loaded filaments. 

During 3D printing, the filament is fed automatically at a constant speed through rigid feeding 

gear, and the gear will easily break the filament. To fit the 3D printer’s requirement, the filaments 

must have desirable properties to work in the feeding system. The material properties that are hard 

in general and difficult to bend are regarded as high stiffness, indicating low ductility [75]. The 

extruded filaments’ stiffness travel distance and stress properties were adjusted and evaluated, 

along with the PLA material as the reference for the printability properties. As shown in Table 3.3, 

both F1 and F2 demonstrated adequate mechanical properties (successfully printed ten times each) 

and appeared to have very similar and comparable characteristics with commercial PLA filament 

products. In this case, the TA test demonstrates the production of the successful filaments for 3D 

printing by hot-melt extrusion.  
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Table 3.3. Filament’s stiffness test results. 

Formulations Force 

(g) 

Distance 

(mm) 

Stress 

(g/mm2) 

Stiffness 

(g/mm) 

Property 

PLA 1189±12.62 3.75±0.21 10825.054±366.197 317.6±14.71 adequate 

F1 628.78±25.49 8.57±0.96 6933.691±974.492 73.36±28.01 adequate 

F2 431.5±9.44 6.8±0.45 7006.152±434.166 63.46±11.23 adequate 

3.3.4. Tablets Morphology Analysis 

    The core and shell cross-section of 3D-printed tablets SEM pictures showed that the tablets are 

smooth and have clear layer by layer FDM printing performance. Figure 3.6 also proved the 

difference between the 3D printing densities microscopically. The outside shell looked porous and 

loose, but the structure was much tighter than the inside core. The layer-by-layer printing style can 

also be seen in the bottom left SEM picture (Figure 3.5).  
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Figure 3.6. SEM 3D structure of T5, with a 30% shell fill and 50% core fill, (a) top view of the 

shell (b) top view of the core (c) side view of the core, and (d) side view of the shell. 

The geometric characteristics for 3D printed tablets data (Table 3.4) showed consistency in 

size, shape, and quality, thus indicating uniformity in the production of tablets by the FDM 3D 

printing technique. From the hardness data (Table 3.4Error! Reference source not found.), due 

to the structured design of the tablet’s shell core, its hardness mainly depends on the shell’s density 

and is independent of the core; hardness would increase with an increase in the shell density. 

Table 3.4. Geometric characteristics and textural properties of the 3D printed tablets. 

Tablets Diameter(mm) Height(mm) Weight(mg) Hardness (Kp) 

20%Shell 

40%Core (T1) 

10.04±0.17 5.07±0.08 337±24 14.4±0.1 

20%Shell 

50%Core (T2) 

10.14±0.32 5.05±0.09 339±30 14.4±0.1 

20%Shell 

60%Core (T3) 

10.08±0.28 5.02±0.05 347±12 14.4±0.1 

30%Shell 

40%Core (T4) 

10.09±0.31 5.11±0.21 332±17 15.3±0.1 

30%Shell 

50%Core (T5) 

9.98±0.23 5.02±0.06 340±12 15.1±0.2 

30%Shell 

60%Core (T6) 

10.17±0.29 5.17±0.08 351±10 15.1±0.2 
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40%Shell 

40%Core (T7) 

10.01±0.09 5.04±0.19 343±18 15.3±0.3 

40%Shell 

50%Core (T8) 

10.05±0.13 5.12±0.25 357±21 15.4±0.2 

40%Shell 

60%Core (T9) 

10.05±0.17 5.15±0.03 347±19 15.4±0.2 

3.3.5. In Vitro Drug Release Study 

Figure 3.7 shows the impact of the infill density for the 3D printed tablets on the drug 

dissolution performance. The release rate of 3D-printed formulations was slower when the shell 

and core density increased. Due to the low fill density, the 20% shell infill allows the tablet’s core 

to hydrate, resulting in quicker hydration and better drug release. On the other hand, the 40% infill 

shell density showed slower drug release profiles. In this study, the 20% shell and 40% core 

showed a better dissolution rate compared to the other eight density designs.  

It is also clear from the dissolution curve that density is one of the critical factors in 

determining the dissolution rate of 3D printed tablets. 3D printing requires only the change of the 

software’s parameters to make the operation simple, fast, and intuitive, making the process more 

controllable and conducive to manufacturing personalized designs. 
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Figure 3.7. In vitro drug release profiles of tablets T1-T9.  

3.3.6. Analysis of the Drug Release Using Mathematical Models 

In this study, the linear and non-linear curve fitting were conducted by OriginPro 2018 64bit 

for the different kinetic release models. OriginPro 2018 64bit software can perform a variety of 

complex data simulations, numerical analyses, and drawing operations. Since the software directly 

obtains an intuitive release curve from the initial data, it can observe the extensive dispersion data 

and eliminate the experimental error. 

The drug diffusion mechanism can be divided into Fickian and non-Fickian diffusion. When 

the drug only has Fickian diffusion, the drug’s release rate is independent of the drug’s 

concentration, and the concentration is only time-dependent with distance. 

0 shows the zero-order kinetic release model (1), first-order kinetic release model (2), Higuchi 

model (3), Ritger-Peppas model (4), and Peppas-Sahlin model (5) fitting results. From Table 5, 
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the Ritger-Peppas, Higuchi, and Peppas-Sahlin models fit the dissolution profile better than the 

other models(R2>0.95) [76]. 

Although the Higuchi model is usually considered the most frequently used model in 

controlled release drug mathematical model fitting, researchers have also pointed out that the 

Higuchi model is more suitable for ideal conditions. The drug release for Higuchi model fitting 

needs to meet the following requirements [67, 77]: The initial drug concentration should be much 

higher than the solubility limit of the drug. The drug spread is one-dimensional and focused more 

on when the drug release is under pure diffusion control. The Higuchi model did not count the 

swelling or dissolution of the polymer carrier. 

Based on these prerequisites, the Higuchi model is not appropriate for this study in vitro 

release of 3D-printed formulations. Since the 3D-printed tablet, in this case, has a unique core-

shell structure and the diffusion is not one-dimensional, the initial drug concentration is not much 

higher than the drug’s solubility. The swelling also happened because the HPMCAS HG polymer 

has the skeleton erosion performance. Though the Higuchi model R2 fits right here, it may not be 

applicable to describe this release profile. 

Table 3.5.  Dissolution kinetic parameters of 3D printing tablets. 

 Zero-order First-order Ritger-Peppas Higuchi Peppas-Sahlin 

 K0 R2 K1 R2 n R2 KH R2 K1 K2 N1 R2 

T1 4.22 0.83 0.31 0.96 0.47 0.97 23.23 0.94 0.19 0.07 0.85 1.00 

T2 4.54 0.87 0.29 0.95 0.52 0.97 23.97 0.97 0.18 0.05 0.72 1.00 
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T3 5.21 0.69 0.42 0.94 0.56 0.96 25.18 0.96 0.11 0.04 0.80 0.99 

T4 5.38 0.71 0.26 0.95 0.59 0.96 22.79 0.98 0.12 0.05 0.67 1.00 

T5 10.30 0.87 0.51 0.94 0.66 0.98 25.24 1.00 0.11 0.02 0.67 1.00 

T6 4.69 0.81 0.32 0.95 0.54 0.97 21.30 0.99 0.13 0.02 0.59 1.00 

T7 4.91 0.87 0.19 0.94 0.50 0.96 20.03 0.99 0.12 0.06 0.53 1.00 

T8 5.68 0.78 0.50 0.93 0.59 0.94 21.39 0.97 0.10 0.04 0.52 0.99 

T9 5.69 0.78 0.49 0.93 0.58 0.94 21.42 0.97 0.09 0.04 0.52 0.99 

R2  0.80  0.94  0.96  0.97    0.99 

      The Ritger-Peppas equation also demonstrated the drug’s release mechanism. When n ≤ 0.45, 

it indicates that the drug release is only driven by Fickian diffusion (release rate is independent of 

the drug concentration). When n ≥ 0.89, the drug release is more likely driven by case Ⅱ transport 

(skeletal erosion and swelling), and when 0.45＜n＜0.89, the drug release mechanism is called 

non-Fick diffusion (anomalous transport). The tablets’ relevant results are confined to 

0.45<n<0.89, indicating that this drug dissolution mechanism has Fickian diffusion and Case Ⅱ 

transport [73]. 

To better judge which diffusion dominated in the ketoprofen-based 3D printed tablets, the 

Peppas-Sahlin model was introduced here for further calculation. The model considered both 

Fickian diffusion (the first term of the equation) and the Case Ⅱ relaxation (the second term of the 

equation) contribution. The following formula can calculate the percentage of drugs released by 

Fickian diffusion (F):  
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F = 1 (1 +⁄ 𝐾2 𝐾1𝑡𝑛1⁄ )                                                     (7) 

The ratio of case Ⅱ relaxation (R) to F can be calculated by the following formula [78, 79]:   

                                                              
𝑅

𝐹
= 𝑘2 𝑘1𝑡𝑛1⁄                                                            (8) 

Table 6. R/F parameters for T1-T9 fitted by Peppas-Sahlin model.  

 T1 T2 T3 T4 T5 T6 T7 T8 T9 

R/F 1.69 1.52 1.50 1.29 1.21 1.13 1.38 1.20 1.07 

      Table 3.6 showed that the R/F of all nine different density tablets is more significant than 1, so 

case Ⅱ relaxation dominates the dissolution part compared to Fickian diffusion. It can also 

conclude that its dominant position will gradually weaken as the density increases.  

      Furthermore, it can be seen from Table 6 that the Peppas-Sahlin model (R2=0.99) fits best in 

comparison to R2. This selected model can be used to describe the mechanism of drug release from 

the polymeric systems, and this study is considered dominated by case Ⅱ relaxation drug release 

mechanism. This equation can accurately predict the release rate and diffusion mechanism of the 

3D printed dosage forms in this study, which is significant for future research. 

3.4. Conclusions 

    Through this research, many ketoprofen-loaded filaments (30% w/w) were successfully 

produced using HME and printed as tablets made with different density geometries and 

formulations. This aspect of the research suggested that the materials used significantly improved 

their dissolution rate after the HME and 3D printing process. The present findings also confirmed 

that the printing density greatly influenced 3D printed tablets’ dissolution rate. When the density 

is greater, the dissolution is slower.   



 

65 

 

 

 

 

 

 

 

 

 

 

References 

 

  



 

66 

 

1. Leuner, C., & Dressman, J. (2000). Improving drug solubility for oral delivery using 

solid dispersions. European journal of Pharmaceutics and Biopharmaceutics, 50(1), 47-

60. https://doi.org/10.1016/s0939-6411(00)00076-x. 

2. Repka, M. A., Bandari, S., Kallakunta, V. R., Vo, A. Q., McFall, H., Pimparade, M. B., 

& Bhagurkar, A. M. (2018). Melt extrusion with poorly soluble drugs–An integrated 

review. International journal of pharmaceutics, 535(1-2), 68-85. 

https://doi.org/10.1016/j.ijpharm.2017.10.056. 

3. Yu, L. (2001). Amorphous pharmaceutical solids: preparation, characterization and 

stabilization. Advanced drug delivery reviews, 48(1), 27-42. 

https://doi.org/10.1016/s0169-409x(01)00098-9. 

4. Vasconcelos, T., Sarmento, B., & Costa, P. (2007). Solid dispersions as strategy to 

improve oral bioavailability of poor water soluble drugs. Drug discovery today, 12(23-

24), 1068-1075. https://doi.org/10.1016/j.drudis.2007.09.005. 

5. Hancock, B. C., & Parks, M. (2000). What is the true solubility advantage for amorphous 

pharmaceuticals?. Pharmaceutical research, 17(4), 397-404. 

https://doi.org/10.1023/a:1007516718048. 

6. Brouwers, J., Brewster, M. E., & Augustijns, P. (2009). Supersaturating drug delivery 

systems: the answer to solubility-limited oral bioavailability?. Journal of pharmaceutical 

sciences, 98(8), 2549-2572. https://doi.org/10.1002/jps.21650. 

7. Abu-Diak, O. A., Jones, D. S., & Andrews, G. P. (2011). An investigation into the 

dissolution properties of celecoxib melt extrudates: understanding the role of polymer 

https://doi.org/10.1016/s0939-6411(00)00076-x
https://doi.org/10.1016/s0169-409x(01)00098-9
https://doi.org/10.1023/a:1007516718048
https://doi.org/10.1002/jps.21650


 

67 

 

8. type and concentration in stabilizing supersaturated drug concentrations. Molecular 

pharmaceutics, 8(4), 1362-1371. https://doi.org/10.1021/mp200157b. 

9. Serajuddin, A. T. (1999). Solid dispersion of poorly water‐soluble drugs: Early promises, 

subsequent problems, and recent breakthroughs. Journal of pharmaceutical sciences, 

88(10), 1058-1066. https://doi.org/10.1021/js980403l. 

10. Shanbhag, A., Rabel, S., Nauka, E., Casadevall, G., Shivanand, P., Eichenbaum, G., & 

Mansky, P. (2008). Method for screening of solid dispersion formulations of low-

solubility compounds—miniaturization and automation of solvent casting and dissolution 

testing. International journal of pharmaceutics, 351(1-2), 209-218. 

https://doi.org/10.1016/j.ijpharm.2007.09.042. 

11. Zheng, W., Jain, A., Papoutsakis, D., Dannenfelser, R. M., Panicucci, R., & Garad, S. 

(2012). Selection of oral bioavailability enhancing formulations during drug discovery. 

Drug development and industrial pharmacy, 38(2), 235-247. 

https://doi.org/10.3109/03639045.2011.602406. 

12. Marsac, P. J., Shamblin, S. L., & Taylor, L. S. (2006). Theoretical and practical 

approaches for prediction of drug–polymer miscibility and solubility. Pharmaceutical 

research, 23(10), 2417-2426. https://doi.org/10.1007/s11095-006-9063-9. 

13. Abu-Diak, O. A., Jones, D. S., & Andrews, G. P. (2012). Understanding the performance 

of melt-extruded poly (ethylene oxide)–bicalutamide solid dispersions: characterisation 

of microstructural properties using thermal, spectroscopic and drug release methods. 

Journal of pharmaceutical sciences, 101(1), 200-213. https://doi.org/10.1002/jps.22748. 

14. Gupta, J., Nunes, C., Vyas, S., & Jonnalagadda, S. (2011). Prediction of solubility 

parameters and miscibility of pharmaceutical compounds by molecular dynamics 

https://doi.org/10.1021/js980403l
https://doi.org/10.1016/j.ijpharm.2007.09.042
https://doi.org/10.3109/03639045.2011.602406
https://doi.org/10.1007/s11095-006-9063-9
https://doi.org/10.1002/jps.22748


 

68 

 

simulations. The Journal of Physical Chemistry B, 115(9), 2014-2023. 

https://doi.org/10.1021/jp108540n. 

15. Marsac, P. J., Li, T., & Taylor, L. S. (2009). Estimation of drug–polymer miscibility and 

solubility in amorphous solid dispersions using experimentally determined interaction 

parameters. Pharmaceutical research, 26(1), 139-151. https://doi.org/10.1007/s11095-

008-9721-1. 

16. Paudel, A., Van Humbeeck, J., & Van den Mooter, G. (2010). Theoretical and 

experimental investigation on the solid solubility and miscibility of naproxen in poly 

(vinylpyrrolidone). Molecular pharmaceutics, 7(4), 1133-1148. 

https://doi.org/10.1021/mp100013p. 

17. Tao, J., Sun, Y., Zhang, G. G., & Yu, L. (2009). Solubility of small-molecule crystals in 

polymers: D-mannitol in PVP, indomethacin in PVP/VA, and nifedipine in PVP/VA. 

Pharmaceutical research, 26(4), 855-864. https://doi.org/10.1007/s11095-008-9784-z. 

18. Sun, Y. E., Tao, J., Zhang, G. G., & Yu, L. (2010). Solubilities of crystalline drugs in 

polymers: an improved analytical method and comparison of solubilities of indomethacin 

and nifedipine in PVP, PVP/VA, and PVAc. Journal of pharmaceutical sciences, 99(9), 

4023-4031. https://doi.org/10.1002/jps.22251. 

19. Caron, V., Tajber, L., Corrigan, O. I., & Healy, A. M. (2011). A comparison of spray 

drying and milling in the production of amorphous dispersions of 

sulfathiazole/polyvinylpyrrolidone and sulfadimidine/polyvinylpyrrolidone. Molecular 

pharmaceutics, 8(2), 532-542. https://doi.org/10.1021/mp1003674. 

https://doi.org/10.1021/jp108540n
https://doi.org/10.1007/s11095-008-9721-1
https://doi.org/10.1007/s11095-008-9721-1
https://doi.org/10.1021/mp100013p
https://doi.org/10.1007/s11095-008-9784-z
https://doi.org/10.1002/jps.22251
https://doi.org/10.1021/mp1003674


 

69 

 

20. Rubinstein, M. (2010). Polymer physics—The ugly duckling story: will polymer physics 

ever become a part of “proper” physics?. Journal of Polymer Science Part B: Polymer 

Physics, 48(24), 2548-2551. https://doi.org/10.1002/polb.22135. 

21. Lin, D., & Huang, Y. (2010). A thermal analysis method to predict the complete phase 

diagram of drug–polymer solid dispersions. International journal of pharmaceutics, 

399(1-2), 109-115. https://doi.org/10.1016/j.ijpharm.2010.08.013. 

22. Hoei, Y., Yamaura, K., & Matsuzawa, S. (1992). A lattice treatment of crystalline 

solvent-amorphous polymer mixtures on melting point depression. The Journal of 

Physical Chemistry, 96(26), 10584-10586. https://doi.org/10.1021/j100205a002. 

23. Silva, M. A., De Paoli, M. A., & Felisberti, M. I. (1998). Flory-Huggins interaction 

parameter of poly (ethylene oxide)/poly (epichlorohydrin) and poly (ethylene oxide)/poly 

(epichlorohydrin-co-ethylene oxide) blends. Polymer, 39(12), 2551-2556. 

https://doi.org/10.1016/S0032-3861(97)00574-0. 

24. Moseson, D. E., & Taylor, L. S. (2018). The application of temperature-composition 

phase diagrams for hot melt extrusion processing of amorphous solid dispersions to 

prevent residual crystallinity. International journal of pharmaceutics, 553(1-2), 454-466. 

https://doi.org/10.1016/j.ijpharm.2018.10.055.  

25. Baird, J. A., Van Eerdenbrugh, B., & Taylor, L. S. (2010). A classification system to 

assess the crystallization tendency of organic molecules from undercooled melts. Journal 

of pharmaceutical sciences, 99(9), 3787-3806. https://doi.org/10.1002/jps.22197. 
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