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Abstract 

 

Purpose: Ternary amorphous solid dispersion (TASD) containing an additional 

component compared to conventional binary ASD further enhances the effectiveness of 

this strategy. Recently, polyphenolic compounds such as curcumin (CUR) and resveratrol 

(RES) are shown to have synergistic antioxidant, chemo-preventive, chondroprotective, 

and anticancer activity. However, their poor aqueous solubility limits their oral application. 

The purpose of this study is to design, characterized, and evaluate a soluble and stable 

TASD containing CUR and RES with a hydrophilic polymer. 

Methods: Choosing an optimum polymer can be considered as one of the most crucial 

activities during TASD development. We carried out commonly used polymer screening 

studies i.e. miscibility, crystallization tendency, Flory-Huggins interaction parameter, 

solubility parameter, as well as advanced studies (i.e., crystallization kinetics and 

molecular interaction). Upon selection of the optimum polymer, TASDs were prepared by 

rotary evaporation. Pure drugs, their physical mixtures (PM), binary, and ternary ASDs 

were characterized by XRD, DSC, TGA, FTIR, and Raman spectroscopy. A 2-step in-vitro 

dissolution was carried out, under non-sink condition using a USP-II apparatus. 

Centrifuged samples were analyzed by a UV-Vis method. Finally, the long-term stability 

of TASDs was evaluated at room temperature. 

Results: The screening studies focused on the miscibility, crystallization inhibition, and 

interaction capability of polymer. From three different polymers (i.e., EPO, HPMCAS, and 

S100), the miscibility study indicated the best miscibility of CUR and RES with EPO. From 

the crystallization kinetics study, we inferred that EPO has a better crystallization inhibition 
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effect than HPMCAS and S100. Finally, interaction studies confirmed that all three 

polymers have the potential for hydrogen bonding. Besides, EPO showed acid-base 

interaction with both CUR and RES. Thus, EPO was selected to formulate a stable TASD 

with enhanced solubility and stability. A high drug-loaded (50% w/w) TASD was prepared 

and characterized to be in amorphous form with a single Tg. Strong interaction was 

confirmed with both FTIR and Raman spectroscopy. From the in-vitro dissolution study, 

it was observed that the % dissolved concentration Of CUR and RES from 50% drug-

loaded TASD was respectively ~197 times and ~4 times higher than the PM after 1 hour. 

These TASD formulations were stable at room temperature for 12 months. 
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Chapter 1: Introduction  

1.1 Poorly soluble compounds 

The oral dosage form is considered to be the easiest way of administering the drug (Youn 

et al., 2006). And among these oral dosage forms, the solid dosage form has more 

acceptance as usually they do not require sterility during production, thus a cost-effective 

and simple process of manufacturing, still, there is one problem that has been there for a 

long time, the poor solubility of drugs (Bazzo et al., 2020). This low solubility can account 

for slow drug dissolution and poor intestinal absorption (Boyd et al., 2019). This makes 

these drugs a challenging candidate for oral delivery, which is a leading dosage form in 

pharmaceutical formulations. It has been reported in the literature that approximately 40% 

of marketed drug products have poor aqueous solubility and about 90% of drugs in 

development also have poor aqueous solubility (Jermain et al., 2018). This might be due to 

the advancement of HTS (high throughput screening) and its widespread use (Al -Kassas et 

al., 2017). According to FDAôs Biopharmaceutics Classification System (BCS), drug 

substances are classified into 4 classes based on their solubility and intestinal permeability  

(Figure 1.1) (Amidon et al., 1995). Class II and Class IV are comprised of these low 

aqueous solubility drugs and there are several formulation techniques that are being used 

to enhance their solubility, such as amorphous solid dispersions, lipid-based emulsions, 

self-emulsifying (nano or micro) drug delivery systems, liposomes, co-amorphous systems, 

micro and nanoparticles, salt formation, nanocrystals, cocrystals, etc. (Bazzo et al., 2020; 

Pandi et al., 2020). 
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Figure 1. 1: Biopharmaceutics Classification System of drug substances. 

1.2 Amorphous solid dispersion 

Amorphous solid dispersion (ASD) is one of the most successful strategies to improve the 

bioavailability of poorly water-soluble drugs; researchers are considering this approach for 

the development of solid dosage forms of these new chemical entities (Vasconcelos et al., 

2007). A solid dispersion is defined as a molecular mixture of one or more poorly water-

soluble drugs dispersed in at least one hydrophilic carrier, resulting in increased surface 

area and enhanced drug solubility and dissolution rate (Tran et al., 2019; Vasconcelos et 

al., 2007). And in the case of defining ASD, itôs a solid glass solution where the drug is 

dissolved in an amorphous carrier (Figure 1.2) (Gala et al., 2020). The most common 

concern in the preparation of ASD is the lack of thermodynamic stability, which can be 

overcome by using pharmaceutically acceptable polymers (Vaka et al., 2014). The 

interactions (hydrogen bonding, ionic interaction, or dipole-dipole interactions) of drug and 

polymer are one of the important factors in the formation of amorphous molecular 

dispersion. Improved physical stability can be achieved by the reduction of molecular 
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mobility of the drug molecules and/or by inhibition of nucleation and crystal growth, which 

is mostly seen in miscible ASDs where there is a preferential drug-polymer interaction 

(Ivanisevic, 2010).  

Figure 1. 2: Schematic diagram showing the formation of ASDs. 

1.3 Ternary amorphous solid dispersion 

The basic concept of ASD is to convert crystalline drugs into an amorphous form by mixing 

them with an amorphous polymer. This technique comes with some challenges like 

physical stability, precipitation in dissolution media, inadequate solubility enhancement, 

etc. For tackling these problems many researchers are implementing the ternary amorphous 

solid dispersion (TASD) technique. According to Borde et al.,  TASD is defined as the 

amorphous solid dispersion of an active ingredient in two different components at a solid-

state (Figure 1.3). With this advancement, almost most of the ASDôs problems can be 

overcome (Figure 1.4) (Borde et al., 2021).  
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Figure 1. 3: Schematic diagram showing the formation of ternary amorphous solid 

dispersions. 

 

Figure 1. 4: Advantages of TASDs over conventional ASDs. 

In this technique, along with the drug and carrier, there is another component that helps to 

inhibit the precipitation and stability issues. This third component can be another polymer, 

surfactant, any excipient, another compatible drug, carrier, which will result in enhanced 

solubility and eventually increased stability of the formulation (Figure 1.5). In the case of 

binary ASDs, when the drug reaches supersaturation, often there is a precipitation of drugs 

which results in recrystallization. When a third component (e.g., surfactant) is incorporated 

with the binary ASD, it can help in the prolongation of the precipitation induction process 

which can be attributed to both the thermodynamic and kinetic inhibition of precipitation. 

Again, some of the time with binary ASDs, there is still room to improve the dissolution. 

Thus, the third component can offer the ASD a better supersaturation profile (Figure 1.5 
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A). In the case of solid-state characterization of binary ASD, amorphous-amorphous phase 

separation can be an initiator for recrystallization thus instability of formulation. This might 

be due to the greater drug-drug interaction than drug-polymer interaction. The third 

component acting as a bridging component (which might act as both H-bond acceptor and 

donor to increase the drug-polymer interaction) might increase the drug-polymer 

interaction, thus giving the TASD longer physical stability (Figure 1.5 B). 

Kumar et al. reported that some researchers have found out that TASD is superior to 

improve drug solubility in comparison to binary ASD (Kumar et al., 2019).  The addition 

of a third polymer based on physicochemical properties can exhibit a reduced particle size 

of the drug in formulation hence creating a lower thermodynamic barrier to dissolution, 

collectively it results in a more sophisticated delivery (Davis et al., 2017). According to 

Kumar et al., some previous works have stated that ternary ASDs have reported showing 

improved drug solubility in comparison to binary ASD systems (Kumar et al., 2019). 

According to Tian et al., the third component can effectively enhance the physical stability 

of SDs by interacting with the drug and polymer as a linker (Tian et al., 2020). In a work 

by Ueda et al., they have reported that they were successful in significantly enhancing the 

dissolution of nifedipine than its binary ASD by using HPMC and Eudragit® S as carriers 

(Ueda et al., 2018). Guan et al. reported improved bioavailability of lacidipine by using the 

combination of a polymer and surfactant (Guan et al., 2019). People have also reported the 

synergistic action of 2nd and 3rd components, which resulted in improved stability (Shi et 

al., 2019), better precipitation inhibition, and extended supersaturation (Prasad et al., 

2016). 
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Figure 1. 5: The role of the third component in TASD. A) Prolonged supersaturation 

leading to better dissolution. B) Better physical stability. 
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In the case of marketed ASDs, some products made their way into the market. But due to 

the complexity of the process and stability, this technique is yet to unravel the full potential. 

As of 2015, 24 marketed products were ASDs, making up approximately 0.6 % of the total 

drugs on the market at that time (Schittny et al., 2019). Nowadays, hot-melt extrusion is 

one of the most commonly used preparation methods for ASDs in the industry. But, this 

binary ASD could be of great challenge in case of preparation through hot-melt extrusion. 

In the case of HPMCAS which is a widely used carrier for ASD formulation, it requires a 

high extrusion temperature (Ó171 ) which can degrade the polymer as well as the drug. 

This limits its potential as a carrier, but when a surfactant is added in the formulation it was 

shown that it can be extruded at 130 . Thus, TASDs can also aid in the processability of 

these ASDs (Solanki, Gumaste, et al., 2019; Solanki, Lam, et al., 2019). 

1.4 Classification of TASD 

Based on the components of TASD, Borde et al. have classified them into five different 

types i.e. 1) Drug-Polymer-Surfactant, 2) Drug-Polymer-Polymer, 3) Drug-Polymer-

Excipient, 4) Drug-Drug-Polymer, and 5) Drug-Carrier-Excipient (Figure 1.6). The first 

class is Drug-Polymer-Surfactant, which contains a poorly water-soluble drug that is 

dispersed in the polymer matrix along with a suitable surfactant. Class 2 TASD contains 

two polymers with a drug. Class 3 has a commonly used excipient, rather than a commonly 

used polymer or a surfactant with the drug and polymer. Class 4 contains two drugs with a 

polymer which is discussed in the later segment. Finally, class 5 uses a special carrier 

instead of commonly used polymers; this special carrier mainly includes lipids and 

adsorbents (Borde et al., 2021). 
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Figure 1. 6: Classification of the TASDs based on the type of the third component. 

1.5 Drug-Drug-Polymer TASD 

This project aims to utilize this TASD approach, for the formulation of two polyphenolic 

drugs. Table 1.1  presents some examples of reported Drug-Drug-Polymer TASDs from 

the literature. In this system, two poorly soluble drugs are dispersed in one polymer. In 

these ASDs, two drugs are selected that can have synergistic effects or can be co-

administered in a fixed-dose combination (FDC). Initially, co-amorphous systems of only 

two poorly water-soluble drugs (i.e., darunavir and ritonavir) were studied, but they 

showed no enhancement of stability or dissolution after preparing the amorphous system, 

but the addition of a third compound, such as cyclodextrin (CD), which formed complexes 

with the drugs, enhanced the stability and solubility of the combination of drugs (Nguyen 
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& Van den Mooter, 2014). Sometimes, two drugs behave better than the ternary dispersions 

because they can have chemical interactions within them, and they donôt need the polymer 

or other carrier for better dissolution. Researchers have studied the combination of poorly 

water-soluble drugs such as naproxen: indomethacin (Löbmann et al., 2011), ritonavir: 

indomethacin (Dengale et al., 2014), and simvastatin: glipizide (Löbmann et al., 2012). In 

these combinations, no intermolecular interactions were observed and they showed 

dissolution of one drug over the other, except for the combination of naproxen: 

indomethacin, which showed intermolecular interactions and an increase in dissolution 

rates of both drugs (Löbmann et al., 2011). The FDC of ezetimibe and lovastatin was 

prepared with the hydrophilic polymer Soluplus® and tested for enhancement in 

dissolution. It has shown great stability due to the hydrogen bond interaction between the 

drugs and the polymer and high dissolution of up to 92% and 83%, respectively, in 5 

minutes (Riekes et al., 2016). In some studies, they have compared the FDC of class 2 

drugs with marketed preparations. The FDC of weak base pioglitazone and weak acid 

glimepiridine and the other combination of simvastatin and ezetimibe were prepared with 

the Soluplus® and HP-beta-CD and proved to have better dissolution than the marketed 

preparation. The precipitation inhibition, in this case, is based on the ability of polymers, 

like Soluplus®, to adsorb on the drug surfaces and inhibit nucleation and crystal growth 

(Taupitz et al., 2013). CD, in contrast, improves the solvation of drug molecules and 

increases the activation energy for desolvation during crystal growth. Hence, by decreasing 

the degree of supersaturation and decreasing the energy for crystallization, Soluplus®, and 

CD, respectively, stabilize the ternary dispersion system (Taupitz et al., 2013). However, 

this TASD approach might as well depress the amorphous solubility of each component. 
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There are two sides to this effect that the lowered chemical potential of drugs in these 

TASDs can decrease the maximum achievable supersaturation and on the other side 

decrease the driving force for recrystallization (Trasi & Taylor, 2015). 

Table 1. 1: Drug-Drug-Polymer TASDs: examples, purpose, and method of preparation. 

Drug Polymer Drug Purpose Method of 

preparatio

n 

Reference

s 

Flutamide 

(antiandrogen

s) 

 

Poly 

(methyl 

methacrylat

e-co-ethyl 

acrylate)/ 

PVP 

Bicalutamide 

(antiandrogen

s) 

Combinatio

n therapy 

Hot plate 

melting 

(Pacult et 

al., 2019) 

Ezetimibe 

(hypolipidemi

c) 

HPMC/ 

PVP K-30/ 

PVP VA 

64/ 

Soluplus®/ 

Lovastatin 

(hypolipidemi

c) 

Combinatio

n therapy 

Spray 

drying 

(Riekes et 

al., 2016) 

Ritonavir 

(anti-HIV)  

PVP/ 

HPMC AS 

Lopinavir 

(anti-HIV)  

Combinatio

n therapy 

Rotary 

evaporatio

n 

(Trasi & 

Taylor, 

2015) 

Ritonavir 

(anti-HIV)  

HPMC/PVP

/ 64, (2-HP-

ɓ-CD) 

Darunavir 

(anti-HIV)  

Combinatio

n therapy 

Spray 

drying 

(Nguyen 

& Van 

den 

Mooter, 

2014) 

1.6 Preparation process 

Different processing conditions may greatly affect the physicochemical properties of the 

solid dispersion formulation with the same combination of drug-polymer components 

(Baghel et al., 2016; Serajuddin, 1999). There are two major distinct preparation processes 

used to prepare amorphous solid dispersions, namely melting and solvent evaporation 

(Vasconcelos et al., 2016). Besides, other mechanical processes are available, such as ball 
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milling or grinding, which can induce amorphization (Vasconcelos et al., 2007). Among 

these techniques, mechanical techniques such as grinding have a low degree of robustness 

and limited usefulness (Lin et al., 2009) (Vasconcelos et al., 2007). For TASDs, there are 

several challenges. However, solvent evaporation and melting have been shown to be 

useful at both the industrial and laboratory levels (Vasconcelos et al., 2016). In addition to 

these techniques, there is one less common technique called the melting solvent method, 

which is a combination of both solvent evaporation and the melting method. The melting 

method and solvent method are more commonly used than the melting solvent method, 

especially in some polymer additive TASDs (Al -Obaidi et al., 2011).  

1.6.1 Solvent method 

In the solvent method, ASD is obtained after the evaporation of the solvent from the 

solution containing a drug and carrier (Chiou & Riegelman, 1971). The solvent method has 

solved the main problems of the melting method related to the decomposition of drugs and 

carriers at high temperatures; in the solvent method, the solvent removal can be performed 

without heat, such as in the freeze-drying technique. Some polymers that are rarely used as 

carriers in the melting method due to their high melting point can be applied in the solvent 

method. An important prerequisite of this method is the sufficient solubility of the drug 

and carrier in a solvent or cosolvent (Leuner & Dressman, 2000). Finding a suitable non-

toxic solvent is sometimes difficult because carriers are hydrophilic, whereas drugs are 

hydrophobic (Sahoo et al., 2011). Solvents used in the solvent method may include 

methanol, ethanol, ethyl acetate, methylene chloride, acetone, or water and mixtures 

thereof (Hoshino et al., 2007). Some surfactants, such as Tween 80 and SLS, can be utilized 

to increase the solubility of drugs and carriers in solvents. However, their incorporation 
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must be considered carefully because a large excess may induce a significant change in the 

matrix structure. The disadvantages of this method are that the residual solvent remaining 

after the evaporation process may cause toxicity and complete solvent removal is nearly 

impossible. Another challenge is the phase separation during removal of the solvent. 

Sometimes moderately higher temperature is preferred for solvent removal to decrease the 

available time for phase separation. However, this heating process can increase molecular 

mobility, causing phase separation (Serajuddin, 1999).  

1.6.1.1 Rotary evaporation 

This method is widely used for the simplicity of the technique. The organic solvent is 

evaporated at a moderate temperature using a rotary evaporator which prevents the 

degradation of thermolabile components of the solid dispersion formulation. Adding a third 

component to a binary solid dispersion might add challenges related to the solubility of that 

component in a common solvent. Due to the solubility challenges with organic solvents, 

some researchers started using solvent mixtures. One research group used a mixture of 

ethanol and dichloromethane for the preparation of TSD of celecoxib (Xie & Taylor, 2017). 

After getting the dried sample, it is grounded, sieved, and stored in a vacuum desiccator 

for complete removal of residual solvent. Although these processes are quite long, which 

can cause phase separation and recrystallization of the drugs (Vo et al., 2013). Trasi and 

Taylor prepared the ternary ASDs of ritonavir and lopinavir using the rotary evaporation 

method. They cryomilled the resultant sample to get a fine powder (Trasi & Taylor, 2015). 

1.6.1.2 Spray drying 

Spray drying is a widely used technology for solid dispersion manufacturing. This 

technique transforms a fluid to dry powder form by atomization in a hot drying gas, mostly 
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air (Sosnik & Seremeta, 2015). In this technique, the drug-carrier solution or suspension is 

transported from the container to the nozzle entrance via a pump system and rapidly 

evaporates the solvent thus creating a drug-carrier solution to solid drug-carrier particles. 

This short residence time assures minimal thermal stress to the drug as well as helps to 

prevent drug-carrier phase separation. In the case of binary ASD preparation, this process 

can be quite handy, whereas in the case of TASD, the third component may cause some 

competing effects like solubility gaps, which may change the solution state interaction 

between drug-stabilizer and solvent, and change mode and rate of particle formation or 

evaporation rate. This might lead to concerns about particulate properties, miscibility, 

relative crystallinity, the stability of TASD when compared with simple binary ASD 

(Paudel et al., 2013). Spray drying allows modulating the size of the solid dispersion 

particles by modulating the droplet size via the nozzle to meet the requirements for further 

processing or applications. TASDs can be comprised of two high molecular weight 

polymers, which can cause higher viscosity of the formulation. This high viscosity of feed 

can cause difficulties in the feasibility of the process, thus resulting in low yield values. 

According to Cai and Croke, high solid content in the feed can cause higher viscosity of 

feed solution which might cause sticking of the droplets on the inside of the drying chamber 

(Cai & Corke, 2000). This process has the potential possibility of continuous 

manufacturing, ease of scalability, good uniformity of molecular dispersion, and cost-

effectiveness in large-scale production with high recoveries (Srinarong et al., 2011). Along 

with the limitations of available solvents having favorable solubility and enough volatility 

under spray drying conditions another limitation is residual solvent. Powders obtained from 

the spray drying process contain residual solvents that are always above the admissible 
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limits set by the ICH (International Conference on Harmonization). As a result, an 

additional drying step is often needed to decrease the solvent content under the limit (Miller 

& Gil, 2012). Researchers have utilized spray drying for D-D-P TASD preparation, such 

as Nguyen & Van den Mooter prepared TASD of Ritonavir and Darunavir using a spray 

drying method, although both the drugs from ternary systems showed a lower release rate 

than from the binary systems (Nguyen & Van den Mooter, 2014). Riekes et al. also used 

spray drying for the production of the TASD of Ezetimibe and Lovastatin combination that 

resulted in better dissolution properties (Riekes et al., 2016). 

1.6.2 Melting method 

The melting method, which is also known as the fusion method, is a simple and commonly 

used method for the production of solid dispersions. This process simply comprises the 

heating of formulated samples followed by cooling. The components are melted together 

at a temperature above the eutectic point where the molecular mobility of this eutectic 

mixture is high enough to allow the drug particle to successfully occupy the matrix that 

results in decreased drug particle size and better wettability. In this process, the cooling 

rate is also crucial as it can affect the type of incorporation of the drug in the matrix (Meng 

et al., 2015). This melted homogenous mixture is then solidified by different techniques, 

such as using a freezer, using an ice bath, spreading a thin layer on stainless steel cooled 

by air draft, spreading it on plates placed over dry ice, immersing in liquid nitrogen, or 

grinding the material in liquid nitrogen (cryo-grinding), pouring it into petri dishes placed 

at room temperature inside a desiccator(Vasconcelos et al., 2016). After this, several over 

processes like crushing, pulverizing, and sieving are done to get the final solid dispersion 

powder. 
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The main advantage of this method is the simplicity and affordability of this process. 

Moreover, this process doesnôt require any organic solvent. Nonetheless, one crucial 

requirement for this method is the miscibility of components in a molten state. The process 

has some major limitations as well. As this process requires a higher temperature, hence 

degradation or decomposition of drugs or carriers may occur. Another disadvantage is that 

this method is applicable only when drugs and carriers are compatible and miscible at that 

processing temperature. The high viscosity of the polymer at higher temperatures or any 

incompatibility can cause phase separation and miscibility problems, thus inhomogeneous 

solid dispersion formulation (Vo et al., 2013). 

1.6.2.1 Hot-melt extrusion 

Hot-melt extrusion (HME) is one of the most commonly used methods for the preparation 

of ASDs. It was first introduced in the plastic industry. In the extrusion process, drugs and 

excipients are blended together into a physical mixture that is then extruded under 

predetermined conditions. Processing parameters such as feed rate, shear force, 

temperature, die geometry, barrel design, and screw speed, play a crucial role in the final 

quality of the product (Mendonsa et al., 2020). Typically this process could be conducted 

below the glass transition temperature (Tg) of the mixture, but for drugs that are thermally 

stable, a temperature above the melting point of the mixture is selected as the process 

temperature to reach the best operating procedures and, in particular, the appropriate 

rheological properties. However, this can be conducted at a temperature below the melting 

point of the drug when appropriate shear forces and the polymer is selected (Gao et al., 

2017; Liu et al., 2013). Hanada et al. selected the processing temperature of 150, which 

is both below the melting point and degradation temperature of the drug (Hanada et al., 
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2018). As this process deals with a molten system, the viscosity of the system should be 

maintained so that it can flow through the die. This is an easily scalable process, however, 

this scaling up can modify the shear force that can badly affect the product quality e.g., 

physicochemical and thermal stability, drug dosage uniformity, and product uniformity in 

terms of particle size, distribution, and shape (Censi et al., 2018). All components of the 

HME formulation should be thermally stable at processing temperature; otherwise, 

degradation might occur. It has some advantages over other traditional preparation 

techniques. This is a solvent and dust-free process which makes it environment friendly. 

Again, as is it a continuous process, it involves fewer steps and lower production costs. 

Based on the miscibility of the drug with the excipients, the intense mixing in the HME 

process can result in different types of solid dispersions including eutectic mixtures, 

microfine crystalline dispersions, or solid solutions (substitutional, interstitial, or 

amorphous) (Djuris et al., 2013). 

In general, spray drying and hot-melt extrusion are most used for the preparation of TASDs 

due to their high scalability and applicability. Apart from this, some studies have used 

different approaches like the mechanochemical method (Roll mill), hot plate melting, 24-

well plate solvent evaporation (Kumar et al., 2019; Pacult et al., 2019; Zhang et al., 2020).  

1.7 Characterization of TASDs 

TASD has an improved dissolution behavior compared with some binary solid dispersions 

and physical mixtures. Factors influencing the properties of TASD were found to be 

dependent on the technique of drug incorporation (Khalil et al., 2013), the method of 

preparation, and the molar ratio of drug to carrier. Physical characterization of ternary 

dispersions by eutectic phase behavior, such as Tg, can be determined using differential 
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scanning calorimetry (Shah et al., 2006). Powder X-ray diffraction (PXRD) gives better 

views of the crystal properties of formulations; the crystallinity can be revealed using 

PXRD. Another technique, FTIR, is commonly used to explore intermolecular interactions 

and the reaction between drug and carrier (Miyazaki et al., 2011), especially in the 

investigation of the hydrogen bond between drug and carrier, which influences the 

solubility significantly.  

1.7.1 Differential scanning calorimetry (DSC) 

DSC measures the difference in heat flow between the sample and reference pan as a 

function of temperature as the sample is heated, cooled, or kept at a constant temperature 

to measure the amount of heat absorbed or released during different thermal events. The 

exothermic or endothermic peak measured in DSC indicates different thermal events (Shah 

et al., 2006). For example, a melting event requires energy from the circumstance, so an 

endothermic peak should be observed. On the other hand, a crystallization event usually 

coincides with heat release, so it can be indicated by an exothermic peak. By observing the 

difference in heat flow between the sample and reference, different thermal events can be 

identified. DSC can also provide accurate heat capacity value in these processes. DSC can 

be used as a technique for ternary solid dispersion characterization, providing accurate 

information about melting point, Tg, and the energy changes associated with phase 

transitions, including crystallization and fusion processes (Pungor & Horvai, 1994). 

Although itôs challenging to evaluate the drug-polymer miscibility, DSC is probably the 

most commonly used method to evaluate this.  When the miscibility limit is exceeded, there 

can be a drug-rich phase and a polymer-rich phase, and this can lead to amorphousï

amorphous phase separation. This is the basis of the characterization of drug-polymer 
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miscibility. Typically, a single Tg refers to a miscible drug-polymer system whereas more 

than one Tg refers to a system having two phases (Tian et al., 2016). However, there are 

some reported exceptions where a single Tg was observed for a phase-separated system and 

two Tgs were observed for a miscible system(Lodge et al., 2006; Qian et al., 2010). 

1.7.2 Modulated differential scanning calorimetry (MDSC)  

DSC uses a linear heating rate whereas MDSC uses both a linear heating rate and a 

sinusoidal or modulated heating rate. This permits the measurement of both heat flow and 

heat capacity through MDSC (Leonard C. Thomas, 2005). This periodic temperature 

modulation of MDSC provides the advantage of analyzing complex and overlapping 

thermal events (Brown & Gallagher, 2003). MDSC deconvolutes complex and overlapping 

thermal processes by separating the results into reversing and non-reversing signals 

(Coleman & Craig, 1996). In a study by S. Janssens et al., they characterized a polymer 

blend and ternary formulations using MDSC. From the results, they suggested the 

coexistence of multiple amorphous phases and a crystalline Itraconazole phase, depending 

on the composition of ternary ASDs. Nevertheless, XRD results confirmed that all the 

ternary formulations were amorphous (Janssens et al., 2008). In another study, the results 

from MDSC thermograms confirmed the results from XRD. They found the Tg of 

paclitaxel at 151 , PVP-K30 at 162 , and for SLS they found the characteristic thermal 

events (endothermic peaks) of SLS at 89 and 99. However, these peaks were absent in 

the MDSC thermogram of the amorphous solid dispersion formulations (Moes et al., 2013). 



19 

 

1.7.3 X-ray diffraction (XRD)  

XRD is one of the most common bulk techniques used for analyzing the crystal structures 

of organic, inorganic, and polymeric materials. Every crystal is composed of a distinct 

arrangement of atoms and repeating units. These crystalline atoms can cause a beam of 

incident X-rays to diffract into many specific directions which generate a series of distinct 

peaks. This series of distinct peaks are used to identify the crystalline components (Ma & 

Williams, 2019). The X-ray diffractogram pattern of a crystalline drug shows sharp 

crystalline peaks, whereas the amorphous form of the drug shows a halo pattern without 

any sharp diffraction peaks (Fan et al., 2019). Earlier studies have shown that XRD in 

conjugation with pair distribution function calculations can be used to characterize the 

nearest-neighbor interactions and the change of local structure (Newman et al., 2008; 

Rumondor et al., 2009), from which the drug-polymer miscibility can be qualitatively 

inferred (Bates et al., 2006). 

1.7.4 Fourier transform infrared spectroscopy (FTIR) 

FTIR is a widely used characterization technique to analyze the infrared spectrum of 

samples. FTIR uses the Fourier Transform to mathematically process the raw infrared data 

into the actual spectrum. This works on the principle that when a sample is irradiated with 

a broad spectrum of infrared light that sample only absorbs a fraction of the light (Sindhu 

et al., 2015). The molecular absorption of infrared light causes a transition between the 

rotational and vibrational energy levels of the ground electronic energy state. The sample 

infrared peaks from the spectrum represent this excitation of vibrational modes of the 

molecule in the sample and are related to the various chemical bonds and functional groups 

present in the molecule (Ismail et al., 1997). In the case of solid dispersion characterization, 
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FTIR is mostly used to investigate intermolecular interaction and the compatibility between 

drug and carrier. The sample is recorded by passing a beam of infrared light through the 

sample. When the frequency of the IR and the vibrational frequency of a bond matches, 

absorption occurs. There must be a net change in dipole moment during vibration for the 

molecule or the functional group under study for showing infrared activity (Coates, 2006). 

FTIR can be used for the determination of interaction between drugs and polymers, 

molecular motions, polymorph characterization, phase separation, and identification of 

amorphous and crystalline phases (Ma & Williams, 2019).  

 

With the ongoing booming interest in TASDs and their understanding, researchers have 

tried various types of characterization techniques other than the above-mentioned ones. For 

the understanding of the morphology of the TASD particle, Ghanavati et al. used scanning 

electron microscopy (SEM). They have analyzed pure drugs and the formulations to 

investigated the effect of the spray drying process on celecoxib crystal behavior (Ghanavati 

et al., 2017). Meeus et al. used the combination of mDSC and surface analysis techniques 

for the understanding of drug distribution and phase behavior of TASDs. In the case of 

surface analysis, they have used time of flight secondary ion mass spectrometry (ToF-

SIMS) and atomic force microscopy. This ToF-SIMS is a surface mass spectroscopy 

technique that can analyze the top 1-2nm of a surface. This technique can chemically 

identify a compound on a sample surface by its secondary ions, including molecular species 

or fragments derived from the compound. Through this, the ToF-SIMS can potentially 

reveal the spatial distribution of drug and excipient at the sample surface. Besides, the AFM 

gives the spatial characterization of topographic and mechanical properties of the sample 
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surface at a nanoscale resolution, which can give an idea about the phase separation at the 

surface (Meeus et al., 2015). Researchers have also used other thermal analyses like 

thermogravimetric analysis (TGA). Hanada et al. used TGA analysis for the determination 

of the thermal degradation profile of the drug. They used the thermal degradation onset 

point of the drug to get the upper limit of processing temperature as they have used a 

thermal process for the preparation of the TASDs (Hanada et al., 2018). Moreover, these 

complex TASD systems have called for more characterization techniques like Raman 

spectroscopy, nuclear magnetic resonance (NMR), etc. In a study by Prasad et al., they 

have used Raman spectroscopy for the characterization of the polymorphic form of the 

drug from the precipitation study. Besides, they have used Raman spectroscopy and 

solution 1H NMR for the assessment of drug-polymer interaction (Prasad et al., 2014, 

2016). 

1.8 Curcumin (CUR) 

Curcumin is a natural compound that is obtained from Curcuma longa L. The chemical 

structure of CUR is shown in Figure 1.7. It exhibits keto-enol tautomerism, where the enol 

form is more energetically stable in the solid phase, and according to Kaur et al., the enol 

form exists mostly in organic solvents, while keto exists in the aqueous phase (Jankun et 

al., 2016; Kaur et al., 2018). As a natural polyphenol, it has been extensively studied in the 

literature, and those studies have reported that it has various therapeutic effects such as 

antioxidant, anti-inflammatory, antimicrobial, anticancer, anti-Alzheimer activities, and 

wound-healing properties (Shin et al., 2016). Besides, it was observed that curcumin 

doesnôt show significant toxicity in humans ever at doses up to several grams orally daily 

for months (Yu & Huang, 2012). But, one of the limiting factors of this hydrophobic (log 
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P ~3) compound is it has extremely low water solubility (0.011 ɛg/mL) (Priyadarsini, 2014; 

Yildiz et al., 2019). According to the Biopharmaceutics Classification System (BCS), 

curcumin is classified as a class II compound (Hu et al., 2015).  This low water solubility, 

as well as extensive metabolism of curcumin, might account for the lower oral 

bioavailability of curcumin (0.05 ɛg mLī1, less than 1%), which is one of the biggest 

hurdles for its therapeutic application (Suresh & Nangia, 2018).  

 

 Figure 1. 7: Chemical structure of CUR. 

1.9 Resveratrol (RES) 

Resveratrol is a naturally obtained no-flavonoid polyphenolic compound (Figure 1.8). This 

stilbenic structure polyphenol is present in different plants and extracted from grapeôs peel 

of the common red grape wine (Vitis vinifera). Resveratrol can exist in two different 

isoforms, the trans and the cis-resveratrol (Moyano-Mendez et al., 2014; Spogli et al., 

2018a). The trans-resveratrol is believed to be more abundant and biologically active than 

the cis form. This BCS class II compound has shown a wide range of pharmacological 

activities such as antibacterial, antiplatelet, antioxidation, antifungal, anti-inflammatory, 

cardioprotective and anticancer effects. However, due to its low water solubility (about 30 

ɛg/mL) and moderate hydrophobicity (log P~3.1), which is majorly due to its high melting 
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point and crystal lattice energy, it has very low bioavailability (Spogli et al., 2018b; Wegiel 

et al., 2013; Zhou et al., 2016). 

 

Figure 1. 8: Chemical structure of RES. 

1.10 Synergistic therapeutic effects 

Both these polyphenolic drugs have shown great potential as a combination therapy as 

there have several; therapeutic activities. It has been reported that these compounds have 

synergistic activity against colorectal cancer, Alzheimerôs disease, and chondroprotective, 

antioxidant, anti-inflammatory, chemo-preventive activities (Figure 1.9) (AlBasher et al., 

2020; Csaki et al., 2009; Du et al., 2013; Gavrilas et al., 2019; Majumdar et al., 2009; 

Malhotra et al., 2014). Till now, there has been no ASD formulation combining both of 

these drugs to harness their synergistic therapeutic activities. 
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Figure 1. 9: Synergistic therapeutic activities of curcumin and resveratrol 

1.11 Polymer 

The general idea of ASD started with dispersing the amorphous drug in a polymeric matrix. 

Thus, these polymers have been playing a pivotal role in the performance of ASDs. They 

can help in the inhibition of crystallization as well as solubility enhancement of drugs along 

with many more functionalities. In this study, three different were assessed for the TASD 

development of CUR and RES. 

1.11.1 Eudragit® EPO (EPO) 

EPO is a cationic polymer, composed of dimethylaminoethyl methacrylate, butyl 

methacrylate, and methyl methacrylate at molar ratios of 2:1:1 (Figure 1.10). This polymer 

is soluble in the gastric fluid under pH 5 (Rowe et al., 2009). However, EPO is protonated 

at a pH lower than 8 and forms positive charge in the physiological environment, this 
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potentially could help in solubility enhancement by ionic interaction of EPO with anionic 

drugs (Fine-Shamir & Dahan, 2019). It has a wide application in the pharmaceutical 

industry for various purposes such as taste masking, moisture protection, release 

modification, and excipient (Li et al., 2015).   

 

Figure 1. 10: Chemical structure of EPO. 

1.11.2 Hypromellose acetate succinate (HPMCAS) 

HPMCAS is a widely used polymer for ASD development. There are several marketed 

ASD formulations such as, Kalydeco®, Noxafil®, Orkambi®, etc., which contain HPMCAS. 

According to USP 32-NF27, HPMCAS is a mixture of acetic acid and monosuccinic acid 

esters of hydroxypropylmethyl cellulose (Figure 1.11). This can found in several grades, 

based on the pH at which the polymer dissolves (low, L; medium, M; and high, H) and its 

predominant particle size (cohesive fine powder, F; or free-flowing granules, G). This 

enteric polymer has solubility in aqueous media at a pH above 5.5 (Jeganathan & Prakya, 

2015). This polymer is commonly used as a controlled-release agent; solubility enhancing 

agent; enteric coating agent; film-forming agent; sustained-release agent etc. (Rowe et al., 

2009).  
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Figure 1. 11: Chemical structure of HPMCAS (Qiu et al., 2017). 

1.11.3 Eudragit® S100 (S100) 

Eudragit S100 is an anionic copolymer based on methacrylic acid and methyl methacrylate 

(Figure 1.12). S100 has a free carboxyl group to the ester ratio of approximately 1:2. S100 

is soluble in intestinal fluid from pH 7. This polymer is mostly used in enteric coatings for 

pharmaceutical tablets and capsules (Rowe et al., 2009). 

 

Figure 1. 12: Chemical structure of S100. 
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Chapter 2: Significance, hypothesis, specific aims 

2.1 Significance 

Oral drug delivery systems are one of the most widely accepted dosage forms in the 

pharmaceutical industry. One crucial consideration for oral delivery systems is the oral 

bioavailability of drugs, which plays a pivotal role in drug absorption from the 

gastrointestinal tract. This presents a huge challenge in oral drug development of poorly 

water-soluble drugs, as approximately 40% of drugs with market approval have low 

aqueous solubility. Whereas, in the case of the drug development pipeline, only 5-10% of 

potential drug candidates fall under BCS class I (high solubility and high permeability  and 

60-70% are BCS class II (low solubility and high permeability). Thus 90% of potential 

drug candidates from the drug discovery pipeline have low solubility (BCS class II & IV) 

(Jermain et al., 2018; Kalepu & Nekkanti, 2015; Ting et al., 2018). One of the commonly 

used techniques for improving the solubility of drugs is ASD, which could potentially 

enhance the dissolution, thus oral bioavailability of the drug. A study by Newman et al. 

summarized the results from 40 research papers to conclude that ASD was successful in 

enhancing bioavailability in 82% of the cases (33 reports) (Newman et al., 2012). Newer 

studies have also suggested that TASDs can be potentially superior to improve drug 

solubility in comparison to binary ASDs (Guan et al., 2019; Kumar et al., 2019; Ueda et 

al., 2018). 

Drugs that have synergistic therapeutic activity could be combined to form a single dosage 

form by fixed-dose combinations (FDC). FDCs are getting more attention day by day, as 

they are more patient-friendly, can lower the pill burden, and it was also proven by a 
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clinical trial that FDCs can remarkably enhance patient adherence in comparison to 

conventional therapy (Smeets et al., 2020). That brings us to a goal of formulating an FDC 

of CUR and RES with enhanced solubility, as CUR and RES have several synergistic 

therapeutic. However, there is reported literature on binary ASDs of CUR and RES 

respectively  (Ha et al., 2021; Meng et al., 2015). To the best of our knowledge, there is no 

reported literature on drug-drug-polymer TASD formulation of CUR and RES to harness 

their synergistic therapeutic activity with enhanced solubility and prolong amorphous 

stability.  

2.2 Problem statement 

To exploit the synergistic therapeutic activity of curcumin and resveratrol there is a need 

to develop a combination formulation of these drugs which can significantly enhance their 

solubility. 

2.3 Hypothesis 

Ternary amorphous solid dispersion can simultaneously enhance the solubility and 

stability of curcumin and resveratrol. 

2.4 Specific aims 

To prove the hypothesis, we have divided the whole project into three specific aims. 

Specific aim 1: Assessment of polymer effectiveness for developing drug-drug-polymer 

TASD 

Specific aim 2: Preparation and characterization of the TASD 

Specific aim 3: In vitro dissolution and stability studies of the TASD 
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All three of these specific aims are playing a crucial role in the success of this project. 

Thus, attaining these aims is of great importance, which requires a robust study plan which 

can provide reliable and reproducible data. Figure 2.1 illustrates the experimental model 

for the development and evaluation of ternary amorphous solid dispersion of poorly water-

soluble compounds. 
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Specific aim 1 

 
Specific aim 2 

Specific aim 3 

 

Figure 2. 1: Typical experimental model for the development and evaluation of TASDs 

of poorly water-soluble compounds. 
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Chapter 3: Assessment of polymer effectiveness for developing drug-

drug-polymer TASD 

Introduction  

Polymer plays a critical role in the development of ASDs. A hydrophilic polymer can 

provide better wettability of the drug and possibly enhance the solubility in the diffusion 

layer surrounding the dissolving particles. Besides, the polymer can inhibit drug 

precipitation from supersaturated aqueous solutions (Duong & Mooter, 2016). Polymers 

have a great success rate in stabilizing amorphous systems as they can form molecular 

dispersion with the drug thus limiting the molecular mobility of the drug which in turn 

inhibits crystal growth and nucleation (Liu et al., 2015). Getting a successful ASD 

formulation with enhanced solubility and stability could be challenging without a properly 

selected polymer. Several factors play a key role in the amorphous stabilization of a drug 

in a polymeric matrix,  such as the reduction in chemical potential and molecular mobility, 

increase in the activation energy for crystallization, increased Tg, strong drug-polymer 

interactions, or a combination of these factors. Ensuring intimate mixing of the drug-

polymer system in ASD can help to attain these factors (Baghel et al., 2016). This can be 

done through robust polymer screening studies before the preparation of ASD formulation. 

Commonly used polymer screening studies include theoretical parameters such as 

solubility parameter, Tg estimation, Flory-Huggins theory, etc., as well as experimental 

methods such as melting point depression, crystallization tendency, drug-polymer 

interaction, etc. In this project, we utilized a systematic approach for screening polymers 

which focuses on miscibility, crystallization inhibition, and interaction of drug-polymer 
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systems to find the optimum polymer to ensure better solubility and stability of each drug 

in TASD. 

3.1 Materials 

Curcumin was purchased from Sigma Aldrich (St. Louis, MO) and resveratrol from TCI 

(Tokyo, Japan). Eudragit® EPO and Eudragit® S100 was purchased from Degussa 

(Parsippany, New Jersey). HPMCAS (AFFINISOLÊ HPMC-AS 716 G) was generously  

given by Dr. Abhijit Date from University of Hawaii at Hilo. All the solvents used in this 

project were laboratory-grade solvents and were bought from Fischer Scientific (Fair 

Lawn, New Jersey). 

3.2 Methods 

3.2.1 Miscibility  by DSC 

Miscibility of the drug-polymer system was analyzed by DSC. Depression of melting point 

of the pure compound when in a mixture can be translated to its miscibility in the polymer. 

Pure compounds and physical mixtures (PM) were analyzed using DSC Q2000 (TA 

Instrument, New Castle, DE) equipped with a refrigerated cooling system (RCS40). The 

instrument was calibrated with indium before the experiments were carried out. Data were 

analyzed using TA Universal analysis software (Universal Analysis 2000, TA 

instruments).  A hermetically sealed empty aluminum pan was used as the reference and 

nitrogen gas was purged at a rate of 20 ml/min to maintain the inert atmosphere. For all the 

DSC experiments, a sample size of 3-10 mg was used. Drug-polymer PMs in different 

ratios (i.e., 10-50% EPO) were analyzed by a heating rate of 10 /min for both CUR and 

RES from 30  to ~20  higher than the respective melting point.  
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3.2.2 Crystallization tendency by DSC 

CUR and RES were analyzed both in the presence and absence of polymer by a 3-cycle 

heat-cool-heat in DSC. An inert atmosphere was maintained by nitrogen flow at 20 ml/min. 

Samples were first heat at a heating rate of 5/min till 200  (CUR)/ 285  (RES). It was 

immediately cooled at a cooling rate of 20/min to 30 . Finally, it was reheated at a 

heating rate of 5 /min. 

3.2.3 Crystallization kinetics by XRD 

Samples for crystallization kinetics studies were prepared by dissolving the model drugs 

in an organic solvent (acetone) both with (in different w/w ratios) or without polymer. For 

this study, 60 ɛL of each sample was taken on the XRD sample holder, and a diffractogram 

was collected at 0, 5, 10, and 20 min. The experiment was stopped after 20 min as acetone 

evaporates within that time, leaving a substantially solid film. XRD pattern of samples was 

recorded using Rigaku SmartLab Diffractometer (Rigaku Corporation, Tokyo, Japan) in 

focusing geometry operated with Cu KŬ radiation at 40 kV and 30 mA within 5-45o 2ɗ 

range in steps of 0.053o. A length limiting slit of 10 mm, a divergence slit of 1/2 degree, 

and a 5º Soller slit were used on the incident beam path and the data was collected by ɗ/2ɗ 

scans using a D/tex Ultra 250 1D strip detector with 20 mm receiving slits and a 5º Soller 

slit. A Ni foil was used to suppress K  intensity. The XRD results of drug-polymer mixture 

were compared with the pure drugs to assess the effect of polymer on crystallization. 

3.2.4 FTIR  

Solid films were created from drug solutions in organic solvent (acetone) in presence of 

polymer (in different w/w ratios). Thin films were created by slowly evaporating the 

solvent overnight at room temperature. These films were then analyzed by FTIR and 
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Raman for confirmation of interaction. Primarily, to determine the molecular interaction 

between drug-polymer systems a Nicolet iS 50 FTIR with a ZnSe ATR crystal was used. 

Samples were placed on the crystal, and a signal was acquired from an average of 25 scans 

at 4 cm-1 resolution under dry air purge at ambient temperature. A background scan and 

atmospheric compensation (to eliminate H2O and CO2 interference in the beam path) were 

considered to account for environmental interference. Data were analyzed using OMNICTM 

FTIR software, and the background was corrected. 

3.2.5 Raman spectroscopy 

To complement the FTIR studies, we utilized Raman spectroscopy (Bruker-Senterra 

Dispersive Raman Microspectrometer). A small amount of sample was taken on a glass 

slide and placed on the stage of the microscope. A 20x objective with an aperture of  

50×1000 ɛm was used to get a clear visual of the sample. A laser beam having a wavelength 

of 785 nm with a laser power of 50 mW was subjected to the sample. A resolution of 9-15 

cm-1 was used for a spectral range of 50-3500 cm-1. The data was attained with 5s of 

integration time, 2 co-additions, and triplicate data were averaged to get the representative 

spectra for each sample. 

3.3 Results 

3.3.1 Solubility parameter 

The solubility parameter has been used to predict the miscibility of drug and polymer in 

amorphous solid dispersions (Greenhalgh et al., 1999). Normally, the difference of 

individual solubility parameters (ȹŭ) is used to determine the miscibility of drug-polymer 

mixtures. Although the solubility parameter (ŭ) is commonly used in ASD development 
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both in research and industry, there are some limitations. This group contribution method 

works best for simple molecules to give a ŭ value at room temperature which doesnôt take 

into consideration the directional bonds such as hydrogen bonds or long-range electrostatic 

interactions (Chakravarty et al., 2017). The total solubility parameter (ŭ) by equation 1: 

 ŭ + ŭ + ŭ                (Equation 1) = ‏

ŭd refers to contribution from dispersion forces, ŭp refers to contribution from polar forces, 

and ŭp refers to the contribution of hydrogen bonding. ŭd, ŭp and ŭh can be calculated using 

the combined group contribution methods of Van KrevelenïHoftyzer and Fedors 

(Krevelen & Nijenhuis, 2009) as follows: 

‏  
В
                  (Equation 2) 

‏  
В

                  (Equation 3) 

‏
В
                   (Equation 4) 

Ὂ  is the group contribution to the dispersion forces, Ὂ   is the group contribution to the 

polar forces, Ὁ  is the group contribution to the hydrogen-bonding energy, and V is the 

group contribution to the molar volume. The molar volume of RES is 186.3 cm3/mol (Zhou 

et al., 2016) and CUR is 396.1 cm3/mol (Meng et al., 2015). 

The solubility parameters of drugs and polymers are presented in Table 3.1. Foster et al. 

classified miscibility into three different groups based on their ȹŭ value, where group 1 

(ȹŭ<2.0 MPa1/2) will form a drug-polymer system that is likely to be miscible and form 
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homogeneous ASDs; group 2 (2.0 MPa1/2 <ȹŭ <10.0 MPa1/2) are partially miscible and 

might face phase separation while or after the amorphous systems are formed; and finally 

group 3 (ȹŭ>10.0 MPa1/2) which are most likely to form significantly immiscible drug-

polymer systems, with a high risk of phase separation (Forster et al., 2001). Meng et al. 

used this classification to further elaborate the group classification. They divided these 

drug-polymer systems into five systems: Group 1: ȹŭ <2 MPa1/2; Group 2: 2 MPa1/2 <ȹŭ 

<7 MPa1/2; Group 3: 7 MPa1/2 <ȹŭ <10 MPa1/2; Group 4: 10 MPa1/2 <ȹŭ <14 MPa1/2; Group 

5: ȹŭ >14 MPa1/2 (Meng et al., 2021). Based on this group classification in the solubility 

parameter of each entity, the predicted miscibility of all these drug-polymer systems are 

presented in Table 3.2. All the drug-polymer systems are predicting good miscibility 

except the RES-EPO, which could be classified as Group 3 or partially miscible. In case of 

CUR systems, lowest ȹŭ is observed for the CUR-EPO system, whereas for RES, it is RES-

HPMCAS. Thus, the predictive miscibility of polymer with the drug is EPO> S100> 

HPMCAS for CUR and HPMCAS> S100> EPO for RES. 

Table 3. 1: Calculated solubility parameters of CUR, RES, EPO, HPMCAS, and S100. 

Drug/polymer Solubility parameter, ŭ (MPa1/2) 

CUR  19.5 

RES 26.7 

EPO 19.6 (Sarode et al., 2013) 

HPMCAS 25.7 (Klar & Urbanetz, 2016) 

S100 21.2 (Kitak et al., 2015) 
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Table 3. 2: Group classification of drug-polymer based on the difference of solubility 

parameter (ȹŭ) values, Group 1 indicates the most miscible system and Group 5 is the 

least miscible system. 

Drug-Polymer ȹŭ Classification 

CUR-EPO 0.1 Group 1 

CUR-HPMCAS 6.2 Group 2 

CUR-S100 1.7 Group 1 

RES-EPO 7.1 Group 3 

RES-HPMCAS 1 Group 1 

RES-S100 5.5 Group 2 

3.3.2 Miscibility  

Miscibility study is widely used in ASDs for the screening of polymer. The crystalline drug 

shows a sharp endothermic peak representing melting in the DSC thermogram. Alteration 

of melting peak towards lower temperature is characterized as depression of melting 

endotherm or melting point onset. This depression indicates the solubilization of crystalline 

drugs in the polymer matrix (Trivino et al., 2019). From Figure 3.1, it can be stated that 

both the CUR and RES show better miscibility with EPO rather than HPMCAS and S100, 

as EPO PMs are showing more depression than other polymers. The effectiveness of 

polymer in respect of melting point depression is EPO>S100>HPMCAS for both CUR and 

RES. 
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Figure 3. 1: Melting point depression of CUR (A) and RES (B) from drug-polymer 

physical mixtures in presence of polymer in different ratios (10-50%, w/w), higher 

depression in melting point indicates better miscibility. 
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3.3.3 Flory-Huggins (F-H) interaction parameter 

The F-H interaction parameter is utilized to understand the mixing behavior of drug-

polymer systems. The determined value can be indicative of spontaneous or favorable and 

unfavorable mixing of the drug-polymer system. The interaction parameter (ɢ) was 

constructed by utilizing the melting point depression values for these mixtures (Equation 

5). A linear plot was created by plotting 
Ў

ÌÎ‰ ρ

‰  vs ‰  for all the drug-polymer systems. The value of … was estimated 

from the slop of that plot. 

 
Ў

 ÌÎ‰ ρ ‰  …‰           (Equation 5) 

Where Tmix and Tpure are the melting points of the PM and the pure drug respectively, ȹHfus 

is the heat of fusion of the drug, ὲdrug, and ὲpolymer are the volume fraction of drug and 

polymer respectively and m is the ratio of the volume of the polymer to that of the drug. 

A negative interaction parameter indicates exothermic mixing or miscible system (Marsac 

et al., 2006; Rumondor et al., 2009). The F-H interaction parameter value calculated for all 

these drug-polymer systems showed a negative value, which indicates their exothermic 

mixing behavior (Table 3.3). Thus, a rank order of the polymer effectiveness regarding 

miscibility is challenging from this data.  
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Table 3. 3: F-H interaction parameter values of physical mixtures of CUR and RES with 

EPO, HPMCAS, and S100, determined by melting point depression method; a negative 

value is indicative of miscible drug-polymer system. 

Drug-Polymer F-H interaction parameter (ɢ) 

CUR-EPO -1.5645 

CUR-HPMCAS -2.4784 

CUR-S100 -1.6409 

RES-EPO -1.1337 

RES-HPMCAS -1.8598 

RES-S100 -1.1954 

3.3.4 Crystallization tendency 

Crystallization tendency study is an emerging concept in amorphous solid dispersions. This 

gives an idea about the crystallization behavior of a compound or how fast it tends to go 

back to its most stable crystal form from non-crystalline forms. Drugs can be classified into 

three classes based on crystallization tendency, high, moderate, and low (Baird et al., 

2010). From the thermograms, it was found that CUR acts as a low crystallization tendency 

drug, and RES acts as a moderate crystallization tendency drug (Figure 3.2). While in 

presence of polymer both the drugs showed low crystallization tendency. CUR is already 

a low crystallization tendency compound, and the polymers are effective in lowering the 

crystallization tendency of RES.  
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Figure 3. 2: Thermograms showing crystallization tendency of pure CUR, pure RES, 

RES: EPO 50:50, RES: HPMCAS 50:50, and RES: S100 50:50 determined by a heat-

cool-reheat DSC cycle. From this figure, CUR is found to show low crystallization 

tendency and, RES is moderate crystallization tendency, in presence of polymer (i.e. 

EPO, HPMCAS, and S100) they act as a low crystallization tendency system. 

3.3.5 Crystallization kinetics 

The goal of this study was to find a polymer that has better capability to inhibit the 

crystallization of each drug through a simple qualitative method. Understanding the 

crystallization kinetics of drugs in ASDs is very important for its long-term stability. 

However, the study of crystallization kinetics or the polymerôs effect on crystallization 

kinetics is not as common as other polymer screening studies that are used for the 

preformulation of ASD. The reported literature on crystallization kinetics of drugs in ASD 

uses different techniques, i.e., Rautaniemi et al. used fluorescence-lifetime-imaging 

microscopy to study the quantitative analysis of crystallization kinetics of indomethacin 

(Rautaniemi et al., 2018). Duong et al. have studied the crystallization kinetics of high 

drug-loaded indomethacin/polyethylene glycol dispersions by using standard and 
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modulated differential scanning calorimetry and X-ray powder diffraction (Duong et al., 

2015). Another research group studied the crystallization kinetics by exploring the polymer 

enrichment at the crystal-liquid interface during the crystallization of griseofulvin 

containing poly (ethylene oxide). They have utilized a complex experimental design using 

confocal Raman microscopy, scanning electron microscope, and energy-dispersive X-ray 

spectroscopy (Zhang et al., 2019). Thus, the method used in this project could serve as a 

systemic approach to easily explore the area of crystallization kinetics and select the best 

polymer that can ensure better inhibition of crystallization. 

From the data we found, RES initiated crystallizing after 5 mins, whereas CUR stays 

amorphous for the whole 20 mins of observation. This again goes back to their 

crystallization tendency, such as RES is a moderate crystallization tendency compound 

whereas CUR is a low crystallization tendency. And this can be seen in this crystallization 

kinetics experiment as RES has a better tendency to go back to its crystalline form from its 

amorphous form. Thus, this study is better to analyze the effect of polymer on 

crystallization kinetics of moderate or high crystallization tendency drugs, since low 

crystallization tendency drugs might not show any crystallization within the experiment 

time. We used a lower portion of polymer in the binary mixtures for this study and found 

some interesting results. In the case of RES: EPO (2:1, w/w), the polymer effectively 

suppressed the crystallization when compared with the results of drug film in absence of 

polymer (Figure 3.3). However, in the case of RES: S100 (2:1, w/w) and RES: HPMCAS 

(2:1, w/w), we have found a few of the diffraction peaks with lower intensities which can 

be attributed to the lower effect of S100 and HPMCAS on crystallization kinetics than 

EPO. Moreover, the CUR: RES (1:2, w/w) sample has shown traces of diffraction peaks 
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starting from 5 minutes which shows that both of these drugs will need a polymer to inhibit 

crystallization in the ternary system. Thus in the case of the ternary mixtures, all the three 

CUR: RES: EPO (1:2:2, w/w), CUR: RES: HPMCAS (1:2:2, w/w), and CUR: RES: S100 

(1:2:2, w/w) have shown similar halo pattern throughout the experiment, confirming 

suppression of crystallization in the ternary system. Based on this study, the rank order of 

polymer for RES is  EPO> HPMCAS, S100. 

Figure 3. 3: XRD diffractograms of different drug-polymer binary and ternary mixtures 

to analyze the effectiveness of polymer on crystallization kinetics of RES. 
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3.3.6 FTIR 

FTIR is widely used in ASD development to study molecular interactions. Specific 

functional groups are observed that are crucial for molecular interaction. The absence, 

reduction, or shift of those peaks in the FTIR spectrum would suggest the existence of 

molecular interaction (Tran & Tran, 2020). For FTIR analysis of these samples, we 

identified the peak assignments of functional groups that could participate in hydrogen 

bonding and acid-base interactions. All the FTIR spectra are shown in Figure 3.4. From 

the FTIR spectrum, pure CUR we observed to have the phenolic hydroxyl peak at 3509 

cm-1, whereas, in the case of pure RES the same functional group showed a broad peak at 

3194 cm-1. Finally, for the polymers, the carbonyl (C=O) peak around 1700 cm-1 was 

selected to characterize the hydrogen bonding of the polymer with drug (Table 3.4). The 

identified carbonyl peaks were consistent with the peak position reported in the literature 

for these polymers (Al -Obaidi & Buckton, 2009; Mehta et al., 2013). Moreover, for EPO, 

we also monitored the dimethylamino group which is represented by peaks at 2771 cm-1 

and 2821cm-1, which could participate in ionic interaction (Lin-Vien et al., 1991).  

Table 3. 4: Peaks position of different functional groups of drugs/polymers in IR spectra. 

Assignments Wavenumber (cm
-1

) 

CUR RES EPO HPMCAS S100 

Phenolic OH group 3509 3194 - - - 

Carbonyl (>C=O) 

group 

- - 1723 1725 1727 

Unionized 

dimethylamino 

(RN(CH3)2) group 

- - 2771, 

2821 

- - 
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Figure 3. 4: FTIR spectrum of pure CUR, RES, EPO, HPMCAS, and S100, as well as 

the binary and ternary films created by slow evaporation. All polymers are showing 

hydrogen bonding according to the Infrared spectrum, EPO shows acid-base interaction 

with both CUR and RES. 
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In the case of all the CUR: polymer (50:50, w/w) films, we found the sharp hydroxyl peak 

of CUR to be dispersed and the carbonyl peak of polymers is shifted with evident shape 

change. This confirms the formation of a hydrogen bond between CUR and polymers. 

Moreover, the dimethylamino peak of EPO is absent in the CUR: EPO (50:50, w/w) 

spectrum, which confirms the formation of acid-base interaction between the 

dimethylamino group of EPO and the phenolic hydroxyl group of CUR. Similar 

observations also confirmed hydrogen bonding of  RES: polymer (50:50, w/w) and CUR: 

RES: polymer (25:25:50, w/w) films. Acid-base interactions were also observed in RES: 

EPO (50:50, w/w) and CUR: RES: EPO (25:25:50, w/w) samples. It has been previously 

reported in the literature that the dimethylamino group of cationic EPO can participate in 

acid-base interaction with weakly acidic drugs (Meng et al., 2015a). This interaction could 

play an important role in drug solubilization and supersaturation of acidic drugs (Saal et 

al., 2017). Finally, the formation of these non-covalent bonds between the drugs and 

polymer may inhibit the drug-drug interaction (CUR-CUR, RES-RES), leading to modified 

crystallization kinetics, eventually contributing to the amorphous stability (Tran & Tran, 

2020). 

3.3.7 Raman spectroscopy 

Similar to FTIR, in Raman spectroscopy, molecular interactions can be identified by 

changes to peak shapes and positions. The hydrogen bonding of drug-polymer can be 

inferred from redshift or blueshift of specific vibrational stretches in Raman spectra (Tran 

& Tran, 2020). For CUR, the molecular interaction was assessed based on the shifting and 

shape change of the peak at 1628 cm-1 that is due to C=O stretching/ aromatic C=C 

stretching and the peak at 1250 cm-1 due to the in-plane bending of aromatic CCH and 
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enolic (COH) (Table 3.5). There was a blue shift of C=C stretch from 1628 cm-1 to 1634 

cm-1 in presence of EPO and 1635 cm-1 in presence of HPMCAS. Changes in the shape of 

these peaks at 1601 cm-1 and 1628 cm-1 were also evident in presence of polymer. In the 

case of the in-plane bending of aromatic CCH and enolic (COH), a redshift with decreased 

peak intensity was observed for all the samples except CUR: S100 (50:50, w/w), although 

the CUR: EPO (50:50, w/w) sample has shown more shifting, which might indicate the 

better interaction of CUR and EPO. In the case of the RES samples, we observed shifting 

of the aromatic C=C stretching at 1604 cm-1 and 1630 cm-1 to confirm molecular 

interactions, however except for RES: EPO (50:50, w/w) sample there wasnôt much 

shifting in any other samples (Figure 3.5).  

Table 3. 5: Raman peak assignment of CUR and RES 

Assignments Raman Shift (cm-1) 

CUR RES 

C=O stretching/aromatic C=C stretching 1628 1630 

Aromatic C=C stretching 1601 1604 

In-plane bending of aromatic CCH and enolic 

(COH) 

1250 - 

For the ternary mixture, all these peaks were altered enough to confirm the molecular 

interaction of drug-polymer among the ternary system. However, in the presence of EPO, 

the shifting of the 1250 cm-1 peak was more prominent than other ternary samples. Thus, 

the rank order of efficiency of polymer interacting with CUR and RES is EPO, 

HPMCAS>S100. 
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Figure 3. 5: Raman spectra of CUR, RES, and their films with different polymers. 
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3.4 Discussion 

The theoretical solubility parameter study estimated EPO has shown good miscibility with 

CUR, whereas for RES it is HPMCAS. However, the experimental miscibility study infers 

better miscibility of both CUR and RES with EPO, as EPO had shown greater melting 

point depression than other S100 and HPMCAS. As per the F-H interaction parameter, all 

the drug-polymer systems showed a negative ɢ value, which indicates a miscible system 

for all drug-polymer mixtures. The crystallization tendency study confirmed all three 

polymers can convert the drugs into a low crystallization tendency drug in the drug-

polymer system. Both F-H interaction parameter and crystallization tendency study 

couldnôt create a rank order of polymers due to the qualitative nature of the study as all 

three polymers were effective in a similar manner. The crystallization tendency of drugs 

was again reflected in its nature in crystallization kinetics study. RES was showing 

diffraction peaks proving its moderate crystallization tendency behavior. In contrast, the 

low crystallization tendency drug, CUR, didnôt show any sign of crystallization. Among 

all three RES-polymer samples, only the RES-EPO maintained an amorphous structure 

throughout, demonstrating that EPO efficiently inhibits crystallization, unlike HPMCAS 

and S100. Finally, the interaction studies (FTIR and Raman spectroscopy) confirmed that 

all three polymers have the potential for hydrogen bonding, and EPO showed acid-base 

interaction with both CUR and RES. It has been reported in the literature that EPO has 

good interaction potential with acidic drugs and the dimethylamino group can form ionic 

interaction with a weakly acidic drug in presence of aqueous media (Saal et al., 2017). Both 

CUR and RES are weakly acidic drugs, thus have the potential to form ionic interaction 

with EPO. This kind of ionic interaction can be very beneficial for TASD formulations, as 

ionic bonds are evidently (10 times) stronger than hydrogen bonds, which are most 
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commonly seen in ASD formulations (Li et al., 2014). Figure 3.6 shows the structure of 

CUR, RES, and EPO and gives an overview of the potential interaction of CUR, RES, and 

EPO. 

 

Figure 3. 6: Chemical structure of Curcumin, Resveratrol, and Eudragit® EPO as well as 

an illustration of interaction potential among these compounds. 

Most of the commonly used polymers in ASDs have a higher glass Tg e.g. PVP VA64 

(105 ), PVP K30 (160 ), PVP K90 (177 ), Soluplus® (72 ), HPMCAS (120 ), 

HPMCP (147 ), Eudragit® L100 (195 ), etc. (Kallakunta et al., 2020; LaFountaine et 

al., 2016). This high Tg can account for the better stability of ASDs by kinetically 

stabilizing the system (Kakran et al., 2013). Physical stability can be also achieved from 

thermodynamic stabilization which can be the result of drug-polymer interaction as well as 

kinetic retardation of drug molecular mobility by polymer viscosity (Al -Obaidi & Buckton, 

2009). Thus, in this study, we wanted to focus on the latter part, thermodynamic stability 

by interaction. Thus, the selected polymer is Eudragit® EPO, which has a comparatively 
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lower Tg but has shown better miscibility, crystallization inhibition, and interaction 

potential with both CUR and RES. 
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Chapter 4: Preparation and evaluation TASDs 

Introduction  

Drug-drug-polymer TASDs are a very complex system as there are two different drugs 

with different physicochemical properties. Preparation and characterization of these 

TASDs could be challenging if the physicochemical properties are not considered properly. 

Factors influencing the properties of TASD were found to be dependent on the technique 

of drug incorporation, the method of preparation, and the molar ratio of the drug to the 

carrier (Khalil et al., 2013). 

Physical characterization of ternary dispersions is commonly carried out by DSC, XRD, 

FTIR, NMR, Raman spectroscopy, etc. An in-depth analysis of the physicochemical 

properties is important to understand the dissolution behavior of the formulation. 

4.1 Methods 

4.1.1 Preparation of physical mixtures and ASDs 

Physical mixtures of all the binary and ternary ASDs were prepared by normally mixing 

CUR, RES, and EPO. Weighed amounts of drug and polymer were taken in an Eppendorf 

tube and vortexed for 3 minutes until homogenous blending was observed. The PM was 

stored at room temperature in the Eppendorf tube until used for characterization.  

The solvent evaporation method was used for the preparation of both binary and ternary 

ASDs at different weight ratios. We prepared two binary ASDs, such as CUR: EPO (50:50, 

w/w), RES: EPO (50:50, w/w), as well as three ternary ASDs CUR: RES: EPO (10:10:80, 

w/w), CUR: RES: EPO (25:25:50, w/w), and CUR: RES: EPO (40:40:20, w/w). Weighed 

amounts of CUR, RES, and EPO were completely dissolved in acetone. These stock 
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solutions were then mixed according to the ratios and vortexed for 2-4 min. Solvent 

evaporation was carried out in a Rota-Vapor (Heidolph G5, Dry Ice Condenser Rotary 

Evaporator, Germany) at 65  with a rotation speed of 100 rpm for about 15 min or until 

a dry product remained. The dry sample was scraped and sieved. It was then stored in an 

oven at 55  for overnight drying. Finally, the formulations were stored in amber-colored 

vials at room temperature until further use. We have selected the 50% drug-loaded TASD 

as the primary formulation and was characterized extensively. All other ASDs were utilized 

to compare/better understand this high drug-loaded TASD.  

4.1.3 XRD  

XRD patterns of PM and TASDs were recorded using Rigaku SmartLab Diffractometer 

(Rigaku Corporation, Tokyo, Japan) in focusing geometry operated with Cu KŬ radiation 

at 40 kV and 30 mA within 5-45o 2ɗ range in steps of 0.053o. A length limiting slit of 10 

mm, a divergence slit of 1/2 degree, and a 5º Soller slit were used on the incident beam 

path and the data was collected by ɗ/2ɗ scans using a D/tex Ultra 250 1D strip detector 

with 20 mm receiving slits and a 5º Soller slit. A Ni foil was used to suppress K  intensity.   

4.1.3 DSC 

CUR, RES, PMs of binary and ternary ASDs were thermally analyzed using DSC Q2000 

(TA Instrument, New Castle, DE) equipped with a refrigerated cooling system (RCS40). 

The instrument was calibrated with indium before the experiments were carried out. Data 

were analyzed using TA Universal analysis software (Universal Analysis 2000, TA 

instruments).  A hermetically sealed empty aluminum pan was used as the reference, and 

nitrogen gas was purged at a rate of 20 ml/min to maintain the inert atmosphere. For all the 
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DSC experiments, a sample size of 3-10 mg was used. For determination of melting point, 

an accurately weighed amount of the sample was taken into an aluminum pan, which was 

then hermetically sealed. The sample was heated at 10 /min from 30  to 20-25  higher 

than the respective melting points. For EPO, Tg was determined by running a 10 /min 

heating cycle from 30  to 200 . For determining the Tg of ASD formulations, we have 

heated the sample 2 /min from 30  to 285  with modulation of Ñ 0.32  every 60s. Tg 

of pure CUR and pure RES was determined by a MDSC run at 2 /min from 30  to above 

their melting point with a modulation of Ñ 0.32  every 60s. 

4.1.4 TGA 

A TGA-50 Shimadzu thermogravimetric analyzer was utilized for the analysis of thermal 

degradation. We analyzed CUR, RES, EPO, SD CUR: EPO (50:50), SD RES: EPO 

(50:50), SD CUR: RES: EPO (25:25:50 & 10:10:80) for any weight loss due to increased 

temperature. Accurately weighed samples (3-10 mg) were taken into an aluminum pan. A 

continuous purging of nitrogen was maintained at a rate of 20 ml/min and samples were 

heated from room temperature to 300  at a rate of 10 /min. 

4.1.5 FTIR  

To determine the molecular interaction between drug-polymer systems, a Nicolet iS 50 

FTIR with a ZnSe ATR crystal was used. Powdered samples were placed on the crystal 

and a signal was acquired from an average of 25 scans at 4 cm-1 resolution under dry air 

purge at ambient temperature. A background scan and atmospheric compensation (to 

eliminate H2O and CO2 interference in the beam path) were considered to account for 
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environmental interference. Data were analyzed using OMNICTM FTIR software, and the 

background was corrected. 

4.1.6 Raman spectroscopy 

To complement the FTIR studies, we utilized Raman spectroscopy (Bruker-Senterra 

Dispersive Raman Microspectrometer). A small amount of sample was taken on a glass 

slide and placed on the stage of the microscope. A 20x objective with an aperture of  

50×1000 ɛm was used to get a clear visual of the sample. A laser beam having a wavelength 

of 785 nm with a laser power of 50 mW was subjected to the sample. A resolution of 9-15 

cm-1 was used for a spectral range of 50-3500 cm-1. The data was attained with 5s of 

integration time, 2 co-additions, and triplicate data were averaged to get the representative 

spectra for each sample. 

4.1.7 UV-visible spectroscopy 

The stock solution of CUR and RES were prepared separately in methanol and scanned in 

triplicates along with blank to determine the wavelength of maximum UV-Vis absorbance 

(ɚmax), in range of 250-700 nm (n=3). A standard plot was prepared using that ɚmax by a 

UV-Vis spectrophotometer with a plate reader arrangement (Synergy H1 Hybrid Reader; 

BioTek, Winooski, VT). Solutions of CUR and RES in methanol in a concentration range 

of 3.1 ɛg/ml to 50 ɛg/ml by serial dilution and blank were prepared and scanned in 

triplicates. These plots were used for the quantification of CUR and RES. 

4.1.8 In-vitro dissolution 

Dissolution of all the ASD formulations was studied under non-sink conditions using a 

USP II type apparatus ( Hanson Vision® G2 ClassicTM  6, CA, USA) at 37Ñ 0.5  and 100 
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rpm. Dissolution was carried out in 150 ml vessels where 75 ml of 0.1 N HCl was taken as 

the dissolution media. After 2 hours 25 ml of 0.1 M, phosphate buffer solution was added 

that was already equilibrated at 37Ñ 0.5 . The pH was adjusted to 6.8Ñ 0.1 by adding 2 N 

HCl or 2 N sodium hydroxide if needed. ASDs and PM equivalent to 15 mg of each drug 

were taken into an empty gelatin capsule (size 1) and dumped in the dissolution media. The 

dissolution was conducted for another 4 hours, and 1 ml of aliquots were taken at 5, 15, 30, 

60, 120, 180, 240, 360 minutes and replaced by fresh media. The dissolution method is in 

accordance with USP guidelines for delayed-release dosage forms with minor 

modifications (USP-NF 711). The samples were centrifuged (13,000×g, 5 min) and 

analyzed by the UV-Vis method. All experiments were conducted in triplicate (n=3). 

4.1.9 Stability studies 

A long-term stability study was done on both the ternary formulations (SD CUR: RES: 

EPO (25:25:50 & 10:10:80)) for amorphous nature. The amorphous nature of the 

formulation was confirmed by XRD. The formulations were stored in air-tight amber-

colored vials at room temperature for 12 months.  

4.2 Result and discussion 

4.2.1 XRD 

The X-ray diffractograms of pure CUR, pure RES, PM, and ternary ASDs are presented in 

Figure 4.1. The X-Ray diffractogram pattern of a crystalline drug shows sharp crystalline 

peaks, whereas the amorphous form of the drug shows a halo pattern without any sharp 

diffraction peaks. All the results from XRD diffractograms are summarized in Table 4.1.  

Pure CUR showed sharp characteristic diffraction peaks at 2ɗ angles of approx. 9.2º, 
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14.79º, 17.62º, 18.46º, and 23.74º through 29.34º. Pure RES showed characteristic peaks 

at 2ɗ angles of approx. 6.88º, 16.65º,19.47º, 22.67º, 23.9º, 28.5º. As for the EPO, it is an 

amorphous polymer that shows a halo pattern without any characteristic diffraction peaks. 

Both the binary dispersions with 50% drug loading i.e., SD CUR: EPO (w/w, 50:50) and 

RES: EPO (50:50) were successfully converted into an amorphous form which is 

confirmed by XRD. In the case of 20% drug loaded TASD i.e., SD CUR: RES: EPO (w/w, 

10:10:80) we observed a halo pattern without any diffraction peaks. This ratio is 

amorphous where both the drugs are successfully converted into amorphous form. The high 

(50%) drug-loaded TASD i.e., SD CUR: RES: EPO (w/w, 25:25:50) also showed a halo 

pattern without any diffraction peaks suggesting that the drugs are converted in amorphous 

form. However, the PM CUR: RES: EPO (w/w, 25:25:50) showed sharp diffraction peaks 

which aligns with the diffraction peaks of both the pure CUR and RES, thus suggests that 

these drugs are in crystalline form in their physical mixture with EPO. When the polymer 

concentration was further decreased, in the case of the SD CUR: RES: EPO (w/w, 

40:40:20) there were some distinct diffraction peaks at 2ɗ angles of approx. 16.58º, 19.36º, 

22.52º, 23.78º, and 28.50º. These diffraction peaks at 16.58º, 19.36º, 22.52º, and 28.50º can 

be attributed to the diffraction peaks of pure RES.  
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Figure 4. 1: X-ray diffractograms of CUR, RES, PMs, binary, and ternary ASDs. 

Table 4. 1: Summary of XRD results of binary and ternary ASDs as well as PMs. 

Components Ratio (w/w) XRD result 

SD CUR: RES: EPO 10:10:80 Amorphous 

PM CUR: RES: EPO 10:10:80 Crystalline 

SD CUR: RES: EPO 25:25:50 Amorphous 

PM CUR: RES: EPO 25:25:50 Crystalline 

SD CUR: RES: EPO 40:40:20 Crystalline 

SD CUR: EPO 50:50 Amorphous 

SD RES: EPO 50:50 Amorphous 
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4.2.2 DSC 

All the DSC thermograms are presented in Figure 4.2. The DSC curve of pure CUR and 

RES have a distinct melting peak at 177.1  and 266.3 , respectively, confirming their 

crystalline state. EPO is an amorphous polymer that shows a Tg at 56.6 . The Tg of both 

CUR and RES was determined by a 3-cycle heat-cool-heat modulated DSC study, from 

which CUR showed a Tg of 64.9 , and for RES it is 90.6 . The binary ASDs (SD CUR: 

EPO 50:50 and SD RES: EPO 50:50) were observed to have a single Tg, which falls under 

the Tgs of pure components. Finally, in the case of TASDs, the SD CUR: RES: EPO 

25:25:50 has shown a single Tg at 87.9 , however, with lower drug loading (SD CUR: 

RES: EPO 10:10:80) the Tg decreased remarkably (i.e., 52 ). It is reported that the Tg 

should be at least 50  higher than its storage temperature for better stability (Hancock et 

al., 1995; Tobyn et al., 2009). Thus, the Tg of SD CUR: RES: EPO 25:25:50 system is ideal 

for storage at room temperature.  

Table 4. 2: Melting point and Tg of compounds, PM, and ASDs determined by DSC. 

Sample Melting point ( ) Tg ( ) 

CUR 177.1 64.9 

RES 266.3 90.6 

EPO - 56.6 

SD CUR: EPO 50:50 - 57.5 

SD RES: EPO 50:50 - 80.7 

SD CUR: RES: EPO 10:10:80 - 52 

PM CUR: RES: EPO 25:25:50 ~265 - 

SD CUR: RES: EPO 25:25:50 - 87.9 
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All the ASDs didnôt show any melting endotherm of the drugs which confirms the 

amorphous form of drugs in these ASDs. However, there were some broad exotherms 

around 200  followed by an endothermic event after 230 in almost all the ASD. This 

was mostly observed in systems containing RES, as we donôt see this event in SD CUR: 

EPO. This might be due to the moderate crystallization tendency of RES as well as the 

increased molecular mobility at elevated temperature which causes recrystallization of 

RES. Again, it was also reported that EPO can degrade at elevated temperature, which 

might be causing the inability of EPO to inhibit recrystallization at elevated temperature. 

(Lin et al., 1999). The amorphous nature of these TASDs was confirmed by XRD and DSC 

was able to detect a single Tg from these systems.   

Figure 4. 2: DSC of thermograms of pure drugs, PM, and binary as well as ternary 

ASDs. 



84 

 

4.2.3 TGA 

Thermogravimetric analysis has ensured that all the pure components and different ASDs 

are stable till 200 (Table 4.3). RES being a high melting point drug doesnôt show 

prominent mass loss before 290 . However, both CUR and EPO have shown a 5% mass 

loss of around 265 . Lin et al. have reported that EPO goes through ester condensation 

forming six-membered cyclic anhydrides at a temperature above 180  (Lin et al., 1999). 

Moreover, Parikh et al. have reported the degradation temperature of EPO as 250  (Parikh 

et al., 2014). In the case of the binary ASDs, 5-10% mass loss was observed from 230-

270 , whereas for TASDs, it was 204-242 (Figure 4.3). This mass loss might be due 

to the polymer and its behavior at elevated temperatures.  

 

Figure 4. 3: Thermal analysis of pure drugs, and binary as well as ternary ASDs. 
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Table 4. 3:  Weight loss of pure drugs, and binary as well as ternary ASDs on elevated 

temperature determined by TGA. 

% 

Mass 

loss 

CUR RES EPO SD 

CUR: 

EPO 

50:50 

SD 

RES: 

EPO 

50:50 

SD CUR: 

RES: 

EPO 

10:10:80 

SD CUR: 

RES: EPO 

25:25:50 

5% 265.6 292.5 266.2 232.5 251 234.1 204.2 

10% 289.4 - 284.8 254.6 270.4 252.3 241.6 

4.2.4 FTIR  

From the initial screening studies, it was observed that both CUR and RES have good 

potential for non-covalent bonding with EPO. The phenolic hydroxyl group of both CUR 

and RES and the carbonyl group of EPO can participate in hydrogen bonding. Additionally, 

the dimethylamino group of EPO can engage in ionic interaction with slightly acidic 

phenolic hydroxyls of CUR and RES. And, it has been reported that ionic bonds are 10 

times higher in strength in comparison to hydrogen bonding, thus this ionic bonding can 

greatly strengthen the stability of ASDs. FTIR spectra of pure drugs, PMs, and ASDs are 

presented in Figure 4.4. The peak positions are shown in Table 4.4.  

From the FTIR data of SD CUR: EPO 50:50, a shift of the phenolic OH peak of CUR and 

dimethylamino peak of EPO was observed due to the acid-base interaction between these 

groups. This kind of interaction has also been reported in the literature for CUR: EPO ASDs 

(Meng et al., 2015). In the case of SD RES: EPO 50:50, the phenolic OH peak was much 

less intensified and shifted than the pure RES, and the dimethylamino peak was absent. 

This observation indicates the acid-base interaction of phenolic OH of RES with the 

dimethylamino group of EPO. This acid-base interaction was also confirmed from the 
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infrared spectrum of SD CUR: RES: EPO 25:25:50. However, no peak shifting of carbonyl 

peak of EPO was observed in all formulations, which would be expected if there was 

hydrogen bonding of the phenolic hydroxyl groups with the carbonyl groups on EPO. 

Figure 4. 4: FTIR spectra of pure CUR, RES, EPO, PMs, SD CUR: EPO 50:50, SD 

RES: EPO 50:50, and SD CUR: RES: EPO 25:25:50 
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Table 4. 4: FTIR peak positions of pure CUR, RES, PM, and binary as well as ternary 

ASDs. 

Assignments Wavenumber (cm
-1

) 

CU

R 

RE

S 

EPO PM 

CUR

: 

EPO 

50:5

0 

SD 

CUR

: 

EPO 

50:5

0 

PM 

RES

: 

EPO 

50:5

0 

SD 

RES

: 

EPO 

50:5

0 

PM 

CUR: 

RES: 

EPO 

25:25:5

0 

SD 

CUR: 

RES: 

EPO 

25:25:5

0 

Phenolic OH 

group 

350

9 

319

4 

- - - - - - - 

Carbonyl 

(>C=O) 

group 

- - 1723 1723 1723 1724 1723 1724 1724 

Unionized 

dimethylami

no 

(RN(CH3)2) 

group 

- - 2771

, 

2821 

2771, 

2821 

2824 2771

, 

2821 

- 2771, 

2823 

- 

4.2.5 Raman spectroscopy 

Raman spectroscopy is growing its application in ASD research nowadays for analyzing 

molecular interactions as well as the amorphous nature of formulations. The hydrogen 

bonding of drug-polymer can be inferred from redshift or blueshift of specific vibrational 

stretches in Raman spectra (Tran & Tran, 2020). All the peak assignments are given in 

Table 4.5. Shifts were observed for aromatic ring stretch, in-plane bending of aromatic 

CCH, and enolic COH peaks of SD CUR: EPO 50:50 in comparison to the pure CUR 

spectrum. This confirms the presence of molecular interaction between CUR and EPO. 

However, no shifting was observed for the aromatic ring stretch of SD RES: EPO 50:50 in 
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comparison to the pure RES. Thus, no molecular interaction was found between RES and 

EPO from Raman spectroscopy. Finally, in the case of SD CUR: RES: EPO 25:25:50, there 

was an evident shifting of C=O /aromatic C=C stretching when compared with both the 

PM and pure drugs. Moreover, for this TASD formulation, the peaks around 1600 cm-1 

were markedly broader than the PM and pure drugs, which might be attributed to the 

amorphous status of the drugs in TASD. Determination of physical state is generally 

dependent on peak representation in the Raman spectrum. It is believed that crystalline 

drugs will show defined peaks in the Raman spectrum because of the phonon region of the 

crystalline form, whereas the amorphous drug will form a broad Raman spectrum (Tran & 

Tran, 2020). According to Ueda et al., the C=O stretch region (1750-1550 cm-1) is 

considered as the typical range for the determination of crystal form and hydrogen bonding 

formation of an ASD (Ueda et al., 2014). We utilized the peak intensities of two intense 

peaks around 1600 cm-1 to better comprehend the amorphous nature of these ASDs. The 

peak intensity ratios from both CUR and RES systems are plotted in Figure 4.6 and the 

ratio values are presented in Table 4.6. We have found all the ASDs having a higher value 

of the ratio closer to 1. Thus, a higher value of this ratio can be used to classify the system 

as amorphous. This result agrees with our XRD analysis.  
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Table 4. 5: Raman spectrum of pure CUR, RES, PM, and binary as well as ternary 

ASDs. 

Assignments Wavenumber (cm
-1

) 

CUR RES SD 

CUR: 

EPO 

50:50 

SD 

RES: 

EPO 

50:50 

PM CUR: 

RES: 

EPO 

25:25:50 

SD CUR: 

RES: 

EPO 

25:25:50 

C=O 

stretching/aromatic 

C=C stretching 

1628 1630 1634 1630 1628 1633 

Aromatic C=C 

stretching 

1601 1604 1600 1605 1601 1600 

In-plane bending of 

aromatic CCH and 

enolic (COH) 

1250 - 1230 - 1250 1227 

Figure 4. 5: Raman spectrum showing specific peak assignments of SD CUR: RES: EPO 

25:25:50 (a); PM CUR: RES: EPO 25:25:50 (b); SD CUR: EPO 50:50 (c); SD RES: 

EPO 50:50 (d); pure RES (e); and pure CUR (f). 
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Figure 4. 6: Bar diagram showing Raman peak ratio of A. CUR systems and, B. RES 

systems. 

Table 4. 6: Raman peak ratio values of pure CUR, RES, SD CUR: EPO 50:50, SD RES: 

EPO 50:50, PM CUR: RES: EPO 25:25:50, and SD CUR: RES: EPO 25:25:50. 

Sample Resveratrol Peak 

Ratio (1630/1604) 

Curcumin Peak 

Ratio (1628/1601) 

XRD 

CUR - 0.631 ± 0.010 Crystalline 

RES 0.869 ± 0.004 - Crystalline 

SD CUR: EPO 

50:50 

- 0.952 ± 0.027 Amorphous 

SD RES: EPO 

50:50 

0.964 ± 0.049 - Amorphous 

PM CUR: RES: 

EPO 25:25:50 

0.707 ± 0.021 0.664 ± 0.036 Crystalline 

SD CUR: RES: 

EPO 25:25:50 

1.268 ± 0.015 1.061 ± 0.016 Amorphous 
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4.2.6 UV-visible spectroscopy 

Through the spectral scan of drug stock solution in methanol, CUR exhibited maximum 

absorbance at 423 nm and RES at 306 nm (Figure 4.7). An external standard plot was 

created from solutions of CUR and RES in methanol in a concentration range of 3.1 ɛg/ml 

to 50 ɛg/ml by serial dilution. Good linearity was obtained for both the drugs (Figure 4.8). 

CUR showed a LOD 2.2 ɛg/ml and LOQ 6.5 ɛg/ml of, RES showed a LOD of 1.1 ɛg/ml 

and LOQ of 3.2 ɛg/ml.  

 

Figure 4. 7: UV-Vis spectral scan of CUR and RES.  

Figure 4. 8: Standard curves of A. CUR at 423 nm; B. RES at 306 nm.  
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4.2.7 In-vitro dissolution 

The dissolution profile of TASDs was compared with that of binary ASDs and ternary 

physical mixture. The drug release was measured for 2 hours in 0.1N HCl, and then 

phosphate buffer was added to adjust the pH to 6.8 to further mimic the in vivo situation.  

The release of CUR from PM CUR: RES: EPO 25:25:50 was expected to be very limited 

in acidic media due to its very low aqueous solubility. As the drug was present with EPO, 

the dissolved concentration was ~0.5% throughout the acidic media. Although after 3 

hours, in neutral media, the drug release was 17.5 ± 3.2% (w/w) which is better than the 

acidic media. This might be due to the weakly acidic nature of the drug as well as the 

preparation process of PM (vortex mixing) that might be aiding through reduction of 

particle size. However, in the case of RES, release from PM CUR: RES: EPO 25:25:50 

seems to be higher than that of CUR. This again goes back to the aqueous solubility of RES 

(30 ɛg/ml) which is almost 2700 times higher than CUR (0.011 ɛg/ml) (Spogli et al., 2018; 

Yildiz et al., 2019). RES reaches 23.2 ± 0.3% (w/w) after 1 hour followed by a plateau of 

~35% (w/w) in the neutral media till the end of the study. 

In the case of binary ASD, the release from SD CUR: EPO 50:50 was impressively higher 

than the release from the ternary PM. 75.9 ± 23.6% (w/w)  of the drug was dissolved after 

only 5 min (Figure 4.9 ). It reached 94.8 ± 3.5% (w/w) after 15 min and maintained a 

release rate of ~ 90% (w/w) until phosphate buffer was added. After the addition of the 

phosphate buffer, the release was notably lower, which reaches 22.8 ± 16.2% (w/w) after 

6 hours. This might be due to the solubility of EPO under pH 5, which might be causing 

the polymer to precipitate. Precipitation of the polymer may be causing the drug to release 

similar to the PM (Figure 4.9 A).  
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Figure 4. 9: Drug release from various ASDs; A. Release of CUR from  SD CUR: RES: 

EPO 25:25:50 (χ ), SD CUR: RES: EPO 10:10:80 (ƶ), SD CUR: EPO 50:50 (ǒ), PM 

CUR: RES: EPO 25:25:50 (ᴙ); B. Release of RES from  SD CUR: RES: EPO 25:25:50 

( )χ, SD CUR: RES: EPO 10:10:80 (ƶ), SD RES: EPO 50:50 (ǒ), PM CUR: RES: EPO 

25:25:50 (ᴙ). 
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On the other hand, Drug release from SD RES: EPO 50:50 was not that pronounced, as it 

leads to 40.2 ± 8.8% (w/w) of dissolved drug in the release medium after 5 min and 

maintains a plateau of ~45% (w/w) till 6 hours (Figure 4.9 B).  

Finally,  in the case of TASDs, we have measured the drug release for two different TASDs 

with 50% drug loading (SD CUR: RES: EPO 25:25:50)  and 20% drug loading (SD CUR: 

RES: EPO 10:10:80). The release of CUR from 50% loaded TASD was tremendously 

higher than its PM CUR: RES: EPO 25:25:50. There was an 80 ± 3.9% (w/w) dissolved 

drug in the release media after 5 min. Moreover, this reached ~100% (w/w) after 15 min 

and persists until the phosphate buffer was added. Nevertheless, release decreased 

immensely in the neutral media, which might be due to the ineptness of polymer in higher 

pH. Again, the 20% drug-loaded TASD followed a similar release pattern to the 50% 

loaded TASD. The dissolved CUR from 20% loading reached a maximum of 94.8 ± 3.5% 

(w/w) after 15 min and persisted until the addition of phosphate buffer. However, declined 

release was noticed in neutral media. On the other hand, the release of RES from 50% drug 

loaded TASD and 20% drug loaded TASD was quite similar. For example, 50% loaded 

TASD obtained a RES release of 99.3 ± 9.1% (w/w), and 20% loaded TASD attained 94.8 

± 2.2% (w/w) after 2 hours followed by a decline in neutral media which was lower than 

binary ASD for both the systems. In some instances, 20% drug loaded TASD showed better 

release than the 50% drug loaded TASD, such as there was 90.7 ± 6.1% (w/w) dissolved 

RES in release media from 20% loaded TASD whereas 72.1 ± 4.1% (w/w)  from 50% 

loaded TASD after 5 min.  

In conclusion, after 1 hour the 50% drug-loaded TASD has shown approximately 197 times 

higher drug release of CUR than the PM CUR: RES: EPO 25:25:50. Whereas, for 20% 
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drug-loaded TASD, this is 172 times, and for CUR binary ASD, it is 170 times than that 

of PM CUR: RES: EPO 25:25:50. In the case of the release of RES, after 1 hour, both 

TASD (50% and 20% drug loaded) has shown approximately 4 times higher % dissolved 

drug than that of  PM CUR: RES: EPO 25:25:50. The binary ASD of RES shown a ~2 

times higher % dissolved drug than the PM CUR: RES: EPO 25:25:50. However, all the 

TASDs performed poorly in dissolution media after the addition of phosphate buffer. 

Literature suggests different ideas for this kind of ternary dispersions, such as Nguyen et 

al. have reported that the rate and extent of release of drugs from drug-drug-polymer 

ternary dispersions were less than the release from binary spray-dried dispersions (Nguyen 

& Van den Mooter, 2014). In another study, the investigators also reported the same kind 

of conclusion that binary dispersions are showing slightly better release than drug-drug-

polymer ternary dispersions (Riekes et al., 2016). Moreover, in regard to drug loading, 

Figueirêdo et al. have reported a higher dissolution profile of 10% drug loaded drug-drug-

polymer dispersion in comparison with the higher drug loadings (i.e. 20%, 30%, 40%, and 

50%) (Figueirêdo et al., 2018). 

The collected precipitate of 50% drug-loaded TASD after the dissolution was found to be 

in amorphous form (confirmed by XRD). This is supportive of the idea that from a high 

supersaturated state when thereôs a change of pH, the polymer precipitates and implants 

the amorphous form of the drug in deep binding pockets of the polymer by strong ionic 

interactions resulting in an inadequacy of the supersaturation state leading to the lower 

drug release in the neutral media. 



96 

 

4.2.8 Stability study 

TASD samples were stored in amber-colored air-tight vials at room temperature for 12 

months. XRD diffractograms were collected after every 3 months and were compared with 

the scan of the time zero sample for any signs of crystallinity. Both the 50% drug-loaded 

and 20% drug-loaded TASD have shown excellent stability . They were amorphous for 12 

months (Figure 4.10). 

 

Figure 4. 10: Stability study of TASDs by XRD. 
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Chapter 5: Summary, future studies, and global impact 

5.1 Summary 

The goal of this study was to design a stable TASD formulation containing two poorly 

soluble compounds that ensure better solubility for both compounds. These poorly water-

soluble polyphenolic compounds were selected based on their great potential for 

combination therapy, as they are reported to possess synergistic therapeutic activity against 

several diseases. After an elaborate drug-polymer screening study among three different 

polymers, an optimum polymer was selected.  We were successful to prepare a high drug-

loaded TASD formulation which was then characterized to understand the nature of the 

formulation. Solid-state characterization of these formulations confirmed the presence of 

ionic interaction, which is crucial for the physical stability of amorphous systems. This 

high drug-loaded TASD sustained its amorphous state for more than 12 months at room 

temperature as well as enhanced the dissolution performance remarkably. 

5.2 Future studies 

To unravel the mechanism of solubility enhancement of this TASD system, we need 

extensive studies of its physicochemical properties. In future research, more crystallization 

kinetics studies are needed to better understand the polymerôs effect on nucleation and 

crystal growth. Raman spectroscopy in association with XRD could be a decisive technique 

that can help in both qualitative and quantitative manner. More intricate analysis of 

molecular interaction could also add a lot of value to the understanding of polymerôs 

function in TASDs. Since amorphous systems are most sensitive to water as water acts as 

an extreme plasticizer due to its lower Tg. Crystal growth kinetics of these stable TASD 

under different moisture conditions is a study that would share a lot of insight into the 
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polymer selection process. We have explored the crystallization kinetics and interaction of 

drug-polymer systems for making the selection of polymer more meticulous. However, 

more polymer/excipients should be considered in future studies to introduce more 

parameters that can open up more avenues for the selection process.  

Finally, the dissolution mechanism of these TASDs is another interesting area to explore. 

Dissolution under different pH conditions and with different simulated fluids is needed to 

understand the role of each component of this ternary system in a supersaturated state.  

5.3 Global impact 

Drug-drug-polymer TASD holds great potential for fixed-dose combinations (FDC). FDCs 

have a higher acceptance in patients due to their higher adherence and lower pill burden. 

This is more advantageous for chronic disorders which require tedious and multiple drugs 

for treatment. A lot of drugs i.e. anti-tubercular, anti-cancer, anti-HIV, etc. possess a high 

potential to be an FDC, whereas their solubility becomes the limiting factor. These 

dispersions could be the solution for them. 

This project focused on two polyphenolic compounds, which are considered nutraceuticals. 

Nowadays, there is a growing interest in these polyphenolic nutraceuticals as they possess 

vital therapeutic effects such as antioxidant, anticancer, antiinflammation, etc. According 

to a report by Grand View Research, Inc., the polyphenolic market size is expected to reach 

USD 2.8 billion by 2025 (Global Polyphenols Market Size & Share | Industry Report, 

2019-2025). A lot of these polyphenols have been reported to work synergistically when 

combined with other polyphenols or drugs, but their poor water solubility is a big hurdle 

for their oral bioavailability. Successful enhancement of solubility of two polyphenolic 
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compounds in this study should initiate the practice of addressing the solubility hurdle with 

TASD formulations.  
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Appendix 1: Molecular modeling studies of curcumin, resveratrol, and 

polymers 

Curcumin, Resveratrol, and Eudragit EPO 

Method 

A molecular modeling study was carried out by Dr. H. Andy Zhong, Dept. of Chemistry, 

UNO.  Curcumin was prepared in five different configurations: two alkenes in trans-

configuration (EEenol and EEketo to represent the enol- or keto-form), and one alkene in 

trans-configuration and one in cis-configuration (the keto form, EZ_keto, and enol forms, 

one with enol next to the Z-configuration and the other with enol neighboring to the E-

configuration, EZ_enolA, and EZ_enolB configurations) (Figure 1). Both EE and EZ 

configurations of curcumin have been observed in X-ray crystal structures. Thus, in 

investigate which configuration binds better to polymer, we include all five isomers in our 

study.  

Our previous study has shown that a parallel double strand of dendrimers (10-init repeat) 

of Eudragit L100 (L100), Eudragit M100 (M100) bound better with ligands. Thus, we 

carried out the docking studies of parallel double strands of L100, M100, and Eudragit 

EPO (EPO) with five isomers of curcumin and resveratrol as ligands. All curcumin isomers 

and resveratrol and polymers were built using the MOE program. Docking of curcumin 

isomers and resveratrol to pair of polymers was carried out using the MOE Dock program. 

After the first ligand was identified, the best score of docked curcumin configuration or 

resveratrol was considered to be the first bound ligand. The second round of docking was 

carried on a neighboring binding pocket to determine whether a second ligand would be 

favorable for binding or not.  
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Results and discussions 

Both (trans,trans) curcumin (EE) or (trans,cis) curcumin (EZ) have been observed X-ray 

structures of curcumin in Protein DataBank (www.rcsb.org). Thus, we include both EE and 

EZ in our calculation. In addition, the enol-keto tautomerization gives enol or keto 

configurations. Thus, there are five different isomers of curcumin. For the keto tautomer 

(no matter it is EZ or EE), when the second curcumin was docked to L100, the binding 

scores for the second curcumin increased from -7 to -10 kcal/mol. However, adding 

resveratrol to curcumin-bound L100 did not lead to a significant increase in binding 

affinity. On the other hand, adding resveratrol first to L100 and then the addition of second 

curcumin or second resveratrol did not yield a pronounced increase.  Figure 2 shows that 

the binding of two curcumin led to more interactions and thus led to a better docking score 

(Table 1). However, the binding of second resveratrol to curcumin-bound L100 did not 

increase binding because of the smaller size of resveratrol. Similarly, when resveratrol was 

first bound to L100, the distance between the first and the second ligand was too far thus 

there were not much synergistic interactions. 
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Figure 1. Ligand isomers are used for docking studies. 
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Table 1. Docking scores (kcal/mol) of curcumin and resveratrol to three different 

polymers. 

 
EEenol EEKet

o 

EZket

o 

EZenol

A 

EZenol

B 

RES 

L100_2 (single) -7.26 -6.93 -7.05 -7.58 -7.07 -7.54 

L100_2_CUROn 

(dual) 

-9.99 -10.32 -10.28 -10.27 -8.50 -7.64 

L100_2_RESOn 

(dual) 

-8.25 -7.10 -6.53 -7.52 -7.70 -6.39 

       

M100_2 (single) -9.74 -9.23 -8.71 -9.71 -8.95 -7.79 

M100_2_CUROn 

(dual) 

-11.16 -9.33 -10.82 -10.34 -10.38 -8.69 

M100_2_RESOn 

(dual) 

-8.12 -8.14 -8.24 -9.45 -8.38 -7.71 

       

EPO_2 (single) -9.14 -9.11 -9.20 -9.22 -9.30 -9.10 

EPO_2_CUROn 

(dual) 

-8.05 -8.98 -10.14 -9.72 -9.55 -9.77 

EPO_2_RESOn 

(dual) 

-11.22 -10.49 -10.21 -8.64 -9.35 -7.63 
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Figure 2. L100 parallel two-strand polymer interacting with drug. (top: adding first 

curcumin, top, green, then adding second curcumin (orange) or resveratrol (pink). 

Bottom: adding first resveratrol (green), and then adding second curcumin (orange) or 

resveratrol (pink). Polymer is highlighted in cyan. For clarity, all hydrogen atoms were 

hidden. 
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For M100, similar trends to L100 can be observed, i.e., the binding of second curcumin led 

to better binding affinity than the one curcumin alone, or when resveratrol was first bound 

(Figure 3). Figure 3 also shows that the larger curcumin allows more intermolecular 

interactions that stabilized the binding. 

Figure 3. M100 parallel two-strand polymer interacting with drugs. (top: adding first 

curcumin, top, green, then adding second curcumin (orange) or resveratrol (pink). 

Bottom: adding first resveratrol (green), and then adding second curcumin (orange) or 

resveratrol (pink). Polymer is highlighted in cyan. For clarity, all hydrogen atoms were 

hidden. 
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For EPO, the binding behavior was quite different. Figure 4 shows that the amino groups 

and the butyl groups in the EPO polymer gave a polymer structure that is much deeper than 

that of M100. The depth of the binding pocket allows two ligands to be accommodated in 

the same binding site in a partial overlap (Figure 4A) or a full overlap (Figure 4B) manner. 

The best binding score was observed in the case of resveratrol-bound first and then 

curcumin being introduced as a second ligand in the EE configuration.   

Figure 4. EPO parallel two-strand polymer interacting with drugs. A) adding first 

curcumin, top, green, then adding second curcumin (orange) or resveratrol (pink). B) 

adding first resveratrol (green), and then adding second curcumin (orange) or resveratrol 

(pink). Polymer is highlighted in cyan. For clarity, all hydrogen atoms were hidden. 

However, in all three types of polymers, introducing two resveratrol molecules did not 

increase binding affinity (or docking scores). Having two resveratrol may not enhance 

binding. However, having two curcumin or one curcumin and one resveratrol led to better 

activity from the docking point of view.  

Overall, for all three polymers, adding a second ligand yielded a better docking score than 

the first ligand, suggesting that have two ligands might enhance the binding affinity of the 

polymer. However, the nature of the ligand and the nature of the polymer, and the order by 

A B 
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which compounds are added played a role. For EPO, having one resveratrol and one 

curcumin would enhance binding, and for M100 and L100 having two curcumin appeared 

to offer better polymer binding.  

 

Curcumin, Resveratrol, HPMCAS, and Eudragit S100 

Method  

Curcumin was prepared in five different configurations: two alkenes in trans-configuration 

(EEenol and EEketo to represent the enol- or keto-form), and one alkene in trans-

configuration and one in cis-configuration (the keto form, EZ_keto, and enol forms, one 

with enol next to the Z-configuration and the other with enol neighboring to the E-

configuration, EZ_enolA, and EZ_enolB configurations). Both EE and EZ configurations 

of curcumin have been observed in X-ray crystal structures. Thus, the investigation of all 

these possible configurations will help us to understand which one binds better to the 

polymer. We built all five configurations of curcumin and resveratrol in MOE.   

The dimer structures of HPMCAS and Eudragit S100 were prepared in the MOE program. 

Due to the 2:1 ratio between methyl methacrylate and methacrylic acid used in the 

preparation of the Eudragit S100 (S100), we built two types of Eudragit S100 polymers in 

an alternate repeat of 4:2 (S100_42) or 2:1 (S100_21) ratio of methyl methacrylate and 

methacrylic acid. Studies have shown that the drug-binding of HPMCAS and S100 are pH-

dependent due to the existence of the carboxylic acid groups. Thus, two types of polymers 

were prepared in MOE, one with neutralized carboxylic acid to reflect the state of 

carboxylic acid under pH 1.8 (in the stomach), and the other with anionic carboxylate 

groups to reflect the deprotonated state of carboxylic acid under pH 7.0 (in the small 
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intestine).  We carried out the docking studies of five configurations of curcumin and 

resveratrol to the dimers of HPMCAS and S100, each of which was prepared to reflect the 

pH-dependent binding. Docking of curcumin isomers and resveratrol to various polymers 

was carried out using the MOE Dock program. After the first ligand was identified, the 

best score of docked curcumin configuration or resveratrol was considered to be the first 

bound ligand. The second round of docking was carried on a neighboring binding pocket 

to determine whether a second ligand would be favorable for binding or not.  

Results and discussion 

Table 1 shows that when the first drug was docked to the HPMCAS dimer, the EZ_enol 

forms were the most favorable with docking scores of -13.88 and -13.79 kcal/mol, the 

binding of the EZ keto isomer was weaker, so were the EE isomers. However, when the 

dimer was occupied with the first drug molecule, the binding of the second appears to be 

comparable for all EE or EZ enols and overall, the binding of the second drug appears to 

be tighter, i.e., the synergy effect occurs when the second drug binds to the dimer after the 

first drug occupies. This synergy effect appears to be observable in HPMCAS under pH 

1.8 condition. When the polymer was made with a carboxylate group, the binding of the 

second drug appear to be independent of the binding of the first drug, i.e., the binding 

affinity, predicted by the docking scores, is the same as or even weaker than the binding of 

the first drug. For polymer under pH 7.0, it appears that EE_enol and EZ_enol B were the 

most favorable when the first drug binds to the polymer. The EZ (enol A or enol B) appears 

to bind more favorable with the second curcumin than the keto configuration.   

For the S100 polymer, dependent upon how the polymer was made, whether it was made 

by using every four methyl methacrylate and two methacrylic acid (S100_42 models), or 
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every two methyl methacrylate and one methacrylic acid (S100_21 models), the binding 

results were slightly different. For the 42-ratio model, the binding of drugs to polymer 

under pH 1.8 appears to be slightly stronger than the binding under pH 7.0.  Under either 

pH 1.8 or pH 7.0 condition, the binding of EZ_Enol_B appears to be the most favorable 

for the first drug binding. For the 21-ratio model, the binding of EZ (enol A or Enol B) 

models appears to be the most favorable.  

Table 1. Docking scores (kcal/mol) of curcumin and resveratrol to HPMCAS under pH 

1.8 or pH 7.0. 

HPMCAS pH 1.8 EEenol EEKeto EZketo EZenolA EZenolB RES 

First drug -10.94 -9.80 -10.88 -13.88 -13.79 -11.48 

Second drug -14.30 -14.09 -13.21 -14.08 -15.40 -12.36 

       

HPMCAS pH 7.0 EEenol EEKeto EZketo EZenolA EZenolB RES 

First drug -14.32 -12.50 -13.93 -12.65 -14.28 -12.28 

Second drug -11.60 -11.42 -13.00 -13.43 -13.42 -10.81 
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Table 2. Docking scores (kcal/mol) of curcumin and resveratrol to S100 under pH 1.8 or 

pH 7.0 with the composition of 4:2 or 2:1 between methyl methacrylate and methacrylic 

acid.  

S100_42_L_pH 1.8 EEeno

l 

EEKet

o 

EZket

o 

EZenol

A 

EZenol

B 

RES 

First drug -8.66 -9.26 -9.46 -9.26 -9.79 -7.11 

Second drug -10.72 -12.87 -9.07 -9.85 -10.39 -7.31 

       

S100_42_L_PH 7.0 EEeno

l 

EEKet

o 

EZket

o 

EZenol

A 

EZenol

B 

RES 

First drug -6.63 -6.63 -7.42 -7.70 -7.52 -7.11 

Second drug -7.28 -8.05 -7.73 -7.45 -7.40 -7.69 

       

S100_21_L_pH 1.8 EEeno

l 

EEKet

o 

EZket

o 

EZenol

A 

EZenol

B 

RES 

First drug -9.07 -8.88 -10.06 -11.16 -9.53 -7.93 

Second drug -8.65 -9.20 -9.16 -8.96 -10.20 -7.75 

       

EUD_S100_21_L_PH 

7.0 

Eeenol EEKet

o 

Ezketo EzenolA EzenolB RES 

First drug -8.28 -9.06 -8.06 -9.80 -8.84 -7.81 

Second drug -8.84 -9.81 -7.49 -10.20 -12.22 -8.66 
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Appendix 2: Preparation and evaluation of Hot-melt extruded TASD of 

curcumin, resveratrol, and Eudragit EPO. 

Miscibility  

A hot-melt extruded sample was prepared by Nirali Patel, Dr. Abu Serajuddin's lab, St. 

Johnôs University, NY in the ratio of 25:25:50 (w/w). Before extruding the TASD, the 

miscibility of CUR and RES with EPO was determined by DSC. A mixture containing 

20% of CUR/RES was mixed with EPO and heated to 150 and cooled to room 

temperature followed by reheating to the melting point of RES. From Figure 1, it is evident 

that both compounds are miscible with EPO when heated to 150, which is much below 

their melting temperatures.  This is favorable for melt extrusion since the compounds need 

not be heated to their melting temperatures to be miscible with the polymer. 

 

Figure 1: Miscibility of CUR and RES with EPO by DSC 
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Viscosity 

Before doing the actual extrusion, it is very important to determine the melt viscosity of 

TASD components. In general, if the complex viscosity is around 10,000 Pa.s and lower, 

the mixture is considered to be extrudable in a melt extruder. From Figure 2 we can 

interpret: 

a. Eudragit EPO ï Extrudable at a wide range of temperatures above 110. 

b. Eudragit EPO 75% + 25% curcumin ï Possibly extrudable above 140. 

c. Eudragit EPO 75% + 25% resveratrol ï Mixture with resveratrol is highly 

viscous, but the viscosity decreases rapidly with temperature possibly due to the 

plasticizing effects of the compound. It may need 160 deg or higher for melt 

extrusion. 

d. Eudragit EPO 50% +  25% curcumin + 25% resveratrol ï Viscosity decreases as 

compared to resveratrol alone. Maybe extrudable at or above 150.  
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Figure 2: Viscosity of TASD components at elevated temperature. 

Hot-melt Extrusion 

The physical mixture of CUR, RES, and EPO in the ratio of 25:25:50 (w/w) was extruded 

by a process 11 co-rotating twin-screw extruder( Thermo Scientific, Bridgewater, NJ) at a 

barrel temperature of 170. The extruded sample was ground by a mortar and pestle and 

sieved to get uniform particles. These uniform particles were used for further 

characterization. 

Evaluation of TASD 

The HME sample was analyzed DSC, TGA, FTIR, Raman spectroscopy. We carried out 

in-vitro dissolution studies on this sample. The thermal analysis has confirmed the presence 
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of single Tg at 67.9 , which is significantly lower than the SD CUR: RES: EPO 25:25:50 

sample which was processed by rotary evaporation (Figure 3). This lower Tg of this HME 

sample could potentially cause stability challenges for this formulation. TGA confirmed 

better thermal sensitivity of HME sample over SD CUR: RES: EPO 25:25:50. In the case 

of the SD CUR: RES: EPO 25:25:50 we noticed a 5% weight loss at 204  whereas this 

HME one shows 5% degradation at 244. The presence of interactions was confirmed by 

both FTIR and Raman (Figure 4 and Figure 5). However, in the case of the Raman 

spectrum, the assigned peaks were less intense in HME CUR: RES: EPO 25:25:50 than SD 

CUR: RES: EPO 25:25:50. 

From the release data of hot-melt extruded sample ( HME CUR: RES: EPO 25:25:50), we 

observed the maximum release of 61 ± 0.6% (w/w) after 1 hour, which is much lower than 

the binary ASD of CUR as well as the 50% loaded TASD (Figure 6A). Thus, it is clear 

that the release of CUR is much more pronounced in the rotary evaporated sample than in 

the HME one. The release profile of RES from HME CUR: RES: EPO 25:25:50 slightly 

better than the binary dispersion of RES, it sustained a release of ~60% of dissolved RES 

in the acidic media. Same as other dispersion the % release declined in the neutral media 

(Figure 6B). 
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Figure 3:  DSC thermogram of pure CUR, RES, EPO, PM CUR: RES: EPO 25:25:50, 

SD CUR: EPO 50:50, SD RES: EPO 50:50, SD CUR: RES: EPO 10:10:80, SD CUR: 

RES: EPO 25:25:50, and HME CUR: RES: EPO 25:25:50 










