
i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





iii 

 

Investigating Crystallization tendency, Miscibility and Molecular interactions of 

drug-polymer systems for the development of amorphous solid dispersions 

 

___________________________________ 

 

By 

Fan Meng 

___________________________________ 

 

 

 

A THESIS 

 

 

 

Submitted to the faculty of the Graduate School of the Creighton University in Partial 

Fulfillment of the Requirements for the degree of Master of Science in the 

Department of Pharmacy Sciences 

_________________________________ 

Omaha, NE 

August 2015 

 

 



iv 

 

 

 

 

 

 

 

© Fan Meng, 2015 

 

 

 

 

 

 

 

 

 

 



v 

 

ABSTRACT 

This project aims to characterize the crystallization tendencies, miscibility and molecular 

interaction in drug-polymer systems of poorly soluble drugs and correlate it with the 

performance of prepared or reported SDs (solid dispersions). Crystallization tendencies of 

five different drugs [i.e. Curcumin (CUR), indomethacin (IND), flutaminde (FLU), 

dipyridamole (DIP), griseofulvin (GRI)] in absence and presence of four different polymers 

[i.e. polyethylene glycol (PEG), eudragit EPO (EPO), hydroxypropyl methylcellulose (HPMC) 

and polyvinyl pyrrolidone (PVP)] in various drug-polymer ratios were determined by using 

modulated differential scanning calorimetry (MDSC). Thermal analysis i.e. glass transition 

temperature (Tg), crystallinity and melting point depression along with theoretical 

calculations such as solubility parameter were performed to study drug polymer miscibility. 

Molecular interactions were predicted by using Tg deviations and molecular modeling. 

Physical states of drug in the SDs were characterized by X-ray diffraction (XRD) and MDSC. 

IR (Infrared) and Raman were used in selected systems (i.e. CUR, DIP and GRI systems) to 

explore the role of drug polymer interactions in amorphization of SDs. Dissolution studies 

using USP apparatus II and physical stability study at room temperature were performed 

for selected systems. Based on the absence and presence of endothermic and exothermic 

peaks (heat-cool-heat cycle) in MDSC, the crystallization tendency of pure drugs was 

categorized as low, moderate and high. In presence of selected polymers, crystallization 

tendency of all the drugs can be modified albeit high polymer concentration was required 

for drugs with high crystallization tendency i.e. DIP and GRI (> 50%w/w). Polymers 

showing greater effect on crystallization tendency of drugs were found to have higher 

drug-polymer miscibility and stronger molecular interactions. For example, FLU- PVP 
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system showed good miscibility and no remarkable Tg deviation. This is reflected in its 

ability to change the crystallization tendency of FLU. Further, the results correlated well 

with the physical state, dissolution and stability of prepared/reported SDs. The developed 

approach has significant potential to be a rational screening method for the development of 

amorphous SDs. 
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1.1 Poorly water soluble drug 

Adequate aqueous solubility of new chemical entities (NCEs) is one of the key properties 

required for successful pharmaceutical formulation development. Solubility is generally 

defined as the saturated concentration of the compound in a solution, when the 

composition and the solid form are in equilibrium and do not change over time (Sugano et 

al., 2007). Solubility is closely related to dissolution which is a kinetic process that involves 

the release of drug molecules from the solid surface and subsequent diffusion across the 

diffusion layer surrounding the solid surface (Bosselmann and Williams III, 2012). Poorly 

soluble is defined in the Biopharmaceutical Classification System (BCS) as not being soluble 

in ≤ 250 mL of aqueous media over the range pH1 – pH7.5 at 37˚C (O'Driscoll and Griffin, 

2008).  

As shown in Figure 1.1., 65% of drug in R&D pipeline and 30% of drug on market 

exhibited high permeability but low solubility, which significantly limited their preclinical 

and clinical application (Babu & Nangia, 2011). Further, a large number of potential drugs 

were abandoned in the earlier stages of development due to their poor aqueous solubility 

(Arunachalam et al., 2010). Various techniques such as salt formation (Berge et al., 1977), 

microemulsions (Gao et al., 1998), complexation with cyclodextrin (Calabro et al., 2005), 

co-crystal formation (Kawakami et al., 2012) and nanoparticles (Cheow et al., 2012) have 

been used in the pharmaceutical literatures to enhance the aqueous solubility and 

dissolution behavior of poorly water-soluble drugs. Apart from these approaches, SD is 

regarded as one of the most promising and efficient technique for drug dissolution 

improvement (Vasconcelos et al., 2007; Le-Ngoc Vo et al., 2013).  
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Figure 1.1. Percentage of BCS class II drug in R&D pipeline and on market. 

 

1.2 Solid Dispersion (SD) 

SDs have been earlier defined as “the dispersion of one or more active pharmaceutical 

ingredient (API) dispersed in an inert matrix at solid state” (Chiou et al., 1971). The 

principle of this technique is to disperse hydrophobic API within a hydrophilic carrier. This 

results in the increase in wettability, decreases the particle size and generates amorphous 

form of the API with high apparent solubility. Carriers used in SDs are usually 

pharmacologically inert but can interact with API molecule by weak physical bounds such 

as hydrogen bond, Van de Waals forces and electrostatic interactions to form a more 

soluble complex, and hence improve the aqueous solubility and thereby dissolution and 

bioavailability of the API (Arun et al., 2012). SD has recently been classified into six classes 

based on their physical structure (Figure 1.2.). Among these classes, SDs in which API 

present in amorphous form (i.e. Class A-C, Class AA and Class M-A) are defined as 

amorphous SD (Meng et al., 2015). In amorphous SDs, the dissolution improvement mainly 
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attribute to the more soluble amorphous form of API. However, the high energy amorphous 

state is not stable, crystallization of the API might occur both in solid state and in solution. 

Hence the physical stability becomes a huge issue in amorphous SD.  

 

Figure 1.2. Classification of binary SDs based on their physical structure (C: crystalline, A: 

amorphous, M: molecularly dispersed). For example, Class C-A represents SDs which 

crystalline drug dispersed in amorphous carrier. Rank order of physical stability and 

solubility enhancement between systems are shown. Usually, SDs are mixed systems, 

which contain two or more classes (Meng et al., 2015).   

 

Miscibility between drug and polymer is important for the formation of soluble and stable 

SD systems (Baird et al., 2012). Solubility parameter differences can be used as predictors 

to evaluate the miscibility between drug and polymer by determining their cohesive energy 
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density (CED) (Hancock et al., 1997). Melting point depression of drug in presence of 

polymers has also been used to evaluate miscibility. In general, if the drug and polymer are 

miscible, significant melting point depression is observed due to the exothermic mixing, 

and vice versa. The Flory-Huggins interaction parameter χ can be calculated from the 

melting point depression to quantitatively describe the miscibility (Marsac et al., 2006). 

The measurement of Tg is commonly used as a “gold standard” to evaluate miscibility in 

SDs: the presence of a single Tg indicates good miscibility while presence of two distinct Tg 

suggests immiscibility.   

Polymers can interact with drug molecules by weak physical bound such as hydrogen bond, 

Van de Waals force and/or ionic interactions to form a drug polymer complex (Arun et al., 

2012; Sarode et al., 2012). It has been confirmed that these molecular interactions formed 

in SDs could effectively inhibit drug crystallization and hence increase the physical stability 

of the system (Khougaz et al., 2000; Marsac et al., Yoshioka et al., 1995). Further, 

correlation between drug polymer molecular interactions and drug dissolution 

enhancement has also been reported (Chauhan et al., 2013). IR and Raman are the most 

commonly used techniques to investigate drug-polymer molecular interactions; usually the 

peak shift in functional groups indicates the presence of molecular interaction. Molecular 

modeling has also been utilized in some studies to provide important information about 

the functional groups of drug and polymers involved in forming specific interactions 

(Chauhan et al., 2014; Prasad et al., 2014; Lima et al., 2011). 
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1.3 Drugs used in this study 

The five poorly water soluble drugs selected for the study were Curcumin (CUR), 

Indomethacin (IND), Flutamide (FLU), Dipyridamole (DIP) and Griseofulvin (GRI). The 

selection of drugs were based on their various physicochemical properties such as melting 

point (discussed in “Physicochemical characteristics of drugs and polymers” section), and 

also on the preliminary studies on their crystallization tendency (discussed in 

“crystallization tendency” section).  

1.3.1 Curcumin  

Curcumin (CUR) is widely used in food industry and traditional medicine for thousands of 

years (Aggarwal et al. 2007). CUR exhibits great potential as an anti-cancer, anti-oxidant 

and anti-inflammatory agent (Aggarwal et al. 2009). However, curcumin shows poor 

bioavailability due to its extremely low solubility in water at acidic pH (containing the 

aromatic ring and high molecular) and its rapid hydrolysis at alkaline pH (Phaechamud and 

Sotanaphun 2010; Tonnesen and Karlsen 1985; Tonnesen et al., 2002). It has been 

reported that the peak blood concentration of curcumin at 48 minnute were only 1.4 and 

3.7 µM after oral administration of 1 and 2g/kg body weight of curcumin to rats, (Shoba et 

al. 1998; Wahlstrom et al. 1978).  In humans, the serum curcumin concentration after 4 g 

consumption of curcumin would not be extremely low (less than 1.0 µM) or even 

undetectable (Anand et al. 2007). If human consume 4-12g curcumin, the serum curcumin 

concentration would increase, but still less than 4.0 µM (Anand et al. 2007; Cheng et al. 

2001; Lao et al. 2006). Therefore, it is of great significance to improve the aqueous 

solubility of CUR. A large number of strategies have been applied to improve the water 

solubility of CUR, and SD technique is one of the most promising one. In fact, CUR has been 
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used as model compound for exploring SD technique in earlier studies. Most of the CUR SDs 

utilized high concentration of polymers to enhance the aqueous solubility and dissolution 

rate of the drug. For example, Sang-wan Seo etc. prepared CUR SD by using Solutol HS15 as 

carrier with a drug loading of 10% (w/w). They found a significant improvement in 

solubility and oral bioavailability of drug in this system, as compared to the pure CUR (Seo 

et al., 2011). 

1.3.2 Indomethacin  

Indomethacin (IND) is widely prescribed for patients with moderate to severe rheumatoid 

arthritis, ankylosing spondylitis, osteoarthritis and acute gouty arthritis due to its anti-

inflammatory, antipyretic and analgesic properties (Dipalma et al., 1976). IND exists in 

polymorphic forms α and γ. The γ form of IND, which is thermodynamically stable at room 

temperature, is practically insoluble in water (2.5–4 mg/ml) with a pKa of 4.5 (Basavoju et 

al., 2007). Apart from its clinical use, IND has been widely used in pharmaceutical field as a 

model drug for the development of different formulations, especially for IND-polymer SDs 

(Vyazovkin et al., 2005; Chauhan et al., 2014; Tao et al., 2008). Hence in this study, they 

physicochemical properties of IND-polymer physical mixtures (PMs) were mainly 

correlated to the performance of reported IND SDs.   

1.3.3 Flutamide 

Flutamide (FLU), a powerful antiandrogen agent, has been clinically used for the treatment 

of both local and metastatic prostate cancer (Budavari et al., 1989). It has been reported to 

abolish the inhibitory effect of testosterone on DNA synthesis in cultured male human 

umbilical vein cells at a concentration of 100nM (Ling et al., 2002). However, the oral 

bioavailability of FLU is extremely low because it is insoluble in water or other solutions 
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with a pH of 1 to 6. Several formulations have been developed to improve the 

bioavailability of FLU (Kadria et al., 2012; Zuo et al., 2000; Elgindy et al., 2011). For 

example, the absorption of FLU in Caco-2 cell line was significantly increased by the 

formation of a water-soluble complex of FLU with hydroxypropyl-β-cyclodextrin (Zuo et al., 

2000).  

1.3.4 Dipyridamole 

Dipyridamole (DIP) is a thromboxane synthase inhibitor indicated for reduction of the 

reoccurrence of transient ischemic attacks or prevention of postoperative thromboembolic 

complication (Fukawa et al., 1982). It has been categorized as a biopharmaceutics 

classification system (BCS) class II drug because of its low solubility and high permeability 

(Butler and Dressman, 2010). A number of researches have been performed to enhance its 

aqueous solubility and dissolution (Chen et al., 2007; Taniguchi et al., 2012; Sanganwar and 

Gupta, 2009). It should be noticed that DIP is a weakly basic drug with a pKa value of 6.4 

(Kostewicz et al., 2002), hence it was selected in this study as an example of basic drug.  

1.3.5 Griseofulvin 

Griseofulvin is antifungal antibiotic used to treat dermatophyte infections of the skin, nails, 

or hair in both animals and humans (Chiou et a., 1969).  It is known for its poorly water 

solubility, slow dissolution and its high crystallization to crystallize, even at room 

temperature with the absence of moisture (Ahmed et al., 1998). A number of literature 

reported that the dissolution rate and gastrointestinal absorption of GRI by using SDs 

(Zecevic et al., 2014; Al-Obaidi et al., 2013; Ozaki et al., 2012). However, the physical 

stability of GRI SD remains to be a huge issue. In contrast, GRI-PEG co-crystal system has 
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been successfully marketed due to its remarkable dissolution advantage and physical 

stability. 

1.4 Polymers used in this study 

The four hydrophilic polymers selected in this study were Eudragit EPO (EPO), 

hydroxypropyl methylcellulose E5 (HPMC), polyethylene glycol 8000 (PEG), and 

polyvinylpyrrolidone K90 (PVP). The selection of polymers was based on their 

physicochemical properties such as Tg and ionic properties (discussed in “Physicochemical 

characteristics of drugs and polymers” section). 

1.4.1 EPO 

EPO is a cationic polymer based on dimethylaminoethyl, butyl and methyl methacrylate. It 

is primarily used in oral capsule and tablet formulations as film-coating agents (Gao et al., 

2006). The EPO solid dispersion is a well-established formulation system that enhances the 

bioavailability of poorly water-soluble drug (Bennett et al., 2014). 

1.4.2 HPMC 

HPMC is widely used as polymeric excipient in oral, ophthalmic, nasal, and topical 

pharmaceutical formulations. In oral products, HPMC is primarily used as a tablet binder in 

film-coating and as a matrix for use in extended release tablet formulations (Takada et al., 

1989). 

1.4.2 PEG 

PEG is widely used in a variety of pharmaceutical formulations, including parenteral, 

topical, ophthalmic, oral, and rectal preparations. It is stable, hydrophilic substances that 

are essentially nonirritant to the skin (Mohl and Winter, 2004). 
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1.4.2 PVP 

PVP is widely used in a variety of pharmaceutical formulations, especially in solid-dosage 

form (Becker et al., 1997). It is often used as a solubilizer in oral and parenteral 

formulations, and has been shown to enhance dissolution of poorly soluble drugs from 

solid-dosage forms (Xu et al., 2006). 
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2.1 Significance and Innovation 

Amorphous SDs have drawn much interest in pharmaceutical industry due to the 

increasing number of poorly soluble compounds in both the preclinical and clinical areas 

(Babu & Nangia, 2011). Despite the high interest level, the application of amorphous SDs is 

limited due to high material and time demands of the commonly used preparation process 

to generate amorphous SDs (Chiang et al., 2013). Hence it is critical to develop an efficient 

method to predict the feasibility of preparing amorphous SD using different drug-polymer 

combinations. 

This study explored the crystallization tendency of drug in the presence of polymer, and 

defined it as the crystallization tendency of the drug-polymer system. It is the first time to 

rank the effectiveness of polymer as a crystallization inhibitor for a specific drug by 

investigating the crystallization tendency of the drug-polymer systems. Moreover, this 

study proposed that the investigation on drug-polymer physical mixture (PM) using a 

combination of thermal analysis and theoretical calculation gives prediction to feasibility of 

forming amorphous SD, along with the dissolution and stability of amorphous SD. It is the 

first time to use the crystallization tendency of the drug-polymer systems for the screening 

of amorphous SD.  

2.2   Objective 

Explore the correlation between the physicochemical properties of drug-polymer system 

(i.e. crystallization tendency and drug-polymer miscibility, molecular interaction) and the 

performance (i.e. physical state, dissolution enhancement and stability) of amorphous SD. 
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2.3   Hypothesis and specific aims 

2.3.1   Hypothesis 

The performance (i.e. physical state, dissolution enhancement and stability) of SDs 

correlates to the physicochemical properties of drug-polymer system (i.e. crystallization 

tendency, drug-polymer miscibility and molecular interaction).  

2.3.2   Specific aims 

1. To investigate the crystallization tendency, drug-polymer miscibility and molecular 

interaction of drug-polymer system. 

2. To investigate the physical state, dissolution enhancement and physical stability of 

amorphous SD. 

3. To correlate the physicochemical properties of drug-polymer system with the 

performance of amorphous solid dispersion.  

Figure 2.1. provides summary of experiments used for the investigation of crystallization 

tendency, miscibility and molecular interaction of drug-polymer systems. The figure also 

summarized the characterization techniques that were utilized for physical state, 

dissolution enhancement and physical stability studies of amorphous SD. 
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Figure 2.1. Experiment carried out in this study for the selection of polymers from 

investigation on drug-polymer systems and for the characterization SDs. 
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3.1 Introduction 

3.1.1 Crystallization tendency 

Pure drugs can be classified in three different classes based upon their crystallization 

tendencies (Eerdenbrugh et al., 2014; Baird et al., 2010; et al., 2010). The crystallization 

tendencies of pure drugs can be assessed by using different methods. Baird et al evaluated 

the crystallization tendency of drug by using a series of heating-cooling-reheating DSC 

cycles. The crystallization tendency from undercooled melts was divided into three classes 

[Class I (i.e. drug with high crystallization tendency); Class II (i.e. drug with moderate 

crystallization tendency) and Class III (i.e. drug with low crystallization tendency)] based 

on their thermal behaviors. Drugs with low crystallization tendency does not exhibit 

crystallization peak in either the cooling cycle or the second heating cycle, since they can be 

easily converted into and stabilized in their amorphous state. For drugs with moderate 

crystallization tendency, crystallization peak can be found in the second cycle, since drug 

with moderate crystallization tendency would not be stable in amorphous form. The 

crystallization triggered by slow heating is a consequence of increased molecular mobility 

and molecular rearrangement in amorphous systems (Overhoff et al., 2007). While for 

drugs with high crystallization tendency, crystallization peak can be found in the cooling 

cycle, since it would be very difficult to convert drug with high crystallization tendency into 

amorphous form (Baird et al., 2010). Eerdenbrugh et al investigated the crystallization 

tendency of drug by using spin coating. The crystallization tendency of drug following rapid 

solvent evaporation was evaluated based upon their crystallization behavior monitored by 

polarized light microscopy. Similar to Baird et al’s classification system, they classified the 

crystallization tendency of drug into three classes and found similarities between 
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crystallization tendency of drug as characterized by rapid solvent evaporation or from 

undercooled melts. (Eerdenbrugh et al., 2010). 

It is critical for drug to maintain the amorphous form in SDs during storage or in aqueous 

environment to harness their solubility advantage. Generally, crystallization occurs faster 

for drugs classified with higher crystallization tendency (Baird et al., 2012). It is generally 

believed that the crystallization of pure drugs can be inhibited by using appropriate 

polymers. However, the effectiveness of different polymers to change the tendency of drug 

to crystallize from amorphous SDs has not been extensively studied. This study would give 

a better understanding on how polymers can modify the crystallization behavior of drugs. 

3.1.2 Drug-polymer miscibility  

The term “miscibility” is commonly used in polymer science to describe the polymer-

polymer, or the polymer-solvent systems in which the polymer usually stays in stable 

amorphous form (Patterson 1982, Rubinstein et al., 2003). Applying this term to the drug-

polymer systems, drug-polymer miscibility can be defined as an equilibrium 

thermodynamic parameter at which the chemical potential of the drug in the solid phase is 

the same as that in the polymer matrix (Qian et al., 2010). A “miscible” drug-polymer 

system has been described as a “single homogeneous phase in which the drug and the 

polymers are intimately mixed at a molecular level, and the mixed system has different 

physical properties compared to the pure components” (Baird and Taylor 2012). The drug-

polymer miscibility between drug and polymer is directly related to the stabilization of 

amorphous drug against crystallization. Therefore, it is important to rationally assess 

miscibility in order to select the optimal formulation (e.g., polymer type, drug loading), 
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preparation method and recommend storage conditions, with respect to maximizing the 

physical stability (Qian et al., 2010).  

The miscibility and solubility between drug and polymer have sometimes been used with 

confusion. In pharmaceutical field, drug-polymer miscibility describes the tendency of an 

amorphous form of drug to disperse in the polymer matrix, whereas the drug-polymer 

solubility refers to the ability of a polymer, which acts as a solvent, to dissolve the 

crystalline drug (Marsac et al., 2006). The amorphous drug in an amorphous SD is usually 

meta-stable or unstable relative to its crystalline state and inclines to crystallize. Over a 

very long period of time, the system might eventually reach equilibrium with regard to the 

crystalline drug and the equilibrium composition of the mixture would be the solubility of 

the crystalline drug in the polymer (Qian et al., 2010). Hence the drug-polymer miscibility 

is associated with a meta-stable equilibrium, different from the polymer-polymer or 

polymer-solvent miscibility defined in polymer sciences. This study focus on the formation 

and stability of amorphous SD system, thus drug-polymer miscibility would be explored 

rather than drug-polymer solubility.  

A number of screening methodologies, either based on experimental data or theoretical 

fundamentals, have been reported to predict thermodynamic solubility of crystalline drug 

in polymer matrix and drug-polymer miscibility (Bellantone et al., 2012; Kyeremateng et 

a;., 2014; Mahieu et al., 2013). Regarding the latter, the calculation of Hansen solubility 

parameter is one of the oldest approaches (Greenhalgh et al., 1999; Archer et al., 1992). 

More recently, the implementation of lattice-based solution theories (e.g. Flory-Huggins 

model), were shown to be useful in accessing of the thermodynamics of drug-polymer 
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mixing. These methods provided acceptable prediction for polymer ranking, selection of 

initial drug-polymer ratios and manufacturing-ability (Tian et al., 2014; Zhao et al., 2011; 

Keen et al., 2014). However, all of these approaches are based upon theoretical assumption, 

leading to unavoidable limitation for each approaches, thus to determine the true 

miscibility of drug polymer complexes, there is a requirement of combination of multiple 

approaches. 

3.1.2.1 Solubility parameter 

The calculation of the solubility parameter differences have been used as predictors to 

evaluate the miscibility in drug-polymer systems by determining the cohesive energy 

density (CED) of individual components (Hancock et al., 1997; Vattanagijyingyong et al., 

2013; Maniruzzaman et al., 2013). Generally, blends with lower Δδ are predicted to be more 

miscible. Drug-polymers mixtures with Δδ <7.0 MPa
1/2 

are likely to be miscible whereas with Δδ 

>10.0 MPa
1/2

 are likely to be immiscible (Greenhalgh et al., 1999; Archer et al., 1992; Gupta et al., 

2011).  

3.1.2.2 Melting point depression 

Melting point depression of drug in presence of polymers has been used to evaluate drug-

polymer miscibility at the melting temperature of the drug. In general, if the drug and 

polymer is miscible, significant melting point depression is observed due to the exothermic 

mixing, On the contrary, in an immiscible system, the melting point depression is negligible 

or absent, since the mixing is endothermic. The Flory Huggins interaction parameter χ can 

be calculated from the melting point depression to quantitatively describe the miscibility 

(Marsac et al., 2006). 
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3.1.2.3 Glass transition temperature (Tg) 

In amorphous SDs, the carriers usually act as effective crystallization inhibitors by forming 

molecular interactions with the API molecules, and the use of polymer might also affect Tg 

of the API in SDs (Guo et al., 2013). The increase of Tg relative to the storage temperature 

might decrease the molecular mobility of the SD systems, hence an increase in physical 

stability is expected (Guo et al., 2013). Measuring the Tg(s) of SDs provides various 

information about the physicochemical properties of these systems, such as the physical 

states of the system (Patterson et al., 2008 Weuts et al., 2005; Gupta et al., 2004), the drug-

polymer miscibility (Marsac et al., 2010; Vasanthavada et al., 2004; Khougaz et al., 2000) 

and the potential molecular interaction between drug and polymer (Gupta et al., 2005; 

Kalaiselvan et al., 2006; Albers et al., 2009). Specifically, measuring the Tg of an amorphous 

SD system using MDSC is a commonly employed technique for qualitative evaluation of the 

drug-polymer miscibility (Nanaki et al., 2010; Nanaki et al., 2012). If a drug-polymer 

system is completely miscible, typically only a single Tg event is observed; whereas if the 

system is fully or partially separated into individual amorphous phases, two or more Tg 

values might be detected (Rumondor et al., 2009). Additionally, the drug-polymer systems 

often exhibit a concentration dependent miscibility (Newman and Munson, 2012; Al-Obaidi 

et al., 2013). For example, felodipine-Polyacrylic acid systems containing 70% or 90% 

polymer showed only one Tg, indicating miscible systems, while systems containing 30% 

or 50% polymer showed two distinct Tg events, indicating the immiscibility in the blends 

(Rumondor et al., 2009).  Although considered as a “gold standard” to evaluate the 

miscibility in amorphous systems, this technique has several limitations. For example, 

traditional DSC is not able to successfully differentiate between the Tg if they are not at 
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least 10°C apart from each other. Moreover, the formation of small domains (less than 

30nm) in the systems containing more than one amorphous phase may result in a failure of 

the technique in detecting separate Tg values. In addition, the constant heating rate in a 

traditional DSC may change the miscibility of the system with an increase in the 

temperature. The detection of a single Tg above the Tg of the lowest individual component 

may not give sufficient information about the number of amorphous phases present at 

ambient conditions (Lodge et al., 2005; Newman et al., 2008; Ivanisevic et al., 2009). 

3.1.3 Molecular interaction prediction 

3.1.3.1 Tg deviation 

Theoretically, Tg of amorphous SD as a function of composition can be predicted by a 

number of methods. All these methods predict that the Tg of SD as a function of 

composition is related to the Tg values of the individual components and their respective 

weight fractions. Gordon-Taylor equation (Gordon and Taylor, 1952) and its variations e.g. 

Fox equation (Fox 1956), Couchman-Karasz (CK) equation (Couchman and Karasz, 1978) 

and Kwei equation (Kwei 2003) are commonly used for estimating Tg of drug-polymer 

complex. CK equation [i.e. equation (1)], which uses a thermodynamic approach, has been 

used in this study to calculate the theoretical Tg of SDs, since the change of heat capacity at 

Tg can be easily measured by thermal methods.  

3.1.3.2 Molecular modeling 

Molecular modeling approach has been developed as a powerful tool to characterize the 

molecular interaction in drug−polymer systems, through both visualization of the 

interactions and estimation of the strength of the interactions (Maniruzzaman et al., 2015). 
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To date, a number of molecular mechanics based molecular dynamics simulation studies 

have been performed to study the possible molecular interaction or drug−polymer 

miscibility in SDs (Maniruzzaman et al., 2013; Ye et al., 2007; Simperler et al., 2006). 

Therefore, we utilized molecular modeling as one of the approaches to predict the strength 

and type of intermolecular interactions in a range of drug-polymeric systems and tried to 

correlate the result with other calculations and IR/Raman spectra for prepared SDs.  

3.2 Material and methods 

3.2.1 Materials 

Drugs used in the study were: Curcumin from Acros Organics (Fair Lawn, New Jersey), 

indomethacin from Sigma (St. Louis, Missouri), flutamide from TGI American (Portland, 

Oregon), dipyridamole from MP Biomedicals (Solon, Ohio), griseofulvin from Sigma (St. 

Louis, Missouri). Polymers used in the study were: Eudragit EPO from Degussa (Parsippany, 

New Jersey), PEG 8000 from Sigma (St. Louis, Missouri), PVP K90 from Spectrum (New 

Brunswick, New Jersey) and HPMC E5 from Dow Company (Midland, Michigan). Solvents 

used in the preparation of SDs were methanol purchased from Fischer Scientific (Fair Lawn, 

New Jersey) and dicholormethane from Sigma (St. Louis, Missouri). All materials were used as 

received. 

3.2.2 Methods 

3.2.2.1 Preparation of physical mixtures (PMs) 

PMs of drugs with polymers were prepared at 90:10, 85:15, 80:20, 70:30, 50:50 30:70, 

10:90 (w/w, drug: polymer) ratios. Homogeneous blending of accurately weighed amounts 

of drug and polymer was accomplished by geometric dilution. All PMs were stored at room 

temperature in screw-capped vials until use. 
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3.2.2.2 Thermal Analysis 

3.2.2.2.1 Thermogravimetric analysis (TGA) 

TGA of pure drug and polymers was performed using a differential scanning calorimeter 

(TGA/DSC 60, Shimazdu, Kyoto, Japan). Drugs or polymers were placed in open aluminum 

pans and bathed in a nitrogen atmosphere maintained at a flow rate of 40 mL/min. 

Samples were heated to from room temperature to 300˚C at 10˚C/min to determine if 

degradation occurred. 

3.2.2.2.2 Modulated differential scanning calorimtetry (MDSC)  

MDSC was performed by DSC Q2000 (TA instruments, New Castle, DE) equipped with a 

refrigerated cooling accessory (RCS90) and a data analyzer (Universal Analysis 2000, TA 

instruments). The equipment was calibrated with Indium. Inert atmosphere was 

maintained by nitrogen at a flow rate of 20 mL/min. An empty aluminum pan was used as 

reference. Samples in MDSC were modulated at 0.2˚C every 60 s.  

The crystallization tendency and glass transition temperature (Tg) were investigated by a 

series of heating-cooling-heating cycles. Samples were (5-8 mg) were placed in 

hermetically sealed aluminum pans and heated at 5˚C /min from 30˚C to 30˚C above the 

melting point of the drug (Cycle 1), cooled at a rate of 20˚C /min to 0˚C (Cycle 2), and then 

reheated at 2˚C /min to just above the melting point of the drug (Cycle 3). 

The melting point depression was characterized in a single cycle with low heating rate. 

Samples were (5-8 mg) were placed in hermetically sealed aluminum pans and heated at 

1˚C /min from 30˚C to 30˚C above the melting point of the drug.  
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The drug to polymer ratio and MDSC conditions used in this study has been summarized in 

Table 3.1. 

Table 3.1. Drug to polymer ratios and MDSC conditions used in the study to determine 

different parameters of the drug-polymer systems. 

 

3.2.2.3 Calculation of Solubility Parameter 

The solubility parameters all the drugs and polymers were calculated using Hansen’s 

method. The Fdi, Fpi and Ehi of various functional groups of drugs and polymers were 

obtained from the values compiled by Van Krevelen (Van Krevenlen 1990). Functional 

group contributions for polymers were calculated based upon the single repeating 

monomer unit. Density and average molecular weight of polymers were obtained from 

“Handbook of Pharmaceutical Excipients” (Rowe et al., 2009). 

3.2.2.4 Calculation of interaction parameter 

The Flory Huggins interaction parameter χ was calculated using melting point depression 

method (Marsac et al., 2006).  

                
 

    
 

 

     
  

 

     
           

 

 
                   ]             (1) 

Parameters Systems 
Drug Polymer Ratio  

(w/w) 

MDSC  

Cycles 

Scan Rates of First 

MDSC Cycle  

Crystallization 

Tendency 

All drug-polymer 

systems 
70:30 Three cycles 5 ˚C/min 

Melting Point 

Depression  

All drug-polymer 

systems 
90:10, 85:15, 

80:20, 70:30 
One cycle 1 ˚C/min 

Tg (Deviation)  CUR, IND and 

FLU systems 

70:30, 50:50,  

30:70, 10:90 
Three cycles 5 ˚C/min 
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where Tmix and Tpure are the melting points of the PM and the pure drug respectively, ΔHfus 

is the heat of fusion of the drug, ɸdrug and ɸpolymer 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 

(Marsac et al., 2006; Marsac et al., 2009). 

3.2.2.5 Calculation of theoretical Tg 

The Theoretical Tg values of different drug-polymer systems (90:10, 70:30, 50:50, and 

30:70 w/w) will be calculated by C-K equation: 

                                            Tgmix  
                   

          
                         (2) 

Where Tg1, Tg2 and Tgmix are the Tg of component 1, 2 and the mixture, ω1, ω2 are the weight 

fraction of each component and the constant K [i.e. equation (2)] is related to the changes 

in specific heat capacity for each component at their respective Tgs. 

3.2.2.6 Molecular Modeling 

Molecular modeling was used in combination with spectroscopy to determine the potential 

drug-polymer molecular interaction. Jaguar (Schrodinger LLC, 2012) program was used to 

calculate the optimized geometries of the flutamide-polymer complexes using the 

B3LYP/6–31G**. Calculations were performed with gradient-corrected density functionals 

and default convergence criteria for geometry optimization. Hydrogen bond energy values, 

Ebind, were computed by using Jaguar’s hydrogen bond function to solve the following 

equation:                   

                                      Δ                 Δ                           (3) 
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Where Ebind(cc-pVQZ) and Ebind(cc-pVTZ) are the cc-pVQZ (-g) and cc-pVTZ (-f) 

counterpoise corrected binding energies, respectively. The values of the parameters a and 

b are determined by fitting to a ‘training set’ of molecular dimers, for which benchmark 

results have been obtained using conventional MP2 methods and ultra large basis sets. 

3.3 Results and discussion 

3.3.1 Physicochemical characteristics of drugs and polymers  

The physicochemical properties of drugs and polymers are shown in Table 3.2., and the 

molecular structures of drugs and polymers are shown in Figure 3.1-3.2., respectively. All 

the drugs i.e. CUR, IND, FLU, DIP, and GRI had high log P value and low aqueous solubility 

but showed differences in other physicochemical properties. For instance, among the 

model drugs, weakly acidic CUR, IND and weakly basic DIP have moderate melting points 

(175.4˚C, 160.9˚C and 166˚C respectively), neutral GRI shows higher melting point 

(219.1˚C), whereas neutral FLU has lower melting point (112.8˚C). Moreover, the 

hydrophilic polymers of different glass transition temperatures (Tg) have been selected, 

PVP and HPMC depict high Tg (176.9˚C and 149˚C respectively), whereas EPO shows low 

Tg (49.2˚C). Also a crystalline polymer (PEG) has been used to investigate the difference of 

amorphous polymer versus crystalline polymer in inhibiting drug crystallization.  
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Table 3.2. Physicochemical Properties of drugs and polymers used in the study. 

 

 

Figure 3.1. Chemical structure of drugs (a) CUR (b) IND (c) FLU (d) DIP (e) GRI. 

 

Materials 
MW  

(g/mol) 

Tm  

(°C) 

Tg  

(°C) 

Density  

(g/cm-3) 
Log P 

H-bond  

donor 

H-bond  

acceptor 

Solubility 

(mg/L) 

CUR 368.4 175.4 69 0.93 2.56 2 6 14.55 

IND 357.8 160.9 46.2 1.32 4.27 1 5 2.4 

FLU 276.2 112.8 -3.1 1.37 3.35 1 5 5.66 

GRI 352.8 219.1 89 1.4 2.18 0 6 50.4 

DIP 504.6 166 56.3 1.35 2.01 4 12 92.2 

EPO 100K-250K - 49.2 0.815 - 0 6 - 

PVP 1000K - 176.9 1.18 - 0 2 - 

HPMC 10K-1500K - 149 1.326 - 2 6 - 

PEG 7K-9K 63 - 1.18 - 0 1 - 
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Figure 3.2. Chemical structure of polymers (a) EPO (b) HPMC (c) PEG (d) PVP 

 

The Tg of polymer is very important in preparing an amorphous SD, since it is believed to 

have significant influence on the Tg of an amorphous SD system, and Tg is usually used as a 

thermal kinetic “benchmark” when evaluating the stability of an amorphous formulation 

(Baird et al., 2012). For example, high-Tg polymer is more likely to elevate the Tg of the 

amorphous system and therefore may reduce its molecular mobility required for 

crystallization. Looking solely based on their Tg, PVP and HPMC are expected to form more 

stable dispersions at high concentrations owing to their high Tg. Since it is well known that 

both chemical and physical stability is lower at the temperature above Tg as compared to 

that below Tg and it is widely accepted that the Tg of a SD system depends on the Tgs of 
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drug/polymers and their weight fraction (Gordon et al., 1952; Fox et al., 1956; Couchman et 

al., 1978; Kwei et al., 2003). Similarly, Tg of the drug is also expected to influence the 

formation of amorphous system. For instance, FLU shows a Tg (-3.1°C) much below room 

temperature, hence it might be very difficult for FLU systems to stay in amorphous form.  

However, at low polymer concentrations, the molecular interaction between drugs and 

polymers will play a more important role. The crystallization of drug might be hindered by 

interacting with polymer through hydrogen bonding. For example, hydroxyl group of CUR 

can interact with carboxyl group or ether group of polymers (PVP, HPMC, and EPO) 

forming hydrogen bond (H-bond). On the other hand, GRI was not expected to form 

hydrogen bond with EPO, PVP and PEG, because none of them has H-Bond donor. In 

addition, the ionic properties of the polymers are different. For example, EPO is cationic 

whereas PVP, HPMC and PEG are non-ionic. The cationic polymer (EPO) is expected to form 

counter-ionic interaction with acidic drugs (i.e. CUR and IND). In summary, various 

physicochemical properties of the individual components were expected to have significant 

influence on the amorphization of the systems and the performance of drug-polymer SDs. 

3.3.2 TGA 

TGA has been performed on drugs and polymers before carrying out MDSC to ensure that 

drugs and polymers were not degraded during the MDSC heating cycle. In MDSC, drug-

polymer PMs were heated up to around 30˚C above the melting point of the drug.  

Specifically, CUR, IND and DIP systems were heated to 200˚C, FLU systems were heated to 

150˚C and GRI systems were heated to 250˚C. The TGA thermograms of drugs and 

polymers are shown in Figure 3.3. and Figure 3.4. respectively. It is evident that none of 
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the drug showed significant weight loss within 30˚C above their melting point. PVP showed 

approximately 10% of weight loss between 50°C and 120°C, this may due to the 

evaporation of water, since PVP is highly hygroscopic. PEG showed significant weight loss 

(around 40%) at 250°C which could be due to its low melting. For other polymers, no 

obvious weight loss can be observed before 250°C, indicating that no degradation occurred 

during the heating process of MDSC. 

 

Figure 3.3. TGA thermograms of drugs used in this study: (a) DIP, (b) IND, (c) CUR, (d) GRI, 

(e) FLU. 
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Figure 3.4. TGA thermograms of polymers used in this study: (a) PVP, (b) EPO, (c) HPMC, 

(d) PEG. 

 

3.3.3 Crystallization tendency 

3.3.3.1 Crystallization tendency of pure drug 

The thermal behavior of pure drugs in three different MDSC cycles is shown in Figure 3.5. 

Based on the classification systems introduced by Baird et al (2010), the crystallization 

tendencies of five different drugs have been classified into three classes (i.e. high, moderate 

and low). Pure CUR and IND showed no crystallization peak in both second and third MDSC 

cycles and showed no melting peak in the third MDSC cycle, indicated their low 

crystallization tendency. FLU exhibited both crystallization peaks as well as melting peak in 

the third MDSC cycle, indicated its moderate crystallization tendency. DIP and GRI showed 

sharp crystallization peak in the second MDSC cycle and melting peak in the third MDSC 

cycle, indicated its high crystallization tendency. Crystallization tendency of GRI as found in 
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our studies correlated well with the reported literature. For example, Chen et al. found the 

crystallization of amorphous GRI occurred rapidly in aqueous medium (within 10 min), 

much faster than other amorphous drugs used in their studies (e.g. 2 hours for felodipine; 

more than 4 hours for ketoconazole) (Chen et al., 2015). 

 

Figure 3.5. Thermograms of pure drugs (a) CUR, (b) IND, (c) FLU, (d) DIP and (e) GRI in (I) 

first DSC cycle, (II) second DSC cycle, (III) third DSC cycle. CUR and IND showed low 

crystallization tendency; FLU showed moderate crystallization tendency; DIP and GRI 

showed high crystallization tendency. 
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3.3.3.2 Crystallization tendency of drug-polymer systems 

Although the crystallization tendency of pure attracts a lot of attentions in pharmaceutical 

field, the crystallization tendency of drug at the presence of polymer, which can also be 

termed as “crystallization tendency of drug-polymer system”, has not been extensively 

explored. In this study, we found that the crystallization behaviors of drug at the presence 

of polymer were different from those at the absence of polymer, changing the drug-

polymer weight ratio also influences their crystallization behaviors. In order to rank the 

ability of polymers to inhibit drug crystallization, drug-polymer systems at various weight 

ratios have been studied. As shown in Figure 3.6. The crystallization tendencies of drug-

polymer systems at 70:30 ratio (w/w) was determined, low crystallization tendency 

systems were further investigated at 90:10 w/w drug-polymer ratio, whereas moderate or 

higher crystallization tendency systems were studied at 50:50 w/w ratio.   

 

Figure 3.6. Method to assess the ability of polymers to inhibit drug crystallization. 
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3.3.3.3 Effect of polymers on low crystallization tendency drugs 

The crystallization behaviors of CUR and IND systems at 70:30 ratio (w/w) is shown in 

Figure 3.7-3.12. All the drug-polymer systems (except IND-PEG systems) showed thermal 

behaviors similar to those of the pure drug, indicated that these systems had low 

crystallization tendency. This result is expected because polymers usually act as 

crystallization inhibitors in SDs, adding polymer only decreases the crystallization 

tendency. Hence, this method cannot differentiate crystallization inhibition effects of 

polymers on low crystallization tendency drugs. For example, PVP was reported to be an 

effective crystallization inhibitor for IND (Ivanisevic et al., 2009; Chauhan et al., 2014), 

while in study, the ability of PVP in modifying IND crystallization tendency could not be 

differentiated from other polymers (EPO and HPMC).  

Therefore, to screen polymers for low crystallization tendency drugs, combination with 

other methods is needed. Interestingly, small melting peak of IND can be observed in IND-

PEG systems at both 70:30 and 90:10 ratio (w/w), indicated that PEG favors crystallization 

of IND at low polymer concentration, leading to moderate crystallization tendency. This 

observation is unusual; it might due to the crystalline nature of PEG.  
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Figure 3.7. Thermal behavior of (a) pure CUR, (b) CUR-EPO, (c) CUR-HPMC, (d) CUR-PEG 

and (e) CUR-PVP PMs at 70:30 (left) and 90:10 (right) ratios (w/w) in the first MDSC cycle. 

 

Figure 3.8. Thermal behavior of (a) pure CUR, (b) CUR-EPO, (c) CUR-HPMC, (d) CUR-PEG 

and (e) CUR-PVP PMs at 70:30 (left) and 90:10 (right) ratios (w/w) in the second MDSC 

cycle. 
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Figure 3.9. Thermal behavior of (a) pure CUR, (b) CUR-EPO, (c) CUR-HPMC, (d) CUR-PEG 

and (e) CUR-PVP PMs at 70:30 (left) and 90:10 (right) ratios (w/w) in the third MDSC cycle. 

 

Figure 3.10. Thermal behavior of (a) pure IND, (b) IND-EPO, (c) IND-HPMC, (d) IND-PEG 

and (e) IND-PVP PMs at 70:30 (left) and 90:10 (right) ratios (w/w) in the first MDSC cycle. 
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Figure 3.11. Thermal behavior of (a) pure IND, (b) IND-EPO, (c) IND-HPMC, (d) IND-PEG 

and (e) IND-PVP PMs at 70:30 (left) and 90:10 (right) ratios (w/w) in the second MDSC 

cycle. 

 

Figure 3.12. Thermal behavior of (a) pure IND, (b) IND-EPO, (c) IND-HPMC, (d) IND-PEG 

and (e) IND-PVP PMs at 70:30 (left) and 90:10 (right) ratios (w/w) in the third MDSC cycle. 
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3.3.3.4 Effect of polymers on moderate crystallization tendency drug 

As shown in Figure 3.13-3.15. FLU-HPMC and FLU-PVP showed neither crystallization 

peak nor melting peak in the third MDSC cycle, indicating low crystallization tendency. 

Increasing the concentration of drug into 90:10 ratio (w/w), both FLU-HPMC and FLU-PVP 

showed melting peak of FLU, but no crystallization peak could be observed in either second 

or third MDSC cycle can be observed. This case was not mentioned when the concept of 

crystallization tendency was firstly introduced by Baird et al (2010). The absence of 

crystallization peak might due to the slow kinetics of crystallization, resulting in a 

crystallization which is too broad to be observed by the instrument. Given that pure FLU 

showed moderate crystallization tendency, and the polymers (HPMC and PVP) exhibited 

crystallization inhibition effect at 70:30 ratio (w/w). The crystallization tendencies of FLU-

HPMC and FLU-PVP systems should not be higher than that of pure FLU. Hence these 

systems were still classified into moderate crystallization tendency in this study.  

Like pure FLU, FLU-EPO and FLU-PEG showed moderate crystallization tendency at 70:30 

ratio (w/w). Decreasing polymer concentration into 50%, FLU-EPO system showed 

crystallization/melting peak in the third MDSC cycle, indicating low crystallization 

tendency. While in FLU-PEG system, two distinct melting peaks were observed. The peak at 

54.6 ˚C was attributed to the melting of PEG, the peak at 80.1˚C FLU might due to the 

formation of FLU-PEG co-crystal.   
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Figure 3.13. Thermal behavior of (a) pure FLU, (b) FLU-EPO, (c) FLU-HPMC, (d) FLU-PEG 

and (e) FLU-PVP PMs at 70:30 (left), 50:50 (right b, d) and 90:10 (right c, e) ratios (w/w) in 

the first MDSC cycle. 

 

Figure 3.14. Thermal behavior of (a) pure FLU, (b) FLU-EPO, (c) FLU-HPMC, (d) FLU-PEG 

and (e) FLU-PVP PMs at 70:30 (left), 50:50 (right b, d) and 90:10 (right c, e) ratios (w/w) in 

the second MDSC cycle. 
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Figure 3.15. Thermal behavior of (a) pure FLU, (b) FLU-EPO, (c) FLU-HPMC, (d) FLU-PEG 

and (e) FLU-PVP PMs at 70:30 (left), 50:50 (right b, d) and 90:10 (right c, e) ratios (w/w) in 

the third MDSC cycle. 

3.3.3.5 Effect of polymers on high crystallization tendency drugs 

Due to the high crystallization tendency of DIP, none of the DIP systems showed low 

crystallization tendency. As shown in Figure 3.16-3.18. DIP-HPMC systems in both 70:30 

and 90:10 ratio showed crystallization peak as well as melting peak in the third MDSC 

cycle, indicating moderate crystallization tendency. In contrast, DIP-EPO, DIP-PVP and DIP-

PEG (70:30 w/w) exhibited high crystallization tendency due to the presence of 

crystallization peak in the second and melting peak in the third MDSC cycle. Increasing 

polymer concentration to 50:50 w/w, DIP-EPO and DIP-PVP showed moderate 

crystallization tendency, while DIP-PEG remains in high crystallization tendency.  
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Figure 3.16. Thermal behavior of (a) pure DIP, (b) DIP-EPO, (c) DIP-HPMC, (d) DIP-PEG 

and (e) DIP-PVP PMs at 70:30 (left) and 50:50 (right) ratios (w/w) in the first MDSC cycle. 

 

 

Figure 3.17. Thermal behavior of (a) pure DIP, (b) DIP-EPO, (c) DIP-HPMC, (d) DIP-PEG 

and (e) DIP-PVP PMs at 70:30 (left) and 50:50 (right) ratios (w/w) in the second MDSC 

cycle. 
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Figure 3.18. Thermal behavior of (a) pure DIP, (b) DIP-EPO, (c) DIP-HPMC, (d) DIP-PEG 

and (e) DIP-PVP PMs at 70:30 (left) and 50:50 (right) ratios (w/w) in the third MDSC cycle. 

 

Figure 3.19.-3.21. Illustrated the thermograms of GRI-polymer systems at different weight 

ratios. Surprisingly, GRI-EPO and GRI-PVP systems showed low crystallization tendency, 

increasing the concentration of polymer into 90:10 w/w, EPO system still showed low 

crystallization tendency while PVP system showed moderate crystallization tendency. GRI-

HPMC showed moderate crystallization tendency at both 70:30 and 90:10 ratios, and GRI-

PEG system still showed high crystallization tendency at both 70:30 and 90:10 ratios. 
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Figure 3.19. Thermal behavior of (a) pure GRI, (b) GRI-EPO, (c) GRI-HPMC, (d) GRI-PEG 

and (e) GRI-PVP PMs at 70:30 (left), 50:50 (right c, d) and 90:10 (right b, e) ratios (w/w) in 

the first MDSC cycle. 

 

Figure 3.20. Thermal behavior of (a) pure GRI, (b) GRI-EPO, (c) GRI-HPMC, (d) GRI-PEG 

and (e) GRI-PVP PMs at 70:30 (left), 50:50 (right c, d) and 90:10 (right b, e) ratios (w/w) in 

the second MDSC cycle. 
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Figure 3.21. Thermal behavior of (a) pure GRI, (b) GRI-EPO, (c) GRI-HPMC, (d) GRI-PEG 

and (e) GRI-PVP PMs at 70:30 (left), 50:50 (right c, d) and 90:10 (right b, e) ratios (w/w) in 

the third MDSC cycle. 

 

3.3.3.6 Crystallization tendency summary 

Table 3.3. summarized the crystallization tendency of all drug-polymer systems at various 

weight ratios. The ability of polymers to inhibit crystallization of drug is ranked as 

following order: 

CUR: PVP=HPMC=EPO>PEG; IND: PVP=HPMC=EPO>PEG;  

FLU: PVP=HPMC>EPO>PEG; DIP: HPMC>PVP>EPO>PEG; 

GRI: EPO>PVP>HPMC>PEG 

PEG showed no effect on inhibiting drug crystallization; on the contrary, it favors the 

crystallization of low crystallization tendency drug (IND) at high drug loading (70% and 

90%). This might attribute to the crystalline nature of PEG. PEG crystallized rapidly after 

melting, and the IND molecule directly adhered to the crystalline PEG, forming crystalline 
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IND, bypassing the first step of crystallization (i.e. formation of crystal nuclei) (Zhu et al., 

2012).    

Table 3.3. Crystallization tendency of different drug-polymer systems at various drug-
polymer ratios (w/w) 

 

 

 

 

 

 

L: Low crystallization tendency; M: Moderate crystallization tendency; H: High 

crystallization tendency. 

 

FLU-PVP and FLU-HPMC showed lower crystallization tendency as compared to FLU-EPO 

system. The explanation could be: 1. EPO has much lower Tg compared to HPMC and PVP, 

as discussed in the “physicochemical characteristic” section, polymer with low Tg is likely 

to have higher molecular mobility which leads to limited effect on crystal nucleation and 

growth; 2. Lack of molecular interaction between EPO and FLU. Similarly, EPO was found to 

have negligible effect on decreasing the crystallization tendency of DIP. In this case, the 

repulsive ionic interaction might be formed between FLU (weakly basic drug) and EPO 

(cationic polymer) might hinder the positive drug-polymer interaction, and thus decreases 

polymer’s crystallization inhibition effect. The repulsive ionic interaction hindering 

polymer’s crystallization inhibition ability has not been reported; however, there are a 

Polymer Drug-Polymer Ratio CUR (L) IND (L) FLU (M) GRI (H) DIP (H) 
PVP 90:10 L L M M - 

70:30 L L L L H 
50:50 - - - - M 

HPMC 90:10 L L M - - 
70:30 L L L M M 
50:50 - - - M M 

EPO 90:10 L L - L - 
70:30 L L M L H 

50:50 - - L - H 
PEG 90:10 L M - - - 

70:30 L M M H H 
50:50 - - M H H 
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number of studies showed polymers which might form repulsive ionic interaction with 

drug are not good crystallization inhibitor for the drug (Duarte et al., 2014; Sarode et al., 

2013). For example, Duarte et al. found that EPO (cationic polymer) showed the lowest 

miscibility with Itraconazole (ITZ) among all the polymers used in their study (HPMCAS-

MG, PVP/VA 64 and EPO), resulting in rapid phase separation and crystallization of the 

amorphous system (Duarte et al., 2014). The lack of miscibility in ITZ-EPO system has also 

been reported by Janssens et al. (2010).   

For GRI systems, it is surprising that GRI-EPO showed very low crystallization tendency 

even at very high drug loading (90%). It is not expected because theoretically GRI cannot 

form any type of molecular interaction with EPO (neither H-bonding nor acidic-base 

interaction) as discussed in “physicochemiacal characteristic” section. The absence of 

crystallization and melting peak of GRI in the thermograms might due to the degradation of 

materials in the heating process since GRI has high melting point (219°C). 

3.3.4 Miscibility 

3.3.4.1 Solubility parameter  

Table 3.4. gives an example for the calculation of solubility parameter of CUR, same 

calculation has been performed for all the drugs and polymers. The differences of δ (Δδ) 

between drugs and polymers were determined to evaluate the miscibility.  
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Table 3.4. Calculation showing solubility parameter of CUR 

Group Frequency Fdi (J
1/2 

cm
3/2

 mol
-1

) F
2

pi (J
 
cm

3
 mol

-2
) Ehi (J/mol) 

-C6H5 2 1270 12100 0 

-CH3 2 420 0 0 

=CH- 5 200 0 0 

=C< 1 -70 0 0 

-CO- 1 290 592900 2000 

-O- 2 100 160000 3000 

-OH 3 210 250000 20000 

Σ - 5570 1687100 68000 

δ=19.2(MPa
1/2

) - δdi=13.7(MPa
1/2

) δpi=3.3(MPa
1/2

) δhi=13.1(MPa
1/2

) 

Molecular weight = 368.4 g/mol, true density = 0.93, molar volume = 396.1 cm3/mol.0020 

 

It is generally accepted that systems with the Δδ values less than 7.0 MPa1/2 would be 

considered as miscible, whereas Δδ values more than 14.0 MPa1/2 are immiscible. Based on 

this, it can be predicted that EPO, PVP and PEG will show good miscibility with all the drugs. 

The solubility parameters of HPMC-CUR system have a difference of more than 7, which 

suggests partial miscibility between HPMC and CUR. In another study, Forster et al (2001) 

have further divided miscibility into three groups based on the Δδ value: Drug-polymer 

systems in group 1 (Δδ<2.0 MPa1/2) are likely to be to be miscible and form homogeneous 

amorphous dispersion. Systems in group 2 (2.0 MPa1/2 < Δδ < 10.0 MPa1/2) are likely to be 

partially miscible, phase separation might occur while or after the amorphous systems are 

formed. Systems in group 3 (Δδ>10.0 MPa1/2) are likely to be significantly immiscible, with 

high risk of phase separation. In this study, we combined the two classification systems, 

and further divided drug-polymer systems into 5 systems:  

Group 1: Δδ < 2 MPa1/2; Group 2: 2 MPa1/2 < Δδ < 7 MPa1/2; Group 3: 7 < MPa1/2 < Δδ < 

10 MPa1/2; Group 4: 10 < MPa1/2 < Δδ < 14 MPa1/2; Group 5: Δδ > 14 MPa1/2  
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The solubility parameters (δ) of drugs, polymers and their differences (Δδ) are shown in 

Table 3.5. None of the systems showed Δδ>10.0 MPa1/2, indicates that all the drug-polymer 

systems are miscible or at least partially miscible. CUR-HPMC and IND-HPMC showed Δδ 

value of 8.9 MPa1/2 and 7.1 MPa1/2 respectively; hence these groups were classified into 

group 3, which means they are partially miscible. CUR-EPO, IND-EPO, IND-PVP, IND-PEG, 

FLU-PVP, FLU-PEG DIP-PVP, DIP-PEG, GRI-PVP and GRI-PEG were classified as group 1, 

indicated that these groups were completely miscible. Other systems were classified as 

group 2, which are also miscible but the miscibility is not as high as those in group 1. The 

miscibility of polymers to drug based on Δδ can be ranked as the following order: 

CUR: EPO > PVP, HPMC, PEG; IND: EPO, PVP, PEG > HPMC 

FLU: PVP, PEG > HPMC, EPO; DIP: PVP, PEG > HPMC, EPO 

GRI: PVP, PEG > HPMC, EPO 

Although widely applied, the use of solubility parameters to predict miscibility has several 

limitations. For example, the theoretical models of this approach are applicable for simple 

molecular structures wherein van de Waals force plays a predominant role, while for drug 

polymer systems which are known to form highly directional interactions (e.g. hydrogen 

bonding) or long range interactions (e.g. ionic interaction), this approach can be erroneous 

(Marsac et al., 2006; ). 
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Table 3.5. Solubility Parameters of CUR and polymers 

CUR/Polymers Solubility parameter 
(MPa1/2) 

Δδ Group Classification 

CUR 19.2 - - 
IND 21 - - 
FLU 23.1 - - 
DIP 23.3 - - 
GRI 21.7 - - 
EPO 19.6 - - 
PVP 21.7 - - 
PEG 21.3 - - 

HPMC 28.1 - - 
CUR-EPO - 0.4 1 
CUR-PVP - 2.5 2 
CUR-PEG - 2.1 2 

CUR-HPMC - 8.9 3 
IND-EPO - 1.4 1 
IND-PVP - 0.7 1 
IND-PEG - 0.3 1 

IND-HPMC - 7.1 3 
FLU-EPO - 3.5 2 
FLU-PVP - 1.4 1 
FLU-PEG - 1.8 1 

FLU-HPMC - 5 2 
DIP-EPO - 3.7 2 
DIP-PVP - 1.6 1 
DIP-PEG - 2 1 

DIP-HPMC - 4.8 2 
GRI-EPO - 2.1 2 
GRI-PVP - 0 1 
GRI-PEG - 0.4 1 

GRI-HPMC - 6.4 2 
Group 1: Δδ < 2 MPa1/2;  

Group 2: 2 MPa1/2 < Δδ < 7MPa1/2;  

Group 3: 7 MPa1/2 < Δδ < 10MPa1/2; 

Group 4: 10 MPa1/2 < Δδ < 14MPa1/2; 

Group 5: Δδ >14MPa1/2; 
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3.3.4.2 Melting point depression 

Melting point depression was determined for drug-polymer PMs at 70:30 ratio (w/w). As 

introduced in the methods section, the heating rate utilized here was 1˚C/min instead of 

5˚C/min, the slow heating rate was design to provide the best opportunity to access the 

true thermodynamic melting point depression; however, mixing may still be kinetically 

limited. The melting point depression of drug-polymer systems at 70:30 ratio (w/w) are 

shown in Figure 3.22. The melting point depression of drug-PEG systems is not further 

explored, because PEG is a crystalline polymer with low melting point (63°C). In drug-PEG 

systems, the drug might get dissolved inside the melted polymer matrix during the heating 

process, resulting in more significant melting point depression, hence the result should not 

be compared with the melting point depression induced by amorphous polymers.  

As shown in Figure 1. EPO showed remarkable melting point depression for CUR, IND and 

GRI, indicating exothermic mixing for CUR-EPO, IND-EPO and GRI-EPO systems. Whereas, 

the melting point depression is negligible for CUR-PVP, CUR-HPMC, IND-PVP, IND-HPMC, 

GRI-PVP and GRI-HPMC systems, indicated that mixing in these systems might be 

endothermic. All FLU-polymer systems showed noticeable melting point depression, with 

FLU-PVP system showing the greatest depression, indicated that PVP might have the 

highest miscibility with FLU among other polymers. Similarly, HPMC was found to have the 

highest miscibility with DIP. In summary, the ability of polymers to induce melting point 

depression for drugs can be ranked as the following order: 

CUR: EPO>PVP, HPMC; IND: EPO>PVP, HPMC 

FLU: PVP>HPMC>EPO; DIP: HPMC>PVP>EPO 

GRI: EPO>PVP, HPMC 
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Figure 3.22. Melting point depression of (a) pure drug, (b) drug-EPO, (c) drug-HPMC, (d) 

drug-PVP systems  at 70:30 ratio (w/w). 
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Surprisingly, IND-PVP system did not show significant melting point depression, while it 

does not necessarily mean that PVP do not have enough miscibility with IND. On the 

contrary, Marsac et al reported noticeable melting point depression for IND-PVP K12 

system with the interaction parameter of -0.82 (Marsca et al., 2009). The absence of 

melting point depression in our study might be explained by the slow dissolution kinetics 

result from high viscosity of PVP. Due to the slow kinetics, the time scan of dissolution 

might exceed that of the MDSC scan even though slow heating rate was applied, resulting in 

a systematic underestimation of melting point depression (Mahieu et al., 2013). To 

eliminate the influence of kinetic factors, Tao et al. proposed to perform DSC scan at 

different heating rates ranging from 10˚C/min to 0.1˚C/min, so that the equilibrium melting 

point depression can be determined by extrapolate the scan rate to “0˚C/min” (Tao et al., 

2008). This method was not used in this study because it is highly time consuming, it 

requires multiple DSC scans to determine melting point depression of each drug-polymer 

system, and some of the scans utilized very slow ramp rate. Hence it is not practical to 

apply the new method to this study which involves investigation on various drug-polymer 

systems.    

3.3.4.3 Flory-Huggins interaction parameter 

As shown in Figure 3.23. the Flory-Huggins interaction parameters were determined for 

drug-polymer systems which showed the most significant melting point depression (i.e. 

CUR-EPO, IND-EPO, FLU-PVP, DIP-HPMC, GRI-EPO systems) at various ratios [(90:10, 

85:15, 80:20 and 70:30 (w/w)].  
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Figure 3.23. Melting point depression of selected drug-polymer systems at various (a) 

pure drug (b) 90:10 (c) 85:15 (d) 80:20 (e) 70:30 drug-polymer ratios (w/w). 
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Figure 3.24. illustrated the method for the calculation of Flory-Huggins interaction 

parameter of selected systems. The calculation of Flory-Huggins interaction parameter 

using melting point depression method requires rearrangement of Equation (1) introduced 

in the methods section. Specifically, the value of (1/Tmix-1/Tpure) * (ΔHfus) /(-R) - lnɸdrug - 

(1-1/m) ɸpolymer with respect to the value of ΦPolymer2 were plotted, the slope of the plot 

represents the interaction parameter (χ) of the system at temperatures close to the melting 

point of the drug. A linear relationship can be observed for all systems at low polymer 

weight fraction (from 10% to 20%) with the R2 values of more than 0.92. However, at 

higher polymer concentration (70% w/w), the linearity was lost. The absence of linearity 

at higher polymer concentration might due to the composition dependence of the 

theoretical model (Flory, 1953), and/or the increasingly unfavorable kinetics while the 

depressed melting point is approaching the Tg of the system, below which the molecular 

mobility of the system decreased drastically (Marsac et al., 2006). Hence the values of χ 

were calculated using only data for polymer concentration range from 10-20%.  

The interaction parameters (χ) of all systems were summarized in Table 3.6. All drug-

polymer systems showed negative interaction parameter value: -1.71 for CUR-EPO system, 

-0.71 for IND-EPO system, -2.04 for FLU-PVP system, -3.31 for DIP-HPMC system and -2.24 

for GRI-EPO system. The interaction parameter value confirmed that these systems are 

miscible. In addition, these values were consistent with the extent of melting point 

depression. For example, DIP-HPMC system showed the most significant melting point 

depression, in consistent with its greatest negative value of interaction parameter. 
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Figure 3.24. Method for the calculation of Flory Huggins interaction parameter of CUR-

EPO, IND-EPO, FLU-HPMC, DIP-PVP and GRI-EPO system. 

 

Table 3.6. Interaction parameters for selected systems. 

 CUR-EPO  IND-EPO FLU-HPMC  DIP-HPMC GRI-EPO 

 χ  -1.71 -0.71 -2.04 -3.31 -2.24 
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3.3.4.4 Tg of low crystallization tendency systems 

Figure 3.25 showed the thermograms of low crystallization tendency systems in the third MDSC 

cycle. Tg of CUR and IND systems were shown at 70:30 ratio (w/w). While Tg of FLU system 

was shown at 50:50 ratio (w/w), this is because FLU-EPO system was crystalline in the third 

MDSC cycle at 70:30 ratio (w/w). All systems showed a single Tg, indicated that these systems 

were miscible or immiscibility could not be detected by MDSC alone.            

     

Figure 3.25. Thermograms of CUR, IND and FLU PMs in the third MDSC cycle. Systems 

shown were (a) drug-EPO (b) drug-HPMC (c) drug-PVP PMs. CUR and IND systems were 

shown at 70:30 ratio (w/w), FLU system was shown at 50:50 ratio (w/w).  
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3.3.5 Molecular interaction 

3.3.5.1 Tg deviation of low crystallization tendency systems 

It is interesting that both CUR-EPO and IND-PVP PM showed Tg higher than the individual 

components. This observation deviates from the commonly used theoretical methods for Tg 

estimation (e.g. Gordon-Taylor equation, Couchman-Karasz equation and Fox equation). To 

further investigate the thermal properties of drug polymer mixtures, PMs at other drug-polymer 

ratios (90:10, 50:50, 30:70, and 10:90) were characterized using similar MDSC condition; the Tg 

values of each system were plotted and compared with the theoretical Tg values calculated by 

Couchman-Karasz equation (Figure 3.26.). 

 

Figure 3.26. Illustration of Tg deviation in predicting molecular interaction. 
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As shown in Figure 3.27. In CUR-EPO and IND-EPO systems at different drug polymer 

ratios, the experimental Tg are higher than the Tg predicted by C-K equation, the highest Tg 

value in both systems was observed in the ratio of 70:30 (w/w). It is generally believed that 

amorphous system with higher Tg tends to be more physically stable, because higher Tg 

indicates lower molecular mobility (Baird et al., 2012). Such positive deviations of Tg values 

for drug-polymer systems from the theoretical ones have also been reported in literature 

(Chokshi et al., 2005; Andrews et al., 2010). For example, Andrews et al. found the 

experimentally determined Tg values for bicalutamide-PVP systems is significantly higher 

than the theoretical ones, and attribute it to the formation of strong molecular interaction 

(Andrews et al., 2010). IND-PVP and FLU-PVP systems showed experimental Tg values 

close to the theoretical ones, this is generally considered as an evidence for the presence of 

molecular interaction. Marsac et al. studies the Tg deviation for various drug-polymer 

systems by using G-T equation, they found that the G-T equation can give accurate 

predictions of Tg for SD systems exhibiting specific interactions (nifedipine–PVP and 

felodipine–PVP SDs) (Marsac et al., 2006). In another case, Forster et al. successfully 

predicted suitability of drug/polymer blends for melt extrusion by using G-T equation; they 

found systems showing no Tg deviation (e.g. IND-PVP) tends to produce more stable 

amorphous dispersion with higher dissolution rate (Forster et al., 2001). The explanation 

might be that the enthalpy of mixing between the drugs and polymer is balanced by the 

non-ideal entropy of mixing of the two components, resulting in apparent ideal mixing 

behavior (Baird et al., 2012). In contrast, other systems showed negative Tg deviation. One 

of the explanations to this could be the cohesive interactions between individual 
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components are greater than the drug-polymer interaction, which result in immiscibility in 

these systems.   

 

Figure 3.27. Theoretical (red line) and experimental (blue dots) Tg for all drug polymer 

systems. 

 

3.3.5.2 Molecular modeling 

Molecular modeling study was carried out for CUR systems, and the results for IND and FLU 

systems were reported in literature. Figure 3.28. illustrates the optimized geometries and 

hydrogen bonding formed between CUR and monomers of different polymers. It is evident that 

CUR can form hydrogen bond with all polymers. However, the role of CUR in forming 

hydrogen bond were different, for instance, CUR (hydroxyl group) act as hydrogen bond donor 

in CUR-EPO system, whereas in CUR-HPMC system, CUR act as hydrogen bond acceptor 
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(carboxyl group). Table 3.7. shows the molecular modeling results after geometric optimization 

and hydrogen bond calculation. CUR-EPO system showed the least energy of hydrogen bond (-

5.68 kcal/mol), whereas no significant difference was found between the hydrogen bond energy 

of CUR-PVP (-11.12 kcal/mol), CUR-HPMC (-10.64 kcal/mol) and CUR-PEG (-9.95 

kcal/mol) systems. Further, hydrogen bond lengths of CUR-EPO (1.873 Å), CUR-HPMC 

(1.943 Å), CUR-PEG (1.814 Å), and CUR-PVP (1.764 Å) were calculated. Based on the notion 

that shorter bond length indicates a stronger single bond, discrepancies arise between 

these molecular modeling calculations. The effectiveness of polymers to form H-bond with 

CUR would be PVP > HPMC > PEG >EPO.  

 

Figure 3.28. Molecular modeling results obtained for the CUR-EPO (I), CUR–HPMC (II), 

CUR-PEG (III) and CUR-PVP (IV) complexes after geometric optimization and hydrogen 

bond calculations. 
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Table 3.7. Molecular modeling results for CUR-polymer SDs. 

 CUR-EPO CUR-HPMC CUR-PEG CUR-PVP 

R 1.873 1.943 1.814 1.764 

Ebind -5.68 -10.64 -9.95 -11.12 

BG-CUR -OH C=O C=O -OH 

BG-Polymer C=O -OH -OH C=O 

R is the shortest hydrogen bonding length (given in Angstroms), Ebind is the energy of the 

hydrogen bond (given in kcal/mol), BG is the binding group of the molecule. 

 

Molecular modeling results for FLU systems were studied in our lab (Anne Trivino’s 

dissertation, 2015). Comparison of binding energies for the remaining polymers ability to 

form interactions with FLU would rank PVP (-12.05 kcal/mol) > EPO (-10.2 kcal/mol) > 

HMPC (-8.39 kcal/mol) > PEG (-6.69 kcal/mol). Further, hydrogen bond lengths of FLU-PVP 

(2.038 Å), FLU-HPMC (2.212 Å), FLU-EPO (2.054 Å), and FLU-PEG (1.896 Å) were 

calculated. It should be noted that, the molecular modeling result can only provide an 

estimation of hydrogen bond energy, since only monomer units have been taken counted in 

these simulation. In addition, the ionic interaction was not taken into account, hence it 

failed predict the overall strength of molecular interaction. Chauhan et al have explored 

molecular modeling for IND-polymer systems using Linux version of the Maestro software. 

In the more advanced simulation, the docking score is a combination of intermolecular 

lipophilic interactions, hydrogen-bond interactions, van der Waals interactions, and 

Coulomb interactions. Hence it gives more accurate predication to the degree of molecular 

interaction in drug-polymer systems. In their study, the rank order of the strength of 
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molecular interaction calculated by docking score was found to be PVP 

K90(−2.918)>Eudragit E100 (−2.791)>HPMC (−2.175) (Chauhan et al., 2014).   

3.4 Additional Study 

3.4.1. Crystallinity of DIP-polymer systems 

None of the DIP systems showed low crystallization tendency, indicated that it is very 

difficult to prepare amorphous SD for DIP. Hence some of the important thermal 

parameters (e.g. melting point and ΔH) for DIP-polymer system are further explored. Here, 

we used ΔH %, i.e. the ΔHthird / ΔHfirst, as an indicator of crystallinity of the system. Where 

ΔHfirst is the ΔH of drug in the third MDSC cycle and ΔHthird is the ΔH of drug in the third 

MDSC cycle. 

 As shown in Table 3.8. and Figure 3. 29. All DIP systems shown similar melting point in 

the first MDSC cycle, while in the third MDSC cycle, DIP-HPMC system showed the lowest 

melting point. On the other hand, DIP-PVP system showed the lowest crystallinity (ΔH %). 

The crystallization temperature of DIP-PVP system is much higher than that of DIP-EPO 

system, indicating that the DIP-PVP system is more stable than DIP-EPO system with 

respect to temperature. The crystallization temperature of DIP-HPMC system was not 

compared with other systems since it was calculated in the second MDSC cycle. In 

summary, the ability of polymers to stabilize amorphous DIP can be ranked as: HPMC, PVP > 

EPO. 
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Table 3.8. Thermal properties of DIP-polymer systems at 70:30 and 50:50 drug-polymer 

ratios (w/w).  

 DIP-EPO  DIP-HPM DIP-PVP 

CT H M H 
Tm (1st) 167.7 (±0.4) 168.3(±0.3) 168.3(±0.7) 
Tm (3st) 161.8 (±0.5) 159.9 (±0.4) 162.3 (±0.8) 
ΔH% 78 62.3 48.2 

Tc 127.1 (±0.7) 95.2 (±0.9) 134 (±1.1) 
                               CT: crystallization tendency 

      Tm: melting temperature;    Tc: crystallization temperature 

 

Figure 3.29. Crystallinity of DIP-polymer systems at 70:30 ratio (w/w) 

 

3.4.2.  Tg deviation of additional systems 

To examine whether the Tg deviation can be affected by ionic interaction, the Tgs of 

additional systems were determined and compared with theoretical values. Clotridamole 

(CLO) was used as an example of basic drug and Polyacrylic acid  was used as an example of 

acidic polymer. Figure 3.30. Showed the Tg deviation for additional systems, it is evident 

that CLO-PAA system, which has high chance to form ionic interaction showed 
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experimental values close to theoretical ones. While negative deviation was found in other 

systems. This result suggested that ionic interaction plays a very important role in the Tg of 

drug-polymer systems.  

 

Figure 3.30. Theoretical (red line) and experimental (blue dots) Tg for additional drug 

polymer systems. 

CLO: clotrimazole (weakly basic drug) 

PAA: Polyacrylic acid (acidic polymer) 
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4.1 Introduction 

SDs have become a topic of interest in recent years for its potential in improving oral 

bioavailability by creating highly soluble and stable amorphous form of drugs (Le-Ngoc Vo 

et al., 2013; Vasconcelos et al., 2007). In SDs hydrophobic drug is dispersed in hydrophilic 

carrier(s) resulting in high concentrations of poorly soluble drug in solution. Additionally 

in solid state, the formation of a stable drug polymer matrix results in the inhibition of drug 

crystallization i.e. conversion of amorphous to crystalline form. 

To evaluate a binary SD system, it would be beneficial to investigate the physical state of 

the individual components (ie. drug and polymer), since it would significantly influence the 

performance (stability and dissolution behavior) of the system. Generally, amorphous SD 

have faster dissolution rate than crystalline one due to its higher chemical potential. 

Moreover, the physical state is one of the key points in understanding the mechanism of 

drug release from SDs as amorphous to crystalline transition can easily happen in solution 

(Craig et al., 2002). Preparation method would influence the physical state and also the 

performance of SDs (Mahmah et al., 2013; Patterson et al., 2008). For example, Chiang et al. 

investigated and compared the performance SDs generated by different processes (i.e. fast 

evaporation, lyophilization, and spray-drying methods), they found SD prepared by spray-

drying has highest physical stability as compared by other approaches (Chiang et al., 2013). 

4.2 Material and methods 

4.2.1 Materials 

Drugs used in the study were: Curcumin from Acros Organics (Fair Lawn, New Jersey), 

indomethacin from Sigma (St. Louis, Missouri), flutamide from TGI American (Portland, 
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Oregon), dipyridamole from MP Biomedicals (Solon, Ohio), griseofulvin from Sigma (St. 

Louis, Missouri). Polymers used in the study were: Eudragit EPO from Degussa (Parsippany, 

New Jersey), PEG 8000 from Sigma (St. Louis, Missouri), PVP K90 from Spectrum (New 

Brunswick, New Jersey) and HPMC E5 from Dow Company (Midland, Michigan). Solvents 

used in the preparation of SDs were methanol purchased from Fischer Scientific (Fair Lawn, 

New Jersey) and dicholormethane from Sigma (St. Louis, Missouri). All materials were used 

as received. 

4.2.2 Methods 

4.2.2.1 Preparation of PMs  

PMs of drugs with polymers were prepared at 90:10, 85:15, 80:20, 70:30, 50:50 30:70, 

10:90 (w/w, drug: polymer) ratios. Homogeneous blending of accurately weighed amounts 

of drug and polymer was accomplished by geometric dilution. All PMs were stored at room 

temperature in screw-capped vials until use. 

4.2.2.2 Preparation of SDs  

4.2.2.2.1 Solvent evaporation method  

Solvent evaporation method is one of the most commonly used methods to prepare SDs in 

small scale and involves the solubilization of API and carrier in a volatile solvent. In this 

study, drug-polymer SDs were prepared at various weight ratios (70:30, 50:50, 30:70). 

Weighed amounts of drug and polymer (PVP, EPO and PEG) were dissolved by 5 ml of 

methanol in a 50 mL round bottomed flask. Since HPMC is partially miscible in methanol, 

2.5 mL of acetone and 2.5 mL of methanol were used as co-solvents. Solvent evaporation 

under vacuum created by a Rota-Vapor R-215 (Buchi, Flawil, Switzerland) was used to 
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prepare SDs. Rota-evaporation was carried out at 65oC at 100 mbar with a rotation speed 

of 150-200 rpm for 15 minutes or until a dry product remained. SDs were vacuum dried 

overnight at room temperature. After drying the SDs were sieved through 350 micron 

mesh and stored in desiccators over phosphorus pentoxide.  

4.2.2.2.2 Slow evaporation method 

For drug with low crystallization tendency, slow evaporation is used in addition as a 

preparation method. Because drugs with low crystallization tendency are easier to be 

trapped in amorphous form, it might be possible that amorphous SD containing low 

crystallization tendency drug can be prepared even at very slow evaporation rate. 

Weighed amounts of drug and polymer (PVP, EPO and PEG) were dissolved by 10 ml of 

methanol in vials. Since HPMC is partially miscible in methanol, 5 mL of acetone and 5 mL 

of methanol were used as co-solvents. Solutions were sonicated using for 5 minutes until 

drugs are completely dissolved in the solvent (by visual observation). Solvent were 

evaporated under nitrogen flow for 5 hours at the nitrogen pressure of 20 psi. SDs were 

vacuum dried overnight at room temperature. After drying the SDs were sieved through 

350 micron mesh and stored in desiccators over phosphorus pentoxide. 

4.2.2.2.3 Melt quenching method 

Melt quenching method was used in addition to prepare SD of drug with high 

crystallization tendency. DIP-polymer and GRI-polymer PMs at 50:50 ratio (w/w) were 

melted in silicon mortar by using hot plate. Liquid nitrogen was poured into the silicon 

mortar until solid dry product remained. SDs were vacuum dried overnight at room 
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temperature. After drying the SDs were sieved through 350 micron mesh and stored in 

desiccators over phosphorus pentoxide. 

4.2.2.3 X-ray diffraction (XRD) 

XRD patterns the 2thea range 5 – 60 degrees was collected in focusing geometry using 

PANalytical Empyrean Diffractometer, operated with Cu Kα radiation at 40 kV and 45 mA. 

A mask of 20 mm and a divergence slit of 1/4 degree was used on the incident beam path.  

Thin layer of powder sample was placed on a zero background Si plate and the sample 

holder was continuously spun at the rate of 90 deg/s  during the measurement.  Solid state 

PIXcel3D detector was scanned at a rate of 0.135 deg/s to collect data and a diffracted 

beam monochromator for the PIXcel detector was utilized to improve signal to noise ratio. 

4.2.2.4 Modulated differential scanning calorimetry (MDSC) 

Along with XRD, MDSC provides complementary information about the physical state SDs. 

In this study, MDSC was performed by DSC Q2000 (TA instruments, New Castle, DE) 

equipped with a refrigerated cooling accessory (RCS90) and a data analyzer (Universal 

Analysis 2000, TA instruments). The equipment was calibrated with Indium. Inert 

atmosphere was maintained by nitrogen at a flow rate of 20 mL/min. An empty aluminum 

pan was used as reference. Samples in MDSC were modulated at 0.2˚C every 60 s with 

heating rate of 5˚C /min. SDs (5-7 mg) were placed in hermetically sealed aluminum pans 

and heated from 20 to 200˚C to characterize the physical state of drug in SDs. 
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4.2.2.5 Spectroscopy Analysis 

Attenuated total reflectance (ATR) mode was used to obtain IR spectra using Bruker series 

80 V IR spectrometer (Billerica, MA). Fifty scans were collected for each sample over a 

wave number region of 400-4000 cm-1. 

Raman spectra were obtained using Bruker Vertex series 80 V Raman spectrometer and 

data processing was performed using OPUS software (Billerica, MA). Data acquisition was 

done using an exposure time of 10 seconds for 10 accumulations and a laser power setting 

of 400 mW at 785 cm-1. Raman spectroscopy was used for characterization of precipitate 

and to explore the drug polymer interactions in various mixtures and dispersions along 

with IR spectroscopy. 

4.2.2.6 In vitro dissolution  

To explore the correlation between physicochemical properties of drug-polymer PMs and the 

dissolution enhancement of SDs, the in vitro dissolution study was carried out for CUR SDs. In 

vitro dissolution study was performed using paddle method (USP apparatus II) in 900 ml of pH 

1.2 buffers. Paddle rotation of 100 rpm and the temperature 37°C was used for the dissolution 

experiments. 20 mg of sample containing an equivalent of 14 mg of CUR and 6 mg of polymer 

(70:30 w/w) were used for the dissolution experiment. Samples of 1 ml were collected at 15, 30, 

45, 60, 90, 120 and 180 min of intervals and filtered through a 0.2 μm membrane. The 

concentration of CUR was determined by UV spectrophotometer with the detection wavelength 

of 430nm. Experiments were carried out in triplicates.  
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4.3 Results and discussion 

4.3.1 CUR SDs 

4.3.1.1 Physical states of SDs 

The X-ray diffractograms of pure CUR, polymers, PMs and SDs are presented in Figure 4.1. 

Pure CUR showed sharp characteristic diffraction peaks at 2θ angle between 12° and 29°. 

CUR-EPO, CUR-HPMC and CUR-PVP PMs showed similar peaks as CUR, indicating the 

presence of crystalline CUR in these systems. The diffractogram of CUR-PEG PMs can be 

considered as a simple addition of pure CUR and PEG, which is in agreement with the 

crystalline nature of the two components. In contrast, SDs of EPO, HPMC and PVP exhibited 

a halo pattern without diffraction peak, indicating that these SDs are amorphous. CUR-PEG 

SD showed the characteristic diffraction peaks of PEG, suggesting the presence of 

crystalline PEG. It was very difficult to conclude that CUR is in amorphous state due to the 

overlap of CUR and PEG diffraction peaks. The physical states of CUR SDs were further 

investigated by using MDSC. The thermograms of all the prepared SDs are shown in Figure 

4.2. CUR-EPO, CUR-HPMC and CUR-PVP showed glass transition event instead of sharp 

melting peak, indicated that CUR was presented in amorphous state in these the SDs. While 

CUR-PEG SD showed sharp melting peak of PEG (60°C) and broad melting peak of CUR 

(155.7°C), confirmed the presence of crystalline CUR in CUR-PEG SDs. Therefore, the ability 

of polymers to trap CUR into amorphous form can be ranked as the following order: EPO, 

HPMC, PVP > PEG. 
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Figure 4.1. X-ray diffractograms of pure CUR, PMs (70:30 w/w) and SDs (70:30 w/w) of 

CUR-EPO, CUR-HPMC , CUR-PEG and CUR-PVP (Meng et al., 2015) 

 

Figure 4.2. MDSC thermograms of (a) pure CUR, (b) CUR-EPO, (c) CUR-HPMC, (d) CUR-PEG 

and (e) CUR-PVP SDs at 70:30 ratio (w/w) 
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4.3.1.2 Spectroscopy of CUR SDs 

The characteristic peaks of pure CUR, polymers, PMs and SDs in IR spectra are shown in 

Figure 4.3. Peak assignments of IR are presented in Table 4.1. In IR spectra of pure CUR 

and PMs, sharp absorption peaks at 3507 cm-1 and 1626 cm-1 are attributed to phenolic 

hydroxyl group and carboxyl group. It has been reported that CUR exists in a predominant 

enol form rather than diketone form (Li et al., 2013), the conjugation of C=O and the two 

C=C result in a bathochromic shift of CUR carboxyl group, which explained its low wave 

number (1626 cm-1).  

In the SDs of CUR-EPO and CUR-HPMC, the absence of phenolic hydroxyl peak and the shift 

of carboxyl peak indicated the presence of H-bond in these two systems. Moreover, the 

carboxyl peak of EPO (1722 cm-1) showed significant broadening, possibly due to the 

intermolecular hydrogen bonding between phenolic hydroxyl group (hydrogen bond donor) 

and EPO carboxyl group (hydrogen bond receptor). In addition, disappearance of peaks at 

2822 cm-1 and 2771 cm-1 in assigned to the non-ionized dimethylamino groups of EPO 

were observed 36. The disappearance of these peaks may be attributed to the acid-base 

interaction between acidic phenol hydroxyls of CUR and dimethylamino groups of EPO 

(Wegie et al., 2014). Ionic interaction formed by EPO with indomethacin has recently been 

reported by Sarode et al.  The research concluded that the ionic interaction between 

weakly acidic indomethacin and cationic EPO may enhance the stability of the system 6. In 

SDs of PEG and PVP, a decent broadening of the phenolic hydroxyl band was observed 

rather than complete disappearance. It indicated the formation of weak molecular 

interaction between CUR and these two polymers at this weight ratio. The rank order of 

molecular interactions in IR spectroscopy were would be EPO > HPMC > PVP >PEG. The 
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EPO showed highest molecular interaction with CUR, it may due to the formation ionic 

interaction as well as H-bond. 

 

Figure 4.3. IR spectra of pure CUR, SDs, PMs of CUR-HPMC (I), CUR-PVP (II), CUR-EPO (III) 

and CUR-PEG (IV).  

To confirm the molecular interactions observed in IR and get complementary information 

to characterize changes associate with the formation of molecular interactions, Raman was 

employed. Figure 4.4. shows Raman peaks of pure CUR, polymers, PMs and SDs, and 

Raman peak assignments are shown in Table 4.2. 
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Table 4.1. Peak positions of different function groups in the IR spectrum for CUR and 

polymers used in the preparation of SDs  

Compound/SDs -OH(cm-1) C=O(cm-1) Benzene ring(cm-1) 

CUR 3507 1626 1601 

EPO - 1722 - 

Cur-EPO - 1623 1572 

Cur-HPMC - 1624 1568 

Cur-PVP 3500 1626 - 

Cur-PEG  3509 1626 1601 

 

Pure CUR showed four characteristic peaks: the C=O stretching vibration peak at 1627 cm-1, 

aromatic ring vibration peak at 1601 cm-1, olefinic C-H bending vibration peak at 1430 cm-1, 

the aromatic CCH plane bending vibration peak and enolic part COH bending vibration 

peak at 1250 cm-1. In SDs of EPO and HPMC, significant peak changes have been observed: 

the peaks at 1627 cm-1 increased in intensity and shifted to higher wave number (i.g. 1634 

cm-1) whereas peaks at 1601 cm-1 decreased in intensity. The peaks at 1430 cm-1 also 

decreased in intensity and shifted to a lower wave number (may due to the interaction with 

hydroxyl group of polymer), indicating the existence of hydrogen bonding between CUR 

and polymers. Additionally, unlike other CUR-polymer systems, CUR-EPO system showed 

evident peak broadening and shifting for the peak at 1250 cm-1, this provides the evidence 

of ionic interaction between CUR and EPO. In the Raman spectrum of CUR-PVP SDs, the 

peak at 1627 cm-1 shifted to higher wave number (1633 cm-1), indicating the presence 

molecular interaction, while no broadening is observed for this peak. Thus it might be 

possible that CUR-PVP forms molecular interactions but the interactions are not as strong 
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as CUR-EPO or CUR-HPMC systems. The Raman spectrum of CUR-PEG SDs appeared to be 

identical to that of pure CUR, confirming the IR result that PEG showed almost no 

interaction with CUR at a high drug loading. In summary, the rank order of molecular 

interaction observed by Raman spectroscopy were complementary to the IR result, which 

was EPO > HPMC > PVP >PEG. 

 

 

Figure 4.4. Raman spectra of pure CUR, SDs, PMs of CUR-HPMC (I), CUR-PVP (II), CUR-EPO 

(III) and CUR-PEG (IV).  
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Table 4.2. Raman peak assignment of CUR and its SDs 

CUR 

 (cm-1) 

CUR-EPO 

(cm-1) 

CUR-HPMC 

(cm-1) 

CUR-PVP 

(cm-1) 

CUR-PEG  

(cm-1) 
Assignment 

1627 1634 1635 1633 1627 C=C stretching/ C=O stretching 

1601 1601 1602 1601 1601 
C=O stretching/ aromatic C=C 

stretching 

1430 1427 1427 1430 1430 in plane bending of CH3 

1250 1230 1237 1248 1250 
in plane bending of aromatic 

CCH/ enolic (COH) 

1184 1186 1186 1185 1183 in plane bending of C-C, CH3 

963 971 971 963 962 
C=0 stretching/ in plane 

bending of CCH 

 

4.3.1.3 Summary and discussion of CUR SDs 

Studies on the physical state of CUR SDs revealed that EPO, HPMC and PVP are able to 

stabilized amorphous CUR even at high drug loading (70%). This can be explained by the 

low crystallization tendency of CUR and the molecular interaction formed identified in 

previous section. Among the polymer selected, EPO and MDSC formed molecular 

interaction with CUR, hence higher stability as well as faster dissolution was expected. 

Similarly, there are a few more excipients which were found to stabilize amorphous CUR in 

SD (Phaechamud & Sotanaphun, 2010; Li et al., 2013; Kaewnopparat et al., 2009; Onoue et 

al., 2010; Suresh et al., 1999). Onoue et al. successfully prepared amorphous SD of CUR-

HPMCAS at 1:4 ratio (w/w), the amorphous state of CUR was confirmed by XRD, DSC and 

PLM (Onoue et al., 2010). Paradkar et al. reported that CUR was converted into high-energy 

amorphous state in CUR-PVP K30 SDs (drug-polymer weight ratios ranging from 1:10 to 

1:1), the amorphous SD showed much higher dissolution as compared to the PM (Paradkar 

et al. 2004). Kaewnopparat et al. also found that CUR-PVP K30 can form amorphous SD in 
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ratios ranging from 1:8 to 1:2, they attributed this stabilization effect of PVP K30 on 

amorphous CUR to their molecular interaction (Kaewnopparat et al., 2009).  

4.3.2 IND SDs 

IND amorphous SD has been widely studied in pharmaceutical industry to improve the 

dissolution of IND (Sivert et al., 2010; Valizadeh et al., 2004; El-Badry et al., 2009). Hence it 

has been selected as one of the model compound in this study. In this section, the 

performance of IND SDs would be reviewed and correlated to our investigation on IND 

PMs.  

PVP is considered to be one of the most suitable polymer for IND SD due to their strong 

molecular interaction i.e. H-Bond (Taylor and Zografi 1997). The performance of IND-PVP 

amorphous SD has been extensively studied in literature (Watanabe et al., 2003; Hilton et 

al., 1986; Matsumoto and Zografi, 1999; Fini et al., 2008). Gong et al. studied IND-PVP SDs 

at various weight ratios; they found that the maximum drug loading of IND was 20% in 

order to obtain X-ray amorphous SD using supercritical fluid process (Gong et al., 2005). In 

another study, Lim et al. successfully generated amorphous IND-PVP SDs at much higher 

drug loading [60:40 (w/w)], they suggested that PVP influence the re-crystallization 

kinetics of amorphous IND by preventing the self associating of IND molecules (Lim et al., 

2013). 

Chauhan et al. studied the physical state, molecular interaction and precipitation of IND 

SDs with various polymers (e.g. Eudragit E100, PVP K90, HPMC and PEG 8000). They found 

that PVP K90, HPMC and Eudragit E100 showed amorphous stabilization of IND with the 

rank order of PVP K90>Eudragit E100>HPMC, whereas PEG 8000 showed no stabilization 

effect in solid state. IND-PVP K90 and IND-Eudragit E100 showed much more significant 
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peak shift in IR and Raman compared to other systems (Chauhan et al. 2014). In solution, 

PVP K90, HPMC and Eudragit E100 showed precipitation inhibitory effects on IND 

precipitation with the same rank order, whereas PEG showed no effect in solution 

(Chauhan et al. 2014).  

In summary, for IND SD, PVP was identified as the most suitable polymer followed by EPO. 

The ability of polymers to form molecular interaction is inconsistent with the performance 

of SDs which can be ranked as:  PVP > EPO > HPMC > PEG. 

This result is in agreement with our study on drug-polymer PMs in which EPO and PVP 

were identified as the most suitable polymers.  

4.3.3 FLU SDs 

The physical state and molecular interaction were studied in our lab (Anne Trivino’s 

dissertation, 2015). Only FLU-PVP SD was found to exhibit a halo pattern without 

diffraction peak, indicated that this SD is amorphous. CUR-PEG, FLU-PVP and FLU-HPMC SD 

showed the characteristic diffraction peaks of FLU suggesting the presence of crystalline 

FLU. The physical states of FLU SDs were further confirmed by using MDSC. Hence the 

order of the ability of polymers to trap FLU into amorphous form was ranked as: PVP > 

HPMC, EPO, PEG. 

Further, FLU-PVP and FLU-PEG exhibited significant peak change in both IR and Raman 

spectra, while negligible changes could be observed for FLU-HPMC and FLU-EPO systems. 

The lack of interaction in FLU-HPMC system has been reported by Trasi and Taylor, they 

found that polymers with good hydrogen bond acceptor groups (PVP), rather than 

hydrogen bond donor (HPMC), have higher chance to interact with FLU. Because the 

involvement of the intramolecular hydrogen bond formed between the hydrogen bond 



89 

 

acceptor of FLU, reduces the ability of this group to participate in intermolecular 

interactions (Trasi and Taylor, 2012). Hence, the ability of polymers to form molecular 

interaction was ranked as PVP, PEG > HPMC > EPO.  This result is consistent with our 

study on drug-polymer PMs in which PVP was identified as the most suitable polymers.  

4.3.4 DIP SDs 

4.3.4.1 Physical state of DIP SDs 

Previous studies showed PEG has limited effect in inhibiting drug crystallization tendency. 

Hence the PEG SDs were not prepared for drugs with high crystallization tendency, since 

they were expected to be crystalline. The X-ray diffractograms and MDSC thermograms of 

pure DIP and SDs at 70:30 ratio were presented in Figure 4.5. Pure DIP showed numerous 

distinctive diffraction peaks at 2θ angle between 7° and 22°. The characteristic diffraction 

peaks of DIP were found in all SDs, indicating the presence of crystalline DIP. The 

crystalline nature were confirmed by MDSC, where all SDs showed melting peak of DIP. 

Among all the SDs, DIP-HPMC showed smallest melting endothermal, suggested that DIP-

HPMC has the least crystallinity than other systems. Since all of the SDs were crystalline, 

higher polymer concentrations (50% and 70%) were selected to prepare DIP SDs. As 

shown in Figure 4.6., DIP-PVP and DIP-HPMC SDs at 50:50 ratio (w/w) exhibited a halo 

pattern without diffraction peak, indicated the formation of amorphous SD in these SDs. In 

contrast, DIP-EPO SD showed the characteristic diffraction peaks of DIP, indicated that EPO 

was not able to convert DIP into amorphous form at 50:50 ratio (w/w). Increasing the 

polymer concentration into 70%, DIP-EPO SD showed a major hallo pattern with small 

diffraction peaks at around 6.5˚, indicated that it was partially amorphous. On the contrary, 

other SDs were identified as amorphous by XRD. MDSC was performed for SDs at 30:70 
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ratio (w/w) to confirm their physical states (Figure 4.7.). No melting peak was observed 

for all the DIP SDs, even though for DIP-EPO SD which was identified as partially 

amorphous by XRD. The discrepancy might due to the limitation of MDSC that very small 

amount of crystallinity was able to be detected. From those results, the order of the ability 

of polymers to trap DIP into amorphous form can be ranked as: PVP > HPMC > EPO. 

 

Figure 4.5. X-ray diffractograms (left) and MDSC thermograms (right) of pure DIP and DIP 

SDs at 70:30 ratio (w/w) prepared by solvent evaporation method. 

 

Figure 4.6. X-ray diffractograms of Pure DIP and DIP SDs at 50:50 (left) and 30:70 (right) 

ratio (w/w) prepared by solvent evaporation method. 
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Figure 4.7. MDSC thermograms of DIP-EPO (a), DIP-HPMC (b), DIP-PVP (c) SDs at 30:70 

ratio (w/w) and pure DIP (d). 

 

4.3.4.2 Spectroscopy of DIP SDs 

FT-IR studies were performed to detect the possible interactions between DIP and 

polymeric carrier in the SDs leading to amorphous state of DIP. Figure 4.8. showed the FT-

IR spectra of DIP-EPO, DIP-HPMC, and DIP-PVP SDs at 30:70 ratio (w/w) compared with 

those of DIP PMs. And the IR peak assignments were shown in Table 4.3. The IR spectra of 

all DIP PMs showed the O–H stretching vibration at around 3327, 2921 and 2852 cm−1. This 

region of interest could produce the interaction between DIP and polymeric carrier via 

intermolecular hydrogen bonding. However, steric hindrance precluded the involvement of 

nitrogen atom in intermolecular interactions, thus making the carbonyl group more 

favorable for hydrogen bonding (Taylor & Zografi, 1997). All DIP SDs showed significantly 

peak shift in the region of interest (O–H stretching vibration of DIP). It was attributed to the 

presence of the intermolecular hydrogen bonds between the hydroxyl group (O-H) of DIP 
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(hydrogen bond donor) and the hydrogen bond receptor of polymer (e.g. C=O bond of EPO 

and C-O-C bond PVP, of HPMC), which caused the O–H stretching vibration to weaken. 

Similar results were obtained by Chen et al. wherein they found a hydrogen-bonding 

interaction between the carboxylic group of polymers (PVP and CoPVP) and the hydroxyl 

group of DIP through FT-IR.  

 

Figure 4.8. IR of DIP PMs and SDs at 30:70 ratio (w/w) prepared solvent evaporation 

method. 
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Table 4.3. Peak positions of different function groups in the IR spectrum for DIP-polymers 

PMs and SDs.  

 -OH Stretching (cm-1) 

 DIP-EPO DIP-HPMC DIP-PVP 

PM 2853 2852 2851 

SD 2851 2853 2853 

PM 2923 2921 2920 

SD 2931 2930 2928 

PM 3324 3327 3328 

SD 3314 3335 3324 

 

4.3.4.3 Summary and discussion of DIP SDs 

It was very difficult to prepare amorphous SD for DIP due to its high crystallization 

tendency, hence higher concentration of polymer or selection of more suitable polymer is 

needed. In this study, HPMC and PVP (as compared to EPO and PEG) were found to be 

better polymer to prepare amorphous DIP SD. Chauhan et al. studied DIP SDs with different 

polymers (e.g. Eudragit E100, HPMC, PVP K90 and PEG 8000); they found that HPMC, PVP 

K90 were able to stabilize amorphous DIP SD at the ratio of 3:1 (w/w) or lower. They 

ability of polymers to stabilize amorphous DIP in SDs was explained by the formation of 

molecular interaction. However, PEG and Eudragit E100 are not able to form amorphous 

DIP SD at all ratios (i.e. 5:1, 3:1 and 1:1) this might attribute to the lack of molecular 

interaction between DIP and PEG (Chauhan et al., 2013).  
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Several other excipients were found to be able to stabilize amorphous DIP in SD (Taniguchi 

et al., 2012; Chen et al., 2007; Zecevic et al., 2014). Chen et al. investigated SD of DIP with a 

novel carrier “copolyvidonum Plasdone®S-630” (CoPVP), and compared the 

physicochemical characteristics of DIP-CoPVP SD with those of DIP-PVP SD. They found 

both DIP-CoPVP and DIP-PVP SDs were amorphous at ratios ranging from 1:5 to 1:1 (w/w), 

while the solubility of DIP in DIP-CoPVP SD was faster than that in DIP-PVP SD, possibility 

attributed to the higher wettability of CoPVP (Chen et al., 2007). Zecevic et al. found that 

amorphous DIP SD can be prepared at various drug loading (20%, 40%, 50% and 60%) by 

using proper polymeric matrix (i.e. HPMC-AS, HPC SSL or their combination). They found 

all the amorphous SDs were able maintain the amorphous form for 1 year in ambient 

environment condition.   

4.3.5 GRI SDs 

4.3.5.1 Physical state of GRI SDs 

The X-ray diffractograms of pure GRI, polymers, PMs and SDs are presented in Figure 4.9. 

Pure GRI showed sharp characteristic diffraction peaks at 2θ angle between 10° and 29°, 

indicating a high crystallinity. GRI-PEG, GRI-EPO and GRI-PVP SDs at 30:70 (w/w) showed 

characteristic diffraction peaks of DIP, suggesting the presence of crystalline DIP in all 

these SDs.  This finding suggested that it is very difficult to trap GRI into amorphous state; 

it might due to the high crystallization tendency of GRI.  Hence, all these GRI SDs were 

prepared and characterized at 10:90 ratio (w/w). All GRI SDs at 10:90 ratio (w/w) 

exhibited a halo pattern without diffraction peak, indicating that these SDs are amorphous. 

The physical states of amorphous GRI SDs were further confirmed by using MDSC, as 

shown in Figure 4.10. all the X-ray amorphous GRI SDs (GRI-PVP, GRI-HPMC and GRI-EPO) 
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showed glass transition event instead of melting peak of GRI, confirmed that these SDs are 

amorphous.  Hence, physical characterization of GRI SDs introduced here failed to rank the 

ability of polymers to trap CUR into amorphous form. 

  

Figure 4.9. X-ray diffractograms of Pure GRI and GRI SDs at 30:70 (left) and 10:90 (right) 

ratio (w/w) prepared by solvent evaporation method. 

 

 

Figure 4.10. MDSC thermograms of (a) GRI-EPO, (b) GIR-HPMC, and (c) GRI-PVP SDs at 

10:90 ratio (w/w). 
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4.3.5.2 Spectroscopy of GRI SDs 

FT-IR studies were performed to detect the possible interactions between GRI and 

polymeric carrier in the SDs leading to amorphous state of DIP. Figure 4.11. showed the 

FT-IR spectra of GRI-EPO, GRI-HPMC, and GRI-PVP PMs and SDs at 30:70 ratio (w/w) 

compared with those of pure DIP and PMs. No significant peak shift can be observed in all 

the systems, suggesting the absence of molecular interaction in these systems. Similar 

results were also reported by Vasanthavada et al. They found EPO and PVP SDs were not 

able to form hydrogen bond with GRI, because of the lack of proton donor groups in EPO 

and PVP (Vasanthavada et al., 2005; AL-Obaidi et al., 2009). 

 

Figure 4.11. IR of GRI PMs and SDs at 10:90 ratio (w/w) prepared by solvent evaporation 

method. 
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4.3.4.3 Summary and discussion of GRI SDs 

It is very difficult to prepare amorphous GRI SDs; it might due to the high crystallization 

tendency and lack of hydrogen bond donor of GRI. Only EPO and PVP can convert GRI into 

amorphous form even at very low drug loading (10%), while none of the molecules showed 

molecular interaction with GRI. Amorphous GRI SDs were reported in literature. 

Vasanthavada et al. prepared and characterized amorphous GRI SD with PVP, they found 

that the freshly prepared GRI-PVP SDs containing either GRI in 30% w/w or lesser 

concentrations were in amorphous state. However, the solid solubility of GRI in PVP is ∼0% 

w/w due to the lack of molecular interaction characterized by FT-IR (Vasanthavada et al., 

2005). Lack of molecular interaction between GRI and PVP was also reported by AL-Obaidi 

et al. wherein the GRI-PVP-PHPMA ternary SD was studied (AL-Obaidi et al., 2009; AL-

Obaidi et al., 2011). Among all the amorphous polymers, HPMCAS has been used most 

frequently for the preparation of amorphous GRI SD (Chiang et al., 2013; Al-Obaidi et al., 

2013a; Al-Obaidi et al., 2013b; Zecevic et al., 2014). It was shown to form hydrogen-bonds 

with GRI and thus can form stable amorphous SDs with GRI at the drug loading of 50% (Al-

Obaidi and Buckton, 2009). In addition, the GRI-HPMCAS SD possessed much higher 

solubility and dissolution as compared to crystalline GRI or GRI-PVP SD (Al-Obaidi et al., 

2013b).  

There are a few polymers which have been reported to form amorphous SD with GRI. Roine 

et al. found GRI-Eudragit L-100-55 SD present in amorphous state at the drug loading at 

5%, whereas crystallization can be observed in 6 month at 30 ˚C, RH67% (Roine et al., 

2015). Stachurek et al. reported that GRI SDs with PEO at the drug loading ranging from 5% 

to 15% are amorphous characterized by DSC and PLM (Stachurek et al., 2009).  
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All SDs mentioned above are prepared by either solvent evaporation or ball milling method. 

On the contrary, Sarode et al. prepared GRI SDs with various polymers (Eudragit EPO, 

Eudragit L-100-55, Eudragit L-100, HPMCAS-LF, HPMCAS-MF, Pharmacoat 603, and 

Kollidon VA-64) by using Hot melt extrusion (HME), they found amorphous GRI SD can be 

generated at drug loading of 50% using all the polymers, suggesting better efficiency of 

HME process in amorphous conversion of the drugs. 

4.3.4.4 SDs prepared by melt quenching method 

As shown in the previous section, it is very difficult to prepare amorphous SD for drug with 

high crystallization tendency by using solvent evaporation method (vacuum drying), it 

usually requires high polymer loading (70% for DIP and 90% for GRI) to obtain completely 

amorphous form. It might due to the slow process of vacuum drying which leads to a high 

risk of phase separation and crystallization; hence it requires higher polymer 

concentration to inhibit the crystallization of drug (Meng et al., 2015). Therefore, melt 

quenching method is used to prepare SDs of drug with high crystallization tendency.  The 

X-ray diffractograms of pure drug (DIP and GRI) and drug-polymer SD are presented in 

Figure 4.12-4.13.  

Increasing polymer concentration into 50%, both DIP-PVP and DIP-HPMC SDs showed 

hallo pattern, indicating their amorphous nature, while DIP-EPO SD exhibited a mainly 

hallo pattern with a very small diffraction peak at around 8°, indicating that DIP-EPO 

system is partially amorphous. Hence the ability of polymers to inhibit the crystallization of 

DIP can be ranked as HPMC, PVP>EPO>PEG. 
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Figure 4.12. X-ray diffractograms of DIP-polymer SDs at 70:30 (left) and 50:50 (right) 

ratios (w/w) prepared by melt quenching. 

 

 

Figure 4.13. X-ray diffractograms of GRI-polymer SDs at 70:30 (left) and 50:50 (right) 

ratios (w/w) prepared by melt quenching. 

DIP-EPO and DIP-PVP SDs at 70:30 ratio (w/w) showed similar diffraction peak as pure 

DIP, indicating the presence of crystalline DIP in the system. In contrast, DIP-HPMC SD at 

70:30 ratio (w/w) showed a hallo pattern, indicating that these systems are amorphous. In 
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contrast all GRI SDs showed hallo patterns without any diffraction peak, indicating that 

these systems are amorphous. However, it should be noticed that GRI-EPO system changed 

into dark color after melt, it might due to the degradation of material. It might give 

misleading information about the physical state of GRI-EPO SD. This color change was 

contradictory to the TGA data, it might due to the difficulty in accurately controlling the 

temperate by using hot plate. 

4.3.4.5 SDs prepared by slow evaporation method 

For drug with low crystallization tendency, amorphous SDs can be generated even at very 

high drug loading (70%) by using solvent evaporation method (vacuum drying). Hence, 

physical state of SDs prepared by vacuum drying was not able to differentiate the ability of 

polymer to inhibit crystallization of those drugs (CUR, IND). Therefore slow evaporation 

was applied as an additional approach to prepare these SDs, the slow evaporation process 

kinetically favors crystallization; it might be helpful to identify the best crystallization 

inhibitor for each drug. 

The X-ray diffractograms of different SDs containing low or moderate crystallization drug 

were provided in Figure 4.14. Unfortunately, all SDs at 70:30 ratio exhibited diffraction 

peak, indicating their crystalline nature. Thus, it is still unclear which polymer has higher 

ability to stabilize drug into amorphous state. However, this result showed the kinetic 

factors (e.g. evaporation rate) is critical for preparing amorphous SDs.  

Since amorphous SDs were not formed at 70:30 ratio (w/w) by using slow evaporation, 

higher polymer concentration (70%) was applied to examine the feasibility of using slow 

evaporation to prepare amorphous SD.   
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Figure 4.14. X-ray diffractograms of CUR, IND and FLU SDs at 70:30 ratio (w/w) prepared 

by slow evaporation. 

 

Figure 4.15. exhibited the XRD diffractograms of drug-PVP SDs at 30:70 ratio (w/w) 

prepared by slow evaporation. Most of the SDs (except GRI-PVP SD) were found to be 

amorphous, whereas GRI-PVP showed crystalline nature. The result indicated that slow 

evaporation was able to prepare amorphous SD at low drug loading; it might be an efficient 

preparation method in lab scale because it requires little material (around 150 mg) and 

easy to conduct.  
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Figure 4.15. X-ray diffractograms of CUR, IND, FLU, DIP and GRI SDs at 30:70 ratio (w/w) 

prepared by slow evaporation. 

 

4.3.5 Dissolution of CUR SDs 

Given that in a dissolution plot, a higher AUC (area under the curve) of the dissolution 

profile indicates better dissolution performance. We defined a dissolution parameter as the 

following equation in order to quantitatively compare the dissolution performance of 

various SDs: 

                           Dissolution performance parameter = AUCsystem / AUCdrug                      (4) 

Where AUCsystem is the AUC of a drug-polymer PMs or SD and AUCdrug is the AUC of the pure 

drug. Obviously, the dissolution parameter is a function of the drug, polymer and drug 

loading, etc. Higher dissolution parameter indicates better dissolution performance. 

The dissolution behavior of pure CUR, PMs and SDs was shown in Figure 4.16. and the 

dissolution profile was summarized in Table 4.4. Due to the poor aqueous solubility of 

CUR, pure CUR exhibited the slowest dissolution and less than 8% of CUR was dissolved 

over a period of 5 hours. Drug-polymer PMs were found to increase drug dissolution to 
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limited extent, overall less than 20% of CUR dissolved in 5 hours and the dissolution 

parameters for all PMs were less than 3. In contrast, all SDs showed good dissolution 

behavior with the dissolution parameter ranging from 8.94 to 14.13; it can also be 

observed in the dissolution plot that both dissolution rate and extent increased 

considerably. Among all the polymers used, HPMC (dissolution parameter of 14.13) and 

EPO (dissolution parameter of 11.64) have shown the greatest influence on both the rate 

and extent of dissolution of CUR. The initial dissolution rate (within first 15 min) of CUR-

EPO SD (70:30 w/w) increased more than 10-fold, and almost completely dissolved (more 

than 90%) from 30 to 60 minutes. The concentration of CUR in solution decreased over a 

period of time, but the extent of dissolution (within 5 hours) still increased from 5.4% to 

60.3% (12 folds) with respect to pure CUR. Interestingly, the enhancement of initial 

dissolution rate in CUR-HPMC SD system (70:30 w/w) was not as good as CUR-EPO system, 

but it showed the most significant improvement in dissolution extent  of approximately 15-

fold over a period of 5 hours. These results correlated well with the results obtained by IR 

and Raman, which indicated that EPO and HPMC formed the strongest interactions with 

CUR.  

Table 4.4. Summary of the dissolution profile for pure CUR, PMs and SDs. 
 

 Pure CUR 
CUR-

EPO PM 
CUR-

HPMC PM 
CUR-

PEG PM 
CUR-

PVP PM 
CUR-

EPO SD 
CUR-

HPMC SD 
CUR-

PEG SD 
CUR-

PVP SD 

AUC 1638.75 2815.5 3039 4137 4143 19068.8 23163 14650.5 15567 

Dissolution 
Parameter 

1 1.72 1.85 2.52 2.53 11.64 14.13 8.94 9.50 
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Figure 4.16.  Dissolution of CUR, PMs and SDs. All SDs showed remarkable enhancement in 

drug dissolution, CUR-EPO showed maximum dissolution rate during first 1 hour, whereas 

CUR-HPMC was able to maintain high dissolution rate for 6 hour. 

 

Sarode et al. studied the role of ionic interaction in the dissolution behavior of SDs. In their 

study, SDs in which ionic interaction were formed tends to have  much higher dissolution 

rate as compared to SDs which do form ionic interaction (Sarode et al., 2013). Further, like 

the dissolution behavior of CUR-EPO SD in our study, they found in non-sink condition of 

simulated gastric fluid (SGF),  IND-EPO SD (i.e. weakly acid drug and weakly basic polymer) 

reached the supersaturation level (more that 100%) in 30 minutes, while the concentration 

of IND in solution dropped quickly, and eventually maintained in around 42% drug release. 

Whereas in sink condition of simulated intestinal fluid (SIF), IND-EPO was able to maintain 

high dissolution (around 100%) over 5 hours. Similarly, for SD containing weakly basic 

drug (Itraconazole) and anionic polymers (HPMCAS-LF, HPMCAS-MF, and Eudragit L-100-

55), although fast dissolution was observed, the percentage of drug in solution dropped 
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quickly in non-sink condition of SGF but not in sink condition of SIF. On the contrary, SD of 

neutral drug GRI was able to maintain supersaturation in non-sink condition of both SGF 

and SIF (Sarode et al., 2013). It seems that not only the strength of molecular interaction, but 

also the type of interaction would affect the dissolution behavior of SDs. Although ionic 

interaction helps in fast dissolution, it might not be as effective as H-bondig towards 

precipitation inhibition in solution.    

Dissolution behavior of FLU-polymer SD was studied in out lab (Trivino Anne’s thesis). The 

highest dissolution improvement was found in FLU-PVP SD, possibly due to the high ability 

of PVP to trap FLU into amorphous form.  FLU-PEG also exhibited high dissolution 

improvement, and it might attributed to the formation of co-crystal, which is out of scope 

for this study, hence would not be discussed here. The rank order of polymer ability to 

enhance FLU dissolution in SDs was found to be: PVP > PEG > HPMC > EPO. This result 

correlates well to our study on physicochemical properties of drug-polymer PMs. The 

comparison on dissolution behavior of DIP and GRI SD with the four polymers (EPO, PEG, 

HPMC, and PVP) has not been reported, and it is considered as future study for this project.    

The dissolution performance of SDs is very complicated as a variety of events can take 

place simultaneously: dissolution of polymer, formation of concentrated polymer layer or 

gel layer, dissolution of drug, nucleation and growth of the stable form (Kogermann et al., 

2013). Generally, SDs containing higher concentration of polymer tends to have better 

dissolution performance, due to its higher ability inhibit the crystallization as well as 

precipitation of drug. While the result of this study suggests that even low percentage of 

polymer can have significant impact on drug dissolution. Several mechanisms have been 

proposed to account for the improvement of dissolution behavior in SDs, including the 
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conversion of drug from crystalline state to amorphous state, the reduction of particle size, 

the weakening of aggregation and agglomeration, the solubilizing effect of polymers and 

the improvement in wettability (Craig et al., 2002). The role of molecular interaction in 

dissolution improvement may attribute to the diffusion decrease of drug molecules to form 

a crystalline lattice, the stronger driving force for solubilizing and the inhibition of drug 

from recrystallization and precipitation.  

4.3.6 Stability of amorphous SDs 

Physical stability for amorphous DIP and GRI SDs prepared by both solvent evaporation 

method [30:70 ratio (w/w)] and melt quenching method [ 50:50 (w/w)] were evaluated 

using XRD 90 days after preparation. As shown in Figure 4.17-4.18. all DIP SDs at 30:70 

ratio (w/w) prepared by solvent evaporation method exhibited a hallo pattern, indicated 

that these SDs stay in amorphous state over a period of 90 days. On the contrary, all DIP 

SDs at 50:50 ratio (w/w) prepared by melt quenching method showed mainly hallo pattern 

with small diffraction peaks, suggested that part of the amorphous DIP crystallized during 

storage. In contrast, all GRI SDs showed hallo pattern, suggesting they were stable in 

amorphous form over 90 days.  

Wegie et al. (2014) have extensively studied the physical stability of CUR-PVP, CUR-EPO 

and CUR-HPMC SDs. In their study, EPO was found to be the most effective crystallization 

inhibitors. Even under harsh conditions like 84% relative humidity (25 °C) or 75% relative 

humidity (40 °C), the CUR-EPO SD were physically stable for up to 350 days and 200 days, 

respectively. This result is in agreement with on prediction on CUR-polymer molecular 

interaction and investigation on CUR-polymer miscibility, which is, CUR-EPO system forms 
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strongest physical interaction and has the highest miscibility. In contrast, PVP showed the 

poorest ability to inhibit CUR crystallization. The CUR-PVP SDs started to crystallize in 6 

days at 50 °C. There are several reasons for this poor stability, such as the high 

hygroscopicity of PVP and most importantly, the immiscibility between CUR and PVP.  

  

Figure 4.17. XRD diffractograms of DIP SDs prepared by solvent evaporation method at 

30:70 ratio (w/w) (left) and by melt quenching method at50:50 ratio (w/w) (right) after 

90 days . 

 

Figure 4.18. XRD diffractograms of GRI SDs prepared by solvent evaporation method at 

10:90 ratio (w/w) (left) and by melt quenching method at50:50 ratio (w/w) (right) after 

90 days. 
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CHAPTER 5  

Correlation between Physicochemical Properties of Drug-
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5.1 Introduction 

The study investigated three factors as indicators of the physicochemical properties of 

drug-polymer system, which are the crystallization tendency, miscibility and molecular 

interactions. These factors are commonly investigated albeit not together for early 

screening of appropriate polymers for the development of solid dispersions. On the other 

hand, solid dispersions were prepared and their performance viz. physical state, 

dissolution and stability were investigated. This chapter will correlate these two aspects of 

the solid dispersions. The established relationship will be beneficial for providing 

significant insight and advances in developing appropriate screening method for 

amorphous solid dispersion. 

5.2. Correlation among drug-polymer PMs 

The effect of polymers on crystallization tendency, miscibility and their interactions with 

drugs were listed in Table 5.1.  

Table 5.1. Rank order of crystallization tendency, miscibility and molecular interaction 
investigated by different approaches on drug-polymer PMs.  
 

 Crystallization tendency Melting point depression Tg (Deviation) Summary 
CUR EPO, HPMC,PVP, PEG EPO>HPMC,PVP EPO>HPMC,PVP EPO>HPMC,PVP 

IND EPO, HPMC,PVP>PEG EPO>HPMC,PVP EPO>HPMC,PVP EPO>PVP>HPMC 
FLU PVP,HPMC>EPO>PEG PVP>HPMC>EPO PVP>HPMC, EPO PVP>HPMC>EPO 
DIP HPMC>PVP >EPO, PEG HPMC>PVP,EPO - HPMC>PVP>EPO 
GRI EPO>PVP>HPMC>PEG EPO>HPMC,PVP - EPO>PVP>HPMC 

 

The study establishes pure CUR and IND as low crystallization tendency, FLU as moderate 

crystallization tendency and DIP and GSV as high crystallization tendency drugs. IN 

presence of polymers, all CUR polymer systems showed low crystallization tendencies. 

Similarly, most of the IND systems (IND-EPO, IND-HPMC and IND-PVP) showed low 
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crystallization tendencies. Interestingly, IND-PEG PM at 90:10 and 70:30 ratio (w/w) 

showed moderate crystallization tendency, which can be attributed to the crystalline 

nature of PEG and lack of molecular interaction as well as miscibility between IND and PEG. 

FLU-PVP and FLU-HPMC showed low crystallization tendency at 70:30 ratio (w/w), 

whereas FLU-EPO and FLU-PEG showed moderate crystallization tendency. The results 

established that PVP and HPMC have higher ability to inhibit the crystallization of FLU as 

compared to EPO and PEG. None of the polymer was able to form low crystallization 

tendency system with DIP. DIP-HPMC was the only system which showed moderate 

crystallization tendency at 70:30 ratio (w/w), indicated that HPMC has the highest ability 

to inhibit DIP crystallization. Among other polymers, only PVP was able to make a 

difference i.e. DIP-PVP showed moderate crystallization tendency at 50:50 ratio (w/w). 

Surprisingly, GRI-EPO and GRI-PVP systems showed low crystallization tendency at 70:30 

ratio (w/w). Moreover, GRI-HPMC system at 70:30 ratio (w/w) also showed lower 

crystallization tendency as compared to pure GRI. 

It has been recently suggested that drugs with low crystallization tendency are good 

candidate for amorphous solid dispersion, because these drugs are easier to be converted 

and stabilized in amorphous state (Eerdenbrugh et al., 2010; Meng et al., 2015). However, 

this study showed that the crystallization tendency of drug-polymer PM rather than that of 

the pure drug is more significant in predicting the feasibility of forming amorphous solid 

dispersion. For example, solid dispersions containing low crystallization tendency drug 

should ideally be easy to convert into amorphous form. Nevertheless, the crystallization 

tendency of these pure drugs can change in presence of polymer, which can act as 

crystallization initiator instead of inhibitor. On the contrary, by using appropriate polymer, 
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stable amorphous solid dispersion can be formed for moderate or even high crystallization 

tendency drug. Hence investigation on the crystallization tendency of drug-polymer PM is 

more relevant and provides better insight into the performance of solid dispersion.  

CUR-EPO system has the greatest melting point depression and positive Tg deviation, 

indicating the highest miscibility and the presence of molecular interaction. Hence EPO can 

be considered as the most suitable polymer for CUR. Similarly, IND-EPO system showed 

significant melting point depression and positive Tg deviation. In case of FLT, PVP was 

found behave excellent miscibility compared to other polymers. Similarly, DIP-HPMC 

system showed the greatest melting point depression, indicating high miscibility. Hence 

HPMC was identified as the most suitable polymer for DIP, followed by PVP. In addition, 

GRI-EPO showed the greatest melting point depression. Hence EPO might be the most 

suitable polymer for GRI. 

Drug-polymer miscibility has been known to be a key determinant for the rational 

screening of polymers (Baird and Taylor 2012; Qian et al., 2010).  However, drug-polymer 

miscibility can be determined by different ways which can results in polymers ranked 

differently based on the technique used. For Example, EPO being low Tg polymer can 

depress the melting point of several drugs compared to high Tg polymers such and PVP or 

HPMC. Thus, using melting point depression techniques for the evaluation of miscibility 

might be biased and can produce erroneous results if used alone. On the other hand Meng 

et. al. Characterized drug polymer miscibility based on various techniques and ranked 

ordered based on the results obtained from them (Meng et al., 2015) . Utilizing these 
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techniques was found to be much more robust and rational compared to using single 

technique. 

Molecular modeling can provide insights into potential interactions between drugs and 

polymers. However, since these are theoretical simulations it is very important to combine 

it with other factors like crystallization tendency and miscibility. In some cases, molecular 

modeling results correlated well with the miscibility and performance between drug and 

polymers. For example, the greatest negative value of Ebind in FLU-PVP system might 

partially explain the highest dissolution and physical stability of FLU-PVP SD.  

Thermal analysis can also provide information about interactions between drug and 

polymers. Example IND-PVP system showed no remarkable Tg deviation but deviation 

between theoretical and experimental Tg indicated possible interactions. Further, in terms 

of molecular interaction, FLU-PVP system showed little deviation between experimental Tg 

and theoretical Tg, suggesting the presence of molecular interaction. In contrast, FLU-

HPMC system shows significant Tg deviation, indicating the absence of molecular 

interaction. As seen in Table 5.1., different rank order of polymers can be obtained while 

evaluating different factors. Both of the low crystallization tendency drugs (CUR and IND) 

showed low crystallization tendency at the presence of polymer (except IND-EPO system). 

Hence for drug with low crystallization tendency, the effectiveness of polymer to inhibit 

drug crystallization cannot be ranked by the approach introduced in this study. Hence, 

combination with other approaches such as melting point depression, Tg deviation or 

molecular modeling is needed for the selection of polymer. For CUR and IND systems, the 

melting point depression results correlate well with Tg deviation, indicating that molecular 
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interaction plays a important role in drug-polymer miscibility. For drug with moderate or 

high crystallization tendency, the effectiveness of polymers as crystallization inhibitor was 

successfully determined and ranked. Similar rank order was also observed in melting point 

depression and Tg deviation. Specifically, polymers showing high crystallization inhibition 

effect also showed melting point depression and positive (or no) Tg deviation. Interestingly, 

the melting point depression in FLU, DIP and GRI systems is in consistent with the 

effectiveness of polymer to inhibit drug crystallization. This result suggested that drug-

polymer miscibility is important for polymer’s crystallization inhibition effect. Hence it’s 

very important to take a holistic approach and summarize the rank order by combining the 

results obtained from multiple approaches. Example, the suitability of polymers for FLU 

can be ranked in the following order:  PVP>HPMC>EPO>PEG. This rank order not only 

helps in selecting the best polymer for developing solid dispersions but also can be 

valuable in case of fall back due to innumerable reasons associated in drug development 

process. 

5.3. Correlation of Physicochemical properties of drug-polymer systems to the 

physical state of solid dispersions 

The physical state of drugs (low or moderate crystallization tendency) in prepared solid 

dispersions is shown in Table 5.2. It is evident that drug with low crystallization tendency 

can be easily formed into amorphous form using suitable polymer. For example, CUR and 

IND were converted into amorphous form by using 25%-30% of polymer (e.g. PVP, HPMC 

or EPO). It is in agreement with the crystallization tendency of drug-polymer PMs, where 

most of the PMs containing CUR and IND showed low crystallization tendency. Only IND-



118 

 

PEG solid dispersion remained in crystalline state, in consistent with the moderate 

crystallization tendency of IND-PEG PM.  

Table 5.2. Physical state of solid dispersions for drug with low or moderate crystallization 
tendency at low polymer concentration.  

 CUR IND FLU 

PVP A A A 

HPMC A A C 

EPO A A C 

PEG C C C 

            A: amorphous; C: crystalline; P: partially amorphous 

            CUR and FLU SDs were investigated at 70:30 ratio (w/w). 

            IND SDs were reported at 3:1 ratio (w/w) 

 

For FLU solid dispersions, only FLU-PVP was found to be amorphous at 70:30 ratio (w/w). 

Further, FLU-PVP solid dispersion showed much higher molecular interaction than other 

systems. This is in agreement with investigation on FLU-polymer PMs, where lowest 

crystallization tendency, highest miscibility and presence of molecular interaction were 

found in FLU-PVP system. Similarly, it was reported that, as compared to HPMC, PVP is a 

much more effective crystallization inhibitor for FLU, possible due to the presence of 

multiple hydrogen bond donor groups (Trasi and Taylor 2012). 

The physical state of drugs (with high crystallization tendency) in solid dispersions is 

shown in Table 5.3. For drug with high crystallization tendency, none of the polymer is 

able to convert the drug into amorphous form at 70:30 ratio (w/w) by using solvent 

evaporation method. Increasing polymer concentration into 50:50 ratio (w/w), DIP-PVP 

and DIP-HPMC were in amorphous state, whereas DIP-EPO was crystalline. The difference 
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in physical state between DIP-HPMC and DIP-PVP systems was observed through melt 

quenching method. DIP-HPMC solid dispersion was amorphous at 70:30 ratio (w/w), 

whereas DIP-PVP and DIP-EPO were in crystalline state at that weight ratio.  This result 

also correlates well with the investigation on crystallization tendency, where the PVP was 

found to be the best crystallization inhibitor for DIP, followed by HPMC. While EPO and 

PEG were found to have no inhibition effect on DIP crystallization. Surprisingly, all GRI 

solid dispersions were crystalline at 30:70 ratio (w/w) while were amorphous at 10:90 

ratio (w/w), contradictory to the crystallization tendency of GRI-polymer PMs, where GRI-

PVP and GRI-EPO showed low crystallization tendency at 70:30 ratio. The system need to 

be explored further to understand these observations. 

Table 5.3. Physical state of solid dispersions for drug with high crystallization tendency at 
different drug-polymer ratios (w/w).  

 Solvent Evaporation Melt Quenching 

70:30 50:50 30:70 10:90 70:30 50:50 

DIP-EPO C C A - C P 

DIP-PVP C A A - C A 

DIP-HPMC C A A - A A 

DIP-PEG - - - - - - 

GRI-EPO - - C A A A 

GRI-PVP - - C A A A 

GRI-HPMC - - C A A A 

DIP-PEG - - - - - - 

     A: amorphous; C: crystalline; P: partially amorphous 
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5.4. Correlation of Physicochemical properties of drug-polymer systems to the 

physical stability and dissolution enhancement of solid dispersions 

Previous study proved that EPO was the most effective crystallization inhibitors for CUR 

(Wegie et al., 2014). It is in agreement with on prediction on CUR-polymer molecular 

interaction and investigation on CUR-polymer miscibility, which is, CUR-EPO system forms 

strongest physical interaction and has the highest miscibility. In solution, all CUR solid 

dispersions showed significant dissolution improvement. CUR-EPO solid dispersion 

showed the fastest dissolution rate and CUR-HPMC solid dispersions showed the in 

maintaining high supersaturation level. The good dissolution performance of CUR-EPO 

solid dispersion was also found by Li et al. (2015). It was expected from our studies of CUR-

polymer PMs because CUR-EPO system showed the highest miscibility as well as molecular 

interaction. However, the significant dissolution enchantment for CUR-HPMC system was 

not expected, the reason might be that, in this case, the molecular interaction predicted by 

Tg deviation and molecular modeling did not fully depict that in solid dispersion.  

IND-EPO and IND-PVP solid dispersions were found to show the highest dissolution 

enhancement among other IND solid dispersions, due to the strong ability of EPO and PVP 

to inhibit the crystallization as well as precipitation in solution (Chauhan et al., 2014; Fini 

et al., 2008). This result correlates well with the investigation on IND-polymer PM, where 

EPO showed the highest miscibility and the presence of molecular interaction was found in 

both IND-EPO and IND-PVP systems. Although IND-PVP system did not show significant 

melting point depression in our study, Marsac et al. found good miscibility in IND-PVP K12 

system characterized by significant melting point depression and negative value of 

interaction parameter (Marsac et al., 2009). Ewinga et al. compared the performance 
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(physical stability and dissolution profile) of IND-PEG and IND-HPMC solid dispersions 

using ATR-FTIR spectroscopy; they found that IND-HPMC solid dispersion was more stable 

against crystallization and also showed faster dissolution as compared to IND-PEG solid 

dispersion (Ewinga et al., 204). 

FLU-PVP solid dispersion showed the best dissolution profile (highest dissolution rate and 

extent) while FLU-EPO showed the poorest dissolution profile among all the FLU solid 

dispersions. This is in consistent with the crystallization tendency, miscibility and 

molecular interaction predicted in FLU-polymer PMs. Therefore, the investigation on FLU 

PMs has been successfully correlated to the performance of FLU solid dispersion. There are 

limited literature reported on the performance of FLU solid dispersion (Dahlberg et al., 

2010; Dahlberg et al., 2011; Trasi and Taylor 2012). Dahlberg et al. found FLU-HPMC solid 

dispersions with drug loading of 15 wt %, were amorphous once generated, however, it 

crystallized after 30 days (Dahlberg et al., 2011). Interestingly, the performance of FLU-PVP 

solid dispersions, which was predicted as good performance formulation in this study, has 

not been explored in literature.   

Chauhan et al. studied the stabilization of the supersaturated solutions for DIP solid 

dispersions (Chauhan et al., 2015). In their study, EPO and HPMC were found to be highly 

effective precipitation inhibitors for DIP, and works in various supersaturated systems for 

precipitation inhibition. PVP decreased only the precipitation rates of DIP and PEG showed 

no inhibitory effect on DIP precipitation. Most of their observations were in consistent with 

our result, where HPMC was identified as the most effective crystallization inhibitor in 

solid state.  
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The physical stability DIP and GRI solid dispersions were performed. However, all solid 

dispersions either stable in amorphous form or crystallize at the same time. Dissolution 

study for DIP and GRI solid dispersion were not performed due to practical issue, it is 

considered as future study. Unfortunately, there are limited literature comparing the 

performance of amorphous GRI solid dispersions, hence for GRI systems only correlation to 

the physical state of the solid dispersion was established.  

The dissolution behavior of CUR, IND and FLU correlates well with the crystallization 

tendency of drug-polymer PM as well as molecular interaction predicted by Tg deviation. 

Hence, it could be concluded that the improvement of dissolution and maintenance of 

supersaturation related to the ability of polymer to convert and stabilize drug into its 

amorphous form, and to form molecular interaction with the drug. The correlation 

established in this study will help in designing a cost-effective polymer selection to produce 

robust amorphous solid dispersion. 

5.5 Correlation between physicochemical properties of Low Tg polymer Eudragit 

systems and its solid dispersions 

As compared to high Tg polymers (HPMC and PVP), the low Tg polymer (EPO) showed 

limited effect on decreasing the crystallization tendency of FLU and DIP. As a consequence, 

EPO was less effective in forming amorphous solid dispersions with FLU or DIP (i.e. 

requires higher polymer concentration). The limited crystallization inhibition effect of EPO 

could due to the lack of miscibility, molecular interaction, or possibly to the low Tg of EPO. 

Chauhan et al. found that EPO showed effective precipitation inhibition effect on DIP in 

solution but not in the solid-state amorphous stabilization, and attributed the limited solid-
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state amorphous stabilization effect to the low Tg of EPO (Chauhan et al., 2013). On the 

contrary, IND-EPO solid dispersion was reported to have both high solid-state stability as 

well as significant dissolution enhancement, possibly due to the formation of ionic 

interaction and high miscibility (Priemel et al., 2013; Liu et al., 2012). In present study, the 

crystallization inhibition effect of EPO on acidic drug (CUR and IND) was not differentiated 

from that of HPMC and PVP, since all systems showed low crystallization tendency. 

However, significant melting point depression and positive Tg deviation were observed in 

CUR-EPO and IND-EPO systems (acidic drug-EPO), suggesting high miscibility and the 

presence of molecular interaction. Not only for acidic drug, superior crystallization and 

precipitation inhibitory effect of EPO was reported for other neutral drugs (Cho et al., 2015; 

Patel et al., 2015). For example, Cho et al. found the inhibitory effect of EPO on sirolimus 

precipitation was much stronger compared to HPMC (Cho et al., 2015). Hence, it is evident 

that molecular interaction and miscibility play a more important role in the performance of 

solid dispersion rather than Tg of the polymer.  

5.6 Correlation between physicochemical properties of crystalline systems and its 

solid dispersions 

PEG showed the lowest ability to influence the crystallization tendency of drug, possibly 

due to its crystalline nature. All drug-PEG systems showed significant melting point 

depression (data not shown), however, it does not necessarily indicate high miscibility. 

Since PEG melt before all the drugs due to its low melting point (63°C), the drug might get 

dissolved inside the melted polymer matrix during the heating process, result in kinetically 

favorable mixing. A large number of literature reported significant dissolution 

improvement in PEG solid dispersion, regardless of the physical state of drug (Zerrouk et 
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al., 2001; Lheritier et al., 1995; Biswal et al., 2008). For instance, gliclazide-PEG solid 

dispersion, where drug present in microcrystalline or amorphous state, exhibited great 

dissolution enhancement compared to pure gliclazide (Biswal et al., 2008). Interestingly, 

Bley et al. found the dissolution enhancement of carbamazepine and nifedipine solid 

dispersions was not directly correlated to the physical state of the drugs. PEG solid 

dispersions (drug present in crystalline state) showed higher dissolution improvement 

compared to EPO, PVP solid dispersions (drug present in crystalline state) (Bley et al., 

2010). The mechanism of dissolution enhancement in amorphous/ crystalline solid 

dispersions is different. In amorphous solid dispersion, the dissolution advantage is 

primarily due to the high energy amorphous state of the drug. While in crystalline solid 

dispersion, PEG solid dispersion for example, the solubilization effect of PEG, reduction of 

particle aggregation of the drug, increased wettability and dispersibility, and alteration of 

the surface properties of the drug particles might be responsible for the enhanced 

dissolution (Meng et al., 2015). The dissolution enhancement and stability of crystalline 

solid dispersion might not correlate to the crystallization tendency of the system, due to its 

different dissolution mechanism, and since this study focus on amorphous solid 

dispersions, the performance of PEG sold dispersion was not further explored.  

5.7 Other correlations  

Similar to this study, there are a number of literature reported correlations within factors 

like crystallization tendency, drug-polymer miscibility, molecular interaction and 

crystallization of amorphous drug in solution. For instance, Eerdenbrugh et al. compared 

the crystallization behavior of drug in aqueous environment with the crystallization 

tendency in non-aqueous environment (Eerdenbrugh et al., 2014). They found that the 
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crystallization tendency of drugs was somehow similar regardless of the crystallization 

environment. Hence it is reasonable to assume that the crystallization tendency of drug-

polymer system in solid state reflects the crystallization behavior in solution.  

Computational modeling has been recently developed in pharmaceutical industry 

(Alhalaweh et al., 2014; Pajula et al., 2010). For example, the computational docking 

approach was successfully developed for quick polymer screening to inhibit the 

crystallization of amorphous drugs (Pajula et al., 2012). This screening method is also fast 

and cost-effective, and gives reasonable prediction to the formation of amorphous solid 

dispersion. Thus it is recommended incorporating both experimental and computational 

approaches for screening of amorphous solid dispersions in industry. Similarly, Pajula et al. 

developed a method to predict the formation and stability of amorphous small molecule 

binary mixtures (Pajula et al., 2010). They found that the computational determined 

Flory−Huggins interaction parameter is a reasonably good indicator for predicting the 

phase stability of small molecule binary system.   
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6.1   Potential Future Studies 

Although good correlation was found between the physicochemical properties of drug-

polymer PMs and the performance of SDs, it is still not enough to establish a screening 

method for polymer selection. Hence we proposed the following studies for establishing a 

robust screening method (Figure 6.1.): 

 

                                  Figure 6.1. Summary of future studies. 

6.1.1 Adding polymers including anionic polymer, cationic polymer with high Tg   

This study has taken five drugs with different properties: 2 drugs (i.e. DIP, GRI) with high 

crystallization tendency, 1 drug with moderate crystallization tendency (i.e. FLU) and 2 

drugs with low crystallization tendency (i.e. IND, CUR). On the other hand, 2 drugs (i.e. IND, 

CUR) are weakly acidic, 1 drug is weakly basic (i.e. DIP) and 2 drug are neutral (i.e. FLU and 

GRI). Hence the selected drugs seem to be diverse enough for this study. 

The selected amorphous polymers contain 2 non-ionic polymers (i.e. PVP, HPMC) and 1 

cationic polymer (i.e. EPO). The cationic polymer (i.e. EPO) has low Tg value while 2 non-

ionic polymers (i.e. PVP, HPMC) has relatively high Tg. Therefore, more polymers need to 

be incorporated in the future. For example, an anionic polymer (e.g. PAA) needs be 

selected; also another cationic polymer with high Tg would add a lot of value to this study. 
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Further, it was found that none of the selected forms molecular interaction with GRI, thus 

adding a polymer which has been reported to form molecular interaction with GRI (e.g. 

HPMCAS) would be helpful. 

6.1.2. Spectroscopy of amorphous drugs  

It should be noticed that the physical state (i.e. crystalline or amorphous) of drug also affect 

its IR/Raman spectrum. Hence it would be beneficial to explore the spectroscopy of pure 

amorphous drug and compare it with that of the SD. This study has not explored the 

spectroscopy of amorphous drug, because we found it is very difficult to convert the drug 

into amorphous state without adding polymer. 

6.1.3. Dissolution studies for DIP and GRI systems 

In this study, dissolution study was performed only for CUR system, dissolution study for 

IND and FLU systems was found in literature. Therefore it would to helpful to perform 

dissolution study for DIP and GRI systems.  

6.1.4. Further physical stability for DIP and GRI systems 

Similarly, stability studies were conducted for DIP and GRI systems, stability for CUR, IND 

and FLU was found in literature. However, the physical stability in this study failed to 

differentiate the effectiveness of polymers in stabilizing amorphous drug. In future study, 

the stability of amorphous systems can be explored under harsh conditions with various 

humidity and temperature. It is very important to evaluate the physical stability of 

amorphous SD, since it is currently considered as the most important issue which 

hindering the development of amorphous SD. 

 


