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ABSTRACT  

The poor water solubility of many drugs has emerged as one of the major challenges in 

the pharmaceutical world. Amorphous solid dispersions (ASDs) are one of the most widely 

used formulation strategies for the enhancement of in-vitro and in-vivo performance of 

poorly water-soluble drugs. However, because of their meta-stable nature the physical 

stability of amorphous solid dispersions has been considered to be the main obstacle for their 

formulation development and commercialization by the pharmaceutical industry. Significant 

upfront development is therefore required to generate stable amorphous formulations. The 

aim of this project was to understand, predict and enhance the solubility and physical stability 

of ASDs. Two model drugs (dipyridamole and cinnarizine) and three polymeric matrices 

(polyvinyl pyrrolidone, polyacrylic acid and hydroxypropyl methyl cellulose) were 

formulated by spray drying into binary and ternary solid dispersions. A series of 

physicochemical characterization techniques including mDSC, PXRD, FTIR, DVS, in-vitro 

dissolution and NMR were used to evaluate the systems. Physicochemical characterization of 

the various systems including amorphous drug crystallization kinetic studies, prediction of 

drug-polymer miscibility, in-vitro dissolution studies, physical stability studies and 

investigation into polymer-surfactant combinations of ternary solid dispersions were carried 

out. Across the project, several key achievements were obtained. It was revealed that the 

crystallization tendency of the amorphous drugs, drug-polymer miscibility, drug-polymer 

interaction, robustness of drug-polymer interaction under stress conditions, processing 

conditions, drug loading and antiplasticization effect are some of the dominant factors 

controlling the physical stability and solubility of the amorphous systems. The results of the 

project are expected to contribute to the formulation development of amorphous solid 

dispersions in terms of screening suitable drug and polymer candidates, selecting “safe” 

(physically stable) drug loadings and the identification of methodologies to improve the 

physical stability and solubility of formulations. 
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CHAPTER 1. INTRODUCTION 
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1.1. Introduction 

Oral drug delivery is the most commonly employed drug delivery route due to its ease of 

administration, high patient compliance, cost effectiveness, reduced sterility constraints and 

flexibility of dosage form design.1 When a drug is administered orally, it has to cross certain 

checkpoints (varies from drug to drug) within the biological system including dissolution in 

gastro-intestinal (GI) fluids, permeation across the gut membrane and first pass metabolism 

to finally reach its site of action via systemic circulation. Every checkpoint presents a 

potential bottleneck, of which dissolution in gastric fluid is of prime importance. Indeed, for 

the majority of drugs it is the main requirement to enable systemic circulation which 

determines the bioavailability. Taking into account the conceivable rate-constraining steps, 

Amidon et al. (1995) classified Active Pharmaceutical Ingredients (APIs) into four groups on 

the basis of their solubility and permeability known as the Biopharmaceutical Classification 

System (BCS) as shown in Figure 1.1.2 BCS involves mathematical analysis to 

experimentally determine solubility and permeability of drugs under specified conditions.3 

According to the US Food and Drug Administration (FDA), a drug is considered to be highly 

soluble when its highest clinical dose strength is soluble in 250 mL or less of aqueous media 

over a pH range of 1-7.5 at 37.5°C and it is considered to be highly permeable if the 

absorption of an orally administered dose in humans is > 90% when determined using mass 

balance or in comparison to an intravenous reference dose.4 A biowaver (permission to skip 

in-vivo bioequivalence studies) may be applied for certain drugs that pass specific in-vitro 

solubility and permeability requirements. The following discussion is limited to BCS Class II 

drugs (low solubility and high permeability). 

Poor aqueous solubility is a matter of serious concern if the clinical dose of drug cannot 

dissolve in the available volume of GI fluids. A well-known example is Danazol which has 

an aqueous solubility of ~1μg/mL at gastric pH and a dose of 200-600mg/day.5, 6 To 

completely dissolve the lowest clinical dose of danazol at gastric pH, approximately 200 L of 

aqueous media would be required which is obviously impossible in vivo. Furthermore, poorly 

water soluble drugs will typically exhibit dissolution rate limited absorption as they may pass 

their absorption site before complete dissolution. Therefore, there is great interest amongst 

formulation scientists to develop reliable, efficient, cost effective and scalable methods to 

increase the aqueous solubility of BCS Class II drugs. Common formulation strategies to 

tackle this challenge include pH adjustment, self-emulsifying drug delivery systems 

(SMEDDS), particle size reduction, super critical fluid (SCF) processing, inclusion 
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complexes/complexation, co-solvency, micellar solubilization, hydrotrophy, solid 

dispersions, nano-suspensions, co-crystals and nano-crystallization.7 8 9 The choice of a 

particular method depends mainly on the physicochemical characteristics of drug, carrier 

properties and their expected use.10   

 

Figure 1.1. Biopharmaceutics classification system and formulation approaches for 

different classes of drugs 

The crystalline form of a drug offers the advantage of high purity and physical/chemical 

stability. However, the lattice energy barrier is a major constraint in the dissolution of 

crystalline drug molecules.11 The amorphous state, on the other hand, exhibits a disordered 

structure in comparison to crystalline form and possesses higher free energy (thermodynamic 

driving force) leading to higher apparent water solubility, dissolution rate and oral 

absorption.12 Pure amorphous drugs are rarely used in formulation development because of 

their inherent physical/chemical instability. However, the solubility advantage of these 

systems can be retained by devising effective strategies to “kinetically stabilize” amorphous 

APIs. This has encouraged the development of amorphous solid dispersion (ASD) products. 

 The concept of solid dispersions was first proposed by Sekiguchi and Obi in 1961.13 On 

the basis of the distribution of the drug molecules in the carrier matrix, solid dispersions can 

be divided into three types: (a) Eutectic systems are mixture of two compounds in a specific 

ratio and have a single melting point which is lower than the melting points of the individual 

components; (b) Solid solutions which are further divided into substitutional solid solutions 

(solute molecule replace a solvent molecule), interstitial solid solutions (solute molecule is 
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present in the interstices) and amorphous solid solution having solute randomly distributed in 

an amorphous carrier, and; (c) Microfine crystalline dispersions are crystalline dispersions of 

drugs in the carrier matrix.14 The concept of a solid dispersion has been successfully applied 

to oral formulations containing drugs with a high crystallization tendency (such as Ivacaftor 

in Kalydeco) and also with a high drug loading (375 mg per tablet in Incivek) (Table 1.1).15 

A wide range of pharmaceutical excipients such as carbohydrates, lipids, proteins, sugars 

(sucrose, xylitol), organic acids (succinic acid), surfactants (Spans®, Renex®), urea, 

pentaerythritol and polymers have been investigated and employed to kinetically stabilize the 

amorphous APIs.16 Taking into consideration its most used form as shown in Table 1.1, solid 

dispersion can now be more narrowly defined as the dispersion of amorphous drug in a 

polymeric carrier matrix.17 The following discussion is limited to a system that fits this more 

concise definition i.e. polymeric amorphous solid dispersion (PASDs). Information related to 

eutectic mixture or microfine crystalline dispersion can be found elsewhere.18  

Table 1.1. FDA approved solid dispersion products 

Product 

Name 

Drug Polymersa PASD preparation 

method19 

Maximum drug loading 

per tablet/capsule (mg)b 

Dosage form 

Kalydeco Ivacaftor HPMCAS Spray Drying 150 Tablet 

Zelboraf Vemurafenib HPMCAS Co-precipitation 240 Tablet 

Incivek Telaprevir HPMCAS Spray Drying 375 Tablet 

Intelence Etravirine HPMC Spray Drying 200 Tablet 

Novir Ritonavir PVP/PA Melt Extrusion 100 Tablet 

Kaletra Lopinavir PVP/VA Melt Extrusion 200 Tablet 

aInformation obtained from excipients list, patents and other sources. 
bDrug product label from US Food and Drug Administration (FDA) website 

PASD: Polymeric amorphous solid dispersion; HPMCAS: Hydroxypropylmethyl cellulose acetate succinate; 

HPMC: Hydroxypropylmethyl cellulose; PVP: Polyvinylpyrrolidone; PA: Pthalate acetate; VA: Vinyl acetate 

 

The main focus of the rest of the discussion will be on 1) how to engineer the 

thermodynamic properties of BCS class II drugs, 2) what are the different factors affecting 

the stability and physico-chemical properties of amorphous drug in solid dispersion, 3) how 

different mechanisms are involved in stabilizing the amorphous form in polymer matrices, 4) 

what should be considered for the rational selection of polymers and preparation techniques 

and 5) latest characterization methods to develop a multidisciplinary approach towards a 

molecular level understanding of PASDs.  
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1.2. The Amorphous State 

To have a better understanding of the differences in the thermodynamic properties of 

crystalline and amorphous forms, consider a crystalline drug which, when heated, undergoes 

melting at temperature (Tm) as shown in Figure 1.2. As the molten drug is slowly cooled, 

formation of an orderly system takes place as the molecules have sufficient time to move 

from their current location to a thermodynamically stable point on crystal lattice.20 The 

molecules arrange themselves in a definite order, regenerating a crystalline structure. 

However, if the molten drug is cooled suddenly, it may attain a super cooled liquid state 

(without undergoing crystallization), having a temperature lower than its Tm, which is in 

equilibrium with the molten drug.21 On further cooling, the system remains in equilibrium 

until a glass transition temperature (Tg) is reached, below which it enters a non-equilibrium 

state (super cooled liquid state or lower viscosity rubbery state) and converts into the 

‘‘frozen’’ glassy state of the drug. 

 

Figure 1.2. Enthalpy and volume of different state of drugs as a function of 

temperature; Tg and Tm are glass transition and melting temperature respectively; 

Diagram is not to scale. 

A material in a glassy state behaves like a brittle solid, but without crystalline structure 

and having only short range order.22 This transition is necessary because if the super-cooled 

liquid state exists below the glass transition temperature then a point comes whereby the 

crystals would have higher entropy compared to the super-cooled liquid. The total entropy of 

the system would become negative before reaching absolute zero temperature; violating the 

third law of thermodynamics (entropy of perfect crystal is zero at 0 K).23 The glass transition 
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is a second order thermodynamic transition characterized by a step change in the heat 

capacity which is also associated with changes in the derivative of extensive thermodynamic 

properties such as volume, enthalpy and entropy. The amorphous state of a drug has a higher 

enthalpy, entropy, free energy and volume compared to the crystalline form which is 

responsible for its higher apparent solubility (as shown in Figure 1.2). The relative increase in 

solubility of the amorphous form as compared to the crystalline form can be estimated using 

the following equations:25 

𝛥𝐺𝑇
𝑎,𝑐

= -RTln (𝜎𝑇
𝑎/𝜎𝑇

𝑐 )    ……….  (1.1) 

𝛥𝐺𝑇
𝑎,𝑐 =  𝛥𝐻𝑇

𝑎,𝑐 − 𝑇𝛥𝑆𝑇
𝑎,𝑐

    ………. (1.2) 

where (𝜎𝑇
𝑎/𝜎𝑇

𝑐 ) is the solubility ratio of the amorphous and crystalline forms, 𝛥𝐺𝑇
𝑎,𝑐

, 𝛥𝐻𝑇
𝑎,𝑐

 and 

𝛥𝑆𝑇
𝑎,𝑐

 is the difference in the free energy, enthalpy and entropy, respectively, R is the 

universal gas constant and T is the absolute temperature. In contrast, the experimentally 

determined apparent solubility of amorphous APIs remains less than the theoretically 

predicted values in most cases.26 On adding an amorphous drug to a media, dissolution occurs 

rapidly which appears as a peak followed by a decrease in solubility due to devitrification and 

is known as “spring and parachute effect” (Figure 1.3) which creates considerable challenges 

during dissolution (discussed later, Chapter 4 and 5).27, 28, 29, 30  

 

Figure 1.3. Drug profile based on the aqueous solubility of amorphous and crystalline 

form of the drug; Reproduced with permission from reference 19; Diagram is not to 

scale. 

1.3. Polymers as a Carrier Matrix 

Polymers are chemically composed of repetitive structural units known as monomers 

which are linked with each other forming an extended structural framework. They can be 
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classified on the basis of their origin as natural (e.g., starch, cellulose and proteins) semi-

synthetic (e.g., Hydroxypropyl methyl cellulose) or synthetic polymers (e.g., 

polyvinylpyrrolidone).31 From the monomer perspective, they can be classified as 

homopolymers (one type of monomer) such as methylcellulose or copolymer (two or more 

monomers) such as crospovidone. Polymers can be amorphous (polyacrylic acid), semi-

crystalline (poly L-lactic acid) or crystalline (polyethylene glycol). Due to their complex 

three dimensional structures with numerous inter- or intra-chain cross links, incorporation of 

amorphous drugs into these cross-linked networks hinders their molecular mobility. This 

lowers the chemical potential of the amorphous drug and brings it closer to that of the 

crystalline form as shown in Figure 1.4.32, 33 As a result, polymers prevent devitrification 

thereby preserving the viability (apparent solubility and stability) of the amorphous state over 

the shelf life of the product.34 Various polymers have been studied and examined to prepare 

PASDs and a comprehensive list is given in Table 1.2.  

 

Figure 1.4. Energy pyramid of the crystalline form, amorphous solid dispersion and 

amorphous form. μ is the chemical potential; Diagram is not to scale. 

A number of factors, such as molecular mobility, thermodynamic properties, 

environmental stress, preparation methods and conditions play a major role in the 

physical/chemical stability of the amorphous form (as mentioned in Table 1.3.). The 

following section will briefly review the effect of polymers on these factors along with the 

different mechanisms of stabilization as shown in Figure 1.5.  
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Table 1.2. Examples of different polymers used in the formulation of amorphous solid dispersions 

Polymersa Drugs stabilized Preparation method Comments References 

PVP BASED POLYMERS 
Poly(vinylpyrrolidone) 

PVP K30 

(MW: 40000, Tg 160°C) 

Ezetimibe 

 

Solvent method 

 

Thermal and spectroscopic analysis revealed that PVP K30 was effective in 

stabilizing amorphous ezetimibe and also causes faster drug release during in 

vitro dissolution testing, leading to improved oral bioavailability. 

 

35 

PVP Vinyl acetate  

(PVP VA): 60/40 

(Plasdone® S630) 

(MW: 45000-70000,  

Tg 106°C, Tm 140°C) 

Ketoconazole 

(MW: 531.4, Tm 

149.85°C, Tg 44.85°C)b 

 

Hot Melt 

Extrusion 

 

 

Raman mapping demonstrated full homogenous spatial distribution of 

ketoconazole in PVP VA. Spring and parachute effect was observed during 

dissolution experiments. The release of drug was carrier controlled initially and 

then burst release was observed leading to precipitation of amorphous drug. 
 

 

 

36 

Crospovidone 

(Polyplasdone® XL) 

(MW: >10000) 

Glipizide 

Rotary 

evaporation/Fluid 

bed drug layering 

 

No sign of phase separation or crystallization was observed. Antiplasticization 

and drug-polymer miscibility are the key players in stabilizing solid dispersion. 

 
37 

     

PEG BASED POLYMERS 

Polyethylene glycol 4000 

(PEG 4000) 

(MW: 4000, Tg ~45°C) 

Nifedipine 

(MW: 346.3, Tm 

172.85°C, Tg 46.85°C)b 

 

Fusion/solvent 

method 

Fusion method 

The polymer was capable of prohibiting drug crystallization in solid dispersion. 

Samples which were prepared at higher temperatures showed better dissolution 

profiles compared to the samples prepared at nifedipine melting point which 

may be due to improved drug-polymer mixing at higher temperatures. 
 

 

38 

PEG 8000 

(MW: 8000, Tm 62°C) 

Curcumin 

(MW: 368.4, Tm 176°C)c 

Solvent 

evaporation 

method 

The polymer demonstrated poor capability to disperse the drug in the 

amorphous form, to inhibit crystal growth and to increase saturation solubility 

of the drug in water. It may be due to non-surface active property of the 

polymer. 
 

 

39 

PEG 20,000 

(MW: 20000, Tm 60-

63°C) 

Carbamazepine 

(MW: 236.3, Tm 190°C, 

Tg 61°C)d 

Fusion method 

Presence of intramolecular H-bonds causes high crystallization tendency of the 

amorphous drug. No drug-polymer interaction was found in the solid dispersion. 

Increased dissolution rate was due to the hydrophilic nature of the polymer. 
 

 

40 

   

 Continued 
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CELLULOSE BASED POLYMERS 
Hydroxypropyl 

methylcellulose 

(HPMC) 

(MW: 10000-1500000, Tg 

172°C) 

Tacrolimus 

(MW: 804.02, Tm 142°C) 

 

Solvent 

evaporation 

method 

 

Drug-polymer interaction and antiplasticization plays a major role in the 

performance of the amorphous solid dispersion 

 
41 

HPMC Acetate succinate 

(HPMCAS) 

(MW: 55000-90000, Tg 

113°C) 

Itraconazole 

(MW: 705.7, Tm 

167.85°C, Tg 57.85°C)b 

Film casting 

method 

 

 

Drug loadings as high as 60% was found to be stable for 1 month at 40°C and 

75%RH. This may be due to the high solubility of the drug in the polymer.  

 

42 

HPMC Pthalate 

(HPMCP) 

(MW: 37900, Tg 143°C) 

Dutasteride 

(MW: 528.53, Tm 

249.7°C) 

Spray Drying 

 

Highly effective in stabilizing and maintaining drug supersaturation leading to 

increased oral absorption of amorphous dutasteride 

43 

ACRYLATE BASED POLYMERS 
Ammonio methacrylate 

copolymer 

(Eudragit® E) 

(Tg ~55°C) 

Indomethacin 

(MW: 356.7, Tm 

160.85°C, Tg 44.85°C)b 

Solvent 

evaporation 

 

pH dependent solubility was observed. Solubility of polymer in dissolution 

media has a direct effect on achieving and maintaining drug supersaturation.  
 

44 

Polyacrylic acid 

(Carbomer or Carbopol 

940) 

(MW: 450000, Tg 110°C) 

Carbamazepine 

(MW: 236.27, Tm 

191.5°C, Tg 53°C)d 

Hot melt 

extrusion 

 

 

High drug loading and better stabilization (12 months at 40°C and 75% RH) due 

to drug polymer interactions. 

 

45 

MISCELLANEOUS POLYMERS 

Kollicoat® IR 

(MW: 45000, Tg 45°C) 

Fenofibrate 

(MW: 360.83, Tm 

80.85°C, Tg -17.15°C)b 

Film freezing 

 

Generated eutectic mixture with intermolecular H-bonding. Low Tg of the 

polymer causes rapid diffusion of the drug molecules, leading to drug 

crystallization and lower levels of supersaturation. 
46 

Soluplus® 

(MW: 90000-140000, Tg -

70°C) 

Carvedilol 

(MW: 406.47, Tm 117°C, 

Tg 42°C)b 

Solvent 

evaporation/freeze 

drying/spray 

drying 

 

Solid dispersion prepared using freeze drying method showed the highest 

saturation solubility. 

47 
 

a Handbook of pharmaceutical excipients, 6th edition, Pharmaceutical press. b Data reported in literature.48 c Values obtained from previously published reports.49 d Values 

taken from literature.50; Tg and Tm represent glass transition and melting temperature, respectively; MW and RH represents molecular weight (Da) and relative humidity, 

respectively. 
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Table 1.3. Different factors affecting the stability of amorphous drug in solid dispersion 

Factors Impact on the stability of amorphous drugs 

Glass transition temperature 

(Tg) 

Stability increases with increasing Tg. Polymers increase the kinetic 

stability of amorphous drugs (antiplasticization effect)51 

 

Structural relaxation/molecular 

mobility 

Responsible for recrystallization. Rate of crystallization is higher at 

temperatures above Tg. Restriction of molecular mobility improves 

stability.52 

 

Configurational entropy Low configurational entropy favors crystallization.53 Lower crystallization 

tendency of erythromycin free base, for example, can be explained by its 

lower thermodynamic driving force for crystallization (Hconf) 54 

 

Configurational enthalpy The greater thermodynamic driving force for crystallization (i.e. higher 

configurational enthalpy) causes increased nucleation rate of nifedipine as 

compared to felodipine.55 

 

Gibbs free energy Systems having lower Gibbs free energy are generally more stable.56 

 

Humidity, mechanical stress 

and temperature 

Temperature significantly affects molecular mobility and moisture may 

plasticize the material by lowering its Tg near to storage temperature: 

increases crystallization rate and decreases crystallization temperature.57 

Mechanical stress also causes significant differences in crystallization 

tendency.58 

 

Preparation method (fusion or 

solvent evaporation method, 

freeze drying, supercritical 

fluid technology) 

Different preparation methods induce different thermal histories and 

mechanical stresses leading to different degrees of drug-polymer mixing 

and drug mobility in the dispersion. Hence variable solid state stability of 

the solid dispersion can be obtained.59, 60, 61 

 

Preparation conditions such as 

cooling rate, processing 

temperature and time 

Slow cooling of amorphous indomethacin increases its physical stability.62 

Different inlet temperature used in the spray-drying of naproxen led to the 

difference in dissolution profile and drug stability.63 Different screw speed 

(residence time) in hot-melt extrusion effected the stability of fenofibrate 

formulations in stressed conditions.64 

 

1.3.1. Crystallization inhibition 

Before developing an ASD based formulation, it is important to estimate the suitability of 

a compound to form the amorphous phase. Glass forming ability (GFA) and fragility (m) can 
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provide a qualitative estimation of the tendency of a drug candidate to undergo devitrification 

and may clarify their suitability, on the basis of physical stability, for amorphous dosage 

forms.  

 

Figure 1.5. Different approaches for stabilizing the amorphous solid dispersion in a 

polymer matrix; D-P represents drug-polymer and Tg represents glass transition 

temperature. 

GFA and fragility may be considered as an indicator of the life expectancy of an ASD.65 

It has been suggested that crystallization is inversely related to the glass forming ability of 

amorphous drugs and GFA is defined as the ease with which materials can undergo 

vitrification upon cooling.66 Different methods are reported in the literature to measure the 

GFA of a drug compound such as reduced glass transition temperature (Trg), cooling rate 

dependence and the crossover-point of the heating/cooling rate dependencies of the 

crystallization temperature.67 The kinetic behavior of a supercooled liquid can also be 

estimated by examining the sensitivity of the liquid structure to temperature change, known 

as “fragility” of the liquid, which is closely linked to its GFA.68 It has been observed that 

strong “liquids” are good glass formers having higher viscosity at Tm and resistant to 

structural changes. Fragile liquids, on the other hand, are weak glass formers, exhibiting 

lower viscosity at Tm and allowing larger structural changes with change in temperature.69 

The fragility (m) of an amorphous drug can be calculated by measuring the dependence of Tg 

on the heating rate, q, in differential scanning calorimetry (DSC) measurements.70 Other 

methods such as extrapolation of configurational entropy to zero and observation of glass 

transition width are also mentioned in the literature.71  
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The crystallization of an amorphous drug is a two-step process, although they occur 

simultaneously. The first step is nucleation which occurs at a lower temperature and second 

step is crystal growth which requires higher temperature.72 A supersaturated solution of a 

drug also favors crystallization. However, these are not the only requirements for the 

crystallization to start. A certain minimum amount of energy (known as energy of activation) 

is also required to overcome the high interfacial tension between small particles. Thus, 

nucleation may not start until a certain degree of supersaturation is reached to overcome the 

energy barrier. This range of supersaturated concentrations where no nucleation occurs is 

known as the metastable zone and a smart choice of polymeric excipients can expand this 

region by causing an increase in the degree of supersaturation or decrease in interfacial 

energy.72 Polymeric excipients that increase aqueous solubility (by inhibiting precipitation of 

the dissolved drug) can retard the nucleation rate by decreasing the free drug concentration 

available for nuclei/seed formation.73 Polymer also increases the viscosity of the system 

which may alter the frequency of atomic/molecular transport at the surface of the nucleus.74 

Moreover, polymers have sufficiently high configurational entropy due to their large, 

complex and flexible structures, their high molecular weights and their ability to exist in 

many conformations. These significantly reduce the chance of drug recrystallization as it 

lowers the free energy of the ASD (Figure 1.4).75  

1.3.2. Anti-Plasticization 

Anti-plasticization is the reduction of plasticity or the hardening of a material.76 In 

thermodynamics, it is described as a phenomenon which leads to an increase in the Tg of the 

material which increases the free energy required by the amorphous drug to convert into the 

crystalline form. When two materials having different Tg’s are mixed together, the final Tg of 

the mixture will be somewhere between the Tg’s of both the materials.77 Mixing a low Tg 

amorphous drug with a high Tg polymer at the molecular level leads to the formation of 

PASD with a Tg intermediate of these two components. In other words, the polymer 

undergoes plasticization whereas the Tg of the drug increases and it undergoes 

antiplasticization. The resultant Tg of the final mixture can be calculated by using Gordon-

Taylor equation:78 

𝑇𝑔 =   
𝑊1 𝑇𝑔1+ 𝐾𝐺𝑊2𝑇𝑔2

𝑊1+ 𝐾𝐺𝑊2
    ………. (1.3) 

where Tg, Tg1 and Tg2 are glass transition temperatures of the drug polymer mixture, the 

amorphous drug and the polymer respectively, w1 and w2 are the weight fraction of the drug 
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and polymer, respectively, and KG is a constant the value of which depends on the level of 

interaction between the drug and the polymer and can be calculated using the equation as 

shown:  

𝐾𝐺 =  
𝜌1𝑇𝑔1

𝜌2𝑇𝑔2
     ………. (1.4) 

where ρ1 and ρ2 are the densities of amorphous drug and polymer respectively.  Other 

equations such as Fox,79 Couchman-Karasz80 or Kwei81 are also reported in the literature to 

estimate the resultant Tg of the PASD. Mahmah et al. has studied the stabilization of 

amorphous felodipine and reported that the stability of the amorphous drug in solid 

dispersion having PVP and HPMC as carrier is due to the anti-plasticizing effect of the 

polymer, which increases the viscosity of the system and decreases the diffusion of drug 

molecules (necessary to form crystalline lattice).82 However, sometimes, experimentally 

obtained Tg values deviate significantly from the theoretically predicted values as shown in 

Figure 1.6. This is due to the volume non-additivity resulting from non-ideal mixing of the 

drug and polymer.83  

 

Figure 1.6. Deviation from ideal behavior as predicted by Gordon-Taylor equation; D 

represents drug and P represents polymer; Diagram is not to scale. 

When a drug is dispersed in the polymer matrix, several homo-nuclear and hetero-nuclear 

interactions come into play. These interactions can be represented as following: 

1. D-D + P-P > 2(D-P) 
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2. D-D + P-P < 2(D-P) 

3. D-D + P-P = 2(D-P) 

where D and P represent drug and polymer, respectively. It is the relative strength of these 

interactions which defines the final volume of ASDs. In the first case, the homo-nuclear 

interactions are stronger than the hetero-nuclear interactions. Thus, when a solid dispersion is 

formed, there would be a net contraction in the volume. The second case represents stronger 

hetero-nuclear interactions causing a net expansion of the system. The third case is the ideal 

condition wherein there is no net increase or decrease in volume and volume additivity is 

perfect. Ideally, the drug and polymer should be completely miscible with each other and the 

drug should be evenly dispersed in the polymer carrier. However, in most cases, the drug 

polymer mixture is not ideal and this non-ideality in mixing causes deviation between 

experimental and theoretical Tg values. A stronger drug-polymer interaction is generally 

preferred resulting in favorable exothermic mixing with increased configurational entropy.84 

Crowley et al. have studied the non-ideality of mixing and suggested that these deviations 

from predictions are due to the relative extent of hetero-molecular to homo-molecular 

interactions.85 The conclusions were in accordance with the work carried out by 

Maniruzzaman et al. who also concluded that intermolecular interaction between drug and 

polymer play a great role in non-ideality of mixing.86 

1.3.3. Intermolecular interaction 

 The drug molecules may interact with the polymer molecules via several weak forces 

such as H-bonding, van der Waals forces, electrostatic, ionic or hydrophobic forces.87 These 

intermolecular bonds restrict the molecular mobility of the drug molecules in the polymer 

matrix and provide stability to the system. Khougaz et al. have reported on the role of 

specific drug-polymer interaction in stabilizing a solid dispersion.88 They found that when 

amorphous MK-0591 was dispersed in different polymers such as PVP K-12 and PVP/VA, 

the final Tg of the ASD was less than the Tg of the amorphous drug. However, the solid 

dispersion remained stable after one year of storage. This shows that anti-plasticization is not 

the only factor responsible for a reduction in devitrification rate. Infrared (IR) spectra 

confirmed the presence of ion-dipole interactions between the PVP carbonyl group and the 

MK-0591 carboxylate group (COO-Na+) showing that that weak intermolecular forces also 

play an important role in stabilizing amorphous drugs in polymer matrix. Another interesting 

study was carried out by Meng et al. which highlighted the importance of bond formation or 

drug-polymer interaction in the stability of amorphous curcumin as a model drug.89 They 
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examined the ability of different polymers, such as PVP K90, Eudragit EPO®, HPMC and 

PEG 8000, to interact with the curcumin, through stable bond formation. It was found that 

Eudragit® was the only one of the four polymers which stabilized curcumin at the limit of 

miscibility during stability studies and also improved its dissolution performance. Interaction 

between curcumin and Eudragit® were verified using IR and Raman spectroscopy. It was 

concluded that a certain degree of interaction between a drug and a polymer is important for 

successful formulation of ASDs.  

 

Figure 1.7. Crystallization rate of each nitrendipine enantiomer (a) and the enantiomers 

in amorphous solid dispersion with 10%PVP (b), 10% HPMC (c) and 10% HPMCP (d) 

at 60°C; Reproduced with permission from reference 90. (The lines represent the best 

fit to the Avrami model). (Closed symbols represent (+)-nitrendipine (NTR) and open 

symbols represent (-)-NTR enantiomer). 

A study by Miyazaki et al. demonstrated the role of steroeselective interaction in the 

stability of amorphous nitrendipine (NTR) prepared by the melt quenching method.90 They 

elucidated the effect of steroeselective drug-polymer interaction on the crystallization rate of 

ASD using PVP, HPMC and HPMCP as model chiral polymers. The effect of chiral 

polymers, HPMC and HPMCP on the crystallization inhibition of (+)-NTR was more 

effective compared to that of (-)-NTR at 50-70°C as shown in Figure 1.7. PVP, on the other 

hand, does not preferentially interact with any of the enantiomers and hence has no effect on 

the crystallization profile of NTR. This difference in crystallization profile or physical 

stability can be attributed to steroeselective interaction between drug and polymer. However, 
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due to the weak nature of this interaction, the effect on the physical stability of ASD was 

minimal at 25°C. 

The contribution of drug-polymer interaction in maintaining drug stability, higher 

drug solubility and degree of supersaturation has further been emphasized by Shah et al. 

using vemurafenib as the model drug and HPMCAS, HPMCP and Eudragit® L as model 

polymers.91 Amorphous solid dispersions were prepared by the solvent-controlled co-

precipitation method. They demonstrated that HPMCAS can effectively interact with 

vemurafenib functional groups via H-bonding and other weak interactions in the PASD as 

compared to other polymers. This leads to a greater stability and a higher level of 

supersaturation maintenance. Indeed, Maniruzzaman et al. further confirmed their role in 

stabilizing PASDs prepared using hot-melt extrusion process.92 Research findings showed the 

presence of H-bonding and intermolecular ionic interaction between polymer carboxylic 

groups and API amino functional groups which were confirmed by molecular modelling 

(Figure 1.8) and X-ray photoelectron spectroscopy (XPS). They also demonstrated that the 

magnitude of the intermolecular interactions were dependent on the drug-polymer ratio and 

miscibility.  

 

Figure 1.8. Molecular modelling of drug/polymers after energy optimization at the 

B3LYP 6-31G using Gaussian 09 software; PRP represent propranolol HCl, L100 

represents Eudragit L100 and L100-55  represents Eudragit L100-55; Reproduced with 

permission from reference 92. 
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1.3.4. Reduction of molecular mobility of amorphous drug in PASD 

The increased physical/chemical stability of amorphous drugs in PASD can be 

explained in terms of molecular mobility. An isolated metastable crystalline state of a drug 

may behave as if it is not affected by the stable crystalline form, until a polymorphic 

transition takes place. However, an amorphous drug may behave as if it always “identifies” 

the presence of the more stable crystalline state and gradually evolves towards it in a certain 

way which can be predicted from its thermal history and the extent of non-equilibrium. This 

is known as structural relaxation.93 The molecular mobility of amorphous materials 

determines their physical stability and reactivity.  Indeed, phase separation and crystallization 

involves diffusion and nucleation, both of which require sufficient molecular mobility. 

Different methods such as Kohlrausch-William-Watts method and Adam-Gibbs-Vogel 

equation are used to measure molecular mobility in terms of structural relaxation.94, 95 

Polymer molecules, when used as a carrier for amorphous drug, have the capacity to restrict 

the molecular mobility of the amorphous API. Therefore, mechanistic investigation of 

reduced crystallization tendency due to restricted molecular mobility of amorphous drugs in 

PASD is essential to assess their stability. DSC,96 solid-state nuclear magnetic resonance 

(ssNMR)97 and dielectric spectroscopy (DS)98 are commonly used to monitor molecular 

mobility in glass systems. 

Knapik et al. have shown that the physical stability and water solubility of the 

amorphous drug (ezetimibe) was improved over six times when mixed within a PASD using 

Soluplus® as carrier.99 DSC and DS analysis of amorphous ezetimibe led to the conclusion 

that high molecular mobility, reflected in structural relaxation, is mainly responsible for its 

high crystallization tendency.  This indicates that formation of a PASD in the Soluplus® 

matrix acts as physical barrier to the molecular motions of glass ezetimibe leading to 

improved stability. Mistry et al. have also shown that stronger drug-polymer interactions 

(ionic or H-bonding) reduces the molecular motion of amorphous ketoconazole which can 

potentially delay crystallization onset time and reduce crystallization extent.100 In another 

interesting study conducted by Kothari et al. it has been found that the relaxation time of the 

drug increases with an increase in polymer concentration.101 The improved stability results 

were attributed to the restriction of molecular mobility of amorphous drug. 

1.4. Rational Selection of Polymers for PASDs 

At an early developmental stage, with a limited drug supply, it is very important to 

characterize and correlate the physicochemical properties (such as chemical structure, 
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molecular weight, melting or glass transition temperature, melting enthalpy and entropy, 

viscosity of drug and polymer below and above Tg, structural flexibility, complexity and 

symmetry, functional groups contributing to bond formation and so on) of the drug and 

polymer to design a robust amorphous solid dispersion systems. A number of key parameters 

must be considered when selecting a polymer. As discussed previously, high Tg polymers at 

high concentrations are generally chosen to prepare ASDs owing to their antiplasticizing 

effect on the amorphous drug. However, at lower polymer weight fractions where no Tg 

differences (between amorphous drug and solid dispersion) are observed, usually drug-

polymer interactions will determine the shelf life of the product.102 Increasing the molecular 

weight raises the Tg of polymers which favors antiplasticization of amorphous drugs.103 

However, at high molecular weights, the rise in Tg become insignificant as other factors such 

as viscosity comes into play during the dissolution process. The viscosity of a polymer 

increases with molecular weight which has a significant effect on the dissolution 

properties.104 Also, the polymer should have low melting point and solubility parameters 

similar to drug. In addition, the extent of miscibility of an amorphous drug in the polymer is 

also important as highly miscible systems are found to be more resistant to drug 

recrystallization.105 The formation of a stable single phase or separate coexisting phases 

depends on the thermodynamic miscibility of the drug and polymer at the required condition. 

A change of conditions may cause phase separation of the homogenous single phase system 

(Table 1.3). Therefore, conflicting requirements have to be met when choosing a suitable 

polymeric carrier. Different methods such as the solubility parameter approach, Flory-

Huggins theory, the melting enthalpy approach and molecular modelling as preformulation 

tools for the rational selection of polymers are discussed in the following sections.  

1.4.1. Solubility parameter approach 

The experimental determination of the solubility of a drug in a polymer is 

challenging. However, a qualitative estimation of drug-polymer miscibility can be achieved 

using the solubility parameter approach. The solubility parameter is equal to the square root 

of the cohesive energy density (CED) (total attractive force within a condensed state 

material) as shown below:106 

𝛿 =  √𝐶𝐸𝐷 =  √𝛥𝐸𝑣 𝑉𝑚⁄     ………. (1.5) 

where 𝛿 is the Fedor solubility parameter, 𝛥Ev is the energy of vaporization and Vm is the 

molar volume. Similar values of CED for drug and polymer indicate that lesser energy is 
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required from external sources to break the interaction between the two similar molecules as 

the energy required will be compensated from the energy released by the interaction between 

two dissimilar molecules. It has been found that the cohesive energy also depends on the 

interactions between polar groups and hydrogen bonding. Better predictions of interaction 

can, therefore, be made by using Hoftyzer and Van Krevelen Method as shown by the 

following equations:107 

𝛿2  =  𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2
     ……….. (1.6) 

𝛿𝑑 =  
∑ 𝐹𝑑𝑖

𝑉
, 𝛿𝑝 =  

√∑ 𝐹𝑝𝑖
2

𝑉
 and 𝛿ℎ =  √

∑ 𝐸ℎ𝑖

𝑉
  .............. (1.7) 

where 𝛿𝑑, 𝛿𝑝 and 𝛿ℎ are the contributions from the dispersive forces, polar forces and 

hydrogen bonding respectively; 𝛿 is the total solubility parameter; Fdi is the molar attraction 

constant due to dispersive component; Fpi is the molar attraction constant due to polar 

component; Ehi is the hydrogen bonding energy; and V is the molar volume. Other methods 

for solubility parameter calculation, such as Hoy, Small, Dunkel, Hayes and Di Benedetto, 

are also reported in the literature.108 Generally, drug-polymer systems with lower 𝛥δ values 

are predicted to be more miscible. Systems with 𝛥δ < 7.0 MPa1/2 are found to be miscible 

whereas with 𝛥δ > 10.0 MPa1/2 are likely to be immiscible.109 Although widely used, this 

approach has certain limitations as well. The theoretical calculation of this approach is 

applicable for drug-polymer systems where van der Waal interactions plays a major role, 

while for drug-polymer mixtures forming highly directional interactions such as H-bonds or 

long range forces such as ionic interactions, this method can yield erroneous results.110  

1.4.2. Flory-Huggins Theory 

Flory-Huggins (FH) theory is a well-known lattice-based theory which describes 

polymer-solvent miscibility on the basis of the Gibbs free energy change associated with the 

mixing of a polymer in a solvent.111 Recently, this theory has been applied for assessing drug-

polymer miscibility using the melting point depression method to obtain FH interaction 

parameter, χ, and the modified FH equation by Nishi-Wang is shown below:112 

− (
1

𝑇𝑚
−

1

𝑇𝑚
𝑜 ) ∗  

𝛥𝐻𝑓

𝑅
−  𝑙𝑛𝛷𝑑 −  (1 −  

1

𝑚
) 𝛷𝑝 = 𝜒𝛷𝑝

2  ……… (1.8) 

where 𝑇𝑚 and 𝑇𝑚
𝑜

 are the melting points of the drug-polymer physical mixture and pure drug 

respectively, 𝛥𝐻𝑓 is the melting enthalpy of pure drug, 𝛷𝑑and 𝛷𝑝 are the volume fraction of 
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drug and polymer respectively, and 𝑚 is the ratio of the polymer volume to that of the drug. 

The slope of the line obtained by plotting left hand side of the equation against 𝛷𝑝
2
  will give 

the value of FH interaction parameter, χ. A negative value of χ will indicate stronger drug-

polymer interaction than individual drug-drug or polymer-polymer interaction which predicts 

drug-polymer miscibility whereas a positive value indicates that homo-nuclear interactions 

are preferred over hetero-nuclear which may lead to phase separation.113, 1140, 115 

1.4.3. Melting enthalpy method 

The physical stability of ASD primarily depends on the drug solubility in the polymer 

at the storage temperature. Initial determination of drug solubility in a particular polymer can 

be used as a screening tool i.e., polymer(s) which solubilizes higher drug weight fraction can 

be used for further downstream processing of ASD. The most widely used method for the 

estimation of drug solubility in a polymer is the melting enthalpy of the crystalline drug in a 

drug-polymer system measured by hyper DSC.116 This method is based on the simple 

principle that the fraction of drug dissolved in the polymer does not contribute to the melting 

endotherm. Therefore, by measuring the melting enthalpy of a series of drug concentrations 

in drug-polymer mixtures and extrapolating the plot to zero enthalpy, the solubility of a given 

drug in selected polymers could be estimated from the x-intercept of the plotted line as shown 

in Figure 1.9. 

 

Figure 1.9. Melting enthalpy as a function of different drug loading in the drug-polymer 

physical mixture showing the fraction of unmixed drug contributing to the melting 

enthalpy; Reproduced with permission from reference 116 
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1.4.4. Molecular simulation 

Recent computational advances in the area of atomistic and molecular simulation 

have given us powerful tools to probe the molecular processes of different systems, thus 

permitting prediction of the thermodynamic behavior of amorphous solid dispersions that are 

not well characterized experimentally.117 In silico predictive tools such as GROMACS all-

atom field package, Monte Carlo simulations, Dreiding 2.21 force field measurement using 

Cerius 2 software, SYBYL/MMFF94 force field measurement and Gaussian 09 software 

using density functional theory have been successfully employed to PASD systems to 

understand glass transition, crystallization tendency, drug-polymer interaction and 

stability.118 These simulation tools in combination with Flory-Huggins theory have also been 

used to estimate the solubility of a drug in a lipid carrier.119 Furthermore, condensed-phase 

optimized molecular potentials for atomistic simulation studies (COMPASS) force field can 

predict the solubility parameter for drug-polymer systems.120 Moreover, the density 

functional theory using B3LYP exchange correlation function gives a reasonable estimation 

of drug-polymer interactions (Figure 1.8).121 These findings demonstrate that in silico based 

molecular modelling is a powerful preformulation tool that can enable formulation scientists 

to rationally select polymers to use for PASDs. 

1.5. Methods for Dispersing Amorphous Drugs in Polymers 

 

Figure 1.10. Different manufacturing techniques of solid dispersions 

Various preparation methods for solid dispersions have been reported in the literature 

(Table 1.2) including nanosuspension techniques, cryogenic techniques, cyclodextrin based 
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inclusion complex techniques, electrostatic spinning, electrostatic blowing, electro-spraying 

film casting, hydrotrophy and mechanical activation method.122 These techniques rely on a 

solubilizing mechanism such as micellar solubilization, complexation, increased porosity or 

decreased particle size and it should be differentiated from polymer based ASD. Binary 

systems are most commonly used for the preparation of ASDs due to simple formulation 

strategy, ease of scale up and lower cost of production.123 Sometimes more complex ternary 

and quaternary systems have also been produced depending on the requirement of the 

formulation and the drug stability.124 Surfactants may increase stability and solubility of 

ASDs but also increase the complexity of the process. Furthermore, they are not always 

tolerated well in the body.125 Requirements such as intimate mixing at the molecular level 

should also be met while designing a suitable process. Care has to be taken to avoid de-

mixing or phase separation while choosing the techniques. Generally, phase separation or 

recrystallization can be prevented by restricting the molecular mobility of amorphous drugs 

and polymers during preparation. Three different methods (Figure 1.10) for preparing solid 

dispersion are discussed in the following sections. More information on preparation 

techniques can be found in a number of excellent review articles.126  

1.5.1. Fusion Method 

The fusion method, also known as the melt method, was first proposed by Sekiguchi 

and Obi in 1961.127 A physical mixture of drug and polymer is heated to form a molten 

mixture which is then cooled and solidified with rigorous stirring. The resultant solid mass is 

then crushed, pulverized and sieved to obtain the desired particle size. Although frequently 

used, there are a number of challenges in preparing solid dispersions using this method such 

as lack of drug-polymer miscibility at the heating temperature. The use of surfactants may 

avoid this problem.128 However, drugs and polymers have to be thermally stable at the 

melting temperature and consequently, lower processing temperatures are preferred.129 Also, 

the fused mixture has to be stable against recrystallization and phase separation upon aging 

over the shelf life of the products. Sheng et al. has reported that the supersaturation of 

amorphous drug in a felodipine-Eudragit formulation causes phase separation on aging.130 

Similar results have been reported by Save et al. upon slowly cooling the melt mixture of 

nifedipine-polyethylene glycol 6000 formulation.131  

Hot melt extrusion is the modern version of the fusion method in which intense 

mixing of the components is induced by the extruder. Compared to the traditional fusion 

method, melt extrusion offers the potential to shape the molten drug-polymer mixture into 
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implants, pellets or oral dosage forms.132 This method requires complete miscibility of the 

drug and polymer in the molten state. Solubility parameter phase diagrams can be used to 

predict miscibility and to rationally select a compatible polymer. This technique offers 

several advantages such as (a) solvent free method (b) fewer processing steps as there is no 

compression of ingredients and no need to dry products which makes this technique simple, 

continuous and efficient and (c) thorough mixing at high shear rate and temperature causes 

the particles to de-aggregate and create a uniform distribution of fine drug particles in the 

polymer matrix and molecular level dispersion.133 Furthermore, compared to the traditional 

fusion method, this technique offers the possibility of continuous manufacture, which makes 

it suitable for large scale production. Some examples of commonly used polymeric materials 

which are used in hot-melt extrusion include HPMC, HPMC-AS, PVP, PVP-VA and PEO 

(Table 1.2).134  

1.5.2. Solvent Method 

The solvent method involves the preparation of a solution of both drug and polymer in a 

single solvent followed by removal of the solvent to yield a solid dispersion. This technique 

enables molecular level mixing which is preferred to increase the solubility and stability of 

the product. The main advantage of this method is that thermal decomposition of the drug and 

polymer can be prevented as low temperatures are typically required to evaporate organic 

solvents. However, formulation scientists face two challenges when using this approach. The 

first challenge is to mix the drug and the polymer in a single solvent which can be difficult if 

they have significant polarity differences. Sometimes surfactants are used to improve drug or 

polymer solubility in particular solvents. However, the amount of surfactant remaining in 

final dosage form is often significant which reduces the drug loading capacity and may also 

cause problems if they are not well tolerated in the body. Also, the need to evaporate large 

amount of the solvent makes the process expensive. The second challenge is the phase 

separation which may occur during removal of the solvent. Vacuum drying is frequently used 

to dry the solution. Sometimes fast drying is achieved by a rotary evaporator. Higher drying 

temperatures are preferred which reduces the time available for phase separation. However, 

the high molecular mobility of drugs and polymers at elevated temperatures may accelerate 

phase separation.135 

Spray drying has emerged as a popular processing technology for developing solid 

dispersions of drugs.136 It is used to convert a solution or suspension into a dry powder in a 

single step. This technique provides a better control of process variables, producing powders 
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with desired size, shape, density and flow properties.137 Evaporation of solvent occurs at a 

very fast rate in spray drying, causing a sudden rise in viscosity which leads to the 

entrapment of drug molecule in the polymer matrix.138 Drugs with poor aqueous solubility 

may be spray dried into very small particles provided that they are soluble in certain solvents 

suitable for spray drying. The nature of the solid particles formed also depends upon 

chemical properties of the drug, and spray drying may produce amorphous material, 

crystalline forms, imperfect crystals or metastable crystals.139 Indeed, Mahlin et al.140 and 

Baird et al.141 have worked on the different drug compounds and showed that generating an 

amorphous form depends on the chemical nature of the drugs rather than on the process 

variables. However, the stability of the amorphous form depends on the process variables.142 

Spray drying offers great control of the powder characteristics and due to cheaper 

manufacturing costs, ease of scale up and continuous batch manufacture, it has become the 

most popular solvent based production method.143 

1.5.3. Supercritical Fluid Method 

Supercritical fluids (SCF) possess the properties of both liquid and gas. Under 

supercritical conditions, materials have liquid-like solvent properties and gas-like viscosity, 

diffusivity and thermal conductivity. While the solvent properties are beneficial for 

drug/polymer solubilization, the gas-like properties significantly enhance the mass transport 

characteristics of the fluids. This method is mostly applied using supercritical carbon dioxide 

(CO2) either as a solvent for drug and polymer or as an anti-solvent.144 The polymer and drug 

are dissolved in supercritical CO2 and sprayed through a nozzle into low pressure region 

causing adiabatic expansion of the CO2 and rapid cooling. Thus, this technique allows the 

production of drug particles with a greatly reduced particle size. This technique is known as 

rapid expansion of supercritical solution (RESS). Current SCF methods have demonstrated 

the potential to create nano-particulate suspensions of particles with 5-2000 nm diameters.145 

Since this technique is not dependent on the use of organic solvents and the small amount of 

the residual CO2 trapped inside the polymer poses no danger to patients, this technique is 

referred to as environment friendly. Furthermore, the ability of CO2 to plasticize and swell 

polymers can also be exploited.  However the low solubility of most pharmaceutical 

compounds in CO2 limits the practical application of this approach.146 Several methods of 

SCF processing have been developed to address individual aspects of these shortcomings and 

to improve the solubility. These methods includes precipitation with a compressed anti-

solvent (PAS),147 solution enhanced dispersion by SCF (SEDS),148 supercritical anti-solvent 
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processes (SAS),149 gas anti-solvent recrystallization (GAS),150 and aerosol supercritical 

extraction system (AESS).151 

1.6. Characterization of PASDs 

The nature of ASDs and the inherent risk of recrystallization requires in depth 

characterization of these formulations. Quality by Design principles demands a thorough 

understanding of the processes taking place at a molecular level. A single characterization 

technique may not give the full picture, and, therefore, a suite of complementary methods is 

often required (Figure 1.11). A brief selection of the available literature will be discussed 

here. 

 

Figure 1.11. Solid-state characterization tools for polymeric amorphous solid 

dispersions 

1.6.1. X-Ray Powder Diffraction (XRPD) 

Powder x-ray diffraction is an indispensable tool for the characterization of amorphous 

solid dispersions. 152 Moes et al.153, Zhao et al.154 and Al-Obaidi et al.155 have reported the use 

of this technique to confirm the presence of amorphous drug in a solid dispersion. Recent 

advancements in XRPD instrumentation and software can provide useful information under 

non-ambient conditions, such as XRPD equipped with variable temperature (VT) or humidity 
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control which can provide an insight into molecular behavior of amorphous drugs in solid 

dispersion under stressed conditions.156 Zhu et al have studied the crystallization kinetics of a 

naproxen solid dispersion at different temperatures by in situ small-angle X-ray 

scattering/wide-angle scattering (SAXS/WAXS).157 Furthermore, atomic pair-wise 

distribution function (PDF) has gained importance to detect the degree of amorphization 

induced into crystalline drugs.158  Nollenberger et al., have used PDF analysis to show that 

subtle changes at the molecular level of polymer structure can have a significant effect on the 

release characteristics of the final product.159    

1.6.2. Thermal analysis (TA) 

The most widely used thermal analysis methods are differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). However, other methods such as dynamic 

mechanical analysis (DMA) and isothermal micro-calorimetry are also used for routine 

analysis in the pharmaceutical industry. An insight into processes occurring at a molecular 

level in the solid dispersion such as glass-transition, crystallization, polymorphic transition, 

molecular mobility, structural relaxation and miscibility between drug and polymer can be 

obtained using DSC and other emerging thermal analysis techniques.160 Mahajan et al. has 

applied this technique to quantify the amorphous content in carvedilol tablets by carrying out 

Tg and heat capacity analyses.161 Furthermore, the higher sensitivity of Fast-Scan DSC offers 

the advantage of separating the overlapping thermal events.162 The information regarding 

viscoelastic properties of polymers, relaxation transitions and miscibility in binary or ternary 

systems can be obtained by using differential mechanical thermal analysis (DMTA).163  

With the advent of more sophisticated instruments in the past few years, it is now 

possible to perform real-time solid-state characterization as a function of change in 

temperature. The molecular orientation and structural relaxation of amorphous drugs in solid 

dispersions and their interaction with polymers can now be studied in greater detail with the 

use of techniques such as VT molecular spectroscopy, VT-XRPD and VT solid state nuclear 

magnetic resonance (VT-ssNMR). Nano-thermal analysis, a localized thermal analysis 

technique, when combined with atomic force microscopy (AFM) can provide high resolution 

images of the thermal behavior of amorphous drugs. In nano-TA based AFM, a miniature 

heater having topographic resolution of approximately 5 nm is placed on top of the micro-

fabricated silicon based probe enabling the measurement of thermal properties at a nanometer 

scale.164 
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1.6.3. Spectroscopy 

Fourier transformed infrared spectroscopy (FTIR), combined with attenuated total 

reflectance and/or diffuse reflectance, and Raman Spectroscopy are the two very efficient 

techniques among the vibrational spectroscopic methods.165, 166 These techniques have been 

used for a range of pharmaceutical applications including polymorph identification, phase 

transition, recrystallization stability, evaluation of different manufacturing methods for solid 

dispersions, phase separation, nature and extent of drug-polymer interaction. 167, 168 These 

techniques offer information on structural and molecular conformation in the solid state by 

probing band vibrations. Furthermore, Raman spectroscopy is a powerful light scattering 

technique used to diagnose the internal structure of molecules and crystals. Also, an insight 

into the crystal packing may be obtained by studying low energy lattice vibration associated 

with different crystal packing arrangements.169 Furuyama et al. have used Raman 

spectroscopy as a mapping technique to distinguish between the crystalline and the 

amorphous form of troglitazone in solid dispersions.170 Sinclaire et al. applied FT Raman 

spectroscopy to measure the recrystallization kinetics of an amorphous solid dispersion of the 

drug ibipinabant.171 It is also used to detect the presence of trace crystallinity which would 

otherwise go undetected by XRPD or high sensitivity DSC (HSDSC).172 

1.6.4. Water Vapour Sorption 

Water vapor sorption has been frequently used to study the behavior of amorphous and 

crystalline material in the presence of moisture. Theoretical approaches such as by predicting 

the additivity of the moisture sorption isotherm of the individual components or by using 

ternary Flory-Huggins interaction theory can be used to interpret the moisture sorption data 

which may provide an insight into drug-polymer-water interactions.173 When combined with 

other techniques such as DSC, FT-IR and NMR, it can provide various information on 

molecular level attributes such as surface properties, degree of amorphization, phase 

transitions, critical RH for glass transition and crystallization and physical stability of freshly 

prepared and aged materials.174, 175, 176 Dynamic vapor sorption combined with Near infrared 

spectroscopy can provide an insight into the desorption behavior of amorphous materials 

before and during crystallization, as a function of temperature and relative humidity (RH).177   

1.6.5. Solid-state nuclear magnetic resonance (ssNMR) 

Solid-state NMR (ssNMR) is non-destructive technique which provides qualitative and 

quantitative information about amorphous solid dispersions. It provides detailed one-
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dimensional and two-dimensional structural information based on NMR 

relaxometry/spectroscopy/imaging techniques.178 By correlating the relaxation time with the 

length scale of the spin diffusion, predictions can be made about drug-polymer domain size in 

solid dispersions. For example, values of the spin-lattice relaxation time, T1, ranging between 

1-5 seconds correspond to a domain size of approximately 20-50 nm. Additionally, T1ρ (spin-

spin relaxation time) values between 5-50 ms will suggest the length scale of approximately 

2-5 nm. Reliable predictions can be made based on these relaxation time measurements. A 

single value of 1H T1 and T1ρ obtained from the amorphous solid dispersions will suggest that 

domain size is smaller than 2-5 nm. Different T1ρ values but the same T1 value will indicate a 

domain size of about 5-20 nm. For domain size larger than 20-50 nm will give different 

values of T1 and T1ρ for drug and polymer. This method is much more sensitive than DSC 

which has a sensitivity of about 20-30 nm and domain size smaller than this will give a single 

Tg values. Thus, ssNMR relaxometry will provide a better understanding of drug-polymer 

intimacy in the solid dispersion which helps in improving the stability of amorphous solid 

dispersions and preventing phase separation over the shelf life of the product.179 Information 

regarding phase composition and molecular mobility of the polymers in solid dispersions can 

be obtained by 1H transverse magnetization relaxation T2 measurements.180 13C cross-

polarization magic angle spinning (CP/MAS) NMR experiments were used to probe the 

recrystallization of amorphous troglitazone in solid dispersion prepared by different methods 

where no difference was observed in the XRPD pattern.181 NMR micro-imaging technique is 

a valuable addition to analytical methods to study water penetration and polymer 

mobilization kinetics.182 

1.6.6. Inverse gas chromatography (IGC) 

Inverse gas chromatography is still an emerging technology and has been used to analyze 

surface properties of amorphous solid dispersions.183 It is used to examine molecular 

mobility, amorphous transition or recrystallization and molecular relaxation which is 

especially useful in detecting batch-to-batch variation of amorphous solid dispersions 

prepared by the same or different methods.184 Furthermore, the study of higher molecular 

mobility on the surface of the material than in the bulk will provide an insight into moisture 

interaction and recrystallization of amorphous drugs.185 Hasegawa et al. has used IGC to 

study the structural relaxation at the surface of solid dispersions and found that structural 

relaxation occurs faster at the surface than in the bulk due to higher molecular mobility at the 
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surface.186 Predictions regarding physical stability of amorphous products can be made by 

investigating the crystallization kinetics on the surface of solid dispersions.187 

1.7. Dissolution Behaviour of PASDs 

The most widely employed method to predict in vivo performance of a formulation is 

dissolution. However, it is challenging to establish an accurate in-vitro/in-vivo (IVIV) 

correlation because the dissolution kinetics may not be predictive of the complex nature of 

supersaturation generation and maintenance (Figure 1.12) or fully consider the driving force 

for absorption via solubilizing power of such drug delivery systems.188 This holds true for 

PASDs because several different complex processes occur simultaneously during their 

dissolution.189 

Increased efforts from academic and industrial researchers have pushed the 

understanding of drug-polymer interaction in aqueous media.190 The general solubilization 

mechanism of PASDs is the so called “spring and parachute” concept.191 The drug first 

dissolves along with the soluble polymer matrix to generate a supersaturated solution 

(“spring”) followed by decline in drug concentration in the media due to either absorption or 

precipitation (“parachute”) as shown in Figure 1.3. Three different scenarios are possible for 

dissolution behavior of PASD as shown in Figure 1.12.192  In the first case, PASD particles 

dissolve rapidly generating a highly supersaturated solution followed by the formation of 

drug nanoclusters (amorphous or crystalline) within the polymer matrix. The second case 

represents the gradual release of drug and polymer while drug remains amorphous in the 

undissolved particles. In the third scenario, the drug and polymer are released gradually; 

however, the drug may undergo crystallization mainly at the surface of undissolved PASD 

particles due to plasticizing effect of water. It is important to mention here that the free drug 

concentration in the dissolution media is dependent on the aqueous solubility of the 

crystalline or amorphous drug which in turn depends on many factors including, but not 

limited to, drug crystallization rate, drug-polymer interaction and drug-polymer ratio. The 

success of the PASD depends on the ability of the polymer to maintain supersaturation 

without precipitation long enough to facilitate drug absorption. The mechanism of how the 

polymer delays supersaturation is not completely understood and needs further research. 

However, as discussed previously, it is generally believed that drug-polymer interactions play 

a major role in inhibiting crystallization either by interfering with the nucleation process or 

by inhibiting crystal growth.  
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Figure 1.12.  Dissolution behavior of polymeric amorphous solid dispersions 

1.8. Research Objectives 

The project aims to develop and optimize a method for successfully delivering a range 

of BCS class II drugs utilizing amorphous solid dispersion technology. To develop a stable 

and highly soluble system, a variety of drugs and polymers will be examined initially 

including dipyridamole (DPM), cinnarizine (CNZ), polyvinyl pyrrolidone (PVP) and 

polyacrylic acid (PAA) (Figure 1.13) to determine the optimum formulation for solid 

dispersions. DPM and CNZ are typical BCS class II drugs with practical poor aqueous 

solubility (~6.8 μg/mL at pH 6.8 for DPM and ~2 μg/mL at pH 6.5 for CNZ) and high GI 

membrane permeability (Log P values for DPM and CNZ are 3.71 and 5.71, respectively).192, 

193, 194 The glass transition temperatures of DPM (~40°C) and CNZ (~6°C) reported in 

literature suggests their fragile nature in the amorphous state.50, 79 This qualifies them as 

model compounds for the present investigation. Another interesting feature of DPM and CNZ 

is the presence of a different number of H-bond donor (DPM – 4 and CNZ – 0) and acceptor 

groups (DPM – 12 and CNZ – 2). As discussed previously, H-bonding was found to have a 

significant effect on the physical stability of amorphous drug-polymer systems. Thus, it 

would be interesting to compare the recrystallization tendency of DPM and CNZ in a 

polymer matrix since both the drugs have different nature and strength of forming H-bonds. 

The thermodynamic stability of amorphous drugs can be enhanced by incorporating them into 

polymeric carrier matrix which prevents conversion of amorphous drug into crystalline form 

either due to thermodynamic or kinetic factors. The selected carriers for the present project, 
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PVP and PAA, are amorphous hydrophilic polymers soluble in water, methanol, 

dichloromethane and other such solvents.195 The presence of a tertiary amide group in PVP 

and carboxyl group in PAA gives them H-bond forming ability.50 Furthermore, the different 

glass transition temperature of PVP (165°C) and PAA (106°C) may result in different degree 

of antiplasticization effect on the DPM and CNZ.197 This will provide a better understanding 

of the role of H-bonding, antiplasticization and molecular mobility on the recrystallization 

tendency of amorphous DPM and CNZ within ASD.  

  

Figure 1.13.  Chemical structure of DPM, CNZ, PAA and PVP K30 (clockwise from 

top) 

 The research will investigate the crystallization tendency/kinetics of the amorphous 

drugs, the rational selection of polymers to stabilize the amorphous drugs, in-vitro dissolution 

behaviour of binary ASDs, the effect of temperature and moisture on the solubility and 

stability of the ASDs and formulation of multi-component ASDs. Crystallization 

tendency/kinetics studies (Chapter 2) of the amorphous drugs will be carried out using 

MDSC and XRPD. These analytical techniques will be used to examine the fragility, glass 

forming ability, isothermal crystallization kinetics and non-isothermal crystallization kinetics. 

Using the data from these techniques and methods, the tendency of the amorphous drugs to 

undergo devitrification can be predicted. Once the relative instability of amorphous drugs has 

been established, further studies will be carried out to rationally select the polymer to 

stabilize amorphous drugs (Chapter 3). This is achieved by determining the drug-polymer 
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interaction and miscibility using the solubility parameter approach, melting point depression 

analysis and phase diagram. Solid dispersions will be prepared and characterized using 

MDSC, XRPD, FTIR and DVS. Furthermore, the strength of the drug-polymer-water 

interaction will also be investigated by applying ternary Flory-Huggins theory. This will be 

followed by in-vitro dissolution studies (Chapter 4) of the ASDs to understand the dissolution 

behaviour and the role of drug-polymer interaction and drug loading on the supersaturation 

generation and maintenance of spray dried ASDs. Furthermore, an investigation into the 

effect of temperature and moisture on the solubility and stability of ASDs will be carried out 

in Chapter 5. Finally, an investigation into the solid-state properties and dissolution profile of 

spray dried ternary ASDs will be carried out in Chapter 6 to rationally design and develop 

multi-component amorphous systems. 
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2.1. Introduction 

The solid state is preferred for drug formulations due to reasons of stability and ease 

of handling at different stages of drug product manufacture. The majority of drugs can exist 

in different solid-state forms such as amorphous or crystalline (hydrates, solvates and 

polymorphs) or both.1 The amorphous form has the advantage of a higher apparent aqueous 

solubility compared to its crystalline counterpart.2 However, inherently lower physical and 

chemical stability poses challenges in view of product performance and efficacy.3 Phase 

transitions such as conversion of amorphous to crystalline forms are thermodynamically and 

kinetically driven by higher free energy and molecular mobility, respectively.4 Given the 

increasing importance being attached to the stability of amorphous drug products during unit 

operations such as spray drying and melt extrusion (non-ambient conditions) or upon normal 

storage (where the conditions remain more or less constant), a robust crystallization 

prediction protocol may facilitate the prompt development of amorphous drug formulations 

with better life expectancy.5  

Crystallization tendency describes the properties related to the crystallization 

behaviour of amorphous drugs. Different factors such as chemical structure, molecular 

weight, number of aromatic rings, symmetry of the structure, number of rotatable bonds, 

presence of intermolecular interactions, number of electronegative atoms and number of 

branches have been suggested to affect crystallization tendency.6 In addition, 

physicochemical properties such as glass transition and melting temperature, melting and 

crystallization enthalpy/entropy, molecular mobility and viscosity of the supercooled and 

glassy states have been suggested to correlate with the crystallization tendency of amorphous 

compounds.7 Fragility is a measure of deviation of these physical properties from Arrhenius 

behaviour and is considered to correlate with glass forming ability (GFA).6 “Fragile” glass 

formers exhibit a large variation in properties such as molecular mobility, viscosity and/or 

heat capacity around the glass transition temperature, Tg, unlike “strong” glass formers which 

are better at remaining amorphous. Sufficient kinetic stabilization of fragile amorphous drugs 

may lead to the development of robust products with enhanced dissolution rates. Therefore, a 

systematic examination of the crystallization kinetics of an API is a critical part of 

formulation development of amorphous drug products.  

Measurement of phase transitions from relaxation behaviour by perturbing 

equilibrium permits direct assessment of molecular mobility. However, powdered active 

pharmaceutical ingredients (APIs) are not always amenable to such measurements; for 
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example, measurement of shear viscosity or dielectric spectroscopy requires sample 

manipulation or long experiment times which may result in unwanted changes (either 

physical or chemical or both). Fortunately, conventional and modulated differential scanning 

calorimeter (DSC) overcomes both of these limitations. It can be used to study the effect of 

temperature on structural relaxation (characterized by the mean relaxation time, Г) and its 

impact on the crystallization tendency/kinetics of amorphous drugs. The focus of this chapter 

is to investigate the role of molecular mobility on crystallization tendency and to study the 

isothermal and non-isothermal crystallization kinetics of dipyridamole and cinnarizine. The 

applicability of different solid-state crystallization kinetic models to identify the 

crystallization mechanism is also probed. Insights gained from molecular 

mobility/crystallization studies and a thorough understanding of the mechanism of  

amorphous to crystalline transformation are expected to provide formulation scientists with a 

road map towards more effective stabilization of glassy drug products.  

2.2. Materials and Methods 

2.2.1. Materials 

Dipyridamole (DPM), cinnarizine (CNZ) and polyvinyl pyrrolidone (PVP) K30 were 

purchased from Sigma Aldrich (Ireland) and used as received.  

2.2.2. Preparation of the amorphous drug form 

Amorphous DPM and CNZ were prepared by heating the crystalline drug in a vacuum 

oven to a temperature 5°C above the melting point. The temperature was held at this point for 

5 minutes and then quench cooled by dropping into liquid nitrogen. The thermal stability of 

the amorphous drugs was established by high-performance liquid chromatography and 

thermogravimetric analysis which indicate that no degradation occurred during the 

preparation of the amorphous form. 

2.2.3. High Performance Liquid Chromatography (HPLC) 

A reverse phase HPLC method was developed for thermal stability studies of DPM 

and CNZ. For DPM, analysis was performed on a Water’s Symmetry® C18 column (150mm 

× 3.9 i.d., 5μm) at 25°C and a flow rate of 0.75 mL/min. The mobile phase consisted of 

75:25 aqueous (0.1% v/v ortho-phosphoric acid):acetonitrile mixture. Detection was by UV 

at a wavelength of 283 nm and an injection volume of 40 μL was used. For CNZ, analysis 

was performed on XTerra® C18 column (250mm × 4.6 i.d., 5μm) at 25°C and a flow rate of 

1 mL/min. The mobile phase consisted of 50:50 aqueous (0.1% v/v of trifluoroacetic 
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acid):acetonitrile mixture. Detection was by UV at a wavelength of 251 nm and an injection 

volume of 20 μL was used. The linearity was demonstrated in the range of 1-20 μg/mL for 

DPM and CNZ. 

2.2.4. Preparation of the amorphous solid dispersions 

Amorphous solid dispersions (ASDs) of DPM and CNZ using PVP K30 as a carrier 

matrix at 1:1 drug-polymer weight ratios were prepared in two steps. First, physical mixtures 

of drug and polymer were dissolved in a sufficient volume of methanol and the solvent was 

removed under reduced pressure at 40°C using a rotary evaporator followed by drying at 

room temperature under vacuum for 24 h. In the next step, the dried mixtures were melt 

quenched and the ASDs were stored at 25°C and 0% moisture. 

2.2.5. Heat capacity measurements 

The heat capacities of crystalline and amorphous DPM and CNZ were measured using 

modulated DSC (MDSC) (DSC Q2000; TA Instruments Corp., Elstree, Hersts, U.K.) in 

accordance with the previously published protocols.8, 9 The modulation parameters chosen for 

this study, to ensure separation of reversing and non-reversing events, were ±0.53 °C/40s at 

5°C/min for both drugs. The instrument was calibrated for enthalpy, temperature and heat 

capacity using indium and sapphire standards as recommended by the instrument supplier. 

2.2.6. Relaxation time, isothermal and non-isothermal crystallization studies 

The relaxation and crystallization studies were performed using a differential 

scanning calorimeter equipped with an electrical cooling accessory. The temperature and heat 

flow calibration was carried out using a high-purity indium standard. Nitrogen was used as 

the purge gas at a flow rate of 50 mL/min. Five linear heating rates, 1, 2, 5, 10, and 20 

°C/min from 0 to 200 °C were used. Isothermal crystallization kinetics studies were carried 

out by equilibrating the amorphous drugs from 313 K to specified temperatures at 350.5, 353 

355.5, 358 and 360.5 °C for DPM and 325.5, 328, 330.5, 333 and 335.5 °C for CNZ to 

measure the heat released during crystallization over time. All measurements (in triplicate) 

were performed by crimping 5-10 mg of samples into hermetically sealed aluminium pans 

with pin-holes. Data analysis was done using Universal Analysis Software 2000 (TA 

Instruments Corp., Elstree, Hersts, U.K.). Sigmoidal baseline integration was used for 

measuring extent of crystallization (α). 
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2.2.7. X-ray diffraction analysis 

The powdered amorphous solid dispersions were analysed using X-ray diffractometer 

(X’pert MPD PRO PANalytical, Almelo, Netherlands) using the following parameters: Cu 

radiation (wavelength 1.540598 Å) , Ni-filter, voltage 40 kV, current 40 mA, 2θ range of 5-

50°C, step size 0.008° and scan rate 3.2°/min. 

2.3. Results and Discussion 

2.3.1. Measure of fragility and relaxation time 

Fragility is an important concept to quantify the characteristics of amorphous drugs by 

measuring the magnitude of deviation from Arrhenius behaviour for supercooled liquids and 

glasses.10 Even though fragility studies may not provide detailed information about behaviour 

of pharmaceutical glasses, it may be correlated with other important properties such as 

crystallization tendency. Different methods are described in the literature to measure fragility; 

however, the values sometimes do not agree with each other.11, 12 “Thermodynamic” fragility 

(𝑚𝑇) is a very simple concept and can be measured using the following equation:13 

𝑚𝑇 =
𝛥𝐶𝑝

𝑐𝑜𝑛𝑓

𝛥𝐶𝑝
     ………. (2.1) 

where 𝛥𝐶𝑝
𝑐𝑜𝑛𝑓

 is the difference in heat capacity between the supercooled liquid and the crystal 

form (known as configurational heat capacity) and 𝛥𝐶𝑝 is the heat capacity change at Tg. A 

sudden rise in the heat capacity at Tg is an indication of increased molecular mobility which 

provides additional degrees of freedom and increases the recrystallization tendency. The heat 

capacities just above Tg of DPM for the crystalline and glassy states were found to be 0.26 

and 0.67 Jg-1K-1, respectively, and for CNZ crystalline and glassy state, the values were 0.21 

and 0.67 Jg-1K-1, respectively (Figure 2.1 and 2.2). The thermodynamic fragility (𝑚𝑇)  of 

DPM and CNZ were determined using Eq. 2.1 and found to be 1.09 and 1.14, respectively, 

which indicates the fragile nature (< 1.5) of these compounds.6, 10 
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Figure 2.1. Reversing heat capacity of glassy (red) and crystalline (green) dipyridamole 

obtained by MDSC using ±𝟎. 𝟓𝟑 °C /40s as modulation parameter at a heating rate of 5 

°C /min 

 

 

Figure 2.2. Reversing heat capacity of glassy (red) and crystalline (green) cinnarizine 

obtained by MDSC using ±𝟎. 𝟓𝟑 °C /40s as modulation parameter at a heating rate of 5 

°C/min 

 

 



 

56 
 

Two different methods are employed to evaluate and compare “dynamic” fragility.14 

The first method is based on extrapolation of configurational entropy (Sc) to zero, of which 

the temperature dependence is described as: 

𝑆𝑐 = ∫ (
𝐶𝑝

𝑐𝑜𝑛𝑓
(𝑇)

𝑇
) 𝑑𝑇

𝑇

𝑇𝐾
     ………. (2.2) 

where Cp
conf, TK and T are the configurational heat capacity, Kuazmann temperature and 

absolute temperature, respectively. Using configurational heat capacity at Tg, integration of 

Eq. 2.2 up to the melting temperature (Tm) gives:15 

1

𝑇𝐾
=

1

𝑇𝑚
(1 +

𝛥𝐻𝑚

𝐶𝑝
𝑐𝑜𝑛𝑓

(𝑇𝑔)𝑇𝑔

)     ………. (2.3) 

where 𝛥𝐻𝑚 is the melting enthalpy. Eq. 2.3 is based on the assumption that T𝐶𝑝
𝑐𝑜𝑛𝑓(𝑇) is 

constant. The melting temperature and enthalpy for DPM were determined to be 168.08±0.03 

°C and 29.06±0.29 kJ mol-1, respectively, and for CNZ the values were 121.21±0.02 °C and 

38.33±1.03 kJ mol-1, respectively (Figure 2.3 and 2.4, respectively). Thus, Tk for DPM and 

CNZ was calculated as -20.15 and -55.15 °C, respectively, using Eq. 2.3.  

 

Figure 2.3. MDSC thermograms of glassy (red) and crystalline (green) dipyridamole at 

a heating rate of 5 °C/min 
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Figure 2.4. MDSC thermograms of glassy (red) and crystalline (green) cinnarizine at a 

heating rate of 5 °C/min 

The Vogel-Tammann-Fulcher equation can be used to calculate the strength 

parameter, D, as shown below:16 

Г =  Г𝑜exp (
𝐷𝑇𝑜

𝑇−𝑇𝑜
)      ………. (2.4) 

where Г𝑜 is the vibrational lifetime which is approximately 10-14 s and To is a Vogel 

temperature which is a constant.17 This method is based on the assumption that TK and To 

have approximately the same value and also the value of Г at Tg is approximately 100 s.18 

The strength parameter, D, can be calculated using Eq. 2.4 and was found to be 8.94 and 

10.76 for DPM and CNZ, respectively. The strength parameter D describes the deviation 

from the Arrhenius behaviour with strong glass formers having D > 30 and fragile systems 

features D < 10.19 Crowley and Zografi have reported that several pharmaceutical amorphous 

drugs have D value in the range of 7-15 suggesting moderately fragile behaviour.14 The 

fragility parameter (𝑚𝐷𝐶𝐸
) was calculated as 81.94 and 70.75 for DPM and CNZ, 

respectively, using the following equation:16 

𝑚𝐷𝐶𝐸
=

𝐷(𝑇𝑜 𝑇𝑔⁄ )

ln 10 (1−𝑇𝑜 𝑇𝑔⁄ )
2     ………. (2.5) 

In general, amorphous systems having m < 40 exhibits strong glass forming ability (GFA) 

whereas materials having m > 75 are considered as fragile systems.20, 21  
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Figure 2.5. Ramp rate dependency of glass transition temperature of dipyridamole 

(n=3); single thermograms at each heating rate is shown for clarity  

 

Figure 2.6. Ramp rate dependency of glass transition temperature of cinnarizine (n=3); 

single thermograms at each heating rate is shown for clarity 

  

The second method is based on the dependence of Tg on the heating rate, β, in the 

DSC measurements as shown in Figure 2.5, 2.6, and 2.7. Using this method, D and m values 

were calculated using the following equations:14 

𝑚𝐷𝑇𝑔
= 

𝑑 𝑙𝑜𝑔 Г

𝑑(𝑇𝑔 𝑇⁄ )
|T=Tg  =  

1

ln 10

𝛥𝐸𝑇𝑔

𝑅𝑇𝑔
   ………. (2.6) 

−
𝛥𝐸𝑇𝑔

𝑅
=

𝑑(ln 𝛽)

𝑑(1/𝑇𝑔)
      ………. (2.7) 
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𝐷 = 2.303(𝑚𝑚𝑖𝑛
2 )/(𝑚 − 𝑚𝑚𝑖𝑛)    ………. (2.8) 

𝑚𝑚𝑖𝑛 = log (
Г𝑇𝑔

Г𝑜
) = log (

100

10−14) = 16   ……….  (2.9) 

𝑇𝑜 =  𝑇𝑔(1 −
𝑚𝑚𝑖𝑛

𝑚
)               ………. (2.10) 

D and m for freshly prepared DPM glass were determined to be 11.91 and 65.51, and 

for CNZ glass, values were 10.78 and 70.67, respectively (Table 2.1), which indicates their 

fragile nature. The glass transition activation energy (𝛥𝐸
𝑇𝑔

) for DPM and CNZ were found to 

be 394 and 381 kJ mol-1, respectively, calculated using Eq. 2.7. Similar values has been 

reported for other fragile pharmaceutical glass formers such as indomethacin (𝛥𝐸𝑇𝑔
= 464 kJ 

mol-1).14 

 

Figure 2.7. Plots of ln (β) vs. reciprocal of glass transition temperature (Tg) of 

amorphous dipyridamole (a) and amorphous cinnarizine (b) (n=3) to calculate the 

structural relaxation activation energy at the glass transition 
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Table 2.1. Fragility (m), strength parameter (D) and mean relaxation time (Г) of the 

model drugs 

  Configurational Entropy method Heating rate method  

Г(s) (25/40°C)  𝒎𝑻 𝒎𝑫𝑪𝑬  D 𝑻𝑲(𝐊) 𝒎𝑫𝑻𝒈  D 𝑻𝒐(𝐊) 

DPM 1.09 81.94 8.94 253.01 65.51 11.91 237.44 729/114 

CNZ 1.14 70.75 10.76 218.03 70.67 10.78 217.98 13/3 

 

Although D and m values are different for both the model drugs obtained by heating 

rate method as compared to those obtained by using extrapolation of configurational entropy 

to zero (Table 2.1), this extent of deviation has frequently been reported in literature.10, 22 It 

may be attributed to the basic mathematical limitation of Eq. 2.4 which is observed when D 

approaches ∞, the value of m and mmin in terms of D will be more than zero in the Arrhenius 

limit, To→ 0, so that the product of D and To remains non-zero.23 Furthermore, the 

configurational entropy method relies on the approximated values of Г, Гo and To at Tg, which 

may not be accurate in some cases. Moreover, the discrepancy can also be partially explained 

by amorphous drug relaxation which decreases the Tg value if a recovery peak is found in the 

DSC curve. However, the effect is not very pronounced for DPM and CNZ and can be 

ignored. Finally, a change in cooperative rearrangement region during heating may also 

influence the thermodynamic and dynamic fragility.10 The impact of these events is less 

significant on Tg and, therefore, it can be conclude that 𝑚𝐷𝑇𝑔
 may be a better parameter to 

describe the fragility of the amorphous drugs. This inference is in accordance with the 

previously published literature on the fragility of pharmaceutical glasses.6  

To further shed some light on the fragile behaviour of amorphous DPM and CNZ, the 

relaxation time of model compounds were calculated using Eq. 2.4, and the value for 

Angell’s strength parameter, D, was obtained from the ramp rate method (second method 

used for the calculation of dynamic fragility). The configurational entropy method was not 

chosen because it was based on explicit assumption of Г = 100 s. The heating rate 

dependence of the glass transition temperature, measured from DSC experiments, was fitted 

to Eq. 2.6 and 2.7 to plot a graph between ln (β) vs 1/Tg. The slope of the line gives the 

activation energy for glass transition as shown in Figure 2.7. The value of D and To were 

calculated from Eq. 2.8 and 2.10, respectively. The resulting calculated relaxation times of 

amorphous DPM and CNZ are obtained using Eq. 2.4 and are summarized in Table 2.1.  
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The amorphous form is a non-equilibrium state which has a tendency to convert back 

to the more stable crystalline form. The process of approaching equilibrium is termed as 

structural relaxation, and the time over which relaxation occurs is known as the relaxation 

time.24 It has been suggested that high molecular mobility can lead to a shorter relaxation 

time and higher crystallization tendency in amorphous compounds.25 It can be seen that CNZ 

showed a relatively shorter relaxation time (13 s) as compared to DPM (729 s) indicating that 

CNZ may have higher molecular mobility and hence less physically stable. Similar results 

have been found for other fragile glass formers such as carbamazepine (1780 s), fenofibrate 

(0.4 s) and felodipine (2470 s).26  Moreover, the results also show that mean relaxation time 

for both the drugs were decreased 6-7 folds as the temperature increases from 25 to 40 °C. 

This indicates that the amorphous DPM and CNZ are more susceptible to crystallization at 

higher temperature which may occur during accelerated stability studies and lead to 

significant change in dissolution profile.    

Fragility and relaxation time studies have confirmed the fragile behaviour of the 

model drugs. CNZ, in particular, is found to be more fragile compared to DPM. However, 

fragility is a measure of change in viscosity in glass transition region and it does not tell 

anything about the ease with which material undergo crystallization.  

2.3.2. Glass forming ability of model drugs 

To further extend the discussion on crystallization tendency of glass materials, the 

glass forming ability (GFA) of model amorphous drugs was estimated. GFA is defined as the 

relative ability of materials to form an amorphous or glassy state upon super-cooling of the 

molten material.27 Different numerical descriptors have been proposed for the estimation of 

the GFA of a material. One such parameter is the ratio of glass transition temperature (Tg) to 

melting temperature (Tm).28 Assuming that viscosity remains unchanged at Tg, materials with 

higher Tg/Tm would be expected to be more viscous between melting and glass transition 

events, and consequently be more resistant to crystallization. DPM and CNZ exhibited a 

Tg/Tm of 0.71 and 0.72, respectively, and are expected to be fragile glass former like other 

fragile molecules such as acetaminophen (0.67) as compared to strong glass former such as 

quinapril HCl (0.91).20, 29 Tobyn et al., utilised a slightly different method to predict the 

fragility of amorphous drugs.30 According to this method, materials having Tm/Tg value <1.5 

signifies fragile behaviour whereas value >1.5 reflects strong GFA. DPM (1.40) and CNZ 

(1.39) both represent a borderline case. Hence, as per the Tg/Tm and Tm/Tg rule, DPM and 

CNZ show a poor GFA and are thermodynamically more inclined towards crystallization. 
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Figure 2.8. Non-isothermal DSC data for amorphous dipyridamole at five heating rates 

(n=3); a single thermograms at each heating rate is shown for clarity 

 

Figure 2.9. Non-isothermal DSC data for amorphous cinnarizine at five heating rates 

(n=3); a single thermograms at each heating rate is shown for clarity 

 

Another frequently used method to measure GFA of amorphous drugs is based on the 

temperature difference between crystallization onset (𝑻𝒄𝒓𝒚𝒔
𝑶𝒏𝒔𝒆𝒕) or peak (𝑻𝒄𝒓𝒚𝒔

𝒑𝒆𝒂𝒌
) temperature and 

Tg. Generally, larger temperature difference between the glass transition and crystallization is 

an indicative of higher GFA. To describe the crystallization tendency of various 
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pharmaceutical glasses, a parameter called “reduced crystallization temperature”, Tred, has 

been defined as shown below:31 

𝑇𝑟𝑒𝑑 =
𝑇𝑐𝑟𝑦𝑠

𝑜𝑛𝑠𝑒𝑡−𝑇𝑔

𝑇𝑚−𝑇𝑔
      ………. (2.11) 

It is generally found that a higher Tred values corresponded with poor GFA or higher 

crystallization tendency.32 The non-isothermal DSC data for melt-quenched amorphous DPM 

and CNZ at different heating rate (β) is shown in Figure 2.8 and 2.9, respectively. The values 

for onset/peak crystallization temperature and Tred are given in Table 2.2. Tred values were 

found to increase at higher heating rates which suggest that crystallization tendency for both 

the model drugs increases with an increase in heating rate. Moreover, at all heating rates, 

CNZ was found to have lower GFA as compared to DPM which is in agreement with the 

molecular mobility based estimation of crystallization tendency of amorphous model 

compounds. This shows that fragile glasses have poor GFA, which agrees with the previous 

observation of GFA and fragility for metallic and pharmaceutical glasses.6, 33 Furthermore, 

the results for GFA are positively correlated with 𝑚𝐷𝑇𝑔
where both the methods have 

concluded that CNZ has a higher crystallization tendency compared to DPM. This correlation 

can be attributed to the similar principle of measurement as both 𝑇𝑟𝑒𝑑 and 𝑚𝐷𝑇𝑔
are 

determined on the basis of a balance of thermodynamic and kinetic factors.6 On the other 

hand, the thermodynamic factor is dominant for 𝑚𝐷𝐶𝐸
calculations where kinetic factors have 

no contribution. One important point to mention here is that crystallization is based on 

molecular structure transitions whereas glass transition is not linked with such molecular 

transitions. Also, the fragility and GFA predicts the crystallization tendency of the model 

drugs but does not tell anything about the activation energy and rate of crystallization. 

Therefore, a thorough examination of crystallization kinetics under isothermal and non-

isothermal conditions is discussed in the next section. 
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Table 2.2. Non-isothermal crystallization temperature and reduced crystallization 

temperature (Tred) of amorphous dipyridamole and cinnarizine at five heating rates 

(Mean±SD, n=3) 
 

β 

(°C/min) 

        𝑻𝒄𝒓𝒚𝒔
𝑶𝒏𝒔𝒆𝒕 (K)              𝑻𝒄𝒓𝒚𝒔

𝒑𝒆𝒂𝒌
 (K) Tred 

DPM CNZ DPM CNZ DPM CNZ 

1 347.64±0.88 331.09±1.47 353.01±0.86 335.78±1.54 0.26 0.44 

2 350.39±1.51 335.30±2.34 356.06±1.87 342.37±2.52 0.28 0.48 

5 359.88±2.01 342.54±0.79 364.57±1.27 351.93±1.07 0.36 0.53 

10 364.88±1.44 347.74±1.13 371.17±1.30 358.02±1.81 0.40 0.59 

20 369.78±0.52 356.84±1.43 377.99±1.91 370.61±0.60 0.44 0.67 

β is the heating rate; 𝑇𝑐𝑟𝑦𝑠
𝑂𝑛𝑠𝑒𝑡 is the extrapolated onset temperature for crystallization; n = 3; values represent the 

mean ± 1 standard deviation 

2.3.3. Isothermal Crystallization Kinetics 

Crystallization kinetics of amorphous drugs can be evaluated under both isothermal 

and non-isothermal conditions.34 The crystallization kinetics of DPM and CNZ under 

isothermal conditions has been studied using Johnson-Mehl-Avrami (JMA) approach to 

determine the Avrami exponent ‘n’ which represents both the crystallization mechanism as 

well as the dimensionality of the crystallization process. The fraction of drug crystallized (α) 

can be described as a function of time (t) as shown below:35 

𝛼 = 1 − 𝑒𝑥𝑝[−(𝐾𝑡)𝑛]     ………. (2.12) 

ln[− ln(1 − 𝛼)] = 𝑙𝑛 𝐾 + 𝑛 𝑙𝑛 𝑡    ………. (2.13) 

where t is the annealing time, K is the Avrami constant (or crystallization rate constant) 

which is dependent on the rate of nucleation and the growth rate and is assigned by Arrhenius 

temperature dependence as shown below:36 

𝐾 = 𝐾𝑜𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇𝑐
)      ………. (2.14) 

ln(𝐾) = 𝑙𝑛𝐾𝑜 −
𝐸𝑎

𝑅𝑇𝑐
      ………. (2.15) 

where Ea is the crystallization activation energy for crystallization, Ko is the frequency factor, 

R is the universal gas constant and Tc is the crystallization temperature (under isothermal 

conditions). The isothermal crystallization exotherms of DPM and CNZ at temperatures 

ranging from 77.5 to 87.5 °C and 52.5 to 62.5 °C, respectively, at every 2.5 °C interval is 

shown in Figure 2.10 and 2.11, respectively. The fraction of amorphous drug crystallized (α) 
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against crystallization time during isothermal crystallization process was obtained (a typical 

sigmoidal shape) from the baseline integration of the crystallization peak and the value of n is 

obtained using Eq. 2.13 (Figures 2.12 and 2.13). The value of Avrami exponent (n) and the 

crystallization rate constant (K) for model drugs are given in Table 2.3. The activation energy 

for crystallization was determined by linear regression analysis of ln K against 1/Tc using Eq. 

2.15 and is plotted in Figure 2.14.  

 

Figure 2.10. DSC isothermal curves of dipyridamole at various crystallization 

temperatures (n=3); single thermograms are shown at each temperature for clarity 

 

Figure 2.11. DSC isothermal curves of cinnarizine at various crystallization 

temperatures (n=3); single thermograms are shown at each temperature for clarity 
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Figure 2.12. The plot of crystallized fraction (α) of amorphous dipyridamole (a) and 

cinnarizine (b) as a function of time at different isothermal crystallization temperature 

 

Figure 2.13. Plot of ln[-ln(1-Ft)] against ln (t) for the isothermal crystallization of 

dipyridamole (a) and cinnarizine (b) at the specified temperatures; Error bars are 

omitted for clarity 
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Figure 2.14. Arrhenius plot of ln K against 1/Tc for dipyridamole (a) and cinnarizine (b) 

 

Table 2.3. Isothermal crystallization temperature (Tc), Avrami constant (K), Avrami 

exponent (n) and activation energy (Ea) of amorphous dipyridamole and cinnarizine  

Tc (°C) ln K n Ea (kJ mol-1) 

DPM CNZ DPM CNZ DPM CNZ DPM CNZ 

77.5 52.5 -11.46 -12.55 3.39 3.67 46.76 21.23 

80 55 -9.56 -10.53 1.56 4.06   

82.5 57.5 -7.45 -8.56 2.01 4.56   

85 60 -5.57 -6.99 1.58 4.55   

87.5 62.5 -3.10 -4.57 1.42 3.78   

 

 

 

 

 



 

68 
 

Table 2.4. Values of Avrami exponent, n, and expected crystallization mechanism37 

Avrami exponent (n) Crystallization mechanism 

n = 1.5 Diffusion controlled growth of pre-existing nuclei (nucleation rate close to zero) 

1.5 < n < 2.5 Growth of particle with decreasing nucleation rate 

n = 2.5 Growth of particle with constant nucleation rate 

n > 2.5 Growth of small particle with an increasing nucleation rate 

 

It has been observed that the time required for crystallization during isothermal 

condition decreases as the temperature increases. As discussed previously, this may be due to 

the increased molecular mobility and shorter relaxation times at high temperatures. The K 

values are extremely sensitive to Tc and are dependent on the nucleation and growth rate.36 Its 

value increases with an increase in Tc as shown in Table 2.3. The values of the Avrami 

exponent, n, and expected crystallization mechanisms are outlined in Table 2.4.37 The n value 

for DPM (as shown in Table 2.3) is > 2.5 at lower temperature (77.5 °C) which corresponds 

to the nucleation controlled crystallization followed by growth of small particles. On the 

other hand, as the temperatures increases (80-85 °C), the value of n is approximately 1.5–2 

which indicates a decrease in nucleation rate and diffusion controlled crystal growth becomes 

greater prominent. On further increasing the temperature (87.5 °C), n < 1.5 predicts the 

diffusion controlled crystal growth on pre-existing nuclei. In contrast, for CNZ, n value 

remains more than 2.5 at all temperatures indicating high nucleation rate. It has been 

suggested that nucleation is favored at lower temperature than crystal growth.7, 38 Thus, CNZ 

crystallization (nucleation controlled) would occur relatively faster than DPM (nucleation and 

diffusion controlled). Indeed, the lower Ea value for CNZ (Table 2.3) suggests that it may 

nucleate and grow freely at the initial crystallization stage which supports its fragile nature, 

poor GFA and shorter relaxation time as compared to DPM.  Similar results are also found 

for a range of polymers and are mentioned elsewhere.39 Thus fragility and GFA can be used 

as an indicator of the isothermal crystallization behaviour i.e. compounds with large fragility 

and low GFA are expected to have poor stability compared to those with low fragility and 

high GFA. 

The possibility that several process may occur during the crystallization of amorphous 

drug may account for the significant difference in the value of the Avrami exponent at 

different temperatures. The anomalous Avrami exponent values can also be attributed to 

assumptions made in the Avrami model.40 The model assumes complete crystallization of the 



 

69 
 

sample which may or may not be possible and depends on the activation energy. It also 

assumes that no volume change occurs during crystallization with constant density and shape 

of the growing nuclei. Lastly, this model does not take into account any secondary 

crystallization. Thus, the most likely sources for Avrami exponent discrepancy can be 

attributed to inhomogeneous distribution of nuclei, especially at high α for DPM and CNZ 

crystallization under isothermal conditions.41 Nonetheless, the correlation between fragility 

and GFA results to isothermal crystallization activation energy prediction suggests that this 

method may provide the qualitative estimation of the crystallization tendency of amorphous 

drugs. 

2.3.4. Non-isothermal crystallization kinetics 

Non-isothermal studies are preferred over isothermal studies due to the shorter 

experimental times and also because they are more closely related to real-life non-ambient 

thermal conditions during amorphous drug formulation. A robust isothermal condition is 

difficult to achieve because the sample must undergo heating up or cooling down to reach the 

desired temperature. Therefore, non-isothermal crystallization studies have been carried out 

to further extend the understanding of the crystallization mechanism of model compounds.  

2.3.4.1. Model-Fitting kinetics 

In this method, kinetics data, which is generally expressed as extent of crystallization 

(α), are fitted to different models at each temperature. To understand the crystallization 

mechanism of amorphous DPM and CNZ, a comprehensive list of different types of reaction 

models are provided in Table 2.5.42, 43, 44 The model with the best correlation coefficient (r2) 

value is then selected and is usually assumed to represent the actual model which describes 

the crystallization mechanism of the system under examination. 

 

 

 

 

 

 



 

70 
 

Table 2.5. Common solid-state reaction models and their integral forms used in this 

study for analysing phase transformation kinetics43, 44 

Model Mechanism Model notation Integral form, g(α) 

Avrami Erofeev (JMAEK), n = 2 JMAEK 2 (-ln(1-α))1/2 

Avrami Erofeev (JMAEK), n = 3 JMAEK 3 (-ln(1-α))1/3 

Avrami Erofeev (JMAEK), n = 4 JMAEK 4 (-ln(1-α))1/4 

1D diffusion 1 DD α2 

2D diffusion 2 DD (1-α)ln(1-α) + α 

3D diffusion (Jander model) 3 DD J (1-(1-α)1/3)2 

3D diffusion (Ginstling-Brounshtein) 3 DD G 1-2α/3-(1-α)2/3 

First-order reaction FOR -ln(1-α) 

Second-order reaction SOR 1/(1-α)-1 

Power law, n = 1/2 PL 1/2 α1/2 

Power law, n = 1/3 PL 1/3 α1/3 

Power law, n = 1/4 PL 1/4 α1/4 

1D phase boundary reaction (zero order) 1D PDR α 

2D phase boundary reaction 2D PDR 1-(1-α)1/2 

3D phase boundary reaction 3D PDR 1-(1-α)1/3 

 

Plotting a graph between ln[β.g(α)] vs. 1/T (where T is the crystallization temperature 

at each α level) gives the value of the activation energy from the slope of the plot. A higher 

value of Ea indicates a higher kinetic barrier for crystallization and thus amorphous drugs 

may have lower crystallization tendency. The non-isothermal crystallization thermograms of 

DPM and CNZ at five heating rates (β) are shown in Figure 2.8 and 2.9, respectively. It is 

recommended by International Confederation for Thermal Analysis and Calorimetry 

(ICTAC) to use three to five heating rates when performing crystallization kinetics by the 

model fitting approach and the fastest heating rate should be at least six times higher than 

slowest heating rate.50 Thus, we have used 1, 2, 5, 10, and 20 °C/min heating rates. The 

potential impact of sample history has been minimized by using freshly quench-cooled 

amorphous drugs prior to DSC studies. In addition, care has been taken to avoid the possible 

impact of extreme strain (due to cracks) on crystallization kinetics by using intact pieces of 

DPM and CNZ glass.51  

The onset (𝑇𝑐𝑟𝑦𝑠
𝑂𝑛𝑠𝑒𝑡

) and peak (𝑇𝑐𝑟𝑦𝑠
𝑝𝑒𝑎𝑘

) temperatures for crystallization are summarised in 

Table 2.2. The crystallization temperature increases significantly with the increase in heating 
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rate. The overall heat flow signal (dH/dT) in DSC depends on the heat capacity of material 

(Cp), the heating rate (dT/dt = β) and the kinetic behaviour of the sample as shown below:42 

𝑑𝑄

𝑑𝑡
= 𝐶𝑝

𝑑𝑇

𝑑𝑡
+ 𝑓(𝑇, 𝑡)      ………. (2.17) 

The sample specific f(T,t) term depends on the heat flow (at a particular temperature) as a 

function of time and is shifted to higher temperatures with the increase in heating rate causing 

the observed crystallization temperature shift.52 The slightly lower melting at the fastest rate 

suggests the lower crystal perfection due to the faster crystal growth process. The 

crystallization peak, for both DPM and CNZ, is clearly broader (i.e. the difference between 

the onset and end temperature) at higher heating rate (Figure 2.8 and 2.9, respectively). It 

may be assigned to the thermal lag within the sample due to low thermal conductivity of 

drug. 

 

Figure 2.15. Kissinger (a) Augus-Bennett (b) and Flynn-Wall-Ozawa (c) plots for 

evaluating the activation energy for non-isothermal crystallization of amorphous 

dipyridamole (blue) and cinnarizine (red) (n=3) 
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As a control, the Kissinger model (Eq. 2.18), Augis-Bennett model (Eq. 2.19) and 

Flynn-Wall-Ozawa model (Eq. 2.20) were used for calculating activation energy, Ea, of phase 

transformation from amorphous to crystalline form during the non-isothermal crystallization 

process.53, 54, 55 

 𝑙𝑛 (
𝛽

𝑇𝑝𝑒𝑎𝑘
2 ) = −

𝐸𝑎

𝑅𝑇𝑝𝑒𝑎𝑘
+ 𝐶     ………. (2.18) 

𝑙𝑛 (
𝛽

𝑇𝑝𝑒𝑎𝑘
) = −

𝐸𝑎

𝑅𝑇𝑝𝑒𝑎𝑘
+ 𝐶    ………. (2.19) 

𝑙𝑛(𝛽) = −1.052
𝐸𝑎

𝑅𝑇𝑝𝑒𝑎𝑘
+ 𝐶     ……….. (2.20) 

where R and C are the universal gas constant and Kissinger constant respectively. By plotting 

the parameter on the left hand side of the equation against the inverse of crystallization peak 

temperature (
1

𝑇𝑝𝑒𝑎𝑘
), the value of Ea, was obtained from the slope of the line (Figure 2.15). An 

average of the three methods was used (shown in Table 2.6) to eliminate the limitations of 

different models and to obtain a robust data for further evaluation. The main limitation of 

using these approaches is that it only uses the peak crystallization temperature at different 

heating rates, thereby giving the single activation energy value for the entire process. In 

contrast, the principle advantage of the model-fitting approach is that it gives activation 

energy value for the entire transformation range (over 0.2 < α < 0.8). Nonetheless, the three 

models described earlier for calculating Ea provides a good starting point towards 

crystallization kinetics studies under non-isothermal conditions.   

Table 2.6. The non-isothermal activation energy for crystallization of amorphous 

dipyridamole and cinnarizine obtained by different methods 

 

Non-Isothermal model 

Activation energy of crystallization (kJ/mol) 

DPM CNZ 

Kissinger 118.56 85.21 

Augis-Bennett 121.59 88.15 

Flynn-Wall-Ozawa 118.46 86.57 

Average 119.54 86.64 

 

The activation energies obtained by isothermal crystallization kinetics (Table 2.3) and 

non-isothermal crystallization kinetics (Table 2.6) are significantly different from each other. 

The reasons can be attributed to the underlying mechanism for the calculation of Ea values 
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which is the isothermal mode in the former and heating rate mode in the latter. The difference 

can also be aattributed to the absence of seeding nuclei (quench cooling). Schmitt et al. have 

reported similar Ea values under isothermal and non-isothermal conditions for hydrated 

amorphous lactose in the presence of seeding crystal.56 However, the values differ 

significantly in the absence of seeding nuclei which is similar to our case where holding the 

drug at 5°C above melting point should have removed all the seeding nuclei. It is worth 

mentioning here that the physical meaning of activation energy is still matter of discussion.57 

Marotta et al., have reported that even by using the same glassy system, the mechanism of 

crystallization may change due to sample size and thermal history.58 Thus, Ea values for 

crystallization obtained from different plots and models may sometimes differ with each 

other. 

2.3.4.2. Crystallization Activation Energy by model-fitting approach 

A plot of the extent of amorphous phase crystallized, α, vs. temperature at different 

heating rates is shown in Figure 2.16. We have compared linear and sigmoidal baseline 

integration of crystallization peaks and found that the baseline choice has no effect on the 

rank order of the kinetic parameters measured at different heating rates. For amorphous DPM 

and CNZ, the shape of the crystallization plots follow sigmoidal patterns with an initial start 

point (α < 0.2), followed by approximately linear zone (0.2 < α < 0.8) and a terminal section 

(α > 0.8) where the rate of crystallization approaches unity. It has been previously reported in 

the literature that the shape of α-T plot may be sigmoidal, decelerating or accelerating for any 

phase transformation for a variety of organic and inorganic glasses. 42, 59 The linear portion of 

each α-T plot has been selected for model-fitting kinetics.48  

The non-isothermal crystallization kinetics at each extent of crystallization (α) have 

been described by several types of models such as diffusion models, nucleation models, 

power laws, geometric contraction models and reaction order models.42 Although the 

majority of pharmaceutical compounds follow nucleation and diffusion based models for a 

range of solid-state phase transformations, there are certain exceptions as well.60, 61, 62, 63 It is 

important to emphasize here that no single model can describe all the aspects of a 

crystallization phenomenon.7 In the light of this information, 15 different kinetic models have 

been selected to assess the role of model selection on non-isothermal crystallization 

activation energy of amorphous DPM and CNZ at different heating rates (Table 2.5). 

Analyzing different crystallization models is required to investigate the effect of 

thermodynamic, molecular and kinetic factors on the crystallization event. 
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Figure 2.16. A sigmoidal plot of extent of crystallization (α) vs. crystallization 

temperature (T) at different heating rates for amorphous dipyridamole (a) and 

cinnarizine (b) (n=3) 

Crystallization kinetics data collected from DSC experiments was fitted to different 

models to determine the most appropriate solid-state kinetic model of DPM (Table 2.7) and 

CNZ (Table 2.8). Interestingly, the results show that activation energy, Ea, values can vary 

significantly depending on the selected model and heating rate. It was found that for DPM 

none of the selected models can accurately describe the kinetics (r2 ranges from 0.87 to 0.99) 

and similar results have been previously reported.64 On the other hand, for CNZ it is 

extremely difficult to define the best model by comparing the r2 value as several models gave 

high and comparable values. Similar trends have been previously observed for non-

isothermal crystallization kinetics of amorphous nifedipine.42  
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Table 2.7. Activation energy for non-isothermal crystallization of amorphous 

dipyridamole based on model-fitting approach at five heating rates (β); mean value of 

three readings 

 

Model notation 

Ea (kJ/mol) 

β = 1°C/min β = 2°C/min β = 5°C/min β = 10°C/min β = 20°C/min 

Mean r2 Mean r2 Mean r2 Mean r2 Mean r2 

JMAEK 2 133.07 0.9305 138.22 0.9646 86.14 0.9488 94.55 0.9955 82.95 0.9693 

JMAEK 3 88.72 0.9305 92.19 0.9646 57.43 0.9488 63.02 0.9955 55.30 0.9693 

JMAEK 4 66.54 0.9305 69.11 0.9646 43.07 0.9488 47.27 0.9955 41.48 0.9693 

1 DD 352.70 0.8733 371.90 0.9204 228.32 0.8943 261.97 0.9743 224.16 0.9628 

2 DD 402.66 0.8929 422.57 0.9361 260.74 0.9136 294.91 0.9829 254.40 0.9421 

3 DD J 465.29 0.9138 485.60 0.9522 301.27 0.9335 335.29 0.9906 291.87 0.9576 

3 DD G 423.32 0.9006 443.38 0.9421 274.11 0.921 308.26 0.9859 266.77 0.9479 

FOR 266.15 0.9305 276.43 0.9646 172.29 0.9488 189.09 0.9955 80.59 0.9693 

SOR 388.35 0.9656 398.42 0.9882 250.26 0.9788 265.99 0.9997 238.12 0.9907 

PL 1/2 92.66 0.9216 92.98 0.9204 57.08 0.8943 65.49 0.9743 56.04 0.9268 

PL 1/3 58.78 0.8733 61.98 0.9204 38.05 0.8943 43.66 0.9743 37.36 0.9268 

PL 1/4 44.09 0.8733 46.49 0.9204 28.54 0.8943 32.75 0.9743 28.02 0.9268 

1D PDR 176.35 0.8733 185.95 0.9204 114.16 0.8943 130.99 0.9743 112.08 0.9268 

2D PDR 217.26 0.9046 227.31 0.9452 140.68 0.9247 157.72 0.9874 136.72 0.9509 

3D PDR 232.65 0.9138 242.80 0.9522 150.63 0.9335 167.64 0.9906 145.94 0.9576 

 

It has also been found that the Ea values obtained at higher heating rates are lower 

than those obtained at lower heating rate. The dependence of Ea on the heating rate has been 

further illustrated using different nucleation and diffusion models (as they have been shown 

as suitable for a range of solid-state phase transformation) in Figure 2.17.65 One principle 

factor responsible for the drop in Ea is the effect of temperature on the crystallization 

process.66 The crystallization peak shifts towards higher temperature at faster heating rates.  

Qualitatively, molecular mobility increases at higher temperature which favors 

crystallization. Another possibility might be the effect of heating rates on the relative 

predominance of nucleation and crystal growth which shifts the onset crystallization 

temperature compared to glass transition temperature.67 At higher heating rate, the 

crystallization is dominated by crystal growth whereas at slower heating rates there is the 

possibility of some nucleation because of the relatively slow crystal growth.54 As a result, 

nucleation dominates the crystallization phenomenon at lower heating rates. This dependence 

of crystallization on two different events, nucleation and crystal growth, may cause a thermal 

lag to the Ea values measured at higher heating rate.68  
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Table 2.8. Activation energy for non-isothermal crystallization of amorphous 

cinnarizine based on model-fitting approach at five heating rates (β); mean value of 

three readings 

 

Model notation 

Ea (kJ/mol) 

β = 1°C/min β = 2°C/min β = 5°C/min β = 10°C/min β = 20°C/min 

Mean r2 Mean r2 Mean r2 Mean r2 Mean r2 

JMAEK 2 194.79 0.9961 163.02 0.9967 141.55 0.9979 139.57 0.9996 94.24 0.9973 

JMAEK 3 129.85 0.9961 108.68 0.9967 94.37 0.9979 93.04 0.9996 62.83 0.9973 

JMAEK 4 97.39 0.9961 81.51 0.9967 70.78 0.9979 69.78 0.9996 47.12 0.9973 

1 DD 558.76 0.9985 454.48 0.9783 396.35 0.9814 393.04 0.9882 264.80 0.9803 

2 DD 422.57 0.9982 510.65 0.9858 444.76 0.9883 440.24 0.9934 296.85 0.9874 

3 DD J 698.48 0.9985 579.29 0.9925 503.74 0.9943 497.57 0.9977 335.77 0.9936 

3 DD G 647.39 0.9992 533.34 0.9885 464.26 0.9907 459.20 0.9953 309.72 0.9899 

FOR 398.57 0.9961 326.05 0.9967 283.12 0.9979 279.13 0.9996 188.49 0.9973 

SOR 532.37 0.9823 456.29 0.9994 294.66 0.9990 387.22 0.9966 261.82 0.9989 

PL 1/2 139.69 0.9985 113.62 0.9783 99.08 0.9814 98.26 0.9882 66.20 0.9803 

PL 1/3 93.13 0.9985 75.74 0.9783 66.06 0.9814 65.51 0.9882 44.13 0.9803 

PL 1/4 69.84 0.9985 56.81 0.9783 49.54 0.9814 49.13 0.9882 33.10 0.9803 

1D PDR 279.38 0.9985 227.24 0.9783 198.17 0.9814 196.52 0.9882 132.40 0.9803 

2D PDR 330.45 0.9991 272.77 0.9897 237.36 0.9919 234.68 0.9961 158.31 0.9911 

3D PDR 349.24 0.9985 289.64 0.9925 251.86 0.9943 248.78 0.9977 167.88 0.9936 

 

2.3.4.3. Model-free approach to identify the predominant crystallization model 

The model-fitting approach has certain limitations and identification of the most 

suitable model for amorphous DPM and CNZ is difficult. Thus, to further understand the 

crystallization mechanism, model-free approach was employed. This method was originally 

proposed for solid-state desolvation kinetics and employs both model-fitting and model-free 

methods for identifying the most suitable kinetic model.69 First, the activation energy, Ea, 

using the model free approach has been calculated and then these values were compared with 

those obtained by using the model-dependent method. Depending on the closeness of values 

of Ea obtained from model-dependent and model-free approach, the best model may be 

identified. 
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Figure 2.17. Effect of heating rate on activation energy of crystallization of amorphous 

dipyridamole (a) and cinnarizine (b) obtained by fitting nucleation and diffusion models 

of different orders; 1D diffusion (square), First order reaction (triangle), 1D phase 

boundary (star), JMAEK (diamond) and Power law (cross) (from top to bottom); 

Model-free kinetics (circle) for amorphous dipyridamole (a) and cinnarizine (b) 

calculated by Kissinger-Akahira-Sunose isoconversional kinetics to identify the most 

suitable kinetic model; (n=3) 

 

In the model-free method, the crystallization kinetics are evaluated without assuming 

any particular model. The dependence of the crystallization kinetics on the extent of phase 

transformation may be evaluated from isoconversional kinetics technique which gives the 

value of Ea at different extents of crystallization, (α).48 The Kissinger-Akahira-Sunose 

method (Eq. 2.21)  is usually employed to perform model-free isoconversional analysis of 

non-isothermal crystallization kinetics data over the range of α = 0.2 to 0.8 at increment of α 

= 0.05 by plotting ln (βi/T
2

α i) vs 1/T thereby giving activation energy at each α increment.70  
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𝑙𝑛 (
𝛽𝑖

𝑇𝛼 𝑖
2 ) = 𝑘 −

(𝐸𝑎)𝛼

𝑅𝑇𝛼
      ………. (2.21) 

The model-free analysis for amorphous DPM and CNZ crystallization is illustrated in 

Figure 2.17. As per ICTAC recommendation, the kinetic parameter was analysed over a wide 

range of α with an increment of  0.05 for any amorphous to crystalline transformation.50 We 

have selected the Kissinger-Akahira-Sunose kinetic method over other models (Flynn-Wall-

Ozawa method, Tang method and Staink method) because it is considered better and gives 

more accurate Ea value.50  

The Ea calculated by model-free kinetics for amorphous DPM and CNZ varies from 

79 to 93 kJ/mol and 83 to 98 kJ/mol, respectively, as α increases from 0.2 to 0.8 (Figure 

2.17). On the basis of the Ea values obtained from the model-free method, some of the 

models significantly overestimate Ea (such as all diffusion models and phase boundary 

models) whereas others underestimate it (such as power law models; n = 1/3 and 1/4) for both 

DPM (Table 2.7) and CNZ (Table 2.8). Furthermore, on increasing the heating rate, the 

model that yields the comparable Ea values changes from one model to another at different 

heating rates. 

However, for both drugs, the activation energy values obtained from model-free 

analysis are generally comparable with that obtained from the nucleation- and growth-based 

models (such as JMAEK and power law; n = ½) as shown in Figure 2.17. Furthermore, for 

DPM (with increasing heating rate), the model that gives the similar Ea changes from, with no 

clear distinction, the third order JMAEK to the power law (n = ½) and finally to three 

dimensional JMAEK model. On the other hand, for CNZ, matching Ea values models changes 

from power law (n = 1/3) to JMAEK (n = 4), JMAEK (n = 3), power law (n = ½), and finally 

to JMAEK (n = 2).  This suggests that crystallization of amorphous DPM and CNZ starts as a 

two-dimensional process and transition into three-dimensional crystal growth as heating rate 

is increased which is in agreement with the isothermal crystallization kinetics data. Therefore, 

it can be concluded that no single kinetic model is sufficient to describe the non-isothermal 

crystallization kinetics of amorphous DPM and CNZ. Furthermore, it is also observed that 

kinetic models are dependent on the heating rate for non-isothermal crystallization. These 

observations are similar to those of other amorphous pharmaceutical compounds such as 

nifedipine and felodipine.42 70 
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The Ea values for DPM and CNZ obtained from isothermal studies (Table 2.3) are 

lower compared to those calculated from the model-free approach. Zhou et al., have reported 

a mathematical explanation for this discrepancy.64 They showed that the calculation of the 

activation energy (for both isothermal and non-isothermal data) is the sum of the true 

activation energy and a correction term. The correction term is zero for isothermal kinetic 

data, but is not zero in the case of non-isothermal studies. This explains the lower activation 

energy calculated from isothermal studies as compared to Ea values from non-isothermal 

studies. The Ea values obtained by the model-fitting approach for CNZ are higher compared 

to those of DPM which demonstrates the limitation of the model-fitting approach to study 

crystallization kinetics of the model drugs. On the other hand, the model-free approach gives 

nearly similar Ea values for both the drugs. The discrepancies in the activation energy 

obtained from the model-fitting and model-free approach may be explained by examining the 

limitations of the different models. These models were originally derived for the 

crystallization kinetics in isothermal mode,71 but later have been modified for non-isothermal 

crystallization.72, 73 An important assumption of nucleation models is that the crystallization 

kinetics is only dependent on the temperature of the system without considering the effect of 

time or crystal size on the kinetics.7 72 This assumption holds true for crystallization of 

equilibrium phase such as supercooled liquids where crystallization starts above Tg. 

However, the same assumption is invalidated when crystallization starts in the glass phase 

(below Tg) because the properties of the glass state are influenced by thermal history and age. 

Another assumption is the low anisotropy of the growing crystals.74 On the contrary, most 

organic crystals exhibit anisotropy which influences the crystallization kinetics. Finally, both 

model-based and model-free kinetic approaches are based on an implicit assumption that the 

rate constant of crystallization, k, follows an Arrhenius dependence.47 Although Arrhenius 

dependence holds true for most solid-state phase transformation, there are certain exceptions 

as well.75 Non-Arrhenius dependence may lead to systematic error in Ea. Thus, the two most 

likely sources of Ea discrepancies can be attributed to crystal anisotropy and the possibility of 

non-Arrhenius behaviour of the crystallization rate constant. 
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2.3.5. Amorphous Drug Stability 

Recently, fragility and GFA have been considered worthwhile parameters to predict 

the stability of amorphous drugs.6, 22 Both model drugs were found to be fragile glasses 

(Table 2.1), CNZ, in particular, was found to be more fragile than DPM. This result was 

further supported by relaxation time measurements (Table 2.1) and Tred values (Table 2.2). 

Based on the above assessment, it can be predicted that a certain fraction of our model drugs 

may undergo crystallization which may have a significant effect on the amorphous drug 

product performance.76   

Stability was first predicted based on the difference between the storage temperature 

and glass transition temperature of amorphous drugs.77 It has been suggested that storing the 

amorphous drug below Tg (usually 50°C) could prevent crystallization maintaining the 

physical stability of drug during its shelf-life.78 Storage condition can also be defined in terms 

of hypothetical thermodynamic temperatures such as Kauzmann temperature (TK) or Vogel 

temperature (To) at which the molecular mobility is assumed to be close to zero.57 The Tg, TK 

and To for DPM/CNZ were found to be 38/6°C, -20/-55°C and -36/-55°C, respectively. 

Storing the amorphous drug at Tg – 50°C (i.e. -12 and -44°C for DPM and CNZ, respectively) 

or at TK/To would be practically very inconvenient. Therefore, different approaches have to 

be developed to improve the stability of amorphous drug such as the use of polymeric solid 

dispersions which significantly improves the shelf life expectancy of amorphous drug 

formulations. 

In order to shed further light on the role of crystallization tendency on the stability of 

amorphous drug products, amorphous solid dispersions of DPM and CNZ using PVP K30 as 

the carrier matrix (1:1 ratio) were prepared. The DSC thermograms of the freshly prepared 

and aged (2 months in desiccator at 25°C) amorphous solid dispersion products are shown in 

Figure 2.18. Both the freshly prepared and aged DPM-PVP solid dispersions show no sign of 

a melting endotherm (crystallization) and form a homogenous (single Tg) phase. Despite the 

fragile nature of the DPM, PVP K30 is effective in stabilizing the drug. This can be attributed 

to several factors such as antiplasticization, drug polymer interaction, and reduction in 

molecular mobility which are discussed in Chapter 3.79 In contrast, the freshly prepared CNZ-

PVP solid dispersion shows a melting endotherm (𝛥𝐻𝑚 = 0.14 kJ mol-1) indicating some 

crystallization (0.36%) of amorphous CNZ in the solid dispersion. The DSC results were 

further confirmed using X-ray powder diffraction of aged solid dispersions and are shown in 

Figure 2.19. This is expected as the molecular mobility of amorphous CNZ is considerably 
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higher (shorter relaxation time) compared to DPM. The melting endotherm (𝛥𝐻𝑚 = 13.25 kJ 

mol-1) increases further in the aged CNZ-PVP solid dispersion (34.6% crystallization). 

Furthermore, as shown in Table 2.1, the relaxation time for both drugs decreases at higher 

temperatures (113.5 and 2.5 s at 40°C for DPM and CNZ, respectively) and thus, the 

tendency to crystallize further increases leading to a higher probability of batch failure during 

accelerated stability studies.  

 

Figure 2.18. MDSC thermograms of model drugs, polymer and their solid dispersions 

using ±𝟎. 𝟓𝟑 °C /40s as modulation parameter at a heating rate of 5 °C /min; (n = 2) 

 

These observations are further supported by the crystallization kinetic studies 

(isothermal and non-isothermal) which predict that both model amorphous drugs are 

susceptible to crystallization due to low Ea values. Moreover, the Ea values for DPM and 

CNZ obtained from the model fitting approach are nearly identical which implies that not 

only the activation energy but also the mechanism of crystallization may have a significant 

effect on the crystallization tendency of amorphous drugs under identical conditions. 

Crystallization kinetic studies have shown that during DPM crystallization both nucleation 

and diffusion/crystal growth are dominant factors whereas CNZ crystallization is governed 

by nucleation. Since nucleation is favoured at a lower temperature than crystal growth,7 

crystallization of amorphous CNZ in solid dispersions may be attributed to its nucleation 
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based mechanism which requires lower temperatures and thus lower activation energy to 

crystallize compared to DPM where diffusion also plays an important role. 

 

Figure 2.19. XRD scans of model drugs, polymer and their solid dispersions 

 

At this point, it is clear that the crystallization of an amorphous drug is a complicated 

process and several factors may impact crystallization of an amorphous form. A detailed 

discussion on the factors effecting crystallization can be found elsewhere.7 It must be pointed 

out that the above mentioned theories (fragility, GFA and crystallization kinetics) are only an 

approximation and they may not provide more than qualitative predictions for the real 

system. Moreover, the exact mechanism of crystallization at each level of transformation or 

accurate determination of molecular mobility (relaxation time) may not be accessible 

experimentally, thereby significantly restricting quantitative predictions. However, qualitative 

insights gained from this study are expected to facilitate more reliable classification of 

glasses based on the activation energy of crystallization and more effective stabilization of 

amorphous drugs and their products. 

2.4. Conclusion 

In this chapter, the crystallization tendency of amorphous APIs have been estimated 

using fragility and GFA approaches. Fragility can be determined by different methods; 

however, the values obtained may vary significantly. Significant correlation was found 

between 𝑚𝑇, 𝑚𝐷𝑇𝑔
and GFA whereas 𝑚𝐷𝐶𝐸

did not correlate with any of them. Nonetheless, 
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this correlation suggests that fragile glasses have poor GFA and have higher crystallization 

tendency. Furthermore, the mean relaxation time of model drugs was also calculated and the 

result suggests that CNZ tends to recrystallize faster than DPM due to high molecular 

mobility. This result was corroborated by higher Tred and faster crystallization of CNZ during 

isothermal and non-isothermal experiments as compared to DPM. Other direct evidence for 

this observation was obtained from the activation energy measurement of glass transition and 

crystallization for DPM and CNZ. The results are in complete agreement with each other 

suggesting both APIs are unstable and CNZ, in particular, would have a smaller energy 

barrier to crystallization compared to DPM. Thus, fragility and GFA have been established as 

an important parameters for predicting the glass transition and crystallization behaviour of 

amorphous drugs. In addition, the crystallization kinetics of model drugs under isothermal 

and non-isothermal conditions has also been examined. It has been found that the 

crystallization mechanism for DPM follows one-dimensional growth with surface 

crystallization and for CNZ it is an interface-controlled three-dimensional isotropic growth 

and early nucleation site saturation. Moreover, it has also been shown that the conventional 

approach of comparing statistical data by the model fitting method is insufficient for 

identifying the most appropriate model for the crystallization process. The model free 

approach shows that nucleation- and growth- models are precise to the crystallization kinetics 

obtained for DPM and CNZ. Also, for both drugs, the crystallization mechanism changes 

from a two-dimensional process to three-dimensional process as crystallization proceeds. 

Finally, the validity of stability predictions on DPM and CNZ amorphous solid dispersion 

products has been checked and the results are in good agreement with predicted 

crystallization tendency and kinetics. Thus, fragility, GFA and crystallization kinetics are 

shown to be useful parameters in predicting the life expectancy of amorphous drugs from a 

practical standpoint.  
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CHAPTER 3. THEORETICAL AND EXPERIMENTAL 

INVESTIGATION OF DRUG-POLYMER INTERACTION AND 

MISCIBILITY 
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3.1. Introduction 

As discussed previously (Chapter 1 and 2), active pharmaceutical ingredients (APIs) 

may exist either in a crystalline form or in the amorphous state.1 The former consists of an 

orderly arrangement of molecules whereas the latter lacks molecular periodicity. The random 

molecular arrangement gives the amorphous APIs a higher free energy compared to their 

crystalline counterparts which contributes to their higher apparent aqueous solubility.2 

However, the higher free energy also makes the amorphous systems inherently unstable 

which may lead to crystallization during storage and/or upon exposure to humidity. Such 

limitations often necessitate the incorporation of polymeric excipients as a stabilizer for the 

amorphous APIs producing solid dispersions.2   

The solubility and miscibility of a drug within a polymeric carrier system has a 

significant effect on the stability of the amorphous solid dispersion (ASD) formulation.3 

Several factors are involved in stabilizing an amorphous drug within a polymeric carrier such 

as a reduction in chemical potential and molecular mobility, an increase in the activation 

energy for crystallization, an increase in Tg, strong drug-polymer interactions or a 

combination of these factors.4 5 To achieve the maximum crystallization inhibition, regardless 

of the specific mechanism, intimate mixing of the drug in the polymeric matrix at the 

molecular level is highly desirable; poor mixing may lead to drug crystallization as observed 

with sucrose-PVP or indomethacin-PVP physical mixtures.6 7 A better understanding of the 

phase behaviour of ASD systems helps to avoid supersaturation-driven phase separation or 

crystallization of the API at drug loadings beyond the solubility/miscibility limit of a specific 

polymer.1 3 8 9  Therefore, it is of interest to assess drug-polymer miscibility in order to 

rationally select the optimal formulation for the desired storage conditions.  

In view of these challenges, the focus of the present chapter aims to investigate the 

strength of drug-polymer interactions and solid state solubility/miscibility of the two poorly 

water soluble APIs, dipyridamole (DPM) and cinnarizine (CNZ), in two different polymeric 

carriers, polyvinyl pyrrolidone (PVP) and polyacrylic acid (PAA), using a multi-

methodological approach. Flory-Huggins (F-H) binary interaction theory has been used to 

estimate drug-polymer interactions and miscibility (phase diagram) towards the successful 

development of ASD-based formulations of DPM and CNZ. Ternary F-H interaction 

parameters (drug-polymer-water) have also been calculated using dynamic vapor sorption 

(DVS) analysis to understand the effect of moisture on amorphous DPM and CNZ within 

PVP and PAA solid dispersions. The main objective of this study is to investigate the 
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usefulness of F-H theory as a preformulation tool for evaluating different polymers in order 

to gain an insight into the drug-polymer interaction and miscibility. This information is 

further correlated with the role of polymers in maintaining in-vitro drug supersaturation 

(Chapter 4). Subsequently, this information can be used as a road map to guide the selection 

of an appropriate drug loading for the chosen polymer and also help to optimize the 

processing conditions to maintain long term stability of the ASD products.10   

3.2. Materials and methods 

3.2.1. Materials 

Dipyridamole (DPM), cinnarizine (CNZ), polyvinyl pyrrolidone (PVP) K30 and 

polyacrylic acid (PAA) were purchased from Sigma Aldrich, Ireland. The chemical structure 

of model drugs and polymers are shown in Figure 1.13. All reagents were of analytical grade 

and used without further purification.  

3.2.2. Preparation of physical mixtures 

 Physical mixtures were prepared by manually mixing (using mortar and pestle) model 

crystalline drugs and polymers at 100%, 95%, 90%, 85% and 80% (w/w) drug 

concentrations. Sample preparation was carried out in triplicate at each concentration. During 

preparation of the physical mixture, the amorphous to crystalline drug ratio may have 

changed. It must be noted that, grinding may increase the amorphous content of the drug 

which may reduce its chemical potential.11 Thus, care was taken to attain optimum mixing 

with minimum amorphization of drugs. Similarly, interaction between drug and polymer may 

also reduce the chemical potential and decrease the melting point of the drug in the mixture.     

3.2.3. Preparation of solid dispersion 

Amorphous solid dispersions (at 10, 20, 35, 50 and 60% w/w drug loading) were 

prepared in two steps. First, the drug and polymer were dissolved in a common solvent 

(methanol). The solvent was removed using rotary evaporation under reduced pressure. The 

mixture was then dried in a vacuum oven for 24 hr at 40°C. The dried mixture was then 

heated to the melting temperature of the drug, held isothermally for 5 min, and then cooled at 

40°C/min to -60°C in a DSC pan. This additional step was performed to ensure complete 

mixing of drug and polymer at molecular level. It is important to mention here that different 

preparative techniques may generate solid dispersions with different physico-chemical 

properties for the same drug- polymer combination.12 13  
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3.2.4. Differential scanning calorimetry 

Thermal analysis was performed using a TA Instruments Q2000 differential scanning 

calorimeter equipped with an electrical cooling accessory. Nitrogen was used as the purge gas 

at a flow rate of 50 mL/min. Temperature and heat flow calibration was carried out using a 

high-purity indium standard. Melting point depression analysis was conducted at a heating 

rate of 2°C/min from 0 to 200°C. The rate of 2°C/min is expected to provide sufficiently slow 

heating rate to induce molecular mixing of drug and polymer to meet the pseudo-equilibrium 

condition for Eq. 3.7. Validation experiments were carried out by modulated differential 

scanning calorimetry using an underlying heating rate of 5°C/min from 0 to 200°C, 

modulation amplitude of ±0.53°C and a period of 40 s for both model compounds.14 The 

onset of the melting peak was used for subsequent calculations.15 16 17 A detailed explanation 

regarding the impact of heating rate on the melting point depression and the choice of onset 

of melting for calculations is available in literature.18 All measurements (in triplicate) were 

performed by placing 5-10 mg of samples into aluminium pans with pin-holes. Data analysis 

was performed using Universal Analysis software (TA Instruments).  

3.2.5. Dynamic vapour sorption 

Dynamic vapour sorption (DVS) (DVS-1000 Advantage, Surface Measurement 

Systems, UK) analysis was used to study the moisture sorption behaviour of the ASDs. The 

samples (10-15 mg) were first dried to a constant mass (0% RH) for 3 hrs and then exposed 

to 10, 20, 30, 40, 50, 60, 70, 80 and 90% RH for 2 hrs at each stage to achieve equilibrium. 

All the measurements were done in duplicate. 

3.2.6. Fourier-Transform Infrared Spectroscopy 

Fourier-transform Infrared Spectroscopy (FTIR) was performed on a Varian 660-IR 

FT-IR Spectrometer (32 scans at 4 cm-1 resolution). Test samples were mixed with KBr and 

then compressed into disk and analysed immediately. 

3.2.7. X-ray diffraction analysis 

The powdered amorphous solid dispersions were analysed using X-ray diffractometer 

(X’pert MPD PRO PANalytical, Almelo, Netherlands) using the following parameters: Cu 

radiation (wavelength 1.540598 Å) , Ni-filter, voltage 40 kV, current 40 mA, 2θ range of 5-

50°C, step size 0.008° and scan rate 3.2°/min. 
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3.3. Results and Discussion 

3.3.1. Prediction of drug-polymer miscibility using solubility parameter 

approach 

The solubility parameter is often used to quantitatively measure the cohesive properties 

of a drug-polymer system and is defined as the square root of cohesive energy density (CED) 

(cohesive energy per unit volume).19 A number of excellent texts are available for more 

detailed information on solubility parameters and other cohesion parameters.20 21 The 

solubility parameters were calculated using two different methods, the Fedor and the van 

Krevelen methods. An average of both the methods has been taken for subsequent 

calculations.  

Table 3.1. Physical properties of DPM, CNZ, PVP K30 and PAA 

 
Molecular weight 

(g/mol) 

Density 

(g/cm3) 

Molar volumee 

Vm (cm3/mol) 

𝜟𝑯𝒇 

(kJ/mol) 

𝑻𝒎 

(K) 

DPM 504.63 1.40a 360.23 29.06 441.26 

CNZ 368.51 1.13b 326.12 38.33 394.40 

PVP K30 40000 1.23c 32,520.33 -  

PAA 450,000 1.27d 3,54,330.71 -  

aData reported.26 bValue obtained from literature.27 cValue obtained from literature.28 dValue Taken from 

literature.29 eValues obtained by dividing molecular weight by true density. fValues obtained from DSC (n=3) 

 

The Fedor equation for calculating solubility parameter is as follows:22 

𝛿 =  √𝐶𝐸𝐷 =  √𝛥𝐸𝑐𝑜ℎ 𝑉⁄      ………. (3.1) 

where 𝛿 is the solubility parameter, 𝛥Ecoh is the cohesive energy and V is the lattice volume. 

According to van Krevelen, the total cohesive energy (Ecoh) is the sum total of three types of 

interactions:23 

𝐸𝑐𝑜ℎ = 𝐸𝑑 + 𝐸𝑝 + 𝐸ℎ     ………. (3.2)  

where 𝐸𝑑, 𝐸𝑝 and 𝐸ℎ are  the contributions from the dispersive forces, polar forces and 

hydrogen bonding, respectively. The corresponding equation for solubility parameter (𝛿) is: 

𝛿2  =  𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2
     ………. (3.3)   

𝛿𝑑 =  
∑ 𝐹𝑑𝑖

𝑉𝑚
, 𝛿𝑝 =  

√∑ 𝐹𝑝𝑖
2

𝑉𝑚
 and 𝛿ℎ =  √

∑ 𝐸ℎ𝑖

𝑉𝑚
  ………. (3.4)  
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where Fdi is the molar attraction constant due to the dispersive components; Fpi is the molar 

attraction constant due to the polar components, Ehi is the hydrogen bonding energy, and 𝑉𝑚 

is the molar volume. The group contribution values for the drugs and polymers was obtained 

from literature.24 The drug-polymer interaction parameter, χ, was calculated using the method 

developed by Hildebrand and Scott as shown in Eq. 3.5:25 

𝜒 =  
𝑉𝑚

𝑅𝑇
(𝛿𝑑𝑟𝑢𝑔  −  𝛿𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

2
    ………. (3.5)   

where Vm is the molar volume of the solvent, R is the universal gas constant and T is the 

absolute temperature.  

Table 3.2. Solubility parameter and interaction parameter values of model drugs and 

polymers at 25°C 

 

Drug/Polymer 

δ Hoftyzer and van 

Krevelen method 

(MPa1/2) 

δ Fedor 

method 

(MPa1/2) 

 

Average 

δdrug – δpolymer 

Difference 
χ (at 25°C) 

DPM CNZ DPM CNZ 

DPM 28.57 29.57 29.07    

CNZ 21.00 21.10 21.05    

PVP K30 26.28 23.75 25.02 4.06 3.97 2.39 2.07 

PAA 27.00 28.73 27.87 1.21 6.82 0.21 6.11 

  

The values of the physical properties used to calculate the interaction parameter (Eq. 

3.5) were taken from Table 3.1. The values of the solubility parameter (δ) and the interaction 

parameter (χ) for different drug-polymer systems used in this work are shown in Table 3.2. 

The solubility parameter difference between the drugs and polymers were determined to 

evaluate miscibility.30 Generally, mixtures with lower difference are predicted to have higher 

miscibilities. Greenhalgh et al. showed that compounds with solubility parameter differences 

of < 7 MPa1/2 are more likely to be miscible compared to compounds with solubility 

parameters differing by more than 10 MPa1/2, which are generally immiscible.31 For all the 

drug-polymer systems used in this study, the solubility parameter difference was found to be 

less than 7 MPa1/2, suggesting their miscibility (Table 3.2). DPM, in particular, is expected to 

have higher miscibility with PAA as compared to PVP which may have higher miscibility 

with CNZ. Although widely applied, this approach has several limitations. For instance, the 

theoretical principle behind this method applies to simple organic structures where van der 

Waals interactions are dominant. However, for drug-polymer systems involving long range 

orders (e.g. ionic interaction) or highly directional bonds (e.g. H-bonding), this approach can 
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be erroneous.32 In addition, the solubility parameter approach does not take into account 

lattice energy for miscibility predictions. Alternate methods, such as glass transition approach 

or molecular dynamic simulation for the estimation of interaction parameters have been 

reported in the literature but also have their own limitations.33 34 

3.3.2. Drug-polymer binary interaction parameter and phase diagram 

F-H theory is a modification of the original solution theory and has been widely 

applied to investigate the free energy of mixing (𝛥𝐺𝑚𝑖𝑥) of polymer-polymer and/or polymer-

solvent systems. The F-H lattice theory provides a rational explanation of the 

thermodynamics of the drug-polymer solution by considering an amorphous drug as 

analogous to a solvent molecule.10 Hence, 𝛥𝐺𝑚𝑖𝑥 for a drug-polymer dispersion is described 

by: 

𝛥𝐺𝑚𝑖𝑥

𝑅𝑇
= 𝛷𝑑𝑟𝑢𝑔 ln 𝛷𝑑𝑟𝑢𝑔 +

𝛷𝑝𝑜𝑙𝑦

𝑚
ln 𝛷𝑝𝑜𝑙𝑦 + 𝜒𝛷𝑑𝑟𝑢𝑔𝛷𝑝𝑜𝑙𝑦  ………. (3.6) 

where Φ is the volume fraction, T is the temperature of the system and m is the ratio of the 

volume of the polymer chain to a drug molar volume.10 The mixing of the drug in the 

polymer will be thermodynamically favourable only if the free energy change associated with 

the mixing is negative (𝛥𝐺
𝑚𝑖𝑥

< 0). The theory also accounts for the contributions due to 

enthalpy and non-ideal entropy of mixing of small solvent molecules with a large polymer 

compound. On the right hand side of Eq, 3.6, the first two terms describes the entropy of 

mixing of a drug and polymer while the last term denotes the contribution from the enthalpy 

of mixing. The entropy always favours mixing, so it is the enthalpy which determines 

whether the mixing will be spontaneous or not. Thus, the drug-polymer binary interaction 

parameter,𝜒, is critical for understanding and predicting the behaviour of the system.  

In this work, the F-H interaction parameter (χ) was calculated using the melting point 

depression method.35 For miscible systems, the partial Gibbs free energy or the chemical 

potential of the drug in the mixture on melting will be smaller than the chemical potential of 

pure crystalline drug in the absence of polymer. This causes a depression in the onset of 

melting point of the drug in the mixture. However, if the drug and polymer are immiscible, 

the chemical potential of the drug remains unchanged and there will be no depression in the 

melting point. This method is not applicable for systems having very high melting point as 

these experiments may cause decomposition of either component.   
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Figure 3.1. MDSC thermograms of depression in melting point onset of drug-polymer 

physical mixture at a heating rate of 2° C/min (n=3) 

Figure 3.1 shows MDSC thermograms showing depression in melting point for drug-

polymer physical mixtures containing different weight fractions of drug. Clearly, there is 

significant evidence of depression in the melting point onset of DPM and CNZ with an 

increasing fraction of PVP or PAA, indicating a substantial degree of mixing at the melting 

temperature of the respective drug-polymer systems. To further investigate drug-polymer 

solubility and miscibility, the value χ for different drug polymer combinations from the 

melting point depression data was calculated using the following equation:36 

(
1

𝑇𝑚
−

1

𝑇𝑚
𝑜 ) =  

−𝑅

𝛥𝐻𝑓
[𝑙𝑛𝛷𝑑𝑟𝑢𝑔 + (1 −

1

𝑚
) 𝛷𝑝𝑜𝑙𝑦 + 𝜒𝛷𝑝𝑜𝑙𝑦

2
] ………. (3.7)  

where 𝑇𝑚 is the melting temperature of drug in the drug-polymer mixture, 𝑇𝑚
𝑜

 is the melting 

temperature of the pure drug, and 𝛥Hf is the heat of fusion of the pure drug. On plotting 

(
1

𝑇𝑚
−

1

𝑇𝑚
𝑜 ) ∗  

𝛥𝐻𝑓

−𝑅
− 𝑙𝑛𝛷𝑑𝑟𝑢𝑔 − (1 − 

1

𝑚
) 𝛷𝑝𝑜𝑙𝑦vs.𝛷𝑝𝑜𝑙𝑦

2
, a linear plot was obtained for all the 

drug-polymer systems and the value of χ was estimated from the slope of the graph as shown 

in Figure 3.2.  
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Figure 3.2. F-H interaction plot of the physical mixtures of drugs and polymers used to 

determine the F-H interaction parameter near melting point of DPM and CNZ (n=3). 

Table 3.3. Calculated values of F-H interaction parameter by melting-point depression 

method 

Drug-polymer combination χ (at melting temperature of drug) 

DPM-PVP K30 -1.45 

DPM-PAA -3.08 

CNZ-PVP K30 -1.11 

CNZ-PAA -1.51 

F-H, Flory-Huggins 

A negative value of 𝜒 indicates heteronuclear interaction between drug and polymer 

which would facilitate mixing. A positive value is indicative of strong homonuclear 

interaction between drug or polymer molecules which is expected to offset the entropic gain 

due to mixing.32 In this study, the χ value for each system was found to be negative (Table 

3.3), indicating that PVP and PAA were miscible with both drugs at the melting temperature 

of the drug. It also suggests an exothermic heat of mixing which reduces the free energy of 

the system and makes it more stable. On the basis of these results, the degree of interaction 

and miscibility of the model drugs with PAA were found to be greater than with PVP K30. 
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Figure 3.3. Plot of  𝜟𝑮𝒎
𝑹𝑻

  vs drug weight fraction (Φd) for DPM-PVP K30 (a), DPM-PAA 

(b), CNZ-PVP K30 (c), and CNZ-PAA (d) systems at different temperatures. 

Using Eq. 3.6 and the χ values (obtained from the melting point depression data), the 

change in Gibb’s free energy upon mixing at DPM and CNZ melting temperature as a 

function of drug weight fraction was examined as shown in Figure 3.3 (orange line). The 

Gibb’s energy of mixing can be either positive (promoting phase separation) or negative 

(promoting stability) depending on the value of χ and the drug composition. As expected, due 

to negative value of χ, the Gibb’s free energy is negative showing the mixing is 

thermodynamically favorable at the melting temperature of the model drugs. These results 

suggest that at higher temperatures (hot-melt extrusion) it would be possible to obtain 

miscible DPM-PVP, DPM-PAA, CNZ-PVP and CNZ-PAA systems. However, this 

information does not enable us to predict the miscibility and phase stability at lower 

temperatures (such as room temperature). Therefore, constructing an appropriate phase 

diagram would give a more rational thermodynamic standpoint to determine miscibility and 

predict whether crystallization would occur at lower temperatures.  

Table 3.4. Values of constants A and B for different drug-polymer systems 

 DPM-PVP K30 DPM PAA CNZ-PVP K30 CNZ-PAA 

A -10.31 -10.68 -8.53 -19.11 

B 3786.6 3247.3 3161.2 7520.1 
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The value of the interaction parameter, χ, shows a non-trivial dependence on the 

temperature and volume fraction of the polymer.37 The correlation between χ and these 

variables cannot be simply estimated. Often, to simplify the study, the temperature 

dependence of the χ has been written as the sum of the two components:10 

𝜒(𝑇)  =̃ 𝐴 + 𝐵/𝑇     ………. (3.8) 

The constants A (entropic contribution) and B (enthalpic contribution) were determined from 

the two known values of χ; χ1 obtained at room temperature (25°C) using the solubility 

parameter approach and χ2 obtained at the melting temperature of the drug using the melting 

point depression method (summarized in Table 3.4).15 Eq. 3.8 can be combined with Eq. 3.6 

to obtain Gibb’s free energy at different temperatures as shown in Figure 3.3. From the curve 

it is evident that for the DPM-PVP K30 system at 25°C, the free energy is only negative for 

drug volume fractions (Φd) < 0.126, whereas for DPM-PAA it is negative at all drug loadings 

with a free energy minimum at Φd ~ 0.35. The free energy of mixing for CNZ-PVP at 25°C is 

negative at Φd < 0.19 while for the CNZ-PAA system it is found to be positive at all drug 

fractions. Thus, it can be predicted that at room temperature, only certain drug-polymer 

compositions will be able to generate thermodynamically stable ASDs.  

To obtain a better understanding of miscibility at different drug volume fractions we 

constructed solid-liquid equilibrium (SLE) curve (using Eq. 3.6 and 3.8) as shown in Figure 

3.4. Furthermore, the spinodal curve was constructed using the second derivative of free 

energy of mixing with respect to the volume fraction of drug using the following equation: 

1

𝛷𝑑𝑟𝑢𝑔
+

1

𝑚𝛷𝑝𝑜𝑙𝑦
− 2𝜒 = 0 ……… (3.9) 

And finally, the glass transition curve was obtained using the Gordon-Taylor equation:38 

𝑇𝑔 =   
𝑊1 𝑇𝑔1+ 𝐾𝐺𝑊2𝑇𝑔2

𝑊1+ 𝐾𝐺𝑊2
     ………. (3.10)  

where Tg, Tg1 and Tg2 are glass transition temperatures of the drug polymer mixture, the 

amorphous drug and the polymer respectively, and KG is a constant which can be calculated 

using the equation as shown:  

𝐾𝐺 =  
𝜌1𝑇𝑔1

𝜌2𝑇𝑔2
      ………. (3.11)   
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where ρ1 and ρ2 are the densities of amorphous drug and polymer respectively. This generates 

phase diagram of four drug-polymer systems (DPM-PVP, DPM-PAA. CNZ-PVP and CNZ-

PAA) having a solid-liquid equilibrium (SLE) or solubility curve, spinodal or miscibility 

curve and glass transition curve, as shown in Figure 3.4, determined using solubility 

parameter and melting point depression data.39  

 
Figure 3.4. Binary phase diagram for DPM-PVP K30 (a), DPM-PAA (b), CNZ-PVP 

K30 (c) and CNZ-PAA (d); Solid-liquid equilibrium curve (red), miscibility curve 

(green) and glass transition curve (blue) 

The temperature-composition phase diagram provides a fair estimation of thermal 

stability and allows formulation scientists to predict whether a mixture is locally stable or will 

undergo spontaneous phase separation as a result of fluctuations in temperature or 

composition. For instance, a drug-polymer hot-melt extrudate containing 70% drug loading 

can form an oversaturated solid dispersion as the system cools to normal room temperature. It 

is worth mentioning that phase separation of a metastable system is a kinetically controlled 

process which depends on the processing parameters, system perturbation, crystal nuclei 

formation and growth.40 As shown in Figure 3.4, above the SLE curve (red color), the drug-

polymer mixtures are expected to remain thermodynamically stable. Below this boundary and 

above Spinodal curve (green color), a metastable zone exists representing a metastable 

state.10 In this region, specific drug-polymer compositions have the potential to separate into 
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coexisting amorphous phase leading to the formation of drug-rich or polymer rich amorphous 

domains without transforming directly into crystalline state which may occur later. 

Accordingly, single-phase and two-phase thermodynamic regions can be identified for the 

given drug-polymer binary mixture. Therefore, to evaluate the constructed phase diagram, 

ASDs of different drug-polymer combinations (DPM, CNZ, PVP K30 and PAA) and at 

different drug loading (10, 20, 35, 50 and 65% w/w) were prepared and analysed using 

MDSC as shown in Figure 3.5. 

  

 

Figure 3.5. MDSC thermograms of freshly prepared amorphous solid dispersions of 

DPM and CNZ using ±𝟎. 𝟓𝟑 °C /40s as modulation parameter at a heating rate of 5 

K/min (clockwise from top) (n=2). 

From the phase diagram (Figure 3.4) it can be predicted that below the solubility 

curve the system will enter metastable region followed by unstable zone below the miscibility 

curve. In the unstable zone, spontaneous crystallization should occur without any significant 

energy barrier. However, it has been observed experimentally that three of the systems, 

DPM-PVP, DPM-PAA and CNZ-PAA, exhibited a single Tg (Figure 3.5) indicating the 

formation of single-phase homogenous system despite having compositions/temperatures in 

the unstable zone. No crystallization peaks were observed at any drug loading for these 
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systems which shows complete amorphization and miscibility of the drugs within the solid 

dispersion. CNZ-PVP crystallized at higher drug loadings (50 and 65% w/w) but formed a 

homogenous amorphous solid dispersion at lower drug loadings (10, 20 and 35% w/w). A 

glass transition and a small endothermic melting peak (ΔHf = 0.37 J/g) was observed to the 

50% w/w CNZ/PVP system indicating a mainly amorphous system with a low level of 

crystalline drug. At higher CNZ weight fraction (65% w/w in PVP), a glass transition was 

observed along with a large melting peak (ΔHf = 35.96 J/g). This transition was lower than 

the Tg of PVP indicating the presence of amorphous drug. The solid dispersions were re-

analysed after 2 months storage in a desiccator at 25°C. It was found that DPM-PVP, DPM-

PAA and CNZ-PAA systems had remained stable as shown in Figures 3.6 and 3.7 (lower 

drug loadings are not shown). The CNZ-PVP solid dispersion also remained stable at lower 

drug loading (10, 20 and 35%) while at higher drug loadings the melting enthalpy had 

increased (ΔHf = 21.94 𝐽/𝑔  and 40.74 𝐽/𝑔 for 50 and 65% drug loading, respectively).  

 

Figure 3.6. MDSC thermograms of aged solid dispersion (2 months) (n=2) using  

±𝟎. 𝟓 K/40s as modulation parameter at a heating rate of 5 °C /min; aged  represent SD 

stored in desiccator at 25°C for 2 months. 
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Figure 3.7. XRD spectra of model drugs, polymers and their respective aged solid 

dispersion at 65% w/w drug loading; aged  represent SD stored in desiccator at 25°C 

for 2 months. 

The observed stability of the ASD’s within the metastable zone may be due to kinetic 

effects.40 41 Within the metastable region, the drug is supersaturated inside the polymeric 

matrix; however, with apparent drug-polymer miscibility and storage below Tg of the ASD, 

with proper formulation engineering, drug supersaturation may be maintained without 

crystallization/phase separation increasing the shelf life of the product. Indeed, it has been 

found that DPM-PVP, DPM-PAA and CNZ-PAA systems are stable at drug concentration 

beyond the solubility curve which might be attributed to the slow kinetics of recrystallization. 

At room temperature, the DPM systems are all below the glass transition temperature of the 

drug system (Tg,DPM = 37.44 °C) providing a kinetic barrier to recrystallization. The 

molecular mobility is low below Tg which may impede crystallization if the system is stored 

below Tg. CNZ systems, where the glass transition temperature is lower than room 

temperature (Tg,CNZ = 5.86 °C), are more susceptible to recrystallization due to an insufficient 

kinetic barrier. We observed CNZ crystallization within PVP matrix at 50 and 65% w/w drug 

loadings whereas no crystallization was observed in CNZ-PAA systems. This suggests two 

important stabilizing factors i.e. the antiplasticization effect and drug-polymer interaction. 

Undoubtedly, a polymer that is capable of offering better antiplasticization and 

complementary bonds will provide greater resistance to devitrification. 
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3.3.3. Antiplasticization effect  

 
Figure 3.8. Predicted (blue line) and experimentally (red dots) obtained glass transition 

values of freshly prepared amorphous solid dispersions of DPM and CNZ (n=2).  

To further examine the stability of amorphous solid dispersions, by comparing the 

predicted Tg values to those obtained experimentally, the stabilization due to drug-polymer 

interaction is shown in Figure 3.8. Negative deviation (observed Tg values below predicted 

values) suggest strong homonuclear interactions which will have a destabilizing effect. 

Positive deviation suggests strong heteronuclear interaction leading to enhanced stabilization 

of the drug within the polymer.42 Deviations from the predicted Tg were minor at lower drug 

loading (10%) in all the four drug-polymer systems. However, at higher drug loadings, 

significant deviations were observed. A positive deviation from the ideal mixing behaviour 

was observed for DPM-PVP, DPM-PAA and CNZ-PAA solid dispersions suggesting that 

these systems are capable of forming strong bonds which increase the Tg. This explains the 

stability of these solid dispersions at higher drug loadings within the metastable and unstable 

regions at 25°C (Figure 3.4 and 3.5) due to antiplasticization effect of polymer on drug. On 

the other hand, only the CNZ-PVP system experienced a negative deviation from the 

predicted Tg, indicating that the heteronuclear interactions (CNZ- PVP) in the dispersions 

were less than the sum of the homonuclear interactions (CNZ-CNZ and PVP-PVP) of the 
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pure components at these compositions. This may explain the crystallization of CNZ in PVP 

solid dispersions at higher drug loadings. Similar results have been reported previously for 

CNZ-Soluplus® system where 35% w/w drug loading appears to be a critical value above 

which CNZ may crystallize.43 The large positive deviation observed in PAA systems 

compared to PVP suggests that PAA is more effective at forming stable solid dispersions 

with both drugs.  

3.3.4. FTIR analysis of drug polymer interaction 

FT-IR analysis of pure DPM, CNZ, PVP K30, PAA and the ASDs was performed to 

look for possible interactions between drugs and polymers (Figure 3.9). The FT-IR spectra of 

DPM revealed characteristic peaks at 1533 and 1359 cm-1 peaks corresponding to C = N  ring 

and C – N bonds; 2923 and 2851 cm-1, due to asymmetrical and symmetrical stretch of CH2 

group; and 3377 and 3303 cm-1 corresponding to OH stretching vibration. The important 

bands of PVP K30 are 2956 cm-1 (C-H stretch) and 1665 cm-1 (C = O). A very broad band 

visible at 3400 cm-1 was attributed to the presence of water which was detected as broad 

endotherm in DSC thermograms. The OH stretching vibration almost disappeared in DPM-

PVP system which can be attributed to the presence of the intermolecular H-bonds between 

the carbonyl groups (-N-CO-R) of PVP (H-bond acceptor) and the hydroxyl groups (-OH) of 

DPM (H-bond donor) causing the OH stretching vibration to weaken. This led to the presence 

of a weak and broad peak that was covered by broad band stretches from PVP. PAA shows 

important bands at 3441 cm-1 (stretching vibration of hydroxyl group) and 1714 cm-1 

(stretching vibration of C = O group). The weaker bands at 1453 and 1413 cm-1 are associated 

with scissor and bending vibration of –CH2– and CH–CO groups, respectively. Bands 

associated with in-plane OH bending and C–O stretching of neighboring carboxyl groups are 

present at 1246 and 1172 cm-1, respectively. Interactions were observed between DPM and 

PAA within solid dispersion characterized by changes in the C = N and C–N bands at 1533 

and 1359 cm-1 respectively. Thus it could be anticipated that OH group of PAA might be 

interacting with C–N group present in DPM through hydrogen bonding. In addition, the 

stretching vibration of C = O of PAA at 1714 cm-1 was shifted to lower wavenumber 

indicating the presence of another H-bonding with OH group of DPM (broad band in ASD). 

This explains the higher interaction parameter of DPM-PAA system compared to DPM-PVP 

system (Table 3.3) and also the large positive deviation in Tg (Figure 3.8).  
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Figure 3.9. FTIR spectra of model drugs, polymers and their respective solid 

dispersions at 65% w/w drug loading 

The pure cinnarizine spectra showed aromatic and alkene CH stretching peaks at 3066 

and 3021 cm-1, respectively, an aliphatic CH stretching peak at 2956 cm-1, a C–N stretching 

peak at 1141 cm-1 and =C–H alkene and aromatic (out of plane) peaks at 1001 and 963 cm-1, 

respectively.44 The CNZ-PVP solid dispersion showed no change in spectra compared to the 

pure drug except that some peaks became broader and merged, suggesting the presence of 

amorphous drug and no H-bond interaction between CNZ and PVP. It can be inferred that the 

drug-drug interactions are stronger than drug-polymer interactions which explains the 

negative deviation in Tg (Figure 3.8). However, as shown in Figure 3.5 and 3.6, no 

crystallization peak was observed at 10, 20 and 35% drug loading suggesting that CNZ was 

uniformly dispersed within PVP to produce mixing at a molecular level. This disagreement 

suggests that CNZ formed a solid solution with the PVP at high temperatures and was 

kinetically frozen during the cooling process, rather than being a thermodynamic equilibrium. 

If this is the case then increasing the drug loading would lead to self-association of CNZ 

molecules and, as a result, crystallization. As can be seen from Figure 3.5 and 3.6, the CNZ-

PVP systems with 50 and 65% drug loading both displayed a characteristic crystalline drug 

melting peak. On the other hand, CNZ-PAA spectra clearly demonstrated the presence of H-

bonding between C–N group of CNZ and carboxyl group of PAA leading to the formation of 

stable system with strong positive deviation in Tg and no observed crystallization.  
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3.3.5. Drug-Polymer-Water ternary interaction parameter 

 

 

Figure 3.10. Water sorption isotherm of pure drugs and polymers; DPM/CNZ curves 

are expanded in inset 

Moisture sorption analysis has been widely used to study the affinity of 

pharmaceutical compounds towards moisture. A typical moisture sorption isotherm at a 

constant temperature and pressure shows the change in mass of the sample due to water 

sorption (absorption/adsorption) which reflects the interaction between the sample and 

water.45 As shown in Figure 3.10, PVP was found to be more hygroscopic than PAA (59% 

and 44% increase in mass at 90% RH, respectively). The hydrophobic nature of the pure 

crystalline drugs was demonstrated by their low moisture sorption (Figure 3.10 Inset). 

Amorphous DPM and CNZ sorbed 3.34 and 1.05% water by mass at 90% RH, respectively, 

suggesting that DPM is slightly more hydrophilic than CNZ. The solid dispersions, on the 

other hand, showed a significant increase in moisture sorption compared to the pure drugs as 

shown in Figure 3.11 at 50% w/w drug loading. The PVP solid dispersion had a higher 

moisture sorption than the PAA, probably due to more hydrophilic nature of the polymer. 

The moisture sorption isotherm of a binary physical mixtures can be predicted by 

assuming isotherm additivity of each component present in the mixture as shown below:42 

𝑊𝑚𝑖𝑥 =
(𝑊𝐴𝑃𝐼𝑚𝐴𝑃𝐼+𝑊𝑝𝑜𝑙𝑦𝑚𝑝𝑜𝑙𝑦)

(𝑚𝐴𝑃𝐼+𝑚𝑝𝑜𝑙𝑦)
    ………. (3.12) 
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where m is the component mass in the mixture and W is the mass of the absorbed water per 

unit dry mass of the solid. This equation is based on the assumption that there is no 

interaction between the components and implies ideal behaviour. However, if the drug and 

the polymer interact with each other, a deviation from the ideal behaviour would be observed 

and the extent of deviation may be regarded as a measure of the strength of the drug-polymer 

interaction.46 Furthermore, improving the wetting properties of an amorphous drug within a 

solid dispersion may lead to enhanced diffusion of water molecules into the dispersion and 

consequently, an improved dissolution rate.47 

 

Figure 3.11. Predicted (blue line) and experimental (red line) water sorption isotherm of 

DPM and CNZ solid dispersion within PVP and PAA at 50% w/w drug loading 

   On comparing the predicted isotherms (Eq. 3.12) with the experimental sorption 

isotherms (at 50% w/w drug loading), a decrease in the equilibrium moisture sorption was 

generally observed (Figure 3.11). This can be attributed to the arrangement of drug-polymer 

structure (steric effect) and their mutual interactions, which may reduce the number and 

availability of polar functional groups that interact with moisture. The moisture sorption 

profile of each drug-polymer system at 10% w/w drug loading (data not shown) was 

positively deviated from the predicted values suggesting the possibility that the structural 
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properties of the drug-polymer combination required for moisture sorption is altered leading 

to a composition dependent moisture sorption.48 However, it is not clear how molecular-level 

inhomogeneity would affect the behaviour of solid dispersions with temperature fluctuation 

or in the presence of moisture. Similar results were observed previously in case of valsartan 

solid dispersion with PVP.46 

 The deviation from the predicted moisture sorption isotherms shows that the nature of 

the water-drug, water-polymer and drug-polymer interactions affects the amount of moisture 

sorbed by the solid dispersion. Therefore, at this stage, it is useful to employ the ternary F-H 

model which includes these interactions and that allows one to calculate the composition 

dependent interaction parameter.42 Firstly, to assess the interaction parameter between the 

water and each of the individual components we employed the F-H model for binary systems 

as shown below: 

ln (
𝑝

𝑝𝑜
) = 𝑙𝑛𝛷1 + (1 −

1

𝜒12
) 𝛷2 + 𝜒12𝛷2

2
   ……….. (3.13) 

where 
𝑝

𝑝𝑜
 represents partial vapour pressure 1 and 2 represent the water and drug or polymer, 

respectively, and 𝛷 represents the volume fraction. In this study, water-DPM, water-CNZ, 

water-PVP and water-PAA interaction parameters of 2.40, 3.93, 0.30 and 0.81, respectively, 

were obtained. A large 𝜒 value represents a weak interaction between the components, 

thereby explaining the decreasing order of moisture sorption PVP>PAA>DPM>CNZ as 

shown in Figure 3.10.42 49 The lipophilic nature of dipyridamole (Log P = 3.71)50 and 

cinnarizine (Log P = 5.71)51 could have prevented their interaction with water. In the next 

step, we employed ternary F-H equation to include mutual interaction parameters between 

water-drug, water-polymer and drug-polymer as follows:42 52 

ln (
𝑝

𝑝𝑜
) = 𝑙𝑛𝛷1 + (𝛷2 + 𝛷3) − (

𝛷2

𝑋12
) − (

𝛷3

𝑋13
) + [(𝜒12𝛷2 + 𝜒13𝛷3)(𝛷2 + 𝛷3)] − (

𝜒23𝛷2𝛷3

𝜒12
)  

       ………. (3.14)  

where 1,2 and 3 represents the water, drug and polymer, respectively. 𝑋12 and 𝑋13 are the 

number of molecules of drug and the number of segments (monomer units) of polymers per 

unit water molecule respectively.  
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Figure 3.12. Drug-polymer interaction parameter (𝝌𝟐𝟑) from moisture sorption analysis 

The values of 𝜒23 obtained by the moisture sorption based calculation (at 90% target 

RH) are shown in Figure 3.12. The drug-polymer interaction parameter obtained by this 

method showed significant dependence on composition. The positive values of 𝜒23 at 65% 

w/w CNZ loading in PVP and PAA implied weaker or unfavorable interaction.53 However, 

lower DPM and CNZ contents give negative values suggesting good miscibility. This may be 

due to strong adsorption and better steric hindrance of the drugs by PVP and PAA which may 

result in better inhibition effect on drug precipitation. Though the values from the ternary 

moisture sorption analysis are not precisely comparable with the values obtained from the 

binary melting point depression analysis, an idea about the extent of composition dependent 

interaction can be obtained in the presence of water. This equation has been previously 

employed successfully to model moisture sorption and to calculate the F-H interaction 

parameter of sucrose-PVP and trehalose-PVP solid dispersions.54 It has also been reported in 

the literature that the results obtained from ternary moisture sorption analysis are good 

predictors of dissolution performance.53 

The moisture sorption based methodology provided the composition dependent χ 

values and to some extent predicts the fate of drug-polymer miscibility in the presence of 

moisture. With increased supersaturation, the solubility of drug in polymer decreases due to 

the sorbed moisture, known as the 𝛥𝜒 (=  𝜒12 − 𝜒13) effect. The large difference between 

interaction of water with hydrophobic DPM (𝜒12 = 2.40)  and CNZ (𝜒12 = 3.93) and 

hydrophilic PVP (𝜒13 = 0.3) and PAA (𝜒13 = 0.81) can induce the composition dependent 

miscibility. Similar results of moisture induced phase separation of pharmaceutical 
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amorphous solid dispersions are reported previously.52 55 This can be more pronounced at 

higher drug loading as the systems are already supersaturated. Thus, the interaction 

parameters calculated by this method are perhaps more qualitative.  

Having compared the relative ability of PVP and PAA in stabilizing DPM and CNZ 

ASDs in the solid-state, the importance of drug-polymer interaction in generating and 

prolonging drug supersaturation in solution after dissolution is also of great importance. At 

this stage it could be hypothesized that PAA will stabilize the DPM and CNZ supersaturation 

more efficiently compared to PVP. This stabilizing polymeric effect in aqueous solution may 

be attributed to strong drug-polymer interaction that might prevent the association of drug 

molecules into a crystalline lattice. Obviously, at this stage, one could conclude that further 

investigation is required to understand the molecular level processes involved in the 

stabilization of amorphous drugs using polymers and to decode the dissolution behaviour and 

physical stability of ASD systems. These studies will form the basis of Chapter 4 and 5, 

respectively. 

3.4. Conclusion 

The work is important to develop a thorough theoretical methodology for the rational 

selection of polymers and the optimization of processing conditions for preparing amorphous 

solid dispersions. This study has presented a small scale thermal and moisture sorption based 

method that can be used in combination with binary and ternary F-H interaction theory to 

predict the suitability of polymers for the preparation of amorphous solid dispersions. The 

binary interaction parameter was successfully determined from the solubility parameter 

approach and melting point depression analysis for DPM-PVP, DPM-PAA, CNZ-PVP and 

CNZ-PAA systems. The solubility and miscibility of DPM was higher than CNZ in both of 

the polymers. The constructed phase diagrams were assessed at five different drug loadings 

using MDSC and XRD. The results clearly identified metastable and unstable drug weight 

fractions for each system. Furthermore, an indication of increased moisture sorption ability 

for the solid dispersions and a composition dependence of the drug-polymer interaction in the 

presence of moisture has been shown using dynamic vapor sorption. From a formulation 

point of view, an important question is whether F-H interaction theory (binary and ternary) 

can be used as a tool for the rational selection of polymers and to predict the stability of 

ASDs in both the dry and wet states. In the specific cases investigated here, a correlation was 

found between solid dispersion performance and F-H interaction parameter predictions, once 

kinetic effects were considered in addition to thermodynamic effects.  
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CHAPTER 4. UNDERSTANDING THE GENERATION AND 

MAINTENANCE OF SUPERSATURATION DURING THE 

DISSOLUTION OF AMORPHOUS SOLID DISPERSIONS USING 

MODULATED DSC AND 1H NMR 
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4.1. Introduction 

Poor dissolution rate of drugs hampers drug formulation development process and 

several strategies are reported to improve the solubility of poorly soluble drugs.1 - 4 

Amorphization is an effective approach to improve the solubility and bioavailability of poorly 

water-soluble biopharmaceutical classification system (BCS) class II drugs.5 - 21 In the solid-

state, several mechanisms are involved in stabilizing an amorphous drug inside a polymer 

matrix such as drug-polymer interaction, antiplasticization, reduction in molecular mobility, 

reduction in chemical potential or higher activation energy for crystallization.5 21 22 23 Once 

the amorphous drugs (or their solid dispersions) are dissolved in water, a supersaturated 

solution, in which the drug is apparently dissolved more than its solubility, can be formed.7 

While it is imperative to stabilize the amorphous drug against crystallization in the solid state 

to improve the shelf-life of the product, the prolongation of supersaturation achieved during 

dissolution is also of critical importance.24 25    

The apparent solubility of the amorphous form is often theoretically predicted to be 

much higher than practically observed.26 Generally, this discrepancy is mainly attributed to 

the rapid formation of a lower solubility crystalline form from the supersaturated solution.27 

In dissolution studies of amorphous solid dispersions (ASDs), it has been observed that the 

drug solution concentrations are still much higher than the crystalline drug solution 

concentration, indicating the supersaturated solutions are being generated.28 Furthermore, the 

concentration-time profiles attained with ASDs may be higher than those achieved with the 

pure amorphous drug.29 This suggests that certain polymers are able to maintain and prolong 

the supersaturation concentrations of amorphous drug. The experimentally achieved higher 

solution concentrations following dissolution of ASDs have been attributed to drug 

crystallization inhibition by the polymer from the supersaturated solution and increased 

equilibrium solubility of the crystalline drug due to solution complexation with the polymer.7 

30   31  Despite the aforementioned studies, prediction of the in vitro dissolution mechanism 

remains challenging due to the many interdependent processes that occur simultaneously 

upon wetting of the ASD in dissolution media such as the crystallization of drug or change in 

drug-polymer interaction within the undissolved yet hydrated ASD.32 - 35   

In Chapter 2, we have shown the relative physical instability of the amorphous forms 

compared to their crystalline counterparts.15 In Chapter 3, the impact of drug-polymer 

interaction and miscibility (binary and ternary Flory-Huggins theory) on the solid-state 

stability of ASDs have been shown.21 Having compared the relative abilities of amorphous 
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DPM and CNZ to crystallize and the role of the polymer as a crystallization inhibitor in the 

solid state, this chapter aims to understand the molecular level dissolution behaviour of each 

ASD system and the effect of polymer type and concentration on the dissolution of poorly 

water-soluble model compounds, dipyridamole (DPM) and cinnarizine (CNZ). To date, there 

have been limited articles describing the drug-polymer interaction in a supersaturated 

solution although a large number of studies have been performed to examine the interaction 

in a solid dispersion. Furthermore, what has been published regarding molecular level 

understanding of drug-polymer interaction in a supersaturated solution is largely restricted to 

a few polymeric systems such as hydroxypropyl methyl cellulose acetate succinate, Eudragit 

4155F or polyvinyl pyrrolidone vinyl acetate.7 36 37 38 In light of this, an attempt has been 

made to broaden the overall understanding of the dissolution mechanism and the role of drug-

polymer interaction in prolonging supersaturation.  

Based on our solid-state drug-polymer interaction studies, using binary and ternary 

Flory-Huggins interaction parameter (chapter 3), it has been hypothesized that strong drug-

polymer interactions and an anti-plasticization effect may also improve dissolution 

performance of ASDs and suggested that further investigation is required at a molecular level 

to decode the dissolution mechanism of ASD systems. Therefore, this chapter takes the 

previous work towards a better understanding of the dissolution behaviour of ASDs and the 

effect of drug-polymer interactions on the dissolution profile of ASDs. In this study, the 

dissolution profiles of DPM and CNZ from various ASDs are investigated. Furthermore, the 

dissolution profiles (drug concentration vs. time) are compared to supersaturated drug 

solution profiles (concentration vs. time) which are created by adding a concentrated solution 

of the drug to a dissolution medium in which an amount of the polymer has been previously 

dissolved. Thus, the supersaturation parameter and the dissolution performance parameter 

were used to assess the ability of different polymers to maintain drug supersaturation and to 

quantify the dissolution performance of different ASDs.38 Additionally, solution state proton 

nuclear magnetic resonance (1H NMR) spectroscopic studies were conducted to investigate 

the interaction between drug and polymer and to better understand the dissolution mechanism 

of the drug from the ASD.  
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4.2. Materials and Methods 

4.2.1. Materials 

 Dipyridamole (DPM), cinnarizine (CNZ), polyvinyl pyrrolidone (PVP) K30 and 

polyacrylic acid (PAA) were purchased from Sigma Aldrich, Ireland. All reagents were of 

analytical grade and used without further purification. The chemical structure and key 

physicochemical properties of the model drugs and polymers used in this study are 

summarized in Figure 1.13 and Table 4.1, respectively.  

Table 4.1. Physicochemical properties of model drugs and polymers  

 
Molecular 

weight (g/mol) 

𝜟𝑯𝒇 

(kJ/mol)a 

𝑻𝒎 

(°C)a 

𝑻𝒈 

(°C)a 

Log P b pKa
 

DPM 504.63 29.06 168.11 37.44 3.71 6.439 

CNZ 368.51 38.33 121.25 5.86 5.71 8.440 

PVP  40000 -  164.13   

PAA 450,000 -  130.61   

aValues obtained from DSC (n=3), bValues obtained from literature21 

4.2.2. Preparation of amorphous solid dispersion 

 The spray dried solid dispersions were prepared using a Pro-C-epT 4M8-TriX spray 

drier (Zelzate, Belgium) with a bifluid nozzle. The spray drying solutions were prepared by 

dissolving the drug and polymer in methanol at 20, 50 and 80% w/w drug concentration 

within the ASD.  The key processing parameters are feed concentration (10% w/v in 

methanol solution), spray rate (6 mL/min), nozzle size (0.2 mm), atomization air flow rate (5 

L/min), inlet temperature (80 ± 5°C), outlet drying temperature (50 ± 5°C) and drying air 

rate (100 ± 10 L/min). The spray dried solid dispersions were collected using a small cyclone 

separator and stored in a vacuum desiccator at room temperature for further analysis. Similar 

methodology has been used to produce amorphous drug. 

4.2.3. Thermogravimetric analysis (TGA) 

The residual solvent content of the prepared solid dispersions was assessed using a 

TGA Q50 (TA Instruments Corp., Elstree, Herts, U.K.). Samples were heated at 10°C/min 

from 25 to 200°C. During all TGA experiments nitrogen was used as the purging gas at 50 

mL/min. All analyses were performed in duplicate.  

4.2.4. Modulated Differential scanning calorimeter (MDSC) 

Thermal analysis was performed using a MDSC Q2000 (TA Instruments Corp., 

Elstree, Herts, U.K.) equipped with an electrical cooling accessory. Enthalpy, temperature 
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and heat capacity calibrations were carried out using high-purity indium and sapphire 

standards as recommended by the instrument supplier. Samples between 3 and 10 mg were 

accurately weighed and placed into crimped aluminium pan with a pin hole. Nitrogen, at a 

flow rate of 50 mL/min, was used as the purge gas. The modulation parameters chosen to 

ensure separation of reversing and non-reversing events was ± 0.53 °C/40s at a ramp rate of 

5 °C/min. Data analysis was performed using Universal Analysis software (TA Instruments 

Corp., Elstree, Herts, U.K.). All analyses were performed in duplicate. 

4.2.5. X-Ray diffractometry (XRD) 

The powdered amorphous solid dispersions were analysed using an X-ray 

diffractometer (X’pert MPD PRO PANalytical, Almelo, Netherlands) using the following 

parameters: Cu radiation (wavelength 1.540598 Å) , Ni-filter, voltage 40 kV, current 40 mA, 

2θ range of 5-50°C, step size 0.008° and scan rate 3.2°/min 

4.2.6. Effect of polymer on the solubility of crystalline drug 

 The equilibrium solubility of crystalline DPM and CNZ, in the presence and absence 

of polymer, was measured at 37.0 ±0.2 °C using phosphate buffer solutions (pH 6.8) (PBS 

6.8). 25 mg of crystalline DPM or CNZ was dispersed in 500 mL of PBS 6.8, in which 500 or 

1000 mg of polymer (PVP or PAA) had been previously dissolved, leading to a final PVP or 

PAA concentration of 1.0 and 2.0 mg/mL, respectively. The solution was stirred at 100 rpm 

using a United State Pharmacopeia (USP) II paddle apparatus (Varian VK 7010 L1168, Santa 

Clara, United State). Samples were collected after 24 h and centrifuged (Hettich Centrifuge, 

Tuttlingen, Germany) for 5 min at 15000 rpm. The concentrations of DPM and CNZ were 

determined using a UV-Vis spectrophotometer (UV-2401PC, Shimadzu Corp., Duisburg, 

Germany) and a standard calibration curve that was linear over the concentration range (0.5-

20 μg/mL). The wavelengths selected were 292 nm for DPM and 251 nm for CNZ. No 

interference from PVP or PAA on the DPM and CNZ assay was observed at these respective 

wavelengths. The solubility of DPM and CNZ in PBS 6.8 in the absence of polymer was also 

evaluated. All measurements were carried out in duplicate.  

4.2.7. Effect of polymer on maintaining and prolonging drug supersaturation 

A concentrated solution of DPM and CNZ in methanol was prepared by dissolving 25 

mg of crystalline DPM and CNZ in 10 mL methanol. This solution was subsequently added 

to 500 mL of PBS 6.8 at 37.0 ± 0.2 °C. This generated an initial drug concentration of 50 

μg/mL in PBS 6.8, into which 100, 25 or 6.25 mg of polymer (PVP or PAA) had been 
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previously dissolved, leading to final polymer concentration of approximately 200, 50 and 

12.5 μg/mL, respectively. The solution was stirred at 100 rpm using a USP II paddle. 2 mL 

samples were withdrawn from each vessel at predefined intervals (5, 10, 15, 30, 60, 120, 180, 

240, 300 and 360 min) and centrifuged for 5 min at 15000 rpm. At each time point the same 

volume of fresh medium was replaced. The concentrations of DPM and CNZ were 

determined using a UV-Vis spectrophotometer. The same experiments were performed in 

PBS 6.8 in the absence of any polymer. All measurements were carried out in duplicate. The 

ability of different polymers to maintain and prolong DPM and CNZ supersaturation in PBS 

6.8 can be quantified by using the supersaturation parameter (SP) as described by Chen et. 

al.38 The concentration-time curve of a drug supersaturated in aqueous medium in the 

presence (𝐶𝑖𝐶𝑓
𝑝𝑜𝑙𝑦

) and absence (𝐶𝑖𝐶𝑓
𝑛𝑜 𝑝𝑜𝑙𝑦

)  of polymers is shown in Figure 4.1. The ideal 

situation where no drug crystallization from supersaturated solution occurred is represented 

by curve 𝐶𝑖𝐶𝑖
′
. The supersaturation parameter (SP) is defined as: 

𝑆𝑢𝑝𝑒𝑟𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 =  

𝐴𝑟𝑒𝑎
𝐶𝑖𝐶

𝑓
𝑛𝑜 𝑝𝑜𝑙𝑦

𝐶
𝑓
𝑝𝑜𝑙𝑦

𝐴𝑟𝑒𝑎
𝐶𝑖𝐶

𝑓
𝑛𝑜 𝑝𝑜𝑙𝑦

𝐶𝑖
′

  ………. (4.1) 

where 𝑎𝑟𝑒𝑎
𝐶𝑖𝐶𝑓

𝑛𝑜 𝑝𝑜𝑙𝑦
𝐶𝑓

𝑝𝑜𝑙𝑦  is the integral area between curve 𝐶𝑖𝐶𝑓
𝑛𝑜 𝑝𝑜𝑙𝑦

 and 𝐶𝑖𝐶𝑖
′
 and can be 

theoretically regarded as “the amount of drug crystallized over time” in the absence of 

polymer. When polymer was employed to maintain drug supersaturation, curve 𝐶𝑖𝐶𝑓
𝑛𝑜 𝑝𝑜𝑙𝑦

 

was elevated to curve 𝐶𝑖𝐶𝑓
𝑝𝑜𝑙𝑦

, thus 𝑎𝑟𝑒𝑎
𝐶𝑖𝐶𝑓

𝑛𝑜 𝑝𝑜𝑙𝑦
𝐶𝑓

𝑝𝑜𝑙𝑦 , the integral area between curves 

𝐶𝑖𝐶𝑓
𝑛𝑜 𝑝𝑜𝑙𝑦

 and 𝐶𝑖𝐶𝑓
𝑝𝑜𝑙𝑦

, could provide theoretical estimation of the amount of drug whose 

crystallization was inhibited by a certain type and amount of polymer. Thus, the SP is a 

dimensionless quantity and its value ranges from 0 to 1, where 0 represents no 

supersaturation maintenance power at all while 1 signifies complete inhibition of drug 

crystallization from aqueous solution. Practically SP is dependent on drug/polymer structure 

and concentration. 
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Figure 4.1. Theoretical illustration of the concentration-time curve of supersaturated 

drug solution in aqueous medium in the presence (𝑪𝒊𝑪𝒇
𝒑𝒐𝒍𝒚

) and absence of polymers 

(𝑪𝒊𝑪𝒇
𝒏𝒐 𝒑𝒐𝒍𝒚

) 

4.2.8. In-vitro dissolution study of solid dispersion 

 The dissolution rate of DPM and CNZ from various powdered ASDs was measured 

using the USP II paddle method. Samples containing 25 mg of DPM and CNZ were added to 

500 mL of PBS 6.8 at 37.0 ± 0.2 °C. The solution was stirred at 100 rpm using a USP II 

paddle apparatus. 2 mL samples were withdrawn from each vessel at predefined intervals (5, 

10, 15, 30, 60, 120, 180, 240, 300 and 360 min) and centrifuged for 5 min at 15000 rpm. At 

each time-point the same volume of fresh medium was replaced. The concentration of DPM 

and CNZ was determined using a UV-Vis spectrophotometer. All measurements were carried 

out in duplicate. 

 

Figure 4.2. Theoretical illustration of dissolution profile of ASD where AUCactual is the 

integral area under the curve 0Ct and AUCtheoretical is the integral area under the curve 

CmaxCmax’ 
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 Figure 4.2 shows a theoretical dissolution profile of an ASD where Cmax’ represents 

the maximum drug concentration achieved by complete dissolution of the drug in the 

dissolution medium. The area under the curve (AUC) is an indicator of dissolution 

performance i.e. higher AUC represents better dissolution performance. The theoretical 

maximum AUC is defined by the AUC of line CmaxCmax
’ which signifies that the drug 

concentration reached the Cmax immediately after dosing and this concentration was 

maintained consistently throughout the dissolution time. The dissolution performance of 

various ASDs in PBS 6.8 have been compared quantitatively by using the dissolution 

performance parameter (DPP) as described by Chen et al:38 

𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 =  
𝐴𝑈𝐶𝑎𝑐𝑡𝑢𝑎𝑙

𝐴𝑈𝐶𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
  ………. (4.2) 

where 𝐴𝑈𝐶𝑎𝑐𝑡𝑢𝑎𝑙 and  𝐴𝑈𝐶𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 are the integrated areas under curves 0Ct and CmaxCmax
’, 

respectively. DPP is a dimensionless parameter whose value range between 0 and 1, where 0 

indicates no dissolution and 1 represents an ideal complete dissolution without crystallization. 

4.2.9. Solution state Nuclear Magnetic Resonance (NMR) 

 In order to understand the molecular mechanism of the drug-polymer interaction, 1H 

NMR spectra were recorded on a Jeol ECX-400 spectrometer operating at 400 MHz. The 

measurements were performed at 40°C in dimethylsulfoxide (DMSO-d6) using 

tetramethylsilane (TMS) as an internal standard. Initial trials were performed using D2O. 

However, the poor solubility of the model drugs in D2O leads to weak signals and the 

chemical shifts were not clear. Therefore, DMSO has been selected due to its high dielectric 

constant and hydrophilic nature. Both drugs and polymers were completely soluble in 

DMSO. It is important to mention here that DMSO is used only for qualitative purpose to 

obtain a general representation of drug-polymer interaction in solution. The NMR spectrum 

was recorded for the pure drugs, polymers and their ASDs (at 20%, 50% and 80% w/w drug 

weight fraction). 

4.3. Results and Discussions 

4.3.1. Solid State Characterization of Spray Dried dispersions 

In a standard TGA ramp test all the spray dried ASD systems showed a residual 

solvent content of ≤ 5% w/w. As shown in Figure 4.3 and 4.4, pure DPM and CNZ showed a 

distinctive crystalline drug pattern. No DPM crystal peaks were detected in the XRD spectra 

of spray dried dispersions with PVP and PAA at 20 and 50% w/w drug loading. The XRD 
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spectra at high DPM loading (80% w/w) within PVP and PAA displayed characteristic 

crystalline DPM peaks, indicating the presence of drug crystals within the ASD. XRD spectra 

of CNZ dispersions (at 20% w/w drug loading) with PVP and PAA displayed a halo pattern. 

Interestingly, at 50% w/w CNZ loading, only PAA was able to produce complete amorphous 

dispersion whereas the XRD spectra of the PVP dispersions displayed the crystalline CNZ 

peaks. At 80% w/w CNZ loading the XRD profile of PVP and PAA dispersions showed the 

presence of CNZ crystals. These XRD results are in good agreement with the MDSC findings 

(data not shown). 

 

Figure 4.3. XRD spectra of DPM solid dispersions; % values represent drug or polymer 

weight fraction within ASD 

  

Figure 4.4. XRD spectra of CNZ solid dispersions; % values represent drug or polymer 

weight fraction within ASD
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4.3.2. Equilibrium solubility of crystalline drug in the polymeric solution 

The equilibrium solubility of the crystalline drug in the presence of concentrated 

polymeric solutions can help explain the mechanism of dissolution of a spray dried solid 

dispersions.41 To determine the solubilizing power of PVP and PAA, the equilibrium 

solubility of crystalline DPM and CNZ in 500 mL PBS 6.8 at 1 mg/mL and 2 mg/mL of each 

of the respective polymers was determined and compared to the equilibrium solubility of 

DPM and CNZ in PBS 6.8 in the absence of polymer. It should be noted that this polymer 

concentration far exceeds the solution concentration described in drug supersaturation and in-

vitro dissolution studies (Section 4.2.7 and 4.2.8, respectively). The high polymer to drug 

ratios was chosen to represent the conditions wherein it would be most likely to increase the 

crystalline drug solubility.  

As shown in Table 4.2, the equilibrium solubility of DPM increases (~1.22-fold) in 

the presence of PVP at 1 and 2 mg/mL. In contrast, PAA has a high solubilizing effect on 

DPM. The crystalline DPM solubility increased 1.5 and 2.9-fold at 1 and 2 mg/mL of PAA, 

respectively. The equilibrium solubility of CNZ did not change significantly when 1 mg/mL 

of PVP or PAA was present in the PBS 6.8, however there was a significant increase in the 

solubility of crystalline CNZ (~1.84-fold) when 2 mg/mL of PVP and PAA was present. 

These results indicate that highly concentrated polymer solutions have a solubilizing effect on 

CNZ which is otherwise practically insoluble in PBS 6.8. Furthermore, PAA has a relatively 

higher solubilizing efficiency for DPM compared to PVP whereas both polymers have nearly 

equal solubilizing effect on CNZ (Table 4.2). Previous studies have shown that the solubility 

of poorly soluble drugs was improved significantly in aqueous solution in which polymeric 

carriers had been dissolved due to the formation of weakly soluble complexes.7 42 
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Table 4.2. Equilibrium solubility of crystalline DPM and CNZ in PBS 6.8 with or 

without dissolved polymer at 37 ± 0.2 °C 

Polymer concentration (mg/mL) 

 

Equilibrium solubility in PBS 6.8 (μg/mL) (n = 2) 

 DPM CNZ 

Without polymer 6.88 ± 0.19 2.35 ± 0.17 

PVP   

1.0 8.18 ± 0.17 2.61 ± 0.06 

2.0 8.59 ± 0.03 4.35 ± 0.03 

PAA   

1.0 10.04 ± 0.21 2.67 ± 0.15 

2.0 19.76 ± 0.11 4.49 ± 0.02 

4.3.3. Polymer effect in maintaining and prolonging drug supersaturation in 

PBS 6.8 

The inhibitory effects of PVP and PAA on the crystallization of DPM and CNZ from 

supersaturated solution were evaluated by adding a concentrated solution of DPM and CNZ 

in methanol (25 mg in 10 mL) to PBS 6.8 (in which the polymers had been pre-dissolved) 

and examining the drug solution concentration as a function of time. Figure 4.5 and 4.6 

shows the results for DPM and CNZ respectively, obtained at polymer solution 

concentrations of 200, 50 and 12.5 μg/mL. These concentrations correspond to the polymer 

solution concentration that would be produced by the complete dissolution of solid 

dispersions containing 80, 50 and 20% w/w polymer respectively. For reference, results 

obtained for PBS 6.8 in the absence of polymer are also shown. As shown in Figure 4.5 and 

4.6, in the absence of polymer, both drugs crystallized immediately (within 5 mins) and the 

concentrations of DPM and CNZ rapidly diminish until they reach values close to the 

equilibrium solubility of crystalline drug. This rapid decrease in concentration suggested that 

the crystallization tendency of pure DPM and CNZ from supersaturated solution in PBS 6.8 

is very high. These results were consistent with those reported previously by Konno et al., 

wherein rapid recrystallization of felodipine was observed in the absence of polymeric 

excipients.6 By comparison, the polymer solutions were found to have a stabilizing effect on 

the supersaturation level of the dissolved drugs.  

 



 

129 
 

Figure 4.5. Supersaturation profile of DPM in PBS 6.8 with dissolved PVP (a) and PAA 

(b) at 37°C. The initial DPM concentration in each solution was 50 µg/mL; Each point 

represents mean ± SD; n = 2 

The initial drug concentration, measured 5 min after addition of a concentrated 

solution of DPM and CNZ, were significantly higher in PBS 6.8 containing 200 µg/mL of 

PVP than other lower concentrations of PVP (50 and 12.5 µg/mL) as shown in Figure 4.5 (a) 

and 4.6 (a). Conversely, there was only a small difference between the DPM and CNZ 

concentration achieved in PBS 6.8 containing PVP concentrations 50 and 12.5 µg/mL. These 

results show that PVP has significant inhibitory effect at all concentration on DPM and CNZ 

recrystallization from their supersaturated solutions in PBS 6.8. After 360 min, only the 200 

µg/mL of PVP concentration in PBS 6.8 was able to maintain significantly higher DPM 

solution concentration whereas the drug concentration, for lower PVP concentration, 

approximated to the equilibrium solubility of crystalline DPM (Table 4.2). On the other hand, 

after 360 min, the differences in CNZ concentrations were still apparent (at all PVP 

concentration) which is much higher than equilibrium solubility of crystalline CNZ (Table 

4.2) and were also a function of PVP concentration.   
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Figure 4.6. Supersaturation profile of CNZ in PBS 6.8 with dissolved PVP (a) and PAA 

(b) at 37°C. The initial CNZ concentration in each solution was 50 µg/mL; Each point 

represents mean ± SD; n = 2 

Dispersions of PAA performed better in maintaining higher supersaturation level of DPM 

and CNZ solution in PBS 6.8 (Figure 4.5 (b) and 4.6 (b)). The concentration of DPM and 

CNZ remaining in solution, 5 min after addition of a supersaturated concentration of the drug, 

was significantly higher for solutions containing PAA than buffer containing no polymer. 

Interestingly, the initial concentration, achieved 5 min after addition of a concentrated DPM 

and CNZ solution, was significantly higher in PBS 6.8 containing 200 µg/mL of PAA than 

other lower concentrations of PAA.  Moreover, no significant difference was observed 

between the DPM and CNZ concentration achieved after 5 min in PBS 6.8 containing 50 and 

12.5 µg/mL of PAA. However, PAA at the lower concentration was also effective in 

maintaining DPM and CNZ concentrations above their equilibrium solubility in crystalline 

form (Table 4.2). It is clear that the highest concentration of PAA (200 µg/mL) maintained 

significantly higher levels of DPM and CNZ in solution compared to PVP at same 
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concentration in PBS 6.8. By comparison, the difference was not very significant at lower 

PAA concentration when compared to PVP, at a similar concentration, in maintaining DPM 

and CNZ supersaturation. The differences in drug concentration in solution (compared to 

crystalline drug solubility) were still apparent after 360 min and were also a function of PAA 

concentration. Similarly, the inhibition of celecoxib and felodipine recrystallization from a 

supersaturated drug concentration was dependent upon polymer concentration in phosphate 

buffer.6 7 The comparison of inhibitory effect of PVP and PAA (Figure 4.5 and 4.6) suggests 

that PAA, at 200 µg/mL, was more efficient in stabilizing DPM and CNZ once a 

supersaturated concentration was achieved. The lower concentration of PVP and PAA 

performed equally well in prolonging DPM and CNZ crystallization from supersaturated 

solution in PBS 6.8.  

Amorphous drug solubility: It has been reported that amorphous drug offers a higher 

apparent solubility as compared to their crystalline counterpart due to their higher 

thermodynamic properties (enthalpy, entropy, free energy and volume).5 6 7 The relative 

increase in solubility can be estimated using the following equation:43 

𝛥𝐺𝑇
𝑎,𝑐

= -RTln (𝜎𝑇
𝑎/𝜎𝑇

𝑐 )    ……….  (4.3) 

where (𝜎𝑇
𝑎/𝜎𝑇

𝑐 ) is the solubility ratio of the amorphous and crystalline forms, 𝛥𝐺𝑇
𝑎,𝑐

, the 

difference in the free energy, R is the universal gas constant and T is the absolute 

temperature. It is important to mention here that Eq. 4.3 is used only for apparent amorphous 

drug solubility and does not predict exact amorphous drug solubility. Nevertheless, when 

combined with the in-vitro dissolution results, they help build a better understanding of the 

amorphous drug solubility profile from their solid dispersions. 

An estimate of the free energy difference between the two forms can be obtained from the 

Hoffman equation if the heat of fusion (𝛥𝐻𝑓) and the melting temperature (𝑇𝑚) of the 

crystalline form is known as shown below:44 

𝛥𝐺𝑇
𝑎,𝑐 = 𝛥𝐻𝑓

(𝑇𝑚−𝑇)𝑇

𝑇𝑚
2      ………. (4.4) 

It is clear from Eq. 4.4 that the higher the heat of fusion and the melting temperature of a 

drug, the greater the solubility increase that would be expected from the amorphous form of 

the drug. However, the experimentally determined apparent solubility of the amorphous APIs 

remains lower than the theoretically predicted values in most cases.45 The amorphous form 
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dissolves to produce the supersaturated solution but this is followed by a decrease in 

concentration due to recrystallization. The nucleation rate (J), according to classical 

nucleation theory, is dependent on many factors as shown below:46 

𝐽 = 𝐴 exp [−
16𝜋𝛾3𝑣2

3𝑘3𝑇3(ln 𝑆)
]     ………. (4.5) 

where 𝑣 is the molar volume, 𝛾 is the interfacial tension, 𝑘 is the Boltzman constant, T is the 

absolute temperature and 𝑆 is the supersaturation defined as the ratio of the solution 

concentration to the equilibrium solubility. Thus, it is clear from Eq. 4.5 that the nucleation 

rate is strongly dependent on the degree of supersaturation that is present. This shows that a 

high theoretical solubility ratio for an amorphous-crystalline system would have a greater 

tendency to nucleate and crystallize from solution making it difficult to achieve the 

theoretically predicted concentration experimentally. Using Eq. 4.4 and thermodynamic 

information calculated in our previous study for DPM and CNZ, amorphous DPM and CNZ 

should yield maximum solution concentration of approximately 10 and 12 times that of the 

crystalline form, respectively.5 Thus at 37 °C, concentrations of 68.8 μg/mL (DPM) and 28.2 

μg/mL (CNZ) could theoretically be achieved based on the equilibrium solubility measured 

for crystalline DPM and CNZ (Table 4.2). On the contrary, as shown in Figures 4.5 and 4.6, 

when the DPM and CNZ are introduced into polymer solution at a concentration of 50 

μg/mL, the drug concentration decreases rapidly indicating rapid crystallization of DPM and 

CNZ. This suggests that the dissolution of amorphous DPM and CNZ is followed by rapid 

crystallization.  

4.3.4. In-vitro dissolution of spray dried solid dispersion 

Figure 4.7 and 4.8 shows the dissolution profiles of DPM and CNZ ASDs containing 

different weight fractions of PVP and PAA. Dissolution from DPM and CNZ ASDs resulted 

in higher solution concentrations than the equilibrium solubility of crystalline DPM and CNZ 

(Table 4.2), indicating that supersaturated solutions were generated and maintained for up to 

360 min at all drug/polymer ratio. Furthermore, the supersaturation level increases with 

increasing polymer load within the ASDs. However, the maximum drug concentration in 

solution is still below the maximum theoretical amorphous drug solubility values calculated 

earlier (68.8 μg/mL for DPM and 28.2 μg/mL for CNZ). As discussed previously, this could 

be due to rapid crystallization of some of the drug in the solution. Nonetheless, the drug 

solubility increases significantly at all polymer concentrations which could arise from 

dissolution of the ASD and stabilization of drug supersaturation by the polymer, and/or by an 
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increase in the DPM and CNZ equilibrium crystalline solubility due to complexation with 

polymer in the solution.6  

 

Figure 4.7. Dissolution profile of DPM solid dispersion with PVP (a) and PAA (b) in 

PBS 6.8 at 37°C; % values represent polymer weight fraction within ASD, samples 

equivalent to 25 mg of drug was added to PBS 6.8; PM means Physical Mixture; Each 

point represents mean ± SD; n = 2 
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Figure 4.8. Dissolution profile of CNZ solid dispersion with PVP (a) and PAA (b) in PBS 

6.8 at 37°C; % values represent polymer weight fraction within ASD, samples 

equivalent to 25 mg of drug was added to PBS 6.8; Each point represents mean ± SD; n 

= 2  

In Figure 4.9, the data from the dissolution studies has been replotted to enable a 

comparison between solid dispersions containing different polymers at the same weight 

fraction. While the PAA has a higher MW than the PVP (450 kDa vs. 40 kDa respectively), 

they are present in low concentrations in the dissolution media (max. 200 g/l) and therefore 

the effect of solution viscosity is expected to be negligible. The supersaturation parameter 

(SP) and dissolution performance parameter (DPP) values are reported in Table 4.3. At a very 

high polymer loading (80% w/w) within the dispersion there was minimal differences 

between the DPM supersaturation level achieved with PVP and PAA during dissolution. 

Also, there was no difference with CNZ concentrations at 80% w/w polymer loading and 

both polymers maintained nearly equal CNZ solution concentration at all time. At 50% w/w 

polymer loading, PAA maintained a much higher level of DPM concentration in solution 
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when compared to PVP and the difference was also apparent with CNZ, where PAA 

performed marginally better than PVP in maintaining CNZ supersaturation. On further 

reducing the amount of polymer to 20% w/w in the solid dispersion, both the polymers 

performed equally well in maintaining DPM and CNZ supersaturation. 

Table 4.3. Table representing glass transition temperature, phase behaviour, solubility 

and supersaturation/dissolution performance parameter of DPM and CNZ with PVP 

and PAA; % represents drug weight fraction within ASD  

Drug 

loading 

Tg (GT equation) 

(°C)21 

Tg experimental 

(°C) 

No. of 

Phases 

Concentration, 6 hr 

(µg/mL) 
SP DPP 

PVP    PM SD   

DPM 20% 135.36 147.98 1 7.16 23.85 0.58 0.55 

DPM 50% 96.48 113.4 1 6.23 19.50 0.55 0.21 

DPM 80% 61.96 102.7/152.47 3 6.95 15.98 0.52 0.20 

PAA        

DPM 20% 110.61 149.88 1 7.98 24.44 0.60 0.62 

DPM 50% 82.88 148.39 1 7.43 24.87 0.57 0.40 

DPM 80% 57.54 117.73 2 7.12 17.03 0.57 0.18 

PVP        

CNZ 20% 118 106.54 1 2.39 13.77 0.36 0.25 

CNZ 50% 66.53 57.11 2 2.36 11.13 0.35 0.20 

CNZ 80% 28.77 79.43 2 2.07 11.42 0.33 0.18 

PAA        

CNZ 20% 95.63 110.37 1 2.79 14.14 0.37 0.26 

CNZ 50% 55.43 128.11 1 2.38 12.15 0.34 0.23 

CNZ 80% 25.11 102.51 2 2.01 10.84 0.33 0.21 

GT represents Gordon-Taylor equation and PM represents physical mixture of crystalline drug and polymer; No. 

of phase represents the presence of uniformly mixed drug-polymer system with one Tg (1), drug-polymer system 

with one amorphous and one crystalline domain (2) and presence of two amorphous domains as well as 

crystalline domain (3); SP and DPP are supersaturation and dissolution performance parameter, respectively; n 

= 2 
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Figure 4.9. Dissolution profile of DPM and CNZ at 80% (a), 50% (b) and 20% (c) w/w 

of polymer loading in PBS 6.8; Each point represents mean ± SD; n = 2 

Mehta et al. have reported that water sorption led to the plasticization of amorphous 

drug due to a decrease in both the relaxation (increase in molecular mobility) and 

crystallization times.47 The rapid crystallization of amorphous DPM during the dissolution of 

physical mixtures of amorphous DPM with PVP and PAA (Figure 4.7) may be attributed to 

the powerful plasticization effect of water molecules once amorphous DPM contacts the 

aqueous PBS, particularly given the low glass transition (Tg) values of the amorphous drugs 

(Table 4.1). Furthermore, amorphous CNZ also crystallizes very rapidly and attains 

crystalline drug solubility (within 5 mins) when its physical mixture with PVP or PAA were 

dispersed in PBS 6.8 (data not shown). On the other hand, spray drying with high Tg 

polymers (PVP and PAA, Table 4.1) causes intimate mixing of drug and polymer and the 

generated ASDs have a single Tg (single phase) between the Tg of the two individual 

components (Table 4.3). The exception to this was the DPM-PAA system at 80% w/w drug 

loading where amorphous drug-rich (Tg = 102.7 ºC) and polymer rich domains (Tg = 152.47 

ºC) was observed in addition to the crystalline drug domain (3 phase system). Nevertheless, 

the resultant Tg’s observed were significantly higher than the pure drug Tg (Table 4.1 and 4.3) 

and also demonstrated a positive deviation from the Gordon-Taylor (GT) predicted Tg (except 

for the CNZ-PVP systems at low drug loadings), indicating strong heteronuclear interaction 

between the drug and polymers.21 The increased Tg of the ASDs may result in greater 

physical stability during dissolution. Thus, the greater supersaturation levels generated for 
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DPM and CNZ with increasing PVP and PAA concentration may be attributed to the higher 

Tg values for PVP and PAA based systems at elevated polymer concentrations by increasing 

amorphous drug stabilization during dissolution. This antiplasticization effect by PVP and 

PAA on amorphous DPM and CNZ may enable amorphous DPM and CNZ to remain in 

amorphous form for longer periods of time especially given that it is in direct contact with 

PVP and PAA during dissolution. Thus the intimate drug-polymer mixing achieved in solid 

ASDs formed using spray drying results in supersaturated levels of DPM and CNZ in 

solution.  

 

Figure 4.10. Generalized mechanism of drug supersaturation generation and 

maintenance from the dissolution of amorphous drug-polymer physical mixture and 

ASD  

As reported in Table 4.2, only high concentrations of polymer significantly increase 

the solubility of the crystalline drugs. The solution concentration of polymer produced by the 

dissolution of the ASD is low (200 μg/mL at highest polymer loading), compared to 1000-

2000 μg/mL of polymer concentration during crystalline drug solubility study (Table 4.2), 

suggesting that the drug dissolution profile is mainly due to amorphous drug solubility rather 

than polymer enhanced crystalline drug solubility. This is supported from the results reported 

in Table 4.3 where the concentration generated from DPM and CNZ ASDs were significantly 

higher than the concentration obtained from their physical mixture (crystalline drug and 

polymer) at equivalent drug and polymer loading. Thus, it can be inferred that the main 

mechanism for drug solubility improvement can be attributed to the polymer’s ability to 

generate and maintain drug supersaturation from ASD. This is supported by the dissolution 
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results (Figure 4.8 and 4.9) where elevated drug concentrations persist following the 

generation of supersaturation. As shown in Figure 4.10 the dissolution profile can be 

rationalized as follows: Generation of a highly-supersaturated solution, due to immediate 

release of amorphous drug from polymer matrix, causes rapid nucleation of DPM and CNZ 

particles and precipitation from solution. The extent of this precipitation depends on the 

polymer’s antiplasticization effect on drug which further depends on the weight fraction of 

polymer within ASD. As shown in Eq. 4.5, a high concentration of drug causes a high 

nucleation rate leading to the creation of more crystals and a more extensive initial drop in 

the drug solution concentration. PVP and PAA do not appear to have prevented the initial 

nucleation of DPM and CNZ under these conditions. However, upon reaching the plateau 

region the drug concentration in PBS 6.8 remains higher than the equilibrium solubility 

values, strongly indicating that the polymers are able to inhibit further nucleation and crystal 

growth. A similar observation has been made previously.6 

4.3.5. Solution 1H NMR 
1H NMR studies were performed to investigate the drug-polymer interaction in 

solution to try to correlate this information with the results obtained from the dissolution of 

ASDs. The electron density around the hydrogen atom of DPM and CNZ varied as a result of 

interaction between the drug and polymer. This was reflected in the NMR spectra as chemical 

shift variations and peak broadening, since the electron density around the interacting atom 

and the mobility changed.50 
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Figure 4.11. Solution 1H NMR spectra of DPM in DMSO-d6.  Figures in inset represent 

the chemical shift of DPM-PVP ASDs at 100% (a), 80% (b), 50% (c), 20% (d) and 0% 

(e) drug loadings. The numbers at the top of each inset figure represent the peak 

number in the DPM spectra. Assignments of DPM resonance is based on spectral 

database48 Numbers are assigned arbitrarily 
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Figure 4.12. Solution 1H NMR spectra of DPM in DMSO-d6.  Figures in inset represent 

the chemical shift of DPM-PAA ASDs at 100% (a), 80% (b), 50% (c), 20% (d) and 0% 

(e) drug loadings. The numbers at the top of each inset figure represent the peak 

number in the DPM spectra. Assignments of DPM resonance is based on spectral 

database48 Numbers are assigned arbitrarily 

As shown in Figure 4.11, the chemical shift (δ) of hydroxyl protons (1) of DPM have 

been shifted to higher values (deshielding) in solution resulted from dissolution of PVP solid 

dispersions compared to corresponding protons in pure DPM. Conversely, the peak (1) 

shifted to lower values (shielding) in PAA solid dispersion solution (Figure 4.12). The 

deshielding and shielding effect on the hydroxyl protons suggest a change in electron density 

as a result of interaction with PVP and PAA and also indicates that PVP and PAA interact in 

a different manner with DPM. The change in electron density in DPM OH group confirmed 

the formation of H-bonding between the OH group of DPM with the -C=O of PVP and -

COOH group of PAA. Furthermore, no shift was observed for proton in piperidine ring (2) in 

PVP based dispersions. However, upfield shifts (to lower values) was recorded for these 

protons (2) in PAA based dispersions due to shielding effects. The protons in ethanolamine 

group (3) of DPM were shifted to higher values (downfield) in both PVP and PAA based 

dispersions (deshielding). No shift for peak (4) was observed in DPM-PVP systems 
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compared to DPM-PAA systems where upfield shift was recorded at 20% w/w DPM loading. 

The change in electron density of proton attached to different groups (2, 3 and 4) in DPM 

may be attributed to the conjugative interaction resulting in the formation of dipole-induced 

complex formation between the drug and the polymer. For CNZ systems, addition of PVP 

and PAA had a significant impact on the chemical shift of several peaks due to the interaction 

between the drug and the polymer. The interactions were most pronounced for protons 1, 2, 6 

and 7 in PVP based dispersions (Figure 4.13) and for protons 1, 2, 3, 4, 5, 6, and 7 in PAA 

solid dispersions (Figure 4.14). This suggest that CNZ interacts in a different way with PVP 

as compared to PAA which goes some way towards explaining the different polymeric effect, 

particularly in terms of inhibition of CNZ recrystallization and dissolution of CNZ ASDs. 

The shifts were downfield (higher values) for all the protons in both the systems. The nature 

of the CNZ proton interactions with PVP or PAA are currently not fully understood, but 

might be due to H-bonds, ionic-bonds or van der Waals forces.51 

The chemical shifts of protons of different functional groups of DPM and CNZ 

correlate well with the solubilizing effect of PVP and PAA. Furthermore, the relative shifts in 

DPM and CNZ peaks are higher for PAA system compared to PVP based system which 

indicates the formation of stronger interaction between the drug and PAA. This observation is 

in keeping with the results observed during supersaturation and dissolution studies where 

PAA maintained relatively higher level of DPM and CNZ supersaturation in PBS 6.8 than 

PVP. Furthermore, the relative shifts in the peaks were found to be dependent on the drug-

polymer concentration in solution which further explains the difference in drug 

supersaturation level achieved at different polymer concentrations during ASD dissolution 

(Figure 4.7 and 4.8).  Similar shifts and complex formation mechanism have been reported in 

the literature.7 29 52 
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Figure 4.13. Solution 1H NMR spectra of CNZ in DMSO-d6.  Figures in inset represent 

the chemical shift of CNZ-PVP ASDs at 100% (a), 80% (b), 50% (c), 20% (d) and 0% 

(e) drug loadings. The numbers at the top of each inset figure represent the peak 

number in the CNZ spectra. Assignments of CNZ resonance is based on Sassene et al.49 

Numbers are assigned arbitrarily 
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Figure 4.14. Solution 1H NMR spectra of CNZ in DMSO-d6.  Figures in inset represent 

the chemical shift of CNZ-PAA ASDs at 100% (a), 80% (b), 50% (c), 20% (d) and 0% 

(e) drug loadings. The numbers at the top of each inset figure represent the peak 

number in the CNZ spectra. Assignments of CNZ resonance is based on Sassene et al.49  

Numbers are assigned arbitrarily 

4.4. Conclusions 

The dissolution behaviour of the ASDs of DPM and CNZ prepared with PVP and 

PAA have been investigated and compared. We have shown that different types and 

concentrations of polymers have different effects on the supersaturated drug concentrations 

generated from the ASD.  ASDs formulated with PAA were found to result in solutions with 

the highest extent of supersaturation. At equivalent supersaturations, both polymers were 

observed to reduce crystal growth rates relative to the growth rate of the drug alone in PBS 

6.8. In addition, this study also highlighted the importance of intimate drug-polymer mixing 

achieved by spray drying in increasing the supersaturated drug concentration. The relatively 

high stabilizing effect of PAA compared to PVP may be attributed to specific interactions 
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between the drug and polymer in the solid-state as well as in solution. These results suggest 

that it is important to select appropriate polymers for a solid dispersion by considering the 

solid state stability and the stability of the supersaturated solution generated following 

dissolution of the amorphous solids. 
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CHAPTER 5. AN INVESTIGATION INTO THE EFFECT OF 

TEMPERATURE AND MOISTURE ON THE PHYSICAL STABILITY 

AND DISSOLUTION PROFILE OF SPRAY DRIED AMORPHOUS 

SOLID DISPERSIONS: PHASE SEPARATION AND 

CRYSTALLIZATION 
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5.1. Introduction 

Thermodynamically solid dispersions are referred to as “solid solutions” (single-phase 

systems with molecularly dispersed APIs) and will be formed when the API concentration is 

less than the solubility of the API in polymer.1 2  These dispersions will be thermodynamically 

stable with minimum tendency of phase separation or crystallization during the shelf life of 

the product. 3 4 However, the solubility of crystalline API in an amorphous polymer is always 

too low to meet practical needs.5 Consequently, most ASDs are metastable or unstable and 

may lead to amorphous-amorphous phase separation and recrystallization of the amorphous 

API from ASDs during storage.6 

Crystalline APIs adsorbs water by a surface adsorption mechanism.7 Amorphous APIs 

are more hygroscopic due to their higher free energy and disordered structure compared to 

their crystalline counterpart and, therefore, water can penetrate into the bulk (in addition to 

surface adsorption) of the amorphous material.8 Water (glass transition temperature, Tg = -

137 °C) can effectively reduce the Tg of the ASD and thereby increase the molecular mobility 

which can be detrimental to the stability of ASDs.9 10  Water can also interfere with the drug-

polymer interaction and thus alter the drug-polymer miscibility by competitively forming 

hydrogen bonds (H-bond) with a hydrophilic polymer.11 This may lead to phase separation 

and crystallization.12 13  

Due to their higher free energy and metastable conditions, ASDs are sensitive to 

environmental conditions. It has been previously reported that elevated temperature and 

relative humidity can promote phase separation and crystallization of ASDs by increasing the 

overall molecular mobility, reducing the Tg or interfering the drug-polymer interaction in 

ASDs leading to a decreased drug-polymer miscibility.14 15 The effect of stressed conditions 

on ASDs have been widely studied in the past, however, little has been published in literature 

about which has greater influence on ASDs, temperature or humidity?16 17 18  Investigation of 

this question is required because it will help formulation scientists to select appropriate 

storage conditions for ASDs. 

Another important question that has not been investigated to any great extent is the 

relationship between solid-state of the drug within ASDs and its effect on the dissolution 

profile. Crystallization of an amorphous API in ASDs leads to reduced dissolution and 

bioavailability. However, some ASDs may retain their amorphous nature under certain 

conditions without crystallization and may exist as phase separated system. Therefore, it is 
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interesting to see the effect of those phase separated systems on the physical stability and 

dissolution behaviour during storage and how will they change over time.  

The main objective of this Chapter is to investigate the effect of temperature and 

moisture on ASDs and measure the changes of ASDs over time during the stability testing. 

Dipyridamole (DPM), cinnarizine (CNZ) ASDs were prepared by spray drying and exposed 

to three different temperatures (25, 40 and 60 °C) at 0 and 75% RH at each temperatures for 4 

weeks. The crystallinity and dissolution profiles were then determined to understand the 

effect of different stress conditions on ASDs. The samples were also stored in desiccator at 

room temperature for one year to evaluate changes in solid state and dissolution due to the 

physical aging process. 

5.2. Materials and Methods 

5.2.1. Materials 

 Dipyridamole (DPM), cinnarizine (CNZ), polyvinyl pyrrolidone (PVP) K30 and 

polyacrylic acid (PAA) were purchased from Sigma Aldrich, Ireland. All reagents were of 

analytical grade and used without further purification. The chemical structure and key 

physicochemical properties of the model drugs and polymers used in this study are 

summarized in Figure1.13.  

5.2.2. Preparation of amorphous solid dispersions  

 The spray dried solid dispersions were prepared using a Pro-CepT 4M8-TriX spray 

drier (Zelzate, Belgium) with a bifluid nozzle. The spray drying solutions were prepared by 

dissolving the component mixtures in methanol. The drug-polymer proportion in the binary 

mixture was 20:80 w/w. For the ternary solid dispersion systems, the proportion of drug-

polymer-surfactant was 20:75:5 and drug-polymer-polymer was 20:40:40. The proportion of 

drug-polymer-polymer-surfactant in quaternary systems was 20:37.5:37.5:5 w/w. The key 

processing parameters were feed concentration (10% w/v in methanol solution), spray rate (6 

mL/min), nozzle size (0.2 mm), atomization air flow rate (5 L/min), inlet temperature (80 ± 

5°C), outlet drying temperature (50 ± 5°C) and drying air rate (100 ± 10 L/min). The spray 

dried solid dispersions were collected using a small cyclone separator and stored in a vacuum 

desiccator at room temperature for further analysis. Typical product yields were 

approximately 70%. 
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5.2.3. Thermogravimetric analysis (TGA) 

The residual solvent content of the spray dried solid dispersions was assessed using a 

TGA Q50 (TA Instruments Corp., Elstree, Herts, U.K.). Samples were heated at 10°C/min 

from 25 to 200 °C. During all TGA experiments nitrogen was used as the purging gas at 50 

mL/min. All analyses were performed in duplicate.  

5.2.4. X-Ray diffractometry (XRD) 

The powdered amorphous solid dispersions were analysed using an X-ray 

diffractometer (X’pert MPD PRO PANalytical, Almelo, Netherlands) at the Uiversity of 

Limerick using the following parameters: Cu radiation (wavelength 1.540598 Å) , Ni-filter, 

voltage 40 kV, current 40 mA, 2θ range of 5-50°C, step size 0.008° and scan rate 3.2°/min 

5.2.5. Modulated differential scanning calorimetry (MDSC) 

Thermal analysis was performed using a MDSC Q2000 (TA Instruments Corp., 

Elstree, Herts, U.K.) equipped with an electrical cooling accessory. Enthalpy, temperature 

and heat capacity calibrations were carried out using high-purity indium and sapphire 

standards as recommended by the instrument supplier. Samples between 3 and 10 mg were 

accurately weighed and placed into crimped aluminium pan with a pin hole. Nitrogen, at a 

flow rate of 50 mL/min, was used as the purge gas. The modulation parameters chosen to 

ensure separation of reversing and non-reversing events was ± 0.53 °C/40s at a ramp rate of 

5 °C/min. Data analysis was performed using Universal Analysis software (TA Instruments 

Corp., Elstree, Herts, U.K.). All analyses were performed in duplicate. 

The relative crystallinity (α) of ASDs was approximately calculated from the MDSC 

data using the following equation:19 

 𝛼 =  
𝛥𝐻𝑠

𝛥𝐻𝑐
∗ 100%   ………. (5.1) 

where 𝛥𝐻𝑠 and 𝛥𝐻𝑐 are the enthalpy of fusion of ASDs and drug-polymer physical mixture 

containing the crystalline drug in the same weight ratio, respectively. Physical mixtures (PM) 

were prepared by manually mixing the drug and polymer using mortar and pestle.  

5.2.6. Dynamic Vapour Sorption (DVS) 

Moisture sorption analysis of ASDs was done using dynamic vapour sorption (DVS)-

1000 Advantage, Surface Measurement Systems, U.K. Amorphous drug samples (5-10 mg) 
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were analysed using double ramp method from 0-90-0% RH (2 cycles) in 10% increment 

(
𝑑𝑚

𝑑𝑡
≤ 0.001 at each step) at 25 °C. All the measurements were done in duplicate.  

5.2.7. Stability testing under stress conditions 

ASDs were stored at 60 °C/75% RH, 60 °C/ 0% RH, 40 °C/ 75% RH, 40 °C/ 0% RH, 

25 °C/ 75% RH and 25 °C/ 0% RH for 4 weeks. Humidity conditions at each temperature 

was maintained using saturated sodium chloride salt solutions. 0% RH was maintained using 

silica gel. Temperature and humidity conditions were monitored throughout the experimental 

timeframes using MicroLogPRO II data loggers, FOURTEC, U.K. To investigate the 

physical aging of ASDs, samples were also stored in desiccator at room temperature for one 

year. Periodically samples were removed from the stability chambers and subjected to MDSC 

and in-vitro dissolution testing to investigate the changes of the dispersions. 

5.2.8. In-vitro dissolution testing 

 The dissolution rate of DPM and CNZ from various powdered ASDs was measured 

using the USP II paddle method. Samples containing 25 mg of DPM and CNZ were added to 

500 mL of PBS 6.8 at 37.0 ± 0.2 °C. The solution was stirred at 100 rpm using a USP II 

paddle apparatus. 2 mL samples were withdrawn from each vessel at predefined intervals (5, 

10, 15, 30, 60, 120, 180, 240, 300 and 360 min) and centrifuged for 5 min at 15000 rpm. At 

each time-point the same volume of fresh medium was replaced. The concentration of DPM 

and CNZ was determined using a UV-Vis spectrophotometer. All measurements were carried 

out in duplicate. 

5.3. Results and Discussion 

5.3.1. Crystallization tendency of amorphous DPM and CNZ 

As shown in Figure 5.1, amorphous DPM has a very high tendency to crystallize in 

the presence of moisture. DVS measurements showed that the moisture sorption of 

amorphous DPM initially displayed a steady uptake of moisture which is typical of an 

amorphous material. This was followed by moisture induced crystallization of amorphous 

DPM which leads to the expulsion of water. In the second cycle, most of the amorphous 

DPM was already crystallized as indicated by the small step changes (mass %) suggesting the 

presence of a crystalline material. Crystallization of amorphous DPM was confirmed by DSC 

analysis post DVS analysis (data not shown). CNZ, on the other hand, crystallizes very 

rapidly before the start of DVS cycle (confirmed using DSC by analyzing the sample after 60 

mins in DVS, data not shown) due to its highly fragile nature.4 Furthermore, as shown in 
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Figure 5.1 (c) and (d), freshly prepared amorphous DPM and CNZ, respectively, displayed a 

broad exothermic peak due to crystallization of the drug under DSC heating cycle followed 

by crystalline drug melting peak. In Chapter 2, it has been shown that both DPM and CNZ 

have high tendency to crystallize when stored at non-ambient temperature conditions.4 Thus, 

both our model drugs in amorphous form are very sensitive to temperature and moisture and 

it would be interesting to see their crystallization behaviour in ASDs when exposed to stress 

conditions.  

 

Figure 5.1. DVS analysis of Amorphous DPM (a) and CNZ (b) using double ramp 

method from 0-90-0% RH (2 cycles) in 10% increment (
𝒅𝒎

𝒅𝒕
≤ 𝟎. 𝟎𝟎𝟏 at each step) at 25 

°C; (c) and (d) represents DSC thermograms of amorphous and crystalline DPM and 

CNZ, respectively,  n = 2 

5.3.2. Physical aging of ASDs 

The DSC thermograms of freshly prepared DPM and CNZ ASDs are shown in Figure 

5.2 (a) and (c), respectively. It can be seen that all freshly spray dried DPM ASDs at 20 and 

50% w/w presented only a single Tg, suggesting a completely amorphous state of the drug 

and uniform drug-polymer miscibility within the dispersions. Equally, CNZ-PVP 20%, CNZ-

PAA 20% and CNZ-PAA 50% also displayed a single Tg, suggesting complete miscibility 

and homogeneity. For CNZ-PVP 50%, a small endothermic peak attributed to the melting of 

crystalline drug was observed, which seemed to indicate a small amount of crystalline CNZ 

in the initially formed ASD. The DSC thermograms of all the systems 80% w/w drug loading 
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(DPM-PVP, DPM-PAA, CNZ-PVP and CNZ-PAA) displayed the crystalline drug melting 

peak. These MDSC results are in good agreement with the XRD findings (Figure 5.2 (b) and 

(d)). 

Figure 5.2. DSC thermogram and XRD spectra of DPM (a) and CNZ (b) solid 

dispersions; % values represent drug or polymer weight fraction within ASD 
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Figure 5.3. DSC thermograms of aged ASDs of DPM and CNZ stored at room 

temperature in desiccator for 1 month (a and b), 6 months (c and d) and 1 year (e and 

f); n = 2 
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Figure 5.4. % Crystallization of amorphous DPM and CNZ within PVP and PAA based 

ASDs; Each point represents mean; n = 2; samples which remained complete 

amorphous are not shown in the figure 

Samples were further analysed after 1 month (Figure 5.3 (a) and (b)), 6 months 

(Figure 5.3 (c) and (d)) and 1 year (Figure 5.3 (e) and (f)) of storage at room temperature 

within a desiccator. The results after 1 month were similar to the freshly prepared samples for 

both the drugs at 20 and 50% w/w drug loadings within PVP and PAA based ASDs. The 

melting enthalpy of crystalline drug within DPM-PVP 80%, DPM-PAA 80%, CNZ-PVP 

50%, CNZ-PVP 80% and CNZ-PAA 80% increased after 1 month suggesting further 

crystallization of amorphous drug within polymeric carrier.  

The Tg values of DPM and CNZ ASDs-20% (PVP and PAA) decreased significantly 

after 6 months of storage within desiccator at room temperature compared to freshly prepared 

sample suggesting physical aging. After 6 months, the DSC thermograms of the PVP based 

DPM ASD-50% displayed a small endothermic peak at drug melting point whereas CNZ 

ASD-50% showed a crystallization exotherm in addition to melting peak.  These results 

suggest that both the model drugs have tendency to crystallize within PVP matrix at 50% 

drug loading or above after 6 months due to physical aging as shown in Figure 5.3 (c) and (d) 

and Figure 5.4. PAA based DPM and CNZ ASDS-50% showed reduced Tg and no melting 

peak was observed. The melting enthalpy of DPM and CNZ ASDs-80% (PVP and PAA) 

further increased after 6 month compared to fresh or 1 month aged samples suggesting further 

crystallization of amorphous drug within polymeric carrier.  
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After 1 year of storage, only the DPM-PVP 20%, DPM-PAA 20 and 50%, and CNZ-

PAA 20 and 50% samples remained completely amorphous (Figure 5.3 (e) and (f). The 

melting enthalpies of crystalline drug within DPM-PVP 50 and 80%, DPM-PAA 80%, CNZ-

PVP 50 and 80% and CNZ-PAA 80% had increased further after 1 year (Figure 5.4). CNZ-

PVP 20%, which was amorphous for 6 months, also displayed a melting endotherm 

suggesting crystallization of amorphous CNZ within the dispersion (Figure 5.3 (f)).  

5.3.3. Crystallization under stress conditions 

Having confirmed the physical aging of the dispersions, the next step was to evaluate 

if immiscibility or phase separation could be induced by exposure to high temperature and 

relative humidities. To investigate into the effect of temperature and moisture on the 

crystallization of DPM and CNZ ASDs, samples were stored at different conditions (60 

°C/75% RH, 60 °C/ 0% RH, 40 °C/ 75% RH, 40 °C/ 0% RH, 25 °C/ 75% RH and 25 °C/ 0% 

RH) for 4 weeks. Samples were removed at different time intervals (1, 2, 3 and 4 weeks) and 

examined by DSC to investigate the solid state of the drug in the ASDs (Figure 5.5 and 5.6). 

The glass transition temperature (Tg) of all the dispersions are reported in Table 5.1. If 

amorphous-amorphous phase separation occurs, two different Tg’s are expected in DSC 

thermograms since drug molecules will predominantly interact with other drug molecules in 

the amorphous drug-rich regions. The same is true for polymer-polymer interactions also. If 

phase separation occurs due to crystallization, the melting enthalpy is expected to increase. 

As reported in Table 5.1, amorphous-amorphous phase separation was observed for DPM 

ASDs (4 weeks) at 20 and 50% w/w drug loadings for both PVP and PAA. Furthermore, 

phase separation led to crystallization of amorphous DPM within the DPM-PVP 50% ASD. 

Similar results were observed CNZ-PVP 20% ASD where amorphous-amorphous phase 

separation led to crystallization of CNZ. No signs of phase separation or crystallization was 

observed for CNZ-PAA 20 and 50% dispersions. However, the Tg of these systems decreased 

significantly after 4 weeks of storage under stress conditions. As shown in Figure 5.5, the 

DPM-PVP 20% and DPM-PAA 20 and 50% thermograms showed no indication of 

crystallization whereas the thermograms for DPM-PVP 50 and 80% and DPM-PAA 80% 

displayed endothermic peaks corresponding to the melting of crystalline drug. On the other 

hand, only the CNZ-PAA 20 and 50% ASDs remained amorphous. All other CNZ systems 

displayed drug crystallization within the ASDs after 4 weeks of storage under stress 

conditions. This demonstrated that stress conditions have caused crystallization of amorphous 
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DPM and CNZ from the system. Furthermore, PAA has better crystallization inhibition 

efficiency of amorphous DPM and CNZ compared to PVP. 

 

 

 

Figure 5.5. DSC thermograms of freshly prepared DPM ASDs stored at different 

conditions of temperature and moisture for 4 weeks; n = 2 
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Figure 5.6. DSC thermograms of freshly prepared CNZ ASDs stored at different 

conditions of temperature and moisture for 4 weeks; n = 2 
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Table 5.1. Glass transition temperature (Tg, °C) of DPM and CNZ ASDs  

 ASD FORMULATIONS (Each point represents mean; n = 2) 

 

1 week 

Fresh 
25°C/0%

RH 

25°C/75%R

RH 

40°C/0%

RH 

40°C/75%

RH 

60°C/0%

RH 

60°C/75%

RH 

PVP Based        

DPM-20 147.9 147.8 147.5 147.8 148.0 147.7 147.2 

DPM-50 113.4 113.2 113.4 114.0 113.5 113.7 113.8 

DPM-80 
102.7/1

52.4 
113.0 112.9 112.4 113.5 

102.2/151.

7 
106.1/149.8 

PAA Based        

DPM-20 149.9 149.8 147.2 149.3 54.3/153.2 46.0/166.7 52.5/154.3 

DPM-50 113.4 143.3 143.5 148.0 55.0/144.5 55.6/155.6 47.8/150.9 

DPM-80 117.7 112.0 116.5 113.0 113.2 112.2 119.5 

 2 week 

PVP Based        

DPM-20  146.5 147.5 147.1 147.1 147.9 147.9 

DPM-50  113.7 113.6 113.4 113.1 114.1 113.4 

DPM-80  113.6 113.3 105.2 113.3 113.4 85.0 

PAA Based        

DPM-20  149.8 55.2/153.8 149.3 48.5/153.9 76.8/152.2 52.2/152.9 

DPM-50  148.3 57.9/144.4 147.2 46.8/139.0 56.4/148.0 47.0/135.7 

DPM-80  111.4 110.4 112.0 113.4 113.0 114.1 

 3 week 

PVP Based        

DPM-20  147.8 147.6 147.7 146.9 148.0 147.8 

DPM-50  114.2 114.9 115.3 114.0 114.1 114.1 

DPM-80  113.0 113.6 115.1 113.6 114.0 115.6 

PAA Based        

DPM-20  149.0 51.7/148.7 38.7/148.2 52.1/132.7 74.6/150.3 51.7/135.8 

DPM-50  148.0 56.0/141.7 147.4 41.7/135.4 78.5/146.9 50.4/126.2 

DPM-80  112.0 114.9 113.0 113.6 116.9 113.4 

 4 week 

PVP Based        

DPM-20  147.9 54.1/146.5 147.1 55.3/138.7 146.9 51.3/136.5 

DPM-50  113.4 50.2/112.2 112.7 50.2/114.7 114.3 38.5/114.7 

DPM-80  
102.7/152.

4 
50.0/120.4 113.2 114.0 109.7 114.0 
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PAA Based 

DPM-20  149.8 51.3/124.1 38.7/148.9 49.7/151.9 73.1/143.5 51.7/135.4 

DPM-50  148.3 48.5/140.2 140.7 41.7/130.1 78.8/142.3 50.9/114.3 

DPM-80  117.7 114.0 113.7 114.0 113.8 114.7 

 1 Week 

PVP Based        

CNZ-20 105.5 106.4 83.7 104.5 78.0 62.5/155.8 75.6 

CNZ-50 57.1 56.9 56.3 54.8 52.3 52.2 50.9 

CNZ-80 79.4 78.9 77.9 78.9 74.2 76.4 75.4 

PAA Based        

CNZ-20 110.4 109.9 96.2 94.4 90.5 92.7 87.2 

CNZ-50 128.1 121.0 107.5 110.0 105.5 110.5 105.4 

CNZ-80 102.5 102.9 89.7 102.4 83.4 101.2 71.7 

 2 Week 

PVP Based        

CNZ-20  105.9 68.3 54.8/155.4 58.4 51.0/149.2 49.2 

CNZ-50  56.6 56.1 54.8 51.9 51.2 50.1 

CNZ-80  78.5 77.9 78.5 70.2 74.8 66.2 

PAA Based        

CNZ-20  108.8 90.3 88.1 75.2 86.9 72.9 

CNZ-50  115.3 107.7 88.6 84.7 87.1 80.2 

CNZ-80  103.8 88.1 102.5 82.9 101.0 68.3 

 3 Week 

PVP Based        

CNZ-20  106.0 58.7 55.6/155.7 58.4 51.0/149.2 49.2 

CNZ-50  55.1 55.4 54.03 51.9 51.2 50.1 

CNZ-80  78.7 77.6 75.1 70.2 74.8 66.2 

PAA Based        

CNZ-20  108.7 84.2 87.2 75.2 86.9 72.9 

CNZ-50  113.1 102.9 87.5 84.7 87.1 80.2 

CNZ-80  102.3 88.2 101.4 82.9 101.0 68.3 

 4 Week 

PVP Based        

CNZ-20  106.2 54.3 54.6/155.6 50.7 50.4/148.8 47.5 

CNZ-50  55.4 55.2 54.5 50.5 50.1 49.8 

CNZ-80  78.2 76.4 75.2 70.0 74.3 62.1 

PAA Based        

CNZ-20  104.4 86.4 83.2 73.5 75.1 61.7 

CNZ-50  111.7 100.2 85.3 84.3 84.1 72.6 

CNZ-80  101.7 88.6 101.3 81.1 100.4 61.8 
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To better understand the impact of stress conditions on amorphous drug 

crystallization within ASDs, we have chosen DPM-PVP 50 and 80%, DPM-PAA 80%, CNZ-

PVP 20, 50 and 80%, and CNZ-PAA 80% to assess crystallinity under various storage 

conditions using Eq. (5.1). The results are shown in Figure 5.7. All other systems (DPM-PVP 

20%, DPM-PAA 20 and 50% and CNZ-PAA 20 and 50%) remained completely amorphous 

after 4 weeks of storage under stress conditions. It is clear that crystallinity increased in the 

order of 25 °C/0% RH, 25 °C/75% RH, 40 °C/0% RH, 60 °C/0% RH, 40 °C/75% RH and 60 

°C/75% RH for DPM and 25 °C/0% RH, 40 °C/0% RH, 25 °C/75% RH, 60 °C/0% RH, 40 

°C/75% RH and 60 °C/75% RH for CNZ. The results indicate that ASDs are most sensitive 

to 60 °C/75% RH for both DPM and CNZ, while 25 °C/0% RH and 40 °C/0% RH had the 

least effect on the amorphous DPM and CNZ crystallization, respectively. 

Figure 5.7. Relative crystallinity of DPM and CNZ ASD after 4 weeks of storage under 

stress conditions; Each point represents mean; n = 2 

5.3.4. In-vitro dissolution behaviour of ASDs 

Effect of physical aging on the dissolution profile of ASDs: It has been shown that 

high temperature and humidity can cause recrystallization of amorphous DPM and CNZ, 

reducing the rate and extent of dissolution of ASDs. To investigate the changes in the solid 

state (physical aging) of DPM and CNZ ASDs stored within a desiccator at room 

temperature, DSC was performed at different time points (Figure 5.3). After 1 year of 

storage, DPM-PVP 20%, DPM-PAA 20%, DPM-PAA 50%, CNZ-PAA 20% and CNZ-PAA 

50% were still amorphous without drug crystallization. However, some changes did occur as 



 

165 
 

detected by MDSC. The increase in enthalpy of relaxation at glass transition (DPM-PAA 20 

and 50%) and the decreased Tg in the MDSC thermogram indicated that physical ageing had 

occurred.20 21 To investigate the effect of physical aging on the dissolution behaviour of 

ASDs, dissolution tests were performed and the results are shown in Figure 5.8 and 5.9. The 

results indicated a reduction in the rate and extent of dissolution over time which suggested a 

negative effect of physical aging on the dissolution of ASDs.  

 

 

Figure 5.8. Dissolution profile of DPM ASDs stored within desiccator at room 

temperature; Value in brackets represent weight fraction of the component; Each point 

represents mean ± SD; n = 2 
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Figure 5.9. Dissolution profile of CNZ ASDs stored within desiccator at room 

temperature; Value in brackets represent weight fraction of the component; Each point 

represents mean ± SD; n = 2 

Effect of stress conditions on the dissolution profile of ASDs: As stress conditions 

caused phase separation and/or crystallization of DPM and CNZ ASDs, dissolution tests were 

subsequently performed to investigate effect of stress conditions on the dissolution profile of 

ASDs. The dissolution profile of DPM and CNZ ASDs within PVP and PAA subjected to 

various stress conditions for 4 weeks are shown in Figure 5.10 and 5.11. As expected, stress 

conditions caused a reduction both in the rate and extent of dissolution due to the drug 

recrystallization. Compared with the solid-state crystallization under stress conditions (Figure 

5.5, 5.6 and 5.7), similar trends were observed in the effect of stress conditions on the 

dissolution behaviour of ASDs: 60 °C/75% RH has the greatest effect and 25 °C/0% RH has 

the least effect. The results also showed that the changes in dissolution behaviour under 
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various stress conditions correlated with the drug loading. A higher drug loading would lead 

to a lower rate and extent of dissolution after storage (Figure 5.10 and 5.11). To further asses 

the effect of stress condition on the dissolution profile of phase separated yet amorphous 

systems, we studied the dissolution profiles of completely amorphous systems which had 

been subjected to various stress conditions for 4 weeks. As shown in Figure 5.10 and 5.11, 

stress conditions caused a reduction in the dissolution rate in the phase separated amorphous 

system. Thus, it may be suggested that even if the system is still amorphous, phase separation 

it is more susceptible to crystallization. Trends were similar in this case also where 60 

°C/75% RH has the greatest effect and 25 °C/0% RH has the least effect. 

 

Figure 5.10. Dissolution profile of DPM ASDs stored at stressed conditions for 4 weeks; 

Value in brackets represent weight fraction of the component; Each point represents 

mean ± SD; n = 2 
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Figure 5.11. Dissolution profile of CNZ ASDs stored at stressed conditions for 4 weeks; 

Value in brackets represent weight fraction of the component; Each point represents 

mean ± SD; n = 2 

5.4. General Discussions 

Crystallization is the process by which a crystalline lattice (anisotropic nature and 

long-range three-dimensional order) is formed.22 Generally, this process occurs either from 

an undercooled melt or from a supersaturated solution. If occurring from an under-cooled 

melt, crystallization can also be described as the process by which a supercooled liquid or a 

glass undergoes a phase transition (first-order) to form the more thermodynamically stable 

crystalline lattice. Crystallization is generally described using two sequential sub-processes: 

nucleation and crystal growth.23 The process of development of nuclei or seed which act as 

the center of crystallization is known as nucleation, and depends on the thermodynamic and 
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kinetic factors mentioned above, as well as other factors including interfacial surface energy. 

Post nucleation, crystal growth is also affected by thermodynamic and kinetic factors.23 To 

have a clear understanding of the effect of moisture on the crystallization behaviour of a drug 

from an ASD, it is important to consider the different factors mentioned above.  

 Different thermodynamic, kinetic as well as other molecular factors affect this 

process.24 25 Crystallization of an amorphous drug is affected by the thermodynamic driving 

force (ΔGc) for crystallization, also known as “degree of undercooling”.26 ΔGc for pure 

amorphous drugs can be approximated using the Hoffman equation or calculated as the 

difference in the enthalpy and the entropy of the amorphous and crystalline forms of the 

drug.27 28 However, in the presence of a second component such as polymer which is mixed at 

the molecular level with the amorphous drug, ΔGc for the crystallizable component of the 

system is not easily quantifiable. In Chapter 3, the additional free energy change upon mixing 

(ΔGmix) of DPM-PVP, DPM-PAA, CNZ-PVP and CNZ-PAA systems have been calculated 

by performing melting point depression experiments and found that PAA have better 

stabilizing effect against crystallization compared to PVP.5 It is apparent from Figure 5.3, 5.4, 

5.5, 5.6 and 5.7 that DPM and CNZ crystallization rates from PVP dispersions are extremely 

sensitive to temperature and RH compared to PAA based dispersions. Also, in the presence of 

a third component, such as moisture, which is sorbed by the system (comprised of drug and 

polymer) at molecular level will further affect ΔGmix. However, an exact estimation is 

extremely difficult, since different contributing factors effecting ΔGmix will include the 

relative amount of drug, polymer and water, as well as drug-drug, drug-polymer, drug-water 

and polymer-water interactions, which are liable to change in the presence of other 

components.5  

Kinetically, intimately mixing large molecules such as polymers with an amorphous 

drug may reduce the overall molecular mobility within the dispersion, for example, as shown 

by an increase in the Tg of the ASDs (Table 5.1). Previously (Chapter 2 and 3), it has been 

found that reducing the molecular mobility may increase the stability of amorphous systems 

by reducing the crystallization rate of amorphous DPM and CNZ.4,5 Aside from this, drug-

polymer interaction and the degree of drug-polymer mixing have also been shown to impact 

crystallization from the amorphous phase. ASDs composed of a poorly water-soluble drug 

and a polymer are mixed and processed with the intention of maintaining the drug as an 

amorphous solid over the shelf-life of the product, thereby ensuring higher and reproducible 

dissolution rates. It is generally expected that, for the polymer to act as an effective 
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crystallization inhibitor, the drug and polymer should be intimately mixed to produce a 

homogenous system; this is usually inferred by the presence of a single Tg in DSC 

thermogram. DPM-PVP (20 and 50%), DPM-PAA (20 and 50%), CNZ-PVP 20% and CNZ-

PAA (20 and 50%) drug loadings, investigated in this study, form miscible amorphous 

systems displaying a single Tg event, as well as evidence of drug-polymer intermolecular 

interactions (Figure 5.2 and Table 5.1). On the other hand, DPM-PVP 80%, DPM-PAA 80%, 

CNZ-PVP 50 and 80%, and CNZ-PAA 80% displayed two-phase amorphous-crystalline 

systems.  

To further probe into the effect of storage at high temperatures and RH, it is necessary 

to consider an interesting phenomenon reported for the PVP and PAA based DPM and CNZ 

dispersions, namely that exposure of the samples to high temperature and RH resulted in the 

formation of drug-rich and polymer-rich phases (Table 5.1). In the event of stress-induced 

amorphous-amorphous phase separation, it would be expected that the physical stabilization 

of the amorphous drug due to the formation of an ASD within the polymer matrix would be 

significantly reduced, if not altogether eliminated in the most extreme cases (where phase 

separation has been observed leading to crystallization) of high drug loadings and high 

temperature/RH exposure (Table 5.1). Therefore, the overall rate of crystallization rate would 

be expected to be dependent on the nature of amorphous drug, drug-polymer miscibility, 

drug-polymer interaction and the stress conditions to which they are exposed. This is exactly 

in agreement with the previous studies on DPM and CNZ systems (Table 5.1).4 5 In Chapter 

2, we found that DPM and CNZ, both, are highly fragile amorphous drugs having high 

tendency to recrystallization. CNZ, in particular, is more unstable in amorphous form 

compared to DPM. Furthermore, it has also been shown that drug-polymer interaction is 

present in DPM-PVP system whereas amorphous CNZ was kinetically stabilized within PVP 

matrix and no CNZ-PVP interaction was observed (Chapter 3). This is exactly in agreement 

with the stability results observed in this study, supporting the supposition that the 

crystallization of an amorphous drug is an interplay of different mechanisms.  

It is also of interest to compare crystallization of DPM and CNZ from PAA-

containing ASDs to those from PVP-containing ASDs. Generally, the extent of DPM and 

CNZ crystallization from PAA dispersions tended to be lower than for PVP based ASDs at 

equivalent drug loadings (Figure 5.4 and 5.7). PAA based dispersions of DPM and CNZ at 20 

and 50% drug loadings remained completely amorphous during physical aging (1 year within 

desiccator at room temperature) and stress testing (4 weeks at different temperature and 
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moisture conditions) as shown in Figure 5.3, 5.4, 5.5, 5.6 and 5.7. DPM and CNZ ASDs 

within PAA at 20 and 50% w/w displayed no signs of crystallization during 4 weeks of stress 

testing or during physical aging tests at 25 °C/0% RH. However, a significant reduction in Tg 

was observed (Table 5.1). Furthermore, as reported in Table 5.1, the crystallization rate of 

DPM and CNZ from PAA-containing dispersions was clearly much less sensitive to changes 

in storage in stress conditions as compared to PVP-containing dispersions. In Chapter 3 

Flory-Huggins theory has been employed to predict drug-polymer interaction in the presence 

and absence of moisture and found that PAA has better stabilizing efficiency for amorphous 

DPM and CNZ compared to PVP.5 Predictions made from previous studies (Chapter 3) on 

DPM and CNZ PAA or PVP based dispersions prepared by different method (solvent 

evaporation followed by quench cooling) are in complete agreement with these results. 

 

Figure 5.12. Schematic illustration of the aging and crystallization process of spray 

dried DPM and CNZ ASDs 

DPM and CNZ ASDs in this work exhibited different physical stabilities under 

different conditions. For instance, physical aging and crystallization was observed for those 

stored within desiccator at room temperature or under stress conditions. Based on the results 

observed in this study, an aging and crystallization mechanism was proposed as shown in 

Figure 5.12. During spray drying, drugs might dissolve in polymers to form a solution and, as 

a result, the drug molecules might be dispersed uniformly throughout the polymer 

immediately after preparation (Figure 5.12 (A)). However, due to the higher free energy of 

amorphous form compared with its crystalline counterpart, ASDs will lose their excess free 

energy inevitably through physical aging first. It has been shown that aging can lead to 

increased phase separation, and/or crystallization. During phase separation, drug molecules 
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dispersed within the polymer matrix gather together to form amorphous clusters, resulting in 

amorphous drug-rich phase (with a lower concentration of polymer) and a polymer-rich phase 

(with a lower concentration of amorphous drug). The aging phenomenon is diffusion 

controlled leading to the formation of amorphous drug clusters within polymers (Figure 5.12 

(A to B)). In the early stage of the phase separation process, drug molecules diffuse rapidly 

due to their high concentration and decreased Tg of the system under stress conditions. As a 

result, CNZ crystallizes faster than DPM as reported in Table 5.1. Afterwards, the diffusion 

of molecules became slower and slower due to the decreased concentration of molecularly 

dispersed drug molecules (Figure 5.12 (B to C)). The rate of phase separation followed by 

crystallization (Figure 5.12 (C to D)) depends on many factors including drug-polymer 

miscibility during preparation process, molecular mobility of drug molecules within 

dispersions and drug-polymer interactions.3 4 5 In addition, alignment and orientation of drug 

molecules are required to form a crystal lattice and initiate crystallization. During the aging 

process, ASDs can retain their amorphous state or crystallize depending on the storage 

conditions (Figure 5.3 and 5.4). In this study, it has been shown that crystallization can cause 

a reduction in dissolution. Interestingly, it has also been shown that it is not reasonable to 

assume that the dissolution of ASDs will not decrease in the absence of crystallization. As 

shown in this study, aging or stress conditions may lead to phase separation which may have 

negative affect on dissolution, although the systems were still amorphous.  

5.5. Conclusion 

For DPM and CNZ ASDs, high temperature and humidity can cause, both, 

crystallization and reduced dissolution. It was found that ASDs were most affected by 60 

°C/75% RH and, in contrast, 75% RH at 25 °C had the least effect on the system. Results also 

showed that temperature and humidity seemed to have comparable effect on the 

crystallization and/or phase separation of DPM and CNZ ASDs. Furthermore, PAA is more 

effective crystallization inhibitor of amorphous DPM and CNZ compared to PVP. It should 

also be noted that the physical aging can also lead to decreased dissolution in the absence of 

crystallization, and the Tg of ASDs may be a good indicator of changes in dissolution. 
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CHAPTER 6. AN INVESTIGATION INTO THE SOLID-STATE 

PROPERTIES AND DISSOLUTION PROFILE OF SPRAY DRIED 

TERNARY AMORPHOUS SOLID DISPERSIONS; A RATIONAL STEP 

TOWARDS THE DESIGN AND DEVELOPMENT OF MULTI-

COMPONENT AMORPHOUS SYSTEM  
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6.1. Introduction 

As discussed in the previous chapters, the majority of new chemical entities in the 

development pipeline are poorly water soluble and various strategies are employed to 

enhance their solubility and dissolution rate.1 - 7 Amorphization of crystalline drugs is a 

promising strategy to overcome the solubility challenge, however, they have inherent 

tendency to convert to crystalline form.8 - 14 In an attempt to delay crystallization and improve 

physical stability and dissolution, different polymers (which interfere with either nucleation 

or crystal growth or both) have been used to prepare binary ASDs.15 - 18 Different mechanisms 

have been proposed to explain the improvement in drug dissolution and stability from binary 

ASDs including the formation of fine particles, drug-polymer interaction in solution, 

formation of a physical barrier to crystallization (adsorption of the polymer molecules onto 

the crystal surfaces), viscosity enhancement, reduction in Gibb’s free energy and an anti-

plasticization effect of polymer on the drug.9, 19 

Conceptually, multi-component ASDs are considered to be an option to further 

improve the solubility of poorly water-soluble drugs. A multi-component system, 

incorporating other pharmaceutical excipients in addition to the drug and amorphous polymer 

matrix, modifies the drug particles’ microenvironment at the dissolution front leading to the 

enhancement of API solubility.20 The physical stability of the amorphous dispersions can be 

improved by the selection of appropriate matrix components for multi-component system.21 

Therefore, multi-component ternary ASDs composed of API, amorphous polymer matrix and 

functional excipients are considered to be a propitious step towards the improvement of 

physical stability and enhancement of dissolution of poorly water-soluble drugs. However, in 

formulating such systems several issues, such as the formation of homogenous dispersions 

and the physical stability, should be considered. It has been observed that in some cases the 

solution concentration of free drug during the dissolution of ternary ASDs (drug, polymer and 

an additive) declined due to the recrystallization of an amorphized additive.22 It has also been 

reported that multi-component systems of drug and polymer may undergo phase separation 

due to the addition of an additive to the binary ASD system.23 There is a paucity of literature 

on the application of multi-component spray dried solid dispersions and further research is 

required to understand and optimize ternary ASDs.  Thus it would seem that the choice and 

quantity of functional additive may be critical to formulating stable, multi-component ASDs. 

Therefore, a rational starting point towards the design of a multi-component ternary ASDs, 
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where the API is one of the amorphous state components, would be a ternary mixture of 

amorphous polymer and functional excipients forming drug-polymer-excipient system. 

Generally the third component is either a polymer or surfactant to form ternary ASDs. 

To date, very few studies have examined the effect of a third component on the stability and 

dissolution of ASDs.23 - 26 The addition of a third component commonly aims to further 

improve the physical stability and increase the dissolution by inhibiting drug recrystallization 

during shelf life and in solution state, respectively. Moreover, it would be interesting to see 

the effect of combining two different polymers which have different types of interactions 

with the drug on the physical stability and dissolution behaviour of ternary ASDs. Although 

there are many publications on amorphous drug crystallization inhibition in the presence of a 

single polymer (binary ASDs), there is a need to understand drug crystallization (both in the 

solid-state and during dissolution) in the presence of two polymers (ternary ASDs). Due to an 

increase in the overall number of poorly soluble APIs, ternary ASDs having two different 

polymers may be utilised to further enhance their physical stability and apparent solubility. 

Another class of pharmaceutical excipient used to improve the aqueous solubility and 

dissolution performance of poorly water-soluble drugs are surfactants.27, 28 As a consequence, 

it may be expected that incorporating surfactants into ASDs to form drug-polymer-surfactant 

ternary ASDs may further enhance the dissolution rate of the poorly water-soluble drug by 

promoting wettability of the particles. In this work, the main reason for choosing surfactants 

as third component in addition to binary drug-polymer combinations was based on the fact 

that polymer may dissolve the amorphous drug in the solid state, leading to a stable system 

without crystallization or phase separation, while the surfactant may promote wettability in 

solution which can lead to an increase in solubility and dissolution rate of the drug.  

Previously, surfactants have been used as plasticizers for polymers during hot melt extrusion 

processes to enhance drug-polymer miscibility.29, 30 However, currently there is very limited 

literature available on the preparation and characterization of spray dried drug-polymer-

surfactant dispersions and therefore, it is of interest to study the effect of surfactants on ASD 

properties when incorporated within spray dried ASDs.31, 32 Furthermore, the role of 

surfactants on drug release from ASDs has also been reviewed, with some studies finding a 

positive impact on the release kinetics of hydrophobic APIs and others reporting a negative 

effect of surfactants on the dissolution of amorphous drugs from solid dispersions.33, 34 It is 

therefore reasonable to suggest that surfactants, like polymers, may have an impact on the 

physical stability and dissolution behaviour of ASDs and it is of interest to explore this 
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possibility. Consequently, the physical stability and dissolution behaviour of spray dried 

ASDs with and without surfactants as a ternary agent will also be investigated in this study.  

Polyvinyl pyrrolidone K30 (PVP), hydroxypropyl methylcellulose K100 (HPMC) and 

a combination of both have been chosen as a carrier matrix for ASDs. The surfactants 

selected for this study are poloxamer 188 (P188) and sodium dodecyl sulphate (SDS). P188, 

which is a non-ionic, triblock copolymer, comprised of a hydrophobic block of polypropylene 

glycol and two hydrophilic blocks of polyethylene glycol, is categorized as a surfactant in 

this work as the use of this excipient in the pharmaceutical area is related to its surfactant 

properties. The other surfactant investigated in this study is SDS, which is an anionic 

surfactant. The selection of these excipients was based on the anticipation that differences in 

their physicochemical characteristics may allow one to distinguish the critical factors 

affecting the drug-polymer interactions and miscibility more clearly. Another criteria for 

choosing these excipients (polymer-surfactant combination) was based on the fact that one 

must dissolve the amorphous drug in the solid state, leading to a stable system without 

crystallization or phase separation, while the other one must increase the solubility and 

dissolution rate of the drug.  As a control, drug-polymer-polymer-surfactant (quaternary 

ASDs) combinations has also been studied to probe the effect of surfactant on drug-polymer-

polymer system. Dipyridamole (DPM) and cinnarizine (CNZ) were selected as model drugs 

because of their poorly water-soluble properties. In Chapter 2, it has been reported that the 

DPM and CNZ are very unstable in their amorphous forms and have high crystallization 

tendency.11 In Chapter 3-5, the role of drug-polymer interaction and anti-plasticization in 

improving solid-state stability and increasing supersaturation of DPM and CNZ binary ASDs 

has also been studied.19 This is a continuation of previous work which showed significant 

differences in the dissolution profile of binary ASDs when drug-polymer interactions were 

changed (using two different polymers),19 to understand the role of polymer-surfactant and 

polymer-polymer combinations on the physical stability and dissolution profile of ASDs by 

preparing and characterizing spray dried binary (drug-polymer), ternary (drug-polymer-

surfactant or drug-polymer-polymer) and quaternary (drug-polymer-polymer-surfactant) solid 

dispersions. The ASDs were characterized by differential scanning calorimetry (DSC), 

modulated DSC, Fourier-transform infrared (FTIR), dynamic vapour sorption (DVS), in-vitro 

dissolution and 1H nuclear magnetic resonance (NMR). This study will add to the overall 

understanding of the use of excipients in ASDs and will help in future multi-component 

amorphous product development. 
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6.2. Materials and Methods 

6.2.1. Materials 

 Dipyridamole (DPM), cinnarizine (CNZ), polyvinyl pyrrolidone K30 (PVP) and 

poloxamer 188 were supplied by Sigma Aldrich, Ireland. Hydroxypropyl methylcellulose 

K100 (HPMC) was obtained from Colorcon, England, and sodium dodecyl sulphate (SDS) 

was obtained from Fisher Scientific, U.K. All reagents were of analytical grade and used 

without further purification. The chemical structure and key physicochemical properties of 

the model drugs and polymers used in this study are shown in Figure 6.1 and Table 6.1, 

respectively.  

 

Figure 6.1. Chemical structure of DPM, CNZ, PVP K30, SDS, P188 and HPMC K100 

(clockwise from top)  

Table 6.1. Physicochemical properties of model drugs and polymers  

 
Molecular 

weight (g/mol) 

𝜟𝑯𝒇 

(kJ/mol)a 

𝑻𝒎 

(°C)a 

𝑻𝒈 

(°C)a 

Log P b pKa
 

DPM 504.63 29.06 168.11 37.44 3.71 6.435 

CNZ 368.51 38.33 121.25 5.86 5.71 8.436 

PVP  40000 - - 164.13 - - 

HPMC 450,000 - - 153.83 - - 

SDS 288.37 - - - - - 

P188 102.13 - 48.67 - - - 

aValues obtained from DSC (n=3), bValues obtained from literature19 
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6.2.2. Preparation of amorphous solid dispersions  

 The spray dried solid dispersions were prepared using a Pro-CepT 4M8-TriX spray 

drier (Zelzate, Belgium) with a bifluid nozzle. The spray drying solutions were prepared by 

dissolving the component mixtures in dichloromethane-ethanol mixture (50:50 v/v). The 

drug-polymer proportion in the binary mixture was 20:80 w/w. For the ternary solid 

dispersion systems, the proportion of drug-polymer-surfactant was 20:75:5 and drug-

polymer-polymer was 20:40:40. The amount of surfactant in ternary ASDs was kept low as 

they are not well tolerated in the body at high concentration.9 The proportion of drug-

polymer-polymer-surfactant in quaternary systems was 20:37.5:37.5:5 w/w. The key 

processing parameters were feed concentration (dichloromethane-ethanol mixture (50:50 

v/v), spray rate (6 mL/min), nozzle size (0.2 mm), atomization air flow rate (5 L/min), inlet 

temperature (80 ± 5°C), outlet drying temperature (50 ± 5°C) and drying air rate (100 ± 10 

L/min). The spray dried solid dispersions were collected using a small cyclone separator and 

stored in a vacuum desiccator at room temperature for further analysis.  

6.2.3. Preparation of physical mixtures 

 Physical mixtures for in-vitro dissolution testing and melting point depression (MPD) 

analysis were prepared by manually mixing the components by mortar and pestle. The weight 

fraction of drug, polymer and surfactant for in-vitro dissolution testing was similar to weight 

fraction used for preparing spray dried solid dispersion. The ratio of drug and polymer chosen 

for binary systems to perform MPD analysis was 95:5, 90:10, 85:15 and 80:20 w/w. For 

ternary systems the ratios of drug-polymer-polymer were 95:2.5:2.5, 90:5:5, 85:7.5:7.5 and 

80:10:10 w/w for MPD analysis. 

6.2.4. Thermogravimetric analysis (TGA) 

The residual solvent content of the spray dried solid dispersions was assessed using a 

TGA Q50 (TA Instruments Corp., Elstree, Herts, U.K.). Samples were heated at 10°C/min 

from 25 to 200 °C. During all TGA experiments nitrogen was used as the purging gas at 50 

mL/min. All analyses were performed in duplicate.  

6.2.5. Differential scanning calorimetry (DSC) 

Thermal behaviour of the ASDs was analysed using a TA instrument Q2000 DSC. 

Temperature and heat flow calibration was carried out using a high-purity indium standard. 

Nitrogen was used as the purge gas at a flow rate of 50 mL/min. 3-5 mg of samples were 

accurately weighed into aluminium pans with pin holes. The samples were heated from 0 to 

200 ºC at a heating rate of 10 ºC/min. MPD analysis was carried out at a heating rate of 2 
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ºC/min from 0 to 200 ºC. The glass transition temperature (Tg) of the freshly prepared and 

aged samples was analysed using modulated DSC (mDSC). 3-5 mg of the samples were 

accurately weighed into aluminium pans with pin holes. The experiment was performed 

under nitrogen gas flow (50 mL/min) using an underlying heating rate of 5 ºC/min from 0 to 

200 ºC and a modulation amplitude of ± 0.53 ºC over a period of 40 s for all the samples. All 

measurements were performed in triplicate and data analysis was performed using Universal 

Analysis Software (TA instruments). 

6.2.6. Fourier-Transform Infrared Spectroscopy 

Fourier-transform Infrared Spectroscopy (FTIR) was performed using a Varian 660-

IR FT-IR Spectrometer (32 scans at 4 cm-1 resolution). Test samples were mixed with KBr 

and then compressed into a disk and analysed immediately. 

6.2.7. In-vitro dissolution study of solid dispersion 

 The equilibrium solubility of crystalline drugs and dissolution rate of amorphous 

DPM and CNZ from various powdered physical mixtures and ASDs, respectively, were 

measured using the USP II paddle method. Samples containing 25 mg of DPM and CNZ 

were added to 500 mL of PBS 6.8 at 37.0 ± 0.2 °C. The solution was stirred at 100 rpm using 

a USP II paddle apparatus. 2 mL samples were withdrawn from each vessel at predefined 

intervals (5, 10, 15, 30, 60, 120, 180, 240, 300, 360 and 1440 min) and centrifuged for 5 min 

at 15000 rpm. At each time-point the same volume of fresh medium was replaced. The 

concentration of DPM and CNZ was determined using a UV-Vis spectrophotometer (Varian 

VK 7010 L1168, Santa Clara, United State). All measurements were carried out in duplicate.  

6.2.8. Solution state Nuclear Magnetic Resonance (NMR) 

 In order to understand the molecular mechanism of drug-polymer interaction, 1H 

NMR spectra were recorded on a Jeol ECX-400 spectrometer operating at 400 MHz. The 

measurements were performed at 40°C in dimethylsulfoxide (DMSO-d6) using 

tetramethylsilane (TMS) as an internal standard. It is important to mention here that initial 

trials were performed using D2O. However the poor solubility of the model drugs in D2O 

leads to weak signals and the chemical shifts were not clear. Therefore, DMSO-d6 has been 

selected due to its high dielectric constant and hydrophilic nature. All the model drugs and 

polymers were completely soluble in DMSO-d6. Furthermore, to clearly elucidate the 

molecular interactions between polymer and surfactant were characterize by two-dimensional 

Nuclear Overhauser Effect spectroscopy (2D-NOESY) in DMSO-d6. The polymer to 
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surfactant ratio for NMR is kept same as that of dissolution studies. For 2D-NOESY, the 

mixing time was set to 0.5 s and the experiment was performed with a 1.5 s relaxation delay 

and 0.32 s acquisition time. 

6.2.9. Moisture sorption analysis and Stability studies 

Moisture sorption analysis of the ASDs was carried out using dynamic vapor sorption 

(DVS)-1000 Advantage, Surface Measurement Systems, U.K. Amorphous drug samples (5-

10 mg) were analysed using a double ramp method from 0-90-0% RH (2 cycles) in 10% 

increment (
𝑑𝑚

𝑑𝑡
= 0.001 at each step) at 40 °C. Solid dispersions were also stored at 40 

°C/75% RH. The physical stability of all the samples was evaluated after 4 weeks. 

6.3. Results and Discussion 

The association of polymer-polymer or polymer-surfactant combinations in aqueous 

solution have attracted considerable fundamental and technological interest. The resultant 

properties of these combinations possess unique properties that are significantly different 

from those of the individual components. Consequently, they have important applications in 

biological and industrial processes.37 For example, synthetic water soluble polymer-polymer 

combinations have been used in operations such as flocculation during mineral processing,38 

while polymer-surfactant combinations have been used for immobilization of enzymes in 

polyelectrolyte complexes,39 rheology control,40 improving the solubility of drugs with low 

aqueous solubility and to control the drug release rate.13 25 41 Thus, polymer-polymer or 

polymer-surfactant combinations are highly relevant, since pharmaceutical formulations often 

contains both excipients types.25 41 42 Formulations containing high-energy amorphous drugs 

can enhance drug dissolution by generating supersaturated solutions.9 Polymers are 

frequently added to delay crystallization, and surfactants are typically employed to improve 

processing properties or dissolution profiles.14 

In the past, several publications have investigated the association between polymer-

polymer and polymer-surfactant mixtures in solution.13 25 41 42 The presence of hydrophilic 

excipients, such as polymer or surfactant, in a formulation containing a polymeric matrix 

may help prevent amorphous drug crystallization and/or prevent agglomeration of a fine 

crystalline precipitate into larger aggregates.9 However, there has been limited systematic 

investigation of the interplay between surfactant or polymeric additive combinations in terms 

of the impact on solid-state properties and dissolution behaviour, although such an interplay 

could be very influential on the performance of the dosage form. Excipients such as polymers 
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or surfactants are well-known to impact nucleation and crystal growth and may accelerate or 

inhibit crystallization depending on their effect on crystallizing solute and solution 

properties.41 42 This is important in the context of formulation of dosage forms where the goal 

is to prevent crystallization of amorphous drug during the shelf-life or dissolution. It is thus 

crucial to probe into the effect of excipient combinations on the solid-state properties and 

dissolution profile of amorphous drugs within solid dispersions, since the interaction can 

result in change in dispersion properties which may result in favourable or adverse effect on 

the amorphous drug crystallization inhibition. In this study, we have investigated the effect of 

polymer-polymer and polymer-surfactant combinations on the physical stability and 

supersaturation behaviour during dissolution of poorly water-soluble model drugs. 

6.3.1. Drug-polymer and drug-polymer-polymer miscibility 

The first step towards developing a multi-component amorphous systems is to assess 

the miscibility of the drug within the polymer matrix. Drug-polymer miscibility is crucial 

requirement for the formulation of stable ASDs.19 Solubility parameters (δ) are used widely 

to quickly and effectively determine the drug-polymer miscibility was screening different 

systems.37 In Chapter 3, the δ values of DPM (28.57 MPa1/2), CNZ (21.00 MPa1/2) and PVP 

(26.28 MPa1/2) has been reported.19 The δ value of HPMC, calculated in this study, is 22.48 

MPa1/2. It has been reported that compounds with a Δδ of less than 7.0 MPa1/2 are likely to be 

miscible because the energy released by the interaction between the components balances the 

enthalpy of mixing within the components.25 On the other hand, compounds with Δδ greater 

than 10.0 MPa1/2 are likely to be immiscible. Thus, both the model polymers were expected to 

be miscible with both drugs, as they exhibited a Δδ of less than 7.0 MPa1/2.  
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Figure 6.2. DSC thermograms of physical mixtures of model drugs and polymers at 

various drug loads; n = 3. Values in parentheses are % weight fractions. 

 

Figure 6.3. Experimental and theoretical depression in melting point of model drugs at 

various %w/w drug loading. 

To further investigate the drug-polymer and drug-polymer-polymer interaction and 

the likelihood of the formation of a miscible system after spray drying, we employed melting 
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point depression (MPD) analysis. The chemical potential of a crystalline material becomes 

equal to the chemical potential of its molten material at its melting point. However, drug-

polymer miscibility reduces the chemical potential of the drug in the solution (molten drug 

and polymer mixture), compared to the pure molten drug, which leads to a depression in 

melting point of the drug dissolved in the polymer.44 Strong exothermic mixing of the drug 

and polymer produces a large depression in melting point of the drug, whereas weakly 

exothermic mixing or immiscible drug-polymer system should result in less significant MPD 

or no depression at all. This method has been previously used (chapter 3) to investigate drug-

polymer mixing thermodynamics of DPM-PVP and CNZ-PVP systems, which showed clear 

evidence of a depression of the melting point of both drugs, indicating a significant degree of 

drug-polymer mixing at the melting temperature of the drug.19 In this chapter, the DSC 

thermogram for physical mixtures of DPM and CNZ at different weight ratios with HPMC 

and PVP-HPMC combinations have been investigated. As shown in Figure 6.2 and 6.3, 

significant mixing of model drugs with HPMC and PVP-HPMC were observed. To compare 

the depression in melting point due to the individual polymers and their combination, 

theoretical depression values for the ternary mixtures were proposed based on the 

contribution of each polymer within the binary systems. Since the ternary mixture contains 

two polymers (each polymer in half proportion compared to binary system), the depression 

from both the polymers was averaged. If the experimental values showed a greater effect 

compared to this average value, then that would indicate a synergistic benefit. It was found 

that the depression in melting point of DPM and CNZ in the ternary systems (drug-PVP-

HPMC) was higher than the average values from the binary PVP and HPMC systems 

suggesting synergism (Figure 6.3). This suggests that ternary ASDs may perform better than 

binary ASDs in increasing physical stability of amorphous drug within dispersions. 

6.3.2. Solid State Characterization of freshly prepared Spray Dried 

dispersions 

The spray dried binary, ternary and quaternary solid dispersions were prepared and 

examined using DSC and MDSC to determine amorphization, crystallization and glass 

transition. In a standard TGA ramp test, all the spray dried ASD systems showed a residual 

solvent content of ≤ 2% w/w.  

6.3.2.1. Thermal analysis  

PVP-based system: As shown in Figure 6.4 (a), all PVP based dispersions were found 

to be completely amorphous except for the CNZ-PVP-P188 system, where a crystalline CNZ 
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melting peak was observed. The DPM-PVP and CNZ-PVP dispersions displayed the highest 

Tg values (single Tg indicating molecular level mixing of the drug and polymer) when 

compared to other PVP-surfactant based dispersions (Table 6.2). The surfactant based PVP 

dispersions of DPM and CNZ displayed two Tg’s (DPM-PVP-SDS, DPM-PVP-P188 and 

CNZ-PVP-SDS) or one Tg along with a melting peak (CNZ-PVP-P188). The ASDs 

displaying two Tg’s represent amorphous system with phase separation leading to the 

formation of drug-rich (lower Tg region) and polymer-rich domains (higher Tg region). These 

results suggest that surfactants have a negative effect on the stability of PVP based DPM and 

CNZ spray dried ASDs. 

 

Figure 6.4. DSC thermograms of freshly prepared DPM and CNZ ASDs with PVP or 

group I (a), HPMC or group II (b) and PVP-HPMC or group III (c); n = 3 

HPMC-based system: Binary ASDs of DPM and CNZ with HPMC remained 

completely amorphous as shown in Figure 6.4 (b). The dispersions displayed a single Tg 

(Table 6.2) indicating complete mixing and amorphization of the drug with HPMC. The Tg of 

the DPM-HPMC and CNZ-HPMC systems is higher than the Tg of their PVP counterparts, 

suggesting that HPMC has a greater antiplactization effect on the model drugs. On the other 
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hand, surfactants have negative effect on the stability of DPM-HPMC ASDs where drug 

melting peak was observed indicating the presence of crystalline drug. The negative effects of 

SDS and P188 were more pronounced in CNZ-HPMC based dispersions where a CNZ 

recrystallization peak was also present in addition to drug melting peak. These results 

indicate that, in the absence of surfactants, HPMC is a better antiplasticizing agent for DPM 

and CNZ dispersions compared to PVP whereas in the presence of surfactants PVP is a more 

effective stabilizer of amorphous DPM and CNZ. The presence of SDS and P188 in HPMC 

based dispersions of DPM or CNZ increased the molecular mobility of the amorphous drugs 

(lower Tg values compared to drug-polymer system without surfactant) leading to phase 

separation in DPM dispersions and crystallization in CNZ systems. Surfactants interfered 

more with the stabilizing efficiency (drug-polymer interaction and miscibility) of HPMC 

compared to PVP. 

Table 6.2: Physicochemical properties of binary, ternary and quaternary ASDs 

Formulations 
Fresh Aged 

Solubility after 24 hr 

(µg/mL) 

Tg (°C) ΔHm (J/g) Tg (°C) ΔHm (J/g) PM SD 

DPM-PVP 147.98 - 143.07 - 7.04 22.32 

DPM-PVP-SDS 139.36/100.25 - 111.42 - 7.19 19.18 

DPM-PVP-P188 145.94/99.24 - 137.60/98.62 - 6.04 17.18 

CNZ-PVP 106.54 - 82.50 10.84 2.43 12.84 

CNZ-PVP-SDS 100.10/148.23 - 88.27 12.29 2.51 12.20 

CNZ-PVP-P188 100.22 2.84 21.73 11.02 2.89 12.53 

DPM-HPMC 150.20 - 134.42 1.75 6.93 26.45 

DPM-HPMC-SDS 99.99 0.29 98.82 6.95 6.31 18.94 

DPM-HPMC-P188 99.35 2.54 98.36 3.43 6.04 21.12 

CNZ-HPMC 145.66 - 64.22 2.49 2.38 13.24 

CNZ-HPMC-SDS 65.76 6.45 98.40 9.35 2.34 13.23 

CNZ-HPMC-P188 68.33 8.53 111.91 10.62 2.09 13.12 

DPM-PVP-HPMC 157.70 - 148.61 - 6.66 29.76 

DPM-PVP-HPMC-SDS 124.20 - 109.54 1.034 6.41 25.48 

DPM-PVP-HPMC-P188 139.13 - 117.85 3.41 6.95 21.41 

CNZ-PVP-HPMC 66.17/143.51 - 88.22 - 2.11 16.79 

CNZ-PVP-HPMC-SDS 9.72 5.78 82.29 16.96 2.27 14.57 

CNZ-PVP-HPMC-P188 10.93 5.27 67.91 16.34 2.09 13.49 

PM and SD represents physical mixtures and solid dispersions, respectively.   
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PVP-HPMC based system: DPM-PVP-HPMC ternary dispersions were found to be 

amorphous with the Tg of the system significantly higher than the Tg of the binary DPM-PVP 

or DPM-HPMC based systems (Figure 6.4 (c)). This confirms the improved efficiency of the 

polymer combination in the formation of stable ternary DPM ASDs compared with binary 

dispersions. Adding surfactants to DPM-PVP-HPMC significantly reduced the Tg of the 

system. CNZ-PVP-HPMC dispersions displayed two Tg’s suggesting the presence of two 

different amorphous domains. Based on our CNZ-PVP and CNZ-HPMC DSC results it is 

suggested that the higher Tg domain is amorphous CNZ in HPMC rich region and lower Tg 

phase corresponds to PVP rich region. In Chapter 3, it has been reported that CNZ exhibit no 

interaction with PVP and formed a solid solution with PVP such that the amorphous CNZ 

was kinetically frozen within the PVP matrix rather than being in a thermodynamic 

equilibrium.19 Also, if the concentration of CNZ within PVP is increased then it will lead to 

self-association of CNZ molecules leading to phase separation and crystallization. 

Furthermore, as reported in previous section, HPMC has a greater stabilizing effect on 

amorphous CNZ due to strong drug-polymer interaction compared to PVP. Therefore, it 

could be generalized that the lower concentration of HPMC (40% w/w) in the CNZ ternary 

dispersion has led to the instability of the system. The two Tg’s of in the CNZ-PVP-HPMC 

system is in accordance with these observations. Furthermore, the inclusion of surfactant has 

negatively affected the stability of the CNZ-PVP-HPMC system.  

Based on the DSC results of freshly spray dried ASDs of DPM and CNZ, it was found 

that surfactant promotes the phase separation and crystallization of amorphous drugs within 

spray dried ASDs which may be due to the interference with the drug-polymer interaction or 

miscibility. Furthermore, a synergistic effect of the PVP-HPMC combination was observed to 

be stronger in the DPM dispersions than CNZ dispersions.  

6.3.2.2. Spectroscopic Analysis 

FTIR spectroscopy was used to assess the molecular interactions within the samples. 

The FTIR spectra of DPM, CNZ, PVP, HPMC and their solid dispersions are shown in 

Figure 6.5. The characteristic peaks of DPM are present at 1359 cm-1 (C – N bonds), 1533 

cm-1 (C = N ring), 2851 cm-1 (symmetrical stretching of CH2 group), 2923 cm-1 (asymmetrical 

stretching of CH2 group) and 3303/3377 cm-1 (OH stretching vibration). The CNZ spectra 

displayed characteristic peaks at 963 cm-1 (aromatic out-of-plane), 1001 cm-1 (= C – H 

alkene), 1141 cm-1 (C – N stretching peak), 2956 cm-1 (aliphatic CH stretching peak), 3021 

cm-1 (alkene CH stretching) and 3066 cm-1 (aromatic CH stretching). The spectra of the 
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physical mixtures of DPM and CNZ with PVP, HPMC and surfactants are not shown here as 

they did not show any apparent changes in the FTIR spectra.  

 

Figure 6.5. FTIR spectra of freshly prepared DPM and CNZ ASDs  

The formation of DPM ASD with PVP, HPMC and PVP-HPMC resulted in the 

disappearance of DPM OH stretching vibration indicating the formation of hydrogen bonds 

with the polymers (Figure 6.5). Broadening (DPM-PVP, DPM-HPMC and DPM-PVP-

HPMC) and shifting (DPM-PVP-HPMC) of symmetrical (2851 cm-1) and asymmetrical 

(2923 cm-1) stretching of DPM CH2 group was also observed suggesting drug-polymer-

polymer interaction was stronger compared to drug-polymer interaction. Shifts were also 

recorded for C = N and C-N bands at 1533 and 1359 cm-1 in DPM-PVP-HPMC system. 

CNZ, on the other hand, displayed no interaction with PVP but HPMC based CNZ 

dispersions demonstrated the presence of drug-polymer interaction (shifts in CNZ C – N 

peak). These shifts and broadening of peaks were observed in CNZ-PVP-HPMC dispersion 

which could be due to the synergistic interaction between CNZ and PVP-HPMC 

combination. This helps explain the better synergistic effect of PVP-HPMC on DPM 

compared to CNZ; both the PVP and the HPMC interact with DPM individually whereas 

only the HPMC interacts with the CNZ. This highlights the importance of the nature and 

strength of drug-polymer interactions while choosing a polymer combination for stabilizing 
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amorphous drug. Furthermore, on comparing drug-PVP-HPMC spectra of DPM and CNZ 

with drug-PVP-HPMC-SDS displayed significant differences with reference to peak 

broadening and shifts suggesting the presence of surfactant affects drug-polymer-polymer 

interactions (Figure 6.5). It is important to mention here that FTIR spectroscopic studies 

conducted here are only for qualitative purpose and do not provide any quantitative 

understanding of the molecular interactions. Nevertheless, when combined with the DSC 

results, they help build a better understanding of molecular interactions. 

6.3.3. Supersaturation generation and maintenance   

6.3.3.1. Equilibrium solubility  

The effect of various compositions of physical mixtures (containing crystalline drug) 

and solid dispersions (containing amorphous drug) on the equilibrium solubility of DPM and 

CNZ in PBS 6.8 are reported in Table 6.2. For direct comparison, the composition of physical 

mixtures has been kept the same as that of respective solid dispersion. The physical mixtures 

of DPM and CNZ with polymers and/or surfactants did not result in a significant change in 

the equilibrium solubility of crystalline DPM and CNZ.  The reported CMC of poloxamer 

188 and SDS are 0.743 mg/mL and 0.29 mg/mL.45 46 The presence of surfactants (P188 and 

SDS) in physical mixtures with concentration below their respective critical micelle 

concentration (CMC) in PBS 6.8 did not result in any significant rise in the solubility of 

crystalline DPM and CNZ. Moreover, PVP, HPMC and their combination also have no effect 

on the equilibrium solubility of the crystalline DPM and CNZ (Table 6.2). On the other hand, 

the equilibrium solubility of amorphous drugs in the solid dispersions after 24 hr was much 

higher than their physical mixture (crystalline drug) counterparts. Thus, the higher drug 

concentration during dissolution was not due to the solubilizing effect of polymers and 

surfactant on the crystalline drug. It is due to crystallization inhibition efficiency of the 

polymer in solution to maintain apparent higher solubility of amorphous drug. Furthermore, 

the maintenance of amorphous DPM and CNZ supersaturation in PBS 6.8 was due to the 

polymers rather than the surfactants. This was confirmed when the amorphous drug 

equilibrium solubility from surfactant based ASDs (higher amorphous drug solubility) was 

compared to their surfactant free counterpart (lower amorphous drug solubility).  The 

maximum supersaturation concentration of DPM and CNZ was observed in drug-polymer-

polymer combinations which again suggests a synergistic effect of this polymer-combination 

on drug supersaturation. By comparison, surfactants were found to have negative impact on 

the amorphous drug supersaturation maintenance (Table 6.2) with lower concentrations 
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observed after 24 hrs for ASDs containing surfactants. The difference in drug concentration 

was found to be significant for drug-polymer or drug-polymer-polymer systems compared to 

surfactant incorporated dispersions.  

6.3.3.2. In-vitro dissolution studies 

To further understand how the molecular interactions in the multi-component solid 

dispersions affect the DPM and CNZ release profile from spray dried ASDs upon exposure to 

water, in-vitro dissolution experiments were performed. Of particular interest was whether 

the synergistic effect of the polymer combinations and the incorporation of surfactants into 

the solid dispersions affected the supersaturation generation and maintenance of DPM and 

CNZ.  

Figure 6.6. In-vitro dissolution profile of DPM ASDs in PBS 6.8 at 37°C with PVP (a), 

HPMC (b) and PVP-HPMC (c); samples equivalent to 25 mg of drug was added to PBS 

6.8; Each point represents mean ± SD; n = 2 

The dissolution profile of spray dried dispersions of DPM in PBS 6.8 (Figure 6.6) 

demonstrated that supersaturation was generated rapidly with a maximum concentration 

(Cmax) achieved within 5 min. Then, a rapid drop in the free DPM concentration was 

observed, suggesting that water-mediated crystallization predominated in this stage. Once the 

concentration of DPM reached a plateau, the dissolution process was in equilibrium with the 

crystallization process. Significant differences were found between the Cmax for different 

systems (PVP, HPMC and PVP-HPMC based dispersions). The descending order of Cmax is 

DPM-PVP-HPMC > DPM-PVP > DPM-HPMC.  Thus, it was found that PVP-HPMC 

combination has a synergistic effect on generating and maintaining DPM supersaturation. 

The presence of 5% w/w SDS or P188 in the formulations have variable effects on the 
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dissolution profile of DPM. SDS or P188 had a minimal effect on the dissolution profile of 

DPM in PVP based dispersions (Figure 6.6 (a)). This suggests that the surfactants did not 

have any significant influence on the DPM dissolution profile in PVP based dispersions. In 

DPM-HPMC systems, both SDS and P188 had a significant effect on the supersaturation 

level of DPM (Figure 6.6 (b)), adversely affecting the release of DPM as indicated by the 

lower Cmax attained in the presence of SDS or P188. The level of supersaturation achieved 

and the duration of supersaturation maintained was found to be maximum for DPM-HPMC 

system followed by DPM-HPMC-P188 dispersion and the lowest for DPM-HPMC-SDS 

system. These results suggest that the presence of the surfactant did not inhibit DPM 

crystallization during dissolution to the same extent as their surfactant free counterparts in the 

HPMC-based dispersions. Similar results have been observed for DPM-PVP-HPMC based 

systems (Figure 6.6 (c)) where the dissolution profile of the DPM dispersions without SDS or 

P188 was significantly better than the dispersions with surfactants. The decreasing order of 

dissolution performance is as follows: DPM-PVP-HPMC > DPM-PVP-HPMC-P188 > DPM-

PVP-HPMC-SDS.  

The effect of binary, ternary and quaternary combinations of drug, polymer and 

surfactant on the dissolution profile of spray dried CNZ dispersions was also investigated. 

The dissolution profiles of CNZ solid dispersions in PBS 6.8 containing a combination of 

polymer and surfactants are illustrated in Figure 6.7. CNZ, in PVP and PVP-HPMC based 

formulations, achieved a Cmax within 5 min followed by a decline in free CNZ concentration, 

indicating that CNZ crystallizes quickly in the presence of water. This could be due to strong 

plasticization effect of water on the amorphous drug. The CNZ-HPMC system, on the other 

hand, achieved a maximum concentration after 120 mins followed by decline in free drug 

concentration. The dissolution of ternary CNZ-PVP-HPMC resulted in significantly higher 

CNZ concentration in solution compared to CNZ-PVP and CNZ-HPMC binary dispersions. 

The effect of surfactants on CNZ dissolution is similar to that of DPM dispersions. 
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Figure 6.7. In-vitro dissolution profile of CNZ ASDs in PBS 6.8 at 37°C with PVP (a), 

HPMC (b) and PVP-HPMC (c); samples equivalent to 25 mg of drug was added to PBS 

6.8; Each point represents mean ± SD; n = 2 

The dissolution results suggests that the surfactants interfere with the crystallization 

inhibitory efficiency of the polymers. The effect of SDS and P188 on HPMC based 

dispersions of DPM and CNZ is more pronounced than in the PVP based systems. The effect 

is even more pronounced in PVP-HPMC based dispersions of DPM and CNZ. There are two 

possible explanations for the lower drug supersaturation in the presence of surfactants. The 

first possibility is that the surfactant and polymer molecules could be competing to interact 

with the drug molecules.41 Due to the hydrophobic nature of DPM and CNZ, there was a 

higher tendency for the hydrophobic parts of SDS and P188 molecules to interact to DPM or 

CNZ molecules than for the hydrophilic HPMC or PVP-HPMC polymers. The adsorption of 

surfactant molecules on to the drug molecules would lead to a reduced interfacial tension 

which eventually reduces the nucleation activation energy, finally leading to a higher 

nucleation rate. 9, 20, 41 Another possible explanation for the reduced supersaturation level is 

that the polymer and surfactant molecules interact to form clusters and therefore the number 

of freely available polymer molecules to inhibit the crystallization of dissolved DPM and 

CNZ molecules is reduced.47, 48 Thus, the use of surfactant to enhance the dissolution 

performance of solid dispersion formulations may be counterproductive. 

6.3.3.3. Solution 1H NMR studies  

Solution 1H NMR spectroscopic studies were performed to probe the molecular 

mechanism behind the improved supersaturation performance of ternary drug-polymer-

polymer ASDs of DPM and CNZ. This study was performed on the best performing ASDs 

(generating and maintaining highest level of supersaturation) screened during the dissolution 
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studies and compared to the binary drug-polymer ASDs. This study was performed to study 

the site of interaction between the drug and polymer in solution to help explain the results 

obtained in the dissolution studies. The peak shifts in 1H NMR spectra of DPM, CNZ and 

their binary and ternary ASDs (without surfactants) are shown in Figure 6.8 and 6.9.  

 

Figure 6.8. Solution 1H NMR spectra of DPM (1000 µg/mL) in DMSO-d6. Figures in 

inset represent the chemical shift of DPM (a), DPM-PVP (b), DPM-HPMC (c) and 

DPM-PVP-HPMC (d). The numbers at top of each inset figure represent the peak 

number in DPM spectra. Assignments of DPM resonance is based on spectral 

database49. Numbers are assigned arbitrarily 

As shown in Figure 6.8, the chemical shift of protons (1) and (3) shifted upfield to 

higher values in all the systems. This suggests the deshielding of the protons in the presence 

of polymers. A chemical shift for proton (2) and (4) was not observed in DPM-PVP system 

whereas a deshielding effect was observed in the DPM-HPMC and DPM-PVP-HPMC 

systems. In case of CNZ, the shifts were most pronounced for protons (1), (2), (6) and (7) of 

CNZ in PVP dispersions and for protons (1), (2), (3), (4), (5), (6) and (7) in HPMC and PVP-

HPMC systems (Figure 6.9). The shifts shown in Figure 6.8 and 6.9 suggests DPM and CNZ 

interact with PVP, HPMC and PVP-HPMC systems in a different way which goes some way 

towards explaining the different polymeric effect, particularly in terms of inhibition of drug 

recrystallization during dissolution of DPM and CNZ ASDs. The larger peak shifts 

corresponds to the possibility of stronger drug-polymer interaction in ternary system 

compared to individual PVP and HPMC binary systems. The significantly higher shifts in 

ternary systems again suggests a synergistic effect of polymer on the drug-polymer 
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interaction in solution. The relative extent of shift, in the decreasing order, was drug-PVP-

HPMC > drug-HPMC > drug-PVP (for both the drugs) which explains the dissolution results 

where the ternary drug-PVP-HPMC generated and maintained highest level of 

supersaturation compared to other systems studied. This also matches the rank order observed 

for MPD analysis.  

 

Figure 6.9. Solution 1H NMR spectra of CNZ (1000 µg/mL) in DMSO-d6. Figures in 

inset represent the chemical shift of CNZ (a), CNZ-PVP (b), CNZ-HPMC (c) and CNZ-

PVP-HPMC (d). The numbers at top of each inset figure represent the peak number in 

CNZ spectra. Assignments of CNZ resonance is based on Sassene et al.50. Numbers are 

assigned arbitrarily 

It is interesting to observe that the thermal characterization results (Figure 6.4) have 

been negatively affected by the presence of SDS and P188. Also, as shown in Figure 6.6 and 

6.7, the increased crystallization rate of amorphous drugs during dissolution incorporating 

surfactants could be attributed to their higher affinity for water that could act as plasticizer. 

The negative impact of surfactant is believed to be due to reduction in glass transition 

temperature (Table 6.2) and also may be due to molecular effects possibly promoting 

polymer chain entanglements and polymeric globule formation.51 The globules formed in the 

spray drying solution seemed to be present in the solid state, and therefore, diffusion of the 

drug is reduced. This indicates the presence of a memory where incorporation of surfactant in 

the liquid state (spray drying solution) in polymer chain remained even after the solid 

particles have had formed. Towards this end, 2D-NOESY experiments have been conducted 
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to understand the surfactant-polymer interaction in the solution state (spray drying drug-

polymer-surfactant solution and also during dissolution). It provides information on the 

distance between protons that are spatially close to each other.52 This will help to probe into 

the mechanism of the impact of surfactant on amorphous drug crystallization inhibition 

efficiency of polymer in the spray dried particles and also during the dissolution of ASDs 

incorporation surfactant.  

 

Figure 6.10. 2D -1H NOESY spectra of PVP, PVP-SDS, HPMC, HPMC-SDS. The 

polymer concentration was maintained at 1000 µg/mL to which 5% w/w surfactant was 

added. 

PVP, PVP-SDS, HPMC and HPMC-SDS are chosen as model systems and their 2D-

NOESY spectra are shown in Figure 6.10. The peak of each proton of PVP and HPMC were 

assigned according to literature.53 54 The investigations reported here suggest that surfactant-

polymer interaction is due to synergistic electrostatic (pyrrolidone ring of PVP) and/or 

hydrophobic (ring methylene of PVP) interaction with the head-group and alkyl moiety of 

SDS, respectively. For the HPMC system, strong NOE interactions between the protons on 

the cellulose chain and on hydroxypropyl group of HPMC, and the protons on hydrophobic 

tails of SDS are observed. Similar effect of surfactant on PVP and HPMC have been reported 

previously.52 53 54 Thus, it has been observed that NOE interactions between the protons of 



 

198 
 

polymer and surfactant, indicating close proximity of the polymer and surfactant in solution. 

As discussed earlier, the molecular interaction between polymer and drug serves to inhibit the 

crystallization of amorphous drug in the precipitates. The fact that the surfactant interacts 

with PVP and HPMC in a competitive manner may alter the interaction between DPM/CNZ 

and PVP/HPMC, thus jeopardizing the ability of polymer to inhibit DPM or CNZ 

crystallization. These considerations are in agreement with the results obtained from solid-

state thermal analysis and in-vitro dissolution which suggests that surfactant is competing 

with the drug molecules for polymer functional groups and thereby reducing the 

crystallization inhibition efficiency of the polymer. 

6.3.4. Moisture sorption analysis and Stability studies 

To further understand the behaviour of multi-component (binary, ternary and 

quaternary) ASDs in the presence of moisture under stress conditions, the freshly prepared 

spray dried dispersions were exposed to DVS analysis using double ramp method from 0-90-

0% RH (2 cycles) in 10% increments (dm/dt = 0.001 at each step) at 40 °C. As can be seen in 

Figure 6.11, the amount of water uptake was greater in PVP based dispersions compared to 

HPMC or PVP-HPMC based systems. This could be due to the more hydrophilic nature of 

PVP compared to HPMC. Furthermore, the effect of surfactants on the moisture sorption 

profile was greater in PVP based dispersions compared to HPMC or PVP-HPMC based 

systems (Figure 6.11). Also, the time required to complete the double sorption-desorption 

cycle varied significantly in different systems which suggests incorporating surfactant within 

the dispersion significantly affects the moisture sorption ability of drug-polymer or drug-

polymer-polymer systems. This could be due to differences in the surface energy and 

relaxation of amorphous API at the surface.55 It has been reported that structural relaxation at 

the surface can vary significantly from relaxation in the bulk of amorphous materials.56 

Surfactants get localised at the surface of the particles, affecting the relaxation energy and 

consequently the crystallization rate.51 Furthermore, the Tg of the systems decreased when the 

surfactants were incorporated within the dispersions (freshly prepared) which could suggest a 

plasticization effect (supplementary information). Crystallization was evident (post DVS 

cycles, Figure 6.11) in DPM-PVP-SDS, DPM-HPMC, DPM-HPMC-SDS and DPM-HPMC-

P188 dispersions signifying altered drug-polymer interaction due to moisture sorption and 

surfactant incorporation. Other dispersions showed no signs of crystallization. Similar results 

were observed for CNZ ASDs (data not shown). These observations are in accordance with 

the previous DSC analysis and dissolution results of freshly prepared dispersions. 



 

199 
 

 

Figure 6.11. DVS analysis of freshly prepared DPM ASDs with PVP (a), HPMC (b) and 

PVP-HPMC (c) using double ramp method from 0-90-0% RH (2 cycles) in 10% 

increment (
𝒅𝒎

𝒅𝒕
= 𝟎. 𝟎𝟎𝟏 at each step) at 40 °C; DSC thermograms (d) of DPM ASDs 

post DVS double cycle 

It has been reported in chapter 2 and 3 that the amorphous forms of pure DPM and 

CNZ tend to recrystallize rapidly in the absence of stabilizing polymers.11 It has also been 

shown that recrystallization of amorphous drug is delayed within ASDs.19 In this study, the 

physical stability of multi-component ASDs was assessed under storage conditions of 40 

°C/75% RH for 4 weeks (Figure 6.12). As shown in Figure 6.12, DPM-PVP systems were 

found to be completely amorphous after 4 weeks, both with and without surfactant. However, 

amorphous-amorphous phase separation was observed in DPM-PVP, DPM-PVP SDS and 

DPM-PVP-P188 systems (Table 6.2). All HPMC based DPM dispersions underwent 

crystallization suggesting PVP is better in maintaining solid-state stability of amorphous 

DPM compared to HPMC. The solid dispersions of ternary DPM-PVP-HPMC remained 

amorphous with significantly higher Tg values compared to binary dispersions (Table 6.2). 

This suggests a synergistic effect of polymer combination in improving the solid-state 

stability of amorphous DPM. Further evidence of the synergistic effect of PVP-HPMC was 

observed in case of CNZ dispersions where all CNZ systems showed crystallization after 4 

weeks of storage at 40 °C/75 % RH except CNZ-PVP-HPMC dispersion (Figure 6.12 and 

Table 6.2). 
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Figure 6.12. DSC thermogram of DPM (a) and CNZ (b) ASDs stored at 40 °C and 75% 

RH for 4 weeks 

Similar observations have been made in the past where surfactants had a negative 

impact on the solid dispersion performance.51 Difference in the physicochemical properties of 

SDS and P188 suggest that these events are controlled by the type of surfactant used. Thus, in 

this study, we observed surfactants (when they are incorporated within the dispersions) 

neither improved the solid state stability (Figure 6.4 and 6.12) nor increased the 

supersaturation level during dissolution (Figure 6.6 and 6.7). It has been found, in this case, 

that drug-excipient and excipient-excipient interaction could have considerable impact on the 

crystallization of amorphous API. Different systems behaved differently when observed 

under different conditions (DSC, dissolution, DVS or stability). Further investigations are 



 

201 
 

required to confirm the localization of surfactants within spray dried particles to have a better 

understanding of how surfactants affect drug-polymer interactions. Nevertheless, the use of 

surfactants (as solubilizing or wetting agents) in spray dried ASDs requires prudent 

consideration.  

On the other hand, drug-polymer-polymer ternary ASDs showed higher stability and 

dissolution compared with binary ASDs. PVP K30 and HPMC K100 complemented each 

other to provide enhanced stability as well as improved drug supersaturation. The synergistic 

efficiency of these polymers when used in combination in ternary ASDs could be due to 

greater DPM and CNZ miscibility in the ternary systems compared with the binary system as 

confirmed by MPD analysis and also stronger drug-polymer interaction in the ternary 

dispersions, as confirmed by Tg measurements (Table 6.2) and FTIR results. In solution, the 

presence of molecular interactions between the drug and polymer is responsible for 

generating and maintaining drug supersaturation for a prolonged period of time (Figure 6.8 

and 6.9). Similarly, crystallization of amorphous drug in solid state requires favorable 

orientation for the crystal nucleation. It has been confirmed that surface crystallization occurs 

at relatively faster rate compared to bulk crystallization.25 In ternary systems, the presence of 

two polymers might increase overall entropy of the system by providing a barrier for 

crystallization in surface and bulk. This was confirmed by the stability studies of the CNZ-

PVP-HPMC system (Figure 6.12) which showed it was stable after exposure to moisture for 

4 weeks whereas all other CNZ system showed drug crystallization. Ternary dispersions are 

complicated systems where weak drug-polymer interactions are involved in the amorphous 

drug solubilisation and stabilization. Further molecular level investigations are required to 

obtain a mechanistic understanding of the synergistic effects reported in this study. Further 

work should investigate the interactions between additives and drug nuclei or crystal 

surfaces, which had previously been reported as a critical factor of crystallization inhibition 

or morphology modification.41 Also, more studies are required to examine more drug-

polymer combinations or the combinations of different additives including other surfactants 

at different concentrations for synergistic effects using advanced characterization techniques 

such as solid-state NMR, dielectric spectroscopy, inverse gas chromatography, nucleation 

induction studies in the presence of moisture or during dissolution, and others.  

6.5. Conclusion 

The incorporation of surfactants and polymer combinations seemed to have a 

significant effect on the properties of the resulting ASDs. Surfactants, when incorporated in 
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ASDs, resulted in altered dissolution rates, reduced stability and altered drug-polymer 

interactions. The combination of PVP K30 and HPMC K100, two polymers which displayed 

drug-polymer interaction, resulted in significant crystallization inhibition (both in solid-state 

and dissolution) of the poorly soluble drugs DPM and CNZ. This enhanced crystallization 

inhibition efficiency can be correlated to the synergistic effect of PVP K30 and HPMC K100. 

This study also highlights the importance of utilizing ternary drug-polymer-polymer 

interactions by combining polymers with different crystallization inhibition mechanisms for 

improved solid-state stability and dissolution enhancement of poorly soluble drugs. 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
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The aim of this study was to investigate the solubility and stability of amorphous solid 

dispersion of BCS class II drugs. Dipyridamole (DPM) and cinnarizine (CNZ) have been 

selected as model compounds. Chapter 2 investigated the crystallization tendency/kinetics of 

these model drugs. Thermodynamic fragility (𝑚𝑇) was measured from the heat capacity 

change at the glass transition temperature (Tg) whereas dynamic fragility (𝑚𝐷) was evaluated 

using methods based on extrapolation of configurational entropy to zero (𝑚𝐷𝐶𝐸
), and heating 

rate dependence of Tg  (𝑚𝐷𝑇𝑔). The mean relaxation time of the amorphous drugs was 

calculated from the Vogel-Tammann-Fulcher (VTF) equation. Moreover, the crystallization 

kinetics of the model drugs under isothermal conditions has been studied using Johnson-

Mehl-Avrami (JMA) approach to determine the Avrami constant ‘n’ which provides an 

insight into the mechanism of crystallization. To further probe the crystallization mechanism, 

the non-isothermal crystallization kinetics of the model systems were also analyzed by 

statistically fitting the crystallization data to 15 different kinetic models and the relevance of 

model-free kinetic approach has been established. It has been found that CNZ has higher 

fragility and poor glass forming ability compared to DPM. The work is novel as for the first 

time a systematic preformulation study to understand the amorphous drug crystallization 

tendency has been performed to predict the crystallization behaviour of amorphous drug 

during downstream processing. 

In the next phase (Chapter 3), a comprehensive investigation of various ASD systems of 

DPM and CNZ in polyvinyl pyrrolidone (PVP) and polyacrylic acid (PAA) at different drug 

loadings was carried out. Theoretical and experimental examinations related to drug-polymer 

interaction and miscibility were performed, including the solubility parameter approach, the 

melting point depression method, phase diagram, drug-polymer interaction in the presence of 

moisture, and the effect of drug loading on the interaction parameter. The application of 

ternary F-H theory using vapor sorption analysis to predict the drug-polymer-water 

interactions is relatively novel in the area. Using this theory it has been shown how the 

change in dynamics of these interactions will effect polymer efficiency as a drug 

crystallization inhibitor. The information obtained from this study was used to predict the 

stability of ASDs at different drug loadings and under different environmental conditions. 

The DPM-PAA system outperformed all other ASDs in various stability conditions (dry-state 

and in the presence of moisture), which was attributed to the strong DPM-PAA interaction 

and the robustness of this interaction at different thermal and moisture conditions.  
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In Chapter 4, the dissolution behaviour of DPM and CNZ spray-dried ASDs using 

PVP and PAA as a carrier matrix was evaluated and compared. To date, there have been 

limited investigations describing the drug-polymer interaction in a supersaturated solution 

although a large number of studies have been performed to examine the drug-polymer 

interaction in the solid state. This chapter attempts to broaden the overall understanding of 

dissolution mechanisms and the role of drug-polymer interaction in prolonging 

supersaturation. The drug concentrations achieved from the dissolution of PVP and PAA 

solid dispersions were significantly greater than the equilibrium solubility of crystalline DPM 

and CNZ in phosphate buffer pH 6.8 (PBS 6.8). The maximum drug concentration achieved 

by the dissolution of PVP and PAA solid dispersions did not exceed the theoretically 

calculated apparent solubility of amorphous DPM and CNZ. However, the degree of 

supersaturation of DPM and CNZ increased considerably as the polymer weight fraction 

within the solid dispersion increased. In addition, the supersaturation profile of DPM and 

CNZ were studied in the presence and absence of the polymers. PAA was found to maintain a 

higher level of supersaturation compared to PVP. The enhanced drug solution concentration 

following the dissolution of ASDs can be attributed to the reduced crystal growth rates of 

DPM and CNZ at an equivalent supersaturation which may be due to strong drug-polymer 

interaction in solution. It has been shown that, for drugs having high crystallization tendency 

and weak drug-polymer interactions, a feasible way to increase the dissolution might be to 

increase the polymer weight fraction in the ASD. Solution 1H NMR spectra were used to 

understand the dissolution mechanism and to identify drug-polymer interactions. Changes in 

the electron densities around the proton attached to different groups in DPM and CNZ 

suggested drug-polymer interaction in solution. The relative intensities of the peak shift and 

the nature of interaction between drug and polymer in different systems are different. These 

different effects suggest that DPM and CNZ interact in a different way with PVP and PAA in 

solution. This goes some way towards explaining the different polymeric effect, particularly 

in terms of inhibition of drug recrystallization and dissolution of DPM and CNZ from ASDs. 

These results established that the different drug-polymer interactions in the solid state and in 

solution give rise to the variation in dissolution profile observed for different systems. 

An investigation into the effect of temperature and relative humidity (RH) on the 

physical stability and dissolution of binary ASDs was carried out in Chapter 5. DPM and 

CNZ ASDs within PVP and PAA polymeric carrier matrices at three different drug loadings 

(20, 50 and 80% w/w) were prepared by spray drying and exposed to different stress 
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conditions: temperature (25, 40 and 60 °C) and RH (0 and 75%) for 4 weeks, and stored in a 

desiccator at room temperature for one year. The effectiveness of the model polymers (with 

different drug-polymer interaction and miscibility) in inhibiting the crystallization of model 

drugs exposed to different temperatures and RH was evaluated using modulated differential 

scanning calorimetry (MDSC), dynamic vapor sorption (DVS) and in-vitro dissolution 

testing. For samples stored at room temperature in a desiccator, non-linear physical aging was 

observed and the dissolution rate was also decreased. For samples stored under stress 

conditions, the results showed phase separation and/or crystallization of DPM and CNZ with 

a subsequent reduction in dissolution rate. Evidence of stress-induced amorphous-amorphous 

phase separation was observed in both PVP and PAA based dispersions. It was concluded 

that, when an ASD containing a hydrophobic drug and a hydrophilic polymer is subjected to 

stress conditions, drug crystallization can occur via one of the two mechanisms: 

crystallization from the plasticized one-phase solid dispersions, or crystallization from 

plasticized drug-rich amorphous phase in a two-phase solid dispersion. In the former case, 

drug and polymer are present in the same phase and the polymer can inhibit crystallization to 

a greater extent than the latter scenario, where the polymer concentration in the drug-rich 

phase is reduced as a result of amorphous-amorphous phase separation. Furthermore, it has 

also been observed that the strength of drug-polymer interactions appears to be important in 

influencing the phase behaviour. In this study, PAA performed better than PVP in raising the 

glass transition temperature (Tg) and providing better stabilization of amorphous DPM and 

CNZ against crystallization. The results also indicate that temperature and RH seemed to 

have comparable effects on the crystallization of DPM and CNZ ASDs. Furthermore, it was 

also concluded that the glass transition temperature in addition to recrystallization may also 

be a good indicator of the changes in dissolution behaviour of ASDs. 

In the above mentioned chapters, it has been shown that the optimal design of oral 

ASD formulations includes the use of excipients to improve physical stability and maintain 

supersaturation in order to ensure adequate shelf-life stability and better absorption during 

intestinal transit, respectively. Combinations of excipients (polymers and surfactants) are 

often employed in pharmaceutical products to improve the delivery of poorly water-soluble 

drugs. However, additive interactions in multi-component ASD systems have not been 

extensively studied and may promote crystallization in an unpredictable manner, which in 

turn may affect physical stability and dissolution profile of the product. The main aim of the 

final chapter of this thesis was to understand the effect of different surfactant and polymer 
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combinations on the solid-state properties and dissolution behaviour of ternary spray dried 

solid dispersions of DPM and CNZ. The surfactants chosen for this study were sodium 

dodecyl sulphate and poloxamer 188 and the model polymers used were PVP and 

hydroxypropyl methylcellulose K100. The work is novel in presenting a molecular 

understanding of the role of polymer-surfactant and polymer-polymer combinations on the 

physical stability and dissolution profile spray dried binary (drug-polymer), ternary (drug-

polymer-surfactant or drug-polymer-polymer) and quaternary (drug-polymer-polymer-

surfactant) solid dispersions. The ASDs were characterized by differential scanning 

calorimetry (DSC), modulated DSC, Fourier-transform infrared (FTIR), in-vitro dissolution, 

1H nuclear magnetic resonance (NMR), NOESY and dynamic vapor sorption (DVS). The 

spray dried ternary dispersions were able to maintain higher supersaturation levels compared 

to either the crystalline drug equilibrium solubility or their respective physical mixtures. 

However, rapid and variable dissolution behaviour was observed for different formulations. 

The maximum supersaturation level was observed for drug-polymer-polymer ternary 

dispersions. On the other hand, incorporating the surfactant into binary (drug-polymer) and 

ternary (drug-polymer-polymer) ASDs adversely affected the physical stability and 

dissolution properties by promoting crystallization. Based on these observations, a thorough 

investigation into the impact of combinations of additives on amorphous drug crystallization 

during dissolution and stability studies is recommended in order to develop optimized 

formulations of supersaturating dosage forms. Thus, it is concluded that the design of multi-

component amorphous formulations requires the appropriate selection of a combination of 

excipients. This study will add to the overall understanding of the use of excipients in ASDs 

and will help in future multi-component amorphous product development. 

7.1. Future Work  

7.1.1. Development of solid dispersion and process optimization  

A comparative study of the effect of different processing techniques (spray drying, 

hot melt extrusion and supercritical fluid) on solid dispersion (binary and ternary) would be 

of interest to establish the best method for a particular drug-polymer combination. The 

resulting solid dispersions could be characterised by DSC, TGA, XRPD, FTIR, SEM and 

ssNMR to examine drug loading in polymer matrix, percentage yield efficiency, drug-

polymer miscibility, phase separation, molecular mobility and stability of the dispersion. In 

vitro dissolution studies should also be carried out in simulated gastric and intestinal fluids 

and drug release kinetics should be examined. Furthermore, the solid dispersions should also 
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be assessed to see if additional surfactants or polymers are required to stabilise the 

supersaturated state.  

7.2. Recrystallization kinetics, statistical analysis and stability study  

The recrystallization kinetics of amorphous drugs in solid dispersions (binary and 

ternary) and the role of polymer in decreasing the rate of crystallization could be thoroughly 

studied. The amorphous solid dispersion should also be subjected to stability studies at 

different temperatures and relative humidity. Humidity-adjusted Arrhenius kinetics could be 

employed to model the recrystallization kinetics. While this has been used extensively in the 

study of drug degradation, it is relatively novel to apply this technique to recrystallization. 

The stability study should be able to show the effect of temperature and humidity on the solid 

dispersion and may help in determining and predicting the storage conditions and shelf life of 

the product. The different mechanism by which polymer stabilizes the amorphous drugs such 

as H-bond formation, anti-plasticization or reduction in molecular mobility could be 

examined by using instruments like DSC, FTIR, XRPD and NMR. 

7.3. Formulation of tablets and capsules  

  Formulating solid dispersions into dosage forms and studying their characteristics is a 

logical progression of this work. Various combinations of different dispersion carriers and 

adsorbents (excipients) should be studied. The final dosage form should also be characterized 

for micromeritics properties, uniformity of weight and content, friability test and hardness 

test as per United State Pharmacopoeia (USP) guidelines. Further in-vitro dissolution studies 

should be carried out using simulated gastric and intestinal fluid to determine the drug release 

profile. A long term stability study should be performed in order to study the stability of the 

preliminary dosage formulation as per ICH guidelines.  

 

 

 

 

 

 


