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With the advance of combinational chemistry and high throughput screening, an 

increasing number of pharmacologically active compounds have been discovered and 

developed. A significant proportion of those drug candidates are poorly water-soluble, 

thereby exhibiting limited absorption profiles after oral administration. Therefore, 

advanced formulation and processing technologies are demanded in order to overcome 

the biopharmaceutical limits of poorly water-soluble drugs. A number of pharmaceutical 

technologies have been investigated to address the solubility issue, such as particle size 

reduction, salt formation, lipid-based formulation, and solubilization. Within the scope of 

this dissertation, two of the pharmaceutical technologies were investigated names thin 

film freezing and hot-melt extrusion. The overall goal of the research was to improve the 

oral bioavailability of poorly water-soluble drugs by producing amorphous solid 

dispersion systems with enhanced wetting, dissolution, and supersaturation properties. In 

Chapter 1, the pharmaceutical applications of hot-melt extrusion technology was 

reviewed. The formulation and process development of hot-melt extrusion was discussed. 
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In Chapter 2, we investigated the use of thin film freezing technology combined with 

template emulsion system to improve the dissolution and wetting properties of 

itraconazole (ITZ). The effects of formulation variables (i.e., the selection of polymeric 

excipients and surfactants) and process variables (i.e., template emulsion system versus 

cosolvent system) were studied. The physic-chemical properties and dissolution 

properties of thin film freezing compositions were characterized extensively. In Chapter 3 

and Chapter 4, we investigated hot-melt extrusion technology for producing amorphous 

solid dispersion systems and improving the dissolution and absorption of ITZ. 

Formulation variables (i.e., the selection of hydrophilic additives, the selection of 

polymeric carriers) and process variables (i.e., the screw configuration of hot-melt 

extrusion systems) were investigated in order to optimize the performance of ITZ 

amorphous solid dispersions. The effects of formulation and process variables on the 

properties of hot-melt extrusion compositions were investigated. In vivo studies revealed 

that the oral administration of advanced ITZ amorphous solid dispersion formulations 

rendered enhanced oral bioavailability of the drug in the rat model. Results indicated that 

novel formulation and processing technologies are viable approaches for enhancing the 

oral absorption of poorly water-soluble drugs. 
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Chapter 1: Hot-Melt Extrusion – Basic Principles and Pharmaceutical 

Applications 

 

ABSTRACT 

Originally adapted from the plastics industry, the use of hot-melt extrusion has 

gained favor in drug delivery applications both in academia and the pharmaceutical 

industry. Several commercial products made by hot-melt extrusion have been approved 

by the FDA, demonstrating its commercial feasibility for pharmaceutical processing. A 

significant number of research articles have reported on advances made regarding the 

pharmaceutical applications of the hot-melt extrusion processing; however, only limited 

articles have been focused on general principles regarding formulation and process 

development. This review provides an in depth analysis and discussion of the formulation 

and processing aspects of hot-melt extrusion. The impact of physicochemical properties 

of drug substances and excipients on formulation development using a hot melt extrusion 

process is discussed from a material science point of view. Hot-melt extrusion process 

development, scale-up, and the interplay of formulation and process attributes are also 

discussed. Lastly, recent applications of hot-melt extrusion to a variety of dosage forms 

and drug substances have also been addressed. 
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1.1 INTRODUCTION 

Hot-melt extrusion is widely used in the plastics industry [1]. Over the past two 

decades, applications of hot-melt extrusion in pharmaceutical development and drug 

delivery have been expanded, leading to several commercially approved products 

covering a variety of routes of administration. The first part of this review will focus on 

the basic principles of formulation and process development directed at hot-melt 

extrusion, including scale-up topics as well. In addition, more recent advances in the 

applications of hot-melt extrusion will be discussed. 

 

1.2 FORMULATION AND PROCESS DEVELOPMENT  

1.2.1 Polymer selection  

Selection of the polymer carrier system is critical for the successful development 

of formulation and manufacturing processes. The physicochemical and mechanical 

properties of polymers and drug substances must be carefully evaluated. Section 2.1 will 

discuss carrier selection and the major concerns that should be addressed.  

 

1.2.1.1 Polymer chemical properties 

 As both a thermal and mechanical process, hot-melt extrusion applies a significant 

amount of heat and shear stresses on the materials being subjected to the hot-melt 

extrusion process. As a result, the drug substances and the polymeric carriers may 
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undergo chemical reactions. Therefore, the chemical properties and the stability of the 

formulation components must be monitored in order to eliminate any degradation 

concerns. Section 2.1.1 will discuss polymer degradation during the thermal treatment 

and the potential drug-polymer interactions affecting the stability profiles of the 

formulations. 

 Belyer et al. reviewed the mechanisms of chemical decomposition of polymers 

[2]. The chemical reactions are divided into the main chain reactions and the side chain 

reactions. The main chain reactions comprise the chain scission and cross-linking; while 

the side chain reactions comprise the side chain elimination and the side chain cyclization 

[2].  

 Examples of chain scission reactions of polymeric carriers during the thermal 

treatment have been documented in several papers [3-8]. A variety of polymers were 

included in the studies such as polyethylene oxide, poly(lactic acid), and cellulose 

derivatives. It was reported that the chain scission reactions are related to the chemical 

structure of the polymer backbone [8, 9]. In the case of polyethylene oxide (PEO), the 

incorporation of oxygen in the aliphatic chain reduces the thermal stability of the polymer 

main chain since the C-O bonds are weaker than the C-C bonds [9]. With respect to the 

polyesters such as poly(lactic acid), the ester bonds between monomers are susceptible to 

chemical degradations such as hydrolysis, thereby contributing to the biodegradable 

nature of the polymer [5]. During the hot-melt extrusion process, the thermal treatment 

causes main chain scission of polyesters and consequently the reduction of the molecular 

weight of the polymer [5, 7]. Cellulose derivatives, such as different grades of starch and 
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hypromellose (HPMC), are another group of polymers that undergo significant reduction 

in molecular weight during the hot-melt extrusion process [3, 6, 10]. It was reported that 

both the thermal effect and mechanical effect of the hot-melt extrusion process contribute 

to the degradation of corn starch [3, 6]. Also, the degradation is highly dependent on the 

chemical structure of the starch. The highly branched component of starch such as 

amylopectin, is more susceptible to degradation as compared to the low molecular weight 

amylose. Eventually, the amylopectin peak that was detected in size exclusion 

chromatography (SEC) is eliminated and the amylose peak is still present [3]. 

Amylopectin contains a significant amount of short branches to form the hyperbranched 

structure; while amylose only contains a small amount of long branches. The difference 

in chemical structures makes amylopectin less flexible and the mechanical stress cannot 

be quickly spread on the whole molecule. The lack of flexibility makes amylopectin more 

susceptible to mechanical degradation in the hot-melt extrusion process [3]. Another 

example of thermal degradation of cellulose derivatives was reported by Hughey et al. 

[10]. Their study demonstrated that hypromellose (i.e., Methocel® E50) underwent a 

significant reduction in molecular weight during the hot-melt extrusion process, 

indicating main chain scission reactions. 

 Cross-linking is another type of main chain reaction. Different from chain scission 

reactions which reduce the molecular weight of the polymer, cross-linking reactions 

cause an increase in the molecular weight. An example of polymer cross-linking that 

occurs during the hot-melt extrusion process was reported by Lu et al. [11], in which the 

thermal reactions of polyurethane were investigated. Polyurethane is a group of 
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pharmaceutically relevant elastomers that have been investigated as the polymeric carrier 

of hot-melt extruded implants [12, 13]. The authors reported that polyurethane underwent 

oxidation and cross-linking when extruded at a temperature above 200°C. The cross-

linking of polymer main chains leads to an increase in the elasticity and the viscosity of 

the polyurethane [11]. 

 Besides the main chain reactions, polymer side chain reactions also affect the 

quality attributes of hot-melt extrusion formulations. Dong et al. investigated the 

hypromellose acetate succinate (HPMCAS)-related side chain elimination and the 

potential drug-polymer incompatibility [14]. The hydrolysis of HPMCAS generates 

acetic acid and succinic acid. Those acidic side chain elimination byproducts are able to 

react with hydroxyl groups on the drug substances to form process-related impurities by 

an esterification reaction [14]. Another example of side chain elimination comes from the 

hot-melt extrusion of poly(vinyl alcohol) (PVA) [15]. PVA is manufactured by the 

hydrolysis of poly(vinyl acetate) (PVAc). Partially hydrolyzed PVA contains vinyl 

acetate groups on the side chains. During the hot-melt extrusion process, thermal and 

mechanical stresses induce side chain elimination, thereby liberating the acetic acid that 

further catalyzes the degradation reactions [15]. Compared to the partially hydrolyzed 

PVA, fully hydrolyzed PVA is more resistant to chemical degradation during the hot-

melt extrusion process [15]. 

 Side chain cyclization of polymers during the thermal treatment was reported in 

several papers [16-18]. Lin et al. studied the formation of six-membered cyclic 

anhydrides when Eudragit® E (i.e., poly(butyl methacrylate, (2-dimethylaminoethyl) 
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methacrylate, methyl methacrylate) 1:2:1) was exposed to elevated temperatures (above 

180°C) [16]. The intramolecular ester condensation is the mechanism of cyclic 

anhydrides formation and polymer degradation. Compared to the side chain groups of 

Eudragit® RS (i.e., poly(ethyl acrylate, methyl methacrylate, trimethylammonioethyl 

methacrylate chloride) 1:2:0.1) and RL (i.e., poly(ethyl acrylate, methyl methacrylate, 

trimethylammonioethyl methacrylate chloride) 1:2:0.2), the larger dimethylamino groups 

of Eudragit® E polymers containing the electronegative nitrogen atom may favor the 

anhydride formation. Therefore, Eudragit® E polymers exhibit more severe side chain 

cyclization as compared to Eudragit® RS and RL [18]. In another study, Lin et al. 

investigated the side chain cyclization of Eudragit® L (i.e., poly(methacrylic acid, methyl 

methacrylate) 1:1), Eudragit® S (i.e., poly(methacrylic acid, methyl methacrylate) 1:2), 

Eudragit® L30D (i.e., poly(methacrylic acid, ethyl acrylate) 1:1), and Carbopol® (i.e., 

polyacrylic acid) during the thermal treatment [17]. The initial reaction temperatures of 

Eudragit® L, S, L30D are around 170°C and 180°C. In the case of Carbopol®, the 

formation of anhydride was observed at 100°C [17]. Therefore, side chain cyclization 

reactions may occur when the polymers are processed at elevated temperatures by hot-

melt extrusion.  

 Besides chemical degradation of the polymeric carriers, drug-polymer interactions 

are another potential risk encountered during hot-melt extrusion formulation 

development. Thermal and mechanical energy input may potentially accelerate the 

chemical reactions. Several cases of drug-polymer incompatibility during the hot-melt 

extrusion process will be discussed in the following section. 
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Anionic polymers were originally designed to meet the needs of intestine-targeted 

drug delivery systems. In order to resist the aqueous media in the acidic environment of 

the stomach and be rapidly dissolved in the neutral pH media of the intestines, acidic 

groups (i.e., phthalate groups, succinate groups, and acetate groups) are conjugated on the 

polymers via ester bonds. Those acidic groups are predominantly unionized in an acidic 

environment. When exposed to a neutral environment where the pH is greater than the 

pKa of the acidic groups, those groups will be ionized, thereby inducing dissolution of 

the ionized polymer. Due to the presence of acidic groups, anionic polymers have been 

reported to be incompatible with acidic-labile compounds. Hughey et al. investigated the 

hot-melt extrusion of an acidic-labile compound, Roche Research Compound A (ROA), 

with two different types of anionic polymers (i.e., Eudragit® L100-55 and HPMCAS LF) 

[19]. A significant loss of ROA potency was reported. API degradation was reported to 

depend primarily on the acidity of the polymers. The utility of more acidic polymers with 

lower pKa values leads to a higher degree of drug degradation [19]. The chemical 

incompatibility of anionic polymers with proton pump inhibitors such as omeprazole, has 

also been reported [20].  

 Eudragit® E is an ionizable polymer designed for pharmaceutical applications. 

The basic dimethylamino groups are in the unionized state when exposed to neutral pH 

saliva and the polymer is insoluble. In acidic gastric media, the dimethylamino groups are 

ionized and the polymer rapidly dissolves in order to release the drug substances. 

Eudragit® E is widely reported as a hot-melt extrusion polymeric carrier in the literature. 

The dimethylamino groups may potentially interact with drug molecules and stabilize 
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amorphous systems. However, the dimethylamino groups may also undergo chemical 

reactions with the drug substances. Wang et al. reported the incompatibility of Eudragit® 

E with enalapril maleate [21]. The formation of enalapril diketopiperazine, which is a 

potential carcinogen, was accelerated when the drug was in direct contact with Eudragit® 

E, especially at elevated temperatures. Due to the basic nature of the dimethylamino 

group, it may interact with the acidic maleate group, and the solid-state interaction was 

proposed as the mechanism of drug degradation. 

 The chemical stability of Δ9-tetrahydrocannabinol (THC) in thermal-processed 

polymer films was investigated and the impact of formulation variables on drug stability 

was reported [22-24]. THC is thermally unstable. The drug substance alone undergoes 

severe thermal degradation. Polymeric carriers such as PEO and hydroxypropyl cellulose 

(HPC), help improve the thermal stability of the drug substance. Further studies 

confirmed that antioxidants such as ascorbic acid, can stabilize thermal labile drug 

substances [24]; meanwhile, excipients such as vitamin E succinate reduce the stability of 

the formulation and drastically increase the level of degradation byproduct. In summary, 

the selection of excipients plays a critical role in stabilization of drug substances during 

the hot-melt extrusion process. 

 Impurities in polymeric carriers are another source of chemical incompatibility. 

Rothen-Weinhold et al. studied the chemical degradation of a peptide in a hot-melt 

extruded poly(lactic acid) matrix [25]. A peptide impurity of lactyl-vapreotide conjugate 

was observed after processing. The residual lactide molecules in the poly(lactic acid) 

contributed to the formation of the degradation byproduct. The peptide was extruded with 

 8 



poly(lactic acid) polymers containing different levels of residual lactide. Results showed 

that the residual lactide was directly related to the formation of the peptide impurity. This 

study indicates that it is not only the chemical properties of the polymeric carriers, but 

also the level of impurities that can affect the stability of hot-melt extrusion formulations. 

 

1.2.1.2 Physical stability considerations 

 One of the most important pharmaceutical applications of hot-melt extrusion is to 

produce amorphous solid dispersions [1, 26]. Amorphous solid dispersions contain 

amorphous drug substances dissolved or dispersed within the polymer matrix. 

Amorphous systems are metastable, and the recrystallization of amorphous drug 

substances is thermodynamically favored. Polymeric carriers can kinetically stabilize 

amorphous systems by reducing the molecular mobility and thereby “freezing” the 

amorphous drug substance in a metastable state [27]. Therefore, selection of an 

appropriate polymeric carrier is a critical factor affecting the physical stability and shelf-

life of the product. 

 

Glass transition temperature 

 Glass transition is a second-order transition of amorphous materials. The glass 

transition phenomena have a remarkable impact on the molecular mobility. When the 

temperature of a composition is below the glass transition temperature, molecules have 

very limited mobility and the material is in the glassy state. During the glass transition, 
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the molecular mobility drastically increases and several material properties, such as heat 

capacity, Young’s modulus, and tensile strength, undergo significant change, which can 

subsequently be used to identify and characterize the transition. 

It is well known that the glass transition temperature is related to the physical 

stability of amorphous systems. Hancock et al. studied the molecular mobility of small 

molecules and polymers below their glass transition temperatures [28]. The measured 

relaxation enthalpy was used for modeling. The authors reported that amorphous 

materials exhibited significant mobility at temperatures up to 50°C below the Tg. As a 

general rule, an amorphous system is considered to be physically stable if the glass 

transition temperature of the system is 50°C above the storage temperature [29]. 

However, this rule does not consider the fact that local mobility of amorphous drug 

molecules may also cause re-crystallization [30]. It was reported that amorphous 

indomethacin underwent re-crystallization when the glass transition temperature is 50°C 

above the storage temperature [31]. The amorphous-to-crystalline transition was 

attributed to the β-relaxation of amorphous indomethacin [31]. 

Moreover, the glass transition temperature itself is insufficient to determine the 

physical stability and re-crystallization tendency of amorphous drug substances. Marsac 

et al. investigated the physical stability of amorphous felodipine and nifedipine [32]. 

Although these two drug substances had similar glass transition temperatures (i.e., 

felodipine: 46.4°C; nifedipine: 45.5°C), a significant difference in nucleation rates of 

amorphous felodipine and nifedipine was observed. The authors attributed the different 

nucleation rates to the difference in crystallization enthalpy and entropy, and to the 
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different activation energies. In another study, Aso et al. compared the re-crystallization 

rates of amorphous nifedipine and phenobarbital of which the glass transition 

temperatures were similar [33]. Although the glass transition temperatures are similar, the 

re-crystallization rates of amorphous nifedipine and phenobarbital are different. 13C 

nuclear magnetic resonance (NMR) was used to characterize the molecular mobility of 

amorphous nifedipine and phenobarbital. The authors reported that the re-crystallization 

rates agreed well with the molecular mobility of these amorphous drug substances.  

Although the “Tg-50 rule” ignores the β-relaxation and relies on several 

assumptions, it is still considered a general guidance for determining the storage 

temperature and predicting the stability. 

For a given drug molecule, the glass transition temperature of the solid dispersion 

can be modulated by selecting different types of polymers. The glass transition 

temperature of a miscible polymer blend is given by the Gordon-Taylor equation [34]: 

 Tg = w1Tg1+Kw2Tg2
w1+Kw2

  (1-1) 

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

two different components, respectively; w represents the weight fraction; and the value of 

K is calculated from the following equation: 

 K = ρ1Δα1
ρ2Δα2

  (1-2) 

where ρ indicates the true density of the component and Δα represents the change of 

thermal expansivity. Since the thermal expansivity is relatively difficult to measure, an 
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approximation is given by the Simha-Boyer rule, where the glass transition temperature is 

substituted for the thermal expansivity [35]: 

 K ≈ ρ1Tg1
ρ2Tg2

  (1-3) 

Based on the equation, polymers with higher Tg may help boost the glass 

transition temperature of the entire system. However, this effect relies on the miscibility 

between the drug and the polymer, which will be discussed in the following section. 

 

Drug-polymer miscibility/solubility 

 A binary dispersion of drug and polymer can exist as a single-phase system, or as 

a multi-phase system, depending on their miscibility. In general, a single-phase 

amorphous solid dispersion system is desired for the following reasons. First of all, a 

single-phase system tends to have better stability compared to a multi-phase system [36, 

37]. Due to phase separation, multi-phase systems comprise a drug-rich domain and a 

polymer-rich domain. In most cases, the drug-rich domain has a relatively low glass 

transition temperature and the drug molecules are less protected. Therefore, the drug-rich 

domain is more susceptible to re-crystallization, raising a physical stability concern. 

Regarding the drug substance that has good physical stability in the amorphous state, 

phase separation may negatively impact the dissolution performance of the formulation. 

A water-soluble polymer matrix facilitates the dissolution process of a poorly-soluble 

drug substance [38]. Therefore, a reduced percent of polymer in the drug-rich domains 

may decrease the dissolution rate of the drug from the formulation. 
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In order to minimize the risk of phase separation, the polymer carrier needs to 

have good miscibility with the drug substance. Differential scanning calorimetry (DSC) is 

predominantly used to characterize the drug-polymer miscibility. The glass transition 

temperatures of the pure amorphous components and the solid dispersion are compared. 

The system comprising a single Tg is considered miscible, while multiple glass transition 

temperatures indicate phase separation and the existence of drug-rich and polymer-rich 

domains. However, this method does not have high resolution and can only identify 

phase separated regions larger than about 30 nm [39]. Moreover, discrimination of 

different glass transition temperatures is very challenging if the drug and the polymer 

have similar glass transition temperatures [40]. Several novel techniques have been 

recently reported for a better understanding of the miscibility and will now be discussed. 

From a thermodynamic point of view, a drug and a polymer are miscible if the 

Gibbs free energy of mixing is negative [41]. Based on this, Marsac et al. adopted the 

Flory-Huggins theory in order to study drug-polymer miscibility [42]. The free energy of 

mixing is expressed in the following equation: 

 ΔGM
RT

= ndruglnΦdrug + npolymerlnΦpolymer + χndrugΦpolymer (1-4) 

where GM is the free energy of mixing; R is the universal gas constant; T is the 

temperature; ndrug and npolymer are the number of moles of the drug and the polymer, 

respectively; Φdrug and Φpolymer are the volume fractions of the drug and the polymer, 

respectively; and χ is the Flory-Huggins interaction parameter. Since the volume fraction 

of the drug and the polymer are both below 1, the entropy of mixing is always negative; 

therefore, the free energy of mixing is mainly determined by the enthalpy of mixing. The 
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Flory-Huggins interaction parameter must be known in order to calculate the enthalpy of 

mixing.  

 For a drug and a polymer without specific interactions, the Flory-Huggins 

interaction parameter is determined from the solubility parameters of those two 

components. The relationship between χ and the solubility parameter is given by the 

following equation [42]: 

 χ = Vsite
RT

(δdrug − δpolymer)2 (1-5) 

where Vsite is the hypothetical lattice volume; and δdrug and δpolymer are the solubility 

parameters of the drug and the polymer, respectively. From the equation, it can be 

derived that the Flory-Huggins interaction parameter will approach zero if the solubility 

parameter of the drug and the polymer are similar. A small value of χ leads to a small 

magnitude of enthalpy of mixing and a more negative free energy, favoring the mixing. It 

was reported that a difference in solubility parameter of less than 7 MPa1/2 indicates good 

miscibility. When the difference is above 10 MPa1/2, the system is expected to be 

immiscible [43, 44]. 

However, the miscibility of several systems is underestimated based on the 

calculation of solubility parameters, indicating the importance of specific interactions. 

Therefore, an alternative approach for predicting Flory-Huggins interaction parameters 

was proposed which accounts for the impact of specific interactions [42, 45]. This 

method considers melting point depression as an indicator of miscibility. The calculation 

of χ is based on the following equation [42, 45]: 
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where TMmix and TM
pureare the melting point of the mixture and the pure drug substance, 

respectively, which can be directly measured by DSC; ΔHfusion is the melting enthalpy of 

the pure drug which can be measured directly; Φdrug and Φpolymer are the volume 

fractions of drug and polymer, respectively (weight fraction is commonly used as an 

approximation of volume fraction in this case); and m is the volume ratio of polymer-to-

drug. The unknown χ value can be calculated from the equation.  

In theory, the Flory-Huggins interaction parameter is a function of temperature 

[36]. The relationship between the temperature and the Flory-Huggins interaction 

parameter is given by the following equation [41]: 

 χ = A + B
T
 (1-7) 

where A and B are constants. As a result, the value calculated from the melting point 

depression method is actually the interaction parameter close to the melting temperature 

that may have a certain deviation to the value at storage temperature. To overcome this 

limit, powder blends with different drug loadings are prepared and the melting points of 

the blends will change at different drug-to-polymer ratios. From the different ratios, the 

Flory-Huggins interaction parameters at different temperatures can be calculated thereby 

enabling the calculation of the two constants, A and B. Eventually the Flory-Huggins 

interaction parameters over the entire temperature range are available. 

 Tao et al. proposed an alternative DSC method for characterizing the solubility of 

small molecules in a polymer matrix [46]. This method does not rely on the mathematical 

 15 



model of the Flory-Huggins theory. In brief, the melting points of drug-polymer blends 

having different drug loadings are characterized by DSC. The melting point is the 

temperature at which the drug crystals are fully dissolved in the polymer. By varying the 

drug loading, drug solubility at different temperatures can be achieved. It is known that 

for a non-electrolyte solution, the thermodynamic relationship between solubility and 

temperature is expressed by the following equation [47]: 

 lnx = − 1
2.303R

ΔHfus
T

+ constant (1-8) 

where x is the mole fraction of the solute; R is the universal gas constant; T is the 

temperature; and ΔHfus is the enthalpy of fusion. By measuring data points with different 

x and T values, a linear regression plot can be made and the data may be extrapolated to 

obtain the solubility of drug crystals at other temperatures. 

 In order to provide a systematic understanding of drug-polymer miscibility at 

different temperatures and drug loadings, phase diagrams are useful tools that can also be 

used to guide the formulation development of amorphous solid dispersion systems. 

Construction of drug-polymer phase diagrams has been reported previously [48-50]. The 

fundamental theory used to construct phase diagrams from different papers is similar. 

The liquid-solid phase transition curve (binodal curve) is based on the Flory-Huggins 

theory and the χ-T relationship as follows [48, 49]: 

 ΔGM
RT

= ndruglnΦdrug + npolymerlnΦpolymer + χndrugΦpolymer (1-4) 

 χ = A + B
T
 (1-7) 
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knowing the value of A and B, the phase boundary where ΔGM is zero can be calculated 

and used as the binodal curve. A single-phase thermodynamically stable system exists 

beyond the binodal curve [49]. 

 The spinodal curve can be mathematically defined as the line where the secondary 

derivative of the free energy of mixing is zero. The spinodal curve represents the 

boundary where phase separation is kinetically hindered. Between the spinodal curve and 

the binodal curve, although the formation of drug-rich and polymer-rich domains is 

thermodynamically favored, the free energy barrier must be overcome prior to phase 

separation. Within the region surrounded by the spinodal curve, phase separation is 

thermodynamically favored; moreover, there is no kinetic barrier to hinder the phase 

separation. Therefore, compositions dropped into that region should be avoided from a 

stability point of view [50]. 

 Phase diagrams not only provide information on physical stability during storage, 

they are useful for developing the hot-melt extrusion process parameters. For example, 

hot-melt extrusion can be conducted below the drug melting point if the drug can be 

dissolved in the molten carrier at the specific processing temperature. In this case, the 

knowledge of drug solubility in the polymer at a certain temperature is useful. This type 

of information can be read directly from a phase diagram. 

Figure 1.1 

 Besides the thermodynamic approach, several other techniques have been 

reported for assessing the miscibility of a drug and a polymer. These methods mainly 
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focus on characterizing the size of heterogeneous domains in a solid dispersion. Small 

domain size indicates good miscibility of the components. 

 For example, Aso et al. developed a solid-state NMR method for characterizing 

the miscibility of a drug and polymers [51]. Nifedipine and three different polymers were 

evaluated using this method based on 1H spin-lattice relaxation. The spin-lattice 

relaxation times in the laboratory frame (T1) and rotating frame (T1ρ) are measured by 

solid-state NMR and plotted against time. Three scenarios were proposed by the authors. 

In the first case, if the T1 decay and the T1ρ decay exhibit mono-exponential patterns, then 

the domain size is smaller than 5 nm. If the domain size is between 5 nm and 50 nm, then 

the T1 decay will exhibit mono-exponential patterns; however, the T1ρ decay will be bi-

exponential. In the third case, if the T1 decay and the T1ρ decay exhibit bi-exponential 

patterns, the domain size will be larger than 50 nm. Based on this theory, the authors 

concluded that nifedipine has better miscibility with HPMC and PVP compared to α, β-

poly(N-5-hydroxypentyl)-L-aspartamide (PHPA). A dissolution study also showed that 

nifedipine solid dispersions prepared with miscible polymers exhibit superior drug 

release profiles as compared to the solid dispersion made with immiscible PHPA. 

 X-ray powder diffraction (XRD) coupled with pair distribution function analysis 

is another technique for characterizing miscibility [52]. Computed pair distribution 

function profile is a fingerprint of interatomic distances. The authors obtained the 

interatomic distance patterns of the two systems by conducting pair distribution function 

analysis on the physical mixture and solid dispersion. For a molecular dispersion of 

miscible components, the interatomic distance fingerprint is likely to change as compared 
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to the physical blend. Therefore, the comparison of pair distribution function profiles of 

the physical blend and the solid dispersion may provide useful information about the 

miscibility of the system.  

 

1.2.1.3 Drug loading selection 

 As discussed in the previous section, drugs and polymers are miscible only within 

certain compositional ranges. Excess amounts of drug may cause phase separation [53]. 

In one study, the storage stability of hot-melt extruded investigational compound UC781 

was evaluated at different drug loadings. Extrudates with 10% of drug were prone to re-

crystallization during storage. In contrast to the high drug-loading formulation, extrudates 

with 5% UC781 were more stable during storage [54]. Friesen et al. reported on the use 

of phase diagrams to guide the drug loading selection process [50]. In order to deliver a 

sufficient amount of drug to subjects while keeping the size of dosage units within an 

acceptable range, selecting a drug loading beyond the miscibility range is not 

uncommonly observed. It is needed to maintain the composition between the binodal and 

spinodal curves to take the advantage of the free energy barrier for hindering the potential 

phase separation [50]. Compositions within the two-phase unstable region are susceptible 

to phase separation and re-crystallization and therefore should be avoided. 

 Besides the physical stability, the selection of drug loading may also affect the 

dissolution profile of amorphous solid dispersions. Craig reviewed the mechanism of 

drug release from water soluble polymer-based solid dispersions [38]. Depending on the 
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drug loading, either polymer-controlled dissolution or drug-controlled dissolution could 

dominate the dissolution process. Polymer-controlled dissolution is likely to happen in 

the low drug loading system. The properties of drug did not significantly impact the 

dissolution profile of this type of system and the dissolution rate was fast. Dissolution 

becomes drug-controlled when the drug loading is increased. In this case, the properties 

of the drug substance remarkably affect the dissolution. Since the majority of drug 

candidates for hot-melt extruded amorphous system have limited water solubility, drug-

controlled dissolution tends to have lower dissolution rates. Several studies of hot-melt 

extrusion formulations with different drug loadings have been reported [55, 56]. The 

results generally agreed well with the theory proposed by Craig, in other words, higher 

drug loadings lead to lower dissolution rates. 

 

1.2.1.4 Processability and rheology considerations 

Melt viscosity  

Hot-melt extrusion requires that the materials have suitable mechanical properties 

in order to enable processing. In general, materials should be thermoplastic and have 

sufficient deformability after softening. More specifically, the viscosity of molten 

materials should be within a suitable range so that the torque will not go beyond the 

upper limits of extrusion equipments [57].  

The melt viscosity also affects the degree of mixing occurring during the hot-melt 

extrusion process. The mixing of a drug substance with carriers can be categorized as 
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follows: 1) mixing of solid drug substance with molten carriers (i.e., processing 

temperature below that of the melting point of the drug substance); and 2) mixing of 

molten drug substance with molten carriers (i.e., processing temperature above that of the 

melting point of the drug substance). For the first situation, the degree of de-

agglomeration of the solid drug substance is related to the shear stress applied on drug 

particles [58]: 

 τ = η × γ (1-9) 

where τ is the shear stress; η is the viscosity of molten carriers; and γ is the local shear 

rate. Based on the equation, higher melt viscosity leads to better de-agglomeration that is 

desired in the hot-melt extrusion process. 

For the second circumstance in which a molten drug substance is dispersed in 

molten carriers, the Weber number (We) is used to characterize the mixing of a dispersed 

phase within a continuous phase. The Weber number is expressed as follows [58]: 

 We = γ·d0·ηc
2σ

 (1-10) 

where γ represents the local shear rate; d0 represents the diameter of the molten drug 

substance before mixing; ηc represents the viscosity of the continuous phase (molten 

carriers), and σ is the interfacial tension between the molten drug substance and the 

molten carriers. Similar to the previous scenario, an increased polymer melt viscosity 

leads to an improved mixing of a drug and a polymer. In summary, higher melt viscosity 

favors the mixing during the hot-melt extrusion process. 

 The mixing/de-agglomeration of titanium dioxide in silicone oil in hot-melt 

extrusion process has been studied [58]. Titanium dioxide was processed with three 
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grades of silicone oil. Results show that the viscosity of the silicone oil significantly 

influenced the mixing of titanium dioxide. The silicone oil with the highest viscosity lead 

to better mixing compared to the other silicone oils. 

 According to the theoretical derivation and the experiment data, the viscosity of 

molten carriers plays an important role in the mixing of drug substances and polymers.  

Therefore, understanding the material science of polymer carriers is critical to a 

successful development of hot-melt extrusion formulations and processes. 

 

Temperature-viscosity relationship 

Carriers being processed in the hot-melt extrusion have a wide range of glass 

transition temperatures depending on their chemical structure. For example, a rubbery 

material poly(ethylene-co-vinyl acetate) (EVAc) has a Tg of -36°C; and a cellulosic 

polymer such as HPMC, has a high Tg around 184°C. The melt viscosity is highly 

dependent on the glass transition temperature of the polymeric carrier. The William-

Landel-Ferry equation (WLF equation) was developed to characterize the melt viscosity 

of amorphous polymers at a temperature above the Tg [59]:  

 log� η
ηTg

� = −C1(T−Tg)
C2+(T−Tg)

 (1-11) 

where C1 and C2 are constants; and η and ηTg are the melt viscosity at a processing 

temperature and the glass transition temperature, respectively. For the semi-crystalline 

polymers with a melting temperature of more than 100°C above the glass transition 

temperature and for the amorphous polymers significantly above the glass transition 
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temperature, the Arrhenius equation provides an approximation of the WLF equation 

[59]: 

 η = Ae−B T⁄  (1-12) 

where T is the absolute temperature, and A and B are constants. 

 The WLF equation describes the impact of the glass transition temperature and 

the processing temperature on the melt viscosity. For a thermoplastic polymer with a high 

glass transition temperature, the processing temperature has to be set relatively high in 

order to achieve a suitable melt viscosity. However, the high extrusion temperature may 

cause the degradation of drug substances and polymers. Formulation and process of hot-

melt extrusion are closely related and must be considered together. 

 

Molecular weight-viscosity relationship 

 For polymers with similar chemical structures, differences in molecular weight 

also affect the rheology of the polymer melt. When the weight average molecular weight 

of a polymer is below the threshold and the chain length is below the critical 

entanglement chain length, the relationship between the melt viscosity and the weight 

average molecular weight is expressed as follows [59]: 

 η = KL × Mw (1-13) 

where η is the zero shear melt viscosity, KL is a constant, and Mw is the weight average 

molecular weight. 
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When the chain length is beyond the critical entanglement chain length, 

intermolecular entanglement will occur, and the melt viscosity is given by the following 

equation [59]: 

 η = KH × Mw
3.4 (1-14) 

where η is the zero shear melt viscosity, KH is a constant, and Mw is the weight average 

molecular weight. 

 The difficulty with extruding high molecular weight polymers can be derived 

from these equations. A polymer with a high weight average molecular weight tends to 

have a higher melt viscosity; and the torque may go beyond the upper limits of the 

extrusion equipment. 

In summary, the chemical structure and the molecular weight of polymers can 

significantly affect rheological properties in the hot-melt extrusion process. Those effects 

may influence the process and cause unwanted degradation. An in-depth understanding of 

material properties is needed to ensure the proper selection of excipients and to secure the 

success of formulation and process development. 

 

1.2.2 Hot-melt extrusion process development 

 In addition to the formulation composition being considered, the process also 

determines quality attributes of hot-melt extruded products. In this section, the key 

process considerations will be discussed both in theory and in practice to provide an 

overview of how the process variables may affect the properties of extrudates. 
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1.2.2.1 Screw configuration 

 Screw configuration is one of the most critical parameters of a hot-melt extrusion 

process. The hot-melt extruder can be considered as a pump having the functions of 

conveying and mixing. The screw predominantly achieves conveying and mixing. In 

general, a material flow comprises a drag flow and a pressure flow. The drag flow is from 

the volumetric displacement of the screw and the pressure flow is from the pressure 

build-up at certain zones within the extruder. Todd reviewed the hot-melt extrusion 

process and mathematically expressed the drag flow by the following equation [60]: 

 Qd = 0.5 × a × z × cos θ × N (1-15) 

where Qd is the drag flow; a is the open section of the screw; z is the lead length of the 

screw; θ is the helix angle; and N is the screw speed. For an intermeshing co-rotating 

twin screw extruder, the equation is modified by considering the intermeshing effect [60]: 

 Qd ≈ 0.55 × a × z × N (1-16) 

 For a two-flighted screw design, the open section is approximately equal to 3hD 

where h is the channel depth and D is the screw diameter. Therefore, the drag flow 

equation can be expressed by the following equation [60]: 

 Qd = 1.65 × h × D × z × N (1-17) 

 Based on the drag flow equation, the conveying capacity is enhanced by 

increasing the channel depth and the screw diameter. Moreover, the lead length, which 
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relates to the helix angle, also affects the drag flow. Lastly, as expected, higher screw 

speeds lead to higher conveying capacities. 

 The typical helical conveying screw elements are very efficient in terms of 

moving materials downstream of the extruder [61]. However, these elements do not have 

enough mixing capacity, which may be important when formulating molecularly 

dispersed amorphous solid dispersions. In order to provide sufficient mixing capacity, 

kneading/mixing screw elements can be built on the screw [61]. The kneading element 

has a paddle-like shape. The angle between two adjacent paddles is called the staggering 

angle. The staggering angle determines magnitude and direction of the drag flow 

generated at the kneading element [58]. In general, the kneading element has very limited 

conveying capacity and materials tend to accumulate in those zones, facilitating the 

mixing of different components. 

 Within the scope of hot-melt extrusion, mixing is generally categorized into 

distributive mixing and dispersive mixing. Distributive mixing is capable of promoting 

homogeneity of the extruded composition and may contribute to the content uniformity of 

the formulation. However, distributive mixing does not reduce the particle size of the 

components, which can only be obtained from the dispersive mixing. The type of mixing 

is correlated to the width of kneading discs. For the disc with a larger thickness, more 

vigorous shearing force is given to the materials at the flight of the disc thereby leading to 

higher degree of dispersive mixing.  

 Diameter ratio is the ratio between the outer diameter and the inner diameter 

(OD/ID) of a screw intersection. This ratio represents the free volume of a screw. Screw 
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configuration with a higher OD/ID ratio has better conveying capacity since the 

volumetric displacement is increased. Therefore, a high OD/ID ratio may be desired 

when considering high throughput manufacturing of pharmaceutical products. However, 

a screw with a high OD/ID ratio may not be efficient in terms of shearing and mixing of 

the components and adding a sufficient amount of energy into the materials. Moreover, 

the geometric shape of a screw also limits the OD/ID ratio. A single-flighted screw 

configuration exhibits the highest available OD/ID ratio followed by the two-flighted 

configuration. Limited by the intermeshing design, the three-flighted screw configuration 

has the lowest OD/ID ratio. In general, the diameter ratio can only be selected within a 

certain range; and advantages and disadvantages must be balanced when making the 

decision on which screw configuration to employ.  

 Another important screw parameter is the L/D ratio that represents the ratio 

between the screw length and the screw diameter. The L/D ratio is pre-determined by the 

equipment design. It is evident that a screw with a higher L/D ratio may have more 

functional elements equipped to meet the needs of a specific process. But a high L/D ratio 

screw may also exhibit remarkably increased torque and residence time, which may not 

be favored from a stability point of view.  

 Degree of fill is another concept in hot-melt extrusion. It is known that a twin-

screw extruder is commonly run in the starved-feeding state, which means that the 

feeding rate is below the conveying capacity of the extruder. Therefore, a number of 

zones within the extruder will not be fully filled. A general approximation of the degree 

of fill is given by the following equation [60]: 
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 f = Q
Qd

 (1-18) 

where f is the degree of fill; Q is the real throughput (feeding rate); and Qd is the drag 

flow. Based on the equation, a high conveying capacity coupled with a low feeding rate 

will lead to the lowest degree of fill. The degree of fill at the kneading element and 

reverse element, which convey materials to the opposite direction of the general 

conveying direction, is remarkably higher because the drag flow is very limited and high 

pressure is required to generate a sufficient pressure flow to drive the molten material 

moving through those zones [61]. 

 Residence time represents the time that materials remain in the extruder. 

Formulations will undergo thermal and mechanical stresses during the hot-melt extrusion 

process; therefore, residence time may affect the degree of degradation of the extrudates, 

and thus pharmaceutical scientists must understand this parameter. Todd used a 

mathematical equation to express the mean residence time at different zones [60]. In a 

starved zone where the screw is not fully filled, the mean residence time is given by the 

following equation [60]: 

 ts = f×a×Ls
Q

= 1.8×Ls
zN

 (1-19) 

where Ls is the length of the zone; f is the degree of fill; a is the open cross section; Q is 

the net flow rate; z is the lead length; and N is the screw speed. From the equation, the 

mean residence time at a starved zone is not related to the feeding rate but is related to the 

screw speed. When the screw is fully filled, the mean residence time is given by the 

following equation [60]: 
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 tf = a×Lf
Q

 (1-20) 

where Lf is the length of a fully filled zone; a is the open cross section; and Q is the net 

flow rate. Based on this equation, the mean residence time at a fully filled zone is 

irrelevant to the screw speed but is related to the feeding rate. The total residence time is 

the sum of the mean residence times of all zones: 

 ttotal = Σts + Σtf (1-21) 

It must be considered that axial mixing of materials exists within the extruder; 

therefore, powders fed at the same time do not necessarily leave the extruder together. In 

other words, the residence time is actually a distribution. Residence time distribution 

(RTD) is critical to the process development of thermal labile compounds. A small 

proportion of materials will remain in the extruder for a significantly longer time as 

compared to the mean residence time; therefore the material is prone to degradation. 

Several process variables may affect the residence time distribution. One of the most 

pronounced effects results from the screw configuration [62]. For the screw equipped 

only with conveying elements, the mean residence time is short and the residence time 

distribution is narrow [62]. Addition of toothed mixing elements leads to the longest 

mean residence time and the widest residence time distribution because the toothed 

mixing element induces strong axial mixing within the extruder [62]. The kneading 

element also prolongs the mean residence time and causes a wider residence time 

distribution, but not as significant as that caused by the toothed mixing element [62]. 

Other variables, such as the feeding rate and the screw speed can also influence residence 
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time. The impact of the feeding rate is more significant when compared to the screw 

speed [62]. With respect to the formulation aspect, the impact of melt viscosities on the 

residence time was investigated using a plastics extrusion process [63]. Keeping the 

process variables constant, the authors reported that a higher melt viscosity causes a 

longer mean residence time. The residence time distribution can be experimentally 

measured either by inline methods or by offline methods [64]. In general, a certain type 

of tracer is added to the formulation [65]. The concentration of the tracer is plotted as a 

function of time; and the curve represents the residence time distribution. The 

concentration of tracer can be characterized by an inline IR spectroscopy or an offline 

UV spectroscopy [64]. 

 Specific torque and specific energy input are two important mechanical 

parameters of a hot-melt extrusion system. Specific torque is a power-volume ratio 

mathematically defined by the following equation [61]: 

 ST = τ
a3

 (1-22) 

where τ is the torque value of the system; and a is the centerline distance of the two 

screws. Specific torque is considered to be the torque density of the equipment and is 

useful in process scale-up. 

 Specific energy input is defined as the ratio between mechanical energy and 

process throughput. The mechanical energy at certain process conditions can be 

calculated from the following equation [61]: 

 E = Emax × N
Nmax

× τ
τmax

× Gearbox Rating (1-23) 
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where Emax is the maximal mechanical energy of the system; N and Nmax are the real 

screw speed and the maximal screw speed, respectively; and τ and τmax are the real torque 

value and the maximal torque value of the system, respectively. The gearbox rating is a 

constant for a given system. And the specific energy input is expressed as follows [61]: 

 SE = E
Q

 (1-24) 

where E is the mechanical energy calculated from the previous equation; and Q is the real 

throughput of the process, which equals to the feeding rate in a starved-feeding system. 

Specific energy (SE) input represents the energy applied on a unit of material. Higher SE 

values may favor the crystalline-to-amorphous transition and enable the production of 

hot-melt extruded amorphous solid dispersions. However, the high SE value and 

consequently the high degree of viscous heat dissipation may remarkably increase the 

melt temperature and induce degradation of drug substances and polymers. Therefore, 

process conditions that enable the formation of amorphous solid dispersions and 

minimize the thermal degradation should be identified. Hot-melt extrusion process 

parameters should be selected within the range of conditions [66]. Several representative 

studies will be reviewed in order to elucidate how process conditions affect the products 

made by hot-melt extrusion. 

 Henrist and Remon investigated the influence of process conditions on the 

characteristics of starch-based extrudates [67]. The composition was constant (53% corn 

starch, 15% sorbitol, 2% glyceryl monostearate, and 30% theophylline monohydrate); 

and process variables such as the screw speed, the feeding rate, and the barrel 
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temperature, were investigated. Results showed that screw speed and feeding rate 

affected the radius, porosity, mechanical strength, and dissolution profiles of the 

extrudates. The combination of a high screw speed and a high feeding rate lead to an 

increased extrudate radius and decreased mechanical strength and dissolution rate. 

Regarding the barrel temperature, only the highest temperature studied among all of the 

barrel zones influenced the characteristics of the extrudate. A temperature of 100°C was 

considered optimal. Lower temperatures caused a rough surface while higher 

temperatures induced foaming. 

 Verhoeven et al. reported the influence of process parameters on drug release 

profiles of hot-melt extruded sustained release compositions containing ethylcellulose 

[68]. Metoprolol tartrate was extruded with ethylcellulose and xanthan gum. Dibutyl 

sebacate was the plasticizer. The effect of the kneading zone on the characteristics of 

extrudates was investigated. Extrusion without a kneading zone yields extrudates with 

rough surfaces and un-dispersed metoprolol tartrate drug substance, indicating limited 

mixing capacity. Addition of one kneading zone overcame this effect. More than one 

kneading zone did not further improve the surface smoothness of extrudates. The impact 

of the feeding rate and the screw speed was investigated. The authors reported that those 

parameters had limited influence on drug release profiles of the mini-matrices. The 

composition investigated was robust at the selected process conditions.  

 Nakamichi et al. studied the influence of the screw configuration on nifedipine-

hypromellose phthalate (NP-HPMCP) solid dispersions [69]. The drug-to-polymer ratio 

was 1:5 in order to eliminate the variables caused by different compositions. Results 
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showed that kneading paddles on the screw were critical to the performance of the 

extrudates. In the extruder with kneading paddles, crystalline nifedipine converted to the 

amorphous state during the extrusion process. As a result, the drug in the extrudate was 

capable of generating supersaturation in the dissolution media. For the extruder without 

kneading paddles, drug supersaturation was not observed in the dissolution results; and 

the residual crystalline nifedipine was detected via XRD. The addition of water improved 

the drug dissolution rate in the system without kneading paddles. Dissolution results 

show that inclusion of 5% water significantly improved the drug release rate compared to 

the extrudate produced from powder blends made without water. Regarding the 

mechanism of this phenomenon, firstly, the addition of water improved mixing of the 

drug substance and the excipient. Secondly, water plasticized the system thereby 

decreasing the glass transition temperature temporarily. It was reported that the softening 

temperature of the powder blend was reduced from about 150°C to about 90°C by 

addition of 15% water. 

Figure 1.2 

 Shibata et al. investigated the effect of process variables on indomethacin-

crospovidone solid dispersions (indomethacin:crospovidone ratio = 1:3) [70]. The solid 

dispersions were produced at different temperatures and screw speeds using a twin-screw 

extruder with a kneading zone. The impact of the extrusion temperature was elucidated in 

the study. Results showed that extrusion at 125°C yields a semi-crystalline extrudate 

based on the XRD pattern. And the amorphous indomethacin-crospovidone solid 

dispersion was obtained when the processing temperature was between 125°C and 
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140°C. The residence time of materials also affects the crystallinity of compositions. The 

intensity of the crystalline peaks in XRD was reduced when the residence time was 

increased from 1 minute to 4 minutes. Infrared (IR) spectroscopy was used to identify 

differences in products exposed to different process conditions. The shift in the 

absorption peaks was observed in solid dispersions extruded through the twin-screw 

extruder at high temperatures. These results indicated that the process conditions could 

potentially affect the molecular interactions between the components of the solid 

dispersions. The dissolution performance of different extrudates was evaluated. The 

authors reported that the products extruded at high temperatures were capable of inducing 

drug supersaturation and thereby enhancing the dissolution rate. However, the physical 

mixture and extrudates processed at low temperatures only exhibited improved 

dissolution rates. Supersaturation was not observed in these compositions. These results 

were in agreement with the XRD and DSC results.  

A reverse element (also known as left-handed element) conveys material in the 

opposite direction of the general conveying direction of an extruder [60]. At the position 

of a reverse element, the pressure flow must overcome the reverse drag flow in order to 

enable the material flow. Therefore, the pressure and the degree of filling are remarkably 

increased. Kessler et al. reported the production of amorphous solid dispersions of drug 

substances using a twin-screw extruder with a reverse element [71]. The utility of the 

reverse element was stated to promote material mixing and enable production at a 

relatively low temperature. Lopinavir and ritonavir were processed with copovidone and 

other additives in the hot-melt extrusion system with a reverse element. Crystalline drug 
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substances fully converted to the amorphous state while the melt temperature was 

controlled at about 125°C to minimize thermal degradation of the drugs being studied. 

 Recently, Liu et al. reported the effect of screw configuration on properties of 

indomethacin-Eudragit® EPO based solid dispersions [72, 73]. Indomethacin was 

extruded with Eudragit® EPO at 140°C, which is below the melting point of the neat drug 

substance. Therefore, the formation of amorphous solid dispersions relied on the 

dissolution of indomethacin into the polymer matrix during the extrusion process. In 

order to characterize the impact of screw configuration on the dissolution of 

indomethacin into the polymer matrix, four different screw designs were evaluated. As 

shown in figure 3, screw M2 contains two kneading zones. Screws M1 and M1S contain 

one kneading zone. Due to the existence of reverse kneading discs, screw M1S was 

capable of generating higher degrees of mixing compared to screw M1. Screw M0 did 

not have a kneading zone, and therefore exhibited the lowest mixing capacity. 

Figure 1.3 

 Different types of screw configuration lead to differences in the torque value, the 

melt temperature, and the mean residence time. Compared to screw M0, screw M1S 

exhibited a higher torque, melt temperature, and average residence time. The difference 

was mainly attributed to the kneading zone, especially the reverse kneading discs which 

resisted the material flow and provided a more intense mixing. The morphology of the 

melt material at different zones was studied using polarized light microscopy. The results 

indicated that screw M0 did not dissolve the indomethacin into the Eudragit® EPO matrix 

efficiently. Crystalline indomethacin was observed in the metering zone and fully 

 35 



amorphous compositions were not produced. In contrast, screw M1S exhibited superior 

mixing capacity. Crystalline indomethacin was not observed in the metering zone, which 

indicates the presence of a fully amorphous solid dispersion. These results highlight the 

importance of screw configuration on the production of hot-melt extruded amorphous 

solid dispersion systems. 

 The utility of supercritical carbon dioxide in the hot-melt extrusion process was 

investigated to overcome the concerns of utilizing conventional plasticizers. Plasticizers 

are added to hot-melt extrusion formulations in order to reduce the required process 

temperature and to minimize the thermal degradation. However, conventional plasticizers 

significantly reduce the glass transition temperature of a composition, thereby affecting 

the physical stability [74, 75]. Verreck et al. investigated the use of supercritical carbon 

dioxide as a temporary plasticizer in the hot-melt extrusion process in order to decrease 

the extrusion temperature without affecting the physical stability of the final product [76]. 

In this study, supercritical carbon dioxide was injected into a hot-melt extruder via an 

HPLC pump. Upstream and downstream from the injection zone were equipped with a 

reverse screw element and a metering zone, which helped localize the carbon dioxide by 

inducing a melt seal. Itraconazole-copovidone systems (10% and 40% drug loading) were 

extruded with and without supercritical carbon dioxide. Results showed that the 

supercritical carbon dioxide decreased the minimal required extrusion temperature of the 

powder blends by 5°C to 15°C, which reduced the thermal degradation. Besides the effect 

on extrusion temperature, the supercritical carbon dioxide also influenced the mechanical 

properties of the extrudates. A significant amount of void pores remained after 
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evaporation of the carbon dioxide, thereby making the extrudates highly porous, which 

facilitated the mechanical milling process.  

 Verreck et al. investigated the application of the supercritical carbon dioxide in 

the hot-melt extrusion of a thermally labile compound, p-amino salicylic acid (p-ASA) 

[77]. p-ASA undergoes severe chemical degradation when exposed to temperatures 

above 110°C. Powder blends containing 10% p-ASA and 90% ethylcellulose were 

extruded through a Leistritz Micro 18 co-rotating intermeshing twin screw extruder. In 

the examples where carbon dioxide was not used in the process, an extrusion temperature 

of about 130°C was needed to control the torque within an acceptable range. However, 

these formulations exhibited significant loss of potency; only 35% to 85% of p-ASA was 

recovered after hot-melt extrusion. Inclusion of supercritical carbon dioxide reduced the 

extrusion temperature to about 110°C. p-ASA potency of about 96% was obtained by 

optimizing the extrusion process conditions. Those results indicate that carbon dioxide 

may be useful in the hot-melt extrusion of thermally labile compounds. 

 In another study, celecoxib was extruded with povidone in the presence of 

supercritical carbon dioxide [78]. DSC and IR spectroscopy indicated that the presence of 

carbon dioxide did not affect the glass transition temperature of the extrudates. Drug-

polymer interactions were identified in those extrudates. The solid-state characterization 

indicated that celecoxib-povidone extrudates were physically stable. The authors also 

investigated the impact of carbon dioxide on the dissolution performance of extrudates. 

For the extrudates without carbon dioxide treatment, drug supersaturation was induced 

but the drug release rate was relatively slow. Carbon dioxide treatment increased the 
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porosity and the surface area of the extrudates; therefore, the dissolution rate was 

significantly greater than those compositions without carbon dioxide treatment. 

 

1.2.3 Scale-up 

 Production scale manufacturing requires a high throughput rate of materials that 

cannot be met by using laboratory scale hot-melt extruders. Therefore, process scale-up is 

required to enable the large scale manufacturing while maintaining critical quality 

attributes of the product. A number of published papers have proposed and discussed 

scale-up theories of hot-melt extrusion. Carley and McKelvey discussed the scale-up of 

an adiabatic melt extrusion process in their study [79]. The authors mathematically 

derived the cubic law. They also performed a scale-up study from a 2-inch diameter 

screw to a 20-inch diameter screw. The results showed that the measured data agreed 

well with the values predicted by the model [79]. Following Carley and McKelvey’s 

work, Schenkel, Maddock, and Chung reported a series of studies that considered the 

influence of heat transfer, which has not been previously discussed [80, 81]. A square law 

of scale-up was proposed based on the heat transfer area. However, the geometric 

similarity was abandoned, and the melt temperature may not be constant before and after 

scale-up. Nakatani introduced the adiabatic index in the scale-up process and developed a 

theory aimed at keeping the melt temperature constant [82]. Several other scale-up papers 

have also been reported [65, 83, 84]. In this section, we mainly focus on a few 

fundamental considerations of process scale-up.  
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1.2.3.1 Volumetric scale-up 

  Volumetric scale-up of a hot-melt extrusion process focuses on maintaining the 

same degree of fill and consequentially, the same residence time distribution. For 

geometrically similar extruders with different diameters, the targeted process throughput 

is given by the following equation [61]: 

 QT = QM × DT
3

DM
3 × NT

NM
 (1-25) 

where QT and QM are the targeted and initial process throughput, respectively; DT and DM 

are the screw diameters after and before scale-up, respectively; and NT and NM are the 

screw speed after and before scale-up, respectively. In a simplified condition where the 

screw speed is kept constant, the process throughput obeys cubic law.  

 

1.2.3.2 Power scale-up 

 As discussed before, the specific energy input is critical to the production of high-

energy compositions such as amorphous systems. Therefore, it is desirable to maintain 

the same level of specific energy input when scaling up the process. The mechanical 

energy input of the hot-melt extrusion process is calculated from the following equation: 

 E = Emax × N
Nmax

× τ
τmax

× Gearbox Rating (1-23) 

For scale-up, Emax, Nmax and τmax of large scale extruder is pre-determined by the 

instrument design. The exact value of torque and screw speed is measured directly. 
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Therefore, the mechanical energy of large scale equipment can be calculated and used to 

determine the process throughput which maintains the specific energy input to be 

constant. For the extrusion systems with the same specific torque, the process throughput 

can be scaled up by following the cubic law while keeping the specific energy input 

unchanged if the screw speed is constant [61]. 

 

1.2.3.3 Heat transfer scale-up 

 For a hot-melt extrusion process that is limited by the heat transfer of the barrel, 

the heat transfer scale-up method may be adopted. The surface area for heat transfer is 

equivalent to the barrel surface area. Based on this, the process throughput can be scaled 

up while maintaining the heat transfer rate by following the equation [61]: 

 QT = QM × DT
2

DM
2 × NT

NM
 (1-26) 

where QT and QM are the targeted and initial process throughput, respectively; DT and DM 

are the targeted and initial screw diameter, respectively; and NT and NM are the screw 

speed after and before scaling up, respectively. From this, it can be found that the heat 

transfer scale-up follows the square law if the screw speed does not change. 

 

1.3 PHARMACEUTICAL APPLICATIONS 

 As summarized in the Table 1, hot-melt extrusion process is used in 

pharmaceutical product development, and the FDA has approved several hot-melt 
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extruded products. To date, hot-melt extrusion is primarily used for bioavailability 

enhancement of poorly water-soluble compounds for the examples including Rezulin®, 

KALETRA®, NORVIR®, and ONMEL® [1, 26]. Crystalline drug substances are 

converted to the amorphous state via thermal processing and stabilized by polymeric 

carriers. Moreover, patient compliance may be improved by reducing the number of dose 

units required for administration [26]. Regarding KALETRA® and NORVIR®, the strict 

storage conditions required for the soft gelatin capsule formulation are no longer required 

for the tablet formulation made by hot-melt extrusion [26]. Another important application 

of the hot-melt extrusion process is the production of medical devices and implants, such 

as NuvaRing®, IMPLANON®, and OZURDEX®. Significant efforts have been devoted to 

develop sustained release formulations and medical films using hot-melt extrusion [85-

88].  

Some of physicochemical properties of drug substances reported as being 

developed using a hot-melt extrusion process are listed in Table 2. Most of the drug 

substances that can be processed into hot-melt extruded amorphous solid dispersions 

have melting points within the range of about 100°C to about 200°C, with a few 

exceptions. High melting point drug substances typically exhibit high crystal lattice 

energy and require high process temperatures to be solubilized into polymeric carriers. 

However, the extrusion temperature is also limited by the thermal stability of components 

of the composition. Therefore it is challenging to prepare amorphous formulations of 

high melting point drug substances by hot-melt extrusion. Amorphous formulations of 

low melting point drug substances are usually limited by their physical stability. 
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Generally, for amorphous low molecular weight drug substances, the value of Tg/Tm in 

degrees Kelvin is between 0.7 and 0.85 [89]. Therefore, these drug substances that have 

low melting points are likely to exhibit low glass transition temperatures and be prone to 

crystallization. In summary, the physicochemical properties of compounds are highly 

critical to the success of hot-melt extrusion formulations and process development. 

Preformulation studies and hot-melt extrusion feasibility studies must be considered 

before starting formulation development studies. 

Table 1.1 

Table 1.2 

 

1.3.1 Oral bioavailability enhancement 

 Due to the increasing number of poorly water-soluble drug substances in the 

pipeline, there is a need to increase the oral bioavailability of those insoluble drug 

substances. Hot-melt extrusion process applications have been reported over the last two 

decades as an enabling technology applied to poorly water-soluble drug substances. 

Based on the physicochemical properties of the particular drug substance, the mechanism 

of bioavailability enhancement is divided into at least three categories: formation of 

amorphous solid dispersions, formation of crystalline solid dispersions, and formation of 

co-crystals. Those aspects will be discussed in the following sections. 
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1.3.1.1 Amorphous solid dispersions (ASDs) 

 Formulation of amorphous solid dispersions (ASDs) is a viable approach for 

improving the dissolution performance of poorly water-soluble drug substances. It is 

especially suitable for non-ionizable drug substances that cannot form pharmaceutical 

salts. In ASD systems, drug molecules exist in the high-energy amorphous state. The 

amorphous drug substance is stabilized within the matrix in order to prevent any re-

crystallization.  

Hot-melt extrusion processes are suitable for producing ASD systems. Viscous heat 

dissipation and the hot barrel provide energies required to soften the matrix. Drug 

molecules are dissolved in the molten matrix, which is facilitated by intense mixing. The 

temperature of the molten mixture quickly drops below its glass transition temperature 

after leaving the extruder, thereby kinetically hindering re-crystallization. 

 Due to the excellent thermal stability and low solubility, itraconazole is widely 

used as a model compound for thermal processes. Hot-melt extrusion of an itraconazole-

HPMC system was investigated to improve the dissolution rate of itraconazole [90, 91]. 

Different drug loadings were evaluated and an itraconazole-HPMC (40:60) mixture was 

selected and extruded through a co-rotating twin-screw extruder. A design of experiments 

(DoE) was used to rationally evaluate the effect of process parameters (i.e., temperature, 

screw speed, and material feeding rate) on properties of extrudates. The extrudate was 

amorphous based on the results of XRD and DSC. The dissolution rate was also 

significantly improved compared to that of the physical blend. However, further studies 

confirmed that the itraconazole-HPMC extrudate was not a single-phase system. Drug-
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rich domains and polymer-rich domains existed in the extruded compositions. Water 

potentially induced phase separation within the extrudates [91]. This result highlights the 

importance of drug-polymer miscibility on the formulation of hot-melt extruded systems. 

Clinical studies proved that the itraconazole-HPMC melt-extruded composition exhibited 

similar in vivo absorption in healthy volunteers as compared to commercial Sporanox® 

oral capsules [92]. 

 In the following studies, other polymers were evaluated in itraconazole hot-melt 

extrusion systems. Janssens et al. studied Kollicoat IR® (polyvinyl alcohol-polyethylene 

glycol graft copolymer) as the carrier for hot-melt extruded compositions [93]. 

Itraconazole-Kollicoat IR® powder blends were extruded through a twin-screw extruder 

at 180°C. DSC results indicated that itraconazole and the polymer did not have good 

miscibility. Two distinct glass transition temperatures were observed. Regarding the 

dissolution enhancement effect, Kollicoat IR® was not a strong precipitation inhibitor 

specifically for itraconazole. When the drug loading was above 20%, the drug release 

profile was significantly decreased, and precipitation of itraconazole was observed in the 

dissolution media. 

 Instead of using a low viscosity, immediate release polymer, Miller et al. 

investigated high viscosity polymers and enteric polymers as solid dispersion carriers for 

itraconazole [94, 95]. The viscosity of the polymer carriers played an important role in 

the dissolution enhancement effect. Compared to the formulation containing Methocel® 

E5, the formulation prepared with the E50 grade of Methocel® exhibited a much higher 

degree of drug supersaturation in the neutral pH media. Similar to Methocel® E50, enteric 
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polymers such as Eudragit® L100-55, were also capable of promoting drug release and 

supersaturation in neutral pH media. An in vivo study confirmed that amorphous solid 

dispersions of itraconazole containing Methocel® E50 and Eudragit® L100-55 had similar 

bioavailability in a rat model. In order to further improve oral absorption, a highly 

viscous stabilizing agent (Carbopol® 974P) was incorporated into the itraconazole-

Eudragit® L100-55 system. Addition of 20% Carbopol® 974P to the hot-melt extrusion 

formulation prolonged drug supersaturation in neutral pH media. More importantly, the 

Carbopol® 974P formulation exhibited improved bioavailability as compared to the 

itraconazole-Eudragit® L100-55 binary solid dispersion. 

 Lakshman et al. studied the hot-melt extrusion of a Novartis research compound 

(compound I) for bioavailability enhancement [96]. The compound was first converted to 

the amorphous state by solvent evaporation. The amorphous drug substance exhibited 

good miscibility with povidone (Kollidon® K30) based on the results of hot-stage 

microscopy. Therefore, povidone was selected as the polymeric carrier; and sorbitol was 

used as plasticizer. Drug loading varied from 20% to 40%. The dissolution results 

confirmed that formulations containing 20% and 30% drug substance exhibited much 

higher dissolution values as compared to the 40% drug-loading counterpart. These two 

HME formulations were incorporated into a capsule formulation and were evaluated in a 

dog model. 20% drug loaded capsules exhibited the highest bioavailability, followed by 

the 30% drug-loading formulation. Both drug loadings had improved absorption profiles 

as compared to the crystalline drug substance blended with 80% poloxamer 188 as a 

wetting agent. Although phase separation of drug substance and povidone was observed, 
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there was no evidence of any recrystallization during 12 months of storage at 25°C/60% 

relative humidity (RH). 

 Hot-melt extrusion of ABT-102, an investigational drug candidate for pain relief, 

was reported by Frank et al. [97]. ABT-102 is a poorly water-soluble compound with 

relatively high melting point (225°C), therefore requiring a carrier system with good 

miscibility to enable the crystalline-to-amorphous transition to occur at a temperature 

significantly below the melting point. In this study, a mixture of copovidone, sucrose 

palmitate, poloxamer 188, polysorbate 80, and Aerosil® 200 was used as the carrier and 

the extrusion was conducted at 107°C. The extruded amorphous solid dispersion was 

placed in an aqueous media, and an apparent solubility of approximately 200-times that 

of crystalline ABT-102 solubility was determined. Further studies on the dispersed 

species in the aqueous media showed that ABT-102 formed nano-agglomerates and 

micelles with carrier excipients, which contribute to increasing the apparent solubility. 

The molecular solubility of ABT-102 amorphous solid dispersion was only 2-times that 

of the solubility of the crystalline drug substance. An in vitro permeability study was 

conducted using a Caco-2 cell model. The results showed that the permeation rate of 

ABT-102 was enhanced by the increased molecular solubility instead of the apparent 

solubility [98]. This highlights the importance of understanding the dissolution process of 

amorphous solid dispersions. The submicron species in the dissolution study should be 

characterized. The size and crystallinity of the species may potentially affect the in vivo 

performance of the formulation. 
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 Kanaujia et al. reported on the formation of nanoparticles during the dissolution 

of hot-melt extruded compositions [99]. In this study, ketoconazole was extruded with 

povidone and copovidone at a drug loading of 30%. Extrudates were transparent and 

substantially amorphous. In addition, Raman mapping showed that the drug substance 

had been homogeneously dispersed into the carrier matrix via the hot-melt extrusion 

process. Dissolution of the extrudates formed nanoparticles in the dissolution media, 

which was confirmed by dynamic light scattering, cryogenic scanning electron 

microscopy, and transmission electron microscopy. Particle size increases with the 

progression of the dissolution test, correlating well with the decline of drug 

supersaturation in the dissolution media. The growth of nanoparticles was influenced by 

the polymer composition; therefore, selecting polymers that can inhibit nanoparticle 

growth may be beneficial to the oral absorption of drug substance from the formulation. 

 Hot-melt extrusion of celecoxib with povidone and Eudragit® 4155F was 

investigated by Abu-Diak et al. [100]. Two types of polymers were compared in terms of 

the capacity to stabilize drug supersaturation. The results showed that pre-dissolved 

povidone maintained drug supersaturation to a higher degree as compared to Eudragit® 

4155F. However, the dissolution performance of Eudragit® 4155F-based compositions 

exhibited a high degree of supersaturation, which was above the theoretical solubility of 

amorphous celecoxib. The povidone-based formulation also induced drug 

supersaturation, but the maximum drug concentration in the dissolution media was lower 

than that induced by the Eudragit® 4155F-based formulation. 1H NMR data indicated the 

presence of interactions between Eudragit® 4155F and celecoxib in the solution state. The 
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solubility enhancement effect was attributed to the formation of water-soluble complexes 

between drug and polymer.  

 In another study, Albers et al. investigated the hot-melt extrusion of celecoxib 

with Eudragit® EPO [55]. Drug loading (50%) was selected and the powder blend was 

extruded through a twin-screw extruder. Interestingly, the study shows that the 

morphology of extrudates was significantly affected by a slight change in the barrel 

temperature (5°C). Extrudates exposed to a high temperature during the extrusion process 

were transparent, indicating the formation of amorphous solid dispersions. An opaque 

extrudate was obtained when the processing temperature was reduced from 157°C to 

152°C. The opaque extrudate may contain crystalline drug substance dispersed in the 

polymer matrix. DSC results confirmed the presence of crystalline celecoxib. The 

difference in morphology affected the dissolution performance of the extrudates. 

Amorphous celecoxib dispersions had a high dissolution rate and induced drug 

supersaturation. However, the supersaturated celecoxib underwent rapid precipitation and 

was only maintained for about 10 minutes. The opaque extrudate containing crystalline 

celecoxib exhibited a much lower dissolution rate compared to the amorphous 

counterpart. The re-crystallization of celecoxib was observed on the surface of 

undissolved extrudates. Pre-dissolved HPMC can help stabilize celecoxib 

supersaturation, indicating the potential of utilizing polymer blends to optimize the 

dissolution performance of hot-melt extrusion formulations. 

 Maclean et al. investigated the hot-melt extrusion of an acidic compound, 

sulindac, with neusilin to obtain a stable amorphous complex [101]. Different from a 
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typical amorphous solid dispersion in which organic polymers are used to stabilize the 

amorphous drug substance, an inorganic magnesium aluminometasilicate was used in this 

study. Hot-melt extrusion was conducted through a twin-screw extruder equipped with a 

kneading element. Two different process temperatures were studied in order to elucidate 

the impact of temperature on the extrudates. Solid-state NMR shows that an extrusion 

temperature above the melting point of sulindac was needed to form the sulindac-neusilin 

amorphous complex. Moreover, the screw speed also played a role in the formation of 

amorphous complex. Sulindac-neusilin (1:2) amorphous complex was physically stable 

after 3 months exposure at 40°C, 75%RH. The tablet formulation containing sulindac-

neusilin (1:2) complex exhibited significantly improved dissolution profiles compared to 

the commercial product. 

 Sathigari et al. investigated an efavirenz amorphous solid dispersion produced by 

hot-melt extrusion [102]. Efavirenz has a relatively low glass transition temperature; 

therefore, Eudragit® EPO and copovidone were selected to stabilize the amorphous drug 

substance since they have solubility parameters close to that of efavirenz. The extrudates 

were amorphous based on DSC and XRD. The dissolution study revealed that both 

copovidone formulation and Eudragit® EPO formulation exhibited significantly improved 

dissolution rates compared to the crystalline efavirenz and the physical mixture. To 

compare the two polymer carriers, Eudragit® EPO was capable of increasing the 

dissolution rate to a higher level as compared to copovidone. The authors attributed this 

phenomenon to the pH-dependent solubility of Eudragit® EPO, which allowed drug and 

polymer to dissolve simultaneously. In the copovidone formulation, the dissolution of 
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polymer was too fast, thereby leaving the re-crystallized drug substance in the media. 

Hence the dissolution rate was sub-optimal. These hot-melt extrusion formulations 

exhibited a good physical stability for up to 9 months in a dry environment (23°C, 30%-

40% RH). 

 Dong et al. investigated the preparation of amorphous solid dispersions of Roche 

Compound A using hot-melt extrusion [103]. The drug substance (40%) was blended 

with 60% HPMCAS (LF grade). The powder blend was extruded through a twin-screw 

extruder. The extrudates were amorphous and exhibited a relatively high glass transition 

temperature. Both hot-melt extrusion formulations and co-precipitation formulations 

showed improved dissolution rates. The hot-melt extrusion process produced 

formulations with greater intrinsic dissolution rates. The authors also investigated the 

physical stability of the formulation. No re-crystallization was observed during 3 months 

storage at 40°C, 75% RH. The hot-melt extrusion formulation was also stable in aqueous 

suspension for at least one day, which enables the dosing of suspensions. 

 Fenofibrate is a non-ionizable, lipophilic compound with very low water 

solubility. Hot-melt extrusion of fenofibrate for bioavailability enhancement has been 

reported [104]. Eudragit® E100 and copovidone were selected as polymer carriers 

because their solubility parameters are very close to fenofibrate. Different powder blends 

were extruded through a twin-screw extruder at a temperature range above the melting 

point (80°C) of fenofibrate. The morphology of the extrudates was evaluated using DSC 

and XRD. The majority of fenofibrate was amorphous. In vitro dissolution studies also 

confirmed that hot-melt extrusion significantly improved the dissolution rate of 
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fenofibrate in acidic media and water. The in vivo absorption of the hot-melt extrusion 

formulation and commercial Lipanthyl® capsules was tested in a dog model. The results 

showed that a hot-melt extrusion formulation containing 20% of fenofibrate and 80% of 

Eudragit® E100 had a significantly enhanced absorption profile as compared to that of 

commercial product. This study demonstrates the advantage of the amorphous solid 

dispersion approach as compared to the conventional particle size reduction method to 

enhance oral bioavailability. 

 Deng et al. investigated the hot-melt extrusion of fenofibrate with a low molecular 

weight hydroxypropyl cellulose (HPC) [105]. The authors reported a loss of potency 

following the hot-melt extrusion process when the drug loading was above 10%. 

Incorporation of mannitol into the powder blend alleviated the loss of potency. Moreover, 

the presence of mannitol in the hot-melt extrusion compositions increased the drug 

release rate due to the highly hydrophilic nature of the additive. As a low Tg drug 

substance, fenofibrate (Tg = -21.3°C) was prone to re-crystallization during storage [106]. 

The rate of re-crystallization of amorphous fenofibrate was decreased by the addition of 

polymers with hydrogen acceptors, such as povidone (Kollidon® K17), copovidone 

(Kollidon® VA 64), and Eudragit® EPO. The dissolution profile of immediate release 

tablet formulations containing hot-melt extruded fenofibrate composition does not show 

any significant change after 3 months storage under accelerated conditions (40°C, 

75%RH). 

 Ranzani et al. studied the hot-melt extrusion of a CB-1 antagonist combined with 

different polymers [107]. Copovidone, Eudragit® E, and PEG 8000 were selected based 

 51 



on their calculated solubility parameters. 10% of drug substance was blended with a 

polymer and extruded at different temperatures (copovidone: 170°C; Eudragit® E: 140°C; 

PEG 8000: 60°C). No melting enthalpy was observed from the melt-extruded 

compositions. Interestingly, this result indicates that the drug substance was dissolved 

into the molten state of PEG 8000 at a temperature significantly lower than the melting 

point (143°C -145°C), which is a sign of excellent drug-polymer miscibility. Dissolution 

studies revealed that hot-melt extrusion formulations exhibited greater dissolution rates 

and the maximum dissolved drug concentration as compared to the crystalline drug 

substance. An in vivo study in a rat model showed that the AUC of Eudragit® E-based 

formulation was approximately 3-times of that obtained from the oral suspension.  

 Zheng et al. reported the hot-melt extrusion of nimodipine [108]. Eudragit® EPO, 

copovidone and HPMC E5 were used as carriers, and three drug loadings (i.e., 10%, 

30%, and 50%) were evaluated. Absence of diffraction peaks in XRD revealed that 

formulations of the three drug loadings studied were amorphous. However, nimodipine 

crystals were observed on the surface of the extrudates when the drug loading was above 

10%. Moreover, crystals were observed in all the HPMC-based formulations, indicating 

the immiscibility between nimodipine and HPMC. The inconsistent results between XRD 

and SEM were caused by the limited resolution of XRD. These findings reveal that any 

conclusions about whether an amorphous solid dispersion was obtained or not must be 

made cautiously; and limitations of the different analytical techniques must be 

appreciated. 
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 The utility of polymer blends, instead of a single polymer, gives the opportunity 

to take advantage of different polymers’ properties to improve the performance of hot-

melt extruded compositions. Six et al. investigated the use of Eudragit® E100-copovidone 

blends for the hot-melt extrusion of itraconazole [109]. Itraconazole exhibited good 

miscibility with copovidone, but the dissolution rate of itraconazole-copovidone 

extrudates was relatively low. In contrast to copovidone, Eudragit® E100 had very limited 

miscibility with the drug substance (up to 13%), but the extrudates exhibited very rapid 

dissolution. Therefore, the rationale of the combination was to optimize both the 

miscibility and the dissolution rate. The authors characterized the solid-state properties 

and dissolution profiles of the extrudates. DSC results confirmed phase separation of 

Eudragit® E100 and copovidone. But the phase separation did not impair the dissolution 

performance. The addition of copovidone to the Eudragit® E100 carrier system increased 

the dissolution rate of the extrudates as compared to the itraconazole-copovidone binary 

dispersion. Moreover, adding 20% or 30% copovidone to Eudragit® E100 increased the 

dissolution rate above that of the itraconazole-Eudragit® E100 binary dispersion. The 

synergistic effect of Eudragit® E100 and copovidone on drug dissolution was observed. 

 Kalivoda et al. investigated the potential of using polymers with different 

dissolution characteristics to modulate the release profile of fenofibrate hot-melt 

extrusion compositions [110]. Copovidone, Soluplus®, HPMC E5, and their polymer 

blends were evaluated in the study. Results showed that fenofibrate-copovidone 

formulation exhibited the greatest dissolution rate and the minimum Tmax (10 minutes). 

The dissolution rates of Soluplus® and HPMC formulations were relatively low. By 
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combining a fast-dissolving polymer (copovidone) with a slow-dissolving polymer 

(Soluplus® or HPMC), drug dissolution profiles can be tailored for specific needs, which 

is important for developing generic products. Although amorphous fenofibrate is very 

susceptible to re-crystallization, formulations investigated in this study were relatively 

stable in a dry environment. Non-sink dissolution tests did not show significant 

differences between fresh extrudates and samples after storage. 

 In another study, Nollenberger et al. investigated the combination of Eudragit® E 

and Eudragit® NE for enhancing the dissolution of felodipine [111]. The extruded 

amorphous solid dispersion of felodipine and Eudragit® E induced drug supersaturation. 

However, the supersaturation was very unstable. Drug precipitation happened within two 

hours. Incorporation of a small amount of Eudragit® NE (5%) into the hot-melt extrusion 

formulation drastically slowed down the drug precipitation. Pair distribution function 

analysis was conducted and the results indicated the existence of polymer-polymer 

interactions between Eudragit® E and Eudragit® NE, forming local arrangements of 

polymer blocks. The authors proposed that drug molecules may be dispersed in this type 

of arrangement and be protected during the dissolution, thereby inhibiting drug 

precipitation from supersaturated solution. 

 Besides dissolution enhancement, polymer blends have also been reported by 

Sakurai et al. to improve the physical stability of hot-melt extrusion formulations [112]. 

3-Methoxy-1,5-bis(4-methoxyphenyl)-1H-1,2,4-triazole is an Astellas Pharma research 

compound with a low glass transition temperature (4°C). Hot-melt extrusion of the 

compound with HPMC yielded formulations with desired dissolution performance and in 
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vivo absorption profile. However, the glass transition temperature of HPMC-based 

amorphous solid dispersions was low and the solid dispersion was prone to re-

crystallization during storage. Utility of povidone and copovidone lead to an increased 

glass transition temperature and enhanced physical stability. However, the dissolution 

profile of those solid dispersions was sub-optimal. The authors reported that the polymer 

blends of HPMC and povidone (1:1) was an excellent carrier for hot-melt extrusion. 

Formulations of polymer blends exhibited improved physical stability; meanwhile, the in 

vivo absorption of the formulation did not show any significant difference as compared to 

that of the HPMC-based formulation. 

 A number of patents claimed hot-melt extrusion as a viable approach to produce 

amorphous solid dispersions of drug substances. Fang et al. investigated the hot-melt 

extrusion of posaconazole with HPMCAS [113]. Posaconazole is a poorly water-soluble 

drug substance currently commercialized as an oral suspension. The compound is prone 

to thermal degradation; therefore, hot-melt extrusion process conditions must be well 

controlled. The inventors reported that the powder blends of posaconazole-HPMCAS M 

(1:3) were extruded within the temperature range of 120°C to 135°C, thereby minimizing 

the drug substance degradation. An in vivo pharmacokinetic study revealed that the hot-

melt extrusion formulation exhibits much greater oral bioavailability compared to that of 

the oral suspension and the spray-dried capsule formulation.  

US patent 8030359 issued to Geers et al. claimed pharmaceutical compositions of 

CETP inhibitor and polymers [114]. Drug substance and copovidone were fed in powder 

form while vitamin E TPGS was pre-heated and injected as a liquid. Hot-melt extrusion 
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was conducted with the barrel temperature around 130°C. An orally administered tablet 

formulation based on the milled extrudate gave in vivo exposure of the CETP inhibitor. 

Shmeis et al. disclosed a method of processing high glass transition systems via 

hot-melt extrusion [115]. TKA 731 and povidone were fully miscible, exhibiting a single 

Tg based on DSC. However, it is challenging to soften and extrude the polymer system 

because of the high glass transition temperature. Sorbitol was used as a thermal lubricant 

to enable processing. Incorporation of 5% to 10% sorbitol into the powder blend enabled 

a successful extrusion, yielding amorphous solid dispersions without thermal 

degradation.  

 Use of surfactants in hot-melt extrusion systems was reported in several patent 

applications from Abbott [116-118]. Surfactants are surface active; therefore they are 

capable of improving the wettability of hot-melt extruded compositions and modulating 

the dissolution profile. Moreover, some of the surfactants have relatively low softening 

temperature. Incorporation of those surfactants may help decrease the melt viscosity, 

thereby promoting the processability of the formulation [119].  

 

1.3.1.2 Crystalline solid dispersions and co-crystals 

 Crystalline solid dispersion is an alternative system besides the amorphous solid 

dispersion for oral bioavailability enhancement. Due to the crystalline nature of the drug 

substance, crystalline solid dispersions are thermodynamically stable systems without re-

crystallization concerns. The intensive mixing and dispersing between the drug substance 
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and the polymeric carrier improves the wettability and dissolution rate of the compound, 

thereby promoting oral absorption [120].  

 Hülsmann et al. investigated the crystalline solid dispersion system of 17β-

estradiol hemihydrates [121]. The drug substance was melt-extruded with hydrophilic 

polymers (i.e., PEG 6000, povidone, and copovidone). With the help of plasticizers (i.e., 

Sucroester® WE15, Gelucire® 44/14), melt extrusion was conducted at 60°C, which was 

well below the melting point of the drug substance (175°C). The low processing 

temperature ensured the crystalline nature of the drug substance, which was confirmed by 

XRD. The dissolution rate of the hot-melt extruded compositions was greater than that of 

the physical blend and the pure crystalline drug. 

 More recently, Thommes et al. studied crystalline carriers for hot-melt extrusion 

of crystalline solid dispersion [120, 122]. Griseofulvin, phenytoin, and spironolactone 

were extruded with mannitol, which was not miscible with the drug substances. A 

maximum of 50% drug loading was obtained. Results showed that adjusting the process 

temperature and shear stress produced a solid crystalline suspension with reduced particle 

size of the drug substance. XRD and DSC data indicated the absence of a eutectic 

mixture in the composition. A significantly increased dissolution rate was observed in the 

dissolution study. The enhanced dissolution profile was confirmed after 3 months storage 

under accelerated conditions of heat and humidity. For drug substances in which oral 

absorption is limited by dissolution rate, this study provided a viable approach to promote 

drug dissolution while maintaining physical stability. 
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 Hot-melt extrusion has also been investigated to produce crystalline solid 

dispersion in a bottom-up process. Chatterji et al. disclosed a method of manufacturing 

dalcetrapib crystalline dispersion by controlled crystallization [123]. Dalcetrapib and 

carriers were processed through an extruder. Carriers with temperature-dependent 

miscibility with the drug substance (i.e., not miscible at room temperature, miscible at 

elevated temperature) were selected in the formulation. The first few zones of the 

extruder had a relatively high temperature, thereby enabling the dissolution of the drug 

substance in the molten carrier. The temperature dropped drastically in the downstream 

zones of the extruder, inducing nucleation of dalcetrapib. Shear stress during the 

extrusion process further facilitated crystal growth, yielding a crystalline solid dispersion 

of dalcetrapib. The composition exhibited reduced particle size of crystalline drug 

substance and an enhanced dissolution profile, which is comparable to that of a drug 

nano-suspension. 

 Pharmaceutical co-crystals are capable of enhancing the dissolution profile of 

non-ionizable drug substances that are not suitable for salt formation [124-126]. 

Conventionally, co-crystals are prepared by co-grinding, liquid-assisted grinding, melt 

crystallization, and solution crystallization. Most of these are not readily scalable 

processes, thereby raising a concern for large-scale manufacturing. Hot-melt extrusion 

was investigated as a scalable process for producing pharmaceutical co-crystals and has 

demonstrated some promising results. 

 Medina et al. reported on the utility of twin-screw extrusion systems for preparing 

two different pharmaceutical co-crystals (caffeine-oxalic acid 2:1 and AMG 517-sorbic 
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acid 1:1) [127]. A high mixing screw configuration was adopted, and an alternative screw 

design without a mixing element was used as the control. The extrusion temperature was 

controlled below the melting point of the drug substance and the guest molecule (also 

below the melting point of co-crystals based on the following DSC results). Both the 

XRD and the DSC results confirmed the formation of co-crystals in the experiment group 

but not the control group, indicating the significance of mixing in the co-crystal 

formation process. NIR results confirmed that more than 99% of AMG 517 free base was 

converted to the co-crystal form. The percent conversion of hot-melt extrusion process 

was even higher than the conventional solution crystallization process [128]. 

 In another study, Dhumal et al. investigated the co-crystallization of ibuprofen 

and nicotinamide via hot-melt extrusion [129]. The authors focused on the effect of 

process variables on the co-crystallization process. The impact of screw configuration, 

screw speed, and extrusion temperature was elucidated. Different from the study reported 

by Medina et al., ibuprofen-nicotinamide system required an extrusion temperature above 

the eutectic point in order to enable the co-crystal formation. A higher temperature 

further facilitated the co-crystallization process. Screw configuration was another critical 

process attribute of co-crystallization. Mixing elements were essential to the success of 

co-crystal formation. A significant amount of unchanged crystalline ibuprofen was 

identified from the composition extruded at a low shear condition. Conducting the 

extrusion process under high shear conditions eliminated the residual ibuprofen crystals. 

This finding agreed well with the results of the AMG 517-sorbic acid system. Lastly, the 

residence time of extrusion also played an important role in co-crystallization. Relatively 
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long residence times caused by low screw speed were desired to maximize the degree of 

co-crystal formation. 

 

1.3.2 Controlled release solid oral dosage forms 

 Hot-melt extrusion is capable of producing high drug-loaded controlled release 

dosage forms. In general, thermoplastic controlled release matrix materials are extruded 

with water-soluble compounds in order to decrease the dissolution rate. The extrudate can 

be cut or calendered into a monolithic dosage form. Alternatively, a pelletizer can be used 

to process the extrudate into a multiparticulate dosage form [130]. 

 Follonier et al. investigated the capacity of hot-melt extrusion for producing 

sustained release dosage forms [131]. Four different polymers, ethyl cellulose (EC), 

cellulose acetate butyrate (CAB), poly(ethylene-co-vinyl acetate) (EVAc), and Eudragit® 

RS, were selected as the controlled release matrix materials based on their glass transition 

temperature and thermal stability. Diltiazem hydrochloride and a polymer were extruded 

through a single-screw extruder at different processing temperatures, and the extrudate 

was pelletized into granules. EVAc and CAB-based formulations exhibited very low 

dissolution rates as compared to EC and Eudragit® RS-based formulations. In the 

following studies, similar approaches of modulating drug release rate were investigated. 

The effect of pellet size, drug loading, water-soluble pore-forming agents, cationic 

polymers, enteric polymers, and swelling agents on drug release was reported [132]. In a 

recent study, the effect of different EVAc grades with different vinyl acetate levels on the 
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dissolution performance of extruded formulations was investigated [86]. Polymers with 

higher vinyl acetate ratio exhibited lower glass transition temperatures, and therefore 

were extruded at a relatively low temperature. Metoprolol tartrate-EVAc 1:1 mixture was 

extruded and the strand was cut into granules. Results indicated that extrudates 

comprising EVA28 and EVA15 had higher dissolution rates as compared to those with 

EVA40 and EVA9. Meanwhile, X-ray tomography data showed that EVA28 and EVA15 

formulations exhibited higher porosity as compared to EVA40 and EVA9 formulations. 

The dissolution results agreed well with the porosity. 

 Zhang and McGinity [85, 133] developed sustained release tablet formulations 

based on PEO and PVAc. Chlorpheniramine maleate was extruded with PEO through a 

single-screw extruder in a temperature range between 110°C and 130°C. Drug loading 

varied from 6% to 20%. Dissolution data showed that the chlorpheniramine maleate 

released from the dosage form in 12 hours. The impact of PEG 3350 as a plasticizer on 

the dosage form was investigated. Addition of plasticizer enables extrusion at lower 

temperatures (70°C to 85°C), thereby protecting the matrix polymer from thermal 

degradation. Moreover, incorporation of low molecular weight polymers increased the 

drug release rate as compared to the formulation without PEG 3350. In order to minimize 

thermal degradation, PVAc, which exhibited lower glass transition temperature as 

compared to PEO, was selected to decrease the processing temperature. Theophylline 

sustained release tablet formulations were developed by extruding with PVAc at a 

temperature range between 50°C and 70°C. After incorporating water-soluble pore-

forming agents, tablet formulations with desired drug release properties were obtained. 
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 Fukuda et al. investigated the combination of chitosan and xanthan gum as 

sustained release matrix materials in hot-melt extruded compositions [134]. 

Chlorpheniramine maleate was extruded with chitosan-PEO, xanthan gum-PEO, and 

chitosan-xanthan gum. The formulation containing chitosan-xanthan gum exhibited a 

constant dissolution rate in media with different pH values and ionic strengths. This 

phenomenon was attributed to the interaction between cationic chitosan and anionic 

xanthan gum and the formation of hydrogels at different pH values. 

  The application of waxy materials in hot-melt extruded sustained release dosage 

forms has been explored. Miyagawa et al. reported sustained release diclofenac sodium 

waxy granules made by hot-melt extrusion [135]. Sustained release compositions were 

produced by extruding diclofenac sodium with carnauba wax at a temperature range 

between 30°C and 70°C. Liu et al. compared hot-melt extrusion and high-shear melt 

granulation for the production of phenylpropanolamine hydrochloride sustained release 

tablets [136]. In this study, the waxy granules were further compressed into tablet dosage 

forms. Granules made by hot-melt extrusion can be compressed into tablets with greater 

hardness. Meanwhile, hot-melt extruded granules exhibited better content uniformity as 

compared to granules made by melt granulation. Recently, Roblegg et al. used calcium 

stearate as an alternative waxy matrix material to produce hot-melt extruded sustained 

release granules [137]. Due to the high melting point of calcium stearate, the waxy matrix 

did not melt during the extrusion process, and a solid suspension was produced. 

Modulation of the size of the granules and incorporation of different types of plasticizers 
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(i.e., glyceryl monostearate and tributyl citrate) were able to adjust the drug release rate 

in order to match the therapeutic needs. 

 Dose dumping is one of the most critical concerns in developing sustained release 

dosage form. The consumption of alcohol can potentially affect the dissolution rate of 

sustained release formulations. The hot-melt extrusion process was reported to be suitable 

for producing sustained release dosage forms resistant to alcohol [138]. In a study, 

verapamil Meltrex® formulation was exposed to dissolution media containing 10% to 

40% v/v ethanol. The dissolution profiles were not significantly changed in the alcoholic 

environment. Other matrix formulations exhibited a significant dose dumping effect 

when the ethanol concentration reached 20%. This result indicates that hot-melt extrusion 

may be used to produce sustained release formulation with enhanced safety profiles. 

 Besides sustained release formulations, hot-melt extrusion has also been explored 

for developing enteric release formulations. Schilling et al. developed enteric matrix 

pellets using a hot-melt extrusion process [139]. Theophylline was selected as the model 

drug; and a variety of enteric polymers were compared. Dissolution data revealed that 

Eudragit® S100 was the most suitable enteric matrix carrier, which minimized the degree 

of drug release in the acidic condition. The loading of theophylline can be increased to 

40% while still satisfying the USP requirement regarding the gastric protection. Also, 

Schilling et al. demonstrated that the level and type of plasticizers influence the 

properties of Eudragit® S100-based enteric matrix pellets loaded with theophylline [140].  

 Recently, hot-melt extrusion has been used to develop enteric-coated pellets into 

monolithic dosage forms [141]. Conventionally, coated pellets can be compressed into 

 63 



tablets. However, the compression process may cause particle  fragmentation and 

film damage, thereby affecting the dissolution profiles. Hot-melt extrusion of film-coated 

pellets with hydrophilic carriers minimized the damage caused by the compression 

forces. By selecting a carrier immiscible with the film coating polymer, the authors 

reported unchanged dissolution profiles of the enteric-coated pellets after hot-melt 

extrusion [141]. This finding provides a viable approach for developing tablet 

formulations containing controlled release pellets. 

  

1.3.3 Melt granulation 

 Due to the limited flowability, powder enlargement may be needed to facilitate 

the manufacturing of fine particles. Granulation is capable of converting pharmaceutical 

powders into granular forms; therefore, this process is very widely used. Conventional 

granulation techniques such as high shear granulation and fluidized bed granulation are 

conducted in a batch manner. It is of interest to develop a continuous granulation process 

due to the inherent advantages in large scale production [142]. Hot-melt extrusion has 

been investigated for this use. 

 Van Melkebeke et al. reported melt granulation of a BCS class II drug in a twin 

screw hot-melt extrusion system [143]. The combination of PEG 400 and PEG 4000 was 

used as the melt binder. Formulations with 10% and 20% drug loading were investigated. 

The authors reported that it is critical to conduct the process at a temperature close to the 

melting range of the PEG 4000. The yield of granulation decreased drastically if the 
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extruder was operated at a low temperature (i.e., 30°C). This phenomenon indicated that 

the melting and solidification of PEG 4000 is the key to successful granulation. Besides 

the processing temperature, the amount of PEG 400 also significantly affected the 

granulation process. Formulations without PEG 400 showed very limited yield. The low 

yield was not rescued when the extrusion temperature was increased. Incorporation of 

different types of surfactants was studied for the purpose of promoting drug release rates. 

All of the surfactants being investigated were able to facilitate drug release; however, 

some of them exhibited a negative impact on the properties of granules. The granulation 

yield was decreased when adding sodium lauryl sulfate into the formulation. Moreover, 

semi-solid and liquid surfactants such as Cremophor RH40 and polysorbate 80 increased 

the friability of the product by softening the extruded granules. Increasing the drug 

content from 10% to 20% also affected granulation yield. Granulation yield was 

maintained above 80% and the friability was below 5% after optimizing the formulation 

and process variables. This study confirmed the feasibility of using hot-melt extrusion 

systems to continuously produce high quality granules. 

 Melt granulation was demonstrated for producing high-dose modified release 

formulations [144]. In this study, sustained release imatinib mesylate tablet formulations 

were developed by granulating 956 mg of the drug substance with only approximately 

10% of polymers and by compressing the sustained release granules into tablets. Hot-

melt extrusion was conducted on a twin-screw extruder and the extrusion temperature 

was above the glass transition temperature of the polymers but significantly below the 

melting point of imatinib mesylate. This specific extrusion condition yielded granular 
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products instead of strands. Granules only need to be sieved to control the size. No extra 

process was required and the granules were ready for downstream processing. Product 

properties of melt granulation and wet granulation were compared. With identical 

compositions, tablets made by melt-granulated granules exhibited remarkably higher 

crushing strength and lower friability as compared to those of their wet granulation 

counterpart. Raman microscopy identified that the polymers were mainly distributed on 

the surface of imatinib mesylate crystals, serving as melt binders during the hot-melt 

extrusion process. Adjusting the ratio of hydrophilic and hydrophobic polymers in the 

melt granulation process modulated the drug release rate of a sustained release tablet 

formulation. This finding emphasizes the value of hot-melt granulation for the 

development of high-dose products.  

 In another study, melt granulation was adopted to improve the compactability of a 

high-dose drug [145]. Metformin HCl was selected as a model drug substance. In the 

prior art, granules were prepared by wet granulation and solvent granulation processes. 

The amount of binder in the granule formulation was below 10%. It was reported that the 

tablet hardness was highly dependent on the residual solvent level in the granules. 

Moreover, the loss of solvent during storage caused a significant increase of tablet 

hardness, raising the concern of inconsistent tablet dissolution. To solve the drawbacks 

caused by the use of liquid, melt granulation formulations were developed. HPC was 

used as thermal binder because of the relatively low glass transition temperature. Hot-

melt granulation was conducted on a twin-screw extruder at 180°C, which was above the 

Tg of HPC (130°C) but below the melting point of metformin HCl (224°C). Granules 
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were blended with other excipients and compressed into tablets. Drug loading in the 

tablet formulation was approximately 90%. These high-dose tablets exhibited excellent 

hardness and friability. The mechanical strength of the tablet increased with increasing 

compression force within the experiment range, and no tablet hardness plateau was 

observed. 

 Recently, Panda et al. investigated the hot-melt granulation and downstream 

manufacturing process for preparing monolithic osmotic pump tablets [146]. Glipizide 

was formulated with a release retardant and additives into a matrix tablet core. The tablet 

core was further coated with semi-permeable polymers. Melt granulation and dry 

granulation were used to make granules for tableting. Results showed that melt 

granulated granules had a higher bulk density, a lower amount of fines, and a smaller 

angle of repose as compared to those of granules made by dry granulation. These 

properties gave melt granulated granules better flowability, thereby facilitating tablet 

manufacturing. Moreover, the tablets made by melt granulated and dry granulated 

products also exhibited different mechanical properties. The melt granulation system 

yielded tablets with higher hardness and lower friability compared to the dry granulation 

system. In summary, melt granulation was superior to dry granulation specifically in this 

case. By incorporating pH-modifiers and pore-forming agents in the formulation, the 

optimized glipizide sustained release osmotic pump tablets exhibited similar dissolution 

profile as compared to the commercial product. 
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1.3.4 Melt extrusion and spheronization 

 Wet-mass extrusion-spheronization is a well-known process to produce spherical 

pellets for multiple pharmaceutical applications. Similarly, a hot-melt extrusion-

spheronization process has been investigated and reported in several studies [147-149]. 

 Young et al. first reported a hot-melt extrusion-spheronization process on a 

theophylline controlled release system [147]. Theophylline was blended with PEG 8000, 

Eudragit® 4135F, and microcrystalline cellulose. The powder mixture was extruded 

through a Randcastle® single-screw extruder with the maximal extrusion temperature 

about 120ºC. The extruded polymeric strand was pelletized by a pelletizer, yielding 

cylindrical pellets. The pellets were further spheronized at an elevated temperature (i.e., 

65-70ºC) using a spheronizer, resulting in the final spherical pellets. The dissolution 

profiles of the final pellet product were characterized at different pH conditions. 

Controlled drug release profiles were observed for all different conditions. The 

formulation variables were critical to the hot-melt extrusion-spheronization process. Low 

glass transition temperature excipients such as Eudragit® 4135F and PEG 8000 were used 

in the formulation, thereby enhancing the deformability of the composition at elevated 

temperatures and facilitating the spheronization process. 

 Also, Young et al. investigated a theophylline controlled release system 

containing Acryl-EZE® [150]. Extrudates were processed both into tablets and spherical 

pellets. Although Acryl-EZE® has a high glass transition temperature, incorporation of 

approximately 15% triethyl citrate reduced the glass transition temperature of the 

composition, thereby enabling the spheronization process. The influence of gelling agents 
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(i.e., Methocel® K4M, and Carbopol® 974P) on the dissolution profiles of hot-melt 

extrusion formulations was also investigated. Acryl-EZE® has pH dependent dissolution 

profile; therefore, hot-melt extrusion formulations without gelling agent exhibited pH 

dependent dissolution profile. Theophylline was immediately released in the neutral pH 

media. Incorporation of gelling agent in the formulations hindered the release of 

theophylline in neutral pH media, resulting in a more consistent dissolution rate. 

 The downstream dosage form development of hot-melt extruded spherical pellets 

was also investigated. Young et al. reported the compression of pellets into tablet 

formulations [148]. The formulation and process development of spherical pellets was 

reported in a previous study [147]. The spherical pellets (50%) were blended with 

microcrystalline cellulose, povidone, and sodium starch glycolate for compression. 

Compacts exhibited identical dissolution profiles as compared with un-compressed 

spherical pellets, revealing that tableting is a feasible approach to develop the pellets into 

a final dosage form. 

 The melt-extruded spherical pellets can be film-coated to further modulate the 

release profile of the drug. Young et al. studied the coating of PEO-based controlled 

release systems [149]. Film coating of Eudragit® L30D-55 onto the hot-melt extrusion 

pellets reduced the release rate of drug in the acidic condition. This effect is dependent on 

the level of coating applied to the pellets. The authors also found that incorporation of 

ethyl cellulose in the hot-melt extrusion composition improved the stability of the coated 

pellets; the dissolution profiles became more consistent before and after accelerated 

stability testing. 
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1.3.5 Implants 

 One of the most significant applications of hot-melt extrusion is for processing 

thermoplastic materials into desired shapes by profile extrusion. This function is used to 

produce medical implants, which have strict requirements on the properties such as size 

and shape. 

 Intravaginal rings are examples of hot-melt extruded implants. Sustained drug 

release is obtained by using water-insoluble polymers, and patient compliance is 

significantly enhanced since the number of doses is reduced compared to other dosage 

forms such as creams and gels [151]. Conventionally, molding of silicone elastomers and 

drug substances produces intravaginal rings. Polymers are cross-linked in the mold 

thereby forming the shape and size needed for the implant. An example of this type of 

implant is Estring® [152]. Hot-melt extrusion has also been investigated for 

manufacturing of rings. Co-extrusion processes combined with specially designed dies 

enable the production of coaxial extrudates comprising multiple layers [153]. The drug-

loaded layer is enveloped beneath the diffusion control layer. NuvaRing® is an example 

of this type of hot-melt extruded implant. EVAc is used as the matrix polymer in this 

system [152, 153]. In the drug-loaded layer, polymers with a higher vinyl acetate 

proportion are processed with the drug substances, forming the drug reservoir. The 

flexible polymer matrix contributes to the overall mechanical properties of the ring. In the 

diffusion control layer, polymers with a higher ethylene proportion are used due to their 

high crystallinity and low permeability. The less permeable polymer shell controls the 

diffusion of drug substances, yielding a sustained release dosage form. 
 70 



 Polyurethanes are another class of polymers used for extrusion of implants. The 

most significant advantage of polyurethanes is their versatility. The properties of the 

polymer are modulated by adjusting the components and the ratio in order to meet the 

different requirements [13]. Gupta et al. reported an extrusion-molding process to 

produce dapirivine-loaded intravaginal rings using polyurethanes [13]. Sustained release 

of dapirivine was obtained in which the release was prolonged for up to one month. Drug 

release rate correlated well with the drug loading. Therefore, the dissolution rate of the 

drug substance was tailored to deliver an optimal amount of drug to the site of action. 

Interestingly, the authors observed a zero order release rate of dapirivine from the 

polyurethane ring, which is not common for a matrix system. The unique microstructure 

of the polyurethane matrix was proposed to be the cause for zero order release. The 

extrudates exhibited amorphous domains and crystalline domains. The drug substance 

had higher affinity to the crystalline domains due to its chemical properties; therefore, the 

crystalline domains may serve as drug-concentrated reservoirs, and the drug release 

profile was close to the reservoir system. In another study reported by Clark et al., the 

investigational compound UC781 was formulated with polyurethanes to produce 

extruded intravaginal rings [54]. Drug loading controlled the release rate of UC781, 

which agreed well with a previous report [13]. The authors also found that the drug 

loading affected the storage stability of the rings. Surface re-crystallization of UC781 was 

observed in the high drug loading formulation. A protective surface coating of povidone 

and glycerol decreased the re-crystallization rate.  
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 Recently, a dexamethasone sustained release ocular implant was developed using 

hot-melt extrusion [154]. The product is commercialized as OZRUDEX® by Allergan. 

The process has been disclosed in several patents [155-157]. In brief, the biodegradable 

polymer PLGA was used as an extrusion matrix. Dexamethasone and PLGA polymer 

were blended and extruded first. The extrudates were pelletized and used for a second 

step extrusion. The final extrudates with the desired size and shape were delivered 

intravitreally through a special device intended for the long-term delivery of 

dexamethasone. 

 

1.3.6 Films 

 Hot-melt extrusion processes have long been used to produce polymeric films. 

However, the production of films for pharmaceutical use was not fully investigated until 

the past twenty years. One of the early studies was reported by Aitken-Nichol et al. where 

Eudragit® E-based films loaded with lidocaine HCl were extruded by a single-screw 

extruder equipped with a sheet die and chill rolls [158]. The authors characterized the 

physicochemical and the mechanical properties of the films and found that both 

plasticizers and small molecular weight drugs improved the flexibility of the films due to 

a plasticizing effect.  

In a series of studies, Repka et al. developed HPC-based films using hot-melt 

extrusion [87, 159, 160]. The effect of different types of additives on film properties was 

elucidated. Incorporation of Vitamin E TPGS in the formulation protected the polymers 
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from degradation by inhibiting chain scission [160]. The bioadhesive properties of HPC-

based films containing several different additives were also evaluated [87]. Polymers 

with carboxylic acid groups improved the bioadhesive properties in terms of promoting 

the force of adhesion. Within the compositions, films containing at least 5% 

polycarbophil exhibited optimal bioadhesive properties, followed by films containing 

Carbopol® 971P and Carbopol® 974P.  

 Crowley et al. explored polyethylene oxide (PEO)-based films made by hot-melt 

extrusion, and investigated the effect of properties of the drug substances on the 

mechanical properties of the films [161]. Ketoprofen and guaifenesin were used as 

models. Results showed that incorporation of small molecular weight drug substances 

into extrusion powder blends reduced the torque due to a plasticization effect. The 

thermal degradation of PEO was alleviated in terms of minimizing the change of the 

polymer’s molecular weight. With respect to the mechanical properties of the films, the 

effect of small molecular weight drugs was highly dependent on the drug-polymer 

miscibility. In the miscible system (ketoprofen-PEO), the percent elongation was 

increased while the tensile strength was decreased after the incorporation of ketoprofen. 

The effect was less significant in the guaifenesin-PEO system, which may be due to the 

differences of their solubility parameters and the immiscible nature. More recently, 

several other compounds have been formulated into PEO and HPC films using hot-melt 

extrusion [22, 88, 162-165]. 

 Prodduturi et al. investigated the impact of polymer molecular weight on the 

properties of hot-melt extruded films [166, 167]. Different grades of HPC and PEO were 
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compared in terms of the mechanical properties and the drug release profiles of the films. 

For the HPC films, the authors observed an increase of percent elongation and tensile 

strength when switching from low molecular weight grades of polymer to the high 

molecular weight counterparts. Moreover, films made by high molecular weight polymer 

exhibited lower drug release rates, which may be attributed to the release hindering effect 

of the polymer. Similar trends were also observed for the PEO-based systems. Beyond 

that, the high molecular weight PEO films exhibited better bioadhesive properties in 

terms of higher peak adhesive force and work of adhesion. 

 Cilruzo et al. used the hot-melt extrusion process to produce fast dissolving films 

containing maltodextrins [168]. The formulation contained piroxicam as the drug 

substance. Glycerol was selected as the plasticizer due to its good miscibility with 

maltodextrins. Approximately 10% microcrystalline cellulose was used to facilitate the 

formation of smooth films. The authors reported that hot-melt extruded maltodextrin 

films rapidly disintegrated in the media (~45 seconds). The dissolution rate of piroxicam 

from hot-melt extruded films was improved as compared to the unprocessed drug 

substance. 

 Recently, Crowley et al. reported a method for producing multi-layer films by 

hot-melt extrusion [169]. A reservoir layer and a backing layer were extruded by a co-

extrusion process and laminated through a specially designed die unit. Multi-layer films 

enabled the addition of a protecting layer to enhance the mechanical properties of the 

drug-loaded film. Moreover, the extra layer was capable of controlling the drug release 

rate, thereby serving as a diffusion control layer. In summary, the co-extrusion process 
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provided more options to the drug delivery system, and the multi-layer films exhibited 

superior properties as compared to single-layer films. 

 

1.3.7 Dry powder coating of hot-melt extrusion formulations 

 Amorphous solid dispersions produced by hot-melt extrusion process are prone to 

re-crystallization due to thermodynamic driving forces. The presence of water accelerates 

the re-crystallization, thereby detrimentally affecting the physical stability of the 

formulation. Conventional coating processes require the use of water and/or organic 

solvent; as a result, the conventional coating process may not be suitable for the hot-melt 

extruded amorphous solid dispersion systems. Alternatively, a dry powder coating 

process has been investigated to provide a solvent-free approach for coating 

pharmaceutical compositions [170, 171]. 

 Cerea et al. studied the dry powder coating of Eudragit® EPO on theophylline 

tablets for taste masking [172]. The coating of theophylline tablets was conducted on a 

spheronizer. The heat needed for the dry powder coating process was provided by an IR 

lamp. Eudragit® EPO and other additives were applied on the surface of tablets. 

Continuous films were obtained after curing the tablets at elevated temperature. The 

selection of additives affected the dissolution profiles of dry powder coated tablets. 

 Eudragit® EPO is a polymer with low glass transition temperature. In order to 

explore the application of dry powder coating, Sauer et al. investigated the use of high 

glass transition temperature polymers in the dry powder coating process [173]. In the 
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study, chlorpheniramine maleate tablets were coated by Eudragit® L100-55. Eudragit® 

L100-55 was plasticized with triethyl citrate prior to dry powder coating. The authors 

found that a prime subcoat containing a low melting point material (i.e., PEG 3350) was 

needed for the success of dry powder coating. The subcoat was melted during the dry 

powder coating process, providing a liquid layer on the surface of the tablet. The liquid 

primer layer improved the adhesion of pre-plasticized Eudragit® L100-55 on the tablet 

surface, thereby facilitating the film formation. The authors also reported that the coating 

level, the amount of plasticizer, and the curing time could affect the dissolution profiles 

of dry powder coated tablets. 

 Sauer et al. also studied the dry powder coating of the highly water-soluble drug, 

sodium valproate [174]. Due to the high solubility of the drug substance, a high level of 

polymer was needed to obtain enteric release profile in the solvent-based coating process, 

which is primarily because of the drug migration during the coating process. Dry powder 

coating does not require the use of solvent; therefore, drug migration may be eliminated 

and the polymer level may be reduced. However, the authors found that approximately 

30% of pre-plasticized Eudragit® L100-55 was needed to reduce the drug release in the 

acidic media. The high level of polymer required for coating was attributed to the poor 

adhesion between Eudragit® L100-55 and sodium valproate tablets. Following studies 

showed that a polymer subcoat containing Eudragit® EPO or Eudragit® RL PO helped 

hinder the drug release in acidic environment. The level of Eudragit® L100-55 coating 

can be reduced to 20%. 
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1.4 SUMMARY 

 Demonstrated by the successes over the past twenty years, hot-melt extrusion 

enables the delivery of drugs displaying challenging properties. The performance of 

existing products may also be improved by using this process. As a well-established 

process in the plastics industry, hot-melt extrusion is suitable for large-scale 

manufacturing of pharmaceuticals. Knowledge from the plastics industry may help 

pharmaceutical scientists gain an in-depth understanding of the process, but specific 

applications learned from the plastics industry need to be tested to confirm if they apply 

to pharmaceutical products. Towards successful product development, properties of the 

drug substance, excipients, and formulation process must be thoroughly studied in order 

to identify the optimal design space for the process. 
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1.6 FIGURES 

Figure 1.1. Phase diagrams of drug substance-HPMCAS solid dispersions (Figure 

reprinted with permission from (50)) 
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Figure 1.2. Change of nifedipine morphology during extrusion process (with kneading 

paddle) (Figure reprinted with permission from (69)) 

(a) Nifedipine alone 

(b) Physical mixture 

(c) Third barrel 

(d) Kneading paddle (twist angle, 30°) 

(e) Kneading paddle (twist angle, 60°) 

(f) Fifth barrel 
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Figure 1.3. Screw configurations of a twin-screw extrusion system (Figure reprinted with 

permission from (73)) 

(a) M2: screw configuration with two forwarding kneading zones 

(b) M1: screw configuration with one forwarding kneading zone 

(c) M1S: screw configuration with one forwarding kneading zone and one reversing 

kneading zone 

(d) M0: screw configuration without any kneading zone 
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1.7 TABLES 

Table 1.1. Examples of FDA Approved Products Made by Hot-melt Extrusion (n/a means 

not available; Tm is the melting point; and Tg is the glass transition 

temperature). 

Product Name Drug Substance 
Molecular 

Weight 
Tm (°C) Tg (°C) Reference 

Rezulin® Troglitazone 441.5 125, 175 n/a (175) 

KALETRATM 
Lopinavir 628.8 124-127 n/a 

(176) 

Ritonavir 721 118 51.5 

NORVIRTM Ritonavir 721 118 51.5 (176) 

ONMELTM Itraconazole 705.6 165 62 (95) 

NuvaRing® 
Ethinyl Estradiol 296 182-184 n/a 

(153) 

Etonogestrel 324 199 n/a 

IMPLANONTM Etonogestrel 324 199 n/a (1, 153) 

OZURDEXTM Dexamethasone 392.47 262 n/a (154, 177) 
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Table 1.2. Morphology of Drug Sbstances Prepared by Hot-melt Extrusion (n/a means 

not available) 

Drug Substance Tm (°C) Tg  (°C) M.W. 
Extrudate 

Morphology 
References 

17β-estradiol 175 n/a 272.4 Crystalline (121) 

ABT-102 225 n/a 348.44 Amorphous (97, 98) 

Bicalutamide 193, 196 56.4 430.4 Amorphous (178) 

Bifendate 179.16 n/a 418.35 Amorphous (179) 

Celecoxib 162 53 381 Amorphous (55, 100) 

Dalcetrapib n/a n/a 389.6 Crystalline (123) 

Efavirenz 137 33 315.7 Amorphous (102) 

Felodipine 145 48 384 Amorphous (111, 180) 

Fenofibrate 82.5 -21.3 360.8 Amorphous (104-106) 

Griseofulvin 216.3 87.4 352.8 Crystalline or (120, 181) 
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Amorphous 

Guaifenesin 85.6 n/a 198.2 Crystalline (161) 

Ibuprofen 78-80 -45 206.3 Amorphous (182, 183) 

Itraconazole 165 62 705.6 Amorphous (95) 

Ketoconazole 151 42.1 531.4 Amorphous (99) 

Ketoprofen 96.2 -3 254.3 Amorphous (161, 184) 

Lidocaine 68 n/a 234.34 Amorphous (162) 

Posaconazole 170-172 n/a 700.8 Amorphous (113) 

Sulindac 184.6 74.1 356.4 Amorphous (101) 

Novartis 

Compound I 
170 125 573.7 Amorphous (96) 

CB-1 Antagonist 143-145 n/a 493.8 Amorphous (107) 

Nifedipine 173 42 346.3 Amorphous (69, 185) 

Nimodipine 130 n/a 418.4 Amorphous (108) 

NVS 981 165 75 810.47 Amorphous (186) 

Phenytoin 295-298 68 252.3 Crystalline (120, 187) 
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Roche Compound 

A 
150 98 536.6 Amorphous (103) 

Diltiazem HCl 212 n/a 451 Crystalline (188) 

Chlorpheniramine 

Maleate 
135 n/a 390.9 

Crystalline or 

Amorphous 
(8, 85) 

Theophylline 270-274 n/a 180.2 Crystalline (133, 182) 

Diclofenac Sodium 296 n/a 318.1 Crystalline (189) 

Verapamil HCl 141-144 61 491.1 
Semi-

Crystalline 

(138, 190, 

191) 
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Chapter 2: Thin Film Freezing – Template Emulsion of Itraconazole to 

Improve the Dissolution Properties of Poorly Water-Soluble Drugs 

 

ABSTRACT 

 Thin film freezing is a particle engineering technology for the production of 

nanostructured amorphous solid dispersions. In the present study, we investigated the use 

of thin film freezing technology in combination with template emulsion to improve the 

dissolution and wetting properties of a poorly water-soluble drug, itraconazole (ITZ). X-

ray powder diffraction and differential scanning calorimetry proved that both the thin 

film freezing-template emulsion formulation and the thin film freezing-cosolvent 

formulation were substantially amorphous. Due to the use of template emulsion, the 

hydrophobic drug substance was encapsulated into the internal phase of the emulsion. As 

a result, the template emulsion formulation exhibited enhanced wetting properties as 

compared with the cosolvent formulation. The dissolution rate of ITZ from the template 

emulsion formulation was greater than that of the cosolvent formulation. The selection of 

polymeric excipients significantly affected the dissolution properties of template 

emulsion formulations. Hypromellose (HPMC) and povidone (PVP) with different 

viscosity grades were compared. Results showed that the high viscosity grade HPMC 

(Methocel® E50) reduced the precipitation rate of ITZ after the acidic-to-neutral 

transition. Both the chemical structure and the viscosity may contribute to the 

precipitation inhibition effect in the dissolution testing. In summary, thin film freezing-
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template emulsion technology significantly enhanced the wetting and dissolution 

properties of poorly water-soluble drugs. The technology could subsequently be used to 

enhance the oral absorption of drugs in which the drug dissolution is the rate-limiting 

process of oral absorption. 

 

2.1 INTRODUCTION 

 With the advances of combinational chemistry and high throughput screening, a 

significant number of lipophilic drug candidates with limited aqueous solubility has been 

identified and developed [1]. The low solubility and dissolution rate affects the 

absorption of those poorly water-soluble drugs after oral administration. Moreover, the 

high LogP value of drug molecules raises the concern of limited wetting properties, 

which may potentially affect the drug release from a dosage form. In order to improve the 

sub-optimal properties of drug candidates, a number of pharmaceutical technologies have 

been investigated, such as particle size reduction, salt formation, lipid-based formulation, 

and solubilization [2-6].  

 Thin film freezing is a novel particle engineering technology for producing 

amorphous solid dispersions with large surface areas [7]. The oral delivery of ITZ-

cellulose acetate phthalate amorphous solid dispersions made by thin film freezing 

process showed enhanced oral bioavailability as compared with the commercial capsule 

product [8]. However, the large surface area rendered by the thin film freezing process 
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may not readily undergo dissolution in aqueous media due to the limited wetting 

properties.  

 Several technologies have been developed to improve the wetting properties of 

hydrophobic drug substances [9-14]. The general rationale is to encapsulate the 

hydrophobic drug substances using hydrophilic excipients. Chen et al. reported the 

evaporative precipitation into aqueous solution (EPAS) process [9]. A drug solution was 

atomized into another immiscible solvent system containing surfactants as stabilizers. 

The surfactant solution was maintained at an elevated temperature in order to evaporate 

the solvent of the drug solution, yielding drug particles encapsulated by the surfactants. 

Several studies proved that EPAS process enhanced the dissolution rate of hydrophobic 

drug substances [9, 10, 12, 13]. However, due to the exposure at elevated temperature, 

EPAS process yielded semi-crystalline compositions in some cases [10, 11]. The residual 

crystals may be from the re-crystallization of amorphous drug substances. The presence 

of crystalline drug substances may affect the supersaturation profile of EPAS 

compositions. Besides the EPAS process, Rogers et al. reported a spray-freezing into 

liquid-emulsion process for enhancing the wetting and dissolution of poorly water-

soluble drugs [14]. The use of an emulsion system could potentially encapsulate the 

hydrophobic drugs into hydrophilic excipients, thereby enhancing their wetting 

properties. However, spray-freezing into liquid-emulsion technology yielded semi-

crystalline compositions rather than fully amorphous system based on the reported X-ray 

diffraction results. In the present study, we investigated the combination of thin film 

freezing technology with template emulsion to produce amorphous ITZ compositions. 
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We were aiming to improve the wetting properties of ITZ compositions by encapsulating 

the hydrophobic drug into hydrophilic excipients. Fully amorphous compositions were 

obtained by a proper design of formulation and process. 

 

2.2 MATERIALS AND METHODS 

 ITZ was purchased from Letco Medical (Decatur, AL). Lecithin was purchased 

from Spectrum Chemical Manufacturing Corp. (New Brunswick, NJ). Methocel® 

(HPMC) E3and E50 were kindly donated by The Dow Chemical Company (Midland, 

MI). Polyvinylpyrrolidone (PVP) K15 and K90 were purchased from Spectrum Chemical 

Manufacturing Corp. (New Brunswick, NJ). Acetonitrile, 1,4-dioxane, chloroform, 

hydrochloric acid, sodium phosphate tribasic, and diethylamine (DEA) were purchased 

from Fisher Scientific (Fair Lawn, NJ). 

 

2.2.1 High performance liquid chromatography (HPLC) 

 ITZ was detected by a Dionex HPLC system (Thermo Fisher Scientific Inc., 

Waltham, MA). An Inertsil® ODS-2 column (5 μm, 4.6×150 mm) was used to separate 

the drug substance. The composition of HPLC mobile phase was acetonitrile:water:DEA 

(700:300:0.5). Mobile phase was filtrated through a 0.2 μm filter in order to remove any 

potential particles and degassed under vacuum and sonication prior to use. The flow rate 
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was 1 mL/min. The column temperature was kept at 25°C. The retention time of ITZ was 

approximately 5.5 min. The detection wavelength was set to 263 nm. 

 

2.2.2 Preparation of template emulsion and cosolvent solution 

 Template emulsion contained an external aqueous phase and an internal oil phase. 

Different types of hydrophilic excipients (i.e., HPMC E3, E50; PVP K15, K90) were 

dissolved in the aqueous. The concentration of the hydrophilic excipient was 2.5% w/v. 

Lecithin and ITZ were dissolved in chloroform as the organic phase. The concentration of 

lecithin and ITZ in the organic phase was 5% and 10% (w/v), respectively. The organic 

phase and the aqueous phase were mixed and sonicated by the Branson Sonifier S-450 

sonicator (Branson Ultrasonics Corporation, Danbury, CT) for 5 minutes. The percentage 

of aqueous phase and organic phase in the emulsion was 92.3% and 7.7% (v/v), 

respectively. The solid concentration in the template emulsion was 3.46% (w/v). 

 Cosolvent solution comprised 1,4-dioxane (65% v/v) and water (35% v/v). ITZ 

was dissolved in 1,4-dioxane. Meanwhile, lecithin and a hydrophilic polymer were 

dissolved in water. The 1,4-dioxane solution was mixed with the aqueous solution, 

forming a cosolvent solution. The solid concentration in the cosolvent solution was 0.5% 

(w/v). The ratio between hydrophilic polymer, lecithin, and ITZ was set to 3:0.5:1, both 

in the template emulsion system and in the cosolvent system. A schematic diagram of 

template emulsion system and cosolvent system was shown in Figure 2.1. 

Figure 2.1 
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2.2.3 Thin film freezing 

 The thin film freezing process was conducted on a rotating cryogenic drum 

chilled by the liquid nitrogen. More discussion of the thin film freezing process is 

available in the literature [7]. The surface temperature of the cryogenic drum was 

measured by a thermocouple. Temperature was set to -80ºC for processing template 

emulsion containing chloroform. For the cosolvent system, drum temperature was set to -

40ºC due to the high melting point of 1,4-dioxane. Frozen materials were lyophilized by a 

VirTis Advantage benchtop lyophilizer (The VirTis Company, Inc., Gardiner, NY). 

 

2.2.4 X-ray powder diffraction (XRD) 

 XRD studies of samples were performed on a Philips 1710 X-ray diffractometer 

equipped with a copper target and a nickel filter (Philips Electronic Instruments, Inc., 

Mahwah, NJ). The voltage and current of the equipment were 40 KV and 40 mA, 

respectively. Samples were placed on a metal cell and flattened using a glass slide prior 

to XRD analysis. The 2-theta angle, step size, and dwell time were 5-50°, 0.05°, and 2 s, 

respectively. The raw data were analyzed using Jade 5.0 software (Materials Data, Inc., 

Livermore, CA). 
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2.2.5 Differential scanning calorimetry (DSC) 

 The thermal behaviors of samples were characterized using a modulated DSC 

with a DSC refrigerated cooling system (DSC 2920, TA Instruments, New Castle, DE). 

DSC cell was purged using dry nitrogen gas (40 mL/min) during the testing. Samples 

were set in the aluminum sample pan kits (PerkinElmer Inc., Waltham, MA) and crimped 

before DSC analysis. Samples were heated from 0°C to 250°C with a heating rate of 

10°C/min. The modulation program was set to 1°C/60 s. TA Universal Analysis 2000 

software was used to analyze the raw data. 

 

2.2.6 Scanning electron microscopy (SEM) 

 SEM was conducted on a Hitachi S-5500 scanning electron microscope (Hitachi 

High Technologies America, Inc., Pleasanton, CA). Powders were placed on a stage with 

carbon tape. The whole stage with powder samples was coated with gold in a plasma 

coater for 90 s at vacuum. Coated stage was set on the stage holder of Hitachi S-5500 for 

SEM analysis. The accelerating voltage of SEM analysis was set to 10 kV. 

 

2.2.7 Contact angle measurement 

 The contact angle was measured based on a previous paper [7]. In brief, in order 

to measure the contact angle of a composition, first the powders were compressed with a 

Model M Carver laboratory press (Fred S. Carver, Inc., Menomonee Falls, WI). The 
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compression force was set to 500 kg. After compression, a tablet with smooth surface 

was obtained. A 3 µL of 0.1N HCl aqueous solution was dropped on the surface of the 

tablet. And the contact angle (the tangent to the curve of the droplet on the smooth 

surface) was measured by a Rame Hart 100-00-115 goniometer (Rame-Hart Inc., 

Mountain Lakes, NJ).  

 

2.2.8 Dissolution testing in acidic condition 

 A VanKel VK 7000 dissolution system (Varian, Inc., Palo Alto, CA) was used in 

the dissolution testing. 180 mg of thin film freezing composition or physical mixture 

(containing 40 mg of ITZ equivalents) was added in 100 mL of 0.1N HCl solution at 

37±0.5ºC. The paddle speed was set to 100 rpm. Aliquots were collected at the following 

time points: 10 min, 20 min, 30 min, 45 min, 1 hr, 1.5 hr, 2 hr, 3 hr, 4 hr, 6 hr, and 8 hr. 

Aliquots were filtered through an Acrodisc® 0.2 μm 13 mm GHP membrane filter (Pall 

Corporation, Port Washington, NY). The concentration of ITZ in the aliquot was 

measured using the HPLC method. 

 

2.2.9 Dissolution testing in pH transition condition 

 Dissolution testing was performed based on USP 29 apparatus II. A VanKel VK 

7000 dissolution system (Varian, Inc., Palo Alto, CA) was used for the experiment. The 

paddle speed and temperature were 75 rpm and 37±0.5°C, respectively. During the 
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experiment, 750 mL of 0.1N HCl aqueous solution was used as the acidic phase. The 

dissolution media did not contain any surfactant. 270 mg of powders (60 mg ITZ 

equivalents) were added in a dissolution vessel. At the 2 hr time point, 250 mL of pre-

heated (37°C) 0.2M Na3PO4 solution was added into the dissolution media, adjusting the 

pH of the media to 6.8. Aliquots were taken at different time points as followed: 15 min, 

30 min, 45 min, 1 hr, 2 hr, 2 hr 10 min, 2 hr 20 min, 2.5 hr, 3 hr, 4 hr, 6 hr, and 8 hr. Each 

aliquot was filtered through an Acrodisc® 0.2 μm 13 mm GHP membrane filter (Pall 

Corporation, Port Washington, NY). The concentration of ITZ in the aliquot was 

measured using the HPLC method. 

 

2.2.10 Statistical analysis 

 Statistical analysis was conducted on the dissolution results. One-way ANOVA 

was performed on JMP 7. The difference was considered to be significant when the p-

value was below 0.05. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Thin film freezing, formulation and physico-chemical characterization 

 Thin film freezing was conducted as described in the previous section. Solvents 

were removed by lyophilization. There was a significant difference in the solids 

concentration between the template emulsion formulation and the cosolvent formulation 
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(3.46% w/v and 0.5% w/v for template emulsion and cosolvent, respectively). In the 

template emulsion formulation, the hydrophilic drug substance and the hydrophilic 

polymer were dissolved in the oil phase and the aqueous phase separately. Therefore, the 

solvent powers of chloroform and water were maximized such that a higher level of solid 

content was incorporated in the emulsion. Regarding the cosolvent formulation, the 

polarity of water and 1,4-dioxane was compromised in order to dissolve hydrophilic and 

hydrophobic materials into the single cosolvent phase. As a result, the highest solid 

concentration in the cosolvent formulation was limited. 

 After obtaining thin film freezing compositions, XRD and DSC analysis was 

conducted to characterize the crystallinity of compositions. The results were shown in 

Figures 2.2 and Figure 2.3. 

Figure 2.2 

Figure 2.3 

 Crystalline ITZ exhibited a number of characteristic diffraction peaks from the 

XRD pattern. Thin film freezing converted crystalline drug substance to its amorphous 

form. Neither the cosolvent composition nor the template emulsion composition showed 

any diffraction peaks, indicating the formation of amorphous compositions. DSC results 

agree well with the XRD results. A melting point of crystalline ITZ was identified at 

about 170ºC from the DSC curve. Thin film freezing compositions did not show any 

melting enthalpy at that temperature range. A wide endothermic peak was observed 

around 80ºC for the two thin film freezing compositions. This thermal event may be 

attributed to the evaporation of residual solvents from the thin film freezing 
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compositions. In summary, both the XRD results and the DSC results supported that the 

thin film freezing compositions were amorphous. 

 SEM was conducted to further characterize the properties of thin film freezing 

compositions. Results were shown in Figure 2.4. 

Figure 2.4 

According to the images in Figure 2.4, significant differences between the 

cosolvent composition and the template emulsion composition were observed. The 

cosolvent composition was highly porous, exhibiting matrix-like structure. The particles 

from template emulsion composition were submicron spheres. BET analysis was used to 

measure the specific surface area of cosolvent and template emulsion compositions. The 

template emulsion composition had a specific surface area of 39.69 m2/g; while the 

cosolvent composition showed a much greater specific surface area (i.e., 119.20 m2/g). 

The differences between cosolvent and template emulsion compositions may be 

attributed to the manufacturing process. In the thin film freezing-template emulsion 

process, a higher solid content in the feed stock was obtained as compared with that of 

cosolvent process. Therefore, the porosity of template emulsion composition was lower 

than that of the cosolvent composition. Moreover, due to the globular shape of the oil 

phase in the template emulsion system, the thin film freezing-template emulsion 

composition showed a spherical structure after removing the solvents. 

 The difference of ITZ solubility in the oil phase and in water enabled the 

encapsulation of the drug through the thin film freezing-template emulsion process. ITZ 

was soluble in chloroform but not water. Therefore, the drug was preferentially 
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distributed in the oil phase during the preparation of emulsion. After thin film freezing 

and lyophilization, the hydrophobic drug substance was encapsulated by the hydrophilic 

component and the surfactant presented in the aqueous phase and the aqueous/oil 

interface. It was anticipated that the hydrophilic excipients will preferentially distribute 

on the surface of the thin film freezing compositions. The encapsulation of hydrophobic 

drug in the hydrophilic excipients may enhance the wetting properties of the composition. 

In order to characterize the effects of different processes on the wetting properties, we 

measured the contact angles of thin film freezing compositions and crystalline ITZ as 

well. Results were shown in Figure 2.5. 

Figure 2.5 

 According to Figure 2.5, the difference of manufacturing processes affected the 

contact angles. Unprocessed crystalline ITZ showed the highest contact angle above 70º, 

indicating a very limited wettability. Hydrophilic components improved the wetting 

properties and reduced the contact angles of compositions. As shown in Figure 2.5, the 

contact angles of template emulsion and cosolvent compositions were reduced to 

approximately 50º and 60º, respectively. The template emulsion composition had the 

lowest contact angle and best wetting properties among the three tested materials.  

 The use of emulsion systems to reduce the contact angles and to improve the 

wetting properties has been reported elsewhere [15]. The presence of the oil phase and 

the aqueous phase in an emulsion system enables the separation of hydrophilic and 

lipophilic components in a formulation. Zhao et al. investigated the wetting properties of 

emulsion systems containing water and hydrofluoroalkane (HFA) [15]. The authors 
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reported that the distribution of water and HFA in the emulsion system was critical to the 

wetting properties of the formulation. The wetting time of a formulation on a 

hydrophobic surface was measured. It was reported that the water-in-HFA emulsion 

showed much shorter wetting time as compared with that of the HFA-in-water emulsion 

system which may be due to the affinity between HFA and hydrophobic surface [15]. In 

our current studies, the use of chloroform-in-water template emulsion system constrained 

the hydrophobic drug substance in the internal oil phase since ITZ exhibits very limited 

solubility in water. In contrast to the hydrophobic drug substance, excipients such as 

HPMC are soluble in water but not in chloroform [16]. Therefore, hydrophilic excipients 

were preferentially distributed in the external aqueous phase of the template emulsion 

system. The hydrophilic excipients in the external phase favor the wetting of template 

emulsion compositions in water. 

 

2.3.2 Drug release profiles of thin film freezing compositions and physical mixture in 

the acidic media 

 We tested the dissolution properties of thin film freezing compositions in the 

acidic media in order to investigate whether the improved wetting properties could 

enhance the dissolution properties of the compositions. Physical mixture of ITZ, lecithin, 

and HPMC E3 was set as the control group. Results were shown in Figure 2.6. 

Figure 2.6 
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 As shown in Figure 2.6, a very limited amount of ITZ was dissolved into the 

dissolution media from the physical mixture; and ITZ supersaturation was not obtained. 

As compared with the control group, thin film freezing compositions exhibited 

significantly improved dissolution profiles. A very high degree of drug supersaturation 

was obtained 10 minutes after initiating the dissolution testing indicating drastically 

improved wetting properties. Although the template emulsion composition and the 

cosolvent composition had essentially the same components and were both amorphous, 

their dissolution profiles were different. A more rapid drug release and a greater level of 

drug supersaturation were obtained from the template emulsion composition. Both of the 

thin film freezing compositions reached their maximal drug concentration in the 

dissolution media at 2-hour time point; and the maximal degree of drug supersaturation 

of template emulsion and cosolvent compositions were approximately 55 and 65 times of 

the ITZ solubility. Dissolved ITZ precipitated out from the dissolution media; and the 

degree of supersaturation decreased after the 2-hour time point. Drug concentration of the 

cosolvent composition decreased more rapidly as compared to that of the template 

emulsion composition.  

The use of spray-dried or lyophilized emulsion systems for the bioavailability 

enhancement has been reported in a number of papers [14, 17-21]. In several papers, the 

enhanced dissolution rate and oral bioavailability were attributed to the rapid re-

dispersion of dry emulsion systems [17, 21]. The rationale of the dissolution 

enhancement of the current template emulsion formulation is different from those re-

dispersible dry emulsion system formulations. Due to the hydrophobic nature of ITZ, this 
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drug is suitable to be encapsulated in the internal oil phase of the template emulsion 

system. As reported by Rogers et al., emulsion systems helped embed hydrophobic drug 

substances into a hydrophilic matrix of excipients [14]. In the present studies, we 

combined template emulsion systems with amorphous solid dispersion systems. As 

shown in Figure 5, template emulsion systems improved the wetting properties of the 

formulation. And the amorphous nature of the drug substance induced a high degree of 

drug supersaturation in the dissolution testing. Regarding the precipitation of 

supersaturated ITZ solution, the greater precipitation rate may be caused by the large 

surface area of the cosolvent composition. ITZ molecules in the un-dissolved 

composition may be prone to re-crystallization during the dissolution testing. And those 

crystals may behave as the crystal seeds and induce the precipitation of dissolved ITZ 

molecules. Therefore, the composition that had larger surface area (i.e., cosolvent 

composition) may have more crystal seeds to accelerate the drug precipitation, showing a 

more rapid decrease of drug concentration in the media. 

 

2.3.3 Effects of hydrophilic components on the physico-chemical properties of thin 

film freezing-template emulsion compositions 

 After studying the influence of template emulsion and cosolvent processes on the 

properties of compositions, we further investigated how the formulation variables would 

affect the properties of compositions. HPMC and PVP of different viscosity grades were 

selected for evaluation. XRD and DSC analysis were conducted to characterize the 
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influence of hydrophilic components on the crystallinity of compositions. Results were 

shown in Figure 2.7 and Figure 2.8. 

Figure 2.7 

Figure 2.8 

 As shown in Figure 2.7 and Figure 2.8, the selection of hydrophilic components 

did not affect the amorphous nature of thin film freezing compositions; no diffraction 

peak or melting peak was observed from the figures. Wide endothermic peaks were 

observed in all of the thin film freezing compositions at the temperature range between 

50ºC and 100 ºC. Those peaks may be caused by the residual solvents. Endothermic 

peaks of PVP-based compositions had higher intensity as compared with those of HPMC-

based composition. It may be explained by the difference of hygroscopicity of those two 

types of polymers. PVP is more hygroscopic as compared with HPMC [16]. Therefore, 

PVP-based compositions may absorb higher level of moisture and exhibit larger 

endothermic peaks in the DSC data. 

 In order to evaluate the morphology of thin film freezing compositions and the 

emulsification efficiency, SEM images were collected in all the four compositions. 

Results were shown in Figure 2.9. 

Figure 2.9 

 According to Figure 2.9, the selection of hydrophilic components affected the 

structure of template emulsion compositions. HPMC E3, HPMC E50, and PVP K15-

based compositions showed spherical structures and the size of particles was within the 

submicron range. However, the PVP K90-based composition did not show any spherical 
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structure. The sub-optimal emulsification of PVP K90-based formulation may be 

attributed to the viscosity of the aqueous phase [22]. Behrend et al. studied the effects of 

physico-chemical properties of excipients on the emulsification of water-in-oil and oil-in-

water emulsion systems [22]. It was reported that the continuous phase viscosity was 

related to the emulsification process. An increased continuous phase viscosity hindered 

the emulsification of an oil-in-water emulsion [22]. In our current study, the selection of 

hydrophilic excipients influenced the viscosity of the continuous phase. As reported in 

the literature, the viscosity of 10% PVP K15 and PVP K90 aqueous solution was around 

1.3 to 3.5 cps and 300 to 700 cps, respectively [16]. The viscosity of 2% HPMC E3 and 

E50 aqueous solution was 3 cps and 50 cps, respectively [16]. Based on the literature 

values, with the same solid concentration, the PVP K90 aqueous solution had the highest 

viscosity as compared with the aqueous solutions of other 3 polymers. The high viscosity 

of the aqueous phase may affect the emulsification process. In contrast to the PVP K90 

syste, the PVP K15 aqueous solution showed the lowest viscosity among all the four 

polymeric solutions. The low viscosity of PVP K15 solution may facilitate the 

emulsification and encapsulation of ITZ. Besides the effects of viscosity, the difference in 

the physico-chemical properties of polymers may also affect the emulsification of a two-

phase emulsion system. The solubility of HPMC and PVP in water and chloroform are 

different. It was reported that PVP is soluble both in water and in chloroform. HPMC is 

only soluble in water but not in chloroform [16]. As a result, HPMC can only distribute in 

the aqueous phase of an emulsion, serving as a hydrophilic excipient to improve the 

wetting properties of the thin film freezing composition. In contrast to HPMC, the 
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solubility profile of PVP enables the distribution of the polymer in both phases. Part of 

the PVP polymer may distribute in the interface, thereby facilitating the emulsification 

process by reducing the interfacial tension of the system. It was reported in the literature 

that the incorporation of low molecular weight PVP was crucial to the formation and 

stabilization of oil-in-water emulsion system [23].  

 

2.3.4 Effects of hydrophilic components on the dissolution properties of thin film 

freezing-template emulsion compositions 

 In order to elucidate the influence of formulation variables on the dissolution 

properties of thin film freezing compositions, we performed dissolution testing under 

acidic condition and pH transition condition. Results of dissolution testing in the acidic 

media were shown in Figure 2.10.A. 

Figure 2.10.A 

 Remarkable differences in dissolution profiles were observed. ITZ was released 

rapidly from the PVP K15-based composition, reaching the greatest degree of drug 

supersaturation (up to 75-fold) among all the 4 compositions. However, ITZ 

supersaturation was unstable in PVP-based compositions. A rapid precipitation of ITZ 

was observed after the 1.5-hour time point of the dissolution testing. Formulations 

containing HPMC E3 and E50 also generated high degree of drug supersaturation (up to 

60-fold). Moreover, the drug precipitation of HPMC-based compositions was slower than 

that of the PVP-based compositions. At 8-hour time point, the degree of drug 
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supersaturation was still above 40-fold for the two HPMC-based compositions. To further 

study the dissolution results, we performed statistical analysis on the area under the 

dissolution curves (AUDCs). Results were shown in Figure 2.10.B. 

Figure 2.10.B 

 According to the analysis, the AUDCs of HPMC-based compositions were 

significantly greater than that of PVP-based compositions. As compared with HPMC, 

PVP was less effective in terms of maintaining the supersaturation of ITZ in the 

dissolution media [24]. Therefore, the PVP-stabilized supersaturated drug solution 

underwent rapid precipitation during the dissolution testing. Besides, the precipitation of 

ITZ can be explained by the theory of nucleation [25]. The nucleation rate of 

supersaturated solution was expressed by the following equation [25]: 

 J = Aexp(− 16πν2γ3

3k3T3(lnS)2
) (2-1) 

where J is the nucleation rate; A represents the pre-exponential factor; ν is the solute’s 

molecular volume; γ is the interfacial free energy; k represents the Boltzmann constant; T 

is the temperature in Kelvin; and S is the degree of supersaturation. 

 As shown in the equation, the nucleation rate is related to the degree of drug 

supersaturation. For a highly supersaturated solution, the nucleation rate is greater than 

the solution with lower degree of drug supersaturation. According to the dissolution data, 

PVP K15-based composition reached a higher drug concentration and the degree of drug 

supersaturation during the testing; therefore, the nucleation rate of PVP K15-based 
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composition may be greater than HPMC-based compositions, causing a more rapid drug 

precipitation. 

 For a better understanding of the dissolution profiles of thin film freezing 

compositions during the gastrointestinal transition, we also performed dissolution testing 

in pH transition condition. Results were shown in Figure 2.11.A. 

Figure 2.11.A 

 According to the results, ITZ was rapidly released from all the four compositions, 

thereby inducing drug supersaturation. Among them, PVP K15-based composition 

showed the greatest level of drug release. This result agreed well with the data in Figure 

10.A. However, the supersaturated drug substance in the dissolution media underwent 

drastic precipitation after the pH transition.  

 It is well-known that the solubility of an ionizable compound is related to the pH 

of the media [26]. The pH-solubility relationship of a basic compound before reaching 

pHmax is expressed in the following equation [3]: 

 S = S0(1 + 10pKa−pH) (2-2) 

where S and S0 represents the total solubility and equilibrium solubility, respectively. 

 For a weak base, the ionized species become unionized when the pH of the media 

was increased; as a result, the solubility is reduced. During the pH transition, the 

solubility of ITZ was drastically dropped; therefore, the degree of drug supersaturation 

increased, inducing the nucleation and precipitation of the supersaturated ITZ from the 

dissolution media. 
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 In order to quantitatively analyze the dissolution data, we performed one-way 

ANOVA on the drug concentration at different time points after pH transition. Results 

were shown in Figure 2.11.B. 

Figure 2.11.B 

 According to the results, the drug concentration of HPMC E50-based composition 

was significantly higher than other compositions. Besides the difference of chemical 

structures between HPMC and PVP, the viscosity of the solution may also affect the 

degree of drug supersaturation. The relationship between diffusion coefficient and 

viscosity is expressed in the following equation [27]: 

 D = kBT
6πηr

 (2-3) 

where kB is Boltzmann’s constant; T is the temperature; η is the viscosity of the media; r 

is the radius of the particle. According to the equation, the diffusion coefficient is 

inversely proportional to the viscosity of the media. The dissolution media containing 

high molecular weight polymer (i.e., HPMC E50) has higher viscosity; therefore, the 

diffusion coefficient of ITZ molecule is reduced. Since the growth of ITZ crystals 

requires the diffusion of dissolved ITZ molecule to the surface of crystal seeds, high 

molecular weight polymer and consequentially the increased solution viscosity hinders 

the crystal growth and the drug precipitation. 
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2.4 CONCLUSIONS 

 In the present study, we developed a novel particle engineering technology by 

combining thin film freezing with template emulsion systems. Amorphous submicron 

ITZ compositions were obtained by lyophilization. The use of template emulsion enables 

the surface enrichment of hydrophilic excipients, thereby enhancing the wetting 

properties of the compositions. Compared with the thin film freezing-cosolvent 

composition, the template emulsion composition exhibited a greater extent of drug 

release in terms of the dissolution rate and the degree of drug supersaturation. The 

chemical structure and rheological properties of hydrophilic excipients affect the 

dissolution profiles. PVP K15-based formulation showed the greatest dissolution rate. 

HPMC E50-based formulation was more effective in maintaining the drug 

supersaturation. For the poorly water-soluble drugs in which the drug dissolution is the 

rate-limiting step, this technology may be used to enhance the oral absorption by 

promoting the drug dissolution profile. 
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2.6 FIGURES 

Figure 2.1. Thin film freezing-template emulsion and cosolvent, process overview 
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Figure 2.2. XRD results of thin film freezing compositions and unprocessed ITZ 
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Figure 2.3. DSC results of thin film freezing compositions and unprocessed ITZ 
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Figure 2.4. SEM images of thin film freezing compositions and unprocessed ITZ 
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Figure 2.5. Contact angles of thin film freezing compositions and unprocessed ITZ 
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Figure 2.6. Dissolution testing of template emulsion, cosolvent, and physical mixture in 

acidic condition 
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Figure 2.7. XRD results of template emulsion compositions containing different 

hydrophilic polymers 
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Figure 2.8. DSC results of template emulsion compositions containing different 

hydrophilic polymers 
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Figure 2.9. SEM images of template emulsion compositions containing different 

hydrophilic polymers 
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Figure 2.10.A. Dissolution profiles of thin film freezing-template emulsion compositions 

in the acidic media 
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Figure 2.10.B. Statistical analysis of dissolution studies in the acidic media 
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Figure 2.11.A. Dissolution profiles of thin film freezing-template emulsion compositions 

in the pH transition condition 
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Figure 2.11.B. Statistical analysis of dissolution studies in the pH transition condition 
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Chapter 3: Dissolution Enhancement of Itraconazole by Hot-Melt 

Extrusion Alone and the Combination of Hot-Melt Extrusion and 

Rapid-Freezing – Effect of Formulation and Processing Variables 

 

ABSTRACT 

 We investigated the effects of the hot-melt extrusion process on the properties of 

ITZ amorphous solid dispersions made by thin film freezing (TFF) technology. ITZ-

HPMCAS L (1:2) TFF composition exhibited limited drug release in acidic media. Hot-

melt extrusion of the ITZ-HPMCAS TFF composition with hydrophilic carriers improved 

the drug release rate in acidic media. The type and level of hydrophilic carrier in the 

composition affected the dissolution profiles of the extrudates. A design of experiments 

(DoE) study was conducted to elucidate those effects. Hot-melt extrusion processing 

variables such as extrusion temperature and screw configuration also played a critical role 

on the properties of the extruded compositions. A higher degree of mixing reduced the 

crystallinity of semi-crystalline excipients and favored the drug release in the acidic 

media; moreover, the drug precipitation rate in the neutral pH media was reduced.  

Prototype tablet formulations were developed; and the disintegration profile was 

enhanced by incorporating inorganic salts. Tablet formulations exhibited good 

compactability according to the compression profile characterization. As compared with 

the commercial ITZ product, prototype tablet formulations exhibited remarkably 

improved dissolution properties in bio-relevant dissolution testing. 
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3.1 INTRODUCTION 

 With the advances of combinational chemistry and high throughput screening, an 

increasing number of pharmacologically active compounds have been identified and 

developed [1]. A significant proportion of those drug candidates are poorly water-soluble, 

exhibiting limited absorption. Therefore, advanced formulation and processing 

technologies are required to overcome solubility issues and to enable the oral delivery of 

those poorly water-soluble drugs. A number of methods have been extensively 

investigated for dissolution enhancement, such as particle size reduction, salt formation, 

lipid-based formulation, and solubilization [2-6]. 

 Thin film freezing (TFF) is a particle engineering technology reported for 

developing nanostructured amorphous solid dispersions [7-10]. The rapid cooling of the 

stock solution prevented potential phase separation and drug nucleation, yielding 

amorphous solid dispersions of drug substances and carriers [7]. Moreover, the rapid 

freezing rate of the TFF process increased the number of solvent crystals and reduced the 

size of each crystal. Therefore, nanostructured matrix-like composition was obtained after 

lyophilization [11]. The TFF process yielded amorphous compositions with large specific 

surface areas, thereby facilitating the dissolution of poorly water-soluble drugs. However, 

the large surface areas of TFF compositions may not be readily available for dissolution 

due to the hydrophobic nature of drug substances. Surfactant solution was used to 

facilitate wetting of TFF compositions [8]. The suboptimal wetting properties of TFF 

compositions may potentially limit the dissolution enhancement effect of nanostructured 

amorphous solid dispersions. 
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 In the present study, we investigated the use of hydrophilic carriers to improve the 

dissolution properties of ITZ TFF compositions. Hydrophilic carriers were incorporated 

into TFF compositions using hot-melt extrusion technology. The effects of formulation 

and processing variables on the performance of hot-melt extrusion formulations were 

investigated. We found that the selection of hydrophilic carriers, hot-melt extrusion 

processing temperature, and the screw configuration were critical to the properties of the 

hot-melt extrusion formulations. Prototype tablet formulations were developed and 

exhibited superior dissolution profiles as compared with the commercial product in the 

bio-relevant dissolution testing. 

 

3.2 MATERIALS AND METHODS 

ITZ was purchased from Letco Medical (Decatur, AL). Hypromellose acetate 

succinate LF (HPMCAS LF) was kindly donated by Shin-Etus Chemical (Tokyo, Japan). 

Poloxamer 407 was purchased from Spectrum Chemical Manufacturing Corp. (New 

Brunswick, NJ). POLYOXTM WSR N80 (PEO N80) and POLYOXTM WSR N10 (PEO 

N10) were kindly donated by Colorcon, Inc. (West Point, PA). Cremophor® RH 40 was 

kindly donated by BASF (Florham Park, NJ). AEROSIL® 200 was kindly donated by 

Evonik Corporation (Parsippany, NJ). PROSOLV® SMCC 90 (silicified microcrystalline 

cellulose) was kindly donated by JRS Pharma LP (Patterson, NY). Ac-Di-Sol® 

(croscarmellose sodium) was kindly donated by FMC BioPolymer (Philadelphia, PA). 

PRUV® (sodium stearyl fumarate) was kindly donated by JRS Pharma LP (Patterson, 
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NY). Acetonitrile, 1,4-dioxane, hydrochloric acid, sodium chloride, sodium phosphate 

tribasic, sodium phosphate monobasic monohydrate, sodium hydroxide, and diethylamine 

(DEA) were purchased from Fisher Scientific (Fair Lawn, NJ). Sodium taurocholate was 

purchased from Merck KGaA (Darmstadt, Germany). Egg phosphatidylcholine was 

purchased from Lipoid GmbH (Ludwigshafen, Germany).  

 

3.2.1 High performance liquid chromatography (HPLC) 

ITZ concentration was analyzed using a Dionex HPLC system (Thermo Fisher 

Scientific Inc., Waltham, MA) equipped with an Inertsil® ODS-2 column (5 μm, 4.6×150 

mm). HPLC mobile phase consisted of acetonitrile:water:DEA (700:300:0.5). Mobile 

phase was filtrated through a 0.2 μm filter in order to remove any solid particles and 

degassed prior to use. The flow rate of mobile phase was 1 mL/min. The column 

temperature was set to 25°C. The retention time of the drug substance was 5.5 min. The 

detection wavelength was at 263 nm. 

 

3.2.2 X-ray powder diffraction (XRD) 

 XRD studies of samples were performed on a Philips 1710 X-ray diffractometer 

equipped with a copper target and a nickel filter (Philips Electronic Instruments, Inc., 

Mahwah, NJ). The voltage and current of the equipment were 40 KV and 40 mA, 

respectively. Samples were placed on a metal cell and flattened by using a glass slide 
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prior to XRD analysis. The 2-theta angle, step size, and dwell time were 5-50°, 0.05°, and 

2 s, respectively. The raw data were analyzed using Jade 5.0 software (Materials Data, 

Inc., Livermore, CA). 

 

3.2.3 Differential scanning calorimetry (DSC) 

 The thermal behaviors of samples were characterized using a modulated DSC 

with a DSC refrigerated cooling system (DSC 2920, TA Instruments, New Castle, DE). 

DSC cell was purged by using dry nitrogen gas (40 mL/min) during the testing. Samples 

were set in the aluminum sample pan kits (PerkinElmer Inc., Waltham, MA) and crimped 

before DSC analysis. Samples were heated from 30°C to 200°C with a heating rate of 

2°C/min. The modulation program was set to 1°C/60 s. TA Universal Analysis 2000 

software was used to analyze the raw data. 

 

3.2.4 Scanning electron microscopy (SEM) 

 SEM was conducted on a Hitachi S-5500 scanning electron microscope (Hitachi 

High Technologies America, Inc., Pleasanton, CA). Powders were placed on a stage with 

carbon tape. The whole stage with powder samples was coated with gold in a plasma 

coater for 90 s at vacuum. Coated stage was set on the stage holder of Hitachi S-5500 for 

SEM analysis. The accelerating voltage of SEM analysis was set to 10 kV. 
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3.2.5 Thin film freezing (TFF) 

 HPMCAS LF was dissolved in the 1,4-dioxane. Once obtaining a HPMCAS LF 

solution, ITZ was added and dissolved. The final stock solution contained 6% (w/v) of 

solid. The TFF process was conducted similar as previously reported [7, 9, 10]. In brief, a 

TFF apparatus was placed in a low humidity plastic chamber and chilled to about -40ºC 

using liquid nitrogen. The stock solution was filled in a glass funnel; and the droplet was 

applied on the cryogenic surface of the TFF apparatus. The frozen material was 

lyophilized using a VirTis Advantage tray lyophilizer (SP Scientific, Stone Ridge, NY).  

 

3.2.6 Hot-melt extrusion (HME) 

 Single-screw hot-melt extrusion was conducted on a Randcastle Microtruder® 

(Model RCP-0750, Randcastle extrusion systems, Inc., Cedar Grove, NJ). Powder blends 

were fed into the extrusion system by a hopper on top of the screw of the extruder. The 

temperatures of different zones of the extruder were set to 60ºC or 100 ºC according to 

the different processing conditions. The screw speed was set to 20 rpm. 

 Twin-screw hot-melt extrusion was conducted on a HAAKE MiniLab II Micro 

Compounder (Thermo Electron Corporation, Newington, NH) or on a Leistritz Nano-16 

twin-screw extruder (American Leistritz Extruder Corp. USA, Somerville, NJ). 

Regarding the experiment on the MiniLab extruder, powder blends were fed manually 

into the extruder barrel. Extrusion was conducted without a die. The cross section of the 

melt was a 1.0×4.0 mm rectangle. The processing temperature and screw speed of 
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MiniLab extruder were set to 150ºC and 150 rpm. Leistritz Nano-16 twin-screw extruder 

was equipped with screws containing two kneading elements. A die with a 3 mm round 

opening was equipped on the extruder. Powder blends were fed using a feeder on top of 

the barrel. The Leistritz extruder was run at 150ºC and 200 rpm. Extrudates were cooled 

to room temperature and chilled using liquid nitrogen prior to milling. The milling of 

extrudates was conducted using a Fitzmill (Model L1A Comminuting Machine, The 

Fitzpatrick Company, Elmhurst, IL). Knife mode of the blades was used. The speeding of 

milling was set to 9000 rpm. The size 0033 screen was used as the screen. The milled 

powders were passed through a 250 μm screen; and particles smaller than 250 μm were 

collected for further studies. 

 

3.2.7 Dissolution testing in pH transition condition 

 Dissolution testing was performed based on USP 29 apparatus II. A VanKel VK 

7000 dissolution system (Varian, Inc., Palo Alto, CA) was used for the experiment. The 

paddle speed and temperature were 75 rpm and 37±0.5°C, respectively. During the 

experiment, 750 mL of 0.1N HCl aqueous solution was used as the acidic phase. The 

dissolution media did not contain any surfactant. Milled powders containing 37.5 mg ITZ 

equivalent was pre-wetted in a 20 mL scintillation vial using dissolution media, and 

added in a dissolution vessel. Regarding the dissolution testing of prototype tablet 

formulations, one tablet was added directly into a dissolution vessel. At the 2 hr time 

point, 250 mL of pre-heated (37°C) 0.2M Na3PO4 solution was added into the dissolution 
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media, adjusting the pH of the media to 6.8. Aliquots were taken at different time points 

as followed: 30 min, 1 hr, 2 hr, 2 hr 10 min, 2 hr 20 min, 2.5 hr, 3 hr, 4 hr, 6 hr, and 8 hr. 

Each aliquot was filtered through an Acrodisc® 0.2 μm 13 mm GHP membrane filter 

(Pall Corporation, Port Washington, NY). The concentration of ITZ in the aliquot was 

measured using the HPLC method. 

 

3.2.8 Dissolution testing in bio-relevant media 

Dissolution testing was performed in fasted state simulated intestinal fluid 

(FaSSIF). The composition and preparation of FaSSIF has been reported in a previous 

study [12]. In brief, 15.816 g of NaH2PO4·H2O, 24.744 g of NaCl, and 1.392 g of NaOH 

were dissolved in 4 liters of deionized water. The pH of the solution was adjusted to 6.5 

using 0.1N HCl or 0.1N NaOH. Then 5.775 g of sodium taurocholate was dissolved in 

875 mL of the buffer solution. Meanwhile, the egg phosphatidylcholine was dissolved in 

dichloromethane, reaching a concentration of 100 mg/mL. The organic solution (20.65 

mL) was added into 875 mL of pH 6.5 sodium taurocholate solution, yielding an 

emulsion. The dichloromethane was removed under vacuum at 40°C, leaving a 

translucent aqueous media. The pH 6.5 buffer solution (without sodium taurocholate) was 

added to dilute the translucent aqueous media and adjust the volume to 3.5 liters, yielding 

fasted state simulated intestinal fluid (FaSSIF). 
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3.2.9 Prototype tablet formulation development 

 In order to prepare powder blends for tableting, the milled hot-melt extrusion 

composition was mixed with ProSolv® SMCC 90, Ac-Di-Sol®, colloidal silicone dioxide, 

and sodium chloride if needed. The mixture was blended until reaching homogeneous. 

After that, sodium stearyl fumarate was blended with the mixture for lubrication. The 

details of the prototype tablet formulations were listed in Table 4. Powder blend 

containing 100 mg ITZ equivalent was weighed and compressed using a Carver press 

(Carver, Inc., Wabash, IN). An 11 mm concave tablet tooling was used for tableting. The 

compression force was set to 1000 KG. Tablets were stored in a dry environment prior to 

analysis. 

 

3.2.10 Compression profile characterization 

 The theory of tablet tensile strength assessment was recently reported [13]. The 

tensile strength of a tablet is given by the following equation [13]: 

 σt = 2P
πdt

  (3-1) 

where σt is the tensile strength of a tablet; P is the load of the tablet at failure; d is the 

diameter of the tablet; and t is the thickness of the tablet. 

Experimentally, the compression profiles of different tablet formulations were 

studied on a hydraulic press. Tablet tooling (flat face, 11 mm diameter) was used to 

compress the powders into tablets at different compression pressures. The hardness of the 

tablets was determined using a Varian VK 200 tablet hardness tester (Varian, Inc., Palo 
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Alto, CA). The thickness of the tablets was measured using a caliper. The tensile strength 

of tablets was plotted versus the compression pressure. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Characterization of thin film freezing ITZ compositions 

 TFF was conducted in order to obtain ITZ amorphous solid dispersions. Three 

drug-to-polymer ratios were compared in order to optimize the drug loading. After 

lyophilization, all three compositions appeared as white powders with a low density. As 

previously reported, the typical bulk density of TFF composition was below 0.1 g/cm3; 

and in some cases the density was even less than 0.05 g/cm3 [14]. The low density 

indicates that the TFF compositions are highly porous, thereby exhibiting large specific 

surface areas. The dissolution rate of a solid is described by the Noyes-Whitney equation 

[15]: 

 dC
dt

= A×D
h

× (Cs −
Xd
V

)  (3-2) 

where dC/dt is the dissolution rate; A is the surface area available for dissolution; D is the 

diffusion coefficient of the drug; Cs is the solubility of the drug; Xd is the amount of 

dissolved drug; and V is the volume of the dissolution media. According to the equation, 

the dissolution rate is related to the surface area. Since TFF compositions have large 

surface areas, dissolution rates were drastically increased in most cases [7, 9, 16].  
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 In order to compare the difference in compositions containing different drug 

loadings, the morphology of ITZ-HPMCAS TFF compositions was characterized using 

XRD and DSC.  

Figure 3.1 

 As shown in Figure 3.1, TFF compositions of all three drug loadings did not 

exhibit any melting peaks by DSC, indicating amorphous nature of the three 

compositions. In addition, XRD was conducted and the results were shown in Figure 3.2. 

Figure 3.2 

 Surprisingly, the XRD results were not fully in agree with the DSC results. With 

respect to the TFF composition containing 50% drug loading, the DSC results supported 

it being completely amorphous; however, a diffraction peak was identified from the XRD 

results. The 2-theta angle of the diffraction peak was between 20º and 21 º, which was the 

representative diffraction peak of the crystalline ITZ based on the diffraction pattern of 

unprocessed crystalline ITZ. The presence of diffraction peak of crystalline ITZ indicates 

the presence of residual ITZ crystals. Because of that, the 50% drug loading formulation 

was not selected for further development. Instead, the 33% drug loading formulation was 

chosen due to the amorphous nature of the composition. 

 

3.3.2 Characterization of hot-melt extruded ITZ-HPMCAS TFF composition 

 Hot-melt extrusion studies were conducted using a Randcastle single-screw 

extruder. We investigated the effect of type and amount of hydrophilic carriers on 
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properties of the hot-melt extrusion formulations. Two different carrier systems were 

compared. One is Poloxamer 407/PEO N80 system; the second is Cremophor RH40/PEO 

N10 system. Cremophor RH40 is a semi-solid at room temperature; and the molecular 

weight of PEO N10 is less than PEO N80. Therefore, the Cremophor RH40/PEO N10 

system was expected to provide a lower melt viscosity. Since the solution viscosity of 

PEO N10 is lower than PEO N80, it was anticipated that the dissolution rate of the 

Cremophor RH40/PEO N10-based formulation could be improved. The details of 

compositions are listed in Table 3.1. The two formulations were extruded at 60ºC. The 

screw speed was set to 20 rpm. 

Table 3.1 

 The extrudates were collected after hot-melt extrusion processing. Extrudates 

appeared opaque, with white TFF powders embedded within the hydrophilic carriers. 

XRD was performed to investigate the impact of hot-melt extrusion on the morphology 

of compositions. Results were shown in Figure 3.3. 

Figure 3.3 

 As shown in Figure 3.3, both of the hot-melt extruded TFF compositions 

exhibited crystalline diffraction peaks in the formulations. The 2-theta angles of 

diffraction peaks were compared with those of pure Poloxamer 407, PEO N80, and PEO 

N10. It appeared that the 2-theta angles of diffraction peaks of the hot-melt extrusion 

compositions are close to those of the pure excipients, indicating that the diffraction 

peaks were attributed to the semi-crystalline excipients instead of residual ITZ crystals in 

the composition. In summary, the elevated temperature in the hot-melt extrusion process 
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did not induce the re-crystallization of ITZ amorphous solid dispersions when the drug 

loading was 33%. 

 SEM was also conducted to characterize the ITZ-HPMCAS L TFF composition. 

Results were shown in Figure 3.4. 

Figure 3.4 

 According to Figure 3.4, the TFF process yielded highly porous compositions 

with a matrix-like structure. Since both ITZ and HPMCAS L are hydrophobic in an 

acidic environment, those highly porous structures of the TFF compositions may not be 

wettable during the dissolution. The hot-melt extrusion process significantly affected the 

structure of the ITZ-HPMCAS L TFF composition. Instead of a matrix-like structure, the 

hot-melt extruded TFF compositions were granular after milling. In a previous study, 

Miller et al. investigated the hot-melt extrusion of ITZ-HPMC and ITZ-PVP micronized 

amorphous particles [17]. The authors reported that the hot-melt extrusion process did not 

affect the properties of micronized particles; ITZ-HPMC and ITZ-PVP particles were 

embedded in the polymeric matrix [17]. In our current study, since the processing 

temperature of hot-melt extrusion (i.e., 60 ºC) was significantly below the glass transition 

temperature of ITZ-HPMCAS L amorphous solid dispersion (i.e., 92ºC), it was 

anticipated that the ITZ-HPMCAS L TFF composition would be unchanged during the 

hot-melt extrusion process. In order to prove the hypothesis, modulated DSC was 

conducted to measure the glass transition temperature of ITZ-HPMCAS L TFF 

composition before and after hot-melt extrusion. Results were shown in Figure 3.5. 

Figure 3.5 
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 As shown in Figure 3.5, the glass transition temperatures of the hot-melt extruded 

TFF compositions were close to that of the TFF compositions before hot-melt extrusion. 

Therefore, the hydrophilic excipients were not well mixed with the ITZ-HPMCAS L 

amorphous solid dispersion, agreeing well with our previous discussion in the last 

paragraph and the results previously reported [17]. It was reported that the miscibility of 

different components was dependent on the temperature of the system. Components were 

less miscible at a low temperature [18, 19]. At a low processing temperature (i.e., 60ºC), 

the ITZ-HPMCAS L amorphous solid dispersion was less miscible with other hydrophilic 

excipients. As a result, the amorphous solid dispersion of ITZ was embedded in the 

matrix of semi-crystalline excipients. The presence of hydrophilic matrix of the 

excipients may improve the wetting and dissolution properties of ITZ amorphous solid 

dispersions which were tested in the following studies. 

 

3.3.3 Dissolution studies of hot-melt extruded thin film freezing compositions 

 The dissolution profiles of hot-melt extrusion compositions were evaluated using 

the pH transition dissolution testing. ITZ-HPMCAS L TFF composition was tested as the 

control group. Results were shown in Figure 3.6. 

Figure 3.6 

 According to Figure 3.6, the hot-melt extrusion process drastically improved the 

dissolution rates of the Poloxamer 407/PEO N80-based formulation and Cremophor 

RH40/PEO N10-based formulation in the acidic condition. A higher degree of ITZ 
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supersaturation was obtained. This phenomenon may be attributed to the enhanced 

wettability of the compositions. Hydrophilic carriers in the formulation may facilitate 

water penetration and wetting of the hydrophobic surfaces of ITZ-HPMCAS L TFF 

compositions. As a result, the release of ITZ from HPMCAS L-based amorphous solid 

dispersion was accelerated. The differences in dissolution between the Poloxamer 

407/PEO N80-based and Cremophor RH40/PEO N10-based formulations may be 

attributed to the different levels of surfactants in the formulations. Since Cremophor 

RH40 is a semi-solid at room temperature, the level of Cremophor RH40 in the 

formulation was constrained in order to obtain solid extrudates with proper rigidity. 

Different from Cremophor RH40, Poloxamer 407 is solid state at room temperature. 

Therefore, a higher level of Poloxamer 407 can be incorporated into the formulation. The 

different level of surfactants may affect the dissolution performance of the two 

formulations. Based on the results, Poloxamer 407/PEO N80-based system was selected 

for further investigation. 

 

3.3.4 Effects of formulation variables and processing temperature on the dissolution 

properties 

 A DoE factor screening study was designed using statistical software (JMP). The 

level of hydrophilic carriers, surfactant, and processing temperature were selected for 

evaluation. Area under the dissolution curves (AUDCs) were used as the response. The 
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details of the experimental design were listed in Table 3.2. Results were analyzed using 

JPM software and shown in Figure 3.7. 

Table 3.2 

Figure 3.7 

 According to the results, within the experimental range studied, the level of 

surfactants showed a minor effect on the AUDCs of formulations, both in the acidic 

media and in the neutral pH media. The level of hydrophilic carriers significantly 

influenced the AUDCs of formulations. As shown in Figure 3.7, the AUDC in the acidic 

media was enhanced when increasing the level of hydrophilic carriers in the formulation. 

However, the trend in the neutral pH media was reversed. Higher level of hydrophilic 

carriers caused reduced AUDCs. Hydrophilic carriers we investigated are water-soluble 

in acidic and neutral pH environment. Therefore, a higher level of hydrophilic carrier 

may facilitate the release of ITZ from HPMCAS which is not soluble in the acidic media. 

As a result, the AUDCs in the acidic condition were enhanced with an increased level of 

hydrophilic carrier. The phenomenon in the neutral pH condition can be explained using 

the nucleation theory [20]: 

 J = Aexp(− 16πν2γ3

3k3T3(lnS)2
)  (3-3) 

where J represents the nucleation rate; A is the pre-exponential factor; ν represents the 

solute’s molecular volume; γ is the interfacial free energy; k is the Boltzmann constant; T 

is the temperature in Kelvin; and S is the degree of supersaturation. 
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 When increasing the level of hydrophilic carrier, drug release in the acidic media 

was promoted; therefore, a higher degree of drug supersaturation was obtained prior to 

pH transition. Based on the equation describing the nucleation of solutes from a 

supersaturated solution, a higher degree of supersaturation will cause a more rapid 

nucleation; and supersaturation is less stable. This may explain why AUDCs in the 

neutral pH media were reduced when a higher level of hydrophilic carriers were added in 

the formulation. 

 The hot-melt extrusion processing temperature drastically affected the dissolution 

properties of formulations. As shown in Figure 3.7, we obtained higher AUDCs both in 

the acidic condition and in the neutral condition when the processing temperature was 

increased. It was reported that the extrusion temperature has significant effects on the 

physicochemical properties and dissolution properties of formulations [21, 22]. The glass 

transition temperature of ITZ-HPMCAS L TFF composition was unchanged when the 

extrusion temperature was set to 60ºC (more than 30ºC lower than its glass transition 

temperature), indicating very limited mixing between TFF composition and hydrophilic 

carriers. By increasing the processing temperature above the glass transition temperature, 

molecular-level mixing of TFF composition with hydrophilic carriers occurred. As a sign 

of molecular dispersion, we observed that the extrudates processed at 100ºC were 

translucent as compared with the opaque extrudates processed at 60ºC (data not shown). 

From a thermodynamic point of view, the free energy of mixing of the formation of 

amorphous solid dispersion systems can be expressed by the Flory-Huggins equation [23, 

24]: 
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 ΔGM
RT

= ndruglnΦdrug + npolymerlnΦpolymer + χndrugΦpolymer (3-4) 

where GM is the free energy of mixing; R is the universal gas constant; T is the 

temperature; ndrug and npolymer are the number of moles of the drug and the polymer, 

respectively; Φdrug and Φpolymer are the volume fractions of the drug and the polymer, 

respectively; and χ is the Flory-Huggins interaction parameter. According to the equation, 

the Flory-Huggins interaction parameter is relevant to the free energy of mixing of an 

amorphous solid dispersion system. The value of the Flory-Huggins interaction parameter 

is dependent on the temperature of the system. It was reported that Flory-Huggins 

interaction parameters at different temperature can be calculated from the following 

equation [18, 23, 25]: 

 � 1
TM
mix −

1
TM
pure� = −R

ΔHfusion
[lnΦdrug + �1 − 1

m
�Φpolymer + χΦpolymer

2 ] (3-5) 

where TMmix and TM
pureare the melting point of the mixture and the pure drug substance, 

respectively, which can be directly measured by DSC; ΔHfusion is the melting enthalpy of 

the pure drug which can be measured directly; Φdrug and Φpolymer are the volume 

fractions of drug and polymer, respectively (weight fraction is commonly used as an 

approximation of volume fraction in this case); and m is the volume ratio of polymer-to-

drug. It was reported in several cases that the value of Flory-Huggins interaction 

parameter is reduced when the temperature was increased [19, 26]. Therefore, it can be 

calculated from the Flory-Huggins equation that the free energy of mixing of an 

amorphous solid dispersion is reduced when the temperature is increased. In other words, 

the increased hot-melt extrusion processing temperature thermodynamically favors the 
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mixing of ITZ and other excipients. The high level of mixing of different components 

may contribute to the enhanced dissolution properties of the formulation. 

 

3.3.5 Effects of hot-melt extrusion processing conditions on physico-chemical and 

dissolution properties of compositions 

 In order to evaluate the impact of processing variables on the properties of hot-

melt extrusion compositions, we conducted the studies on three different hot-melt 

extruders with different screw configurations. The Randcastle extruder is a single-screw 

extruder with limited mixing capacity. The HAAKE MiniLab II Micro Compounder is a 

co-rotating twin-screw extruder equipped with two conical screws. Due to the co-rotating 

twin-screw design, the HAAKE system exhibited improved mixing capacity as compared 

to the Randcastle single-screw extruder. To maximize the degree of mixing of the 

components, hot-melt extrusion was also conducted on a Leistritz Nano-16 twin-screw 

extruder. The Leistritz twin-screw extruder was equipped with screws with kneading 

elements. Those kneading elements significantly improved the mixing capacity of the 

Leistritz extruder. The details of formulation and processing conditions were listed in 

Table 3.3. 

Table 3.3 

 XRD was performed to characterize the properties of hot-melt extrusion 

compositions at different processing conditions. Results were shown in Figure 3.8. 

Figure 3.8 
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According to the results, the processing conditions of the hot-melt extrusion 

processes affected the X-ray diffraction patterns of formulations. The composition 

processed by the Leistritz twin-screw extruder exhibited the lowest diffraction intensity 

as compared with those processed by the HAAKE MiniLab twin-screw extruder and by 

the Randcastle single-screw extruder. Those diffraction peaks were attributed to the semi-

crystalline excipients (i.e., PEO N80 and Poloxamer 407) in formulations. The reduced 

peak intensity indicated that the crystallinity of those excipients was reduced. Due to the 

enhanced mixing capacity in the Leistritz extrusion system, the crystalline domains of 

PEO N80 and Poloxamer 407 may be dispersed in the amorphous matrix of ITZ and 

HPMCAS, thereby reducing the crystallinity of those excipients. In the control group 

where the crystalline ITZ was extruded with excipients by the Randcastle single-screw 

extruder, the crystalline drug substance cannot be fully converted to its amorphous form. 

Diffraction peaks of ITZ were observed in the XRD pattern.  

 The dissolution properties of compositions extruded at different processing 

conditions were also characterized in the pH transition condition. The dissolution data 

were shown in Figure 3.9. 

Figure 3.9 

 As shown in Figure 3.9, the hot-melt extrusion processing conditions affected the 

dissolution profiles of compositions. The highest degree of drug release was obtained 

from the composition processed by the Leistritz twin-screw extruder, followed by that 

process by the HAAKE MiniLab twin-screw extruder. According to the XRD data, we 

concluded that the crystalline ITZ cannot be fully converted to the amorphous state by the 
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Randcastle single-screw extruder. It was also confirmed by the dissolution results. 

Although the semi-crystalline composition exhibited enhanced dissolution rate, 

dissolution results did not show a significant drug supersaturation from that composition, 

agreeing well with the semi-crystalline nature of the drug substance. Several other studies 

have also been conducted to investigate the application of hot-melt extrusion in preparing 

solid crystalline dispersions [27-30]. Solid crystalline dispersions were capable of 

improving the drug release rate rather than inducing the drug supersaturation. Our results 

agree with their studies. 

 The influence of the hot-melt extrusion process variables on the properties of 

extrudates has been discussed in several papers. In general, the kneading elements on the 

screws facilitate mixing of different components and enabled the formation of amorphous 

solid dispersions [30-32]. In our study, although we did not observe any sign of residual 

ITZ crystals in the compositions processed by Leistriz and HAAKE MiniLab twin-screw 

extruders, compositions may undergo different degrees of mixing during the extrusion 

processes. Due to the presence of kneading elements in the Leistritz twin-screw extruder, 

the composition extruded through the Leistritz twin-screw extruder undergoes better 

mixing between hydrophilic carriers and other components. The differences in the 

dissolution profiles may be explained by the different mixing conditions. 

 We also compared the dissolution profiles of our hot-melt extrusion formulation 

and a commercial ITZ product made by Sandoz. Results were shown in Figure 3.10. 

Figure 3.10 
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 According to the data in Figure 3.10, significant differences between the hot-melt 

extrusion formulation and the commercial product were identified. The commercial ITZ 

product comprises ITZ-HPMC E5 solid dispersion. The water-soluble nature of HPMC 

makes the commercial product an immediate release formulation. As shown in Figure 10, 

ITZ dissolution from the commercial product was initiated in the acidic media, reaching a 

high degree of drug supersaturation at 2-hour time point. However, as reported in several 

literatures, the commercial product suffered severe drug precipitation after pH transition 

[10, 33]. Based on the data in Figure 10, almost all the dissolved ITZ was precipitated in 

the first 30 minutes after pH transition. The hot-melt extrusion formulation processed by 

the Leistritz twin-screw extruder exhibited a superior dissolution profile as compared 

with that of the commercial product. Due to the presence of hydrophilic carriers, drug 

release from the hot-melt extrusion formulation was promoted in the acidic media. As 

shown in Figure 10, the dissolution rate of the hot-melt extrusion formulation was even 

greater than that of the commercial immediate release product in the acidic media. 

Regarding the drug release profiles after the pH transition, the drug precipitation of the 

hot-melt extrusion formulation was slowed down due to the presence of HPMCAS; and 

the drug supersaturation was maintained for a longer period of time for the hot-melt 

extrusion formulation as compared to that of commercial ITZ product. The precipitation 

inhibiting effect of HPMCAS has been reported [34, 35]. However, HPMCAS is not 

soluble in the acidic media, which may raise the concern for wettability of the 

composition and may hinder the drug release in the acidic condition. Hydrophilic carriers 

in our current study induced the drug release in the acidic media and meanwhile 
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maintained the advantage of utilizing HPMCAS as a precipitation inhibitor. As a result, 

the hot-melt extrusion formulation of the current study exhibited superior dissolution 

properties both in the acidic condition and in the neutral pH condition as compared with 

the commercial product. The enhanced dissolution properties may further promote oral 

absorption of the drug. 

 

3.3.6 Prototype tablet formulation development of the hot-melt extrusion 

formulation 

 We investigated the final dosage form development of the hot-melt extrusion 

formulation. The composition of the tablet formulations was listed in Table 4. Each tablet 

contained 100 mg of ITZ. 

Table 3.4 

 The dissolution properties of three tablet formulations and the uncompressed hot-

melt extrusion formulation were characterized in bio-relevant dissolution testing. Results 

were shown in Figure 3.11. 

Figure 3.11 

 As shown in Figure 3.11, surprisingly the conventional tablet formulation without 

sodium chloride showed a very limited degree of drug release during the dissolution 

testing. The tablets did not disintegrate in the media. The limited disintegration of the 

tablet hindered the release of drug. It was reported that incorporation of inorganic salts 

facilitates the disintegration of tablets containing a high level of water-soluble polymers 
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[36, 37]. Inorganic salts increase the microenvironmental ionic strength, thereby 

hindering the hydration of polymer chains and minimizing the gelling effects. We added 

sodium chloride at a level of 5% and 10% (w/w) based on tablet weight to investigate the 

effect of levels of inorganic salts on the dissolution of drug from the tablet formulations. 

Results in Figure 3.11 revealed that incorporating sodium chloride in the tablet 

formulation was an effective approach of solving the tablet disintegration issue. The 

dissolution profiles of tablet formulations containing sodium chloride were significantly 

improved as compared with that of the tablet formulation without the salt. When 

comparing the dissolution data of 10% sodium chloride tablet formulation with the 

commercial product, it was observed that the prototype tablet formulation exhibited 

markedly improved dissolution profile in terms of the greater dissolution rate and a 

higher degree of drug supersaturation. These results proved the superiority of the novel 

formulation as compared with the commercial ITZ formulation. 

 

3.3.7 Characterization of the mechanical properties of prototype tablet formulations 

 Tablet formulations are required to have sufficient mechanical strength in order to 

maintain the intactness of the dosage form. We investigated the compression profiles of 

formulations containing 5% and 10% sodium chloride. The method has been discussed in 

a previous paper [13]. Results were shown in Figure 3.12. 

Figure 3.12 
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 According to the data, no significant difference was identified in between the 

formulations containing 5% and 10% sodium chloride. The tensile strength of tablet 

compacts increased linearly when the compression pressure was increased from about 20 

MPa to about 80 MPa; no tensile strength plateau was observed within this compression 

pressure range, indicating good compactability of the two prototype tablet formulations. 

The compactability of sodium chloride has been compared with several other materials in 

a previous study [38]. It was reported that sodium chloride had a greater deformability as 

compared with lactose and sucrose; and the compact of sodium chloride also exhibited a 

higher tensile strength as compared with those of lactose and sucrose [38]. Those results 

indicated that sodium chloride was compactable. Therefore, incorporation of different 

levels of sodium chloride in the prototype tablet formulations did not significantly 

influence the tensile strength of the formulations. 

 

3.4 CONCLUSIONS 

 In our study, we demonstrated that hydrophilic carriers can be used to improve the 

dissolution properties of the ITZ-HPMCAS L TFF composition. The selection of 

hydrophilic carriers is critical to the dissolution profiles of the final hot-melt extrusion 

compositions. Besides the formulation aspect, the hot-melt extrusion process conditions 

also affected the properties of the extrudates. Screw configuration and processing 

temperature were two critical processing attributes which markedly influenced the 

crystallinity and dissolution properties of the compositions. The milled hot-melt extrusion 
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composition was further developed into prototype tablet formulations. Tablets containing 

low levels of sodium chloride exhibited remarkably enhanced dissolution profiles as 

compared with a commercial product. The improved dissolution properties may further 

enhance the oral absorption of the drug. 
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3.7 FIGURES 

Figure 3.1. DSC results of ITZ-HPMCAS L thin film freezing compositions with 

different drug loadings 
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Figure 3.2. XRD results of ITZ-HPMCAS L thin film freezing compositions with 

different drug loadings 
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Figure 3.3.A. XRD results of crystalline ITZ, unprocessed PEO N80, unprocessed 

Poloxamer 407, and the hot-melt extruded thin film freezing composition 
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Figure 3.3.B. XRD results of crystalline ITZ, unprocessed PEO N10, and the hot-melt 

extruded thin film freezing composition 
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Figure 3.4. SEM images of ITZ-HPMCAS L thin film freezing composition before and 

after hot-melt extrusion processing 

A: ITZ-HPMCAS L (1:2) thin film freezing composition 

B: Poloxamer 407-PEO N80-ITZ-HPMCAS L hot-melt extrusion composition 

C: PEO N10-Cremophor RH40-ITZ-HPMCAS L hot-melt extrusion composition 
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Figure 3.5. Modulated DSC results of ITZ-HPMCAS L thin film freezing composition 

before and after hot-melt extrusion processing 
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Figure 3.6. Dissolution profiles of hot-melt extruded thin film freezing compositions at 

pH transition condition 
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Figure 3.7.A. Effects of formulation and process variables on the AUDCs in the acidic 

condition 
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Figure 3.7.B. Effects of formulation and process variables on the AUDCs in the neutral 

pH condition 
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Figure 3.8. XRD results of hot-melt extrusion compositions at different formulation and 

process conditions 
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Figure 3.9. Effects of formulation and process variables on the dissolution profiles of hot-

melt extrusion compositions 
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Figure 3.10. Dissolution profiles of hot-melt extrusion composition and commercial ITZ 

capsule product produced by Sandoz 
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Figure 3.11. Dissolution profiles of prototype tablet formulations and control 

formulations 
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Figure 3.12. Compression profiles of prototype tablet formulations 
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3.8 TABLES 

Table 3.1. Formulation summary of hot-melt extruded thin film freezing compositions 

 Formulation #1 Formulation #2 

Poloxamer 407 35.0% - 

PEO N80 15.0% - 

Cremophor RH40 - 10.0% 

PEO N10 - 40.0% 

ITZ 16.7% 16.7% 

HPMCAS L 33.3% 33.3% 

Total 100.0% 100.0% 
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Table 3.2. DoE factor screening experimental design 

Pattern Ratio of Surfactant Ratio of Hydrophilic Carriers Extrusion Temperature AUDC 

+++ 0.7 0.7 100 
 

+++ 0.7 0.7 100 
 

−−+ 0.3 0.3 100 
 

−+− 0.3 0.7 60 
 

+++ 0.7 0.7 100 
 

−+− 0.3 0.7 60 
 

+++ 0.7 0.7 100 
 

+−− 0.7 0.3 60 
 

+−− 0.7 0.3 60 
 

−−+ 0.3 0.3 100 
 

+−− 0.7 0.3 60 
 

−−+ 0.3 0.3 100 
 

−+− 0.3 0.7 60 
 

+−− 0.7 0.3 60 
 

−+− 0.3 0.7 60 
 

−−+ 0.3 0.3 100 
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Table 3.3. Formulation and process conditions of hot-melt extrusion compositions 

 
ITZ 

HPMCAS 

LF 

PEO 

N80 
Poloxamer 407 Processing Condition 

#1 
23.3 

g 
46.7 g 21 g 9 g Leistritz Nano-16, 200 rpm, 150°C 

 

 
ITZ 

HPMCAS 

LF 

PEO 

N80 
Poloxamer 407 Processing Condition 

#2 
23.3 

g 
46.7 g 21 g 9 g HAAKE MiniLab, 150 rpm, 150°C 

 

 
ITZ-HPMCAS 

PEO 

N80 
Poloxamer 407 Processing Condition 

#3 70 g 21 g 9 g Randcastle, 20 rpm, 100°C 

 

 
ITZ 

HPMCAS 

LF 

PEO 

N80 
Poloxamer 407 Processing Condition 

#4 23.3g 46.7 g 21 g 9 g Randcastle, 20 rpm, 100°C 
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Table 3.4. Prototype tablet formulation summary 

 
No NaCl 5% NaCl 10% NaCl 

Component % Wt. % Wt. % Wt. 

Leistritz HME 

Composition 
50.0 50.0 50.0 

ProSolv SMCC 90 44.0 39.0 34.0 

NaCl - 5.0 10.0 

Croscarmellose Sodium 5.0 5.0 5.0 

Colloidal Silicon Dioxide 0.5 0.5 0.5 

Sodium Stearyl Fumarate 0.5 0.5 0.5 

Total 100.0 100.0 100.0 
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Chapter 4: Effect of Hydrophilic Additives on the Properties of 

Itraconazole-Enteric Polymer Hot-Melt Extrusion Formulations 

 

ABSTRACT 

Hot-melt extrusion technology has been used for producing amorphous solid 

dispersions of poorly water-soluble drugs in recent years. A number of studies revealed 

that enteric polymers containing ionizable groups are able to improve the physical 

stability and maintain drug supersaturation, thereby enhancing oral bioavailability. 

However, our previous studies found that itraconazole (ITZ)-enteric polymer amorphous 

solid dispersions are hydrophobic, exhibiting poor wettability. Moreover, drug release in 

an acidic environment (i.e., stomach) is very limited. Therefore, we investigated the 

effect of hydrophilic additives on the properties of ITZ-enteric polymer amorphous solid 

dispersions. Incorporation of Vitamin E TPGS into ITZ-HPMCAS amorphous solid 

dispersions significantly improved drug release in the acidic media. Surprisingly, a low 

concentration of Vitamin E TPGS also enhanced the degree of drug supersaturation in 

neutral pH media, which is unique as compared to other tested hydrophilic additives. This 

effect is not due to the solubilization of the surfactant. We further formulated the 

amorphous solid dispersions into tablet dosage forms and evaluated their performance in 

a bio-relevant dissolution media. Our optimized formulations exhibited drastically 

enhanced dissolution profiles as compared to the commercial ITZ product and the hot-

melt extrusion formulation without any hydrophilic additive. In vivo study showed that 
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the incorporation of Vitamin E TPGS induced rapid drug absorption after oral 

administration. Moreover, the elimination half-life of ITZ was prolonged because the 

enzymatic activity of Cytochrome P450 3A4 was inhibited by Vitamin E TPGS. 

 

4.1 INTRODUCTION 

Originally adapted from the plastics industry, hot-melt extrusion technology has 

gained favor the pharmaceutical formulation development, especially for delivery of drug 

substances with challenging physicochemical properties (i.e., limited water solubility). In 

general, the solubility of a drug substance is related to the melting point and partition 

coefficient [1]. Yalkowsky et al. developed an equation to express the relationship 

between solubility and several other physicochemical parameters for solid 

nonelectrolytes [2, 3]: 

  logS = 0.5 − logPo/w − 0.01(tm − 25)  (4-1) 

where S represents the concentration of the drug substance; Po/w is the partition 

coefficient; tm is the melting point. Based on the equation, high melting point and high 

partition coefficient will lead to decreased water solubility. A high melting point 

indicates a strong crystal lattice energy that hinders the dissociation of drug molecules 

from the crystals; while a high partition coefficient is related to the hydrophobicity, 

which is unfavorable for drug dissolution [4, 5].  

Salt formation is one of the conventional approaches to improve the dissolution of 

poorly water-soluble drugs [6]. This method is viable for ionizable compounds with pKa 
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values suitable for forming a salt with a counter ion. Regarding compounds without any 

ionizable groups, salt formation cannot be adopted for dissolution enhancement. 

 Amorphous solid dispersions are another approach to improve the dissolution 

profile of poorly water-soluble drugs [7]. As opposed to salt formation, this does not 

require that the drug substance is ionizable. Regarding the mechanism, amorphous 

materials do not possess crystal lattice energy; therefore, the barrier of drug molecule 

dissociation is significantly reduced. Moreover, the use of polymeric carriers helps 

improve the wettability and dissolution properties of a hydrophobic drug substance with 

high partition coefficient [8]. 

 As reviewed by Serajuddin, one of the major challenges of developing amorphous 

solid dispersion formulations is the method of manufacturing [7]. Although several 

technologies (i.e., ultra rapid freezing technology, microprecipitated bulk powder 

technology) have been reported [9, 10], hot-melt extrusion and spray drying are most 

commonly used for manufacturing amorphous solid dispersions. Hot-melt extrusion is a 

solvent-free process with high throughput; therefore, it is suitable for the large-scale 

manufacturing of amorphous solid dispersions.  

 In recent years, ionizable enteric polymers such as hypromellose acetate succinate 

(HPMCAS), hypromellose phthalate (HPMCP), and cellulose acetate phthalate (CAP) 

have been widely reported as polymer carriers for amorphous solid dispersion 

formulations [11-14]. Those ionizable polymers stabilized the amorphous state of drug 

substances, thereby enhancing the physical stability of the formulations. Moreover, the 

amphiphilic properties of ionizable polymers also helped improve the oral bioavailability 
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of poorly water-soluble drugs [12]. However, due to their pH-dependent solubility 

profile, enteric polymers are insoluble in the acidic condition (i.e., gastric fluid). 

Amorphous solid dispersions containing enteric polymers and poorly water-soluble drug 

substances are hydrophobic and typically exhibit suboptimal wetting properties. Besides 

that, the use of enteric polymers hinders drug release in the stomach, which may reduce 

the absorption window of drug substances. Therefore, it is desirable to take the advantage 

of the amphiphilic properties of ionizable enteric polymers, while improving the 

wettability of the formulation and inducing drug release in an acidic environment like the 

stomach.  This advantage will result in an improved wettability and an extended 

absorption window, favoring the oral absorption of drug substances. 

 Several studies have been reported to investigate the effect of additives on the 

hot-melt extrusion formulations. Ghebremeskel et al. used different types of surfactants 

as plasticizers in the hot-melt extrusion process [15, 16]. The authors combined 

hydrophilic surfactants with water-soluble polymers. The processability and dissolution 

rate of the formulations were improved. However, the use of ionizable polymers with pH-

dependent solubility was not reported in their studies. Perlman et al. investigated the use 

of lipophilic microphase-forming agents to improve the oral bioavailability of amorphous 

solid dispersions [17]. The low HLB value surfactants used in their studies formed 

lipophilic phases that could solubilize the poorly water-soluble drugs, thereby enhancing 

the oral bioavailability. However, the hydrophilic surfactants were not studied.  

 In the present study, we investigated the effect of hydrophilic additives on the 

properties of itraconazole (ITZ)-enteric polymer hot-melt extrusion formulations. It is 
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hypothesized that the hydrophilic additive can improve the wettability of hot-melt 

extrusion formulations and induces release of therapeutic levels of drug in the acidic 

environment followed by continued release in the small intestine. Several hydrophilic 

additives were studied, and the optimized hot-melt extrusion formulations were further 

developed into tablet formulations. The dissolution profiles of tablet formulations were 

compared with a commercial ITZ product and the formulation without hydrophilic 

additive. Lastly, in vivo studies on rats proved the effect of Vitamin E TPGS on the ITZ 

amorphous solid dispersion formulations. 

 

4.2 MATERIALS AND METHODS 

ITZ was purchased from Letco Medical (Decatur, AL). Eudragit® L100-55 was 

kindly donated by Evonik Corporation (Parsippany, NJ). Hypromellose acetate succinate 

LG (HPMCAS LG) was kindly donated by Shin-Etus Chemical (Tokyo, Japan). 

POLYOXTM WSR N80 (PEO N80) was kindly donated by Colorcon, Inc. (West Point, 

PA). Vitamin E TPGS was purchased from Antares Health Products Inc. (St. Charles, 

IL). EXPLOTAB® (sodium starch glycolate) was kindly donated by JRS Pharma LP 

(Patterson, NY). Micronized lactose monohydrate (LACTOHALE® LH 230) was 

purchased from Friesland Foods Domo (Paramus, NJ). PROSOLV® SMCC 90 (silicified 

microcrystalline cellulose) was kindly donated by JRS Pharma LP (Patterson, NY). Ac-

Di-Sol® (croscarmellose sodium) was kindly donated by FMC BioPolymer (Philadelphia, 

PA). PRUV® (sodium stearyl fumarate) was kindly donated by JRS Pharma LP 
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(Patterson, NY). Acetonitrile, 1,4-dioxane, hydrochloric acid, sodium phosphate tribasic, 

sodium phosphate monobasic monohydrate, sodium hydroxide, diethylamine (DEA), and 

dimethyl sulfoxide were purchased from Fisher Scientific (Fair Lawn, NJ). Sodium 

taurocholate was purchased from Merck KGaA (Darmstadt, Germany). Egg 

phosphatidylcholine was purchased from Lipoid GmbH (Ludwigshafen, Germany). 

Triethyl citrate (TEC) was kindly donated by VertellusTM Performance Materials, Inc. 

(Greensboro, NC). 

 

4.2.1 High performance liquid chromatography (HPLC) 

 ITZ was detected by a Dionex HPLC system (Thermo Fisher Scientific Inc., 

Waltham, MA) equipped with an Inertsil® ODS-2 column (5 μm, 4.6×150 mm). The 

composition of HPLC mobile phase was acetonitrile:water:DEA (700:300:0.5). Mobile 

phase was filtrated through a 0.2 μm filter to remove any particles and degassed under 

vacuum and sonication prior to use. The mobile phase flow rate was 1 mL/min. The 

column temperature was maintained at 25°C. The retention time of ITZ was about 5.5 

min. The detection wavelength was set to 263 nm. 

 

4.2.2 pH-solubility profile characterization 

 The pH-solubility profile of ITZ drug substance was characterized by a pH-

titration method as reported by Serajuddin and Jarowski [18]. In brief, an excess amount 
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of crystalline ITZ was dispersed in deionized water. Different volumes of concentrated 

hydrochloric acid aqueous solution (12.1N HCl:water=1:3, v/v) were used to titrate the 

pH of the ITZ slurry. Slurries were shaken at 37°C for one day prior to measuring the pH 

and ITZ solubility at that pH value. The solubility is plotted against the pH to obtain the 

pH-solubility relationship. 

 

4.2.3 pH-stability profile characterization 

 The pH-stability profile was determined by adding 10% (v/v) of DMSO into 0.1N 

HCl aqueous solution. An excess amount of crystalline ITZ was added in such solution to 

reach its solubility. The saturated ITZ solution was 1:1 diluted with the blank solution 

without drug substance. The purpose of dilution is to prevent any unwanted 

crystallization during the study that could affect the drug concentration. The diluted ITZ 

solution was filled in a 10 mL glass vial tightly sealed by a polyvinyl-faced cap to 

prevent any solvent evaporation. The vial was placed in a 60°C oven for 4 weeks. 

Aliquots were taken at day 0, week 1, week 2, week 3, and week 4. ITZ concentration in 

the aliquot was measured using the HPLC method. 

 

4.2.4 Thermogravimetric analysis (TGA) 

 TGA analysis of drug substance and excipients was conducted on a Mettler-

Toledo TGA/DSC 1 (Mettler-Toledo Inc., Columbus, OH). Samples were weighed and 
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placed in a 100 μL aluminum crucible (Mettler-Toledo Inc., Columbus, OH). Samples 

were heated from 50°C to 500°C under nitrogen gas flow. The temperature ramp-up rate 

was set to 10°C/min. The percentage of remaining weight of the sample was plotted 

against the temperature to elucidate the thermal degradation profile. 

 

4.2.5 Differential scanning calorimetry (DSC) 

 Modulated DSC equipped with a DSC refrigerated cooling system (DSC 2920, 

TA Instruments, New Castle, DE) was used to characterize the thermal behavior of the 

samples. Dry nitrogen gas (40 mL/min) was used to purge the DSC cell during the 

testing. Samples were placed in the aluminum sample pan kits (PerkinElmer Inc., 

Waltham, MA) and crimped prior to analysis. The thermal treatment program was 

adapted from a reference [19]. Samples were heated from 5°C to 215°C with a heating 

rate of 10°C/min. The modulation program was set to 0.5°C/40 s. TA Universal Analysis 

2000 software was used to process the raw data. 

 

4.2.6 Miscibility study of ITZ with polymers 

 The miscibility of ITZ with Eudragit® L100-55 and HPMCAS L was 

characterized by the DSC method. Specifically, ITZ and polymers were blended at 

different ratios. Powder blends were mixed until homogeneous. The homogeneous 

physical mixture was heated by the DSC above the melting point of crystalline ITZ in 
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order to dissolve the drug into the polymer matrix. The melted physical mixture was 

allowed to cool down to room temperature in the DSC cell. The glass transition 

temperature was measured by the second cycle of the DSC run. 

 

4.2.7 Precipitation inhibitor screening assay 

 Polymers were screened in terms of their capacities of inhibiting ITZ precipitation 

using a previously reported method [20]. In brief, first we prepared a pH 6.8 phosphate 

buffer solution. 750 mL of 0.1N HCl solution was mixed with 250 mL of 0.2M Na3PO4 

aqueous solution. The 150 mg of polymer was dissolved in 1 liter of pH 6.8 solution. One 

liter of the polymer solution was added into a vessel in VanKel VK 7000 dissolution 

system (Varian, Inc., Palo Alto, CA). Polymer solution was pre-heated to 37±0.5°C; and 

the paddle speed was set to 50 rpm. Meanwhile, crystalline ITZ was dissolved into the 

1,4-dioxane, reaching a concentration of 18.75 mg/mL. To initiate the assay, 4 mL of 

18.75 mg/mL ITZ solution was added into the dissolution vessel containing 1 liter of 

polymer solution by pipette. Aliquots of the media were taken at the following time 

points: 10 min, 20 min, 30 min, 45 min, 1 hr, 2 hr, and 4 hr. Immediately after sampling, 

the aliquots were filtered through an Acrodisc® 0.2 μm 13 mm GHP membrane filter 

(Pall Corporation, Port Washington, NY). And the concentration of ITZ in the aliquot 

was measured using HPLC method. 

 

 215 



4.2.8 X-ray powder diffraction (XRD) 

  XRD studies of samples were conducted on a Philips 1710 X-ray diffractometer 

with a copper target and a nickel filter (Philips Electronic Instruments, Inc., Mahwah, 

NJ). The voltage and current of the equipment were set to 40 KV and 40 mA, 

respectively. Prior to analysis, samples were placed on a metal cell, flattened by using a 

glass slide. The 2-theta angle, step size, and dwell time were set to 5-50°, 0.05°, and 2 s, 

respectively. In order to obtain XRD patterns, the raw data were processed using Jade 5.0 

software (Materials Data, Inc., Livermore, CA). 

 

4.2.9 Hot-melt extrusion (HME) 

 Hot-melt extrusion studies were conducted on a co-rotating twin-screw extruder 

(HAAKE MiniLab II Micro Compounder, Thermo Electron Corporation, Newington, 

NH). Polymers were plasticized by mixing with TEC. Prior to extrusion, excipients and 

ITZ were mixed in a glass mortar and pestle. The powder blends were manually fed into 

the extruder barrel. The hot-melt extruder was run without a die. The cross section of the 

melt was shaped into a 1.0×4.0 mm rectangle. The processing temperature and screw 

rotating speed were set to 160°C and 150 rpm, respectively. After extrusion, the 

extrudates were cooled to room temperature and milled by a Fitzmill (Model L1A 

Comminuting Machine, The Fitzpatrick Company, Elmhurst, IL). Knife mode of the 

blades was selected and the rotating speed was set to 9000 rpm. The size 0033 screen was 

used as the milling chamber screen. For certain formulations that are difficult to mill, 
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extrudates were chilled by liquid nitrogen prior to milling. The milled powders were 

passed through a 250 μm screen; and the particles smaller than 250 μm were collected for 

further studies. 

 

4.2.10 Dissolution testing in pH transition condition  

 Dissolution studies were conducted according to USP 29 apparatus II. A VanKel 

VK 7000 dissolution system (Varian, Inc., Palo Alto, CA) was used to perform the 

testing. The paddle speed and temperature were set to 75 rpm and 37±0.5°C, respectively. 

The 750 mL of 0.1N HCl aqueous solution was added in the dissolution vessel to pre-heat 

the media before testing. Composition containing 37.5 mg ITZ equivalent was pre-wetted 

in the 20 mL scintillation vial using dissolution media, and then added in the dissolution 

vessel. The dissolution media did not contain any surfactant. At the 2 hr time point, 250 

mL of pre-heated (37°C) basic solution (0.2M Na3PO4) was added into the dissolution 

media, adjusting the pH of the media to 6.8. Aliquots were taken at the following time 

points: 30 min, 1 hr, 2 hr, 2 hr 10 min, 2 hr 20 min, 2.5 hr, 3 hr, 4 hr, 6 hr, and 8 hr. Each 

aliquot was filtered through an Acrodisc® 0.2 μm 13 mm GHP membrane filter (Pall 

Corporation, Port Washington, NY). The concentration of ITZ in the aliquot was 

measured using HPLC method. 
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4.2.11 Dissolution testing in bio-relevant media 

 Dissolution testing was also conducted in fasted state simulated intestinal fluid 

(FaSSIF). The preparation of FaSSIF has been reported in a previous study [20]. In brief, 

15.816 g of NaH2PO4·H2O, 24.744 g of NaCl, and 1.392 g of NaOH were dissolved in 4 

liters of deionized water. The pH of the buffer solution was adjusted to 6.5 using 0.1N 

HCl or 0.1N NaOH. Then 5.775 g of sodium taurocholate was dissolved in 875 mL of the 

buffer solution. Meanwhile, the egg phosphatidylcholine was dissolved in 

dichloromethane, reaching the concentration of 100 mg/mL. The organic solution (20.65 

mL) was added into 875 mL of pH 6.5 sodium taurocholate solution, forming an 

emulsion. The dichloromethane was removed under vacuum at 40°C, leaving a 

translucent aqueous media. The pH 6.5 buffer solution (without sodium taurocholate) was 

further added to adjust the volume to 3.5 liters, obtaining the fasted state simulated 

intestinal fluid (FaSSIF). 

 

4.2.12 Prototype tablet formulation development 

 To prepare the powder blend for direct compression, the milled hot-melt extrusion 

composition was mixed with ProSolv® SMCC 90 and Ac-Di-Sol®. The mixture was 

blended until homogeneous. In the next step, PRUV was blended with the mixture for the 

purpose of lubrication. The details of the tableting formulations are listed in Table 5. 

Powder blend containing 100 mg ITZ equivalent was weighed and compressed the 

powder using a Carver press (Carver, Inc., Wabash, IN). An 11 mm concave tablet 
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tooling was used for tableting. The compression force was set to 1000 KG. Tablets were 

stored in a dry environment prior to further analysis. 

 

4.2.13 Pharmacokinetics studies 

 The pharmacokinetic studies of hot-melt extrusion formulations were conducted 

on Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) pre-

catheterized on jugular vein. The weight of animals was controlled between 300 g and 

400 g. Rats were stored in individual cages with free access to food and water. In order to 

prevent any clogging in the catheters, the catheters were flushed using 300 µL of 500 

U/mL heparin in sterile normal saline. Twelve hours prior to the dosing, food was 

removed from the cages in order to obtain the fasted condition. Animals still have access 

to water during the food restriction. Hot-melt extrusion compositions (15 mg of ITZ/kg 

body weight) were suspended in 500 µL of 2% (w/v) E grade Klucel® solution and 

delivered via oral gavage. Blood samples (300 µL) were collected from the jugular vein 

catheter at the following time points: 0, 15 min, 30 min, 45 min, 1 hr, 1 hr 30 min, 2 hr, 3 

hr, 4 hr, 6 hr, 8 hr, 12 hr, 24 hr. A 300 µL of sterile normal saline was administered 

through the jugular vein catheter to replace the volume of blood samples. A 50 µL of 500 

U/mL heparin normal saline solutions was injected into the jugular vein catheter to 

prevent any clogging. 

 The blood samples were centrifuged at 12000 rpm for 10 min in order to separate 

the plasma and the blood cells. The plasma (200 µL) was transferred to a clean 1.5 mL 
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tube. In order to precipitate plasma proteins, 50 µL of 0.3N barium hydroxide and 50 µL 

of 0.4N zinc sulfate heptahydrate were added. The mixture was vortex mixed 30 s. Then 

1 mL ketoconazole solution (0.52 µg/mL in acetonitrile) was added into the tube and 

mixed for another 1.5 min. The mixture was centrifuged at 3000 rpm for 15 min. The 

supernatant was transferred to another 1.5 mL tube. The tube was placed in a metal 

heating block (70ºC) under the stream of dry air. The sample was re-constituted using 

250 µL of mobile phase and mixed for 1 min, followed by a centrifugation at 3000 rpm 

for 15 min. A 200 µL of the supernatant was transferred into a HPLC vial with cone 

insert. 

 A Dionex HPLC system (Thermo Fisher Scientific Inc., Waltham, MA) equipped 

with a Phenomenex CAPCELL C18 UG 120 HPLC column (5 μm, 4.6 mm×250 mm) 

was used to analyze the in vivo samples. A 620 mL of acetonitrile was mixed with a 380 

mL phosphate buffer solution at pH 6.7. Mobile phase was filtrated through a 0.2 μm 

filter to remove any particles and degassed under vacuum and sonication prior to use. The 

mobile phase flow rate was 1 mL/min. The column temperature was maintained at 37°C. 

The retention time of ITZ, hydroxy-itraconazole, and ketoconazole were 12.5 min, 6.1 

min, and 5.0 min, respectively. The detection wavelength was set to 263 nm. WinNonlin 

2.1 was used to calculate the pharmacokinetic parameters in noncompartmental model. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 pH-solubility profile of ITZ 

 The pH-solubility profile of a poorly water-soluble drug substance is critical to 

the selection of dissolution enhancement techniques. Therefore, the preformulation 

studies were conducted to elucidate the solubility of ITZ at different pH values. Results 

of pH-solubility study were shown in Figure 4.1.A and Figure 4.1.B. 

Figure 4.1.A 

Figure 4.1.B 

As shown in Figure 4.1.A and Figure 4.1.B, the solubility of ITZ is low and 

highly dependent on the environmental pH value. The concentration of ITZ cannot be 

quantified when the pH value is greater than 3. When titrating ITZ aqueous slurry using 

concentrated HCl solution, solubility of ITZ increases continuously. The pHmax has not 

been reached when the pH was titrated to approximately zero. The pKa value of ITZ 

reported in the literature is 3.7 [21]. The low pKa value renders ITZ difficult to form a 

salt [22]. Moreover, potential salt forms may convert to the free base spontaneously in the 

gastric fluid where the local pH value is greater than the pHmax [22]. In a previous study, 

ITZ dihydrochloride was investigated [23]. ITZ dihydrochloride/β-cyclodextrin (1:3 w/w) 

formulation did not show a greater bioavailability as compared to the commercial 

Sporanox® capsules. Therefore, salt formation was not considered as a feasible approach 

to improve the oral bioavailability of ITZ. Instead, we pursued amorphous solid 

dispersion formulations to enhance the dissolution and absorption of ITZ. 
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4.3.2 Thermal stability of ITZ 

Hot-melt extrusion is a process reported to produce amorphous solid dispersions. 

However, the thermal stress of the hot-melt extrusion process may induce the degradation 

of drug substances and excipients. Therefore, we conducted thermogravimetric analysis 

(TGA) to elucidate the thermal degradation profiles of ITZ. Results were listed in Figure 

4.2. 

Figure 4.2 

 As shown in Figure 4.2, ITZ is stable at elevated temperature. Significant weight 

loss of ITZ was not observed when heating the drug substance up to approximate 250°C. 

Process temperatures of the current studies were maintained at about 150°C to avoid the 

degradation of ITZ. 

 

4.3.3 Chemical stability of ITZ in acidic environment 

It was reported that polymers used in delayed release dosage forms (i.e., 

HPMCAS, Eudragit® L100-55) promoted the oral bioavailability of several drug 

substances, including itraconazole, griseofulvin, nifedipine, and phenytoin [11, 12, 19]. 

However, acidic groups of polymers may potentially interact with drug substances and 

induce chemical degradation [24-26]. In order to investigate the drug-polymer 

compatibility and chemical stability of ITZ in an acidic environment, we stressed ITZ in 

acidic pH media (0.1N HCl aqueous solution with 10% DMSO) at an elevated 
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temperature (60°C). HPLC was used to measure the remaining drug substance at different 

time points. Results were shown in Figure 4.3. 

Figure 4.3 

 As shown in Figure 4.3, ITZ underwent chemical degradation in acidic 

conditions during storage. However, the degradation rate of ITZ was slow and 

approximately 80% of the drug remained unchanged after one month of storage at 

accelerated conditions. Moreover, the potencies of ITZ in compositions containing acidic 

polymers were measured and the results did not indicate a loss of drug potency. 

Therefore, based on these results, we assumed that ITZ is compatible with polymers 

containing acidic groups. 

 

4.3.4 Miscibility of ITZ with HPMCAS and Eudragit® L100-55 

It was reported that the drug-polymer miscibility is critical to the physical stability 

of amorphous solid dispersion formulations [27]. In order to understand the miscibility of 

ITZ with different types of polymers, DSC was adapted to for this study. Results were 

shown in Figure 4.4.A and Figure 4.4.B. 

Figure 4.4.A 

Figure 4.4.B 

 Based on the results in Figure 4.4.A and Figure 4.4.B, a single glass transition 

temperature was observed for all mixtures. Therefore, it was concluded that the drug and 
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HPMCAS/Eudragit® L100-55 were miscible when the drug loading was within the range 

of about 20% to 50%.  

The glass transition temperature of a binary mixture system is described by the 

Gordon-Taylor equation [28]: 

 Tg = w1Tg1+Kw2Tg2
w1+Kw2

  (4-2) 

where Tg, Tg1, and Tg2 are the glass transition temperature of the polymer blend and the 

two different components, respectively; w represents the weight fraction; and the value of 

K is calculated from the following equation: 

 K = ρ1Δα1
ρ2Δα2

  (4-3) 

where ρ indicates the true density of the component and Δα represents the change of 

thermal expansivity. Since the thermal expansivity is difficult to measure, an 

approximation is given by the Simha-Boyer rule, where the thermal expansivity is 

substituted for by the glass transition temperature [29]: 

 K ≈ ρ1Tg1
ρ2Tg2

  (4-4) 

Based on the equations mentioned above, the predicted glass transition 

temperatures of ITZ-HPMCAS and ITZ-Eudragit® L100-55 systems were calculated. The 

predicted and measured values of Tg were plotted and compared, and shown in Figures 

4.5.A and 4.5.B.  

Figure 4.5.A 

Figure 4.5.B 
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It was observed that the experimental glass transition temperatures were lower 

than the predicted values in all the four different drug loadings and two different types of 

polymers. In a previous study, a similar negative deviation of ITZ amorphous solid 

dispersions was also documented [30]. The significant deviation of glass transition 

temperature cannot be attributed to the plasticizing effect of residual water content 

because the powder blend was heated above the boiling point of water in the first DSC 

run cycle and any moisture in the powder blend would have removed. The prediction of 

glass transition temperature using the Gordon-Taylor equation assumes ideal mixing of 

the two components. The significant deviation of glass transition temperatures may 

indicate that the ITZ-polymer phase exhibited a larger free volume as compared with the 

ideal mixture [30]. 

 

4.3.5 Precipitation inhibition effects of HPMCAS and Eudragit® L100-55 

Amorphous formulations induce drug supersaturation in an aqueous environment; 

however, supersaturated drug solution is thermodynamically unstable and prone to re-

crystallization. Polymeric carriers can inhibit drug re-crystallization in order to prolong 

the period of drug supersaturation. A number of polymeric carriers have been studied and 

reported in the literature. Water-soluble polymers such as polyethylene glycol (PEG), 

hypromellose (HPMC), povidone, copovidone, and Soluplus® were investigated as 

hydrophilic carriers to improve the dissolution properties of poorly water-soluble drug 

substances [31-35]. In recent years, pH-dependent polymers have been extensively 
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studied as polymeric carriers to improve the oral absorption of poorly water-soluble drug 

substances [11-13, 19, 36]. Depending on the physicochemical properties, polymers may 

help stabilize drug supersaturation by several mechanisms [37]. DiNunzio et al. attributed 

the supersaturation stabilization effect of cellulose acetate phthalate (CAP) to the 

viscosity of the polymer solution and the steric hindering effect of the cellulosic 

backbone [13]. Abu-Diak et al. studied hot-melt extruded solid dispersions of celecoxib 

with Eudragit® 4155F [38]. The significant solubility enhancement effect of Eudragit® 

4155F on the celecoxib drug substance was attributed to interactions between the 

polymer and the drug substance [38]. Besides the actual supersaturation of drug 

substances, utilizing polymeric carriers may induce apparent supersaturation by forming 

drug-polymer nano-agglomerates [11, 35]. In the case of enteric polymers, both 

hydrophobic domains and hydrophilic domains are present. The hydrophobic domains 

may interact with hydrophobic drug substances, forming nano-agglomerates; while the 

partially ionized hydrophilic domains may provide repulsive forces in order to minimize 

the formation of large agglomerates [11, 34]. Moreover, regarding drug substances that 

are primarily absorbed in the small intestine, targeted small intestinal delivery using 

enteric polymers may favor drug absorption as demonstrated by Miller et al. [19].  

After considering these points, we decided to utilize enteric polymers in our 

study. In order to achieve an assessment of the precipitation inhibition effect of different 

polymers, an in vitro precipitation inhibitor screening assay was conducted as previously 

reported [20]. We compared two different polymers, hypromellose acetate succinate 

(HPMCAS, L grade) and Eudragit® L100-55 in this assay. The L grade of HPMCAS was 
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selected because a previous study showed that the L grade formulation of ITZ amorphous 

solid dispersions provided the greatest degree of drug supersaturation as compared to the 

M and H grades counterparts [20]. The L, M. and H grades of HPMCAS dissolves when 

the pH of aqueous media is above 5.5, 6.0, and 6.8, respectively. This is due to the 

different substitution ratio of acetyl groups and succinoyl groups. Similar to HPMCAS L, 

Eudragit® L100-55 dissolves when the pH of an aqueous media reaches 5.5. Therefore, 

those two polymers were selected for comparison. In brief, 150 mg of polymer was 

dissolved in a pH 6.8 aqueous buffer. 1,4-dioxane solution containing 75 mg of ITZ was 

added in the polymer solution; and the aqueous concentrations of ITZ at different time 

points were characterized at 37ºC. The data was plotted and are shown in Figure 4.6. 

Figure 4.6 

The aqueous system containing 150 mg of HPMCAS L showed a high degree of 

ITZ supersaturation. Drug concentration in the media was greater than 15 μg/mL at 10 

minutes, which was significantly above the drug solubility in neutral pH media reported 

in the literature (~1 ng/mL) [39]. The concentration of ITZ decreased to about 2 μg/mL at 

1 hour, indicating precipitation of supersaturated drug substance. Compared to HPMCAS 

L, Eudragit® L100-55 was less effective in terms of stabilizing ITZ supersaturation in 

neutral pH media. Ten minutes after adding the 1,4-dioxane solution, the ITZ 

concentration in the Eudragit® L100-55 polymer solution was about 6 μg/mL, much 

lower than that of HPMCAS L polymer solution. Supersaturated ITZ precipitated rapidly; 

the drug concentration at 1 hour was nearly zero. In order to quantify the supersaturation 
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stabilization capacity, we calculated the area under the dissolution curve (AUDC). 

Results were shown in Table 4.1. 

Table 4.1 

As shown in Table 4.1, the AUDC of HPMCAS L was significantly higher than 

the AUDC of Eudragit® L100-55, indicating the superiority of HPMCAS L in terms of 

stabilizing ITZ supersaturation. In order to further confirm this conclusion, we conducted 

a hot-melt extrusion study to investigate the performance of hot-melt extrusion 

formulations. 

 

4.3.6 Hot-melt extrusion formulations without hydrophilic additives 

We investigated the effect of different types of polymeric carriers and drug 

loadings on the physicochemical and dissolution properties of hot-melt extrusion 

formulations. Compositions are summarized in Table 4.2. 

Table 4.2 

In brief, polymers were pre-plasticized with 10% polymer weight of triethyl 

citrate (TEC) to facilitate the hot-melt extrusion processing; two drug-to-polymer ratios 

(i.e., 1:2 and 1:4) were compared. All of the compositions were processed through the 

twin-screw extruder described above; and the extrudates were milled through a Fitzmill 

prior to analysis. 

As previously reported, polymer selection affects the morphology and the 

physical stability of amorphous solid dispersions [40]. HPMCAS L and Eudragit® L100-
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55 were compared based on their capacities of forming and stabilizing the ITZ 

amorphous solid dispersion systems. The morphology of the hot-melt extrusion 

compositions was characterized using XRD and DSC. Results of samples tested 

immediately following preparation and on stability were shown in Figures 4.7 and Figure 

4.8. 

Figure 4.7 

Figure 4.8 

The results indicate that each hot-melt extrusion composition is amorphous before 

and after accelerated stability testing, demonstrating excellent physical stability of 

HPMCAS L and Eudragit® L100-55-based formulations. Polymer selection and drug 

loading did not have a significant effect on the physical stability of ITZ amorphous solid 

dispersions. To further study the drug release properties of the hot-melt extrusion 

formulations, dissolution testing in pH-transition conditions was conducted. Results were 

shown in Figure 4.9. 

Figure 4.9 

The results of Figure 4.9 demonstrate the utility of enteric polymers to retard drug 

release in acidic media. The dissolution of ITZ was induced when the pH of the media 

was shifted to 6.8. We observed drug supersaturation in all the hot-melt extrusion 

formulations. For the HPMCAS L-based formulations (drug-to-polymer ratios: 1:4 and 

1:2), the maximum drug concentrations were about 16 μg/mL and 12 μg/mL, 

respectively. The Eudragit® L100-55-based formulations exhibited a lower degree of 

drug supersaturation as compared to the HPMCAS L-based formulations. The peak 
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concentrations of the two Eudragit® L100-55-based formulations were about 9 μg/mL, 

respectively. These results confirm that the HPMCAS L polymer is superior to the 

Eudragit® L100-55 polymer in terms of stabilizing drug supersaturation. Dissolution 

results agreed well with the results obtained from precipitation inhibitor screening assay. 

 ITZ supersaturation cannot be solely attributed to hydrogen bonding in the 

dissolution media. Eudragit® L100-55 contains 46%-50% of methacrylic acid substitution 

[41]; while HPMCAS L only contains 5%-9% of acetyl content and 14%-18% of 

succinoyl content according to the specifications of Shin-Etsu’s AQOAT. In other words, 

Eudragit® L100-55 polymer has significantly greater number of acidic groups as 

compared to HPMCAS L. However, HPMCAS L-based formulations showed greater 

drug supersaturation compared to their Eudragit® L100-55 counterparts. Results indicated 

that other factors besides the hydrogen bonding also contributed to drug supersaturation. 

 It was reported that the viscosity of polymer solutions affects the degree of ITZ 

supersaturation in neutral pH media [13, 41]. ITZ crystal growth requires the diffusion of 

dissolved drug molecules to the surface of crystal seeds. The diffusion coefficient of 

molecules in a dissolution media is expressed by the Stokes-Einstein equation [42]: 

 D = kBT
6πηr

  (4-5) 

where kB is Boltzmann’s constant; T is the temperature; η is the viscosity of the media; r 

is the radius of the particle. 

 The Stokes-Einstein equation provides a relationship between the diffusion 

constant and the media viscosity. Keeping other variables constant, increasing the 
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solution viscosity leads to a reduced diffusion constant. Eudragit® L100-55 polymer has a 

much higher molecular weight (i.e., 250000) as compared to HPMCAS (i.e., 55000-

93000) [43]; therefore, the Eudragit® L100-55 solution tends to been more viscous in the 

neutral pH media as compared to that of HPMCAS L. However, we observed that the 

supersaturated ITZ solution was more prone to precipitation in the Eudragit® L100-55 

rather than the HPMCAS L system. The results suggest that the rheological properties of 

polymers are not the cause of different drug supersaturation levels in the present study. 

 Besides hydrogen bonding and solution viscosity, the chemical structure of 

polymeric carriers may also affect the dissolution and supersaturation profiles of drug 

substances [37]. Polymers with different chemical structures have been evaluated with 

regards to their capacity for maintaining drug supersaturation. Cellulosic polymers 

demonstrated superior supersaturation stabilization capacity in several cases [12, 13, 41, 

44, 45]. This may have been because of steric hindering effect of the cellulosic backbone, 

which protects dissolved ITZ molecules from precipitation [13]. Due to the superior 

precipitation inhibition effect, HPMCAS L was selected as the polymeric carrier for hot-

melt extrusion.  

 Drug-to-polymer ratio is critical to the development of amorphous solid 

dispersions. Drug loading may affect the miscibility of the system [27, 46]. For a 

miscible system, the drug and polymer can be dispersed at the molecular level, thereby 

inhibiting potential re-crystallization and favoring physical stability during storage [27]. 

In contrast to a miscible system, an immiscible system may cause phase separation and 

consequentially drug re-crystallization. As shown in Figures 8 and 9, our formulations 
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did not show any signs of physical instability. Therefore, stability concerns will not affect 

the selection of drug-to-polymer ratio. 

 Besides stability of the formulation, drug loading also influences the drug release 

properties. As discussed by Craig, the dissolution of a solid dispersion can be controlled 

either by properties of the drug substance or by properties of the polymeric carrier [8]. A 

solid dispersion with high drug loading tends to exhibit drug controlled dissolution; while 

a solid dispersion with low drug loading tends to exhibit polymer controlled dissolution 

[8]. Similar results were also observed in our studies. Formulations containing a higher 

amount of polymers showed greater drug supersaturation in the neutral pH media after 

acidic-to-neutral pH transition.  

 Although the HPMCAS-based formulation with a drug-to-polymer ratio of 1:4 

exhibited the highest degree of ITZ supersaturation, we did not choose this drug loading 

for further studies. This is primarily because of considerations of dosage form 

development. Commercially available Sporanox® capsules contains 100 mg of ITZ drug 

substance in each dosage unit. In order to incorporate the same amount of drug into an 

amorphous solid dispersion in which the drug-to-polymer ratio is 1:4, the total weight of 

the solid dispersion required would be 540 mg. This amount will be further increased 

after adding processing excipients; and it is challenging to develop a tablet formulation 

with an appropriate tablet weight to satisfy patient compliance (e.g., tablet size to 

facilitate swallowing). As a result, we selected the ITZ-HPMCAS L (1:2) formulation for 

further development. 
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4.3.7 Effect of hydrophilic additives on the properties of hot-melt extruded ITZ 

compositions 

Hot-melt extruded ITZ amorphous solid dispersions exhibited a high degree of 

supersaturation in the neutral pH media; however, drug release in acidic environment was 

limited due to the pH-dependent solubility of enteric polymers. Therefore, we 

investigated the use of hydrophilic additives for promoting drug release in acidic media. 

PEO N80, Vitamin E TPGS, sodium starch glycolate, and micronized lactose 

monohydrate were evaluated in the study. The compositions of the hot-melt extrusion 

formulations containing hydrophilic additives were listed in Table 4.3. 

Table 4.3 

PEO N80, Vitamin E TPGS, and sodium starch glycolate are hydrophilic 

polymeric materials. Previous studies in our group demonstrated that PEO N80 is able to 

induce drug release in an acidic environment from an enteric polymer matrix (data not 

shown).  

Vitamin E TPGS contains d-α-tocopheryl succinate conjugated with PEG 1000. It 

is soluble in water; therefore, we predict that the incorporation of Vitamin E TPGS in the 

ITZ-HPMCAS formulation can induce drug release in the acidic environment where 

HPMCAS is insoluble. The presence of hydrophilic and lipophilic domains leads to the 

surface active nature of Vitamin E TPGS. The reported HLB value is about 13.2 [47]. A 

number of studies revealed that Vitamin E TPGS is capable of enhancing the 

bioavailability of some poorly water-soluble drugs. The bioavailability enhancement 

effect is partially attributed to the solubilization effect of the surfactant [47]. Moreover, 
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Vitamin E TPGS also acts as a p-glycoprotein inhibitor [48]. Utilizing Vitamin E TPGS 

in the formulation may reduce the efflux of some drug substances by inhibiting the p-

glycoprotein, thereby enhancing the blood concentration of the drug.  

Sodium starch glycolate is a water-swellable polymer widely used as a 

superdisintegrant of tablet formulation. Follonier et al. studied the effect of sodium starch 

glycolate (Explotab) on the release of diltiazem hydrochloride from an ethylene-vinyl 

acetate (EVAc) controlled release matrix [49]. The dissolution rate of the drug substance 

was improved and approximately 100% of drug release was obtained [49]. In our current 

study, we investigated the potential for sodium starch glycolate to induce the release of 

ITZ in the acidic environment. 

Water-soluble sugars have been investigated as release modulators in matrix 

tablet formulations. Dvorackova et al. studied the influence of sucrose on the release of 

diclofenac sodium from matrix tablets [50]. Results showed that diclofenac sodium 

exhibited significantly faster and more uniform dissolution rates when the sucrose with 

reduced particle size was added in the tablet formulation [50]. We investigated 

micronized lactose monohydrate in terms of its capacity to induce drug release in the 

acidic environment. 

Regarding the production of ITZ hot-melt extrusion formulations containing 

hydrophilic additives, firstly the HPMCAS L polymer was plasticized by 10% polymer 

weight of TEC and blended with hydrophilic additives (20% polymer weight) and ITZ 

(50% polymer weight). Powder blends were processed through a twin-screw extruder at 

160°C, 150 rpm. Extrudates of PEO N80, Vitamin E TPGS-based formulations were 
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transparent, indicating the formation of amorphous solid solutions. However, 

formulations containing sodium starch glycolate and micronized lactose monohydrate 

yielded opaque extrudates. Sodium starch glycolate is a cross-linked polymer. The cross-

linking may cause the immiscibility between sodium starch glycolate and other polymers, 

thereby forming an opaque extrudate. Regarding the formulation containing micronized 

lactose monohydrate, the melting point of lactose monohydrate is above 200°C, which is 

significantly higher than the hot-melt extrusion processing temperature; hence the 

micronized lactose monohydrate particles may remain in their crystalline state. This 

conclusion is supported by the XRD patterns of the formulations containing hydrophilic 

additives shown in Figure 4.10. 

Figure 4.10 

 The drug release profiles of formulations containing hydrophilic additives were 

evaluated in the pH transition dissolution testing. Results were shown in Figure 4.11. 

Figure 4.11 

 It was observed that all but sodium starch glycolate formulation exhibited 

improved drug release in the acidic environment as compared to formulation which did 

not contain any hydrophilic additive. PEO N80, Vitamin E TPGS, and lactose 

monohydrate are all water-soluble. The increased drug release rate may be attributed to 

the water-soluble additives. The dissolution of those water-soluble additives may leave 

porous structures in the milled extrudates, thereby increasing the surface area and 

diffusion of drug from the remaining substrate. As previously reported by Overhoff et al., 

dissolution of ITZ-enteric polymer amorphous solid dispersions in an acidic media were 
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diffusion-controlled, agreeing well with the Higuchi equation [51]. Therefore, increased 

diffusional surface area and reduced diffusional distance of the drug substance will 

promote drug release rate as observed in Figure 10. In contrast to the three water-soluble 

additives, sodium starch glycolate is not water-soluble but water-swellable, thereby 

unable to form porous structures; but exhibited minimal effect on the drug dissolution 

rate in the acidic environment. 

 We also compared the dissolution properties of the hydrophilic additive 

formulations in the neutral pH environment. Neither the PEO N80-based formulation nor 

the micronized lactose monohydrate-based formulation exhibited improved dissolution 

properties in the neutral pH media as compared with the formulation without hydrophilic 

additive. In fact, the PEO N80 may have a detrimental effect on the neutral pH 

dissolution, exhibited here as accelerated drug precipitation. The nucleation profile of a 

supersaturated drug solution is expressed as the following equation [52]: 

 J = Aexp(− 16πν2γ3

3k3T3(lnS)2
)  (4-6) 

where J is the nucleation rate; A is the pre-exponential factor; ν represents the solute’s 

molecular volume; γ represents the interfacial free energy; k is the Boltzmann constant; T 

is the temperature in Kelvin; and S is the degree of supersaturation. 

Based on the equation, the detrimental effect of PEO N80 may be partially 

attributed to the increased ITZ concentration in the solution, which leads to a higher 

degree of drug supersaturation. The highly supersaturated solution is very unstable 

thermodynamically and thus prone to nucleation and precipitation. Besides, a change in 
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surface tension may also contribute to the accelerated precipitation. Interfacial free 

energy needs to be overcome prior to the nucleation of solute molecules in the solution. 

Therefore, a high interfacial free energy will hinder drug nucleation [53]. As reported by 

Cao et al., PEO reduced the surface tension of water [54]. The formulation containing 

PEO N80 may reduce the surface tension of the dissolution media thereby facilitating 

nucleation and drug precipitation. 

The Vitamin E TPGS-based formulation exhibited unique dissolution properties 

among all the four formulations containing hydrophilic additives. Similar to the PEO 

N80-based formulation, the Vitamin E TPGS-based formulation exhibited an enhanced 

drug release rate in the acidic environment. Moreover, it showed a higher degree of drug 

supersaturation in neutral pH media after the pH transition although Vitamin E TPGS is 

also surface active and capable of reducing the surface tension. It is plausible that the 

enhanced drug supersaturation in the neutral pH media is caused by the solubilization 

effect of Vitamin E TPGS. In order to test this hypothesis, HPMCAS L and Vitamin E 

TPGS were dissolved in the dissolution media to an identical polymer concentration as 

the dissolution testing of the formulation. An excess amount of crystalline ITZ above the 

solubility limit was added to the polymer solution and shaken at 37°C. Aliquots were 

taken at different time points for up to one week. The results indicated that dissolved ITZ 

in the media was below the detection limit (data not shown). Therefore, the high degree 

of ITZ supersaturation induced by the Vitamin E TPGS-based formulation cannot be 

explained by a solubilization effect of Vitamin E TPGS. 
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Different from a solubilization effect, polymers and surfactants may inhibit the 

growth of drug crystals by adsorbing on to the surface of the crystals [55]. Zhu et al. 

studied the effect of HPMC and several other surfactants on the growth of fenofibrate 

crystals. The authors reported that the combination of HPMC and a surfactant (sodium 

dodecyl sulfate, SDS) provided the greatest inhibition effect on the crystal growth. A 

synergistic effect was reported when comparing HPMC-SDS combination with HPMC or 

SDS alone. Interactions between HPMC and SDS have also been reported in several 

papers [56, 57]. A different explanation is plausible and explained as follows.  The 

hydrophobic domains of Vitamin E TPGS and HPMCAS may potentially exhibit 

hydrophobic interactions, thereby facilitating the adsorption of polymer-surfactant on the 

surface of nucleating ITZ crystals and thereby inhibiting their growth. In summary, due 

to its superior dissolution properties in acidic and neutral conditions, Vitamin E TPGS 

was considered to be the desired hydrophilic additive and will be further evaluated in the 

following studies. 

 

4.3.8 Effect of levels of Vitamin E TPGS on the properties of hot-melt extruded ITZ 

compositions 

 In the previous section, we evaluated different types of hydrophilic additives at 

the same level (20% polymer weight). In order to elucidate the influence of Vitamin E 

TPGS level on the properties of ITZ hot-melt extrusion formulations, we selected four 

different levels of Vitamin E TPGS and tested the properties of the extrudates. We 
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hypothesize that the level of Vitamin E TPGS will affect the wettability and dissolution 

properties of hot-melt extrusion formulations. The details of formulation design were 

shown in Table 4.4. 

Table 4.4 

 In brief, four formulations were prepared with the levels of Vitamin E TPGS 

equal to 10%, 20%, 30%, and 40% of polymer weight, respectively. Powder blends were 

extruded through the twin-screw extruder at 160°C, 150 rpm. All extrudates were 

transparent after leaving the die of the extruder, indicating the formation of an amorphous 

solid solution. We studied the dissolution properties of milled hot-melt extrusion 

formulations. Results were shown in Figure 4.12.  

Figure 4.12 

 Vitamin E TPGS level has significant influence on the dissolution of ITZ in acidic 

media. Drug release rate greatly increased when the TPGS level was increased from 10% 

to 40%. Formulations containing higher levels of Vitamin E TPGS appear to leave more 

porous structures after contacting the acidic media, thereby exhibiting higher dissolution 

rates. However, increased level over 20% polymer weight of Vitamin E TPGS did not 

further prevent the drug precipitation in neutral pH media as compared to formulations 

with lower levels of Vitamin E TPGS. In order to obtain a thorough understanding of the 

effect of TPGS levels on the hot-melt extrusion formulations, we developed prototype 

tablet formulations containing milled extrudates with different levels of Vitamin E TPGS 

and evaluated the performance of the final dosage form. 

   

 239 



4.3.9 Evaluation of the performance of prototype tablet formulations 

 Prototype tablet formulations were developed is shown in Table 5. All 

formulations completely disintegrated in 0.1N HCl solution within 5 min. Therefore, 

disintegration will not affect the drug release from the formulations; and the dissolution 

profiles represented the true dissolution properties of those hot-melt extrusion 

formulations instead of disintegration properties. The dissolution performance of tablet 

formulations tested using the pH-transition conditions was shown in Figure 4.13. 

Figure 4.13 

Incorporation of Vitamin E TPGS increased the drug release rate in the acidic 

environment. The effect was dependent on the level of Vitamin E TPGS in the hot-melt 

extrusion formulation. As shown in Figure 4.13, a small amount of TPGS (10% of 

polymer weight) slightly increased the dissolution rate in the acidic phase. When 

increasing the percent of TPGS to 20% and 30%, the dissolution rate was significantly 

increased. The formulation containing 40% TPGS exhibited similar dissolution to the 

30% TPGS formulation. This may be due to the supersaturation limit of ITZ in the acidic 

media, which was determined to be approximately 8-times the ITZ solubility. In the 

formulation containing 30% polymer weight of Vitamin E TPGS, the ITZ supersaturation 

limit has been reached. Therefore, an excess amount of hydrophilic additive was not able 

to promote drug release of ITZ to a greater degree. 

A different trend was observed in the neutral pH media regarding the dissolution 

performance of different tablet formulations. Tablets containing high levels (30% and 

40%) of Vitamin E TPGS showed rapid drug precipitation in the neutral pH media after 
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pH-transition. Incorporating a low level (10%) of Vitamin E TPGS increased the 

maximum drug concentration in the neutral pH media while maintaining an extended 

period of drug supersaturation. The rapid precipitation of ITZ may be caused by the high 

degree of drug supersaturation in the acidic media. The nucleation rate of supersaturated 

solution was discussed above and given by Equation 6 [52]. Based on the equation, it is 

clear that a highly supersaturated solution is prone to nucleation and consequentially 

precipitation. The tablet formulations containing 30% and 40% polymer weight of 

Vitamin E TPGS may induce too high a degree of supersaturation in the acidic media that 

cannot be maintained after pH-transition. Moreover, the interfacial free energy also 

affects the nucleation rate according to the equation. An increased amount of surfactant 

such as Vitamin E TPGS in the formulation will reduce the interfacial energy of the 

dissolution media, thereby further facilitating the nucleation of ITZ. In summary, the 

level of Vitamin E TPGS is not simply in a linear relationship with the performance of 

the formulation.  

In order to further characterize the dissolution performance of the tablet 

formulations, we adopted the fasted state simulated intestinal fluid (FaSSIF) to mimic the 

physiological conditions in the small intestine. Three tablet formulations were compared 

to the commercial product as the control group. The dissolution profiles are shown in 

Figure 4.14. 

Figure 4.14 

 The dissolution profiles clearly reveal the superiority of tablet formulations 

containing Vitamin E TPGS as compared with the commercial product and the 
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formulation without TPGS. The commercial product released a very limited amount of 

drug during the entire dissolution testing in the FaSSIF media. This result indicates that 

the dissolution of ITZ from the commercial product requires an acidic environment, and 

the drug release is suboptimal in a high pH media. Tablets containing ITZ-HPMCAS 

formulation without Vitamin E TPGS showed significantly improved dissolution profile 

compared to the commercial product. The drug supersaturation was maintained for at 

least 6 hours. Incorporation of Vitamin E TPGS in the formulations further enhanced the 

dissolution. The maximum drug concentration of Vitamin E TPGS formulations in 

FaSSIF media was twice as high as the formulation without Vitamin E TPGS. Moreover, 

the AUDCs of the Vitamin E TPGS formulations were significantly greater than the 

formulation without TPGS. In summary, 10% and 20% polymer weight of Vitamin E 

TPGS improved the dissolution profiles of the formulations both in the pH-transition 

conditions and in the bio-relevant media (FaSSIF). The superior dissolution properties 

should lead to an improved in vivo oral absorption of the drug, which will be tested in the 

future. 

 

4.3.10 Pharmacokinetic studies 

 The in vivo performance of ITZ hot-melt extrusion formulation containing 10% 

polymer weight of Vitamin E TPGS was compared with the control formulation without 

TPGS. The plasma levels of ITZ and hydroxy-ITZ were shown in Figure 4.15.A and 
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Figure 4.15.B. The pharmacokinetic parameters of ITZ and hydroxy-itraconazole were 

calculated using WinNonlin 2.1. Results were shown in Table 4.6.A and Table 4.6.B. 

Figure 4.15.A 

Figure 4.15.B 

Table 4.6.A 

Table 4.6.B 

 Based on the results of in vivo studies, Vitamin E TPGS affected the oral 

absorption of ITZ in rats. As shown in Figure 4.15.A, incorporation of Vitamin E TPGS 

increased the oral absorption rate of ITZ in the first 2 hours. As shown in Table 4.6.A, the 

Tmax of Vitamin E TPGS formulation is smaller than that of the control formulation 

without Vitamin E TPGS. Regarding the mechanisms, according to Figure 4.12, 

incorporation of Vitamin E TPGS induced ITZ release in the acidic condition. Therefore, 

in the physiological condition, part of the drug substance in the formulation can be 

released in the stomach which contains acidic fluid. The dissolution of ITZ in the 

stomach induced a rapid absorption of the drug. In the control formulation without 

Vitamin E TPGS, drug release was mainly restricted in the neutral pH environment which 

represents the small intestine. Therefore, a lag time of ITZ absorption was observed 

which represents the time needed for gastric emptying and drug dissolution in the small 

intestine.  

The incorporation of Vitamin E TPGS also affected the elimination of ITZ in 

vivo. Pharmacokinetic analysis showed that the elimination half-life of ITZ was increased 

in the group containing Vitamin E TPGS. This effect may be due to the influence of 
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Vitamin E TPGS on the enzymatic activity in vivo. ITZ is mainly metabolized by 

Cytochrome P450 3A4 (CYP 3A4), forming the metabolite, hydroxy-itraconazole [58, 

59]. The enzymatic activity of CYP 3A4 can be inhibited by Vitamin E TPGS [42, 60]. 

The inhibition of CYP 3A4 reduced the metabolism of ITZ, thereby increasing the 

elimination half-life of the drug. The enzyme inhibition effect can also be used to explain 

the results of hydroxy-itraconazole levels in the plasma. As shown in Figure 15.B, the 

plasma concentration of hydroxy-itraconazole was reduced when the Vitamin E TPGS 

was incorporated into the formulation. The low level of ITZ metabolite may be due to the 

reduced enzymatic activity of CYP 3A4. The transformation pathway from ITZ to 

hydroxy-itraconazole was blocked by inhibiting CYP 3A4, the key enzyme of the 

biotransformation. 

 The AUCINF was used to evaluate the oral absorption level of ITZ. Results 

showed that the incorporation of Vitamin E TPGS increased the value of AUCINF of ITZ 

in vivo. This effect may be partially attributed to the enhanced drug supersaturation as 

shown in Figure 14. The high concentration of ITZ in the GI fluid enhanced the oral 

absorption of the drug. Besides, the reduced elimination rate of ITZ may also contribute 

to the increased AUCINF. Because the enzymatic activity of CYP 3A4 could be inhibited 

by Vitamin E TPGS [42, 60], ITZ was circulated in the blood for a greater period without 

being metabolized by the enzyme. The prolonged circulation time of the drug increased 

the AUCINF. 
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  Besides the control formulation without Vitamin E TPGS, the current Vitamin E 

TPGS formulation has also been compared with prior art in terms of their 

pharmacokinetic properties [13, 19, 61].  Results were shown in Table 7. 

Table 7 

 According to Table 7, the TPGS formulation showed some unique properties as 

compared with other formulations reported in the literatures. First of all, the Tmax of 

TPGS formulation was shorter than all the other formulations. This may be partially due 

to the release of ITZ from TPGS-based formulation in the acidic condition which 

represents the stomach of the rat. Dissolved ITZ was rapidly absorbed in the small 

intestine, thereby leading to a reduced Tmax value. As shown in Table 7, the Tmax of TPGS 

formulation was shorter than the commercial product which is an immediate release 

formulation. This may be caused by the precipitation of dissolved ITZ in the small 

intestine. According to Equation 4-6, the nucleation rate of supersaturated solution is 

related to the degree of drug supersaturation. For an immediate release formulation, a 

higher amount of drug can be released into the acidic fluid, causing a greater level of 

drug supersaturation in the small intestine as compared with Vitamin E TPGS 

formulation. The highly supersaturated ITZ solution may undergo a more rapid 

precipitation and thereby exhibiting reduced absorption rate. Secondly, the elimination 

half-life (t1/2) of Vitamin E TPGS formulation was also different from several other 

formulations reported in the literatures. Compared to other formulation, the current 

Vitamin E TPGS formulation contained the excipient which was able to inhibit the 

enzymatic activity of CYP 3A4, the key enzyme of ITZ metabolism [42]. The CYP 3A4 
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inhibition effect of Vitamin E TPGS prolonged the half-life of ITZ and reduced the 

elimination rate of the drug. Lastly, the AUCs of different formulations were compared. 

Due to the short elimination half-life, the AUC(0-24) was reported in several other 

literatures instead of AUCINF [13, 19, 61]. Regarding the Vitamin E TPGS formulation, 

the elimination half-life of ITZ was longer than other formulations, closing to the last 

blood sampling point of the in vivo study; therefore, the AUCINF was calculated to 

represent the level of drug exposure. As compared with the values of AUC(0-24) of 

cellulose acetate phthalate-based formulation, Sporanox capsules, and crystalline ITZ, the 

value of AUCINF of Vitamin E TPGS formulation was much greater, indicating an 

improved bioavailability of the drug. The AUC(0-24) of Carbopol® 974 formulation was 

similar to the AUCINF of Vitamin E TPGS formulation. However, a 30 mg ITZ/kg body 

weight was dosed to the rats in the Carbopol® 974 formulation, which was twice as much 

as that of the Vitamin E TPGS formulation (15 mg ITZ/kg body weight). Therefore, even 

though the AUC values of the two formulations are similar, the Vitamin E TPGS 

formulation still exhibits superior bioavailability since the same level of drug exposure 

can be obtained by delivering less amount of the drug. 

 

4.4 CONCLUSIONS 

 In our study, we demonstrated the utility of hydrophilic additives on enhancing 

the dissolution profiles of ITZ-enteric polymer amorphous solid dispersion formulations. 

Vitamin E TPGS improved the drug release and the degree of supersaturation both in the 
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acidic and neutral environments, revealing the feasibility of using TPGS to modulate the 

dissolution profiles of hot-melt extrusion formulations. The combination of HPMCAS 

and Vitamin E TPGS drastically promoted the degree of ITZ supersaturation as compared 

with the commercial product and the formulation without Vitamin E TPGS. Animal 

studies in rats proved that the incorporation of Vitamin E TPGS induced a rapid oral 

absorption as compared with the formulation without TPGS. Moreover, Vitamin E TPGS 

inhibited the enzymatic activity of CYP 3A4, thereby reducing the metabolic rate of the 

drug. As a result, the elimination half-life of ITZ from Vitamin E TPGS formulation was 

greater than that of the formulation without Vitamin E TPGS.  
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4.6 FIGURES 

Figure 4.1.A. pH-solubility profile of ITZ 
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Figure 4.1.B pH-solubility profile of ITZ 
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Figure 4.2. Thermal stability of ITZ 
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Figure 4.3. Chemical stability of ITZ in acidic solution 
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Figure 4.4.A. Miscibility between ITZ and HPMCAS L 
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Figure 4.4.B. Miscibility between ITZ and Eudragit® L100-55 
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Figure 4.5.A. Simulation of the glass transition temperature of ITZ-HPMCAS system 

based on Gordon-Taylor equation 
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Figure 4.5.B. Simulation of the glass transition temperature of ITZ-Eudragit® L100-55 

system based on Gordon-Taylor equation 
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Figure 4.6. Effects of enteric polymers on ITZ precipitation 
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Figure 4.7.A. XRD results of fresh hot-melt extrusion compositions without hydrophilic 

additives 
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Figure 4.7.B. XRD results of hot-melt extrusion compositions without hydrophilic 

additives after one month’s storage at 40°C, 75% relative humidity (RH) 
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Figure 4.8.A. DSC results of fresh hot-melt extrusion compositions without hydrophilic 

additives 
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Figure 4.8.B. DSC results of hot-melt extrusion compositions without hydrophilic 

additives after one month’s storage at 40°C, 75% relative humidity (RH) 
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Figure 4.9. Dissolution profiles of hot-melt extrusion compositions without hydrophilic 

additives 
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Figure 4.10. XRD results of hot-melt extrusion compositions containing hydrophilic 

additives 
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Figure 4.11. Effects of hydrophilic additives on the dissolution profiles of hot-melt 

extrusion compositions 
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Figure 4.12. Effects of levels of Vitamin E TPGS on the dissolution profiles of hot-melt 

extrusion compositions 
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Figure 4.13. Dissolution profiles of prototype tablet formulations in pH transition 

condition 
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Figure 4.14. Dissolution profiles of prototype tablet formulations and commercial product 

in the fasted state simulated intestinal fluid (FaSSIF) 
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Figure 4.15.A. Effects of Vitamin E TPGS on the oral absorption of ITZ in rats 
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Figure 4.15.B. Effects of Vitamin E TPGS on the plasma level of hydroxy-itraconazole in 

rats 
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4.7 TABLES 

Table 4.1. Area under the dissolution curves (AUDCs) of HPMCAS LF and Eudragit® 

L100-55 

 
HPMCAS LF Eudragit® L100-55 

AUDC (mg×hr) 8.00±1.20 1.80±0.19 
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Table 4.2. Summary of hot-melt extrusion formulations without hydrophilic additives 

 
Formulation #1 Formulation #2 Formulation #3 Formulation #4 

Component % Wt. % Wt. % Wt. % Wt. 

Itraconazole 31.25 18.52 31.25 18.52 

HPMCAS LG 62.50 74.07 - - 

Eudragit® L100-55 - - 62.50 74.07 

TEC 6.25 7.41 6.25 7.41 

Total 100.00 100.00 100.00 100.00 
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Table 4.3. Summary of hot-melt extrusion formulations containing hydrophilic additives 

 

Formulation #5 Formulation #6 Formulation #7 Formulation #8 

Component % Wt. % Wt. % Wt. % Wt. 

Itraconazole 27.78 27.78 27.78 27.78 

HPMCAS LG 55.55 55.55 55.55 55.55 

PEO N80 11.11 - - - 

Vitamin E TPGS - 11.11 - - 

Sodium Starch 

Glycolate - - 11.11 - 

Micronized 

Lactose 

Monohydrate - - - 11.11 

TEC 5.56 5.56 5.56 5.56 

Total 100.00 100.00 100.00 100.00 
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Table 4.4. Summary of hot-melt extrusion formulations with different levels of Vitamin E 

TPGS 

 

Formulation #9 Formulation #6 Formulation #10 Formulation #11 

Component % Wt. % Wt. % Wt. % Wt. 

Itraconazole 29.41 27.78 26.32 25.00 

HPMCAS LG 58.83 55.55 52.63 50.00 

Vitamin E TPGS 5.88 11.11 15.79 20.00 

TEC 5.88 5.56 5.26 5.00 

Total 100.00 100.00 100.00 100.00 
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Table 4.5. Summary of prototype tablet formulations 

 
Tablet #12 Tablet #15 Tablet #16 Tablet #17 Tablet #18 

Component % Wt. % Wt. % Wt. % Wt. % Wt. 

HME #1 (No TPGS) - 50.0 - - - 

HME #9 (10% TPGS) - - 50.0 - - 

HME #6 (20% TPGS) 50.0 - - - - 

HME #10 (30% TPGS) - - - 50.0 - 

HME #11 (40% TPGS) - - - - 50.0 

ProSolv SMCC 90 44.5 44.5 44.5 44.5 44.5 

Ac-Di-Sol 5.0 5.0 5.0 5.0 5.0 

PRUV 0.5 0.5 0.5 0.5 0.5 

Total  100.00 100.00 100.00 100.00 100.00 
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Table 4.6.A. Pharmacokinetic parameters of ITZ in rats 

 
Tmax (hr) Cmax (µg/mL) t1/2 (hr) AUCINF (µg×hr/mL) 

TPGS 2.50±1.00 0.51±0.09 17.63±12.36 11.55±5.79 

No TPGS 3.75±2.32 0.60±0.29 4.11±3.17 4.75±3.33 
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Table 4.6.B. Pharmacokinetic parameters of hydroxy-itraconazole in rats 

 
Tmax (hr) Cmax (µg/mL) t1/2 (hr) AUCINF (µg×hr/mL) 

TPGS 5.00±2.00 0.28±0.04 12.60±4.28 5.60±1.28 

No TPGS 5.50±2.17 0.40±0.09 10.99±3.63 8.37±3.22 
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Table 4.7. Comparison of pharmacokinetic parameters 

 
Tmax (hr) t1/2 (hr) 

AUCINF 

(µg×hr/mL) 

AUC(0-24) 

(µg×hr/mL) 

10% TPGS 2.50±1.00 17.63±12.36 11.55±5.79 - 

Carbopol® 974 [19] 4.4±1.6 7.94±3.7 - 11.107±3.579 

CAP [13] 4.3±0.6 9.6±1.9 - 4.516±1.949 

Sporanox [13] 5.5±2.3 4.9±2.9 - 2.132±1.273 

Crystalline ITZ [61] 7.5±4.0 - - 0.91±0.54 
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APPENDIX A: Thin Film Freezing of Itraconazole Ternary Amorphous 

Solid Dispersions for Dissolution Enhancement 

 

ABSTRACT 

 Amorphous solid dispersion system is a feasible approach for improving the 

dissolution properties of poorly water-soluble drugs. Previous study showed that 

itraconazole (ITZ)-enteric polymer binary solid dispersions exhibited enhanced 

dissolution profiles as compared to the crystalline ITZ. However, ITZ binary dispersions 

do not have desired wetting properties. In the present study, we investigated ITZ ternary 

amorphous solid dispersion system to solve the wetting problems of the binary 

dispersions. Moreover, the effect of polymeric carriers on the drug supersaturation was 

studied and various polymers and surfactants were screened. Precipitation inhibitor 

screening assay showed that HPMCAS LF, Vitamin E TPGS, and sucrose stearate D-

1816 were the most suitable carriers of ITZ amorphous solid dispersions from the 

supersaturation point of view. ITZ binary solid dispersions were produced by thin film 

freezing process. Those compositions were characterized using X-ray powder diffraction 

(XRD) and modulated differential scanning calorimetry (mDSC). Results showed that 

ITZ remained at the amorphous state in the thin film freezing compositions. Diffraction 

peaks of surfactants were observed when a high proportion of surfactant was incorporated 

in the formulation. Drug release properties of thin film freezing compositions were 

characterized both in the neutral condition and in the pH transition condition. ITZ ternary 
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amorphous solid dispersions exhibited significantly improved dissolution rate and the 

degree of drug supersaturation as compared to the binary dispersion without any 

surfactant. Those results indicate that ternary solid dispersion containing surfactants is a 

promising approach to improve the dissolution properties of poorly water-soluble drugs. 

 

A.1 INTRODUCTION 

 With the progress of combinational chemistry and high throughput screening, a 

significant number of drug candidates with limited aqueous solubility has been identified 

and developed [1]. The low solubility and dissolution rate affects the absorption of those 

poorly water-soluble drugs after oral administration. In order to improve the sub-optimal 

biopharmaceutical properties, a number of novel pharmaceutical technologies have been 

investigated extensively, such as particle size reduction, salt formation, lipid-based 

formulation, and solubilization [2-6].  

 Thin film freezing is a novel particle engineering technology for producing 

amorphous solid dispersions with large surface area [7]. Thin film freezing compositions 

can be delivered through several routes of administration, such as oral [8, 9] and 

pulmonary [10, 11]. The oral delivery of ITZ-cellulose acetate phthalate amorphous solid 

dispersions made by thin film freezing process showed enhanced oral bioavailability as 

compared with the commercial capsule product [9]. However, ITZ-enteric polymer 

binary amorphous solid dispersions made by thin film freezing are hydrophobic, 
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exhibiting limited wetting properties. The undesired wettability may constrain the use of 

thin film freezing compositions and therefore needs to be overcome. 

 Surfactants are widely used in the pharmaceutical area for reducing the surface 

tension and promoting the wetting properties of hydrophobic drug substances. In the 

present study, we investigated the use of surfactants as the additive of ITZ-enteric 

polymer thin film freezing compositions. A screening assay was performed to help select 

the most suitable surfactants and polymeric carriers. Results showed that the 

incorporation of surfactants improved the drug release in the acidic media; moreover, a 

greater level of drug supersaturation was obtained as compared with the formulation 

without any surfactants.  

 

A.2 MATERIALS AND METHODS 

ITZ was purchased from Letco Medical (Decatur, AL). Hypromellose acetate 

succinate LF (HPMCAS LF) was kindly donated by Shin-Etus Chemical (Tokyo, Japan). 

Eudragit® L100-55 was kindly donated by Evonik Corporation (Parsippany, NJ). Vitamin 

E TPGS was purchased from Antares Health Products Inc. (St. Charles, IL). Sucrose 

stearate D-1816 and sucrose stearate D-1809 were kindly donated by Mitsubishi-Kagaku 

Foods Corporation (Tokyo, Japan). Docusate sodium was purchased from Spectrum 

Chemical Manufacturing Corp. (New Brunswick, NJ). Gelucire 50/13 was kindly 

donated by Gattefosse Corporation (Paramus, NJ). Acetonitrile, 1,4-dioxane, 
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hydrochloric acid, sodium phosphate tribasic, and diethylamine (DEA) were purchased 

from Fisher Scientific (Fair Lawn, NJ). 

 

A.2.1 High performance liquid chromatography (HPLC) 

ITZ concentration was analyzed using a Dionex HPLC system (Thermo Fisher 

Scientific Inc., Waltham, MA). An Inertsil® ODS-2 column (5 μm, 4.6×150 mm) was 

used for separation. HPLC mobile phase consisted of acetonitrile:water:DEA 

(700:300:0.5). Mobile phase was filtered through a 0.2 μm filter in order to remove any 

solid particles and degassed prior to use. The flow rate of mobile phase during the HPLC 

run was 1 mL/min. The column temperature was set to 25°C. The retention time of the 

drug substance was 5.5 min. The detection wavelength was at 263 nm. 

 

A.2.2 X-ray powder diffraction (XRD) 

 XRD studies of samples were performed on a Philips 1710 X-ray diffractometer 

with a copper target and a nickel filter (Philips Electronic Instruments, Inc., Mahwah, 

NJ). The voltage and current of the equipment were 40 KV and 40 mA, respectively. 

Samples were placed on a metal cell and flattened by using a glass slide prior to scan. 

The 2-theta angle, step size, and dwell time were 5-50°, 0.05°, and 2 s, respectively. The 

raw data were analyzed using Jade 5.0 software (Materials Data, Inc., Livermore, CA). 
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 A.2.3 Modulated differential scanning calorimetry (mDSC) 

 The thermal behaviors of samples were characterized using a modulated DSC 

with a DSC refrigerated cooling system (DSC 2920, TA Instruments, New Castle, DE). 

DSC cell was purged by using dry nitrogen gas (40 mL/min) during the testing. Samples 

were set in the aluminum sample pan kits (PerkinElmer Inc., Waltham, MA) and crimped 

before DSC analysis. Samples were heated from 0°C to 200°C with a heating rate of 

10°C/min. The modulation program was set to 1°C/60 s. TA Universal Analysis 2000 

software was used to analyze the raw data. 

 

A.2.4 Precipitation inhibitor screening assay 

 Polymers were screened in terms of their capacities of inhibiting ITZ precipitation 

using a previously reported method [12]. In brief, first we prepared a pH 6.8 phosphate 

buffer solution by mixing 750 mL of 0.1N HCl solution with 250 mL of 0.2M Na3PO4 

aqueous solution. Then 150 mg of polymer or the combination of 120 mg of polymer and 

30 mg of surfactant was dissolved in 1 liter of pH 6.8 solution. One liter of the aqueous 

solution was added into a vessel in VanKel VK 7000 dissolution system (Varian, Inc., 

Palo Alto, CA). The aqueous solution was pre-heated to 37±0.5°C; and the paddle speed 

was set to 50 rpm. Meanwhile, crystalline ITZ was dissolved into 1,4-dioxane, reaching a 

concentration of 18.75 mg/mL. To initiate the assay, 4 mL of 18.75 mg/mL ITZ solution 

was added into the dissolution vessel containing 1 liter of aqueous solution by pipette. 

Aliquots of the media were taken at the following time points: 10 min, 20 min, 30 min, 
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45 min, 1 hr, 2 hr, and 4 hr. Immediately after sampling, the aliquots were filtered 

through an Acrodisc® 0.2 μm 13 mm GHP membrane filter (Pall Corporation, Port 

Washington, NY). And the concentration of ITZ in the aliquot was measured using 

HPLC method. 

 

A.2.5 Thin film freezing (TFF) 

 ITZ amorphous solid dispersions were produced by thin film freezing process 

[13]. In brief, drug and excipients were dissolved in an organic solvent (1,4-dioxane), 

forming the thin film freezing feed stock. The thin film freezing process was conducted 

on a rotating cryogenic drum chilled by the liquid nitrogen. The surface temperature of 

the cryogenic drum was measured by a thermocouple. Temperature was set to -40ºC due 

to the high melting point of 1,4-dioxane. Frozen materials were lyophilized by a VirTis 

Advantage benchtop lyophilizer (The VirTis Company, Inc., Gardiner, NY). 

 

A.2.6 Dissolution testing in pH transition condition 

 Dissolution testing was performed based on USP 29 apparatus II. A VanKel VK 

7000 dissolution system (Varian, Inc., Palo Alto, CA) was used for the experiment. The 

paddle speed and temperature were 50 rpm and 37±0.5°C, respectively. During the 

experiment, 750 mL of 0.1N HCl aqueous solution was used as the acidic phase. The 

dissolution media did not contain any surfactant. Thin film freezing compositions 
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containing 37.5 mg ITZ equivalent was pre-wetted in a 20 mL scintillation vial using 

dissolution media, and added in a dissolution vessel. At the 2 hr time point, 250 mL of 

pre-heated (37°C) 0.2M Na3PO4 solution was added into the dissolution media, adjusting 

the pH of the media to 6.8. Aliquots were taken at different time points as followed: 1 hr, 

2 hr, 2 hr 10 min, 2 hr 20 min, 2.5 hr, 3 hr, 4 hr, 6 hr, and 8 hr. Each aliquot was filtered 

through an Acrodisc® 0.2 μm 13 mm GHP membrane filter (Pall Corporation, Port 

Washington, NY). The concentration of ITZ in the aliquot was measured using the HPLC 

method. 

 

A.2.7 Dissolution testing in neutral pH condition 

 The equipment used in neutral pH dissolution testing is essentially the same as the 

pH transition dissolution testing. Prior to testing, 750 mL of 0.1N HCl aqueous solution 

was admixed with 250 mL of 0.2 M Na3PO4 solution, yielding 1000 mL of pH 6.8 

dissolution media. ITZ thin film freezing compositions containing 37.5 mg of ITZ 

equivalents were pre-wetted in a 20 mL scintillation vial using the dissolution media, and 

then added in a dissolution vessel. Aliquots were taken at the following time points: 

10min, 20min, 30min, 45min, 1hr, 2hr, and 4hr. Each aliquot was filtered through an 

Acrodisc® 0.2 μm 13 mm GHP membrane filter (Pall Corporation, Port Washington, 

NY). The concentration of ITZ in the aliquot was measured using the HPLC method. 
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A.3 RESULTS AND DISCUSSION 

A.3.1 Selection of carriers of itraconazole amorphous solid dispersions 

 It has been widely reported that the performance of amorphous solid dispersion 

systems is highly dependent on the carriers. In order to optimize the dissolution 

properties of ITZ amorphous solid dispersion systems, we screened a number of 

excipients based on their capacities of maintaining ITZ supersaturation. Polymeric 

carriers were selected between HPMCAS LF and Eudragit® L100-55 based on their 

physic-chemical properties. As reported in our previous paper, ITZ has good miscibility 

with HPMCAS LF and Eudragit® L100-55, enabling the formation of physically stable 

amorphous solid dispersion systems. The results of polymer screening assay were shown 

in Figure A.1. 

Figure A.1 

As shown in Figure A.1, ITZ precipitated rapidly in the media without any 

polymers. Addition of polymers in the media reduced the precipitation rate of the drug. 

As compared with Eudragit® L100-55, the HPMCAS LF was more effective in terms of 

maintaining the supersaturation of ITZ. The supersaturation period of ITZ was 

significantly prolonged in the media containing HPMCAS LF. A number of literatures 

have reported the precipitation inhibition effect of polymeric carriers [9, 14, 15]. Several 

mechanisms have been proposed to explain that effect. DiNunzio et al. reported that 

cellulose acetate phthalate can prolong the supersaturation of ITZ in the neutral pH 

environment [9]. The authors attributed the prolonged supersaturation to the increased 
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viscosity and the steric hindering effect caused by the polymer. Besides the steric 

hindering effect, polymeric carriers may chemically interact with drug substances thereby 

promotion the solubility of the drug. One of the examples is the supersaturation of 

celecoxib in the presence of Eudragit® 4155F [16]. As reported by the authors, the 

concentration of celecoxib was drastically increased in the presence of high level of 

Eudragit® 4155F. Meanwhile, no re-crystallization of celecoxib was observed during the 

dissolution. The authors reported that Eudragit® 4155F formed water-soluble complex 

with celecoxib; therefore, the concentration of celecoxib in the dissolution media was 

increased. In recent years, ionizable polymers such as HPMCAS and Eudragit® polymers 

have been frequently reported to improve the dissolution and oral absorption of poorly 

water-soluble drugs [17-19]. The hydrophobic domains of those polymers interact with 

lipophilic drug substances, forming drug-polymer nano-agglomerates [17]. Meanwhile, 

the ionizable groups are ionized, providing repulsive forces to inhibit the growth of drug-

polymer nano-agglomerates [17]. Those nano-agglomerates release drug rapidly when the 

dissolved drug in the GI fluid is absorbed, thereby promoting the oral absorption of pooly 

water-soluble drugs [17].  

In order to improve the wetting properties of ITZ amorphous solid dispersion 

systems, we studied the use of surfactants in the amorphous compositions. In theory, 

surfactants are able to affect the supersaturation of drug substances. On one hand, 

surfactants facilitate the nucleation of drug substances from supersaturated solution. The 

nucleation rate of supersaturated molecules is expressed by the following equation [20]: 
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 J = Aexp(− 16πν2γ3

3k3T3(lnS)2
) (A-1) 

where J is the nucleation rate; A is the pre-exponential factor; ν represents the solute’s 

molecular volume; γ represents the interfacial free energy; k is the Boltzmann constant; T 

is the temperature in Kelvin; and S is the degree of supersaturation. According to the 

equation, the interfacial free energy is related to the nucleation rate. The addition of 

surfactants can reduce the interfacial tension thereby increasing the nucleation rate, which 

is not desired in terms of maintaining the supersaturation. On the other hand, amphiphilic 

surfactant molecules may preferentially adsorbed on the hydrophobic surface of drug 

precipitate and inhibiting the growth of those precipitates. To find the most suitable 

surfactant, we further conducted a screening assay to find out the most suitable surfactant 

in terms of maintaining ITZ supersaturation. Results were shown in Figure A.2. 

Figure A.2 

As shown in Figure A.2, the addition of Sucrose Stearate D-1816 and Vitamin E 

TPGS enhanced the supersaturation of ITZ in the neutral pH media as compared with 

HPMCAS LF without any surfactant. Based on this finding, we selected HPMCAS LF as 

the polymeric carrier; Sucrose Stearate D-1816 and Vitamin E TPGS were used as the 

additive of the formulation. 
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A.3.2 Production and solid-state characterization of ITZ amorphous solid 

dispersions 

Thin film freezing was conducted to produce ITZ amorphous solid dispersions. 

Four different formulations were processed in order to elucidate the effect of the types of 

surfactant and the levels of surfactant on the properties of amorphous solid dispersions. In 

brief, the combination of ITZ-HPMCAS LF-TPGS and ITZ-HPMCAS LF-Sucrose 

Stearate D-1816 were selected. Two levels of surfactant were compared. The ratios 

between drug, HPMCAS, and surfactants were 1:1:1 and 1:1.6:0.4. Regarding the control 

group, a combination of ITZ and HPMCAS LF (1:2) was used. The solid concentration of 

thin film freezing feed stock was 6% (w/v). After lyophilization, all the four formulations 

showed white-color, flake-like morphology. 

 XRD and mDSC were performed to study the solid-state properties of thin film 

freezing compositions. Results were shown in Figure A.3 and Figure A.4. 

Figure A.3 

Figure A.4 

 According to the XRD results, incorporation of Vitamin E TPGS increased the 

crystallinity of the composition. Two diffraction peaks were observed when the level of 

Vitamin E TPGS reached 33%. However, the addition of Vitamin E TPGS did not affect 

the amorphous nature of ITZ. By comparing the 2-theta angles, we did not find the 

diffraction peaks of crystalline ITZ from the thin film freezing compositions. The 

intensity of diffraction peaks in the thin film freezing composition was reduced when the 

level of surfactant was reduced to 13% (w/v).  
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 The mDSC results agreed well with XRD results. A melting enthalpy of Vitamin 

E TPGS was observed when the level of surfactant reached 33% (w/v). Moreover, no 

melting peak was observed in the range around the melting point of ITZ. Although 33% 

(w/v) loading of surfactants did not cause the presence of residual ITZ crystals, the low 

melting point of the surfactants may affect the physical stability of the amorphous system 

during the storage. Therefore, the formulations containing about 13% (w/v) of surfactants 

were selected for further evaluation. 

 

A.3.3 Dissolution testing of ITZ amorphous solid dispersions containing surfactants 

 In order to evaluate the drug release properties of ITZ amorphous solid 

dispersions, dissolution testing was performed at neutral pH condition and pH transition 

condition. Results were shown in Figure A.5 and Figure A.6. 

Figure A.5 

Figure A.6 

 The addition of surfactant drastically influenced the dissolution properties of ITZ 

amorphous solid dispersions. According to the results in Figure A.5, very limited amount 

of ITZ was dissolved from the ITZ-HPMCAS LF binary amorphous solid dispersion. 

Incorporation of surfactants significantly improved the drug release rate and the degree of 

drug supersaturation. As compared with Sucrose Stearate D-1816, Vitamin E TPGS was 

more effective in terms of promoting ITZ release in the neutral pH media. 

 300 



The pH transition dissolution testing was used to simulate the gastro-intestinal 

transition in the physiological condition. The drug release rate of ITZ amorphous solid 

dispersion in the acidic media was low, which may be due to the insoluble nature of the 

polymer in the acidic condition. Moreover, ITZ-HPMCAS LF binary amorphous solid 

dispersion was poorly wettable in the acidic condition, which also affected the drug 

release. Incorporation of water-soluble surfactant improved the wetting properties of ITZ 

amorphous solid dispersions. Besides, surfactants may serve as pore-forming agents and 

induce the drug release. The highest ITZ concentration in the acidic media was obtained 

from the Vitamin E TPGS-based formulation. When the pH of the dissolution media 

shifted from acidic range to neutral range, ITZ was de-protonated and supersaturated 

drug molecules precipitated rapidly from the media. Among the three formulations 

evaluated in the current study, Vitamin E TPGS-based formulation provided the greatest 

degree of drug supersaturation in the neutral pH condition.  

Oral absorption of drug substances is affected by several factors. Both the 

solubility and the permeability could limit drug absorption. As a BCS Class II compound, 

ITZ has limited aqueous solubility but good permeability; therefore, the oral absorption 

of ITZ is mainly controlled by the drug dissolution process. Miller et al. reported a 

correlation between the oral bioavailability of ITZ and the AUDC (area under the 

dissolution curve) of the formulation in the neutral pH condition [21]. In the present 

study, the dissolution profile of ITZ in the neutral pH condition has been significantly 

improved by incorporating Vitamin E TPGS in the formulation. The enhanced dissolution 

of ITZ may further improve the oral absorption in vivo. Several papers reported the use of 
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Vitamin E TPGS in the amorphous solid dispersion systems [22-31]. However, Vitamin 

E TPGS was used in combination with hydrophilic carriers in all those papers. In our 

study, Vitamin E TPGS was used with HPMCAS LF which is not soluble in the acidic 

media. The addition of TPGS not only improved the supersaturation profile of ITZ, but 

also enhanced the wetting properties of ITZ amorphous solid dispersions. To the best of 

authors’ knowledge, this is the first study that investigated the combination of enteric 

polymers and water-soluble surfactants as carriers of amorphous solid dispersion 

systems. The promising dissolution results indicate that the combination of Vitamin E 

TPGS and enteric polymers is a viable strategy to enable the delivery of poorly water-

soluble drugs. 

 

A.4 CONCLUSIONS 

 In the present study, we investigated the use of surfactants in ITZ amorphous 

solid dispersion systems to improve the dissolution properties of the composition. 

Vitamin E TPGS and Sucrose Stearate D-1816 were selected based on the results of 

precipitation inhibitor screening assay. The levels of surfactants affected the solid-state 

properties of ITZ amorphous solid dispersions. Diffraction peaks of Vitamin E TPGS 

were observed when the ratio of surfactant reached 33%. Among all the formulations, the 

ITZ-HPMCAS LF-Vitamin E TPGS formulation (1:1.6:0.4) exhibited the greatest degree 

of drug supersaturation in the dissolution testing. Oral absorption of ITZ was mainly 

limited by the poor aqueous solubility and dissolution profile; therefore, enhanced 
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dissolution profile of ITZ-HPMCAS LF-Vitamin E TPGS formulation may further 

improve the oral absorption of the drug.  
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A.6 FIGURES 

Figure A.1. Effects of polymeric carriers on the precipitation of itraconazole 
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Figure A.2. Effects of surfactants on the precipitation of itraconazole 
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Figure A.3. XRD results of thin film freezing compositions with different levels of 

surfactants 
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Figure A.4. DSC results of thin film freezing compositions with different levels of 

surfactants 
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Figure A.5. Dissolution profiles of thin film freezing compositions in neutral pH 

condition 
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Figure A.6. Dissolution profiles of thin film freezing compositions in pH transition 

condition 
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