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ABSTRACT 

 

Ibrutinib is the first Bruton`s tyrosine kinase (BTK) inhibitor for oral administration 

approved by FDA in 2014. It is the first-line treatment for B-cell malignancies, which are 

the most common hematologic neoplasia. Ibrutinib is a relatively safe alternative for 

currently used treatment modalities that are associated with long-term toxicity and 

resistance. However, ibrutinib is considered as BCS class II drug and has very low 

solubility in an aqueous medium (13 µg/ml at PH 8.0) and has six different polymorphic 

forms. Furthermore, recommended daily dose of ibrutinib is about 420 mg to 560 mg, 

which causes severe GI disturbances, with poor patient compliance. This represent a 

major critical concern because drug is used chronically.  Increasing drug solubility and 

controlling rate of drug release may improve both bioavailability at significantly lower 

daily administered doses and by implication could minimize GI side effects and improve 

patient compliance.  

 

The objective of this study is to utilize Hot Melt Extrusion (HME) to develop a stable 

amorphous solid dispersion (ASD) of ibrutinib using Copovidone (PlasdoneTM S-630 

Ultra) as a carrier for inclusion into a hydrating matrix for sustained release delivery. 

Development of ASD based on HME is an efficient method to overcome poor solubility 

problem and stabilize the drug`s metastable polymorphic states. It is known that 

amorphous systems are energetically at a higher thermodynamic state and can dissolve to 

a much greater extent relative to their crystalline counterpart. A stable sustained-release 
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ASD based system may offer many advantages, including reduction in frequency of 

administration and GI disturbances with propensity to enhance solubilization while 

suppressing recrystallization. 

 

The ASD systems prepared in this study was stable, amorphous, and single-phase 

systems up to 60% API load as confirmed by X-ray powder diffraction (XRPD), 

modulated differential scanning calorimetry (mDSC), and rheological analysis. 

Supersaturated micro-dissolution testing of melt-extruded powder in fasted state 

simulated intestinal fluid demonstrated up to 70% increase in supersaturation solubility 

than the saturation solubility of crystalline counterparts. In addition, dissolution data 

based on the standard USP paddle method for the formulated SR tablets demonstrated a 

prolonged release up to six hours and a maximum of 53% higher drug release than 

crystalline ibrutinib.  

 

In conclusion, the results of this study indicate that ibrutinib amorphous solid dispersion 

developed utilizing hot-melt extrusion technology and Copovidone (PlasdoneTM S-630 

Ultra) as a carrier is able to produce stable and homogeneous single-phase ASD system 

with enhanced solubility and desirable sustained drug release rate. 
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CHAPTER 1 

BACKGROUND AND INRODUCTION 

 

1.1  Drug Solubility 
 
 
Solubility is one of the main characteristics of a drug substance that is vital to understand 

and be able to predict its state in different media, pH environment, and in the complex 

formulation. It is defined as the concentration of a solute that dissolves spontaneously in 

a known quantity of solvent at a specific temperature and agitation rate to form a 

homogenous solution (Patrick J. Sinko, 2017). It’s also termed as saturated solubility or 

equilibrium solubility, where an equilibrium relation between the excess amount of solid 

drug and the solution phase or dissolved status of the solute at saturation is established 

(Nita K. Pandit, 2012). 

 

Equilibrium solubility is also coined as thermodynamic solubility, which is defined as 

“the maximum amount of the most stable crystalline form that remains in solution in a 

given volume of the solvent at a given temperature and pressure under equilibrium 

conditions” (Patrick J. Sinko, 2017). The difference between thermodynamic and kinetic 

solubility lies in phase stability. While the phase-stable system will persist during 

thermodynamic solubility measurement, the system will not remain phase-stable in a 

kinetic solubility study. Also, the starting material used to assess each is different. A pre-

dissolved compound is introduced to determine kinetic solubility. In contrast, a solid 
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compound is used as the starting material for thermodynamic solubility determination 

that is dissolved in an aqueous medium afterward. (Saal & Petereit, 2012). Kinetic 

solubility is also named apparent solubility, which could be higher or lower than 

saturation or equilibrium solubility under defined condition. Intrinsic aqueous solubility 

is the solubility of a substance without solubilizer and when a drug is preferably 

uncharged, USP <1236>. (Miller et al., 2012) 

 

1.1.1 Solubility expression  
 
 
In pharmaceutical sciences, solubility is expressed in precise or imprecise terms. In the 

United States Pharmacopeia and national formulary (USP/NF), solubility described as 

“parts of solvent needed to dissolve one part of a solute” (Nita K. Pandit, 2012), while 

miscibility expression (miscible/ Immiscible) is used for the liquid solute in a liquid 

solvent (Nita K. Pandit, 2012). According to the united states pharmacopeia, the 

solubility expressions, and percentage of drugs marketed with range of solubilities are 

illustrated in Table 1-1.  

 

Descriptive term Parts of solvent needed for 
1 part solute 

Percentage of drugs in 
each category*               

(top 200 FDA approved drugs)  
Very soluble Less than 1 3.20 % 

Freely soluble From 1 to 10 9.50% 
Soluble From 10 to 30 13.80% 

Sparingly soluble From 30 to 100 15.30% 
Slightly soluble From 100 to 1000 13.20% 

Very slightly soluble From 1000 to 10,000 5.30% 
Practically insoluble or 

insoluble 
10,000 and over 39.70% 

Table 1. 1 solubility expression and percentage of each category (USP-NF, 2012). 

* top 200 oral drugs marketed in the USA and Europe 
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1.1.2 Factors Affecting Solubility  
 
 
Various factors affect a drug's solubility, including the physicochemical properties of 

both solvent and solute. A list of factors with a brief description of each factor in relation 

with solubility is illustrated in Table 1-2. 

 

Factor Description 
Particle size Solubility and particle size are inversely related. A particle size 

reduction is accompanied by an increase in solubility and vice versa. 
(Patrick J. Sinko, 2017).  

Melting and Boiling 
point 

Both depict the strength of the interaction between molecules, in 
addition to molecular cohesion. The higher the melting and boiling 
point of a drug, the lower is its solubility (Alexander T. Florence, 2015).  

Polymorphism The phenomena of material existence in multiple crystalline forms 
with different molecular arrangements, lattice distances and lattice 
energies influence the drug`s solubility. 
For the drug to dissolve, solute-solute and solvent-solvent 
interactions must be weaker than solute-solvent interactions. And 
since internal structure differs for each polymorph, solubility and 
melting varies among them (GONG et al., 2007).  

PH It is considered as one of the significant factors impacting solubility. 
For acidic drugs, solubility is lower in acidic solution because of the 
undissociated form predominance and higher for basic drugs as 
ionized moieties predominate.(David Attwood, 2008).  

Temperature It has a direct influence on solubility. An increase in solubility 
accompanies elevation in temperature (GONG et al., 2007).  

 

Table 1. 2 Factors affecting solubility.  

 

1.1.3 Dissolution and Solubility Difference  
 
 
Dissolution is the process by which a solid solute is dissolved in a solvent and goes into a 

solution phase; in other words, it is the liberation of molecules from the solid phase. It 

was first introduced by Noyes and Whitney in 1897 and described in a single 

fundamental equation (Reza Fassihi, 2017) : 
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Where dC/dt is the liberation rate of molecules from solid to solution state and is 

influenced by hydrodynamics, D is the diffusional coefficient, Cs is saturation solubility 

of the drug in the stagnant layer with thickness h (also referred to as Aqueous boundary 

layer ABL or unstirred water layer UWL) (Sugano, 2010), Ct is the concentration of the 

drug at time t in the bulk solution, and S is the surface area of the dissolving solid. 

However, if Ct is much less than the Cs (less than or equal 15%) sink conditions 

dominate, and equation becomes:  

  

Typically, there are three steps involved in dissolution: disintegration, de-aggregation, 

and dissolution, each has its own rate (Byrn et al., 2017).  

 

Dissolution and solubility are two different phenomena but related to each other. 

Solubility represents the capacity at which a solid solute can dissolve in a solvent vehicle 

to form a saturated solution. Further addition of solid solute will not increase the 

dissolved (i.e. saturation concentration). Put another way, solubility is a static process and 

once at saturation concentration that indicates the endpoint. However, dissolution is a 

kinetic process where the rate of dissolution is a primary consideration (Byrn et al., 

2017). In conclusion, solubility is an intrinsic property of the drug substance, while 

dissolution, is a kinetic process, whose rate can be manipulated by various solubilization 

techniques in other words, solubility is a static process while dissolution is a dynamic one 

(Patrick J. Sinko, 2017). 
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1.1.4 Oral bio-absorption  
 
 
Among different administration routes, the oral pathway is the most desirable one 

because of its ease of administration, simplicity, and cost-effectiveness. In addition to 

improved patient compliance, lower sterility restrains and pliability in the design of 

dosage form besides providing accuracy in dosing, which makes oral route most popular 

(Paudwal et al., 2019) (Kaushik et al., 2020). Accordingly, there is a significant demand 

for the solid oral dosage form. Two-thirds of prescribed drugs are solid dosage forms, and 

50% are tablets (H. Patil et al., 2016).  

 

An orally administered drug must pass through several steps before becoming 

bioavailable in the systemic circulation. The process starts with drug exposure to 

gastrointestinal fluids, disintegration, and de-aggregation, followed by dissolution. The 

dissolved drug further must permeate the gastrointestinal epithelium before entering the 

portal vein. During systemic circulation, drug molecule reaches their target, site of action, 

or specific organs. (Baghel, Cathcart, & Reilly, 2016). Figure 1-1-A illustrates a 

simplified diagram for the oral drug absorption process. 
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Figure 1. 1 A) simplified diagram for the oral drug absorption process. B) factors affecting oral drug 
absorption process. (Reza Fassihi, 2017) (W. Huang et al., 2009). 

A 

B 
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Drug bio-absorption is a highly complex process. It includes multiple steps; each step is 

considered a challenge for an orally administered drug to become bioavailable. The 

complexity associated with oral administration and bio-absorption is shown in Figure 1-

1-B.  

 

Furthermore, this process has several rate-limiting factors that impact the rate and extent 

of drug absorption, including physicochemical and biopharmaceutical properties of the 

drug (e.g., solubility and permeability), besides gastrointestinal tract physiology. The GI 

dynamic environment depends on the compartment properties. Each region has distinct 

characteristics, such as pH, gut metabolism, GI mucosa permeability, transporters, 

carriers, and transit times, ranging between 0.25 - >5h in the stomach and about 4 h in the 

small intestine (Reza Fassihi, 2017). In addition to the mechanical forces in stomach and 

intestines to digest food. It was measured by Kamba et al. and “found to be around 1.9 N 

in the stomach and 1.2 N in the intestines” (Takieddin & Fassihi, 2014). Figure 1-2 

illustrates the gastrointestinal tract dynamic environment and region related properties.  

 

Figure 1. 2 “Physiological constraints and variations in pH, transit time, permeability, and fluid 
compositions within the dynamic environment of the GI tract” (Reza Fassihi, 2017). 
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Due to the complexity of the oral drug absorption process, there were several attempts to 

predict and elucidate the oral bio-absorption process accurately. Biopharmaceutics 

classification system (BCS) (discussed in section 1.1.5) that was introduced in 1995 was 

endorsed by the U.S. Food and Drug Administration (FDA) as an approach to estimate in 

vitro dissolution and absorption of drug substance in the GI tract  (Takieddin & Fassihi, 

2014). Furthermore, various mechanistic models were developed to assist in 

understanding and predicting the bioavailability of drugs having different classes (i.e., 

Class I, II, III, IV) as outlined in the biopharmaceutics classification system (BCS) (W. 

Huang et al., 2009). Drug absorption models are designated into three categories based on 

spatial and temporal variables dependency. Table 1-3 illustrates absorption mechanistic 

model categories.   

 

Model category Description 
Quasi-equilibrium models “Independent of spatial and temporal variables” (Yu et al., 1996) 
Steady-state models  “Independent of temporal variables, but dependent on spatial 

variables” (Yu et al., 1996). Capable of predicting extent of oral 
drug absorption.  

Dynamic models  Depend on both temporal and spatial variables. Capable of 
predicting extent and rate of oral drug absorption.  

 

Table 1. 3 Absorption mechanistic models’ categories. adapted from (Yu et al., 1996) 

 

Dynamic models include dispersion models, which presume that gastrointestinal tract is a 

long cylindrical tube; in contrast, compartment models assume that gastrointestinal tract 

consists of series of compartments with varying properties. However, dynamic models 

developed during the mid-1990s to comprehensively elucidate and anticipate the oral bio-
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absorption and cover more bio-absorption limiting factors for reliable prediction, such as 

drug substance degradation, transit time, gastric emptying, and hepatic metabolism. 

Accordingly, the compartmental absorption and transit (CAT) model, Grass model (e.g., 

IDEA™), GI transit absorption (GITA) model, advanced compartmental absorption and 

transit (ACAT) model (e.g., Gastro-plusTM), and advanced dissolution, absorption, and 

metabolism (ADAM) model were proposed (e.g., Simcyp®)  (W. Huang et al., 2009). 

Figure 1-3 is a schematic diagram of GI-Sim model as an extension for CAT model, to 

illustrate the various properties for each of the nine compartment (Sjögren et al., 2013).  

 

 

Figure 1. 3 A schematic view of GI-Sim absorption model (Sjögren et al., 2013). 

 

However, there is “no perfect” model capable of oral drug absorption simulation 

considering its complexity and all limiting factors until now. Mechanistic Model 

accuracy is debatable for several reasons. Models are validated based on testing a limited 

number of drugs and formulations and rely on animal models, which raise interspecies 

variability concern. Also, factors such as food effect, drug-drug interaction, 
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“heterogeneous distribution of villous blood flow, local structure of gut enterocytes, 

enterocyte protein binding, and different expression patterns of metabolizing enzymes 

and drug transporters in the intestine, and inter- intrasubject variability” (W. Huang et al., 

2009), are not included in recent mechanistic models. Besides the knowledge gab in 

providing a specific description for colonic absorption (Sjögren et al., 2013).  

 

1.1.5 Biopharmaceutical Classification System (BCS) 
 

Drug bioavailability upon oral administration determined by dissolution rate, first-pass 

metabolism, drug permeability, and aqueous solubility. But, permeability and solubility 

are the main determinants (Krishnaiah, 2010). Solubility and permeability interplay 

impact oral drug absorption, hence, its bioavailability and in vivo performance.  

 

In 1995, Amidone et al. introduced the Biopharmaceutical classification system BCS as a 

tool to predict in vivo performance for the orally administered drug (Martinez & Amidon, 

2002). BCS system designates drugs into four classes based on two fundamental 

parameters: solubility and permeability. As demonstrated in Figure 1-4, a drug is 

considered highly soluble, if its “highest clinical dose is soluble in ≤ 250 ml of aqueous 

medium over the PH range of 1-7.5 at 37 °C” (Martinez & Amidon, 2002). In contrast, a 

drug with an extent of absorption greater than or equal to 90% is described as highly 

permeable. The drug permeability is expressed as Peff and measured by 10-4 cm per 

second units, and it’s indicative for incomplete absorption if it`s less than 2X10-4 cm/sec 

(Martinez & Amidon, 2002). And a  
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drug product is considered to be rapidly dissolving when >85% of the 
labeled amount of drug substance dissolves within 30 min using USP 
apparatus I at 100 rpm or II at 50 rpm in a volume of ≤900 mL of buffer 
solutions.(Reza Fassihi, 2017) 

 

One limitation of the BCS system is the volume of the aqueous medium required to 

dissolve a drug`s clinical dose (less than or equal to 250 ml of water). Therefore, 

Developability Classification System DCS was introduced by Butler et al. in 2010. DCS 

system emphasizes solubility measurement in biorelevant media. Furthermore, the BCS II 

class is subdivided into two subclasses; dissolution limited absorption and solubility 

limited absorption (Rosenberger et al., 2018). 

 

Drugs classified as BCS class II or IV are challenging for formulators due to their poor 

water solubility, and bioavailability. According to a recent study, only 5% of drugs are 

classified as BCS class I, while 90% of new chemical entities belong to either BCS class 

II or IV (Ren et al., 2019). Moreover, it`s estimated that 50% of newly discovered active 

pharmaceutical ingredients are characterized by low aqueous solubility and designated as 

BCS class II (H. Patil et al., 2016).  
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Figure 1. 4 Biopharmaceutical classification system with percentage of drugs marketed or in-pipeline.  

Adapted from (Nikolakakis & Partheniadis, 2017).  

 

1.1.6 Poor Solubility as a critical issue 
 

In accordance with the Biopharmaceutical classification system (BCS), solubility and 

Intestinal permeability interplay determine the fraction of drug absorbed and subsequent 

bio-absorption, which is a prerequisite and key parameter for drug substance 

bioavailability in the systemic circulation. Therefore, poor solubility and intestinal 

permeability is a critical issue that directly influences drugs` therapeutic efficacy in the 

site of action. 
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In the 1990s, computer science development offered a new paradigm in the 

pharmaceutical industry by utilizing different tools for the discovery of effective and 

potent drug candidates with specific target binding (Meng et al., 2015). High-throughput 

screening techniques, combinational chemistry (S. Huang & Williams, 2018), and 

molecular modeling (Shah et al., 2013) were exploited during the drug discovery phase to 

select more effective active pharmaceutical ingredients. As a result, highly molecular 

wights candidates with poor aqueous solubility increased significantly. 

 

Almost 50% of newly discovered chemical entities are characterized by poor solubility 

(Mendonsa et al., 2020) (Paudwal et al., 2019). And 40% of the marketed immediate-

release medicines are with less than 100 µg/ml water solubility (S. Huang & Williams, 

2018). A recent study that investigated the solubility of the top 200 marketed drugs in the 

united states and Europe demonstrated that 39.70% were practically insoluble, in 

contrast, only 3.20% is very soluble (Abuzar et al., 2018). Another study reported that 

almost 70% of new drug candidates are insoluble (Khadka et al., 2014). Table 1-1 

illustrates the distribution of those drugs according to solubility descriptive terms.  

 

Accordingly, low drug solubility is considered as one of the major obstacles encountered 

by formulators in the pharmaceutical industry (Krishnaiah, 2010). Which impede their 

presence in the market, as they are abandoned during the early development phase (Shah 

et al., 2013) due to higher doses and bioavailability variability issues (Dhillon et al., 

2014). Thus, there is a high demand to devise various methods in improving medicament 

solubility, which is considered a prerequisite for optimal oral bioavailability (Mendonsa 
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et al., 2020). Scientists are oriented toward finding efficacious and credible techniques to 

improve poorly water-soluble active ingredients, this is highly prioritized nowadays in 

pharmaceutical industry (Baghel, Cathcart, & Reilly, 2016).  

 

1.2 Solubilization technology  
 

Several techniques are employed to tackle the poor aqueous solubility issue for drugs 

classified as BCS class II or IV (Baghel, Cathcart, & O’Reilly, 2016) (Mishra et al., 

2015). As discussed before, drug dissolution in gastrointestinal fluids is a prerequisite for 

its absorption. Low water solubility is considered an obstacle in bringing those drugs to 

the clinic due to its negative impact on bioavailability and therapeutic efficacy. 

 

Solubilization techniques are categorized into four approaches: morphology modification, 

drug solubilization, molecular modification, and intermolecular modification (S. Huang 

& Williams, 2018). Table 1-4 illustrates the four strategies with examples listed under 

each. A broad spectrum of solubility enhancement techniques available, and a number of 

those have been explored. A detailed description of the most commonly applicable 

solubilization techniques will be discussed in the next section.  
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Solubilization 
strategy 

Example Comment 
 

Drugs formulated by these strategies 

Morphology 
modification 

Particle size 
reduction 

Based on surface 
area amplification 
by particle size 
reduction 

- Top-down:  
Jet milling: Pletal (Cilostazol) 
Ball milling: Persantine (Dypyridamole) 
High pressure homogenization (HPH): 
Tegretol (Carbamazepine) (Khadka et al., 2014) 

- Bottom-up: Gris-PEG (griseofulvin), 
Cesamet (Nabilone) 

(Gao et al., 2012) 

Drug 
solubilization 

Co-solvents, 
lipid vehicles, 

complex 
formation 

Utilized for liquid 
formulation 
production 

- Lipid vehicle:  
Doxil (doxorubicin), Onpattro 
(Patisiran), Marqibo (vincristine sulfate) 
(Gabizon A, 1997) (Papahadjopoulos D, Allen TM Gabizon A, 1991)  

- Complex formation: Vfend® 
(Voriconazole), Nexterone® 
(Amiodarone), Geodon® (Ziprasidone), 
Abilify® (Aripiprazole), Noxafil® 
(Posaconazole), and Kyprolis® 
(Carfilzomib) 
(company overview (2020). Retrieved from 

https://www.captisol.com/technology) 

Molecular 
modification 

salts, and co-
crystals 

Based on 
chemical structure 
modification 
which alter 
pharmacokinetic 
behavior 
 

- Co-crystal: Steglatro (ertugliflozin), 
Lexapro (Escitalopram), Entresto  
(Sacubitril / Valsartan )(Fala L., 2016) (Mascitti V, 

Thuma BA, Smith AC, 2013) (Harrison WTA, Yathirajan HS, Bindya 

S, Anilkumar HG, 2007) 
- Salts: Atazanavir (Reyataz® ) (Bristol-Myers Squibb 

Company, 2009) Flector® (diclofenac 
epolamine) (Gupta et al., 2018a) 

Intermolecular 
modification 

Amorphous solid 
dispersion 

 

Intermolecular 
interactions 
influence the 
dissolution 
behavior of a drug 

- HME: Onmet (Itraconazole), Noxafil 
(Posaconazole) Adalat SL (Nifedipine). 

- Spray drying: Prograf (Tacrolimus), and 
Crestor (Rosuvastatin) Zotress 
(Everolimus). 

 

Table 1. 4 Solubilization techniques categories with examples (adapted from (S. Huang & Williams, 
2018). 

 

 

https://www.captisol.com/technology
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1.2.1 Molecular Modification  
 

1.2.1.1 Salt formation  
 
 
Salt formation is one of the simplest and cost-effective strategies exploited for solubility 

enhancement (Elder et al., 2013). In the1950s, Nelson demonstrated the higher 

dissolution rate of a weak acid drug in salt form than the free acid form. Therefore, 

almost 50% of approved active pharmaceutical ingredients in the United States are in salt 

form, and 50% of the top 200 marketed drugs in the United States are formulated by salt 

formation technique (Serajuddin, 2007).  

 

The principle of this technique lies in the PH-solubility interrelationship between 

acid\base free form and its salt. For a basic drug, both free and salt forms coexist at 

PHmax, a point where both forms solubility independent curves intersect; this point 

represents the maximum solubility PH. At equilibrium, the free form will be predominant 

at PH > PHmax, while the salt form is prevalent at PH < PHmax. Therefore, converting 

basic drugs into salt form occurs at a PH lower than PHmax. The addition of an acid 

achieves this. Similarly, the concept of shifting PH applies to acidic medicines. In this 

case, salt form dominates at a PH higher than PHmax, while the free form exists at PH < 

PHmax. (Serajuddin, 2007). Several factors are considered during salt form selection. 

Those are categorized into four groups: drug chemistry-related factors, pharmaceutical 

factors, Pharmacokinetics (PK) and Pharmacodynamics (PD) considerations, and 

Intellectual property (IP) considerations (Gupta et al., 2018b).  
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1.2.1.2 Co-crystal  
 
A pharmaceutical co-crystal is a multi-component single-phase solid consisting of an 

active pharmaceutical ingredient and a co-crystal former in stoichiometric ratio. It is 

tailoring crystal structure that result in a co-crystal with different physicochemical 

properties compared to the starting material, including solubility. This technique attracted 

much attention in the pharmaceutical industry (Stoler & Warner, 2015).  In addition to its 

solubility enhancement application, the co-crystal technique is exploited in taste masking, 

control drug release, and creating new opportunities to enter the market and extend or 

originate intellectual property (Karimi-Jafari et al., 2018). 

 

Production of co-crystal is possible by the solid-state or solution-based methods. The 

solid-state approach includes spontaneous mixing of the active pharmaceutical ingredient 

with coformer without mechanical force, besides dry or liquid-assisted grinding. This 

approach's drawback is the lack of complete co-crystal formation. On the other hand, the 

solution-based approach comprises cooling crystallization, reaction co-crystallization, 

Isothermal slurry conversion approach, and evaporative co-crystallization (Karimi-Jafari 

et al., 2018). 

 

The difference between salts and co-crystals lies in the type of interaction between 

components. In co-crystals, components are mostly nonionized and interact by hydrogen 

bonds, electrostatic force, and Van der Waals forces (Stoler & Warner, 2015). While salts 

are composed of API and counterions (i.e., anions or cations) in stoichiometric ratio and 

predominantly interact by ionic interaction. (Gupta et al., 2018a). 
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1.2.2. Drug Solubilization  
 
1.2.2.1 Lipids  
 
 
Lipophilic medicaments solubilization is challenging; however, lipid-based approaches 

are considered an efficient technique to enhance their solubility. Nanoparticles and self-

emulsifying drug delivery system (SEDDS) are commonly utilized as lipid-based 

formulations (Conceicao J, Adeoye O, Cabral-Marques HM, 2017). 

 
1.2.2.1.1 Nanoparticles 
 
 
Nanoparticles concept lies in its size that ranges from 10 to 1000 nanometer, where the 

drug is dissolved, attached, encapsulated, entrapped in a nanoparticle matrix. 

(Gigliobianco et al., 2018). Nanocarriers are utilized for solubility and bioavailability 

enhancement, in addition to targeted drug delivery, hence, toxicity minimization and half-

life extension. (Nasirizadeh & Malaekeh-Nikouei, 2020) (Kumar et al., 2012). 

 

Nanoparticles are classified based on the carrier material into three categories: polymer, 

lipid- based, or both. Polymer-based nanoparticles are further divided into natural or 

synthetic, biodegradable or nonbiodegradable, and nanocapsule or nanosphere. 

Nanocapsule is a drug delivery system where the therapeutic agent is embedded in a 

cavity enclosed with a polymer, while a nanosphere is a system where the drug is 

consistently dispersed into a polymeric matrix. The nanosize of polymeric-based 

nanoparticles, in addition to polymeric matrix hydrophilicity, are underlying reasons for 

solubility and bioavailability enhancement. Lipid-based nanoparticles have several types; 

solid-lipid nanoparticles are most commonly used; Gasco and Muller discovered it in 
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1991(Baskar B. Dr.Selvaraju K. Karthikaa T., 2019). One of the solid-lipid nanoparticle`s 

main advantages is its drug loading capacity for hydrophilic and hydrophobic drugs. 

Also, it is widely exploited for anti-cancers solubility improvement (Nasirizadeh & 

Malaekeh-Nikouei, 2020). The last category of nanoparticles is the lipid-polymer hybrid 

nanoparticle; it is a combination of both lipid and polymeric nanocarriers (Kumar et al., 

2012). 

 

1.2.2.1.2 Self-emulsifying drug delivery system (SEDDS) 
 
 
A self-emulsifying drug delivery system (SEDDS) is a binary system composed of the 

drug as one phase and a mixture of surfactants and oils as a second phase, ultimately 

generate a dispersion with an opaque appearance. Upon agitation in the gastrointestinal 

tract (by gastric mobility), fine droplets will form with the size of 200 nm - 5 mm 

(Nigade et al., 2012). In addition to SEDD`s ability in therapeutic agent`s solubility 

enhancement, it’s also exploited in maximizing drug loading capacity and delivering 

enzymatic-sensitive proteins (Rajpoot et al., 2019).  

 

During the SEDDS binary system preparation, several factors should be considered, 

including system component selection. For example, long and medium-chain triglyceride 

oils are commonly used in SEDDS due to their function in promoting the self-

emulsification process. Other factors are the oil/surfactant ratio, surfactant concentration, 

and temperature. (Nigade et al., 2012). 
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1.2.2.2 Complex Formation  
 
 
Cyclodextrin is a cyclic oligosaccharide, composed of glucose units joined by α-1,4-

linkage, and characterized by a hydrophobic core and a hydrophilic external surface. 

(Saokham et al., 2018). It was first introduced by A.Villiers in 1891 and named 

“Cellulosine” (J. S. Patil et al., 2010).  

 

Cyclodextrin is a constituent of more than 40 marketed pharmaceutical products. It offers 

the benefit of improving the drug`s physicochemical properties, including solubility, 

dissolution rate, bioavailability, acting as a host molecule, and forming an inclusion 

complex with a guest drug incorporated in its cavity. Subsequently, the drug is released 

by competitive complexation or exposure to an aqueous medium (Saokham et al., 2018).  

 

Cyclodextrin has three unsubstituted naturally occurring subtypes, alpha-Cyclodextrin (α-

CD), beta-Cyclodextrin (β-CD), and gamma-Cyclodextrin (γ-CD), named as 

“Schardinger Sugars” (J. S. Patil et al., 2010), each has different cavity size and aqueous 

solubility. Figure 1-5 illustrates the three types and cavity size difference. Different 

derivatives can be obtained by substituting the hydroxyl group in the cyclodextrin outer 

phase (Saokham et al., 2018). One of the most advanced developed β-Cyclodextrin (β-

CD) derivatives is CAPTISOL®, which is a constituent in seven FDA approved drugs 

(Table 1-4), in addition to another 50 products in the clinical development phase. 

CAPTISOL® is capable of enhancing the solubility by 35 folds relative to β-cyclodextrin. 

(company overview (2020). Retrieved from https://www.captisol.com/technology). 

https://www.captisol.com/technology
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However, a higher concentration of cyclodextrin may lead to aggregation and increase 

formulation bulk (Saokham et al., 2018). 

 

 

Cyclodextrin 
Type 

α-Cyclodextrin β-Cyclodextrin γ-Cyclodextrin 

Number of 
Glucose 
unites 

6 units 7 units 8 units 

Cavity size 0.57 nm 0.78 nm 0.95 nm 
 

Figure 1. 5 cyclodextrin complex formation and cyclodextrin molecules characteristics. Adapted from 
(Carneiro et al., 2019). 
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1.2.2 Morphology modification 
 

1.2.2.1 Particle Size Reduction  
 

According to the Ostwald-Freundlich equation, micronization and nanosizing concepts lie 

in increasing the surface area by particle size reduction, which is directly related to 

saturation solubility (Junyaprasert & Morakul, 2015). The influence of particle size 

reduction on solubility is more significant at a size smaller than 1 µm (X. Zhang, 2020). 

Further reduction of particle size into the submicron range coined as Nanosizing 

(Murdande et al., 2015). Drugs formulated by particle size reduction approach obtain 

regulatory approval through the 505 (b)(2) application, relying on previous literature for 

approval.  

 

Two categories of techniques are employed for particle size reduction: bottom-up and 

top-down methods (Gigliobianco et al., 2018) (Khadka et al., 2014). The top-down 

technique depends on applying mechanical force to convert coarse powder into ultrafine 

material with 2-5 µm. Jet milling, ball milling, and high-pressure homogenization are the 

most common mechanical particle size reduction approaches. Jet milling depends on a 

high-speed jet of compressed air to produce smaller particle sizes. In contrast, ball 

milling relies on crushing drug particles filled partially into a cylindrical device with a 

horizontal axis rotating inside. High-pressure homogenization involves dispersing drug 

particles in a pressurized fluid that passes through a nanosize valve, Followed by a 

sudden reduction in pressure, in addition to erratic variation in velocity (Khadka et al., 

2014). Contrarily, the bottom-up technique applies recrystallization to attain reduced 

particle size, by controlled crystallization through evaporation or precipitation methods 
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(Khadka et al., 2014). Table 1-2 illustrates examples of drugs formulated by top-down 

and bottom-up methods.  

 

1.2.3 Intermolecular modification 
 

1.2.4.1 Amorphous solid dispersion 
 
 
Amorphous solid dispersion defined as a binary system composed of a poorly soluble 

active pharmaceutical ingredient in amorphous form dispersed in an inert carrier matrix at 

a molecular level (Schittny et al., 2020) (Mishra et al., 2015), which is typically a 

hydrophilic polymer (Park, 2015), according to Baghel et al. this binary system can be 

named as “polymeric amorphous solid dispersions (PASDs)” (Baghel, Cathcart, & Reilly, 

2016). Sekiguchi and Obi were first to introduce the solid dispersion concept in 1961, 

while Chiou and Riegelman implement this concept on Griseofulvin and demonstrated 

solubility enhancement utilizing polyethylene glycol 6000 as a soluble carrier. Afterward, 

solid dispersion was recognized as a new technology to improve drug solubility in the 

pharmaceutical industry (Chiou & Riegelman, 1971).  

 

Amorphous solid dispersion is considered the most convenient and promising technique 

utilized to enhance the solubility of active pharmaceutical ingredients in the 

pharmaceutical industry (Mishra et al., 2015) (Paudwal et al., 2019) (Kaushik et al., 

2020). Systems developed by this technology demonstrated a significant solubility and 

dissolution rate improvement of inadequately water-soluble drugs, hence, absorption and 

bioavailability (Schittny et al., 2020). 
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Amorphous solid dispersion boost solubility by several mechanisms; one is the reduced 

particle size, which enlarge the surface area of drug particles, hence increasing solubility 

and dissolution rate (Craig, 2002) (Chiou & Riegelman, 1971). Compared to the particle 

size reduction approach, amorphous solid dispersion is considered more efficient. The 

particle size obtained from the first technique is between 2 and 5 µm, inadequate for 

significant solubility improvement. In contrast, the amorphous solid dispersion particle 

size attained can be less than 2 µm (Kaushik et al., 2020). In addition to reduced size, 

particles are characterized by high porosity, leading to more exposure to the dissolution 

medium and greater surface area (Paudwal et al., 2019). Furthermore, exploiting a 

hydrophilic carrier that dissolves rapidly to release drug particles to the surrounding 

medium is another mechanism that contributes to solubility enhancement. Also, the 

homogenous dispersion of drug particles in the carrier matrix minimizes agglomeration 

and aggregation (Kaushik et al., 2020). Surfactant-like carriers enhances the wettability, 

which is a practical approach to boost solubility. However, carriers without surfactant 

activity also demonstrate wettability enhancement for drug particles (Mishra et al., 2015). 

 

The drug is dispersed in its amorphous form in the amorphous solid dispersion system. 

The amorphous form of a drug demonstrates higher solubility compared its crystalline 

counterparts (Paudwal et al., 2019). There are several differences between crystalline and 

amorphous forms. A crystalline form of a drug is characterized by three-dimensional 

long-range order, while an amorphous form lacks this long-range order; instead, it has 

short-range order and is randomly distributed (Hancock & Zografi, 1997) (S. Huang & 
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Williams, 2018). In addition to the difference in packing arrangement, several 

polymorphic forms for a single crystalline material can exist, each with distinct 

physicochemical properties such as solubility (Hancock & Zografi, 1997). The highly 

ordered crystalline material possesses high lattice energy, which is a barrier the molecule 

must overcome for dissolution to occur, while for an amorphous form, there is no energy 

barrier to break.  

 

The main difference between crystal and amorphous state is the high free energy that 

results in higher solubility and dissolution rate (Baghel, Cathcart, & Reilly, 2016). Figure 

1-6 illustrates the chemical potential for solid dispersion, crystalline, and amorphous 

states. An amorphous form of a drug has higher enthalpy, entropy, and free energy than 

the crystalline form (Friesen et al., 2008a). This leads to higher apparent solubility and 

dissolution rate; hence, bioavailability (Baghel, Cathcart, & Reilly, 2016).  

 

 

Figure 1. 6 “Energy pyramid of the crystalline form, amorphous solid dispersion, and amorphous form. µ is 
the chemical potential; diagram is not to scale” (Baghel, Cathcart, & Reilly, 2016). 
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When a drug in its crystalline form is heated, it will transfer to a molten state at its 

melting point Tm, leading to an increase in enthalpy. Two paths arise here with different 

outcomes. The first is the slow cooling of the molten drug, which results in a highly 

ordered crystalline state. Protracted cooling gives sufficient time for molecules to settle in 

a thermodynamically stable location in the crystal lattice. The second is rapid cooling of 

the molten drug, yielding a non-crystal state called “supercooled” at a temperature below 

Tm. The supercooled and molten forms of the drug are in equilibrium until the material 

reaches its glass transition temperature Tg, the temperature where the material transfer 

from the supercooled state into a glassy brittle form. Further cooling below Tg produces a 

non-crystalline brittle solid material with short- range order (Baghel, Cathcart, & Reilly, 

2016). Below Tg, global mobility (α relaxation) is notably less (Shah et al., 2013). The 

obtained amorphous material has enhanced properties (i.e., solubility) due to higher 

internal energy than the crystalline starting material (Hancock & Zografi, 1997).  

 

The high apparent solubility of the drug`s amorphous form appears as a peak, a 

phenomenon called “spring.” This supersaturation state occurs upon the dissolution of an 

amorphous drug (Schittny et al., 2020). According to Taylor and Zhang, a solution is 

supersaturated when the solute in the solution phase possesses higher free energy “than a 

solute at equilibrium with the most thermodynamically stable crystalline form” (Taylor & 

Zhang, 2016). However, a subsequent significant decrease in solubility occurs due to 

devitrification, where drug particles converted from the highly soluble 

thermodynamically unstable form into a more stable, and less soluble crystalline state. 
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(Baghel, Cathcart, & Reilly, 2016). The amorphous form inherent physical and chemical 

instability is a significant challenge during formulation. It is well known that nucleation 

and crystal growth are related to a certain degree of supersaturation (Paudwal et al., 

2019). This is one reason for limited commercially available products in the market that 

contain pure or neat amorphous active pharmaceutical ingredients (Meng et al., 2015). 

However, it is essential to stabilize the metastable supersaturation state to provide a 

sufficient absorption window for the drug uptake through the biological membrane 

(Schittny et al., 2020); thus, its desirable to extend this metastable supersaturation 

phenomenon. 

 

The incorporation of polymers and the formation of the binary system solid dispersion 

are considered a successful approach to stabilize an amorphous system (S. Huang & 

Williams, 2018). Polymers stabilize the amorphous form of a drug by inhibiting 

crystallization, composed of two steps: nucleation and crystal growth (Y. Huang & Dai, 

2014). Drug-polymer interaction (i.e., H-bonding, van der Waals, electrostatic, ionic, or 

hydrophobic) has demonstrated its capability to retard nucleation and crystal growth, 

hence, crystallization. These interactions will also reduce molecular mobility, which is a 

prerequisite for crystallization to occur (Baghel, Cathcart, & Reilly, 2016). Furthermore, 

polymers have an anti-plasticization effect; this leads to a reduction in material plasticity 

or hardening it. The anti-plasticization effect mediates an increase in Tg and viscosity of 

an amorphous solid dispersion system, which reduces nucleation and crystal growth 

(Haser & Zhang, 2018) (Paudwal et al., 2019). Hancock et al. proposed that Tg be at least 

50° C for an amorphous solid dispersion system to remain stable. This is termed the “Tg-
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50° C” rule (Shah et al., 2013). In conclusion, polymers can stabilize the supersaturation 

state and prolong its effect, which is a phenomenon called “parachute” (Maincent & 

Williams, 2018). Figure 1-7 illustrates the spring and parachute phenomena in 

comparison to crystalline form solubility.  

 

Figure 1. 7 spring and parachute phenomena in comparison to crystalline form solubility.  

Adapted from (Baghel, Cathcart, & O’Reilly, 2016). 

 

Amorphous solid dispersion is superior to other solubilization techniques due to its ability 

to enhance the drug`s solubility without jeopardizing permeability, and this is critical for 

drugs classified as BCS II (characterized by low solubility and high permeability). The 

amorphous solid dispersion system enhances apparent aqueous solubility by creating a 

supersaturated solution without affecting the drug's equilibrium solubility. This increase 

of apparent solubility does not influence over the drug`s partition coefficient.  
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Permeability is the process of drug particle penetration across a biological membrane, its 

equal to the drug`s diffusion coefficient multiplied by the partition coefficient of the drug, 

divided by membrane thickness. Drug`s partition coefficient interrelates equilibrium 

solubility and permeability, but supersaturation is a kinetic and non-equilibrium solubility 

and has no influence over the drug`s partition coefficient. Apparent solubility 

enhancement does not alter permeability. In contrast, other solubilization techniques 

enhance equilibrium solubility but decrease partition coefficient and permeability (Miller 

et al., 2012).   

 

This unique advantage of the amorphous solid dispersion technique is the main reason 

behind the increased interest in this technology for solubility improvement in academia 

and the pharmaceutical industry. A study demonstrated that the number of published 

articles grew from 49 to 435 between 2000 and 2015, while patents for drugs formulated 

by this technology increased from 11 to 157 at the same time (J. Zhang et al., 2018) 

(Mendonsa et al., 2020). There are numerous drugs in the market produced by this 

technique. Table 1-4 illustrates examples of drugs produced by amorphous solid 

dispersion most common techniques (i.e., Hot-melt extrusion and spray drying) (Kelleher 

et al., 2018). For instance, Onmet (Itraconazole), an antifungal formulated with 

Soluplus as a polymer matrix. The anti-inflammatory Naproxen formulated with 

Copovidone as polymer, and Felodipine is dispersed in the HPMC matrix (Ren et al., 

2019). In addition, Noxafil (Posaconazole) with HPMCAS, Rezulin (Troglitazone) 

with PVP for diabetes, Belsomra (Suvorexant) with PVP\VA for insomnia treatment 

(Repka et al., 2018), and Adalat SL (Nifedipine) with HPMC for angina treatment.  
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Abbvie ( Glecaprevir\ pibrentasvir) with Copovidone for Hepatitis C virus, and Kaletra 

(Lopinavir\ ritonavir) with Copovidone for HIV (Simões et al., 2019), are also examples 

for drugs produced by Hot-melt extrusion technology. In contrast, Prograf (Tacrolimus), 

and Crestor (Rosuvastatin) both are formulated using HPMC (S. Huang & Williams, 

2018), Incivek (Teleprevir) with HPMCAS, Zotress (Everolimus), and Nivadil 

(Nivaldipine) with HPMC, (Mishra et al., 2015) all formulated by spray drying 

technology.  

 

Amorphous solid dispersion manufacturing methods are classified into two groups, 

fusion-based and solvent-based methods. The fusion-based approach typically involves 

melting a drug and water-soluble polymer at high temperatures, followed by rapid 

cooling until solid material is obtained (S. Huang & Williams, 2018). On the other hand, 

the solvent-based method includes solubilization of system components in a suitable 

solvent, followed by evaporation for solvent removal, obtaining the solid dispersion, then 

quashing, sieving, and drying (Paudwal et al., 2019). Spray-drying technology is 

classified as a solvent-based method and the most commonly utilized from this category 

in the pharmaceutical industry (S. Huang & Williams, 2018). Its main application 

converting a drug-carrier solution into amorphous solid dispersion (Mishra et al., 2015). 

This process encompasses three steps, first is the preparation of feed solution by 

dissolving a poorly soluble drug and polymer into the volatile solvent (e.g., acetone, 

ethanol). Next is the atomization of the liquid solution through nozzles to form discrete 

droplets with a higher surface area. The droplet size can be controlled by customizing the 

nozzle (Mishra et al., 2015). Then, small droplets are exposed to hot gas in the drying 
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chamber (e.g., air, nitrogen) to remove the solvent. Finally, the solid powder is obtained 

by a collecting system (e.g., cyclone) for further processing to remove the residual 

solvent (Kaushik et al., 2020) (S. Huang & Williams, 2018). One of the main drawbacks 

of this approach is solvent removal, minimizing the usage of organic solvent is a trend in 

the pharmaceutical industry, due to their negative environmental impact, in addition to 

residual removal difficulties (Haser & Zhang, 2018) (Kelleher et al., 2018). 

 

1.3 Hot-melt Extrusion  
 

1.3.1 Hot-melt Extrusion Overview  
 

Hot-melt extrusion technology is classified as a fusion-based method and the most 

commonly utilized from this category in the pharmaceutical industry. It was first 

introduced in the 1930s as part of the plastic, rubber, and food industry (Repka et al., 

2018). It was until the 1970s this technology was employed to produce amorphous solid 

dispersion systems in the pharmaceutical industry (Ren et al., 2019). Hot-melt extrusion 

is the process of trapping an active pharmaceutical ingredient in a polymeric matrix at a 

molecular level, softening it by heat and pressure, and then conveying it through a 

predesigned die to obtain an extrudate (Ren et al., 2019).  

 

Hot-melt extrusion is considered a versatile and robust technology with numerous 

applications in the pharmaceutical industry, such as taste-masking, controlled and 

sustained-release formulations, transdermal applications, implants, and enteric 

formulations (Simões et al., 2019), in addition to solubility enhancement for poorly-water 
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soluble medicaments, which is regarded as the most efficient approach for amorphous 

solid dispersion production (Repka et al., 2018) (Mendonsa et al., 2020), this is obvious 

from the increased number of publications, commercial products, and registered patents 

(H. Patil et al., 2016). Besides its wide applications in the pharmaceutical industry, hot-

melt extrusion possesses various advantages. Table 1-5 illustrates the advantage of hot-

melt extrusion technology. One of the most critical features of hot-melt extrusion is 

operating without solvents, which eliminates the burden of residual solvent removal upon 

forming the dispersion system; this saves time since fewer processing steps are required, 

and lower environmental impact as hot-melt extrusion considered as green technology 

(Repka et al., 2018). Furthermore, this technology is a continuous process, following the 

“one-in-one-out” concept (Ren et al., 2019). As a result, the production cost is lower, 

scale-up is easier, time and labor are lower, and production batches are larger compared 

to other solubilization techniques, therefore, hot-melt extrusion is considered an 

economical and feasible technique (Repka et al., 2018) (H. Patil et al., 2016). However, 

one of the main drawbacks of this technology is the processing of thermolabile drugs 

because of the higher processing temperature. This challenge is resolved by utilizing 

plasticizers, which are defined as “low-molecular-weight compounds capable of 

softening polymers to make them more flexible and lower the processing temperature of 

the hot-melt extrusion” (H. Patil et al., 2016). Examples of plasticizers include 

polyethylene glycol PEG 1000, citrate easter, and triacetin. Another strategy is by 

reduction of material residence time during extrusion, hence, reduce degradation 

possibility (Kelleher et al., 2018) (S. Huang & Williams, 2018).  

 



 33 

 

 

 Hot-melt extrusion Spray-drying 
Advantages • Environmental- friendly technology  

• Continuous process  
• Solvent-free process  
• Versatile technology 
• Cost-effective process  
• Easily scalable  
• Efficient for solubility enhancement  
• Large production capacity  
• Efficient mixing, high homogeneity  

 

• Lower processing 
temperatures  

• “Drug substance pre-
dissolved”  

• More polymeric choices  
• continues process  

 

Disadvantages • Processing heat-sensitive drugs 
• “high energy input” 
• “limited number of thermal 

sensitive polymers”  

 

• Residual solvent further 
processing  

• Less homogenous product  
• Relative high cost  
• Environmental impact of 

solvent use 

 
 

Table 1. 5 advantages and disadvantages of both Hot-melt extrusion and spray drying. 

Adapted from (H. Patil et al., 2016), (Repka et al., 2018), (Ren et al., 2019). 

 

1.3.2 Hot-Melt Extrusion Process and Equipment 
 

Hot-melt extrusion equipment is composed of the control panel, feeder, extruder, and 

downstream processing components (e.g., chill rolls) (Ren et al., 2019). However, the 

extruder is the most crucial part of the extrusion process (H. Patil et al., 2016). Extruder 

encompasses cylindrical barrel, screw or ram, heating\cooling source, dies (Mendonsa et 

al., 2020). Dies are in different shapes and sizes, selected based on the desired dosage 
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form. For example, flat dies are used to obtain films, while circular dies are utilized for 

pellets production (Shah et al., 2013).  

 

In accordance to the screw layout, the extruder is classified into three categories: single-

screw extruder, twin-screw extruder, and multiple screw extruder (Mendonsa et al., 2020) 

(Ren et al., 2019). Table 1-6 illustrates types and subtypes of hot-melt extruders.  

 

Type Subtype 
Single-screw extruders (SSEs) “smooth or grooved barrel” (H. Patil et al., 2016) 

Twin-screw extruders (TSEs) “co-rotating or counterrotating” (H. Patil et al., 2016) 

Multi-screw extruders (MSEs) “static or rotating central shaft” (H. Patil et al., 2016) 

 

Table 1. 6 Types and subtypes of hot-melt extruders.  

Adapted from (H. Patil et al., 2016). 

 

The single-screw extruder was first introduced in 1879. As the name depicts, it`s 

composed of a single rotating screw with 20 turns or more placed in a barrel. It’s 

characterized by simplicity of design and cost-effectiveness compared to twin-screw 

extruders. Heat generation in this type occurs by attrition between barrel wall, screw, and 

conveyed physical mixture; hence, heat produced depends on screw speed, which 

increases the possibility for material degradation. Besides, this operation mode results in 

higher pressure leading to material aggregation, thus, inadequate system components 

mixing and lower homogeneity (H. Patil et al., 2016) (Mendonsa et al., 2020). Multiple-

screw extruder composed of more than two screws with a different configuration. It’s 
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convenient for thermolabile materials compared to single-screw extruders (H. Patil et al., 

2016).  

 

The twin-screw extruder was first introduced in the 1930s and composed of two screws in 

a barrel. It has several advantages, including lower material residence time and self-

cleaning ability where each screw cleans the adjacent one during rotating; this minimizes 

material waste and ensures the complete discharge of loaded material from the extruder. 

A twin-screw extruder ensures efficient mixing of system components, thus, more 

homogenous extrudate (Ren et al., 2019) and higher quality extrudate. There is less 

degradation possibility, as heat generated by a controlled external source and its 

independent on screw speed (H. Patil et al., 2016). Twin-screw extruder is further 

classified based on rotation direction into counter-rotating (opposite direction) and co-

rotating (same direction) (Mendonsa et al., 2020). Co-rotating twin-screw is most 

commonly used in the pharmaceutical industry, while counter-rotating twin-screw is 

utilized for thermolabile materials (Shah et al., 2013).  

 

The hot-melt extrusion process is divided into six steps: premixing, feeding, melting, 

conveying and mixing, extrudate propelling, and downstream processing (Mendonsa et 

al., 2020) (Shah et al., 2013). First is the preparation of a physical mixture by blending 

the drug, polymer, and other additives. The second is feeding of the physical mixture into 

the extruder by a hopper. There are two patterns for feeding: starve or volumetric feeding 

and flood mode. The first is used for steady dispensing feedstock into the extruder to 

impede material accumulation in the hopper. Thus, screw speed does not control the flow 
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rate. In contrast to flood-feeding mode, the flow rate is dependent on screw speed. Next is 

the melting step, which takes place during mixture transportation along the barrel. The 

heat requisite to soften the material has two sources: the external heating source 

connected to the extruder, and shear heat results from friction between barrel wall, 

material, and screw as the channel depth decreases along the barrel. This step leads to the 

polymer softening and drug dispersed into polymer matrix (H. Patil et al., 2016). Then, 

molten material is mixed thoroughly and conveyed to ensure extrudate homogeneity 

(Repka et al., 2018). Finally is the step, where extrudate is propelled through a die to 

obtain the desired shape of amorphous solid dispersion (Ren et al., 2019), followed by 

downstream processing for extrudate cooling. Figure 1-8 illustrates the hot-melt 

extrusion process overview and the equipment components.   

  

 

Figure 1. 8 hot-melt extrusion process overview and the equipment components.   

Adapted from (Hot Melt Extrusion) Lubrizol life sciences.  
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1.4 Ibrutinib 
 

1.4.1 Indications and Mechanism  
 

Ibrutinib is the first Bruton`s tyrosine kinase (BTK) inhibitor to be authorized by Food 

and Drug Administration (FDA) (Davids & Brown, 2014). Bruton`s tyrosine kinase 

(BTK) protein is cytoplasmic tyrosine kinase (Brown, 2013) and crucial for signal 

transduction in the B-cell receptor signaling pathway (McNally et al., 2015).  

 

Antigen binding to the B-cell receptor stimulates its assembly with the co-receptors 

CD79A and CD79B. consequently, LYN and SYK tyrosine kinases are activated to 

phosphorylate the co-receptors, which intensify the signal. Afterward, lipid kinase PI3Kδ 

is phosphorylated by activated SYK. PI3Kδ converts PIP2 into PIP3, which is a binding 

site for two cytoplasmic kinases BTK and AKT. BTK phosphorylates Phospholipase Cγ2 

(PLCγ2); upon its activation, it releases second messengers to activate protein kinase Cβ 

(PKCβ), followed by IKK phosphorylation and IκB. The former is structurally disrupted 

by being phosphorylated, leading to NFκB transcription factors, which subsequently 

translocate to the nucleus, where gene expression takes place. Genes regulate cell 

proliferation, growth, migration, and survival (Wiestner, 2013). Figure 1-9 illustrates the 

B-cell signaling pathway and Ibrutinib mechanism of action. Antigen-dependent B-cell 

signaling cascade is recognized as a mechanism for B-cell malignancies, which is the 

most common hematologic cancer (Altman et al., 2016). Accordingly, the B-cell pathway 

is recognized as a promising therapeutic target.  
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Ibrutinib is a potent and selective oral antineoplastic agent that binds irreversibly to Cys-

481 in Bruton`s tyrosine kinase (BTK) active site (Deeks, 2017) (Altman et al., 2016) and 

inhibits B-cell downstream cascade and tumor development (Wang et al., 2015), besides, 

promoting apoptosis (McNally et al., 2015). Ibrutinib (Imbruvica) was licensed by the 

Food and Drug Administration FDA in 2013 (Akinleye et al., 2014) as a first-line 

treatment for B-cell malignancies (Deeks, 2017), including relapsed/refractory chronic 

lymphocytic leukemia, mantle cell lymphoma, Waldenström’s macroglobulinemia, 

marginal zone lymphoma, and Chronic graft versus host disease (cGVHD) (Rosenthal, 

2017) (Roskoski, 2016). Table 1-7 illustrates Ibrutinib approval timeline. Ibrutinib is 

termed as the “breakthrough therapy” (Akinleye et al., 2014), as it is an effective and safe 

alternative treatment for the current standard therapeutic regimen that induces long-term 

toxicity and resistance (Davids & Brown, 2014) (Ayyappan & Maddocks, 2019).  

 

 

Figure 1. 9 B-cell signaling pathway and Ibrutinib mechanism of action (Gayko et al., 2015). 
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Regulatory 
Agency  

Indication  Date of 
approval  

Company  

FDA Mantle cell lymphoma (MCL) November 
2013 

Pharmacyclics 

FDA Chronic lymphocytic leukemia February 2014 Pharmacyclics 
FDA Chronic lymphocytic leukemia with 

17p deletion   
December 
2014 

Pharmacyclics 

FDA Waldenström's macroglobuline-mia  May 2016 Pharmacyclics 
FDA Marginal zone lymphoma (MZL)  January 2017 Pharmacyclics 
FDA Chronic graft versus host disease 

(cGVHD)  
August 2017 Pharmacyclics 

 

Table 1. 7 Ibrutinib approval timeline.  

 

1.4.2 Physicochemical and Biopharmaceutical properties   
 

Ibrutinib (Imbruvica) is a white to off-white crystalline powder produced as tablets and 

capsules in the market with 560 mg as the highest dose. It is designated as BCS class II 

(Simões et al., 2020), characterized by low solubility and high permeability (Table 1-9 

illustrates Lipinski's rule of five for ibrutinib). Ibrutinib is freely soluble in methanol and 

dimethyl sulfoxide, but it is practically insoluble in water (Lee et al., 2016). Polymorphic 

form A has a solubility of 0.013 mg/mL at pH of 8, while form B has a 0.0096 mg/mL 

solubility at a pH of 7.42 (Mark Smyth, Erick Goldman, 2013). Ibrutinib is a weak base 

with a pKa of 3.75 (Simões et al., 2020), with a PH-dependent solubility. It`s more 

soluble in the stomach acidic environment but less soluble in small intestine basic 

conditions (Rangaraj et al., 2019).  

 

Due to ibrutinib low solubility, bioavailability is reported to be 3.9% (Reddy & Swapna, 

2019). Also, inadequate solubility leads to high daily doses, thus, gastrointestinal severe 

side effects. In addition to ibrutinib low solubility and bioavailability, it has six different 
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polymorphs designated as A to F (Mark Smyth, Erick Goldman, 2013). Polymorphism is 

a drug's existence in two or more crystal forms that have distinct arrangements, hence, 

different physical properties, such as melting point, solubility, stability, and dissolution 

(Chistyakov & Sergeev, 2020). Furthermore, interconversion from one form to the other 

is a critical issue during manufacturing and storage. Thus, the most stable polymorph is 

selected during development. Among the six polymorphs of ibrutinib, form A is the most 

stable one. However, the more stable is the crystalline form, the lower is its solubility 

(Zvoníček et al., 2017).  

 

Accordingly, there is a need for an alternative formula to enhance the solubility and 

bioavailability of ibrutinib, this resulting in a lower dose, gastrointestinal side effects, and 

variability. Table 1-8 illustrates the physical and chemical properties of Ibrutinib.   
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BCS class II  (Simões et al., 2020) 
Chemical 
structure 
 

 
(Kuehl et al., 2017)  

Molecular 
formula  

C25H24N6O2  (Davids & Brown, 2014) . 

chemical name 1-{(3R)-3-[4-amino-3-(4-phenoxyphenl)-1-H-pyrazolo [3,4-
d]pyrimidin-1-yl]piperidin-1-yl}prop-2-en-1-one (Davids & 
Brown, 2014). It has one chiral center with R configuration 
(Pharmacyclic, 2013).  

molecular 
weight 

is 440.5 g/mol (Davids & Brown, 2014) .  

Appearance Its white to off-white powder (Mark Smyth, Erick Goldman, 2013) 
Stability Ibrutinib is physically and chemically stable when subjected to 

light, moisture, chemical stress and heat (Pharmacyclic, 2013)  
 

Table 1. 8 Physical and chemical properties of Ibrutinib.   

 

Lipinski's rule of five Ibrutinib  
No more than 5 hydrogen bonds donors 1 H-bond donor 

No more than 10 hydrogen bond acceptors 7 H-bond acceptors 
A molecular mass less than 500 daltons 440.51 daltons 

An octanol-water partition coefficient (log P) that does not 
exceed 5 

3.97 

Polar surface area no greater than 140 Å2 99.2 Å2 
 
Table 1. 9 Lipinski's rule of five for ibrutinib (adapted from (Simões et al., 2020)). 

 
1.5 Modified Release delivery system  

 

1.5.1 Overview of Modified Release Delivery System  
 

The drug delivery system controls the drug's therapeutic effect significantly, as it 

influences the drug release rate. Drug delivery systems can be categorized in accordance 
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with the drug release mechanism into immediate release and modified release. The 

former is further classified into delayed-release, where the drug is released at a specific 

time after administration, and extended- release, where the drug is released gradually 

over a prolonged time. Delayed-release delivery systems are utilized to release the drug at 

a specific location (e.g., small intestine) to avoid drug degradation in the stomach acidic 

environment. In some cases, such as colon cancer, delayed delivery systems help release 

the drug in the colon. On the other hand, the extended delivery systems are exploited to 

reduce dose intake frequency (Maincent & Williams, 2018), as it maintains drug 

concentration within the therapeutic range for a prolonged time. It was first introduced in 

1952 developing a sustained release delivery system (Park, 2014). This category is 

further classified into sustained and controlled drug release. The main difference between 

those subclasses is that controlled delivery systems designed to maintain a specific drug 

plasma concentration; hence, it produces constant plasma concentration in contrast to 

sustained release systems. Also, controlled-release delivery systems are not restricted to 

oral dosage forms like sustained release delivery systems. The concept is also applicable 

to other dosage forms such as transdermal and vaginal routes of administration (Yvonne 

Perrie TR, 2009). 

 

1.5.2 Sustained Release Amorphous Solid Dispersion  
 

Most amorphous solid dispersion systems are in an immediate-release dosage form. 

However, a sustained-release amorphous solid dispersion system has several advantages, 

such as minimizing administration frequency for drugs with a short half-life and drugs 

with a narrow therapeutic index with toxicity possibility. It is also beneficial to reduce 
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recrystallization propensity that compromises the solubility advantage of amorphous 

solid dispersion system; this is achieved by controlling supersaturation rate. 

 

The supersaturation state influences the nucleation process (the first step of 

crystallization). Whenever the activation energy is overcome, the nucleation will occur. 

According to LaMer’s diagram (Figure 1-10), three stages describe crystallization steps 

(nucleation and crystal growth); at stage I, below the Cmin, no nucleation will occur (for a 

specific period of time). If the concentration is above Cmin, the activation energy is 

overcome, and both nucleation and crystal growth occur; this is denoted as stage II. 

Nuclei will grow by “diffusion from the bulk of the solution toward the crystal interface 

and also by the integration of the molecules into the crystal lattice (Maincent & Williams, 

2018)” During stage III, concentration decreases below Cmin, where only crystal growth 

occurs until the concentration reaches Cs, which is the equilibrium concentration. 

Therefore, maintaining the supersaturation concentration below Cmin and nucleation 

threshold will contribute to the stability of the highly soluble form and impede 

crystallization, thus, improve absorption and bioavailability (Maincent & Williams, 

2018).  
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Figure 1. 10 LaMer’s diagram. 

Adapted from (Maincent & Williams, 2018). 
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CHAPTER 2 

AIMS AND OBJECTIVES OF THE STUDY 

 

Ibrutinib (IMBRUVICA, with recommended tablet dosage of 420mg to 560 mg) is the 

first Bruton`s tyrosine kinase (BTK) inhibitor to be authorized by the Food and Drug 

Administration (FDA) (Davids & Brown, 2014). It is the first-line treatment for B-cell 

malignancies, which is the most common hematologic neoplasia. Ibrutinib is a safe 

alternative for the current therapeutic regimen that is associated with long-term toxicity 

and resistance (Deeks, 2017). During the five years since its approval US Patent Office 

has issued 38 patents for this new chemical entity (NCE), and Center of Drug Evaluation 

and Research (CDER) also has introduced five additional indications for this drug 

(Ibrutinib). They include Mantle cell lymphoma (MCL), Chronic lymphocytic leukemia, 

Chronic lymphocytic leukemia with 17p deletion, Waldenström's macroglobulinemia, 

Marginal zone lymphoma (MZL), and Chronic graft versus host disease (cGVHD). 

Interestingly, there are ongoing clinical trials to investigate this drug and its therapeutic 

activity in B cell lymphomas and other malignancies. Discovering new indications for 

ibrutinib has resulted in extension of patent protection until December 2026.  

 

This unique oral antineoplastic agent is designated as BCS class II (i.e., low solubility, 

high permeability). Ibrutinib crystalline form is practically insoluble in an aqueous 

medium, having solubility of 13 µg/ml at PH 8.0 (Mark Smyth, Erick Goldman, 2013). 

Solubility is a precondition for medicament absorption and permeability into biological 

membranes before reaching the systemic circulation. Low water solubility is a critical 
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limitation for the absorption process in the gastrointestinal tract. Lack of solubility 

naturally limits ibrutinib bioavailability which is reported to be 3.9% (Reddy & Swapna, 

2019), as a result drug dosage appears large to partly compensate for low and variable 

bioavailability. Furthermore, Ibrutinib in its crystalline form demonstrates to exist in six 

polymorphic crystalline forms, each having distinct physicochemical properties and 

solubilities (Mark Smyth, Erick Goldman, 2013). Interconversion between polymorphs 

during manufacturing and storage is well known in the literature; thus, selection of right 

polymorph with best stability, formulation development, and drug handling becomes 

complicated and difficult. Often there will be stability issues and consequently changes in 

dissolution rate and release. Additionally, with current immediate-release formulation on 

the market due to high dose, severe gastrointestinal side effects have been reported and 

patient compliance is poor. This is considered as a critical issue, since ibrutinib is used as 

a long-term therapy for chronic diseases.  

 

This study aims to develop a stable amorphous solid dispersion system of ibrutinib and 

formulate it as a sustained-release tablet. This will be accomplished by employing hot-

melt extrusion (HME) technology and high-speed rotary press (MANESTY BetaPress) 

with optimized process parameters, as an approach to tackle shortcomings of the 

marketed formulation. Amorphous solid dispersions based on HME is an efficient 

technique to overcome poor solubility problems and stabilize the metastable polymorphic 

form of the drug. It is known that amorphous systems have high thermodynamic energy 

and are an efficient way to boost dissolution rate and bioavailability of insoluble drugs. 

Such amorphous systems have several limitations, most important is their risk of 
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recrystallization. Therefore, to increase physical stability of drug appropriate selection of 

polymer(s) which utilizes interactions with drug molecule during HME and formation of 

a dispersion is considered. This is achieved without trading off permeability, which is the 

second prerequisite of the absorption process. Copovidone (PlasdoneTM S-630 Ultra) 

which has been used in multiple HME process with proven capacity to stabilize drugs in 

dispersions is used in development of ibrutinib amorphous solid dispersion (ASD).  The 

produced ASD will be further formulated to produce a sustained-release delivery system. 

This study is undertaken to accomplish two objectives: 

 

1-   Prepare stable amorphous solid dispersion of ibrutinib utilizing Hot-melt extrusion 

technique, using Copovidone (PlasdoneTM S-630 Ultra) as a carrier. Subsequently, 

characterization of extrudate solid-state properties will be performed, using modulated 

differential scanning calorimetry DSC, X-ray powder diffraction XRPD, 

Thermogravimetric analysis TGA and Rheological analysis.  

 

2-   Develop a sustained-release tablet of the optimized amorphous solid dispersion, using 

a high-speed rotary press (MANESTY BetaPress). Further, dissolution rate of the 

developed matrix system and stability of the delivery system will be evaluated within the 

bounds of the project and this research.   
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CHAPTER 3 

IBRUTINIB AMORPHOUS SOLID DISPERSION SYSTEM  

DEVELOPMENT AND CHARACTERIZATION 

 

An amorphous solid dispersion's high thermodynamic energy poses an increased risk of 

recrystallization during manufacturing, handling, and storage (Baghel, Cathcart, & Reilly, 

2016). Therefore, careful selection of polymeric carrier, process parameters, and drug 

loading is a necessity. The process of developing and characterizing amorphous solid 

dispersion systems, including screening different polymers, API loads, and various 

processing conditions for lab-scale production, requires long time and excessive 

quantities of material. However, during the early developmental stage, the material 

availability is minimal due to its high cost. A trial-and-error iterative approach can be 

time-consuming and misleading. Hence, it was essential to eliminate excessive protracted 

experimentation in this time-bounded study. Copovidone (PlasdoneTM S-630 Ultra grade) 

polymer was selected as a carrier for developing an ibrutinib amorphous solid dispersion 

system, based on a literature review. Polymer election was driven by the restrictive 

timeline and restrained material availability.  

 

It is well-known that drug content in an amorphous solid dispersion system can be low, 

medium, and high load; those three categories are identified as ~0-30wt%, ~30-50wt%, 

and >50wt%, respectively (F. G. Yang et al., 2019). A lab-scale extrusion process was 

performed to produce three amorphous solid dispersion systems with 20%, 40%, and 

60% drug loading, employing parallel twin-screw co-rotating mini-extruder. Further 
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analysis and characterization of the produced amorphous solid dispersion 

physicochemical properties were performed utilizing microscopic, spectroscopic, and 

thermal analysis. Micro-dissolution was performed to examine the apparent solubility 

enhancement archived by converting crystalline ibrutinib into amorphous state.  

 

3.1 Materials and methods  
 
3.1.1 Materials  
 

Ibrutinib was purchased from RIA international LLC (New Jersey, USA). Its molecular 

formula is C25H24N6O2, and its molecular weight is 440.50 g\mol. Ibrutinib has very low 

solubility in water. Copovidone (PlasdoneTM S-630 Ultra) is from Ashland Specialty 

Ingredient (Wilmington, DE). Fasted State Simulated Intestinal Fluid (FaSSIF) buffer 

was prepared using FaSSIF powder purchased from Biorelevant (London, UK). 

The following excipient was used to prepare a sustained-release tablet:  

Polyvinylpolypyrrolidone (PolyplasdoneTM XL-10) is from Ashland Specialty Ingredient 

(Wilmington, DE). Spray-dried Lactose is from DFE Pharma GmbH & Co (Goch, 

Germany) and magnesium stearate. 

 

3.1.2 Methods  
 
3.1.2.1 Modulated differential scanning calorimetry (mDSC) 
 

Thermal properties assessment was conducted by employing a Thermal analysis Q2000 

differential scanning calorimeter (TA Instruments, New Castle, DE). Indium was used for 

instrument calibration. Samples were analyzed in sealed aluminum pans and weigh 
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approximately 2-5 mg (TA instrument, New Castle, DE). The reference was an empty 

standard aluminum pan. Analysis performed by heating up from -20 °C to 240 °C at 5 

°C/min temperature ramping rate with a modulation amplitude of ± 1.5 °C every 40 

seconds. During analysis, an inert atmosphere was maintained by nitrogen gas stream at 

20 psi pressure. Melt-extruded glass transition temperature analysis was conducted using 

the reverse heat flow signal. The thermograms were obtained and analyzed using 

Universal V4.5A TA instruments software (TA instrument, New Castle, DE, USA). DSC 

measurements were conducted for pure ibrutinib, pure copovidone (PlasdoneTM S-630 

Ultra), physical mixtures, and extrudate material. 

 

                                           

Figure 3. 1 Q2000 differential scanning calorimeter. 
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3.1.2.2 Thermogravimetric analysis TGA 
 

Pure ibrutinib and copovidone (PlasdoneTM S-630 Ultra) decomposition assessment was 

conducted by employing Q500 thermogravimetric analyzer (TA Instruments, New Castle, 

DE, USA). Calibration of TGA Q500 was performed before measurements using three 

reference materials with nominal mass losses of 20%, 50%, and 60% at 160 °C. A sample 

weigh approximately 4-5 mg was placed in a platinum sample pan (TA instrument, New 

Castle, DE, USA). The heating range was between 0 °C- 700 °C, and the heating rate was 

10 °C /min. Measurements performed under airstream at a 50 ml/min purge rate. TGA 

reported the mass loss as a function of temperature for each sample. Each experiment was 

conducted in triplicate. Thermal curves analysis was performed using Universal V4.5A 

TA instruments software (TA instrument, New Castle, DE, USA). 

 

                                      

Figure 3. 2 Q500 thermogravimetric analyzer. 
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3.1.2.3 X-ray powder diffraction XRPD 
 

X-ray experiments were conducted utilizing a Bruker D8 Focus x-ray diffractometer at a 

voltage of 40kv and a current of 40 mA. Samples accommodated into PMMA powder 

specimen holder where an incident X-ray beam is directed to the sample. Diffractogram 

collected, and samples scanned in the 2-Theta angle range of 4-40° over 60 minutes in 

continuous detect scan mode. X-ray diffraction profiles were analyzed using software 

Diffract EVA (Bruker AXS). X-ray diffraction analysis was conducted for pure ibrutinib, 

pure copovidone (PlasdoneTM S-630 Ultra), physical mixtures, and extruded materials.  

   

  

Figure 3. 3 Bruker D8 Focus x-ray diffractometer. 
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3.1.2.4 Rheology of API-Polymer Dispersions  
 

Advanced rheometer ARES G2 was used for rheological properties assessment. ARES 

G2 instrument had parallel plate geometry, the diameter of plates was 25 mm, and the 

gap distance was 1 mm. The samples (pure copovidone (PlasdoneTM S-630 Ultra), 

physical mixtures, and extruded materials) were prepared as disk specimens with 25 mm 

diameter and 1g weight. Disks made using Carver laboratory press, approximately 1 g 

dry powder was compressed using die and punches at room temperature for 3 min at 27.6 

MPa pressure. Disk specimens were dried under vacuum at 70 °C for 1 hour before 

measurements. The loading temperature was 135 °C; at this temperature, the polymer 

will soften, and air bubbles will be expelled from the samples. Dynamic temperature 

ramps (i.e., heating and cooling cycle) of copovidone, physical mixture and melt-

extruded samples were at 2.0 °C/min, while measurements were conducted at an angular 

frequency of 6.283 rad/s. Pure copovidone (PlasdoneTM S-630 Ultra), physical mixtures, 

and extruded materials disk specimens were studied at a temperature range between 140 -

170 °C. All samples were run in triplicate with an error of ±5%. The time estimated to 

complete a single measurement is 15 minutes. Rheology data analysis was performed 

using TA Instruments Trios V5.0 software (TA instrument, DE, USA). 
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Figure 3. 4 Advanced rheometer ARES G2. 

 

3.1.2.5 Stability Study Accelerated under temperature and humidity  
 

Although an Amorphous solid dispersion system is a practical approach to overcome 

poor aqueous solubility issues, it is known to have high thermodynamic energy 

associated with recrystallization of the amorphous system, which jeopardizes its 

solubility. The stability of the ibrutinib\ copovidone (PlasdoneTM S-630 Ultra) amorphous 

solid dispersion system was evaluated in two different storage conditions. Melt extruded 

powder was stored in sealed glass vials and subjected to 60 °C temperature for one 

month. Another set of extruded powder samples were tested under accelerated stability 

conditions at 40 °C /75% RH (according to international conference of harmonization 

guidelines ICH) for three days. Melt-extruded powders were stored in glass vials with 

opening the cap. Subsequently, X-ray powder diffraction was performed to assess the 
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amorphous state and to detect recrystallization occurrence. Table 3-1 summarized storage 

conditions in the accelerated stability studies conducted.  

 

Parameters storage conditions 1 storage conditions 2 
Temperature 60 °C 40 °C 

Humidity No humidity 75% RH 
duration One month Three days 

Container Glass vials Glass vials 
Sealing Cap sealed Cap open 

 

Table 3. 1 accelerated stability studies storage conditions. 

 

3.1.2.6 Preparation of the ibrutinib ASD system HME 
 

A parallel twin-screw co-rotating mini extruder with a screw diameter of 9 mm (Three-

Tec GmbH, Switzerland) was used to perform extrusion of the powder blends. The 

extrusion process parameters were as follows: processing temperature was 160 °C, screw 

speed was 100 RPM, while feed rate was 5-10% per minutes. A volumetric feeder was 

used to feed the physical mixtures (batch size is 60 g) in the hot-melt extruder. The 

Torque value was observed during the process as it depicts the amorphous solid 

dispersion system melt viscosity. A highly melting viscosity of the ASD system results in 

higher torque values, which means a higher drive motor load that impedes processing the 

powder blend smoothly. Extruded material was cooled on a conveyer belt and 

subsequently grinded and sieved using 300 µm mesh to control particle size.   
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Figure 3. 5 Parallel twin-screw co-rotating mini extruder. 

 

3.1.2.7 Supersaturation dissolution study (non-sink conditions)  
 

Micro-dissolution tester (µDiss Profiler TM, Pion Inc.) was used to evaluate the ibrutinib's 

supersaturation solubility compared to its crystalline counterparts. Amorphous solid 

dispersion systems, prepared with three different polymers: drug ratios, were investigated 

during the experiment. The dissolution rate of each system was evaluated in non-sink 

conditions. A 20 ml of fasted state simulated intestine fluid (FaSSIF, pH 6.5) was used as 

the dissolution medium, at a temperature of 37 ± 0.5 °C. Excess amount of pure ibrutinib 

(5 mg of crystalline API, or equivalent amount of the ASD systems) added to the vials 

containing the dissolution media. The dissolution test performed for 180 minutes using 

300 RPM as the cross-stirrer speed. An integrated fiber-optic UV dip probe was used to 

detect the concentration of the dissolved drug. 
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Figure 3. 6 Micro-dissolution tester ( µDiss Profiler TM, Pion Inc.). 

 

3.1.2.8 Scanning electron microscopy (SEM) 
 

Scanning electron microscopy SEM S-4000 (Hitachi, Ltd., Tokyo, Japan) was utilized to 

investigate the size and morphology of melt-extruded powders and physical mixtures 

with three different polymer: drug ratios. Powder samples were mounted on a sample 

stub and visualized using a secondary electron imaging mode (SEI mode) after coating 

with Au/Pd thin layer to make the sample surface conductive to capture or visualize the 

sample's topographical characteristics. Representative photomicrographs of the physical 

mixtures and amorphous solid dispersion systems were captured at 10 kV voltage and a 

100x to 1000x resolution. The samples were examined at multiple magnifications and 

areas. 
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3.2 Results and discussion  
 
3.2.1 Selection of polymer or ASD carrier   
 

Polymers are compounds synthesized from units of monomers attached to each other in a 

repetitive manner “forming an extended structural framework” (Baghel, Cathcart, & 

Reilly, 2016). They are classified based on origin in natural (e.g., cellulose), 

semisynthetic (e.g., hydroxypropyl methylcellulose [HPMC]), or synthetic polymers 

(e.g., polyvinylpyrrolidone [PVP]). Another classification for polymers is based on the 

monomer units. Polymers can be homopolymers (e.g., methylcellulose) or copolymer 

(e.g., Crospovidone). A third classification system is based on the structure, as they are 

categorized into amorphous (e.g., Copovidone), semicrystalline (e.g., poly L-lactic acid), 

or crystalline (e.g., polyethylene glycol). Finally, polymers are grouped into two 

categories based on hydrophilicity (i.e., hydrophilic and hydrophobic). Typically, 

hydrophilic amorphous polymers are the most commonly used in pharmaceutical 

formulations (Park, 2015).  

 

It is known that amorphous systems have high thermodynamic energy and are an efficient 

approach to enhance the dissolution rate and bioavailability of poorly water-soluble 

drugs. Such amorphous systems have several limitations; most important is their risk of 

recrystallization. Therefore, to increase the drug's physical stability, the appropriate 

selection of polymer(s) is crucial. Figure 3-7 lists several requirements considered during 

carrier selection. A polymer is characterized by having a complex three-dimensional 

structure with several "interchain" interactions; this unique structure contribute to the 

amorphous drug mobility hindrance, hence, preventing devitrification (i.e., 
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recrystallization, phase separation) and maintain the amorphous state stability and 

solubility (Baghel, Cathcart, & Reilly, 2016). Drug-polymer miscibility (i.e., drug 

dissolved in the polymer matrix at a molecular level) is an indication of sufficient 

interaction between system components (Haser & Zhang, 2018), hence, homogenous 

single-phase system formation. This is assessed utilizing multiple approaches. 

Conventional differential scanning calorimetry (DSC) is a practical method employed for 

this purpose. A single glass transition temperature (Tg) indicates a miscible system, while 

multiple Tg points depict system immiscibility. In addition, qualitative and quantitative 

theoretical approaches are applied to evaluate drug-polymer miscibility. Solubility 

parameter (qualitative) and Flory-Huggins theory (quantitative) are the most commonly 

utilized methods. 

 

These Hansen−Hildebrand solubility parameters (δ) approach evaluate the three types of 

interactions between drug and polymer: “dispersive interactions (δd), polar interactions 

(δp), and hydrogen bonding (δh) according to the equations below” (Mendonsa et al., 

2020): 

  

 

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

hydrogen bonding, respectively. 

δ is the total solubility parameter. 

Fdi is the molar attraction constant due to dispersive component.  
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Fpi is the molar attraction constant due to polar component. 

Ehi is the hydrogen bonding energy.  

V is the molar volume (Mendonsa et al., 2020). 

 

However, if differential solubility parameter between the drug and the polymer is lower 

than 7 MPa ½ (∆δ < 7.0 MPa 1/2) the ASD system is considered miscible. In contrast, if 

the difference between the drug and polymer solubility parameters is higher than 10 MPa 

½  (∆δ > 10.0 MPa 1/2), system components are immiscible (Mendonsa et al., 2020).  

 

Another approach for evaluating ASD system stability is the prediction of the mixture 

glass transition temperature. According to the rule of ‘Tg – 50 °C’ suggested by Hancock 

et al., (Hancock et al., 1995) for an amorphous solid dispersion system to be stable, this 

rule should apply. The concept state that when storing the ASD system 50 °C below its 

Tg, recrystallization risk is low, because molecular mobility is insignificant, thus, ASD 

system is stable during storage (Shah et al., 2013). Accordingly, the higher is the Tg the 

more stable is the system, and the longer amorphous form is maintained upon storage. 

(Kelleher et al., 2018). 

 

The Gordon-Taylor and Fox-Gordon equations are the most common approaches to 

predict the Tgmix upon mixing two components (i.e., drug and polymer) with different Tg 

values. Below are the Gordon-Taylor and the simplified version (i.e., Fox-Gordon) 

equations used (Brostow et al., 2008) (Gordon & Taylor, 1953):  
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Were,  

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

amorphous drug, and the polymer, respectively. 

W1 and W2 are the weight fraction of the drug and polymer, respectively.  

KG is a constant. It’s an indication for drug-polymer interaction.  

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

 

However, the theoretically calculated Tgmix may deviate from the one experimentally 

determined. This results from “the volume non-additivity resulting from nonideal mixing 

of the drug and polymer” (Baghel, Cathcart, & Reilly, 2016). Drug-polymer interaction 

possibilities upon mixing are as follow: 

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

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

3. D-D + P-P = 2(D-P) (Baghel, Cathcart, & Reilly, 2016). 

 

Two types of interaction that occur upon mixing define the final volume, either 

homonuclear or heteronuclear interaction. In the first condition, a reduction in volume is 

observed as a result of stronger homonuclear interactions. While the second case, the 

volume expanded because of stronger heteronuclear interactions. The third case is the 

ideal one, where no change in volume happens. Any deviation from the ideal condition 



 62 

will lead to a difference between theoretically and experimentally mixture Tgmix value. 

(Baghel, Cathcart, & Reilly, 2016).  

 

 

Figure 3. 7 prerequisites considered during carrier (i.e., polymer) selection. 

Adapted from (Kaushik et al., 2020) (Shah et al., 2013) (Sihorkar & Dürig, 2020). 

 

A previous research group has employed the Hansen−Hildebrand solubility parameters 

(δ) and Gordon-Taylor theoretical models to select a polymer for the ibrutinib amorphous 

solid dispersion system. The authors calculated the Hansen−Hildebrand solubility 

parameters (δ) for eight different polymers using its equation mentioned previously. 

Subsequently, the difference between δdrug and δpolymer was calculated for each polymer 

(∆δ). Table 3-2 summarizes the solubility parameter for ibrutinib, and eight different 

polymers selected for the study. 
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API\Polymer Abbreviation Solubility 
Parameter δ 

(MPa1\2) 

∆δ = δdrug - 
δPOL (MPa1\2) 

Ibrutinib  IBR 23.62 - 
PEG6000, Polyethylene glycol  PEG 21.25 2.37 
PVP, Polyvinylpyrrolidone PVP 27.19 3.57 
PVPVA, Poly (vinyl 
pyrrolidone–vinyl acetate) 
copolymer 

PVPVA 25.26 1.64 

SLP, Polyvinyl caprolactam-
polyvinyl acetate-polyethylene 
glycol graft copolymer 
(brand name Soluplus®) 

SLP 21.03 2.59 

hydroxypropyl 
methylcellulose (HPMC) 

HPMC 27.28 3.66 

Hydroxypropyl cellulose (HPC) HPC 29.71 6.10 
HPMCAS, Hypromellose 
Acetate Succinate 

HPMCAS 24.63 1.02 

PVOH, polyvinyl alcohol PVOH 32.52 8.90 
 

Table 3. 2 Estimated Hansen solubility parameters of ibrutinib and eight different polymers   

δdrug ibrutinib solubility parameter; δPOL polymer solubility parameter; Δδ solubility parameter difference 

between ibrutinib and different polymers. (Simões et al., 2020).   

 

As discussed previously, a difference in solubility parameter between drug and polymer 

(∆δ) lower than 7.0 MPa 1/2 (∆δ < 7.0 MPa 1/2) indicates good miscibility. In contrast, a 

∆δ greater than 10.0 MPa 1/2 (∆δ > 10.0 MPa 1/2) underlines or predicts system 

immiscibility. Accordingly, the eight polymers ordered based on their miscibility with 

ibrutinib as follow: 
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Figure 3. 8 Arrangement of the eight polymers according to their miscibility with ibrutinib adapted from 
(Simões et al., 2020). 

 

The first six polymers were predicted to be miscible, while the HPC and PVOH carriers 

were identified as immiscible with ibrutinib. However, HPMCAS and HPMC typically 

used for controlled-release purposes, while PEG is typically used as a plasticizer and has 

a crystalline structure. Accordingly, the research group prepared amorphous solid 

dispersion systems composed of ibrutinib as the API and PVPVA, PVP, or SLP as the 

carrier, utilizing hot-melt extrusion technology.  

 

Simões and co-workers analyzed the three ASD systems using Raman spectroscopy. 

According to the study findings, SLP demonstrates chemical degradation at the climatic 

chamber 40 °C/75%RH, which was not observed at long-term storage conditions (25 

°C/60%RH). The authors recommended storage restrictions for the SLP-ibrutinib ASD 

system to be considered during further development. Further, its recognized that SLP has 

a glass transition temperature Tg of 70 °C. This relatively low Tg can drastically reduce 

the Tgsystem, leading to increase chain mobility and increase risk of recrystallization, 

which jeopardizes the ASD system's physical stability. On the other hand, PVP and 

PVPVA amorphous solid dispersion systems demonstrated stability at long-term and 
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accelerated stability conditions (i.e., 25 °C/60%RH and 40 °C/75%RH) (Simões et al., 

2020).  

 

Povidone (PVP) and Copovidone (PVPVA) are increasingly used as carriers for 

amorphous solid diversions systems production in pharmaceutical industry (Mishra et al., 

2015). The two solubilizing agents have several differences. Table 3-3 lists povidone and 

copovidone properties and highlights dissimilarities. Copovidone is a co-polymer 

composed of two monomers, the water-soluble polyvinylpyrrolidone, and the water-

insoluble vinyl acetate, in a ratio of 6:4. In contrast, Povidone contains one monomer 

(i.e., vinylpyrrolidone). Also, peroxide level during storage is distinct between the two 

carriers. It is reported that peroxide increment levels are slower than Povidone and do not 

exceed the limit of 400 ppm (i.e., H2O2). Besides, Copovidone is less hygroscopic 

compared to Povidone. It is found that Povidone absorbs three times more moisture than 

copovidone. This characteristic is critical for the amorphous solid dispersion system 

stability. Water is considered a plasticizer with a low Tg of -138 °C. Thus, moisture 

absorbance leads to a dramatic reduction in the Tgsystem and chain mobility increases. This 

results in recrystallization and phase separation of the amorphous solid dispersion system  

(Haser & Zhang, 2018) (Volker Bühler, 2005). Therefore, copovidone was selected as a 

solid dispersion carrier for ibrutinib amorphous system development in this study on 

account of the fact that it is less hygroscopic than povidone since this study aims to 

develop a stable amorphous system. 
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Abbreviation PVP PVPVA 
Name polyvinylpyrrolidone  Vinylpyrrolidone-vinyl acetate 

copolymer  
Synonyms Povidone, Povidonum Copovidone, Copovidonum 

Type Polymer  Copolymer  
Monomer vinylpyrrolidone vinylpyrrolidone and vinyl acetate 

Grades Five grades (K-12, K-17, K-
25, K-30, K-90)  

One grade (K-30) 

Hygroscopicity 
(moisture 

absorption) 

More hygroscopic Less hygroscopic  

Solubility Universally soluble  Universally soluble 
Glass transition 
Temperature °C 

(Tg) 

Depends on the grade (range 
from 120-174 °C) (Rahman 
et al., 2012) 

107 °C (measured) 

elasticity Less elastic More elastic 
Stability and 

storage 
Peroxide levels increase 
faster compared to 
Copovidone  

Peroxide levels increase slower 
compared to Povidone 

 

Table 3. 3 list of povidone and copovidone properties (Volker Bühler, 2005). 

 

In this study, a higher quality copovidone with fewer trace impurities was used (i.e., the 

highly reactive impurity peroxide). PlasdoneTM S-630 Ultra is a new grade of the polymer 

Copovidone. The ultra-grade peroxide level is 7-times lower than the standard grade of 

copovidone at 60 °C, in addition to slower peroxide growth; this is pivotal for oxidative-

labile drugs as peroxides can lead to oxidative degradation of the active ingredient over 

time, which influence the drug`s potency and performance. Furthermore, copovidone 

standard grade has processibility limitations; it requires high processing torque, besides 

low flowability. Insufficient stability of the amorphous drug in copovidone has been 

reported which jeopardize the product shelf-life (F. G. Yang et al., 2019). Figure 3-

9 summarizes some advantages of copovidone ultra grade (Lawal et al., 2019) (Wu et al., 

2011). 
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Figure 3. 9 Advantages of copovidone (PlasdoneTM S630 Ultra) 

 

3.2.2 Pre-formulation assessment  
 

Pre-formulation assessment is pivotal for determining optimal process parameters; this is 

mandatory in guiding development efforts toward formulating the desired amorphous 

solid dispersion system. Pre-formulation assessment includes careful evaluation of the 

following:  
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“defining API melting temperature Tm, polymer and API glass transition temperature Tg, 

polymer and API degradation temperature Tdeg, potential processing temperature Tprocess, 

estimated glass transition temperature of the final mixture Tgmix, miscibility screening, 

and drug loading” (Shah et al., 2013).  

 

3.2.2.1 Thermal analysis of polymer and drug  
 

3.2.2.1.1 Thermogravimetric analysis  
 

Conducting Thermogravimetric analysis TGA is crucial before processing API and 

excipients in melt-extruder. This approach illustrates the thermal decomposition and 

sensitivity of processed materials, in addition to “determining the safe processing 

temperature range, in which a formulation can be extruded without any undesirable 

thermal events” (Bhagurkar, 2017). Typically, extrusion temperature Tprocess ranges 

between the glass transition temperature Tg and the degradation temperature Tdeg of a 

material.   

 

The polymer and drug weight loss (%) was measured as a function of temperature. An 

initial mass loss is observed for copovidone due to surface moisture. Subsequently, three 

mass loss steps were observed, indicating a decomposition. According to Figure 3-10, the 

onset of the first decomposition was 303.29 °C. Similarly, ibrutinib demonstrates two 

mass loss steps, implying material degradation. The initial decomposition was detected at 

a temperature of 347.26 °C, where the first mass loss occurred. TGA analysis findings 

helped determine the first Tdeg for ibrutinib and copovidone, which are 347.26 °C and 
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303.29 °C, respectively. The previous temperatures are the upper limit for the ibrutinib 

and copovidone processing window.   

 

 

Figure 3. 10 TGA Analysis of Copovidone (PlasdoneTM S630 Ultra) and ibrutinib.  

 

3.2.2.1.2 Conventional Differential Scanning Calorimetry 
 

Differential scanning calorimetry is the most commonly adopted method for quantitative 

and qualitative thermal analysis prior to the melt-extrusion process (Ma & Williams, 

2019). This “gold standard” calorimetric technique relies on measuring “heat flow” to 

and from a sample relative to a reference, which corresponds to phase transitions that are 

either endothermic or exothermic (Paudwal et al., 2019). Differential scanning 

calorimetry is typically utilized to measure the melting temperature Tm and glass 

transition temperature Tg for amorphous solid dispersion system components (i.e., drug 
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and polymer). Both thermal properties of API and polymer (i.e., Tm and Tg) are critical 

for processing temperature range Tprocess determination (Bhagurkar, 2017).   

 

DSC thermogram for the crystalline ibrutinib and pure copovidone (PlasdoneTM S-630 

Ultra) is shown in figure 3-11 A-B. Figure 3-11 A illustrates a sharp endothermic peak at 

155.23 °C, implying crystalline ibrutinib melting temperature Tm (i.e., melting 

endotherm). The glass transition temperature Tg of amorphous ibrutinib is determined by 

heating/ rapid cooling/ re-heating cycles mode. This step-change in heat capacity is 

represented as three values, 117.48 °C, 124.77 °C and, 131.93 °C, which correspond to 

onset, midpoint, and endset temperature, respectively (figure 3-11 B). The characteristic 

glass transition temperature (Tg) of copovidone (PlasdoneTM S-630 Ultra) is illustrated in 

figure 3-11 B thermogram, its 107.31 °C (midpoint value). One may observe a broad 

endothermic peak at 49.19 °C in figure 3-11 A; this represents moisture evaporation from 

the polymer surface.  
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Figure 3. 11 A) DSC thermograms of crystalline ibrutinib and copovidone (PlasdoneTM S-630 Ultra) (heating cycle). 
B) DSC thermograms of crystalline ibrutinib and copovidone (PlasdoneTM S-630 Ultra) (re-heating cycle). 

 

 

A 

B 
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3.2.2.2 Selection of drug loading  
 

The most desirable amorphous solid dispersion system is stable and homogenous. The 

drug/polymer ratio is a vital factor that generates a considerable contribution to ASD 

system stability, homogeneity, and quality. In addition, drug loading may influence the 

dissolution process from a polymer matrix. It`s well-known that drug content in ASD 

system can be low, medium, and high load; those three categories are identified as ~0-

30wt%, ~30-50wt%, and >50wt%, respectively (F. G. Yang et al., 2019). It`s also 

recognized that 60% API percentage, is the highest drug loading capacity to consider 

during ASD development. It’s likely to observe stability issues at a high drug\polymer 

ratio. Phase separation (i.e., drug-rich and polymer-rich domains existence in the system) 

is reported at high API load (Paudwal et al., 2019) (Repka et al., 2018).  

 

In this study, 20%, 40%, and 60% drug loadings used to represent low, medium, and high 

drug content solid dispersions. Accordingly, ibrutinib/copovidone physical mixtures were 

prepared as stated in table 3-4:  

 

  Ibrutinib % Copovidone (PlasdoneTM S-630 ULTRA) 
% 

Formulation No.1 20% 80% 
Formulation No.2 40% 60% 
Formulation No.3 60% 40% 

 

Table 3. 4 list of physical mixtures prepared with different drug: polymer ratio. 

 

Subsequently, the three physical mixtures were examined by Differential Scanning 

Calorimetry DSC, X-ray Powder Diffraction XRPD, and Rheometer.  
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3.2.2.2.1 Conventional Differential scanning Calorimetry  
 

As mentioned before, the homogenous amorphous solid dispersion, where the drug is 

dispersed at a molecular level, forming a single-phase system, is favorable during 

industrial development. This is directly related to drug-polymer miscibility, which 

impacts ASD physical stability (Qian et al., 2010). Typically, the miscible amorphous 

solid dispersion system demonstrates the highest physical stability. Various analytical 

methods employed to investigate A-B binary system miscibility; DSC is most commonly 

used for this purpose (Meng et al., 2015). A single glass transition temperature Tg is 

observed for a miscible binary system. In contrast, an immiscible system shows two or 

more Tg values in a DSC thermogram, indicating partial or complete phase separation, 

which jeopardizes ASD system stability and shelf life, hence, its bioperformance.  

 

DSC thermograms for the three physical mixtures prepared with a different drug: 

polymer ratio is illustrated in Figure 3-12 A and B. Ibrutinib melting endotherm is 

observed in figure 3-12-A for the three blends. However, the sharpness of the 

endothermic peak increases with higher API content (i.e., 60% drug loading physical 

mixture demonstrated the sharpest peak at 153.46 °C); similarly, the moisture peak 

increases with higher copovidone content in the system. The surface moisture in the 20% 

drug loading physical blend evaporated at 45.83 °C, compared to 40.95 °C for the 

physical mixture with 60% API load. One may observe the absence of exothermal 

transition or melting endotherm in figure 3-12-B; this implies good miscibility between 

ibrutinib and copovidone and indicates the formation of stable amorphous solid 
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dispersion systems with single Tg for the three blends. On the other hand, DSC 

thermograms illustrate the estimated Tgmix for the three ASD systems. It is suggested that 

Tgmix is dependent on drug loading. The Tg of ibrutinib-copovidone ASD was 102°C for 

20% and 40% drug loading, and 108.53 °C at 60% API load.  

 

 

A 
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Figure 3. 12 A) DSC thermograms for physical mixtures prepared using copovidone S-630 ultra as the 
polymeric carrier and 20%, 40% and 60% ibrutinib loading (heating cycle).  

B) DSC thermograms for physical mixtures prepared using copovidone S-630 ultra as the polymeric carrier 
and 20%, 40% and 60% ibrutinib loading (re-heating cycle).  

 

In addition to the experimental approach to estimate the Tg of produced ASD or binary 

mixtures, theoretical models are also exploited for the same purpose. Typically, the 

Gordon-Taylor and Fox-Gordon equations are used for Tgmix prediction. In this study, 

Tgmix values were predicted for the three binary mixtures with different drug: polymer 

ratio (i.e., 20%, 40%, and 60%). Table 3-5 lists the estimated Tg values.  

 

 

 

 

B 
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  Ibrutinib 
% 

Copovidone 
(PlasdoneTM S-630 

ULTRA) % 

Tgmix estimated by 
Gordon-Taylor 

equation 

Tgmix estimated 
by Fox-Gordon 

equation 
Physical 

mixture No.1 
20% 80% 110.198 °C 109.89 °C 

Physical 
mixture No.2 

40% 60% 113.35 °C 113.51 °C 

Physical 
mixture No.3 

60% 40% 116.85 °C 117.64 °C 

 

Table 3. 5 theoretical estimation for ibrutinib amorphous solid dispersion systems Tgmix with different drug: 
polymer ratio.  

 

 

3.2.2.2.2 Powder X-ray Diffraction  
 

Powder X-ray diffraction is a broadly utilized analytical technique to validate a powder 

specimen's crystalline state and distinguish different polymorphic structures in a sample 

(Bhagurkar, 2017). The three-dimensional long-range order is a distinct property of 

crystalline material. In addition, atoms are arranged in planes with well-defined distances. 

Atoms in the lattice space absorb X-ray energy upon bombarding the powder sample; 

thus, electrons transfer to a distinct energy state around the atom. However, this energy is 

insufficient for an electron to dislodge. A distinct X-ray spectrum is produced as energy 

must be readmitted; this process is denoted as elastic scattering. An x-ray detector will 

record the characteristic X-ray spectra, which can unambiguously confirm the presence of 

crystallinity. Sharp and high-intensity peaks in a diffraction profile indicate a crystalline 

state, and it is considered a fingerprint to distinguish various crystalline materials. In 

constant, amorphous state diffraction patterns appears as halo and broad peaks due to 

short-range and random arrangement (Ma & Williams, 2019) (Meng et al., 2015).  
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The powder X-ray diffraction patterns for raw crystalline ibrutinib, pure copovidone 

(PlasdoneTM S-630 Ultra), and three physical mixtures prepared with different drug 

loading (i.e., 20%, 40%, and 60%) are shown in figure 3-13. The crystalline state of pure 

ibrutinib is illustrated as narrow and sharp peaks, and the same trend is apparent in the 

three physical mixtures. One may observe that peak intensity decreases as drug loading 

reduce; this is observed by comparing pure ibrutinib diffraction profile to 20% and 60% 

drug loading physical mixtures. Copovidone (PlasdoneTM S-630 Ultra) used in this study 

is an amorphous carrier; its diffraction profile shows broad featureless peak, which 

indicates an amorphous state. 
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Figure 3. 13 X-ray powder diffraction patterns of crystalline ibrutinib, pure copovidone (PlasdoneTM S-630 
Ultra) and ibrutinib-copovidone S-630 Ultra physical mixtures with 20%, 40% and 60% drug loading 
levels.  

*Red 20 % API load physical mixture. Blue 40% API load physical mixture. Green 60% API load physical 

mixture. Pink pure ibrutinib. Black pure polymer carrier.   
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3.2.2.2.3 Rheology Analysis 
 

A rheometer system is a versatile tool that is extensively utilized in the pharmaceutical 

industry with fundamental usefulness in investigating material`s rheological properties 

during early formulation development (Martin, 2003). The hot-melt extrusion process is 

conducted at high temperatures for prolonged time periods to ensure complete 

amorphization of the crystalline API (i.e., converting the crystalline drug into an 

amorphous state and disperse it in a polymer matrix) (F. Yang et al., 2016). Processing 

materials at high temperatures poses several limitations, such as decomposition and 

degradation. A rheological analysis is an efficient and valuable method to assess the API-

polymer physical mixtures' rheological behaviors mimicking HME processing conditions. 

This will provide formulators with a comprehensive profile about materials extrudability 

(i.e., examine processibility of API-polymer physical mixtures) and will guide the 

selection of appropriate processing window Tprocess (i.e., capturing critical point where 

melting transition of the API and polymer into the miscible binary system, which 

indicates dissolution and complete dispersion of the drug in a polymer matrix at 

molecular level).   

 

A typical output of a rheological study includes information about storage modulus (G`), 

loss modulus (G``), tan delta (δ) or damping factor, and complex viscosity (η*) as a 

function of temperature. The storage modulus (G`) is indicative for elasticity (i.e., energy 

stored), while the loss modulus (G``) denotes plasticity (i.e., energy utilized). Tan delta 

(tan δ) is the ratio between the loss modulus (G``) and the storage modulus (G`). 

According to the equation below, the tan delta (δ) value is between zero and ∞ (i.e., 0 



 80 

≤tan (δ) ≤∞); an increase in tan delta (δ) implies dominant plastic-like behavior. Put it in 

another way; it means that the ratio of plastic component in a viscoelastic material is 

higher than the elastic component. In contrast, a complete elastic-like behavior exists 

when tan delta (δ)=0. Tan delta (δ) will equal 1 if material is viscoelastic in such a way 

that both storage and loss modulus are equal. The previous terms are fundamental to 

describe a polymer behavior since it’s a viscoelastic material, which poses a complicated 

mechanical behavior (Martin, 2003).  

(Martin, 2003)  

Were, Tan delta is (δ), G`` is the loss modulus, and G` is the storage modulus.  

 

On the other hand, complex viscosity (η*) depicts “the total resistance to a flow as a 

function of angular frequency” (Malvern Panalytical, 2016). It can be defined as the 

measurement of dynamic viscosity (η`) and storage viscosity (η``) contribution to the 

total or absolute viscosity of a material. The term η` denotes the viscous part while η`` 

represents the elastic part.  Complex viscosity can It is given in the following equations:   

 

 

Were, complex viscosity is η*, ω is the angular frequency (which represent the number 

of oscillation of stress or strain per second ), G* is a complex modulus represent the 

elastic and plastic contribution to the total material stiffness, G` is the storage modulus, 
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G`` is the loss modulus, and i is an imaginary number equal to √1 (Malvern Panalytical, 

2016).  

 

A rheological study was performed to investigate the three physical mixtures' phase 

behavior as a function of temperature. Dynamic temperature cycles applied to capture 

rheological properties (heating-isothermal-cooling). The temperature ramp ranges 

between 140 °C and 170 °C. However, the experiment initiated at 135 °C as loading 

temperature attempting to expel air bubbles from specimens, which is crucial to avoid 

“artificial error.” This temperature was lower than the ibrutinib melting point to preserve 

its crystallinity at the lower end of the temperature ramp (F. Yang et al., 2020). Figure 3-

14 (A-D) illustrates the rheograph of pure copovidone (PlasdoneTM S630 ultra) and the 

three physical mixtures with different API load (20%, 40%, and 60%). According to 

rheograph data, complex viscosity (η*) for the three powder blends (figure 3-14 B, C, D 

and figure 3-15) dramatically drops as the temperature reaches 170 °C, this signifies the 

plasticizing effect of ibrutinib, and correspond to its incorporation in the polymer matrix. 

One may observe a more significant drop in complex viscosity (η*) with a higher API 

load since there is higher quantity of ibrutinib, thus, more obvious is the plasticizing 

effect, which occurs at a temperature range of approximately 152 °C to 156 °C, this 

corroborates with previous DSC results. All of the ibrutinib-copovidone systems display 

a degree of melting depression, as shown in figures 3-15 B, C, D, and figure 3-14. 

Therefore, a processing temperature that is 2-4 °C higher than the crystalline ibrutinib 

melting point is probably sufficient to process the physical blends in an extruder and can 

guarantee the production of a completely dispersed amorphous solid dispersion system. 
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Typically, the copovidone processing temperature window ranges between 140 °C −200 

°C. A decrease in complex viscosity suggests possible extrudability and processibility of 

the binary systems at all API loads.  

 

Likewise, storage modulus and loss modulus decrease across the temperature range; this 

trend is observable for all physical mixtures and implies crystalline ibrutinib dissolution 

into copovidone matrix and its plasticizing effect. However, this decrease is sensitive to 

API load within the tested temperature range.  The decrease in storage and loss modulus 

for pure copovidone is smooth compared to the binary systems.  

  

As stated previously, tan delta (δ) or the damping factor is a ratio between loss modulus 

(G``) and storage modulus (G`). Thus, it is considered a rational indicator for structural 

changes that occur during the extrusion process. Figure 3-15 (B to D) demonstrates tan 

delta (δ) for the three physical blends where it is larger than 1; this suggests that the 

specimen's plastic behavior is dominant “across the entire temperature range”, which is 

favorable to disperse ibrutinib in the polymer matrix at a molecular level. However, it 

displays high sensitivity to ibrutinib percentage in the sample.  

 

In summary, the rheological analysis conducted provided insight into the three polymer-

drug mixture's viscoelastic properties compared to the pure polymer, which is a good 

predictor for the appropriate processing window during hot-melt extrusion. It’s 

highlighted in rheographs that API load influences the curve appearance. Compared to a 

smooth increasing curve, the three API-polymer curves exhibit fluctuation at a higher 
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temperature; this rheological response suggests chemically or physically structural 

changes. Further analysis is required to identify the type of these changes.  

 

 

Figure 3. 14 complex viscosity (η*) changes as function of temperature for pure Copovidone (PlasdoneTM 
S630 Ultra) and three physical mixtures with 20%, 40% and 60% drug loading levels.  
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A 

D C 

B 

Figure 3. 15 Rheological analysis for pure Copovidone (PlasdoneTM S630 Ultra) and three physical mixtures with 20%, 40% and 60% drug loading levels. 
Brown = tan delta δ, red = complex viscosity (η*), green = loss modulus (G`) and blue = storage modulus (G``). 
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3.2.3 Extrusion Process  
 

The three binary systems were extruded at HME parameters optimized to obtain a clear and 

transparent appearance (i.e., Tprocess 160 °C). Figure 3-16 demonstrates the extrudate appearance 

for a 20% API load binary system.  Two out of the three physical mixtures (i.e., 20% and 40% 

drug loading) were easily extrudable with yellowish and transparent extrudate. The formulations 

with 20% and 40% ibrutinib had a torque between 2.3 to 2.8 Nm and were smoothly processed. 

Whereas at 60% API load, torque increased dramatically up to 13.0 Nm, which is the maximum 

torque capacity for an extruder; hence, the extrusion process was not smooth. However, as an 

attempt to process this binary system, processing temperature was elevated to 170 °C and speed 

reduced to 25 RPM. Surprisingly, the extruder motor stopped, and further extrusion was not 

possible, which was quite unexpected based on the rheology analysis performed. A cloudy 

appearance extrudate obtained due to high drug to polymer ratio, which indicates incomplete 

miscibility and crystalline ibrutinib accumulation. Table 3-6 lists the results of the extrusion of 

different formulations and the extrudate`s appearance. The obtained extrudate was grinded and 

sieved using 300 µm mesh to control particle size.  
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 Figure 3. 16 melt-extruded material appearance. 

 

Description Speed 
(rpm) 

Temperature 
(°C) 

Torque 
(Nm) 

Appearance Extrudability 
and 

processibility 
20% ibrutinib+80% 
copovidone S630 
Ultra 

100 160  2.3-2.8 Yellowish and 
transparent 

Smooth 
extrusion 

40% ibrutinib+60% 
copovidone S630 
Ultra 

100 160 2.3-2.8 Yellowish and 
transparent 

Smooth 
extrusion 

60% ibrutinib+40% 
copovidone S630 
Ultra 

100 160-170 13.0 Yellowish and 
cloudy  

Not 
extrudable 

 

Table 3. 6 Results of the extrusion of different formulations and the extrudate`s appearance. 
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3.2.4 Characterization of the ASDs manufactured by HME  
 
3.2.4.1 Powder x-ray diffraction  
 

X-ray powder diffraction is a definitive and reliable method to validate the extrusion process 

efficiency by verifying the absence of long-range three-dimensional structure (i.e., crystalline 

state) and the presence of an amorphous state. Powder X-ray diffraction of pure crystalline 

ibrutinib and melt-extruded dispersions are illustrated in figure 3-17 A and B. The pure ibrutinib 

XRPD pattern shows sharp diffraction peaks, which implies its crystallinity. In contrast, A halo 

was observed in all the ASD systems produced by hot-melt extrusion (i.e., 20%, 40%, and 60% 

loading level); this broad featureless pattern is a typical X-ray diffraction profile for an 

amorphous state and considered strong evidence for the absence of long-range structure. And the 

presence of disordered form suggests that ibrutinib dispersed in the polymeric matrix is mainly 

presented in an amorphous state.  

 

 

A 
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Figure 3. 17 A) X-ray powder diffraction profiles for the melt extruded powder blends containing 20%,40% and 
60% ibrutinib.  

B) X-ray powder diffraction profiles for the melt extruded powder blends containing 20%,40% and 60% ibrutinib. 

 

3.2.4.2 Modulated differential scanning calorimetry MDSC 
 

Modulated differential scanning calorimetry MDSC is an upgraded version of DSC with higher 

performance in separating overlapping transitions by classifying the signals into reversing and 

non-reversing heat flow; this allows accurate analysis and Tg determination. MDSC applied 

oscillated temperature ramps instead of a conventional linear one. The oscillated heat flow 

approach helps distinguish Tg, which is a reversing heat flow signal, from other thermal events 

such as evaporation or crystallization ,which are observed as an irreversible heat flow signal (Ma 

& Williams, 2019).  

 

Molecular mobility in an amorphous solid dispersion and polymer contribution in restricting 

molecular motion is critical to characterize (Baghel, Cathcart, & O’Reilly, 2016). The 

temperature at which the molecular mobility changes is denoted as glass transition temperature 

60% 20% 40% 

B 
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Tg. A glassy rigid solid exists below Tg with minimal molecular motions of the amorphous drug 

within the polymer matrix. In contrast, molecular mobility is higher above the Tg, and transition 

to crystals can occur. Differential scanning calorimetry is commonly utilized technique for Tg 

determination using the heat/instant cool/reheat method, which appears as an endothermic step-

change in heat capacity.  

 

The DSC thermogram for the three extruded binary systems is shown in figure 3-18. All 

extruded systems demonstrate single Tg, which implies miscibility and compatibility of system 

components (i.e., ibrutinib and copovidone S630 ultra). Besides, it indicates the formation of 

stable homogenous ASD with a single phase. Tg`s value is sensitive to drug load; it ranges 

between 105-109 °C for 20%, 40%, and 60% ibrutinib percentage, respectively. Importantly, no 

melting endotherm or recrystallization is observed in mDSC thermogram, which verifies the 

presence of an amorphous form of ibrutinib in all extrudable systems and the production of a 

stable amorphous solid dispersion system. 

 

Table 3-7 lists the experimental Tg values according to DSC analysis and theoretical calculations 

using Gordon-Taylor and Fox-Gordon equation. One may observe that theoretically predicted 

values are higher compared to experimental Tg values. One justification for this difference is the 

lack of residual moisture contribution in theoretical prediction. Moisture is a strong plasticizer 

that significantly decreases ASD system Tg, therefore, increase the difference between 

theoretical and experimental values.   
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  Ibrutinib 
% 

Copovidone 
(PlasdoneTM S-
630 Ultra) % 

Tgmix estimated by 
Gordon-Taylor 

equation 

Tgmix 
estimated by 
Fox-Gordon 

equation 

mDSC 
thermogram 

analysis 

Physical 
mixture No.1 

20% 80% 110.198 °C 109.89 °C 105.63°C 

Physical 
mixture No.2 

40% 60% 113.35 °C 113.51 °C 105.24°C 

Physical 
mixture No.3 

60% 40% 116.85 °C 117.64 °C 109.11°C 

 

Table 3. 7 experimental Tg values according to DSC analysis and theoretical calculations using Gordon-Taylor and 
Fox-Gordon equation.  

 

Figure 3. 18 DSC thermogram for the three extruded binary systems (upper profile is for 20% drug loading, middle 
profile is for 40% drug loading, and lower profile is for 60% drug loading). 
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3.2.4.3 Rheological analysis  
 

The rheological behavior of binary API-polymer dispersions is correlated to extrudate stability, a 

function of both API-polymer miscibility and intermolecular interactions. In addition, 

processibility can be investigated, which is limited by a maximum extruder torque, its correlated 

with several physical and chemical properties, including viscosity.  

 

In this rheological analysis, melt-extruded materials were subjected to a similar temperature 

ramp as physical mixtures. Figure 3-20 illustrates the thermo-rheological behavior of pure 

copovidone S630 ultra, and the three produced ASD systems with 20%, 40%, and 60% API load. 

All extrudates demonstrated relatively similar rheological response across temperature ranges 

between 140 °C and 170 °C, this is observed by the parallel curves for complex viscosity (η*), 

tan delta δ, loss and storage modulus (G` and G``). However, at high API load (i.e., 60% 

ibrutinib), deviation in rheological response between heating and cooling cycle is observed, 

which implies a physical or chemical change during holding at elevated temperature. It’s 

suggested that the formation of API-rich domain and aggregation of the supersaturated API is the 

underlying reason for this rheological behavior. This is corroborated by the increase in storage 

modulus and reduction in damping factor upon holding at elevated temperature, which implies a 

more elastic system, and ibrutinib crystals aggregation, besides the possibility of API-API 

interaction formation. Contrarily, the ASD system`s rheological properties were consistent with 

the pure copovidone S630 ultra for low API loading (i.e., 20%); this indicates the formation of a 

homogenous single-phase ASD system. This analogous behavior in both cycles depicts physical 

stability and uniformity of extrudate within the tested temperature range. The three ASD systems 

can be arranged based on physical stability as 20% > 40% > 60% drug loading. The temperature 
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was held at 170 °C for 5 minutes to validate the impact of the heating cycle. Subsequently, 

cooling cycle performed, one may notice the absence of a peak or bump in all curves; this may 

suggest that no crystals remained in the system and a smooth transition occurred.  

 

Figure 3-19 illustrates the complex viscosity (η*) changes as a function of temperature for the 

three extruded systems. Interestingly, the ASD with 60% ibrutinib load complex viscosity 

significantly increase; this justifies the difficulty in processibility during the extrusion process 

and the remarkable elevation in torque value to the maximum. This was not observed while 

processing the 20% and 40% drug loading physical mixtures, corroborated by their complex 

viscosity curves in the rheograph. However, it’s also observed that ASD with 60% ibrutinib load 

had the lowest tan delta δ value compared to the other ASD systems.  

 

In summary, the rheological analysis of extruded material could predict physical stability and 

uniformity. Unlike the samples with lower ibrutinib to polymer ratio, which displayed identical 

rheological response to copovidone S630 ultra, the higher drug loading ASD showed deviation in 

rheological response, correlated to system inhomogeneity. In addition to a remarkable increase in 

complex viscosity manifested in processibility difficulties. However, further investigation is 

suggested to identify the underlying reason for inhomogeneity.   
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Figure 3. 19 illustrate the complex viscosity (η*) changes as a function of temperature for the three extruded 
systems. 
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A 

D C 

B 

Figure 3. 20 thermo-rheological behavior of pure copovidone S630 ultra, and the three produced ASD systems with 20%, 40%, and 60% API load.  

Brown = tan delta δ, red = complex viscosity (η*), green = loss modulus (G`) and blue = storage modulus (G``). 
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3.2.4.4 Scanning electron microscopy  
 

Microscopy is one of the most commonly utilized techniques for morphological characterization 

of amorphous solid dispersions (i.e., formation of amorphous state and absence of crystalline 

nature) (Bhagurkar, 2017) (Ma & Williams, 2019). Scanning electron microscopy SEM allows 

in-depth investigation for the raw material and extrudates physical structure. It also visualizes the 

crystal or amorphous nature of the formulation. Qualitative characterization and surface 

morphology visualization are beneficial to verify the formation of an amorphous solid dispersion 

system (Kaushik et al., 2020).  

 

SEM images for physical mixtures and amorphous solid dispersions with 20%, 40%, and 60% 

API load are shown in figures 3-21. In the figure amorphous copovidone S-630 ultra appears as 

spherical hollow particles; whereases crystalline ibrutinib appeared as crystals with irregular and 

sharp edges. This is more observable with increasing API load in samples. The amorphous pure 

polymer is produced using spray-drying technology, which leads to its brittleness and easiness to 

break during mixing; this is observed in SEM images. One may observe the attachment of drug 

particles to the polymer surface and the absence of drug particles aggregation, which indicate 

good particle distribution.  

 

Amorphous solid dispersions morphology is illustrated in figure 3-21; one may observe a 

significant change in morphology of ibrutinib and copovidone S-630 ultra. Sharp-edged crystals 

and hollow spherical particles do not appear. Instead, a non-crystalline uniform amorphous state 

exists.  
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A) Scanning electron micrographs of 20% API load Physical mixtures and melt-extruded.  

 

20% ibrutinib and 80 % S630 ultra physical mixture at 1000X and 100X. 

 

20% ibrutinib and 80% S630 ultra HME at 100 X AND 500 X. 

B) Scanning electron micrographs of 40% API load Physical mixtures and melt-extruded.  

 

40% ibrutinib and 60% S630 ultra physical mixture at 100X and 250 X. 
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40% ibrutinib and 60% S630 ultra S630 ultra HME 250 X and 100 X. 

C) Scanning electron micrographs of 60% API load Physical mixtures and melt-extruded. 

 

60% ibrutinib and 40% S630 ultra physical mixture 250 X and 500 X. 

 

60% ibrutinib and 40% S630 ultra HME 100 X and 250 X.  

Figure 3. 21(A to C) SEM images for physical mixtures and amorphous solid dispersions with 20%, 40%, and 60% 
API load.   
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3.2.4.5 Accelerated stability test for the amorphous solid dispersion  
 

The stability of the three amorphous solid dispersions (i.e., with different ibrutinib-copovidone 

S630 ultra ratio) was investigated by subjecting the samples to accelerated storage conditions at 

40 °C/75% RH for three days and storing in an oven where temperature maintained at 60 °C for 

one month. Subsequently, x-ray powder diffraction performed to evaluate the ibrutinib 

amorphous state. X-ray diffraction patterns are demonstrated for pure crystalline ibrutinib and 

the amorphous material in Figures 3-22 and 3-23. The crystalline peak is absent in all ASD 

diffractograms, which verify that the amorphous ibrutinib did not recrystallize, and ibrutinib 

molecules are dispersed and embedded in the copovidone matrix. Besides, the broad halo peaks 

confirm that samples are in an amorphous state after being subjected to elevated temperature and 

relative humidity. One may observe that the sample with 40% drug loading showed a small sharp 

peak after storage in the oven for one month, which indicates a slight change in the ASD system 

(i.e., recrystallization). 

 

According to a previous study, the ratio between melting point Tm and glass transition 

temperature Tg (i.e., Tm/Tg) of a compound is an indicator of the tendency to recrystallize 

(Friesen et al., 2008b), the study classified the drugs into three groups: low Tm/Tg ratio (<1.25), 

moderate Tm/Tg ratios (1.25-1.40), and high Tm/Tg values (>1.40). The lower in the ratio, the 

more stable is ASD system. Ibrutinib melting point is 155.23 °C and its Tg is 124.77 °C, which 

results in a low Tm/Tg ratio of 1.24. It is suggested that ibrutinib propensity to recrystallize is 

low, and amorphous dispersion systems are stable. Table 3-8 summarizes the stability studies' 

analytical results.  
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Formulation Storage condition 
40 °C/75% RH 60 °C temperature only 

20% ibrutinib + 80% copovidone 
S-630 Ultra 

Amorphous Amorphous 

40% ibrutinib + 60% copovidone 
S-630 Ultra 

Amorphous Amorphous 

60% ibrutinib + 40% copovidone 
S-630 Ultra 

Amorphous Amorphous 

 

Table 3. 8 Analytical results of ASD`s manufactured by HME on stability. 

 

 

Figure 3. 22 X-ray diffraction patterns after storing samples in an oven where temperature maintained at 60 °C for 
one month. 
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*Blue line for ASD with 20% drug loading. Green line for ASD with 40% drug loading. Black 

line for ASD with 60% drug loading. Red line for pure crystalline ibrutinib.  

 

 

Figure 3. 23 X-ray diffraction patterns after subjecting the samples to accelerated storage conditions sat 40 °C/75% 
RH for three days.  

*Blue line for ASD with 20% drug loading. Green line for ASD with 40% drug loading. Black 

line for ASD with 60% drug loading. Red line for pure crystalline ibrutinib.  
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3.2.4.6 Dissolution studies under non-sink conditions 
 

During this study, supersaturated solubility and dissolution rate were investigated for the 

produced amorphous solid dispersions with a different drug: polymer ratios utilizing micro-

dissolution tester under non-sink conditions. Small dissolution volume (i.e., 20 ml of fasted state 

simulated intestine fluid FaSSIF, pH 6.5) was used during µDissolution as an attempt to mimic 

the gastrointestinal microenvironment. This is essential to observe the supersaturation easily and 

ensuring no precipitation neither re-dissolution occurs; this is not applicable if a large-volume 

dissolution medium is used to examine amorphous solid dispersion performance (i.e., 500 to 

1000 ml). 

 

Figure 3-24 demonstrates the dissolution profiles of ibrutinib amorphous solid dispersions with 

20%, 40%, and 60% drug loading and crystalline ibrutinib. The three amorphous solid dispersion 

dissolved instantly in FaSSIF buffer. In comparison to crystalline ibrutinib dissolution profile, all 

three amorphous solid dispersions demonstrate a significant increase in both rate and extent of 

dissolution in the initial stage, in addition to sustaining the supersaturated state over an extended 

period of time (i.e., 180 minutes) as none of the dissolved systems reverted to crystalline state. 

Ibrutinib solubility enhancement is approximately five times its equilibrium solubility using 

copovidone S630 Ultra. Amorphous solid dispersion with 20% API load achieved a higher 

degree of supersaturation (i.e., more than 90% release) compared to 40% and 60% API load (i.e., 

76% and 32% releasee, respectively). The enhancement of ibrutinib solubility can be arranged as 

follow: 

20% ibrutinib ASD > 40% ibrutinib ASD > 60% ibrutinib ASD 
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The higher energy of the amorphous form of ibrutinib is the underlying reason for the enhanced 

apparent solubility, whereas hydrophobic and hydrophilic interactions with the Copovidone S630 

ultra backbone help maintain stability.  

 

One may observe the correlation between API load and the degree of supersaturation. It is 

suggested that ASD systems with high API content tend to be unstable with a higher possibility 

of recrystallization; this jeopardizes ibrutinib's solubility. 

 

Figure 3. 24 comparison dissolution profiles of ibrutinib amorphous solid dispersions with 20%, 40%, and 60% drug 
loading than crystalline state in 20 mL FaSSIF (pH 6.5, non-sink) at stirrer speed of 300 rpm.   
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3.3 Summary of chapter 3  
 

This chapter demonstrates the development and production of three amorphous solid dispersions 

using copovidone (PlasdoneTM S630 Ultra) with a different drug: polymer ratio (i.e., 20%, 40%, 

and 60% drug loading). Two ASD (I.E., 20% and 40% API load) were easily extruded compared 

to the ASD system with 60% ibrutinib content. However, further characterization of melt-

extruded solid-state properties was performed. Accelerated stability studies and X-ray powder 

diffraction experiments demonstrated the formation of stable amorphous solid dispersions. 

Thermal (i.e., mDSC) and rheological analysis revealed the formation of a single-phase 

homogenous ASD system for the lowest API load (20% ibrutinib: 80% Copovidone S630 Ultra). 

The enhancement of apparent solubility and copovidone ability to maintain supersaturation was 

evaluated utilizing µDissolution. It was found that ibrutinib apparent solubility was about five 

times higher than its crystalline counterpart. 
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CHAPTER 4. 

PREPARATION OF SUSTAINED RELEASE SOLID DISPERSION SYSTEM 

 

Amorphous solid dispersion development and formulation are becoming more predominant in 

the pharmaceutical industry, with a growing tendency to produce an orally administered dosage 

form due to their significant attribution in solubility and bioavailability enhancement. Until 2012, 

14 ASD-based products were approved by the United States FDA and commercially launched in 

market with different oral dosage forms, besides 10 products are studied until 2017 (Szabó et al., 

2019).  

 

It is necessary to convert the produced amorphous solid dispersion powder into a commercial 

dosage form, typically tablets or capsules, upon extrusion. Tablets are the most preferable oral 

dosage form owing to several advantages, including their size and "very low porosity resulting in 

better moisture stability." (Ye et al., 2019). The development of a final dosage form of ASD is 

increasingly becoming vital due to the extruded powder features. It is characterized by good 

powder flowability but high density. Therefore, the development of an oral dosage form (i.e., 

capsule or tablet) using only ASD powder may result in the formation of a “non-dispersible 

plug,” which leads to an inadequate drug release profile. (Agrawal et al., 2016). Accordingly, 

several excipients are employed to formulate an orally disintegrating tablet with an optimal 

dissolution profile.  Most amorphous solid dispersion systems are in an immediate-release 

dosage form. However, a sustained-release amorphous solid dispersion system has several 

advantages, such as minimizing administration frequency for drugs (i.e., minimizing GI tract 
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adverse events) and reducing recrystallization propensity compromises the solubility advantage 

of amorphous solid dispersion system; this is achieved by controlling supersaturation rate. It is 

well-known that an amorphous solid dispersion instantly dissolves and achieves supersaturation; 

however, there is a high propensity for recrystallization and precipitation (i.e., accumulation in 

the GI tract). Therefore, release-retarding agents are utilized to mitigate this issue. 

 

In this section, we attempted to formulate a controlled release amorphous solid dispersion system 

of ibrutinib to address the drug's precipitation issue upon supersaturation and produce an 

extended-release profile. 

 

4.1 Materials and methods  
 

4.1.1 Materials  
 

Ibrutinib was purchased from RIA international LLC (New Jersey, USA). Its molecular formula 

is C25H24N6O2, and its molecular weight is 440.50 g\mol. Ibrutinib has very low solubility in 

aqueous medium. Copovidone (PlasdoneTM S-630 Ultra) is from Ashland Specialty Ingredient 

(Wilmington, DE). Fasted State Simulated Intestinal Fluid (FaSSIF) buffer was prepared using 

FaSSIF powder purchased from Biorelevant (London, UK). 

 

The following excipient was used to prepare a sustained-release tablet:  

Polyvinylpolypyrrolidone (PolyplasdoneTM XL-10) is from Ashland Specialty Ingredient 

(Wilmington, DE). Spray-dried Lactose is from DFE Pharma GmbH & Co (Goch, Germany) and 

magnesium stearate. 
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4.1.2 Method  
 

4.1.2.1 Preparation of sustained release tablets  
 

Manesty BetaPress 16-station tablet press machine (Thomas Engineering LLC, Illinois, USA) 

was utilized to produce sustained-release tablets containing 140 mg of ibrutinib (or equivalent 

from the melt-extruded powder). Crystalline ibrutinib and amorphous solid dispersions were 

blended with other excipients summarized in Table 4-1. Sample powders fed manually into a flat 

round punch (Holland 11.28 mm and 14.48 TSM D) instrumented in tablet press station. Specific 

software was used to operate the Manesty BetaPress (Advanced Instrumentation Monitor AIM, 

Metropolitan Computing corporation MCC, NJ, USA). The rotary tablet press was computerized 

to exert 10 kN compression force. Figure 4-1 is a schematic presentation for SR tablets 

production.   
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Figure 4. 1schematic presentation for SR tablets production.   

 

 
20% HME SR 40% HME SR Crystalline ibrutinib SR  

w/w (%) wt. (mg) w/w (%) wt. (mg)  w/w (%) wt. (mg) 
Ingredient       
ibrutinib 17.8 140 32.4 140 32.4 140 
Plasdone S630 ultra 71.2 560 48.6 210 48.6 210 
Polyplasdone xL  10 78.7 10 43.2 10 43.2 
Lactose ------ ----- 8 34.6 8 34.6 
Mg. Stearate 1 7.9 1 4.3 1 4.3 
total 100 786.6 100 432.1 100 432.1 

 

Table 4. 1 composition of ibrutinib SR tablets developed.  

 

4.1.2.2 Dissolution study (sink conditions)  
 

The dissolution rate of crystalline ibrutinib and the melt-extruded developed sustained-release 

tablets was investigated in a sink condition using the DISTEK dissolution system (model 21 

00C, NJ, USA). USP apparatus II was used for this experiment, with a paddle speed of 100 

RPM. In vitro dissolution rate was assessed in a 900 ml of dissolution medium (Fasted State 

Simulated Intestinal Fluid (FaSSIF) buffer, pH 6.5) and at a temperature of 37°C ± 0.5°C. The 

percentage of ibrutinib dissolved was assessed utilizing a UV-Vis spectrophotometer at a 

wavelength of 260 nm. Results are expressed by plotting the percentage dissolved versus the 

time. The experiment was run in duplicate (n = 2), and the data were expressed as mean ± 

standard deviation. 
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Figure 4. 2 DISTEK dissolution system.  

 

4.2 Results and discussion  
 

4.2.1 Comparison between sustained-release tablets with ASD systems and crystalline ibrutinib  
 

Sustained-release tablets were prepared by dry blending of crystalline ibrutinib or equivalent 

amorphous extruded material with other excipients according to table 4-1, followed by direct 

compression using Manesty BetaPress 16-station tablet press. The impact of drug loading on the 

rate and extent of dissolution was examined. 

 

A dissolution test was performed using extruded powders with 20% and 40% API load 

formulated as stained-release tablets. The former systems were selected for further development 

due to their smooth extrudability. The ASD with higher ibrutinib content (i.e., 60% API load) 
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was excluded from this step due to difficulties in processibility and poor extrudability, besides 

potential system instability due to lack of homogeneity and uniformity; this was highlighted in 

the rheological analysis performed previously. It is also recognized that 60% API percentage is 

the highest drug loading capacity to consider during ASD development. It is likely to observe 

stability issues at a high drug\polymer ratio. Phase separation (i.e., drug-rich and polymer-rich 

domains existence in the system) is reported at a high API load (Paudwal et al., 2019) (Repka et 

al., 2018).  

 

Figure 4-3 illustrates ibrutinib's release profile from sustained-release tablets for ASD with 

different API load (i.e., 20% and 40%) and pure drug. Upon dissolution of sustained-release 

tablets in 900 ml of fasted state simulated intestine fluid (FaSSIF, pH 6.5) dissolution medium, it 

is found that the release rate is correlated to ibrutinib percentage in an amorphous solid 

dispersion. Percentage dissolved for the ASD-based sustained-release tablet with 20% ibrutinib 

was remarkably higher than 40% API load. The dissolution results indicate that crystalline 

ibrutinib tablets showed a significantly lower % dissolved and limited solubility than amorphous 

solid dispersion formulated sustained-release tablets. Percentage dissolved of crystalline ibrutinib 

SR tablet was about 34%, compared to 54% and 87% for 40% ASD and 20% ASD SR tablets, 

respectively. 

 

One may observe that the developed tablet achieved a sustained release for ibrutinib over 6 hours 

without utilizing a release retarding agent (e.g., HPMC or HPMCAS). It is suggested that 

copovidone S630 ultra imparts dual benefits, including enhancing solubility and stability, and 

retarding ibrutinib release. 
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Most likely, the higher the drug load, the stronger are hydrophilic and hydrophobic interactions 

with copovidone S630 ultra backbone. We assume that H-bonding was one of the interactions 

formed between ibrutinib with the seven H-bond acceptors and copovidone S630 ultra. This 

behavior is more evident at a higher API load than lower API content, which is probably related 

to the formation of π-π interaction between ibrutinib molecules, which retard its release from a 

tablet. The propensity is lower at 20% API load; hence, ibrutinib is released to a greater extent 

than 40% ASD. Also, ASD with 20% ibrutinib content is well-dispersed through the polymer 

matrix. According to the rheological analysis, 20% of ASD demonstrated homogeneity and 

uniformity. Figure 4-4 (A, B) illustrates ibrutinib structure with potential interaction sites and 

Copovidone (PlasdoneTM S630 ultra) chemical structure. Findings showed that a 20% ASD 

sustained-release tablet could release more API content beyond the experiment timeframe (i.e., 6 

hours). However, further investigation is suggested to identify the underlying reason for this 

release behavior.  
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Figure 4. 3 the release profile of ibrutinib from sustained release tablets for ASD with different API load (i.e., 20% 
and 40%) and pure drug. 

 

 

 

Figure 4. 4 A) Chemical structure of ibrutinib and potential interaction sites are highlighted. (Simões et al., 2020).  

B) Copovidone (PlasdoneTM S630 ultra) chemical structure.  
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4.3 Summary of chapter 4  
 

The sustained-release tablets for ibrutinib amorphous solid dispersion have been developed in 

this section. The drug: polymer ratio effect was examined by comparing the ibrutinib release 

profiles over time for ASD systems with different ibrutinib content. Percentage dissolved of 

ibrutinib was lower for higher API load, potentially correlated to drug-carrier interactions and 

drug-drug interactions. It is suggested that copovidone S-630 Ultra grade imparted dual effect 

(i.e., solubility enhancement and release retarding). In conclusion, the developed sustained-

release ASD tablet for ibrutinib showed improved apparent solubility, recrystallization 

prevention by stabilizing the amorphous state of ibrutinib, in addition to a potential reduction in 

the daily dose, enhanced solubility and drug release over 5-6 hours may lower incidences of 

severe gastrointestinal side effects. 
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CHAPTER 5. 

CONCLUSION AND FUTURE DIRECTION 

 

5.1 Conclusion  
 

In this study, Copovidone (PlasdoneTM S-630 Ultra) was selected as a most promising polymer   

carrier for preparation of ibrutinib amorphous solid dispersion formulation (Simões et al., 2020). 

Selection of the carrier minimized experimentation, hence, save time and expensive material. 

Ibrutinib-based amorphous solid dispersion was developed as a single-phase stable system, 

which was demonstrated using DSC, XRPD, Rheological analysis, and µDissolution. 

Amorphous solid dispersion stability was revealed during accelerated stability studies conducted. 

Furthermore, sustained-release tablets produced using the previously developed ASD. Findings 

suggest an improved release profile for amorphous ibrutinib compared to its crystalline 

counterpart. Besides, a lower API load revealed higher releases over time. In conclusion, the 

poorly water-soluble ibrutinib with six different polymorphs was successfully transformed into 

an amorphous form, formulated as a sustained release table with improved apparent solubility 

compared to the original crystalline state, which will potentially reduce the daily dose (i.e., 560 

or 420 mg), thus, gastrointestinal side effects and patient compliance.   

 

5.2 Future directions  
 

Amorphous solid dispersion with greater API load cannot be melt-extruded alone. Plasticizer 

addition is required. The type and strength of interaction upon adding a plasticizer should be  

evaluated by the future researchers who may embark in producing  ASD based on HME 
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technique with a higher drug load. Further investigation into the nature of interaction at the 

molecular levels between Copovidone (PlasdoneTM S-630 Ultra) and Ibrutinib requires 

additional investigation. Quantitative analysis for development of amorphous ibrutinib using 

other techniques with more superior dissolution rate and release extend is an area for further 

research work.  
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