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ABSTRACT 

Title of dissertation: Effect of Excipients on the Performance of Spray-dried Amorphous 

Solid Dispersion (ASD) in Tablets 

Dongyue Yu, Doctor of Philosophy, 2022 

Dissertation Direct by: Stephen W. Hoag, Ph.D., Professor, Pharmaceutical Sciences 

Amorphous solid dispersions (ASD) are a proven method of improving the solubility and 

bioavailability of poorly soluble drugs. Immediate-release tablets are frequently used as 

the final dosage form for ASDs. The selection of polymers and excipients is critical for 

the manufacturability and bioavailability of ASD tablets. ASDs were prepared by spray 

drying; ASD tablets were then generated using a compaction simulator. We first studied 

the impact of polymer types and drug-polymer ratios on bulk powder properties, 

morphologies, and compaction behaviors of ASDs. Itraconazole (ITZ) and indomethacin 

(IND) were used as model drugs, and two polymers were used: hydroxypropyl 

methylcellulose acetate succinate (HPMCAS) and polyvinylpyrrolidone (PVP). The 

results indicated that the tabletability increased with decreasing drug loadings, except for 

ITZ-PVP ASDs. Multivariate analysis revealed that particle surface area was the most 

significant factor influencing the tensile strength of ASD tablets. Secondly, the contact 

angle and surface free energy of ITZ ASD tablets containing different HPMCAS grades 

and drug loadings were evaluated using a Drop Shape Analyzer. A larger contact angle 

was correlated with a higher dissolution rate, suggesting that contact angle could be a 

high throughput tool for screening ASDs formulations. Lastly, we investigated the 

influence of fillers such as microcrystalline cellulose, lactose, mannitol, and starch on 



drug release and stability of ITZ-HPMCAS ASDs. We discovered that the dissolution 

performance and physical stability of tablets were influenced by the choice of filler. The 

results and inferences drawn from this research will provide valuable insights into ASD 

formulation development downstream tablet production.  
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CHAPTER 1 INTRODUCTION 

1.1 AMORPHOUS SOLID DISPERSIONS 

Background 

In recent decades most active pharmaceutical ingredients (APIs) in development 

exhibit  high lipophilicity and therefore poor dissolution performance 1. This has been 

attributed API design using high throughput screening and combinatorial chemistry 

screening techniques which favor selection of new chemical entities (NCEs) with high 

receptor binding affinity at the expense of aqueous drug solubility 2. It has been reported 

that around 40% of the marketed drugs and 90% of NCEs exhibit low aqueous solubility 

and therefore achieve only ow oral bioavailability 2-4.  

The oral formulations are the most preferred dosage form of drug administration 

because of advantages such as patient compliance and ease of scaling-up manufacturing. 

However, oral drug absorption is a complex process that involves numerous steps such as 

disintegration, dissolution, permeation, and hepatic metabolism 5. The first step for a drug 

to reach its target site is to dissolve in the gastrointestinal (GI) fluid— the relationship 

between solubility and dissolution rate is described by the Noyes-Whitney equation 6. 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=  𝑆𝑆𝑆𝑆 (𝑑𝑑𝑠𝑠−𝑑𝑑𝑡𝑡)
ℎ

                                                                                            (1.1) 

where dC/dt is the dissolution rate of the drug, S is the surface area of the particles, D is 

the diffusion coefficient of the drug, Cs is the saturation concentration of the drug, Ct is 

the drug concentration at time t, and h is the thickness of the diffusion layer concentration 

gradient.  
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For poorly water-soluble drugs, the first and foremost is to understand the limiting 

factors for solubility, for instance, solid-state properties (lattice energy, crystal packing), 

ionization propensity (pH, pKa), and solute-solvate interactions. To dissolve in solvent, 

the compound must overcome lattice energy. In addition, the solid-state properties can 

also impact both API stability 7. Typically, the most thermodynamically stable form has 

the lowest energy level and the lowest solubility, while the solids with higher energy 

states, such as metastable or amorphous solid, display higher solubility but lower 

stability. Meanwhile, the ionization state of the compound could significantly affect its 

solubility. The solubility of an ionizable molecule is highly dependent on the pKa of the 

molecule and the pH of the solvent 8. This relationship is described by Henderson-

Hasselbalch equation 9:  

𝑆𝑆 = 𝑆𝑆0 ∗ (1 + 10(𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝𝑎𝑎))                                                                                            (1.2) 

here, solubility, S, is the function of intrinsic solubility (S0), pH of the medium, and pKa 

of the molecule. Moreover, high lipophilicity, which is described by a partition 

coefficient (logP), often relates to the hydrophobicity of the drug.  

Compounds with a logP between 1 to 4 are more likely to facilitate absorption, 

distribution, metabolism, and excretion for oral delivery 10-11. Therefore, various 

pharmaceutical strategies could be applied to address the limitation of poor aqueous 

solubility, including particle size reduction, preparation of nanocarriers, micelles, salts, 

lipid-based formulations, and amorphization 2.  



 3 

Amorphous Drugs 

Amorphization is an approach wherein the solid-state form of the drug is changed 

from crystalline to amorphous. The rationale behind this approach can be understood by 

the following equation 12:  

∆𝐺𝐺𝑇𝑇
° 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝ℎ𝐴𝐴𝑜𝑜𝑜𝑜,𝑑𝑑𝐴𝐴𝐶𝐶𝑜𝑜𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  −𝑅𝑅𝑅𝑅 ln(𝜎𝜎𝑇𝑇

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝐴𝐴𝑜𝑜𝑠𝑠

𝜎𝜎𝑇𝑇
𝐶𝐶𝐴𝐴𝐶𝐶𝑠𝑠𝑡𝑡𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)                                                          (1.3) 

where ∆𝐺𝐺𝑇𝑇
° 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝ℎ𝐴𝐴𝑜𝑜𝑜𝑜,𝑑𝑑𝐴𝐴𝐶𝐶𝑜𝑜𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  is the energy difference between the crystalline and the 

amorphous state, R is the molar gas constant, T is the absolute temperature, and  

𝜎𝜎𝑅𝑅
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝐴𝐴𝑜𝑜𝑜𝑜

𝜎𝜎𝑅𝑅
𝐶𝐶𝐴𝐴𝐶𝐶𝑜𝑜𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the ratio of maximum predicted solubility of amorphous form and the 

equilibrium solubility of the crystalline drug. Crystalline molecules require higher energy 

input for molecules to dissociate from one another and dissolve. In contrast, amorphous 

molecules often have no lattice and thus have a reduced energy barrier for solubilization 

(Figure 1.1). Therefore, amorphous drugs have a higher theoretical solubility compared 

with their crystalline counterparts. According to the Noyes-Whitney equation (Eq. 1.1), 

the surface area (S) reveals no significant difference for powder samples with the same 

particle size. The diffusion coefficient (D) and the thickness (h) depend on the property of 

drug molecules and the dissolution condition. Thus, at the initial stage of dissolution, 

amorphous pharmaceuticals show a higher dissolution rate by enhancing the saturated 

solubility (Cs) 13.  
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Figure 1.1 Schematic representation of energy states of crystalline, solvated, and amorphous 

drugs, where G is the free energy of the drug 

Although the enhanced free energy of amorphous drugs brings about an improved 

solubility and dissolution rate, it can also recrystallize during dissolution and storage14-15. 

Therefore, the crystallization tendency of the drug is an important property to determine 

in the preformulation stage. In recent years, studies found that the crystallization 

propensity of amorphous pharmaceuticals is determined by configurational entropy 

(thermodynamic) and molecular mobility (kinetic) 2, 16.  

Aforesaid, an amorphous drug has higher internal energy, consequently enhanced 

thermodynamic properties and greater molecular mobility compared with its crystalline 

form. As shown in Figure 1.2, amorphous materials can exist in either glassy or in 

supercooled liquid states separated by glass transition temperature (Tg) 17. Amorphous 

drugs can lose the existing enthalpy below the Tg, while enthalpy recovery could happen 

when the temperatures rise and reflect as an endothermal peak in DSC. This enthalpy 

activity when altering temperatures can be considered evidence of the molecular mobility 

of glassy materials. The enthalpy can be regarded as of measurement of a relaxation that 

has happened 18. There are two types of molecular motions: slow global α mobility, the 
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rotation of the whole molecule, and rapid local β motion, such as single molecular 

stretching and vibrating 19-20. Summarily, both configurational entropy and molecular 

motions are essential for characterizing amorphous materials and may be directly related 

to the issues of potential physicochemical instability. Amorphous solid dispersion (ASD) 

can be considered a typical strategy to address solubility and stability challenges. 

Configurational entropy is an intrinsic property that mainly depends on the 

molecular structure. Since the molecules must pack into a specific crystal lattice with a 

defined configuration or orientation when crystallizing from the amorphous state, 

complex chemical structures with large molecular weight are challenging to reorder into 

their crystalline state. Therefore, molecules with high configurational entropy have better 

physical stability. This statement is consistent with the historical observations that large 

molecules with numerous rotatable bonds are generally more difficult to crystallize 16, 18.  

 

Figure 1.2 Schematic description of enthalpy or specific volume of a solid substance as a 

function of its temperature 17. 
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ASD is a single-phase solid system that contains a molecular mixture of amorphous 

drugs and polymer(s). The addition of polymeric carriers can stabilize the amorphous 

drug and improve the shelf life via several mechanisms. For instance, polymers could 

form intermolecular interactions with a drug to prevent drug-drug associations and the 

following recrystallization. Moreover, polymers can inhibit crystallization by increasing 

viscosity and reducing global molecular mobility 21; In addition, the polymer can serve as 

an antiplasticizer by increasing the Tg of the system 22. Gordon-Taylor equation is one of 

the most commonly used equations to predict Tgof binary ASDs 23: 

𝑅𝑅𝑔𝑔  =   �𝑤𝑤1𝑇𝑇𝑔𝑔1)−(𝑘𝑘𝑤𝑤2𝑇𝑇𝑔𝑔2�
𝑤𝑤1+ 𝑘𝑘𝑤𝑤2

                                                                                                   (1.4) 

where 𝑅𝑅𝑔𝑔  and 𝑅𝑅𝑔𝑔1,2  are the glass transition temperature of the ASD and individual 

components, 𝑤𝑤1,2 is the mass fraction of individual components , and k is an adjustable 

fitting parameter. As the Tg of ASD depends on the mass fraction of each component, 

drug loading is essential for the physical stability of ASDs. The rational optimization of 

the drug ratio should depend on the drug and polymer properties and the drug saturation 

concentration in the polymer carrier. Besides the physical stability advantage, the 

polymer could also prevent nucleation and crystallization during dissolution and help 

maintain supersaturation conditions 24. For example, a study showed the utilization of 

hydrophilic polymers such as poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP VA64), 

poly(vinylpyrrolidone) (PVP), and hydroxypropyl methylcellulose (HPMC) could 

enhance water uptake into the solid dispersion matrix and further improve the dissolution 

rate 25.  
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In order to prepare ASDs, external energy needs to be imparted to the system 

(Figure 1.1). For instance, mechanical activation such as milling can yield amorphous 

forms 26. Melting the crystal or dissolving the crystal in a solvent are often used to break 

the crystal lattice structure. Further, the cooling of the drug from the molten state or rapid 

solvent evaporation from the dissolved state leads to the formation of ASDs 27. Over the 

last decade, numerous ASD products have been approved due to their solubility and 

dissolution advantages. Table 1.1 summarizes some examples of Food and Drug 

Administration (FDA)-approved ASD products. Among all the marketed ASD products,  

most of the products are commercialized as tablets 4.  

There are many advantages of tablets as a dosage form, like high patient 

compliance, portability, relatively low cost, and convenient scaling-up. However, 

numerous considerations need to be emphasized to develop and scale-up ASD tablet 

formulations. The dissolution and physical stability performance of ASD tablets could be 

affected by the ASD production techniques, drug ratios, polymer and secondary excipient 

selection, as well as downstream processing strategies. The current thesis work will focus 

on the manufacturability of the spray-dried dispersion (SDD) tablet formulation. 

Table 1.1 Examples of FDA-approved ASD products 4 

Trade name 

(Chemical name) 

Manufacturing 

technique 
Company 

Year of 

Approval 

Isoptin® SR 

(Verapamil) 
Melt extrusion 

Ranbaxy 

Laboratories 
1987 

Prograf®  

(Tacrolimus) 
Spray drying Astellas Pharma 1994 



 8 

(Table 1.1 continued) 

Kaletra® 

(Lopinavi/Ritonavir)

 

Melt extrusion AbbVie 2007 

Intelence®  

(Etravirine) 
Spray drying Janssen 2008 

Modigraf® 

(Tacrolimus) 
Spray drying Astellas Pharma 2009 

Zortress® 

(Everolimus) 
Spray drying Novartis 2010 

Onmel®  

(Itraconazole) 
Melt extrusion Merz Pharma 2010 

Incivek®     

(Telaprevir) 
Spray drying Vertex 2011 

Kalydeco®  

(Ivacaftor) 
Spray drying Vertex 2012 

Noxafil® 

(Posaconazole) 
Melt extrusion Merck 2013 

Orkambi® 

(Lumacaftor/Ivacaft

 

Spray drying Vertex 2016 

Venclexta® 

(Venetoclax) 
Melt extrusion AbbVie 2016 

Zepatier® 

(Elbasvir/Grazoprevi

 

Spray drying Merck 2016 

Lynparza®    

(Olaparib) 
Melt extrusion AstraZeneca 2018 
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(Table 1.1 continued) 

Erleada® 

(Apalutamide) 
Spray drying Janssen 2018 

Braftovi® 

(Encorafenib) 
Melt extrusion Pfizer 2020 

Oriahnn™ 

(Elagolix/estradiol/n

  

Melt extrusion AbbVie 2020 

 

1.2 AMORPHOUS SOLID DISPERSION TABLETS 

The Effect of ASD Manufacturing Methods 

It is well documented that the compaction behavior of the materials is dominated by 

their physical properties, such as particle morphology 28, particle size 29, and surface area. 

Many studies revealed that ASDs prepared by different methods could differ in 

physicochemical properties and subsequent compaction properties 30. Thus, it is crucial to 

understand the influence of processing techniques on solid dispersion performance during 

the early stage of development as guidance for downstream processing. As listed in 

Table 1.1, spray drying and hot-melt extrusion (HME) are the two most commonly used 

methods in producing ASDs. Different ways of preparation have been described, such as 

co-precipitation 31, electro-spinning 32, etc.  

Spray Drying Technique 

Spray drying is the most commonly used solvent-based technique for ASD 

production. It is a continuous, energy-intensive, and commercially scalable drying 

process suitable for thermal and/or shear-sensitive compounds 33. Disadvantageously, SD 
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requires high amounts of solvents (the weight percentage of solids in the solvent is 

usually 10%) and subsequent drying energy, which could lead to environmental and 

financial issues. The spray drying process consists of several steps: the feed solution is 

first prepared by dissolving the drug, polymer(s), and/or other excipients in solvents. The 

spray solution is fed through a nozzle to a drying chamber, where it is atomized in the 

presence of hot drying gas. The solvent is quickly evaporated and separates the primary 

particles using a cyclone placed downstream to the main spray drying chamber 34.  

 

Figure 1.3 Diagram of the equipment and process of conventional spray-drying with drying gas 

flow 35 

During the spray drying process, the solvent evaporation rate is controlled by 

drying conditions and material nature and driven by the partial pressure of the 

surrounding gas and the solvent at the droplet surface. The drying kinetics could affect 

the size, microstructure, and homogeneity of the final particle. Once the spray droplets 

are ejected from the nozzle, the temperature starts to become stable when the evaporation 

heat loss is balanced by heat gain from the hot drying gas, and a solute concentration 
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gradient within the droplets develops due to the relative differences in diffusive flux and 

efflux of the dissolved solids, leading to a viscous skin on the gas-liquid interface. 

Finally, the evaporation rate dramatically reduces due to the slow diffusion of the solvent 

inside the droplet through the skin. The particle walls may inflate or deflate depending on 

the solid properties and flow rate: the formation of a spherical particle indicates a high 

solvent partial pressure inside the droplet, while a collapsed sphere is likely due to the 

lower internal solvent partial pressure (Figure 1.4). The particle size of spray-dried 

dispersions (SSDs) is relatively small (median diameter ~10 μm for lab-scale spray 

dryer). However, as a controllable process, the particle size and moisture content can be 

optimized within a range by adjusting the process parameters. For instance, the particle 

size of SDDs can be enhanced by increasing the flow rate of spray solution, the solid 

content of the feed solution, or reducing the energy input (heat and/or airflow) 36. The 

differences in morphology and particle size could further affect the surface area and flow 

characteristics of SDDs. The compression of particle properties and compaction 

behaviors between SDDs and hot melt extrudates will be discussed in the following 

section. 
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Figure 1.4 Droplet drying kinetics for a film-forming polymer solution assuming a high Peclet 

number 37-38. 

Hot Melt Extrusion (HME) 

HME is another popular method for ASD production. For this process, the blend of 

raw materials is fed in the extruder under elevated temperature (in general, higher than Tg 

but lower than Tm). The drug could molecularly disperse within the polymer and form a 

homogenous system during the melting and mixing in the extruder. ASDs are produced 

when the molten material mixture is cooled at a rate that does not allow the drug to 

recrystallize. The molten material mixture is shaped through a die for downstream 

processing 39.  

The particle shape of the hot-melt extrudates typically depends on the milling 

process 30. The intensive mixing, heat, and pressure could produce materials with low 

porosity, leading to poor tablet compressibility 40. The scanning electron microscope 

(SEM) analysis shows hot-melt extrudates have large sub-angular irregularly shaped 

morphology with smooth surfaces and sharp edges (Figure 1.6). Some rough spots could 

also be detected on the surface of large particles, representing possible areas for particle 

interlocking and adherence of small particles, resulting from the milling of the extrudates 
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41-42. In addition, the surface morphology of the hot-melt extrudates was found to depend 

upon processing temperature 43. In the meantime, the particle size of hot-melt extrudates 

varies depending on the sieving process. Extrudes were typically 50 μm × 55 μm in the < 

90 μm sieved fraction, and 240 μm × 350 μm in the 90–435 μm sieved fraction 41.  

The morphology and particle size differences could further affect the surface area, 

flow characteristics, and compaction performance of extrudes and SDDs. Numerous 

studies investigated the impact of spray drying and HME on ASD manufacturability 

regarding physicochemical properties 44, ASD powder properties 30, and tableting 

behaviors 45-46. As previous research shows, the surface area of SDDs is significantly 

higher than the hot-melt extrudates 42, 47, which is mainly due to the differences in 

morphologies. Hot-melt extrudates are condensed subangular particles with large particle 

sizes, while SDDs are porous spheres with small particle sizes. Likewise, the extrudates 

comprising of high particle density showed enhanced powder flow and bulk density, 

while the spray-dried materials consisting of fine particles showed cohesive flow and 

electrostatic charging 47-48. These flowability comparison results of extrudates and SDDs 

were observed using different measurement methods, such as flow function, relative flow 

function, aeration ratio, flow rate index, Hausner ratio, and Carr’s index 41. Because the 

poor flowability could drastically undermine the efficiency of pharmaceutical powder 

processes and cause unacceptable deviations in tablet weight and content uniformity 49-50, 

additional unit operation, like dry granulation, is often required for SDDs in the tableting 

or capsule filling process 51.  

From the compaction perspective, tensile strength is one of the essential 

measurements of tablets, as successful tablets require sufficient tensile strength to 
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maintain physical and mechanical integrity during handling and transport. Tensile 

strength reflects the contributions of both bonding area and bonding strength among the 

particles, where bonding area is highly related to the particle size and/or morphology 

while bonding strength depends on intrinsic molecular properties (molecular packing and 

intermolecular interactions) 52-53 (Figure 1.5). It has been shown that the tensile strength 

and compressibility of SDDs are higher than extrudates,mainly because of the more 

porous structure, smaller particle sizes, and higher surface area of SDDs 51. Furthermore, 

SDDs revealed higher compactibility than milled extrudates, indicating that the porous 

SDD could transform into a robust tablet under a lower solid fraction 41, 54. However, 

extrudates gain high stress and particle density due to the induced shear and thermal 

stress during the melt extrusion process. Hence, it exhibits limited ability to bind with 

adjacent particles upon compression. Although SDDs display superior tabletability, they 

also show many tablet defects, such as capping 48. A study revealed that SDDs tend to 

have a high propensity to laminate at faster compression speeds, which is likely due to 

the higher elastic recovery of SDDs 51.  

 

Figure 1.5 Relationship among tabletability, compressibility, and compactibility 
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Other Techniques  

Co-precipitation generates ASDs by simultaneously precipitating a drug and 

polymer from an organic solution upon dispersing in an aqueous medium 55. This method 

is especially suitable for drugs or polymers without enough solubility in volatile solvent 

to enable the spray-drying process. The coprecipitation materials have porous and 

irregular morphology: flake-like shape with rough surfaces of HPMCAS dispersions 

produced by the co-precipitation method 31. Another study found that the co-precipitation 

particles had a larger particle size and surface area than SDDs prepared using the same 

materials. However, the compressibility of co-precipitation dispersions and SDDs were 

similar and independent of the particle size and surface area of particles 56. However, the 

tensile strength of co-precipitation dispersions was higher than SDDs, possibly due to 

their high bonding strength 56. 

Electrospinning is another innovative technology for ASD production. During the 

electrostatic spinning process, the solution of the drug and polymer is ejected from the 

metal nozzle connected voltage supply when the electrostatic charge overcomes the 

surface tension 57. The morphology of the fibers can be different depending on the 

formulation, solvents, and flow rates 58. Research reported that the electrostatic spinning 

fibers of meloxicam and different polymers showed desirable tabletability: the tensile 

strength of all the fibers was above 2 MPa under compression pressure of 50 MPa 59. 

Nevertheless, the electrospinning material had poor flowability based on Carr’s index and 

angle response results.  

Vacuum drum drying is an alternative technology to prepare ritonavir-PVP-VA 

ASDs 48. For this method, the product solution is dosed between the gap of the two drums 
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and spread out evenly on the heated, counter-rotating drums. The solution could heat up 

immediately on the heated drums under the vacuum 60. The vacuum drum dried products 

were observed as thin, plate-shaped with sharp breaking edges (Figure 1.6). The surface 

area of the vacuum drum dried products was higher than the HME products but lower 

than SDDs. Besides, these materials showed proper flow at comparable low bulk density. 

The tabletability of neat vacuum drum dried ASD was similar to the extrudates. 

 

 

Figure 1.6 Scanning electron micrograph images of ASD samples generated using (a) spray 

drying; (b) HME; (c) co-precipitation; (d) electrostatic spinning; (e) vacuum drum drying 
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Effect of Polymer and Excipients on ASD Compaction 

Polymer 

Apart from the effects of processing methods, the choice of polymers and drug 

loading could dramatically impact the properties of ASDs. Several classes of polymers 

have been utilized as carriers in ASDs. These include polyethylene glycol (PEG), 

povidone (PVP) and copovidone (PVP-VA), and cellulose derivatives such as 

hydroxypropyl methylcellulose (HPMC) and hydroxypropyl methylcellulose phthalate 

(HPMCP). More recently, a pH-dependent polymer, hypromellose acetate succinate 

(HPMCAS), has become widely used as a polymer carrier for ASDs, as shown in Table 

1.2. Different polymer and polymer content could affect not only the physical stability 

and dissolution performance of ASDs, but also the particle properties and compaction 

behavior of ASDs. As reviewed in section 1.2.2, the viscoelasticity and hygroscopicity of 

polymer are highly related to the viscosity of spray solution, hence the particle 

morphology and size of SDDs. Additionally, previous compaction studies show that the 

mechanical strength of ASD tablets decreases with the increasing drug loading 61-62.  

Excipients 

In addition to the composition of ASDs, other excipients, like diluent, disintegrant, 

lubricant, and glidant, can play an essential role in a successful SDD tablet46. Excipients 

used in FDA-approved ASD tablets based on the spray drying method were reviewed in 

Table 1.2.  

Diluents play a significant role in increasing the bulk of the tablet and overcoming 

the poor compression behavior of API. Typical diluents for tablets include highly water-

soluble diluents, like lactose and mannitol, water-insoluble diluents, such as cellulose 
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class, etc. As shown in Table 1.2, microcrystalline cellulose (MCC) was frequently 

applied in SDD tablet products. MCC has high plasticity, thus could improve the 

tabletability of ASD tablets. Highly compressible MCC could further enhance the 

compaction properties, disintegration, and dissolution of ASD tablets, due to its high 

internal porosity 63. Theoretically, an ideal filler should have characteristics as inert, 

soluble, and compatible with other formulation components. A study showed that in 

BMS-48804-PVP ASD capsules, MCC resulted in worse release than lactose due to the 

formation of a hard plug 64. However, MCC provided better stability for amorphous 

ibipinabant due to its cushioning effect protecting the amorphous particles. In contrast, 

the same study showed that mannitol gave 92% conversion of the API to crystalline form 

after 3 months of storage at 40 °C/75% RH 65. The potential explanation was that 

mannitol possesses higher crystallinity than MCC, which may induce secondary 

nucleation and crystal growth of the API. Meanwhile, in order to manufacture tablets 

with sufficient hardness, the necessary compression energies introduced into the mannitol 

system were higher than in the MCC system, which may also stimulate crystallization. 

However, few studies systematically investigate the effects of diluents on the 

performance of ASDs.  

Disintegrant is often included in ASD tablet formulations to increase the surface 

area of the drug exposed to the dissolution media and accelerate the dissolution rate (Eq. 

1.1). It was shown that the particle size of the disintegrant, crospovidone, could 

negatively influence the tablet hardness and disintegration time in nilvadipine ASD 

tablets due to the increased portion of fine particles 66. Other work revealed that the 

disintegrant with small particle size was more effective at low concentrations, mainly 
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because of the formation of a coherent network upon compression resulting in slower 

disintegration. 

Lamination happens because of high ejection force; lubricants are needed to 

improve the integrity of ASD tablets. Magnesium stearate (MgSt) is the most common 

lubricant employed in commercial ASD tablets. However, many studies showed that it 

could negatively affect disintegration and drug release due to its hydrophobic nature. 

Additionally, the study demonstrated that MgSt could deter the dissolution performance 

of itraconazole/PVPVA ASD, as MgSt could weaken the interaction between drug and 

polymer. Instead, itraconazole could interact with stearate acid and form insoluble salt 67. 

Furthermore, the commercial MgSt contains several impurities, such as magnesium oxide 

(MgO) and palmitic acid. The basic MgO could elevate the microenvironmental pH and 

accelerate the risk of chemical degradation in moisture 68. Thus, sodium stearyl fumarate 

could be used as an alternative lubricant in ASD tablet formulations. 

Due to the possible reduced particle size, especially in the case of SDDs, the 

powders usually have poor flowability, which is undesirable for tableting. Hence, glidant 

could help reduce the interparticle friction and cohesive forces. Based on Table 1.2, the 

most extensively used glidants is colloidal silicon dioxide. It has been shown that 

hydrophobic silicon dioxide could better reduce the force between particles and enhance 

the flowability compared with the hydrophilic derivatives 69. 
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Table 1.2 ASD tablets products using spray drying method  

Brand Name 

(Chemical 

Name) 

Company  

(Year of 

Approval) 

Polymer Excipients 

Intelence® 

(Etravirine) 

Janssen 

(2008) 
HPMC 

Diluent(s): microcrystalline cellulose, 

lactose monohydrate, 

silicified microcrystalline cellulose 

Disintegrant: croscarmellose sodium 

Lubricant: magnesium stearate 

Glidant: colloidal silicon dioxide 

Zortress® 

(Everolimus) 

Novartis 

(2010) 
HPMC 

Diluent(s): lactose monohydrate, lactose 

anhydrous 

Disintegrant: croscarmellose sodium 

Lubricant: magnesium stearate 

Incivek® 

(Telaprevir) 

Vertex 

(2011) 
HPMCAS 

Diluent(s): microcrystalline cellulose, 

dibasic calcium 

phosphate (anhydrous) 

Disintegrant: croscarmellose sodium 

Lubricant: sodium stearyl fumarate 

Glidant: colloidal silicon dioxide 
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(Table 1.2 continued) 

Kalydeco® 

(Ivacaftor) 

Vertex 

(2012) 
HPMCAS 

Diluent(s): microcrystalline cellulose, 

lactose monohydrate 

Disintegrant: croscarmellose sodium 

Lubricant: sodium stearyl fumarate 

Glidant: colloidal silicon dioxide 

Harvoni® 

(Ledipasvir/S

ofosbuvir) 

Gilead 

Sciences 

(2014) 

PVP-VA 

Diluent(s): microcrystalline cellulose, 

lactose monohydrate 

Disintegrant: croscarmellose sodium 

Lubricant: sodium stearyl fumarate 

Glidant: colloidal silicon dioxide 

Epclusa® 

(Sofosbuvir/

Velpatasvir) 

Gilead 

Sciences 

(2016) 

PVP-VA 

Diluent(s): microcrystalline cellulose 

Disintegrant: croscarmellose sodium 

Lubricant: sodium stearyl fumarate 

Orkambi® 

(Lumacaftor/

Ivacaftor) 

Vertex 

(2016) 
HPMCAS 

Diluent(s): microcrystalline cellulose 

Disintegrant: croscarmellose sodium 

Lubricant: sodium stearyl fumarate 

Zepatier® 

(Elbasvir/Gra

zoprevir) 

Merck 

(2016) 
HPMC 

Diluent(s): microcrystalline cellulose, 

mannitol, lactose monohydrate 

Disintegrant: croscarmellose sodium 

Lubricant: sodium stearyl fumarate 

Glidant: colloidal silicon dioxide 
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(Table 1.2 continued) 

Erleada® 

(Apalutamid) 

Janssen 

(2018) 
HPMCAS 

Diluent(s): microcrystalline cellulose, 

silicified microcrystalline cellulose 

Disintegrant: croscarmellose sodium 

Lubricant: magnesium stearate 

Glidant: colloidal anhydrous silica 

Trikafta® 

(Ivacaftor/Te

zacaftor) 

Vertex 

(2019) 
HPMCAS 

Diluent(s): microcrystalline cellulose 

Disintegrant: croscarmellose sodium 

Lubricant: magnesium stearate 

Symdeko® 

(Tezacaftor/I

vacaftor/Ivac

aftor) 

Vertex 

(2019) 

HPMC/ 

HPMCAS 

Diluent(s): microcrystalline cellulose, 

lactose monohydrate 

Disintegrant: croscarmellose sodium 

Lubricant: magnesium stearate 

Delstrigo® 

(Doravirine/ 

lamivudine/ 

tenofovir) 

MSD 

(2018) 
HPMCAS 

Diluent(s): microcrystalline cellulose 

Disintegrant: croscarmellose sodium 

Lubricants: magnesium stearate, sodium 

stearyl fumarate 

Glidant: colloidal silicon dioxide 

 

Compression of ASDs 

During the compression, both compression pressure and speed significantly 

influence tablet friability, hardness, disintegration time, dissolution rate, and physical 

stability. Hence, these are critical process parameters to investigate regarding the 
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compression behavior of powders and the compression behavior of powders, and the 

possible effects of compression on the stability and dissolution of ASD tablets.  

The physical instability of the ASDs can be attributed to i) the friction-induced 

enhanced molecular mobility at the tablet surface and ii) the pressure-induced molecular 

rearrangement of the ASD. It has been investigated that compaction pressure could cause 

phase-phase separation of miconazole and PVP-VA SDDs 70. By using 2D-XRD, it was 

discovered that the spatial heterogeneity of indomethacin recrystallization in its 

amorphous API tablet. The crystallization fraction increased as the detection region in a 

split tablet moved from the tablet core to the surface after storage at 35 °C for 24 hours. 

Besides, the study also observed that the overall crystallization fraction near the tablet 

core increased as the compression pressure increased from 10 MPa to 100 MPa. Thus, in 

addition to the shear stress from the dye wall, the conformation changes of the ASD at 

high pressure can be another factor causing ASD instability 71. For example, in the 

itraconazole-Soluplus® HME ASD, the drug-polymer interaction was interrupted during 

compression and resulted in a polymer-rich phase evaluated using infrared and dielectric 

spectroscopies 72. As the amorphous-amorphous phase appears, the drug-rich phase has a 

much higher tendency to nucleation and crystal growth during storage. In the case of 

naproxen-PVP ASDs, the author speculated that compression caused rotation of the 

backbone of PVP during the plastic deformation process 73. These conformation changes 

of the polymer will further undermine the drug-polymer interaction and result in the 

physical instability of the ASD. However, another study also demonstrated that the 

compression could strengthen the naproxen-PVPVA intermolecular interactions and 

stabilize the solid dispersion 74. In the above two studies, the polymer content plays a 



 24 

different role in the stabilization process. For the PVP ASDs, the amorphous-amorphous 

phase separation process was exacerbated at higher polymer content (60% and 70%, w/w) 

after compression 73. However, since the intermolecular interaction was enhanced after 

compaction, a higher polymer content contributed to the physical stability of the 

naproxen-PVPVA ASDs. Thus, we can find that the molecular rearrangement of the ASD 

is not always negatively influenced by the compression that the drug-polymer miscibility 

(intermolecular interactions) can be either strengthened or weakened based on the 

conformation changes of the ASDs. Lubrication is considered to be an effective approach 

to mitigate the friction-induced physical instability of the ASDs. In the compaction study 

of amorphous indomethacin, the stability of the amorphous tablet increased as the die 

wall was lubricated with magnesium stearate 71. Although external lubrication can 

significantly reduce shear-induced API nucleation, the selection of lubricant must be 

careful as magnesium stearate can potentially cause drug recrystallization in some cases. 

For example, magnesium stearate was suspected of providing an active hydrophobic 

environment for itraconazole crystallization in its electrospun PVPVA ASD tablet, 

potentially triggering nucleation and further crystal growth 67. Besides, stearic acid was 

produced after the dissolution of magnesium stearate, which compromised the dissolution 

of itraconazole-PVPVA ASD 75. Therefore, careful solid-state and dissolution evaluation 

of the lubricants should be carried out to avoid the above stability and dissolution 

disadvantages. On the other hand, although the influence of pressure-induced molecular 

rearrangement can be case by case, a physically stable ASD tablet is generally formulated 

at lower compression pressure and shorter dwell-time 73-74. The drug-polymer ratio, 

another critical factor in ASD formulation development, should be determined with a 
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comprehensive understanding of the physical stability, processibility, and dissolution 

performance. For example, although high polymer concentration can be beneficial to 

dissolution and physical stability, amorphous-amorphous phase separation may happen, 

and it may bring “pill burden,” which is not suitable for a high-dose tablet formulation. 

Furthermore, other unit operations such as dry granulation and coating can tempt 

amorphous-amorphous phase separation and the crystallization of ASDs due to the 

induced mechanical pressure 76. Leane et al.'s study illustrates that minimizing the 

number of compression steps improves formulation stability: a direct compression 

process gives the best results from a stability point of view 65. 

In addition to the physical stability, the compaction pressure could affect the tablet 

porosity, further influencing the drug release, as drug release from a porous tablet is a 

function of surface and tablet microstructure. This is illustrated by the Washburn equation 

77: 

𝐶𝐶 = �𝐴𝐴𝑐𝑐𝐴𝐴𝑜𝑜𝜃𝜃
2

·
𝐴𝐴
η

· t                                                                                                              (1.5) 

where l is the length of liquid penetration into a pore as a function of time, θ is the contact 

angle, γ = surface tension, η= liquid viscosity, t = time, and r = pore radius.  As is well 

known, water uptake into a tablet is a precursor to drug release, which depends upon the 

pour size and surface properties. Neither of these factors is elucidated by studies that 

focus solely on the solid-state properties of the ASD.  
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CHAPTER 2 EVALUATION OF POLYMER AND DRUG-POLYMER 

RATIOS ON THE COMPACTION PERFORMANCE OF SPRAY-

DRIED DISPERSIONS 

2.1 ABSTRACT 

Spray-dried dispersions (SDDs) are a proven method of improving the solubility 

and bioavailability of poorly soluble drugs. Immediate-release tablets are frequently used 

as the final dosage form for SDDs. However, the effect of polymers on the 

manufacturability of SDD tables has not been thoroughly studied. The current study aims 

to investigate from an SDD tableting point of view and assess the possible downstream 

processing options of SDDs, resulting in tablets as the desired dosage forms. SDD was 

prepared using the spray drying technique; SDD tablets were then generated using a 

compaction simulator. Itraconazole (ITZ) and indomethacin (IND), at the ratio ranging 

from 10% to 50%, with two polymers, hydroxypropyl methylcellulose acetate succinate 

(HPMCAS) and polyvinylpyrrolidone (PVP), were selected as the model systems. Our 

results indicated that drug loading increases decreased surface area for ITZ-HPMCAS, 

IND-HPMCAS, and IND-PVP dispersions, while there is no change in surface area when 

increasing the drug loading for ITZ-PVP dispersions. This difference in surface area may 

be due to the different morphology of these spray-dried dispersions. The compaction 

results presented in this article suggest that SDDs in the presence of HPMCAS 

demonstrated superior tabletability, compressibility, and compactibility, but lower elastic 

recovery compared with SDDs with PVP. Besides, the tabletability increased along with 

decreasing drug loadings, except for ITZ-PVP dispersions. A partial least square (PLS) 

analysis revealed that particle surface area was the most significant factor attributed to the 

tensile strength of SDD tablets. We have also observed that ITZ-PVP SDDs have a low 
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release profile and poor stability performance. The results and inferences drawn from this 

project will provide valuable insights into SDD formulation design for downstream tablet 

formulation development. 

Key Words: Spray-dried dispersions (SDDs), spray drying, compaction simulation, 

physical characterization  

2.2 INTRODUCTION 

About 75% of pipeline drugs are considered to have low aqueous solubility and 

potentially yield a poor drug dissolution rate in the gastrointestinal tract, which is the first 

step for drug absorption 78. Amorphous solid dispersions (ASDs) are specifically 

designed to overcome solubility limitations 79. Despite the potential of ASDs to enhance 

drug bioavailability, formulating ASDs into solid oral dosage forms remains a challenge. 

As tablets are a popular oral delivery dosage form with the advantages of patient 

compliance, easy scale-up, and low cost, more than half of the marked ASD products are 

manufactured as tablets 80-81. Thus, the molecular to bulk properties for tablet 

manufacturability, such as powder flow, morphology, tableting, and stability, need to be 

considered 76. However, only a few studies illustrated the manufacturability of ASDs. In 

this work, we studied the physicochemical properties and mechanical characteristics of 

model ASDs to understand the effect of polymer species and drug loading on the 

compaction performance of ASDs.  

Spray drying is a solvent-based, continuous, and scalable drying process that has 

been extensively used in particle engineering and ASD production; for example, Peltonen 

et al. used spray drying to generate drug nanoparticles to increase surface area and thus 

increase the solubility of poorly soluble drugs 82. Singh et al. reviewed the use of the 



 28 

spray drying technique on ASD production, including conventional ASDs (containing 

drug and carrier) and multi-component ASDs (with the surfactants, co-carriers, and/or pH 

modifiers) 34. Spray-dried dispersions (SDDs) tend to have poor powder flowability due 

to relatively small particle size and low bulk density. However, the compressibility of 

SDDs is usually high because of their porous structure 51. Depending on the spray drying 

kinetics, the particles may have a hollow spherical or shriveled raisin morphology 83. 

Thus, there is a potential to engineer the particle properties of SDDs to optimize tablet 

design. The compaction properties and flowability of SDDs could be significantly altered 

by changing the spray drying process conditions 38.  

Apart from the effects of spray drying parameters, the choice of polymers and drug 

loading could dramatically impact the properties of SDDs. Rumondor et al. noted that 

SDDs were generally prepared using hygroscopic polymers that are highly moisture 

sensitive. The hygroscopic behavior of amorphous SDD would negatively affect the 

rheological properties and physical stability of SDDs 84. Also, many studies indicate that 

an increase in drug loading reduces the physical stability of the SDDs. 81. From a 

manufacturability point of view, previous compaction studies show that the mechanical 

strength of SDD tablets decreases with the increasing drug loading 61-62. For the 

compaction process, a high compaction speed can induce the lamination of SDDs 51. 

Meanwhile, a two-dimensional X-ray diffractometry study shows that the crystallization 

tendency of amorphous indomethacin (IND) tablet increased as a function of compression 

pressure compaction, and die wall friction may be associated with crystallization at the 

radial surface of unlubricated ASD tablet 71. Compression can also result in the demixing 

of the naproxen-polyvinylpyrrolidone (PVP) ASDs above the threshold of 30% w/w 
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naproxen and compression pressure at 376.7 MPa, respectively. The demixing 

phenomenon was attributed to the compression, induced weakening and/or disruption of 

intermolecular hydrogen bonding between drug and polymer 73. Furthermore, other unit 

operations such as dry granulation and coating can tempt amorphous-amorphous phase 

separation as well as the crystallization of ASDs due to the induced mechanical pressure 

76. Leane et al.’ illustrated that minimizing the number of compression steps improves 

formulation stability: a direct compression process gives the best results from a stability 

point of view 65.  

While the above studies mainly focus on the SDD composition and compaction 

processing concern physical stability, the effect of polymer and drug loading on SDD 

particle properties and compaction behavior has not been systematically investigated. 

This leads us to our study, where we investigated the bulk powder properties and 

mechanical characteristics of model SDDs to understand the manufacturability of SDDs. 

In our work, itraconazole (ITZ) (aqueous solubility = 1 – 5 ng/mL at 25 °C, log P = 5.7, 

pKa = 3.7 85) and indomethacin (IND) (aqueous solubility = 0.94 mg/L at 25 °C, log P = 

3.4, pKa = 4.5 86) are used as model drugs. Both drugs belong to BCS Class 2 with 

solubility-limited oral absorption (Figure 2.1). Hypromellose acetate succinate (HPMC-

AS) L grade and PVP are employed as model carriers. HPMC-AS is a cellulosic polymer 

that has been extensively used as a carrier for SDDs 87. HPMC-AS has been reported as a 

carrier in an SDD with various degrees of substitution for the acetyl and succinyl groups 

in the polymer. It can disperse the drug molecules in an amorphous state by drug-polymer 

interaction, contributing to amorphization. HPMCAS L grade typifies polymer with a 

high ratio of succinyl substitution to acetyl substitution (S/A ratio), which results in high 
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hydrophilicity 88. PVP is one of the most widely used hydrophilic polymers 89. Both 

polymers can act as a crystallization inhibitor, most likely because of their ability to 

interact with drug molecules, limiting their degree of molecular mobility and increasing 

the overall glass transition temperature (Tg) of the SDD. We used three drug ratios: 10%, 

30%, and 50%, and our preliminary studies revealed the instability of some of the drug-

polymer combinations when the drug ratio exceeded 50%. Compaction studies were 

conducted using a compaction simulator.  

 

Figure 2.1 Chemical structure of model APIs (ITZ and IND) and polymers (HPMC-AS and PVP) 
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2.3 MATERIALS AND METHODS 

Materials 

The model drugs, itraconazole (ITZ) USP grade (lot # 1812200066) and 

indomethacin (IND) USP grade (lot #  7QZFJBG), were purchased from Letco Medical 

(Wayne, PA) and TCI America, Inc. (Portland, OR), respectively. Polyvinylpyrrolidone 

(PVP) K30 (Tg: 163 °C, lot # 15277947G0) was obtained from BASF Corporation 

(Ledgewood, NJ). Hypromellose acetate succinate (HPMCAS) L grade (Tg: 119 °C, lot # 

55G-710002) was purchased from Ashland Global Specialty Chemicals Inc. (Covington, 

KY). All organic solvents used for the spray drying process were high-performance liquid 

chromatography (ACS) grade. Dichloromethane was obtained from Sigma-Aldrich 

Corporation (St. Louis, MO); acetone and methanol were acquired from Thermo Fisher 

Chemical (Pittsburgh, PA). 

Preparation of Spray-dried Dispersions 

Dispersions were spray-dried using Buchi mini spray dryer B-290 (BUCHI 

Corporation; New Castle, DE) in closed-loop mode. Polymer (HPMC-AS L or PVP) was 

dissolved in a 2:1 (w/w) mixture of dichloromethane and methanol for ITZ SDDs and a 

2:1 (w/w) mixture of acetone and methanol for IND SDDs. Model drug (ITZ or IND) was 

then added to the solutions to constitute 10%, 30%, 50% (w/w) of the total solid content 

in the solution. The total solute concentrations in the final spray drying solutions were 

10% (w/v). The solutions were pumped into the atomizer at a rate of 16 g/min. The inlet 

and outlet temperatures were maintained at 100 °C and 56 °C for ITZ SDDs; 75 and 

42 °C for IND SDDs. Solutions were pumped into the atomizer at a rate of 16 g/min. The 

SDDs were collected and dried for an additional 12 hr at 40 °C and stored in a 
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desiccating cabinet (RH < 5%). The samples were stored in amber glass wide mouth 

packer bottles in a desiccator at -20 °C for further analysis. 

Characterization of SDD Particles 

Particle Size Distribution 

Laser diffraction was utilized to measure the particle size distributions of SDDs by 

using a Master Sizer-2000 optical laser diffraction system (Malvern Panalytical; Malvern, 

UK). Dispersive air pressure was set to 1 bar with a 50% vibrational feeding rate. The 

measurement time was set to 12 seconds. The Mie model employed the calculation. Each 

sample was measured three times, and the results reported the mean and standard 

deviation.  

Surface Area 

The specific surface areas of the SDDs were determined using multipoint BET 

(Brunauer–Emmett–Teller) adsorption isotherm analysis with a Gemini VII 2390 surface 

area analyzer (Micromeritics, GA). Nitrogen was used as the adsorbate, with a maximum 

manifold pressure of 1,050 mmHg. All analyses were performed in 3/8 inch sample 

tubes. The samples were degassed in the instrument at 50°C for 120 minutes before the 

measurement. Vapor adsorption data were obtained for relative vapor pressures (p/po) in 

the range of 0.005 up to 0.30, split equally into 11 points. The equilibration time was set 

at 5 s. BET calculations were performed with the Gemini VII Version 3.04 software 

delivered with the analysis equipment. 

Flowability 

The bulk density (Db) of a powder was measured by pouring powder through a 100 

mm powder to funnel into a 100 mL graduated cylinder (readable to 1 mL) to a 75-100 
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mL fill volume. The mass was determined by weighing the graduated cylinder before and 

after filling (USP <616>). The tapped density (Dt) was determined by placing the 

graduated cylinder in a Stampfvolumeter JEL STAV 2003 jolting volumeter (J. 

Engelsmann AG; Ludwigshafen, Germany) tapped for 500 and 1250 times. The V1250 is 

the tapped volume (Vt) if the difference between V500 and V1250 is less than 2 mL 

(USP <616>). The Carr index (IC) is calculated by Eq. (1), and the flowability is 

determined using the USP standard (USP <1174>) shown in Appendix A, Table S1. IC 

value above 26 indicates poor flowability.  

𝐼𝐼𝐶𝐶 % =  Dt – Db
Dt

∗ 100                                                                                                     (2.1) 

True Density 

True density is the density of the particles without any void, in contrast to bulk 

density, which measures the average density of a large volume of the powder in a specific 

medium (usually air). A helium pycnometer was determined in triplicate (AccuPyc 1330, 

MicroMeritics, US).  

Water Activity 

Water activity was measured using LabMaster Neo Water Activity Meter (Neutec 

Group Inc, NY). The samples were minced, packed in a sample dish, and measured under 

22 ± 1 °C. Three readings were obtained for each sample. 

Scanning Electron Microscopy 

Samples were mounted to SEM specimen holders with conductive carbon adhesive 

tabs (Ted Pella; Redding, CA) and sputter-coated with 10 to 20 nm of platinum/palladium 

in a sputter coater EMS 150T ES (Electron Microscopy Sciences; Hatfield, PA). SEM 
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images were acquired using a Quanta 200 (FEI. Co; Hillsboro, OR) under the conditions 

specified in the images. 

X-ray Powder Diffraction 

X-ray powder diffraction (XRPD) diffractograms were obtained before and after 

the stability test using a Rigaku SmartLab X-ray diffractometer (Tokyo, Japan) equipped 

with CuKα radiation with tube voltage and current of 45 kV and 40 mA, respectively. The 

powder sample was packed in a zero-background silicon holder and run in the reflection 

mode (Bragg-Brentano configuration 90). Data were obtained over a 5° – 30° 2θ with a 

0.04° step size and 2.4° min-1 scan rate. 

Differential Scanning Calorimetry (DSC) 

Approximately 5 -10 mg of each sample was accurately weighed and analyzed by 

standard DSC using a Discovery DSC 2500 (TA Instruments; New Castle, DE). Materials 

were loaded into Tzero pans with non-hermetic lids in a stream of N2 gas (flow rate: 50 

mL/min) over a temperature range of 30-200 °C with a heating rate of 10 °C /min.  

Characterization of SDD Tablets  

SDD Tablets Production 

Tablets were made using a Styl'One compaction simulator Evolution 

(Medel'Pharm, Beynost, France) and 11.28 mm diameter (1 cm2) round, flat-faced TSM-

D tooling with a target weight of 400 mg. As the flowability of SDDs was not satisfactry, 

the materail was filling to the die by hand. Four compression pressures, 25, 50, 75, 100, 

and 125 MPa, were applied using a dwell time = 3s, 6s, and 12s. Asymmetrical saw tooth 

waveform was used for the upper and lower punches. Five replicate tablets were made 
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and tested for each compression pressure. Tabletability, compressibility, Heckel analysis, 

compactibility, and elastic recovery were analyzed using the Analis™ software. 

SDD Tablets Evaluation 

Each tablet was weighed and measured for diameter, thickness, and hardness using 

an MT50 hardness tester immediately following the ejection 29. Tablet tensile strength 

(TS) was calculated using Eq. 2.2 (F, d, and t are the breaking force, tablet diameter, and 

thickness):  

𝑅𝑅𝑆𝑆 =  2𝐹𝐹
𝜋𝜋∙𝑑𝑑∙𝑑𝑑

                                                                                                                       (2.2) 

The compressibility was analyzed using out-die porosity (ε) as shown in Eq. 3 

(tablet out-die density was calculated from tablet weight, diameter, and height measured 

after tablet ejection): 

ε = 1 − 𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑑𝑑 𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐴𝐴𝑝𝑝 𝑑𝑑𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑑𝑑𝐶𝐶
𝑇𝑇𝐴𝐴𝑜𝑜𝐶𝐶 𝑑𝑑𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑑𝑑𝐶𝐶

                                                                                          (2.3) 

Heckel analysis was used to characterize the ASD powder compressibility further. 

The Heckel equation for powder compression assumes that densification of the bulk 

powder under force follows first-order kinetics 91. Heckel analyses were performed by the 

AnalisMX software package (v2.07.9, Medel’Pharm) 92. It can be expressed as (D is the 

relative density of the tablet. The relative density is the ratio of the compact density at 

pressure P to the compact density at zero porosity, which is the true density of the 

material. K is the slope of the Heckel plot, and A is the y-intercept):  

ln(1 1 − 𝐷𝐷⁄ ) = 𝐾𝐾𝐾𝐾 + 𝐴𝐴                                                                                                                                 (2.4) 
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The reciprocal of K is the yield pressure (Py), which is the pressure at which a material 

starts to deform plastically.  

The elastic recovery (ER%) was calculated using eq. 5 (hrecovery is the measured 

height when the punch pressure went to zero and hminimun is the minimum tablet height at 

max force): 

𝐸𝐸𝑅𝑅% = [�ℎ𝐴𝐴𝐶𝐶𝑐𝑐𝐴𝐴𝑒𝑒𝐶𝐶𝐴𝐴𝐶𝐶 − ℎ𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝑜𝑜𝐴𝐴� ℎ𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝑜𝑜𝐴𝐴⁄ ] × 100     (2.5) 

Dissolution of SDD Tablets 

In vitro dissolution testing was performed on ASD tablets with 10% of porosity. 

USP baskets were used at 100 rpm in 500 mL Simulated Intestinal Fluid (pH 6.8) without 

enzyme or surfactant. Samples were collected at 10, 20, 30, 45, 60, 90, 120, and 180 min, 

passed through a 0.45 μm syringe filter, and analyzed by Acquity UPLC H-Class system 

(Waters Corporation; Milford, MA) for the API concentration. For ITZ concentration 

analysis, an isocratic mobile phase consisting of acetonitrile and buffer solution (0.1% 

triethylamine with pH adjusted to 4.0 with phosphoric acid) (70:30, v/v) was used at a 10 

µL injection volume and a flow rate at 0.8 mL/ minute. The fluorescence detector was set 

to 254 nm. For IND detection, we used isocratic elution with a binary mobile phase 

composed of acetonitrile and 0.2% phosphoric acid (50:50, v/v) at a flow rate of 

0.8 ml/min using a 10 µL injection volume and detection wavelength at 237 nm. A 

Waters 4.6 x 100 mm XBridge C18 3.5 µm UPLC column was used for all the 

measurements. 
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Physical Stability 

Stability tests of the ASDs were carried out at 40 °C/75 % relative humidity (RH) 

using Caron environmental chamber (Marietta, OH). The samples were characterized by 

XRD and DSC after two weeks, 1, 2, and 3 months under accelerated conditions.  

Statistic Analysis 

Two-way ANOVA was performed using GraphPad Prism (San Diego, CA) to 

compare the differences in powder characteristics. Multivariate linear regression using R 

studio was performed for the compaction study. The values obtained from experiments 

were used as predictor variables (x), and the values derived from the predictor variable 

response variable (Y) (βx are constants which are called the coefficients, p is the number 

of independent variables): 

Y = β1x1+ β2x2+ β3x3+ β4x4+………………. + βpxp + c                                                  (2.6) 

In this study, tensile strength (continuous, MPa), out-die porosity (continuous, %), 

and elastic recovery (continuous, %) depended on experiment design variables, 

compression pressure (continuous, MPa), polymer types (HPMCAS or PVP) and drug 

loadings (10%, 30%, and 50%).  

A partial least square (PLS) analysis was performed to identify significant factors in 

tablets’ tensile strength compressed under 125 MPa. In our study, the model exploits the 

correlations between X-variables (particle size, surface area, water activity, true density, 

and bulk density) and y-response (tensile strength). Variable Importance for Projection 

(VIP) coefficients were used to evaluate independent X-variables' influences on the y 

response (tensile strength). This is a simple tool for estimating the importance of each 
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variable in the PLS model 93. A variable with a VIP score over 1 can be considered 

important in the model. The VIP analysis was performed using PLS Toolbox. 

2.4 RESULTS AND DISCUSSION 

Characterization of ASD Particles 

Thermal Analysis of ASDs 

Physical state characterization of the SDDs demonstrated that all samples were 

amorphous t0 (right after spray drying and secondary drying) without phase separation. 

This was evidenced by the absence of diffraction peaks by XRPD (Figure 2.2 (a) and 

(b)) and a single glass transition event by DSC. For ITZ SDDs and IND SDDs, Tg 

decreased with increasing drug loading at t0, as shown in Table 2.1. The glass transition 

temperatures (Tg) of the prepared SDDs were compared with the predicted Tg values by 

the Fox equation, where the w1, w2, and Tg1 and Tg2 are the weight fraction and Tgs of the 

API and the polymer, respectively. For all the HPMCAS SDDs, the predicted values are 

similar to the predicted values by the Fox equation (Eq.2.7) (difference less than 5 °C), 

which means that there are no significant or strong drug-polymer interactions. However, 

significant negative deviations (≤ -10 °C) compared with the predicted values were 

observed in ITZ-PVP SDDs, indicating a relatively weak drug-polymer interaction 

between ITZ and PVP. On the other hand, the interaction between IND and PVP is 

relatively strong due to the significant positive deviation in Tgs (Table 2.1).  

1
𝑇𝑇𝑔𝑔

=  𝑤𝑤1
𝑇𝑇𝑔𝑔1

+  𝑤𝑤2
𝑇𝑇𝑔𝑔2

                                                                              (2.7) 
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Figure 2.2 XRPD patterns of (a) ITZ SDDs and (b) IND SDDs at t0 (right after spray drying and 

secondary drying) 

Table 2.1 Predicted and experimental Tg values of the prepared SDDs 

  ITZ HPMCAS SDDs IND HPMCAS SDDs 

Drug 

loading 

Tg predicted 

(°C) 

Tg measured 

(°C) 

Tg predicted 

(°C) 

Tg measured 

(°C) 

10% 112.0 112.5 110.8 108.7 

30% 99.5 94.4 95.4 93.1 

50% 87.1 83.0 81.2 77.3 

  ITZ PVP SDDs IND PVP SDDs 

Drug 

loading 

Tg predicted 

(°C) 

Tg measured 

(°C) 

Tg predicted 

(°C) 

Tg measured 

(°C) 

10% 149.3 140.2 148.3 153.8 

30% 126.1 111.5 121.6 135.4 

50% 104.6 93.9 98.1 107.3 
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Powder Characterization of SDDs  

Particle size distributions were measured by laser diffraction. The maximum 

particle diameters below which 10%, 50%, and 90% v/v of sample exists (d(10), d(50), 

and d(90)) are listed in Table 2.3. Each kind of SDDs (with the same drug and polymer 

but different drug loadings) has similar particle size distributions. We did not detect a 

significant difference in d(50) among different drug loadings (p > 0.05); for instance, 

there is no significant difference in d(50) among ITZ-PVP SDDs with 10%, 30%, and 

50% drug loadings when comparing the SDDs with different polymers. The SDDs with 

HPMCAS have relatively large d(50) then SDDs with PVP (p* < 0.05). Besides, there are 

significant differences between particle size of ITZ-SDDs, and IND-SDDs, which mainly 

contributed to the different parameters used in the spray-drying process (p* < 0.05).  

Water activity is a measure of the free water in a pharmaceutical dosage form. It is 

defined as the ratio of the water vapor pressure of the substance to the vapor pressure of 

pure water at the same temperature 94. The water activity of powders affects the flow, 

caking, compaction, shelf-life, and packaging requirements of pharmaceuticals. In our 

study, there is no correlation between drug loading and water activity (p > 0.05). 

The bulk powder properties, including true density, bulk, tapped densities, and 

Carr's index, are reported in Table 2.3. True density is an essential parameter for 

calculating tablet porosity in compaction studies, and the density values were similar for 

all the SDDs prepared by spray drying (p > 0.05). The spray drying powders had low 

bulk densities from 0.16 - 0.23 g/cm3. Carr's index was used to assess the flowability of 

the SDDs; it measures the compressibility of a powder due to interparticle friction and is 

often correlated to how a powder will flow 95. Carr's index values did not correlate with 
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drug loading or polymer type in the SDDs. According to USP Chapter <1174> on powder 

flow, all the SDDs fell within the ‘poor’ or ‘very poor’ flow range (32 – 37) (Appendix 

A, Table S1). This is mainly due to the low bulk densities and cohesive nature of SDDs. 

The ITZ SDDs with HPMCAS have relatively better flowability, which was likely due to 

their relatively larger particle size.  

Each type of dispersion revealed similar particle size, water activity, true density, 

and bulk density. We did not detect a difference in these parameters among different drug 

loadings (P > 0.05 for each measurement). However, we observed that the drug loading 

increase resulted in decreased surface area for ITZ-HPMCAS SDDs and IND SDDs with 

both polymers. While for ITZ SDDs with PVP, there is no change in surface area when 

increasing the drug loading (Table 2.3). When looking into the morphology of these 

SDDs (Figure 2.3), we observed that for ITZ-HPMCAS, IND-HPMCAS, and IND-PVP 

SDDs, the SDDs with 10% drug load are small wrinkle spheres, while SDDs with 50% of 

drug load are round spheres. SEM micrographs show that these SDDs with 30% drug 

loading are mixtures of wrinkle and round spheres. This could explain the difference we 

detected in the surface area: although the same type of SDDs shows similar particle size 

(p > 0.05), the collapsed particles have a higher surface area than the round ones. 

However, for ITZ SDDs with PVP, both 10% and 50% drug load show wrinkled surfaces. 

The same structure was observed for 30% drug load. This seems to explain the similar 

surface area among ITZ-PVP SDDs with different drug loadings. According to literature 

38, the difference in particle morphologies between samples could be due to the 

differences in the spray solution and solids, therefore viscosity. A solute concentration 

gradient within the droplets develops during drying. The viscous skin will form when the 
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polymer solubility at the interface is exceeded, which will reduce the diffusion of the 

solvent to the particle surface and the rate of evaporation. Depending on the excipient 

properties, the particle walls deflate or inflate based on the partial pressure of the solvent 

trapped in the particle. The round spheres indicate a high solvent partial pressure inside 

the droplet, while a collapsed sphere morphology is probably due to the lower internal 

solvent partial pressure and causing the particle to collapse in on itself. 

Table 2.2 Bulk powder properties of SDDs. The data is represented as the mean (standard 

deviation) 

  

Particle Size Distribution (µm) Surface 

area 

(m2/g) 

Water 

Activity 

True 

density 

(g/cm3) 

Carr's 

index 
d (10) d (50) d (90) Span 

 ITZ SDDs 

10% L 
2.68 

(0.40) 

14.31 

(1.02) 

41.69 

(2.43) 

2.73 

(0.37) 

3.68 

(0.28) 

0.08 

(0.001) 

1.33 

(0.001) 
27 

30% L 
3.07 

(0.22) 

16.09 

(1.38) 

45.79 

(4.74) 

2.66 

(0.50) 

1.35 

(0.12) 

0.13 

(0.000) 

1.35 

(0.000) 
27 

50% L 
2.56 

(0.52) 

15.12 

(2.44) 

37.93 

(3.38) 

2.34 

(0.48) 

0.53 

(0.01) 

0.13 

(0.000) 

1.31 

(0.000) 
27 

10% P 
1.78 

(0.48) 

6.34 

(0.90) 

16.44 

(1.45) 

2.31 

(0.30) 

1.34 

(0.38) 

0.13 

(0.000) 

1.28 

(0.000) 
32 

30% P 
1.61 

(0.47) 

6.07 

(0.99) 

15.01 

(1.75) 

2.21 

(0.16) 

1.37 

(0.10) 

0.12 

(0.002) 

1.30 

(0.001) 
32 
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(Table 2.2 continued) 

50% P 
1.69 

(0.41) 

6.02 

(1.08) 

14.94 

(1.93) 

2.20 

(0.19) 

1.05 

(0.12) 

0.06 

(0.001) 

1.27 

(0.000) 
31 

ITZ SD 
2.90 

(0.80) 

13.39 

(1.05) 

44.27 

(3.36) 

3.09 

(0.82) 

 0.67 

(0.07) 

0.04 

(0.002) 

1.32 

(0.000) 
28 

 IND SDDs 

10% L 
2.58 

(0.55) 

6.73 

(0.98) 

15.88 

(2.12) 

1.98 

(0.32) 

2.27 

(0.36) 

0.12 

(0.001) 

1.31 

(0.000) 
32 

30% L 
1.59 

(0.28) 

6.14 

(1.07) 

16.07 

(2.27) 

2.36 

(0.55) 

1.29 

(0.40) 

0.08 

(0.007) 

1.34 

(0.001) 
31 

50% L 
1.90 

(0.57) 

5.26 

(0.58) 

9.71 

(1.05) 

1.48 

(0.32) 

0.45 

(0.06) 

0.11 

(0.002) 

1.34 

(0.000) 
28 

10% P 
1.71 

(0.22) 

4.45 

(0.93) 

9.24 

(1.20) 

1.69 

(0.34) 

2.96 

(0.03) 

0.06 

(0.000) 

1.25 

(0.000) 
32 

30% P 
1.19 

(0.41) 

4.44 

(0.95) 

7.26 

(0.97) 

1.37 

(0.11) 

1.72 

(0.50) 

0.12 

(0.001) 

1.27 

(0.000) 
32 

50% P 
1.58 

(0.42) 

4.24 

(0.94) 

10.22 

(1.77) 

2.04 

(0.47) 

0.66 

(0.07) 

0.11 

(0.000) 

1.32 

(0.001) 
31 

IND SD 
1.37 

(0.34) 

4.89 

(0.77) 

9.35 

(1.57) 

1.63 

(0.29) 

0.89 

(0.05) 

0.05 

(0.004) 

1.38 

(0.000) 
32 

  Spray-dried neat polymers 
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(Table 2.2 continued) 

L SD 
2.45 

(0.36) 

11.41 

(1.23) 

26.75 

(3.02) 

2.13 

(0.86) 

3.11 

(0.71) 

0.19 

(0.002) 

1.36 

(0.000) 
30 

P SD 
2.91 

(0.58) 

4.81 

(0.87) 

12.30 

(1.03) 

1.95 

(0.75) 

1.47 

(0.80) 

0.08 

(0.001) 

1.28 

(0.001) 
32 

 

 

Figure 2.3 SEM micrographs of SDD particles. Magnifications are 5000x for all the samples 

Characterization of SDD Compacts 

Tabletability 

The compaction behavior of SDDs was studied to assess the effect of polymer type 

and drug loading on the mechanical strength of SDD tablets. Trying different compaction 
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speeds, we observed that SDDs tend to laminate at high compression speeds (Appendix 

A, Table S2). Take IND-HPMCAS SDD with 50% drug loading as an example: fewer 

tablets were intact at higher compression speeds and lower compression pressure (Figure 

2.4). According to our previous study, the SDDs is speed-sensitive, and increased elastic 

recovery may explain an increased tendency of SDDs to laminate 51. Thus, we used low 

compression speed (dwell time = 12 ms) in the subsequent compression studies.  

Since successful SDD tablets require sufficient tablet strength to reduce 

manufacturing risks and maintain tablet integrity for downstream processing and 

handling, such as coating, packaging, and storage, the tabletability study is needed to 

understand the influence of different polymer types and drug loadings on the performance 

of SDD tablets. Tabletability can be expressed as the tensile strength as a function of 

compression pressure, and it represents the ability of a powder to form tablets under the 

influence of compaction pressure 96.  

 

Figure 2.4 Lamination occurs for IND-HPMCAS L SDDs with 50% drug loading under 25 MPa 

at a high compression speed 

Our study shows that most of our model SDDs can produce strong tablets (> 2 MPa 

TS) under 100 MPa compression pressure. For both ITZ-SDDs and IND-SDDs, SDDs 
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with PVP have lower tabletability compare with SDDs with HPMCAS (p < 0.001***, 

and p < 0.05*, respectively) (Figure 2.5).  

Regression modeling yielded the following equation for the impact of polymer on tensile 

strength (TS) of ITZ-SDDs (Eq. 2.7) and IND-SDDs (Eq. 2.8) tablets: 

TSITZ = 0.035X1 – 0.619X2 + 0.375                                                                               (2.7) 

TSIND = 0.025X1 – 0.519X2 + 0.508                                                                  (2.8) 

where X1 is the compression pressure (MPa); X2 is a categorical variable for the polymer 

type in the SDD PVP = 1 or HPMCAS = 0. 

In the previous study 97, the hardness of spray-dried acetaminophen-copovidone 

dispersion increased at a low drug content and reduced at high drug content. We observed 

a similar phenomenon that lower drug loading leads to better tabletability for ITZ-

HPMCAS SDDs (p < 0.001 ***). The same tendency was observed for IND SDDs with 

HPMCAS and PVP (p < 0.001 ***, and p < 0.05 *, respectively), as shown in Figure 2.5. 

However, in the ITZ SDD in the presence of PVP, the drug load does not influence 

tabletability (p > 0.05). These results have been confirmed by multivariate linear 

regression analysis.  

Regression modeling yielded the following equation for the impact of drug loadings 

on tensile strength (TS) of ITZ-HPMCAS (Eq. 2.9), ITZ-PVP (Eq. 2.10), IND-HPMCAS 

(Eq. 2.11), and IND-PVP (Eq. 2.12) tablets: 

TSITZ-L = 0.034X1 – 0.826X2 – 1.716X3 + 0.811                                                            (2.9) 

TS ITZ-p = 0.035X1 – 0.113X2 – 0.187X3 – 0.689                                         (2.10) 



 47 

TS IND-L = 0.025X1 – 0.880X2 – 1.384X3 + 0.238                                                        (2.11) 

TS IND-p = 0.022X1 – 0.546X2 – 0.700X3 – 0.198                                                         (2.12) 

where X1 is the compression pressure (MPa); X2 is if we use 30% of drug loading instead 

of 10% drug load (1=yes, 0=no); X3 is if we use 50% of drug loading instead of 10% 

drug loading (1=yes, 0=no). 

PLS analysis was conducted to identify dominating factors that influence 

mechanical strength. Particle properties, including particle size, surface area, water 

activity, true density, and bulk density, were used as X matrix (6*7), and the hardness of 

SDD tablets generated under 125 MPa compression pressure was y response vector (6*1). 

Three latent variables accounted for over 90% of all X variability (ITZ data: 97.01%; 

IND data: 91.9%) and explained over 95% of the variation in the y data (ITZ data: 

99.95%; IND data: 97.5%). Figure 6 shows the VIP coefficient plots in the rank order of 

the significant factors of the X variables. The VIP coefficient of specific variables higher 

than 1.0 has significantly influenced the response [30]. Based on the analysis, the surface 

area is the decision parameter contributing to tensile strength for both ITZ-SDDs (Figure 

2.6 (a)) and IND-SDDs (Figure 2.6 (b)), which means that powders with higher surface 

areas tend to have higher tensile strength values than particles with smaller surface areas 

(Figure 2.6 (c-f)) It has been reported that the tensile strengths of a tablet reflect the 

contributions of both bonding area and bonding strength among the adjacent particles in 

the tablet. The bonding area is mainly influenced by compression pressure, particle shape, 

and/or particle size 53. Therefore, the particles with a higher surface area potentially led to 

a higher bonding area. However, the bonding area on compaction and the resulting 

strength of a tablet is governed not only by the initially available surface area but also 
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depends on the deformation behavior of the particles as influenced by morphology, 

material hardness, and elasticity 53. As mentioned previously, the surface area of SDD 

particles could be a function of morphology; for the SDDs with similar bond strength, the 

ones with collapsed structures may also lead to their higher inter-particulate bonding area 

during compression (ITZ R2 =1.000, RMSECV = 0.500; R2 = 0.975, RMSECV = 1.336).  

 

Figure 2.5 Tabletability profiles of (a) ITZ-HPMCAS L, (b) ITZ-PVP, (c) IND-HPMCAS L, and 

(d) IND-PVP SDDs (black: spray-dried polymer, blue: SDDs with HPMCAS L, green: SDDs with 

PVP, and orange: spray-dried API; solid line: SDDs with 10% of drug loading, dashed line: 

SDDs with 30% of drug loading, and dotted line: SDDs with 50% of drug loading), n = 5 
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Figure 2.6 PLS analysis: VIP plot of coefficients between the variables and tensile strength at 

125 MPa of (a) ITZ SDDs, (b) IND SDDs; and surface area – drug loading – tensile strength 

relationship of (c) ITZ-HPMCAS L SDDs; (d) ITZ-PVP SDDs; (e) IND-HPMCAS L SDDs; and 

(f) IND-PVP SDDs 
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Compressibility and Heckel Analysis 

Compressibility is expressed as tablet porosity as a function of compression 

pressure (Figure 2.7). It revealed the ability of a material to reduce volume due to applied 

pressure. According to the compressibility results, the compact porosity of SDDs 

decreased with an increase in compression force. Compared with SDDs with HPMCAS, 

the SDDs with PVP shows lower compressibility (p < 0.05 *).   

Regression modeling yielded the following equation for the impact of polymer 

types on porosity (Ɛ) of ITZ-SDDs (Eq. 2.12) and IND-SDDs (Eq. 2.13) tablets: 

ƐITZ = – 0.224X1 – 3.520X2 + 45.887                                                                           (2.12) 

ƐIND = – 0.232X1 – 1.601X2 + 45.093                                                                (2.13) 

where X1 is the compression pressure (MPa); X2 indicates whether we use PVP as 

polymer in ASD instead of HPMCAS (1=yes, 0=no). 

However, the drug loading did not affect the compressibility of SDDs significantly. 

For all types of SDDs, the compressibility of SDDs with 30% drug loading was 

statistically similar to that of SDDs with 10% of drug loading (p > 0.05).  

Regression modeling yielded the following equation for the impact of drug loadings 

on porosity (Ɛ) of ITZ-HPMCAS (Eq. 2.14), ITZ-PVP (Eq. 2.15), IND-HPMCAS (Eq. 

2.16), and IND-PVP (Eq. 2.17) tablets: 

Ɛ ITZ-L = – 0.227X1 + 0.003 X2 – 5.693X3 + 44.321                                                     (2.14) 

Ɛ ITZ-P = – 0.230X1 + 0.058 X2 – 8.578X3 + 43.768                                                     (2.15) 

Ɛ IND-L = – 0.232X1 + 0.001 X2 – 1.678X3 + 44.260                                                    (2.16) 
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Ɛ IND-P = – 0.204X1 – 1.756X2 – 3.086X3 + 42.383                                                      (2.17) 

where X1 is the compression pressure (MPa); X2 is if we use 30% of drug loading instead 

of 10% drug load (1=yes, 0=no); X3 is if we use 50% of drug loading instead of 10% 

(1=yes, 0=no). 

 

Figure 2.7 Compressibility profiles of (a) ITZ-HPMCAS L, (b) ITZ-PVP, (c) IND-HPMCAS L, 

and (d) IND-PVP SDDs (black: spray-dried polymer, blue: SDDs with HPMCAS L, green: SDDs 

with PVP, and orange: spray-dried API; solid line: SDDs with 10% of drug loading, dashed line: 

SDDs with 30% of drug loading, and dotted line: SDDs with 50% of drug loading), n = 5 

The Heckel analysis was used to evaluate the compressibility of SDDs. It presents 

the compaction behavior of the material in terms of its relative density under applied 
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pressure 98. Yield pressures (Py) were estimated from the slope of the linear regression 

line of Heckel plots of tablets. Typically, low values of Py indicate that the material 

deforms plasticity, and conversely, high Py implies the material is brittle. Theoretically, 

the in-die Heckel profile can be determined by compressing only one tablet at a certain 

pressure. Here in our results, we averaged the Py values of five replicates for accuracy. 

The results of Py showed that the yield pressure for SDDs containing PVP is higher than 

SDDs with HPMCAS, and the compressibility of each type of SDDs is similar (e.g., with 

a Py of 53 – 56 MPa for ITZ-HPMCAS SDDs, 68 – 75 MPa for ITZ-PVP SDDs, 52 – 63 

MPa for IND-HPMCAS SDDs, and 78 – 82 MPa for IND-PVP SDDs), indicating that 

SDDs with HPMCAS are more plastic compare with SDDs with PVP (Table 2.4). This 

difference is mainly due to the plasticity variation of polymers. As shown in Tablet 2.4, 

Py of HPMCAS is 54.5 MPa, while the Py of PVP is 67.4 MPa. This result agrees with the 

above compressibility study. 

Table 2.3 Mean yield pressure of SDDs and spray dried polymers and drugs calculated using in-

die porosity, data indicate mean (SD) (n=5) 

SDD 

Composition 

Py (MPa) 

Mean (SD) 

SDD 

Composition 

Py (MPa) 

Mean (SD) 

SDD containing 

ITZ 

 SDD containing 

IND 

 

10% L 56.3 (1.2) 10% L 52.3 (0.3) 

30% L 55.5 (1.3) 30% L 62.4 (0.8) 

50% L 53.2 (0.3) 50% L 63.5 (1.7) 
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(Table 2.3 continued) 

10% P 75.5 (1.7) 10% P 78.8 (0.9) 

30% P 74.8 (0.9) 30% P 79.4 (2.7) 

50% P 68.1 (0.8) 50% P 82.3 (1.4) 

SD ITZ 40.8 (0.3) SD IND 72.7 (1.8) 

 

Compactibility 

The compactibility is expressed as tensile strength as a function of porosity (Figure 

2.8), as a material can produce a tablet with sufficient hardness under densification. The 

compactibility of ASDs in the presence of HPMCAS is higher than it with PVP for both 

ITZ-ASDs and IND-ASDs (p < 0.005*** and p < 0.005***, respectively). Regression 

modeling yielded the following equation for the impact of polymer types on 

compactibility of ITZ-SDDs (Eq. 2.18) and IND-SDDs (Eq. 2.19) tablets: 

TSITZ = – 0.137X1 – 1.089X2 + 6.954                                                                          (2.18) 

TSIND = – 0.108X1 – 0.693X2 + 5.394                                                    (2.19) 

where X1 is the porosity (%); X2 is if we use PVP as the polymer in ASD instead of 

HPMCAS (1=yes, 0=no). 

According to compactibility results, lower compactibility is associated with higher 

drug loading for ITZ-HPMCAS (p < 0.05*), IND-HPMCAS (p < 0.001***), and IND-

PVP (p < 0.05*) dispersions (Figure 2.8). However, the drug loading (from 10% to 30%) 

did not affect the compactibility of ITZ SDDs with PVP (p > 0.05). This data correlates 

well with the tabletability results: for ITZ-PVP SDDs, drug load does not influence 
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tabletability. As aforementioned, it is believed that both bonding area and bonding 

strength contribute to the tablet strength. It implies that the high bonding strength could 

also contribute to the high tabletability of SDDs in our case. 

Regression modeling yielded the following equation for the impact of drug loadings 

on compactibility of ITZ-HPMCAS (Eq. 2.20), ITZ-PVP (Eq. 2.21), IND-HPMCAS (Eq. 

2.22), and IND-PVP (Eq. 2.23) tablets: 

TSITZ-L = – 0.122X1 – 0.688X2 – 1.636X3 + 6.001                                                      (2.20) 

TSITZ-P = – 0.145X1 – 0.111X2 – 1.431X3 + 5.826                                                      (2.21) 

TSITZ-L = – 0.105X1 – 0.881X2 – 1.561X3 + 4.966                                                      (2.22) 

TSITZ-P = – 0.104X1 – 0.729X2 – 1.023X3 + 4.307                                                      (2.23) 

where X1 is the porosity (%); X2 is if we use 30% of drug loading instead of 10% drug 

load (1=yes, 0=no); X3 is if we use 50% of drug loading instead of 10% (1=yes, 0=no). 
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Figure 2.8 Compactibility profiles of (a) ITZ-HPMCAS L, (b) ITZ-PVP, (c) IND-HPMCAS L, and 

(d) IND-PVP SDDs (black: spray-dried polymer, blue: SDDs with HPMCAS L, green: SDDs with 

PVP, and orange: spray-dried API; solid line: SDDs with 10% of drug loading, dashed line: 

SDDs with 30% of drug loading, and dotted line: SDDs with 50% of drug loading), n = 5 

Elastic Recovery 

The materials tend to resume their original dimensions to a certain extent when the 

axial stress is removed. Elastic recovery is a parameter to characterize the decompression 

phase (Figure 2.9). The SDDs in the presence of PVP has a lower elastic recovery 

compared with SDDs with HPMCAS (p < 0.005***). In addition, we observed that the 

elastic recovery of SDDs with HPMCAS shows synergy (Figure 2.9 (a), (c)), while 

SDDs with PVP show negative synergy (Figure 2.9 (a), (c)). We further used PLS to 
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reveal the correlation between particle properties (particle size, surface area, water 

activity, true density, bulk density), compression pressure, tensile strength, and porosity 

as X matrix (6*10) and the elastic recovery of ITZ-SDD and IND-SDD tablets as y 

response (6*1). PLS regression lists VIP coefficients to rank the significant factors. 

Particle size, surface area, and tensile strength are the statistically significant factors for 

elastic recovery of all SDDs, as shown in Appendix A, Figure S1. Regression modeling 

yielded the following equation for the impact of polymer types on elastic recovery (ER) 

of ITZ-SDDs (Eq. 2.24) and IND-SDDs (Eq. 2.25) tablets: 

ERITZ = 0.036X1 – 7.147X2 + 15.365                                                                           (2.24) 

ERIND = 0.021X1 – 2.567X2 + 10.694                                                                          (2.25) 

where X1 is the compression pressure (MPa); X2 is the presence of PVP (1=yes, 0=no). 

The elastic recovery decreased with increasing the drug load from 10% to 50% for 

all the ASD samples. However, the elastic recovery of ITZ-HPMCAS and IND-PVP 

remains the same when increasing the drug loading from 10% to 30%. Regression 

modeling yielded the following equation for the impact of drug loadings on elastic 

recovery (ER) of ITZ-HPMCAS (Eq. 2.26), ITZ-PVP (Eq. 2.27), IND-HPMCAS (Eq. 

2.28), and IND-PVP (Eq. 2.29) tablets: 

ERITZ-L = 0.030X1 – 3.581X2 – 4.737X3 + 12.186                                                       (2.26) 

ERITZ-P = 0.042X1 – 1.538X2 – 1.189X3 + 5.865                                                         (2.27) 

ERIND-L = 0.022X1 – 1.864X2 – 4.106X3 + 9.358                                                        (2.28) 

ERIND-P = 0.022X1 – 1.441X2 – 2.423X3 + 7.365                                                        (2.29) 
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where X1 is the compression pressure (MPa); X2 is the presence of 30% of drug loading 

(1=yes, 0=no); X3 is the presence of 50% of drug loading (1=yes, 0=no).  

 

Figure 2.9 Elastic recovery of (a) ITZ/HPMCAS L, (b) ITZ/PVP, (c) IND/HPMCAS L, and (d) 

IND/PVP SDDs (black: spray-dried polymer, blue: SDDs with HPMCAS L, green: SDDs with 

PVP, and orange: spray-dried API; solid line: SDDs with 10% of drug loading, dashed line: 

SDDs with 30% of drug loading, and dotted line: SDDs with 50% of drug loading), n = 5 

Dissolution Study 

The dissolution of amorphous solid dispersions was performed in SIF without 

surfactant or enzyme. We prepared SDD tablets with 10% porosity for the dissolution 

test. Figure 2.10 plots dissolution profiles from SDD tablets. Most of the SDDs 

successfully produced enhanced dissolution profiles compared with the dissolution 
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profile of the drug by itself. We observed a higher drug release rate associated with lower 

drug loading for ITZ-HPMCAS, IND-HPMCAS, IND-PVP SDDs: more than 80% of the 

drug was released from the tablets with 10% of the tablets’ drug loading for all three 

SDDs. Percent drug load rank-order was 10% > 30% > 50% for these SDD tablets, which 

agrees with our previous results 99.  

However, no dissolution advantage was detected from tablets containing ITZ-PVP 

SDDs for all the drug loadings within 3 hours (or at least no drug remained in solution, 

e.g., precipitated). This may be because of the low erosion rate of PVP in tablet 100. Since 

a similar phenomenon was not observed for IND-PVP SDDs, we hypothesized it could be 

due to the water-induced drug crystallization on the ITZ-PVP tablet surface. Lynne et al. 

have reported that SDDs with weak drug-polymer interaction and miscibility, SDD tends 

to undergo phase separation, and the drug can enrich at the tablet surface during 

dissolution. Therefore, the release of SDD is mainly controlled by the recrystallized drug 

solubility, leading to a slow release of the API 101.  

 

Figure 2.10 Dissolution profiles of tablets containing ITZ and IND SDDs. Values are mean ± SD 

(n=3) 
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Physical Stability 

No crystalline peak was detected for all the SDDs in the presence of HPMCAS and 

IND-PVP SDDs for the three-month stability test. However, ITZ-PVP SDDs at 30% and 

50% of drug ratios crystallized after 2-week storage (Figure 2.11). Moreover, ITZ form I 

was detected as the crystallized polymorph in the ITZ-PVP samples. This has been 

confirmed by comparing it with the crystalline ITZ X-ray pattern (Appendix A, Figure 

S2) and combining it with DSC results (Figure 2.12). The reduction of global molecular 

mobility could explain the stability of SDDs by either drug-polymer intermolecular 

interactions or the increased viscosity produced by the polymer matrix 102-104. Sunny et al. 

revealed that ITZ did not form any polymer-specific intermolecular interaction with PVP 

22. Our DSC results also indicate weak drug-polymer interactions in the ITZ-PVP SDDs. 

Although there is a lack of sufficient drug-polymer interactions, ITZ-PVP SDD remains 

stable when the PVP content increases to 90%. The global mobility of SDDs with high 

polymer content will decrease because of the higher viscosity brought about by the 

polymer matrix 105. On the other hand, ITZ-HPMCAS SDD shows much better physical 

stability than ITZ-PVP SDD, which was explained by its dramatically higher structural 

relaxation time (a measurement of global mobility) compared with the amorphous ITZ 

and ITZ-PVP SDD 22. Besides, it has been reported that ITZ, as a weakly basic 

compound, could form ionic interactions with the succinoyl groups of HPMCAS L grade 

and result in SDDs with better physical stability 106. As an acidic drug, IND was known 

to form polymer–specific intermolecular interactions with a polymer-rich in proton 

acceptors that improved the physical stability of SDDs. The carboxylic acid group of IND 

acts as a proton donor and could form hydrogen bonding with the carbonyl group of PVP 
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89, which is also supported by the significant positive deviation in Tgs compared with the 

predicted values by the Fox equation in our DSC study. For IND-HPMCAS, 

spectroscopic studies revealed that the carboxylic acid formed cyclic dimers with the 

carboxylic acid groups of HPMCAS 107-108. In addition, HPMCAS could also stabilize the 

amorphous drug via hydrophobic interactions, such as π-π stacking 99, 109. All the SDDs 

remained in the amorphous state after 3-month storage at 40 °C/75 % RH, despite ITZ-

PVP SDDs with 30% and 50% of drug loadings. 
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Figure 2.11 XRPD patterns of ITZ-HPMCAS L, ITZ-PVP, IND-HPMCAS L, IND-PVP SDDs 

with (a) 10%, (b) 30%, and (c) 50% of drug loadings under stability condition (40 C, 75% RH) 

for 0 week (black), 2 weeks (red), 1 month (blue), and 3 months (green) 
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Figure 2.12 DSC thermographs of ITZ-PVP SDDs with 50% of drug loading under stability 

condition (40 °C, 75% RH) for 0 week (green), 1 month (blue), and 3 months (red) 

2.5 CONCLUSION 

This work evaluated the effect of polymer type and polymer-drug ratio on the 

physicochemical properties and compaction behaviors of SDDs. Such an understanding is 

significant for SDD composition selection for downstream tablet development, especially 

when a high drug-loading SDD tablet is needed. For powder properties, similar particle 

size, water activity, true density, and bulk density were observed for each type of SDDs, 

meaning no difference was detected in these parameters among different drug loadings. 

However, drug loading increase resulted in a decrease in surface area for ITZ-HPMCAS, 

IND-HPMCAS, and IND-PVP SDDs, while there is no change in surface area when 

increasing the drug loading for ITZ-PVP SDDs. This difference in surface area may be 

due to the different morphology of these spray-dried SDDs. The compaction results 

presented in this article suggest that SDDs in the presence of HPMCAS demonstrated 

superior tabletability, compressibility, and compactibility, but lower elastic recovery than 



 63 

SDDs with PVP. Moreover, the tabletability increased along with decreasing drug 

loadings, except for ITZ-PVP SDDs. PLS analysis revealed that particle surface area was 

the most significant factor attributed to the tensile strength of SDD tablets. A better 

understanding of the effect of polymer types and drug loadings on the mechanical 

properties of bulk powders will provide insights into selecting an optimum carrier and 

drug ratio for SDD tablet manufacturing.  
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CHAPTER 3 SURFACE CHARACTERIZATION AS A TOOL FOR 

IDENTIFYING THE FACTORS AFFECTING THE DISSOLUTION 

RATE OF AMORPHOUS SOLID DISPERSION TABLETS 

3.1 ABSTRACT 

Amorphous solid dispersion (ASD) is a commonly used approach to enhancing the 

dissolution of poorly aqueous soluble drugs. Selecting the desired polymer and drug 

loading can be time-consuming. Surface properties, such as surface composition and 

wetting behavior, are essential factors controlling the dissolution of ASD tablets. Thus, 

our study aims to use surface characterization to understand the factors that affect the 

dissolution rate of ASD tablets. This paper prepared ASDs with itraconazole and 

hypromellose acetate succinate (HPMCAS) using spray drying. Three grades of 

HPMCAS with different hydrophilicity and drug loadings were applied for the model 

systems. We prepared ASD tablets with two porosities. For each tablet, contact angles 

were measured using the drop shape analyzer; surface free energies, disperse, and polar 

fractions were calculated based on the contact angles. We conducted near-infrared (NIR) 

and dissolution measurements of ASD tablets. Principal component analysis (PCA) was 

carried out to further investigate the NIR spectra. The relative PCA scores were reported 

with other sample properties. A partial least square (PLS) model using NIR scores, 

tablets’ wetting properties, and dissolution rates revealed that water and buffer contact 

angles, surface free energy, and polar fraction are the most significant factors attributing 

to the dissolution rate of ASD tablets. This work understood the interplay between the 

surface properties and the dissolution rate of ASD tablets. Moreover, surface 

characterization can be the tool to screen the formulation and compaction process of ASD 

tablets in early development. 
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Keywords: Amorphous solid dispersion (ASD), dissolution rate, wettability, contact 

angle (CA), surface free energy, near-infrared (NIR) spectroscopy  

3.2 INTRODUCTION 

      Numerous development strategies have been explored to improve the apparent 

solubility and dissolution rate of poorly soluble drugs 46, 110. Amorphization has received 

much attention because of its significant solubility enhancement compared with 

crystalline solids 111. Developing polymeric amorphous solid dispersions (ASDs) has 

become a popular approach to improving dissolution and the consequent oral 

bioavailability for poorly water soluble drugs 112-113. A successful ASD requires the drug 

to be dispersed in the carrier matrix homogeneously to ensure desirable dissolution 

performance and improved drug stability 25, 104. Determining the polymer and its content 

thus plays an important role in developing an ASD dosage form 25, 114-116. Although much 

research focuses on the solid-state and bioavailability perspectives of ASDs, the 

prediction of the dissolution behavior of ASD tablets remains time-consuming for drug 

development 117.  

      The dissolution rate of ASD tablets depends on many parameters, such as wetting, 

media penetration, swelling, and the rate of tablet/granule disintegration 117. 

Understanding the different processes that make up the dissolution profile will provide a 

better knowledge of dissolution and give formulators an insight into how to improve a 

formulation. Among all these steps, wetting is an essential prerequisite for dissolution 

and is primarily determined by tablet surface chemical composition and properties of 

each component 117. In other words, the material properties of ASDs, including 

wettability and surface free energy, could critically affect the dissolution rate and many 
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other pharmaceutical importances 117-118. A previous study showed that the higher 

wettability corresponds to the enhanced intrinsic dissolution of ASDs 119. Additional 

work revealed that the wettability depends on the functional groups present at the solid 

surface, thus inferring an interplay between dissolution rate and the ‘effective’ surface 

area 120. Some research investigated in more depth in understanding of the dissolution 

mechanism by studying the surface composition of model ASDs using X-ray 

photoelectron spectroscopy. The work further confirmed that the enrichment of 

hydrophobic drug on the ASD tablet surface yielded a lower wettability and a slower 

dissolution rate 117. A similar result was shown in the case of simvastatin/ 

polyvinylpyrrolidone ASD; it is reported that wettability correlated well with the 

dissolution rate 118. However, there is a lack of correlation between polymer properties 

and surface characteristics. In addition, immediate-release tablets are frequently used as 

the final dosage form for ASDs 80; much of the research on ADS focuses on the nature of 

the solid-state; however, drug release from a porous tablet is also a function of surface 

and tablet microstructure. This is illustrated by the Washburn equation 77: 

𝐶𝐶 = �𝐴𝐴𝑐𝑐𝐴𝐴𝑜𝑜𝜃𝜃
2

·
𝐴𝐴
η

· t                                                                                                              (3.1) 

where l is the length of liquid penetration into a pore as a function of time, θ is the contact 

angle (CA), γ = surface tension, η= liquid viscosity, t = time, and r = pore radius.  

Aforesaid, water uptake into a tablet is a precursor to drug release, and as described by 

the Washburn equation, this depends upon the pour size and surface properties. Neither of 

these factors is elucidated by studies that focus solely on the solid-state properties of the 



 67 

ASDs. Thus, our analysis of a tablet formation should have better predictability by 

accounting for these factors.   

      Various techniques can evaluate the wettability of materials 121. Among these 

techniques, the sessile drop CA method owns several advantages, such as high surface 

sensitivity, low cost, and reasonable ease of understanding 117. The solid surface was 

dripped with a drop of pure liquid of known surface tension, and the angle between the 

drop and solid surface was described as the CA. CA measurements have been slow and 

time-consuming, but new technologies have been developed in recent years to make CA 

measurements faster and more feasible. In our study, CA was measured utilizing a liquid 

drop deposited from the nozzle of a dosing system. The liquid drop is deposited from the 

nozzle of a dosing system at a defined pressure, and the nozzle is held at a set distance 

from the substrate. The deposition method ensures that drops are consistently placed onto 

substrates without the influence of users and provides the drops are deposited without 

impacting the resulting CAs. Multiple CA measurements were captured over a short time 

since aqueous drop absorption can quickly occur.  

      When a powder bed is dripped with a water drop, the liquid spreading can be different 

depending on the surface tension of the liquid, surface free energy (SFE) of the solid, and 

interfacial tension between the two phases 122. SFE is another parameter that can be 

derived from CA analysis. SFE is high when the water spreads on the solid surface, 

whereas the SFE is low if the liquid beads up.  Young’s equation (Eq. 3.2) describes the 

relationship among the CA (θ), the liquid surface tension (σlg), the interfacial tension 

between the liquid and solid (σsl), and the solid surface free energy (σsg) 123.  

σsg = σsl + σlg ∗ cosθ                                                                                                                  (3.2) 
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      During the CA measurement, if the surface tension of the liquid is known, then the 

SFE and the interfacial interaction remain unknown based on Young’s equation. The 

most common approach is to split the SFE, and the surface tension into a polar and a 

disperse fraction by carrying out CA measurements using at least two known liquids 124. 

We used water as the polar solvent in our study and diiodomethane as the dispersive 

solvent (Appendix B, Table S1). Meanwhile, we utilized a double sessile dropper with 

which we were able to measure the CAs of two different liquid drops within a few 

seconds. Owens, Wendt, Rabel, and Kaelble (OWRK) model was applied to interpret the 

polar and disperse fractions 125-126.  

      In this study, the spray drying technique was used to prepare the ASDs. Hypromellose 

acetate succinate (HPMCAS) is widely used as the polymer matrix for ASDs, which is 

available at different numbers of acetyl and succinyl group substitution, known as L, M 

and H grades (Figure 3.1). HPMCAS L grade has the highest ratio of succinyl 

substitution to acetyl substitution (S/A), which results in the highest hydrophilicity and 

solubility. In contrast, the H grade, in light of its low S/A ratio, has a higher 

hydrophobicity compared with M and L grades (Appendix B, Table S1). This study 

included all three grades of HPMCAS to generate model systems with different 

hydrophobicities. Itraconazole (ITZ), an antifungal drug, was selected as a model 

compound because of its poorly aqueous solubility. We used three drug ratios: 10%, 

30%, and 50%. ASD tablets were compressed using STYL’One compaction simulator, 

with 20% and 40% porosities (Appendix B, Figure S1). The present study aims to 

provide insights for future dissolution prediction of ASD formulations by i) illustrating 

the factors that affect the dissolution rate of ASD tablets via monitoring the surface 
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properties (CA, SFE, polar, and disperse fractions); ii) understanding the interplay 

between tablet porosity and dissolution rate using surface characterization. 

 

Figure 3.1 Chemical structure of itraconazole (ITZ) and Hypromellose acetate succinate 

(HPMCAS) (red: methoxy group; blue: hydroxypropyl group) 

3.3 MATERIALS AND METHODS 

Materials 

ITZ USP grade was purchased from Letco Medical (Letco Medical, L.L.C.; Wayne, 

PA). Three grades of Aquasolve HPMCAS (HPMCAS-L, HPMCAS-M, and HPMCAS-

H) were purchased from Ashland (Ashland Global Specialty Chemicals Inc., Covington, 

KY). Spray drying solvents (ACS grade) were obtained from Sigma-Aldrich (Sigma-

Aldrich Corporation; St. Louis, MO) and Thermo Fisher (Thermo Fisher Scientific; 

Waltham, MA). 

Preparation of ASDs 

HPMCAS (L/M/H) was completely dissolved in a mixture of dichloromethane and 

methanol (2:1, w/w). The ITZ was then added to the solutions to make three 10, 30, or 
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50% (w/w) concentrations based upon the total solids content. The total solute (ITZ + 

polymer) concentration was 10% (w/w). The solutions were pumped into the atomizer at 

a rate of 16 g/min. The inlet and outlet temperatures were kept at 100°C and 56°C, 

respectively. The atomizing gas pressure was 473 L/h (rotameter height setting: 40 mm). 

Two fluid nozzles with 1.5 mm diameter were used.   

Powder Characterization  

X-ray Powder Diffractometry 

X-ray powder diffraction (XRPD) diffractograms were obtained after sample 

preparation using a Rigaku SmartLab X-ray diffractometer (Tokyo, Japan) equipped with 

CuKα radiation with tube voltage and current of 45 kV and 40 mA, respectively. The 

powder sample was packed in a zero-background silicon holder and run in the reflection 

mode (Bragg-Brentano configuration). Data were obtained over a 5° – 35° 2θ with a 

0.04° step size and 2.4° min-1 scan rate. 

True Density  

True density is the density of the particles without any interparticulate voids. It was 

determined in triplicate by a helium pycnometer (AccuPyc 1330, MicroMeritics, GA). 

Five purges and runs were set to get the average values.  Purge and run fill pressures were 

19.5 psig, and the equilibration rate was 0.005 psig/min. 

Particle Size Distribution 

Laser diffraction was utilized to measure the particle size using a Master Sizer-2000 

optical laser diffraction system (Malvern Instruments Ltd, Malvern, UK). Mie model was 

used to analyze the particle size distribution of ASDs. The derived characteristic particle 
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sizes d(10), d(50), and d(90) are used for the calculation of the span, which is a measure 

of the width of the particle size distribution: 

𝑆𝑆𝐴𝐴𝐶𝐶𝐶𝐶 =  𝑑𝑑90− 𝑑𝑑10
𝑑𝑑50

                                                                                                             (3.3) 

Water Activity 

Water activity was measured using LabMaster Neo Water Activity Meter (Neutec 

Group Inc, NY). An approximate 1 gram of sample was placed in the sample dish. The 

measurement was conducted at 25 °C. The activity was presented as the ratio of partial 

vapor pressure of the water of the substance (p) to pure water (po) 127. 

Preparation of ASD Tablets 

The ASD tablets were prepared by a STYL’One Evolution compaction simulator 

(Medel’Pharm, Beynost, France). The experiment was carried out using a symmetric 

double-ended compaction profile with a sawtooth wave. A flat-faced TSM-D round 

tooling (diameter:11.28 mm, area: 1 cm2, Natoli Engineering, Saint Charles, MO) was 

applied to prepare tablets at 200 mg. Spray-dried ASDs were compressed at low 

compressions speed under the pressure of 20, 50, 80, 110, and 150 MPa with 4 ms dwell 

time. Five replicate tablets at different tableting conditions were evaluated based on their 

weight, and the thickness, diameter and breaking force were tested using a tablet hardness 

tester (MultiTest 50, SOTAX Corp., Westborough, MA, US) immediately after 

compression. Analis™ software package (version 2.07.5, Medel’Pharm, Beynost, France) 

was used to analyze the compaction data. The out-die porosity (Ɛ) is calculated using the 

following equation: 

ε = 1 − 𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑑𝑑 𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐴𝐴𝑝𝑝 𝑑𝑑𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑑𝑑𝐶𝐶
𝑇𝑇𝐴𝐴𝑜𝑜𝐶𝐶 𝑑𝑑𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑑𝑑𝐶𝐶

                                                                                          (3.4) 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/particle-size-distribution
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where tablet envelop density was calculated from tablet weight, diameter, and height 

measured immediately after tablet ejection. 

Near-infrared Spectroscopy 

      The prepared ASD tablets were tested using a FOSS® XDS rapid content analyzer 

NIR Spectrometer (Now Metrohm US Tampa, FL). The RCA was operated in the diffuse 

reflectance mode at a range of 400-2500 nm at 2 nm intervals. Reference and sample 

scans were averages of 32 scans of each spectrum through 20 mL scintillation vials. The 

NIR spectra were analyzed using VisionTM 3.2. 

Contact Angles and Surface Free Energy  

The Drop Shape Analyzer (DSA) 100E with the double-dosing unit (DS3252) 

(KRÜSS USA, Matthew, NC) was used for water CA, and SFE determination along with 

a software-controlled dosing unit (DS3210) for buffer deposition were used. The DS3252 

was used to deposit 1 uL drop of water and 1 uL drop of diiodomethane onto each tablet. 

CAs were then measured for each drop at a framerate of 50 fps for 3 seconds. CAs were 

then reviewed in the ADVANCE software, and the initial CAs of water and 

diiodomethane were selected to calculate the SFE using the Owens, Wendt, Rabel, and 

Kaelble (OWRK) model. The DS3210 was used to deposit 1 uL of buffer solution onto 

each tablet type, and the resulting CAs were measured in triplicate. 

Dissolution Method 

In vitro dissolution testing was performed on ASD tablets. USP baskets were used 

at 100 rpm in 500 mL Simulated Intestinal Fluid (pH 6.8) without enzyme or surfactant. 

Samples were collected at 10, 20, 30, 45, 60, 90, 120, and 180 min, passed through a 0.45 

μm syringe filter, and drug concentrations were then analyzed by Acquity UPLC H-Class 
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system (Waters Corporation; Milford, MA) using Waters 4.6 x 100 mm XBridge C18 3.5 

µm UPLC column. An isocratic mobile phase consisting of acetonitrile and buffer 

solution (0.1% triethylamine with pH adjusted to 4.0 with phosphoric acid) (70:30, v/v) 

was used at a 10 µL injection volume, and a flow rate was 0.8 mL/ minute. The amount 

of ITZ was assayed using a fluorescence detector at 254 nm. 

Data Analysis 

Data analysis was performed using MATLAB R2013b (The MathWorks, Inc., 

Natick, MA, USA) and PLS toolbox Version: 7.8.2 (Eigenvector Research, Inc., 

Wenatchee, WA, USA). 

3.4 RESULTS AND DISCUSSION 

ASDs and ASD Tablets 

In our study, ITZ is used as the model drug, and three grades of HPMCAS are used 

as model polymers (Figure 3.1). We used the spray drying technique to prepare the 

ASDs, as it is a well-established manufacturing technique commonly used to formulate 

ASDs 34. All the ASDs were confirmed to be in an amorphous state after preparation 

using XRD (data not shown). The particle sizes of ASDs are around 15 µm (Table 3.1). 

Our result indicates that ASDs with the H grade of HPMCAS have a relatively lower 

water activity than the L and M grades, which explains the low hygroscopicity of the H 

grade. As expected, all the samples show low bulk density due to the nature of the spray 

drying technique. The measured true densities of the ASD and reported in Table 3.1; for 

all three polymer grades and drug loadings, they were found to have statistically 

insignificant differences (p-value > 0.05).   
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Table 3.1 Bulk powder properties of ASD powders: particle size distribution, surface area, water 

activity, true densities, and bulk densities; Data are presented as the mean and standard 

deviation in the bracket 

% of drug 

loading + 

Polymer grade 

Particle Size Distribution (mm) 
Water 

Activity 

True 

density 

(g/cm3) 

Bulk 

density 

(g/cm3) 
d (10) d (50) d (90) Span 

10% L 
2.68   

(0.40) 

14.31   

(1.02) 

41.69 

(2.43) 

2.73   

(0.37) 

0.10   

(0.00) 

1.33   

(0.00) 

0.24   

(0.00) 

30% L 
3.07   

(0.22) 

16.09 

(1.38) 

45.79 

(4.74) 

2.66   

(0.50) 

0.13   

(0.00) 

1.35   

(0.00) 

0.24  

(0.01) 

50% L 
2.56   

(0.52) 

15.12 

(2.44) 

37.93 

(3.38) 

2.34   

(0.48) 

0.11   

(0.00) 

1.31   

(0.00) 

0.25   

(0.00) 

10% M 
2.13   

(0.24) 

15.82 

(2.39) 

39.10 

(3.47) 

2.34   

(0.23) 

0.09   

(0.00) 

1.33  

(0.00) 

0.23  

(0.01) 

30% M 
1.20   

(0.98) 

14.90 

(1.56) 

47.33 

(4.11) 

3.10   

(0.23) 

0.10  

(0.00)  

1.33  

(0.00) 

0.25  

(0.00) 

50% M 
2.02   

(0.63) 

13.74 

(2.80) 

39.98 

(2.77) 

2.76   

(0.38) 

0.10  

(0.00) 

1.32  

(0.00) 

0.26  

(0.00) 

10% H 
3.22   

(0.59) 

16.10 

(1.52) 

43.18 

(3.89) 

2.48   

(0.29) 

0.08  

(0.00) 

1.34  

(0.00) 

0.25  

(0.00) 

30% H 
3.04   

(0.84) 

15.94 

(2.44) 

46.47 

(2.52) 

2.72   

(0.22) 

0.08  

(0.00) 

1.35  

(0.00) 

0.26  

(0.00) 
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(Table 3.1 continued) 

50% H 
2.16   

(0.31) 

15.60 

(1.05) 

50.19 

(3.68) 

3.08   

(0.34) 

0.07  

(0.00) 

1.32  

(0.00) 

0.25  

(0.00) 

 

As illustrated by the Washburn equation (Eq.3.1), tablet porosity has been shown to 

affect water absorption and drug release 128-129. We prepared ASD tablets with high and 

low tablet porosities. ASD tablets were compressed using the STYL’One compaction 

simulator under different compression pressures. To generate ASD tablets with high and 

low porosities, we plotted the compressibility of all the ASDs. The compressibility is 

plotted as tablet porosity versus compaction pressure (Figure 3.2, Appendix B, Figure 

S2). These plots show the extent of powder volume reduction under pressure 29. Our 

results show that the tablet porosity decreased with increasing pressure for all the ASDs, 

and the compressibility profiles of the different ASD tablets undergo similar volume 

reductions. The porosity decreased dramatically when the compression pressure increased 

from 20 to 100 MPa and went to an asymptotic limit when the pressure exceeded 100 

MPa. We used the tablets with 40% and 20% porosities (compressed under 30 MPa and 

150 MPa, respectively) for the later measurements.  
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Figure 3.2 Compressibility of ASDs. Tablets with 40% and 20% porosities were compressed 

under 30 MPa and 150 MPa, respectively 

NIR Spectroscopy 

The tablets were scanned using Metrohm AG XDS multivial analyzer over the 

wavelength range of 400-2500 nm with a resolution of 0.5 nm. NIR spectroscopy was 

used to reveal the relative surface components of the tablets. It has been used to predict 

the dissolution of pharmaceutical tablets and detect residual crystallinity and 

polymorphism of ASDs prepared using different methods 104, 130. This gives the 

possibility that NIR spectroscopy can also be applied to predict the dissolution of ASD 

tablets. The NIR spectra were decomposed using principal component analysis (PCA). 

All spectra were preprocessed using the second derivative and mean-centered. The PCA 

scores were fused with sample properties 24, such as drug content and polymer type. The 
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scores are shown in Table 3.2, where score 1 indicates drug loading, and score 2 

represents the polymer type, as shown in Appendix B, Figure S3. 

Table 3.2 The NIR scores, CA, SFE, dispersive and polar fractions of ASD tablets with 20% 

porosity (10H indicates ASD with 10% of drug loading prepared with H grade polymer) 

 
NIR S1  

(x 10-4) 

NIR S2  

(x 10-4) 

CA 

buffer 

[°] 

CA 

water 

[°] 

SFE 

[mN/m] 

Dispersive 

[mN/m] 

Polar 

[mN/m] 

Drug 

Loading 

[%] 

10H 3.4 0.6 78.3 79.3 41.7 37.5 4.2 10 

10L 3.6 -1.1 57.1 56.7 53.4 38.8 14.6 10 

10M 3.5 -0.6 60.3 60.7 49.8 36.5 13.2 10 

30H -1.0  0.6 86.1 81.2 39.6 35.6 4.0 30 

30L -0.3 -1.1 63.7 60.0 51.4 38.5 12.9 30 

30M -0.4 -0.5 67.5 66.8 47.7 38.3 9.3 30 

50H -6.6 0.6 94.1 88.7 38.1 36.5 1.6 50 

50L -5.2 -1.0 75.2 69.1 45.6 36.9 8.7 50 

50M -4.9 -0.4 79.4 73.1 44.5 37.3 7.2 50 

 

Dissolution of ASD Tablets 

Dissolution testing is globally required for most solid-state pharmaceutical 

products. Figure 3.3 (a) and (b) represent the dissolution profiles of neat ITZ and ASDs 

tablets with 40% and 20% of tablet porosities, respectively. Inspection indicated that the 

release rate and extent of neat ITZ tablets were unsatisfactory. Meanwhile, the ASD 

tablets containing L and M grades of HPMCAS have a faster release rate and area under 
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the dissolution curve. However, ITZ ASD tablets with H grade of HPMCAS had a 

negligible release within 180 minutes. This result agrees with previous studies 99, 131, 

mainly due to the strong hydrophobic nature of the H grade of HPMCAS: The H grade 

forms a strong hydrophobic interaction with ITZ that limit the polymer interaction with 

the aqueous medium, and therefore, the dissolution of ITZ tablets.  

For ASD tablets, the effect of polymer type, tablet porosity, and drug loading on 

drug release is shown in Figure 3.3 (a-e). As shown in Figures 3.3 (a and b) and Table 

3.3, the ITZ release rate with the HPMCAS-H grade is much lower than the L and M 

grades, and the effects of drug loading and porosity were not statistically different from 

pure ITZ; thus, the impact of drug loadings could hardly be measured. Figure 3.3 (c) 

shows an example of tablets with 40% porosity and 10% of drug loading); tablets 

containing L grade of HPMCAS show the fastest dissolution rate, followed by M and H 

grades of HPMCAS, respectively.  For ASD tablets with 20% and 40% porosity and 

containing L or M grade of HPMCAS, the dissolution rate decreases with increasing the 

drug loading (Figure 3.3 (a) and (b)) shows an example of tablets with 20% and 40% 

porosity). For ASD tablets containing L or M grade of HPMCAS, we observed a higher 

ITZ release rate of tablets with 40% of porosity (compressed at 30 MPa) compared with 

tablets with 20% of porosity (compressed at 150 MPa) (Figure 3.3 (e)).  

After the dissolution test (3 hr), we collected the tablets and found that all the 

tablets showed an erosion behavior instead of disintegrating during dissolution. Figure 

3.4 shows that for tablets with the same porosity and 10% of drug loading, the tablets 

contained L grade of HPMCAS dissolved more than the one with M grade of HPMCAS. 

However, there is no noticeable change in tablet shape with the H grade of HPMCAS 
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after 180 minutes of dissolution testing. When comparing the tablets with different 

porosities, it is apparent that the tablets with high porosity dissolved more than the tablets 

with low porosity within 3 hrs of testing (Figure 3.4). The dissolution rate at 10 minutes 

and 30 minutes (R10 and R30), as well as the percentage of drugs dissolved at 10 and 30 

min (Q10 and Q30) are summarized in Table 3.3. 

Table 3.3 Dissolution rate of ASD tablet with 20% porosity at 10 minutes and 30 minutes (R10 

and R30), and percentage of drug dissolved at 10 and 30 min (Q10 and Q30) 

  Q10  Q30 R10  

  

R30  

   10H 0.1% 0.1% 0.0 0.0 

10L 10.4% 19.5% 10.4 6.3 

10M 8.5% 15.8% 8.5 5.1 

30H 0.1% 0.1% 0.0 0.0 

30L 8.4% 15.7% 8.4 5.2 

30M 7.2% 10.9% 7.2 3.2 

50H 0.0% 0.0% 0.0 0.0 

50L 4.5% 7.4% 4.2 2.5 

50M 3.6% 6.6% 3.6 2.3 

ITZ 0.0% 0.0% 0.0 0.0 
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Figure 3.3 Dissolution profiles of (a) all the ASD tablets with 40% porosity; (b) all the ASD 

tablets with 20% porosity; (c) ASD tablets with 10% of drug loading and 40% porosity; (d) ASD 

tablets with L grade HPMCAS and 40% porosity; (e) ASD tablets with L grade HPMCAS 

 

Figure 3.4 Tablets after 3 hours of dissolution testing 
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Surface Characteristics – Contact Angle and Surface Free Energy 

CA is a standard measure of wettability, often measured using photograph images 

(Figure 3.5). In the current study, we are trying to identify the critical wettability 

parameters that correlate to the dissolution rate. The CA, SFE, dispersive and polar 

fractions of ASD tablets are summarized in Table 3.2. For CA measurements, 0° implies 

a complete wetting, and CA between 0° to 90° indicates the solid is wettable, while CA 

above 90° suggests the material is not wettable. Our study tested the CA on the tablets 

with 20% porosity to ensure the accuracy of the tests, and the water CA at time 0 was 

recorded for later analysis. Our results show that the average CA of ITZ is 110.9°, 

indicating that ITZ compact is not wettable (Appendix B, Figure S4). For the ASD 

tablets with the same drug loading, CA of tablets containing L grade of HPMCAS is the 

smallest, followed by M and H grades of HPMCAS. Accordingly, tablets with L grade of 

HPMCAS showed the highest SFE and highest polar fraction. For the ASD tablets with 

the same polymer grade, CA increased as the drug loading increased, and the SFE and 

polar fraction decreased when increasing the drug loading.  

We further used dissolution buffer (SIF w/o enzyme) to better correlate with 

dissolution testing. We found the same trend as water CA results (Table 3.2): ASD 

tablets with 10% of drug loading and L grade of HPMCAS showed the smallest buffer 

CA (57.1 ± 1.2°), while the buffer CA of tablets with 50% drug load and H grade of 

HPMCAS is the largest (94.1 ± 2.3°) among all the samples (Figure 3.5), indicating that 

water CA correlated well with the buffer CA (correlation coefficient = 0.976). Besides, 

we measured the buffer CA on ASD tablets with both 20% and 40% porosity at time 0 

and after five seconds (Table 3.4). We found that the difference of buffer CAs on tablets 
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with 40% porosity between 0 second and 5 seconds are more prominent than those on 

tablets with 20% porosity (Appendix B, Figure S5). In other words, the buffer 

penetrated faster on tablets with higher porosity. This difference could influence the 

dissolution rate of ASD tablets that are compressed under different pressures.  

Table 3.4 Buffer CA on ASD tablets with both 20% and 40% porosities at time 0 and after five 

seconds 

 
Buffer CA0  [°] 

time = 0s 

Buffer CA5  [°] 

time = 5s 

Δ CA = CA0 -

CA5       

10L 40% 56.3 35.1 21.2 

10L 20% 57.1 43.0 14.1 

10M 40% 60.9 33.9 27.0 

10M 20% 60.3 49.1 11.2 

30L 40% 61.8 33.4 28.4 

30L 20% 63.7 50.4 13.3 

30M 40% 67.8 38.6 29.2 

30M 20% 67.5 59.8 7.7 

50L 40% 72.5 51.4 21.1 

50L 20% 75.2 65.9 9.3 

50M 40% 78.7 51.3 27.4 

50M 20% 79.4 76.5 2.9 
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Figure 3.5 Buffer contact angle of tablets with 20% porosity (e.g.: 10 L indicates ASD containing 

10% of drug loading prepared with L grade HPMCAS) 

Chemometric Analysis of Tablets with 20% Porosity 

A partial least squares model was built between the surface characteristics and the 

first two NIR scores, buffer CA, water CA, SFE, dispersive fraction, polar fraction, and 

drug loading of tablets with 20% porosity (three polymer types and three drug loadings) 

as X matrix (9*8) and the dissolution rate parameters: R10, R30, Q10, and Q30, 

respectively as y response vector (9*1). Two latent variables (LVs) were found sufficient 

to build a good model. These two latent variables accounted for over 90% of all X 

variability and explained over 92% of the variation in the y (R10, R30, Q10, or Q30) 
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data. Take y = R10 as an example; we classified the samples based on the drug loading 

(DL). Figure 3.6 (a) shows the scores of LV1 and LV2, where LV1 correlates with 

polymer type, and LV2 correlates with drug loading. The loading plot is shown in Figure 

3.6 (b) and (c) represent the significance of X variables for LV1 (polymer type) and LV2 

(drug loading), respectively: both water and buffer CA are inversely related when we 

change from H, M to L grade of HPMCAS; likewise, both SFE and polar fraction are 

positively related as we switch from H, M to L grade of HPMCAS. However, the 

influence of each surface property is less evident for ASDs with different drug loadings. 

Figure 3.6 (d) reveals the variable importance in the projection coefficient plots of the X-

variables after deconvolution of the two factors. The VIP coefficient of specific variables 

higher than 1 has been reported to influence the response significantly 132. We observed 

that NIR S2 (the score correlates with polymer type), buffer CA, water CA, SFE, and 

polar fraction greatly influenced the R10. The biplot allows information on both samples 

and variables of a data matrix to be displayed graphically. From (Figure 3.6 (e)), we can 

see a direction from upper left to lower right, indicating low to high drug release (R10). 

High water CA and buffer CA would lead to a lower drug release; meanwhile, a high 

polar fraction would lead to a high drug release.  We noticed the same results of the effect 

of X variables (6*8) on other y responses (6*1) (R30, Q10, and Q30): buffer CA, water 

CA, SFE, and polar fraction significantly influenced the y responses, respectively 

(Appendix B, Figure S6).  

Since tablets containing H grade of HPMCAS did not release within 3 hours of the 

dissolution test (Figure 3.4), including the measurements of samples with H grade could 

increase the noise and decrease the precision of the PLS analysis. Thus, we excluded the 
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data of H grade, and we observed a higher R2 (= 0.996) and lower root mean square error 

of cross-validation (RMSECV = 0.00042) values than the previous model (R2 = 0.943, 

RMSECV = 0.00167) (Appendix B, Figure S7). Besides buffer CA, water CA, SFE, and 

polar fraction, drug loading and NIR S1 (the score represents the drug loading) also 

significantly influenced the drug release rate (Figure 3.7). The same results are shown in 

Appendix B, Figure S8 regarding other Y responses: R30, Q10, and Q30.  

Chemometric Analysis of Tablets with Both Porosities 

For the NIR spectroscopy data analysis, The NIR spectra were mean-centered as a 

data preprocessing step. No further preprocessing was done, including the second 

derivative, which could remove the tablet porosity information from the NIR data. With 

only mean centering, the model had three principal components. The PCA score 1 

represents tablet porosity, score 2 indicates drug loading, and score 3 shows the polymer 

types (Appendix B, Figure S9; Appendix B, Table S3). We selected data of ASD 

containing L and M grades of HPMCAS only for this analysis. PLS regression was done 

using scores obtained from PCA analysis fused with experimental surface 

characterization measurements 130. Since we did not expect a linear relationship between 

the surface characteristics measured in predictor matrix X, we added quadratic and cross-

terms of each variable in the X matrix. Adding the squared and cross-terms expanded the 

size of the predictor matrix from 9 variables to 65 variables. Instead of using all 65 

variables, we used PLS to select the relevant variables correlated with Y. For the final 

model, 22 variables were selected, including NIR S1 (represents tablet porosity), NIR S3 

(represents polymer type), buffer CA, water CA, SFE, polar fraction, drug loading, 

(buffer CA)2, (NIR S3) × (drug loading), etc. The developed model with 2 LVs showed 
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R2 = 0.91, RMSECV = 0.00184 for dissolution rate at 10 minutes (R10). Appendix B, 

Figure S10 shows the VIP coefficient plots of the X-variables (12*22): buffer CA, water 

CA, SFE, and drug loading highly affect the y (12*1) dissolution rate (R10). Although we 

did observe that for each kind of ASD, the tablet with a higher tablet porosity exhibited a 

faster dissolution rate (Table 3.4; Appendix B, Figure S4), either NIR S1 or its cross-

terms did not influence R10 significantly. As the dissolution rate is affected by more than 

one factor, it could be hard to solely study the effect of tablet porosity in one model with 

all the data. For example, the dissolution rate of the tablet with 10% drug loading, L 

grade of HPMCAS, and 20% porosity is higher than the tablet with 10% drug loading, M 

grade of HPMCAS, and 40% porosity.  
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Figure 3.6 Results of PLS analysis of dissolution rate of ASD tablets with 20% porosity: a) 

scores of different factors, categories 10, 30, and 50% DL, b) relationship of X variables and 

LV1, c) relationship of X variables and LV2, d) VIP plot of coefficients and e) biplot of X 

variables and Y (include data of ASD tablets with HPMCAS H grade) 
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Figure 3.7 VIP plot of coefficients between the variables and R10 (exclude data of ASD tablets 

with HPMCAS H grade) 

3.5 CONCLUSION 

As enhanced wettability has been ascribed to one of the crucial mechanisms for 

improved dissolution rate of ASDs, we used the drop size analyzer to measure the surface 

characteristics and NIR spectroscopy to reveal the surface components of the model ASD 

tablets. PLS analysis enabled the identification of the factors that significantly influence 

the dissolution rate. These factors include NIR scores obtained from PCA analysis of the 

NIR spectra, water, and buffer CA, surface free energy, disperse and polar fractions, and 

drug loading. Our paper showed a relationship between the surface characteristics and the 

dissolution rate of ASD tablets. We have shown that the determination of the NIR scores 

representing drug loading, buffer and water CA, surface free energy, and the polar 
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fraction is critical to understanding the drug release rate of ASD tablets containing 

polymers with different hydrophilicity and different drug loadings. Moreover, we were 

able to show that the tablets with higher porosity had a faster buffer penetration rate, 

which potentially led to a higher dissolution rate. Based on these insights, surface 

characterization, such as CA and SFE, can be potentially used as a quick tool for ASD 

formulation screening.   
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CHAPTER 4 THE IMPACT OF DILUENTS ON THE 

PERFORMANCE OF AMORPHOUS SOLID DISPERSION 

TABLETS 

4.1 ABSTRACT 

Amorphous solid dispersions (ASDs) are used to improve the solubility, 

dissolution, and bioavailability of poorly water-soluble drugs. However, these metastable 

forms of drugs can transform into more stable, less soluble, crystalline counterparts. 

There remains, however, a lack of literature describing the effects of such ASDs of 

subsequent processing into solid dosage forms such as tablets. This paper addresses this 

area by looking at the impact of the addition of common diluents on tableting behavior, 

dissolution, and physical stability of ASDs composed of itraconazole and hypromellose 

acetate succinate. Four commonly used diluents in marked ASD tablets were selected: 

microcrystalline cellulose, lactose anhydrous, starch, and mannitol. A notable difference 

in the performance of ASD tablets was observed with the different diluents. The tablets 

with MCC have higher mechanical strength compared with tablets with other diluents. 

Meanwhile, ASD tablets with mannitol and lactose exhibited a faster release rate than 

tablets composed of MCC or starch. Moreover, we found that the physical stability of 

amorphous solid dispersion in a tablet is not entirely dependent on the sorbed moisture in 

the system. Some crystalline diluents, like lactose and mannitol, could facilitate 

amorphous drug crystallization in a tablet. The inferences drawn from this investigation 

should provide better-informed and valuable insights to sensibly select excipients for 

downstream ASD tablet development, which would improve the manufacturability and 

quality of ASD drug products in general. 
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Keywords: Amorphous solid dispersion, spray drying, tablet, diluent, compaction, 

dissolution, physical stability, lactose, mannitol, microcrystalline cellulose, starch 

4.2 INTRODUCTION 

Amorphous solid dispersion (ASD) has been a promising formulation strategy to 

improve solubility and the consequent oral bioavailability of poorly water-soluble drugs 

133. The final dosage form of an ASD can be tablets, capsules, suspensions, etc. More 

than half of the FDA-approved products have been marked as tablets since 1985 4. 

Examples include Pifeltro® (API: doravirine), Intelence® (API: etravirine), and Kalydeco® 

(API: ivacaftor). The tablet has many advantages, such as high patient compliance, 

portability, relatively low cost, and convenient scaling-up. Spray drying, a solvent 

evaporation method, is a commonly used strategy for ASD preparation since it is 

efficient, scalable, continuous, and reproducible 35, 76. Nevertheless, spray-dried ASDs 

generated using lab-scale spray dryers tend to have a small particle size, low bulk density, 

and therefore poor flowability for downstream processing, such as tableting 51.  

A typical tablet formulation consists of the active pharmaceutical ingredient (API) 

and excipients with different functionalities. Among all types of excipients, diluents play 

a significant role in increasing the bulk of the tablet and overcoming the potential issues, 

like low compaction properties, poor flowability, and caping, of API/ASDs. Typical 

diluents for tablets include microcrystalline cellulose, starch, mannitol, dicalcium 

phosphate, lactose, and sucrose. With high plasticity and low elasticity, highly 

compressible diluent, like microcrystalline cellulose (MCC), could improve the 

compaction properties due to its high plasticity and low elastic energy 63. Meanwhile, 

hydrophobized silica has been used as a functional diluent to demise the flow resistance 
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between particles and improve the powder flow 134. Spray-dried dispersions tend to 

laminate at high compression speed owing to their high elastic recovery and ejection 

force 51. Therefore, adding lactose or dicalcium phosphate might overcome the lamination 

by decreasing the elastic recovery and residual die wall pressure of the formulation 135-136. 

At the same time, starch could potentially reduce the ejection force of the formulation as 

a result of its self-lubricating property 135.  

An ideal diluent should be inert, soluble, and compatible with other formulation 

components. For amorphous formulations, the stability of the amorphous drug against 

crystallization is one of the major concerns 137. However, incompatible excipients can 

eliminate the solubility advantage of amorphous pharmaceuticals by changing the drug 

release behavior and inducing recrystallization of amorphous API during storage, which 

leads to product failure. Many studies reported undesirable selection of the diluents 

yielded physical instability and poor dissolution. For instance, because of the formation 

of a hard plug, MCC resulted in less release than lactose in BMS-48804-PVP ASD 

capsules 64. On the other hand, the amorphous ibipinabant tablets represented 

significantly better stability than mannitol and lactose after three months of storage at 

40°C/75% RH 65. A similar result was found in melt-quenched amorphous nifedipine, 

where mannitol increased the nucleation rate more than 10 times than MCC under 

desiccated conditions 138. Therefore, a careful screening of diluents should be carried out 

for ASD tablet formulation development. 

The model ASD is composed of itraconazole (ITZ) and hypromellose acetate 

succinate (HPMCAS) in the current study. ITZ is a weakly basic BCS Class 2 drug with 

pKa of 3.7, partition coefficient (log P) of 5.7, and poor aqueous solubility of less than 5 
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ng/mL at 25 °C 85. HPMCAS is one of the most widely used polymers in ASDs. It is an 

amphiphilic polymer that acts as a crystallization inhibitor, most likely because of its 

ability to interact with drug molecules, limiting their degree of molecular mobility and 

increasing the overall glass transition temperature (Tg) of the ASD 51. Model ASDs with 

20% drug loading were utilized for the dissolution study since preliminary data 

represented desired drug release of ITZ-HPMCAS ASDs at low drug loadings 139-140. On 

the other hand, a preliminary study showed that ITZ-ASD acquires high stability with 

high polymer content (data not shown). Therefore, ASD with 80% of drug loading was 

selected to distinguish the diluents’ effects at a reasonable experimental time frame.  

Diluents can be classified as (i) poorly soluble diluents, such as cellulose class or 

starch, or ionic calcium salts; (ii) water-soluble diluents, like mannitol and lactose, and 

(iii) partially soluble diluents like starch 141. Four diluents were chosen by reviewing the 

common diluents in commercialized ASD tablets: MCC, lactose anhydrous, mannitol, 

and starch (Table 4.2). All the grades of diluents were suitable for direct compression in 

the present study. Model tablet formulations contain 47.75% (w/w) ITZ-ASD, 47.75% of 

selected diluent, 4% of sodium starch glycolate (SSG) as the disintegrant, and 0.5% of 

magnesium stearate (MgSt) as the lubricant. The diluent impact study was conducted by 

switching one of the diluents with another while all other components remained the same. 

Aforesaid, spray-dried ASDs tend to have undesirable flowability. Hence, slugging was 

performed to generate ASD granules before blending with other excipients.  

The objective of the present study was to perform a comprehensive elevation of 

individual diluent the compaction behavior, dissolution performance, and physical 

stability of ASD tablets. In this study, a compaction simulator was employed to evaluate 
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the compaction behavior of each formulation. Dissolution of tablets was performed at pH 

6.8. All the tablets were stored under 40 °C/75% RH, and powder X-ray diffractometry 

(XRPD) was used to detect the potential crystallization of model ASD.  

4.3 METHODS AND MATERIALS 

Materials 

Itraconazole (USP grade) was received from Letco Medical Inc (Decatur, AL). 

HPMCAS L grade (AquaSolve™) was acquired from Ashland (Wilmington, DE). MCC 

(Avicel® PH-102) was obtained from FMC Corporation (Philadelphia, PA). α-Lactose 

anhydrate (SuperTab® AN) and magnesium stearate were purchased from Sigma-Aldrich 

(St. Louis, MO). Mannitol (Pearlitol® 200 SD) and sodium starch glycolate 

(GLYCOLYS®) were gifted by Roquette (Lestrem, France). Starch 1500 from Colorcon 

(West point, PA) was used as received. 

ASD Preparation 

ASDs were spray-dried using Buchi mini spray dryer B-290 (BUCHI Corporation; 

New Castle, DE) in closed-loop mode. ITZ and HPMCAS were dissolved in a 2:1 (w/w) 

mixture of dichloromethane and methanol with a total solid concentration in the final 

spray drying solutions were 10% (w/w). The solutions were pumped into the atomizer at 

a rate of 16 g/min. The inlet and outlet temperatures were maintained at 100 °C and 

56 °C. Solutions were pumped into the atomizer at a rate of 16 g/min. The ASDs were 

collected and dried for an additional 12 hr at 40 °C and stored in a desiccating cabinet 

(RH < 5%). The samples were stored in amber glass wide mouth packer bottles in a 

desiccator at -20 °C for further analysis. 

https://www.google.com/search?rlz=1C1CHBF_zh-TWUS878US878&q=Lestrem&stick=H4sIAAAAAAAAAOPgE-LSz9U3SM9Ny0vJVgKzjarM08qMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jZfVKLS4pSc3ewMu5iZ-JgAADOxJObWAAAAA&sa=X&ved=2ahUKEwjGn_rx7aH3AhUliOAKHX_IBGQQmxMoAXoECFsQAw
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Water Activity 

Water activity was measured using LabMaster Neo Water Activity Meter (Neutec 

Group Inc, NY). The samples were minced, packed in a sample dish, and measured under 

22 ± 1 °C. Three readings were obtained for each sample. The activity was presented as 

the ratio of the partial vapor pressure of the water of the substance (p) to pure water (po). 

Thermogravimetric Analysis 

The powder sample (2−5 mg) was placed in an aluminum pan and heated in a 

thermogravimetric analyzer (Q50 TGA by TA Instruments), under a dry nitrogen purge, 

from 25 to 300 °C at 10 °C/min. 

X-ray Powder Diffractometry 

X-ray powder diffraction (XRPD) diffractograms were obtained before and after 

the stability test using a Rigaku SmartLab X-ray diffractometer (Tokyo, Japan) equipped 

with CuKα radiation with tube voltage and current of 45 kV and 40 mA, respectively. The 

powder sample was packed in a zero-background silicon holder and run in the reflection 

mode. Data were obtained over a 5° – 30° 2θ with a 0.04° step size and 2.4° min-1 scan 

rate. 

Dissolution Testing 

USP apparatus II was used at 100 rpm in 500 mL Simulated Intestinal Fluid (pH 

6.8) without enzyme or surfactant. Samples were collected at 5, 10, 20, 30, 45, and 60 

min, passed through a 0.45 μm syringe filter, and analyzed by Acquity UPLC H-Class 

system (Waters Corporation; Milford, MA) for the API concentration. For ITZ 

concentration analysis, an isocratic mobile phase consisting of acetonitrile and buffer 

solution (0.1% triethylamine with pH adjusted to 4.0 with phosphoric acid) (70:30, v/v) 
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was used at a 10 µL injection volume and a flow rate at 0.8 mL/ minute. The UV detector 

was set to 254 nm.  

Stability Testing 

Stability tests of the ASDs were carried out in open conditions at 40 °C/75 % 

relative humidity (RH) using Caron environmental chamber (Marietta, OH). The samples 

were characterized by XRD weekly under accelerated conditions.  

ASD Compaction 

Tablets were made using a Styl’One compaction simulator Evolution 

(Medel’Pharm, Beynost, France) and 11.28 mm diameter (1 cm2) round, flat-faced TSM-

D tooling a target weight of 400 mg. Weighing and die filling were performed by hand. 

Four compression pressures, 25, 50, 75, 100, and 125 MPa, were applied using a dwell 

time = 3s, 6s, and 12s. Asymmetrical saw tooth waveform was used for the upper and 

lower punches. Five replicate tablets were made and tested for each compression 

pressure. Tabletability, compressibility, Heckel analysis, compactibility, and elastic 

recovery were analyzed using the Analis™ software. 

4.4 RESULTS AND DISCUSSION 

Effect of Slugging Pressures 

Slugging was performed to increase the flowability of spray-dried ASDs by 

increasing particle size. As shown in Table 4.1, the particle size increased from 8.77 µm 

to 50.63 µm after slugging. Carr’s index of ITZ-HPMCAS ASDs was 31.06%, indicating 

poor flowability. In contrast, slugging enhanced the flowability of ASD granules, which 

could potentially increase the uniformity of the formulation blends. 
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In order to investigate the influence of slugging pressure on tablet strength and 

dissolution, two slugging pressures (20 MPa and 50 MPa) were applied in the study. The 

slugs were then grounded by mortar and pestle and compacted into tablets at 70, 85, and 

100 MPa. For both neat ASDs with 20% and 80% (w/w) of drug loadings, lower slugging 

pressure yielded higher tablet tensile strength (Figure 4.1 (a)), possibly due to the more 

porous structure generated under low slugging pressure or granule hardening effect on 

tabletability. Compared with denser granules, research revealed that more porous 

granules comprised a larger bonding area, resulting in more deformable granules 142. 

However, this hardening effect also depends on the properties of the starting materials. 

For example, the negative effect of granule hardening on tabletability of plastic and 

porous materials was more profound than the crystalline brittle material 143. Furthermore, 

dissolution of SDD powder and granules was performed in SIF at pH 6.8, 37°C. (Figure 

4.1 (b)). It was observed that the drug release rate was not significantly influenced by 

slugging pressures performed in this study. According to the above results, low slugging 

pressure (20 MPa) was selected to generate the SDD granules. 
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Figure 4.1 Effect of slugging pressure on (a) tabletability and (b) dissolution of model ASDs 

(20ITZ: ASD with 20% drug loading; 80ITZ: ASD with 80% drug loading) 

Table 4.1 Particle size, bulk density, tapped density, and flowability of ASD powder and granules 

  

Particle 

Size (d(50)) 

(um) 

Bulk 

Density 

(g/mL) 

Tapped 

Density 

(g/mL) 

Carr's 

Index (%) 
Flowability 

ASD 

Powder 
8.77 (0.43) 0.20 (0.05) 0.29 (0.08) 31.06 Poor 

ASD 

Granule 
50.63 (4.83) 0.41 (0.08) 0.52 (0.06) 20.81 Fair 

 

Compaction Properties 

A successful tablet usually requires sufficient tensile strength to maintain physical 

and mechanical integrity during handling and transport. Therefore, as a major component 

(diluent: ASD = 1 : 1) in the current tablet formulation, diluent has a substantial effect on 
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the compaction behavior of ASD tablets. Tablets with different diluents were prepared 

using a compaction simulator. Compaction behaviors of each formulation were 

investigated by conducting tabletability, compressibility, and compactibility profiles. 

Tabletability can be used as a performance criterion during formulation development and 

is contributed by both interparticulates bonding area and bonding strength, which are 

measured as compressibility and compactibility, respectively.  

Tabletability has been used as a performance criterion during formulation 

development. It is defined as the capacity of the powder to form a tablet at a given 

strength and compression pressure 29, 96. This relationship can be represented by a plot of 

tensile strength versus compression pressure. An increased tablet compression pressure 

resulted in an enhanced tensile strength. As shown in Figure 4.2 (a, d), the tabletability is 

ranked as MCC > lactose ≈ mannitol > starch. A superior tabletability was observed for 

tablets with MCC. Its tensile strength values were significantly higher than those 

observed with other diluents formulations. Meanwhile, formulations with lactose 

anhydrous and mannitol showed similar tablet strength: the tensile strength reached 2 

MPa with pressure over 120 MPa. In contrast, the formulations composed of starch 

exhibited the lowest tabletability, with the tensile strength below 2 MPa over the entire 

pressure range. It suggested potential problems associated with an insufficient tablet 

strength of starch formulation, such as high friability.  

Both interparticulates bonding area contributes to tablet strength and bonding 

strength 144, where bonding area is the effect of particle properties (such as particle size 

and morphology) and compaction pressure, while bonding strength is determined by 

interparticulates interactions and chemical property of materials 52. MCC could create a 
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large bonding area as a plastically deforming material during compression. Moreover, 

this plastic deformation enables the tight junctions of adjacent cellulose molecules, 

resulting in hydrogen bonding and, therefore, a high mechanical strength 145. Based on 

the compressibility and compactibility results (Figure 4.2), formulations with MCC 

revealed the highest bonding strength among all the model formulations, whereas starch 

showed low bonding area and bonding strength. A previous study demonstrated that 

mannitol, compared with MCC, showed less plasticity and was followed by lactose based 

on the plasticity parameter under different compression speeds 146. Instead of forming 

plastically, brittle materials tend to fragmentate under compression pressure. Thus, the 

compaction performance of these materials is barely influenced by their initial particle 

size and area. In the current work, the compressibility of mannitol or lactose formulation 

showed a similar trend as a formulation with MCC, while the compactibility of these two 

formulations was less than the MCC formulation, but higher than the formulation 

containing starch. Therefore, the sufficiency of formulations’ tabletability is mainly 

dependent on their bonding strength.  

Additionally, by comparing the tabletability of formulations of ASDs with different 

drug loadings (20% and 80%), it is observed that the formulations with ASDs of higher 

drug loading exhibited lower tablet strength (p < 0.05). This low tablet strength is 

primarily due to the less compressible polymer portion in the ASD with 80% of drug 

loading. Moreover, according to our previous investigation, lower polymer content could 

lead to the lower surface area of ASDs and therefore undermine the mechanical strength 

of tablets.  
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Table 4.2 Manufacture, d(50), solubility, water activity, water content, and physical form of 

diluents used in the present study 

  
Microcrystalline 

Cellulose 

Lactose 

Anhydrous 
Starch Mannitol 

Manufacture/     

Trade name 

FMC/ 

Avicel® PH-102 

DFE Pharma/ 

SuperTab® 

 

Colorcon/ 

Starch 1500 

Roquette/           

Pearlitol® 200 

 Particle Size 

d(50) (µm) 
100 170 140 165 

Solubility in 

Water  

Insoluble in 

water 

Soluble in 

water 

Partially 

soluble in 

 

Soluble in 

water 

Water 

Activity 
0.34 0.18 0.35 0.15 

Loss on 

Drying (%) 
4.49 0.14 8.11 0.32 

Physical 

Forms 
Semi-crystalline Crystalline Amorphous Crystalline 
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Figure 4.2 Tabletability (a,d), compressibility (b,e), and compactibility (c,f) of formulations of 

model ASDs with 20% (a,b,c) and 80% (d,e,f) drug loadings (20ITZ: ASD with 20% drug 

loading; 80ITZ: ASD with 80% drug loading; black: formulations with MCC; red: formulations 

with lactose anhydrous; blue: formulations with starch; green: formulations with mannitol) 
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Dissolution 

The dissolution study was performed to evaluate the effect of diluents. In the 

present study, tablets containing model ASDs with 20% drug loading were utilized to 

assess the impact of individual diluent on dissolution. As tablet porosity is one of the 

dominating factors for liquid penetration, disintegration, and dissolution 147, porosity was 

controlled in both dissolution and later physical stability studies.  

Results presented in Figure 4.3 (a) showed that all the tablets could disintegrate 

within 2 minutes. Once disintegrated, diluent compromises the most critical factor 

determining the dissolution profile of ASD tablets. The dissolution rate of the tablet with 

mannitol was similar to that of the tablet with lactose and was slightly higher than MCC 

and starch tablets (Figure 4.3 (b)). Generally, the differences in the drug release from 

tablets containing diluents could be attributed to the diluent solubility. Studies have 

demonstrated a profound difference in drug release using different diluents in the 

hydroxypropyl methylcellulose (HPMC) matrix 141, 148. Highly water-soluble diluent 

could dissolve in the water and form water-filled channels within the gel layer, resulting 

in faster erosion and release profiles. On the other hand, insoluble diluent could not 

contribute to this “channel effect” for rapid drug release. Instead, the drug gradually 

diffuses or dissolves into the dissolution media141, 148-149. Moreover, research revealed that 

starch 1500 (a partially pregelatinized maize starch) could retard the drug release of both 

soluble and slightly soluble drugs from the HPMC matrix. The authors attributed this 

retardation to the synergistic interactions between starch and HPMC and the diluent 

actively forming a more viscous gel structure with HPMC 148. Nonetheless, the HPMCAS 

matrix only constructed a thin gel layer around the tablet. Thus, the pronounced diluents’ 
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effect on drug release in HPMC matrices was not obviously observed in the tablet 

composed of HPMCAS ASDs. 

 

Figure 4.3 Disintegration (a) and dissolution (b) of formulations of model ASDs with 20% drug 

loadings (20ITZ: ASD with 20% drug loading; black: formulations with MCC; red: formulations 

with lactose anhydrous; blue: formulations with starch; green: formulations with mannitol). 

Dissolution was performed in SIF, pH 6.8, 37°C 
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Physical Stability 

 

Figure 4.4 Water sorption (a) of neat diluents and water content (b) of formulations of model 

ASDs with 80% drug loadings (black: formulations with MCC; red: formulations with lactose 

anhydrous; blue: formulations with starch; green: formulations with mannitol) 

To study the physical stability of ASD tablets, the accelerated study was carried out 

at 40°C/75% RH. ITZ at the drug loading of 80% was tested at accelerated conditions to 

investigate the impact of diluents on the physical stability of ASDs. As a plasticizer, 

water accelerates the recrystallization of ASDs by acting as a plasticizer 150-151. Therefore, 

we first assumed that the recrystallization of ASD tablets was dominated by water 

absorption. According to the reported water sorption of the studied diluents at different 

RH (Figure 4.4 (a)), polymeric materials (starch and MCC) exhibited higher water 

sorption compared with crystalline diluents (lactose and mannitol). Meanwhile, the water 

activity values of lactose and mannitol were only half of the values of MCC and starch 

(Table 4.2). After storing the ASD tablets at 40°C/75% RH (Figure 4.4 (b)), the tablets 

with starch and MCC absorbed up to about 4.5% and 1.8% of moisture, respectively, 

while the water absorption of tablets constituting lactose and mannitol was less than 1%.  
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Interestingly, the stability results are counterintuitive to our assumption. According 

to the XRPD results, the neat ASD tablet remained stable after 3 weeks (Figure 4.5 (a)). 

Although tablets prepared with starch and MCC revealed the more pronounced water 

absorption (4.5%, and 1.8%, respectively), the amorphous ITZ retained stable 40°C/75% 

RH for 3 weeks (Figure 4.5 (b)). Nevertheless, ASD in the tablets with the crystalline 

diluents (lactose and mannitol) recrystallized after 3 weeks under the same storage 

condition. The crystalline phase cannot be clearly identified in the recrystallized tablet 

due to the absence of characteristic diffraction peaks in the polymorphs of the ITZ. It 

should also be noted that no significant changes in the physical state of the diluents were 

observed. For example, the difference in crystallinity of MCC, semi-crystalline polymer, 

was not detected. Meanwhile, no polymorph transformation or hydration of mannitol and 

lactose anhydrous was discovered under the current storage condition. 
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Figure 4.5 XRPD patterns of ASDs, diluents, and model tablets under accelerated conditions 

(40 °C/75% RH) for 3 weeks 

Previous studies used an inverted microscope to study the effect of excipients on 

the nucleation and crystal growth of melt-quenched amorphous drugs, nifedipine, and 



 108 

indomethacin 138. The author discovered the presence of mannitol accelerated the 

nucleation of β-NIF at 30°C/50% RH after 6 hours. However, some “inert” excipients, 

such as MCC, did not cause substantial faster nucleation after 12 hours. The contact area 

between the excipient and the ASD may also influence the ASD recrystallization: a large 

surface area promotes the nucleation of amorphous drugs 152. As the larger surface area 

provided by the diluents contributes to faster crystallization onset, excipients with smaller 

particle sizes are supposed to enable nucleation by a greater extent of “covering” 138. In 

the current study, as the ASD granules were compacted closely with the diluents, the 

influence of surface area on drug recrystallization could not be accurately evaluated. 

In addition to the influence of surface area, we speculated the effect of excipients 

based on their physical forms. For crystalline excipients (sugar, like lactose, or sugar 

alcohol, like mannitol), water could attach to the particle surface via weak interactions, 

e.g., van der Waals forces (also known as “adsorption”), and yield a partially dissolved 

domain at the particle interfaces *ref. We hypothesized that ASD recrystallization 

initiated at the “disordered” interfaces and the dissolved diluent might act as a plasticizer 

that promoted drug recrystallization (Figure 4.6 (a)). On the other hand, for amorphous 

(starch) or semi-crystalline (MCC) diluents, the water could be absorbed in the 

amorphous domain of the excipient. However, the interfaces, constituting water, 

dissolved diluent, and ASD, can be relatively more favorable to retain the drug in the 

amorphous state. The presence of polymeric excipient at the interface could kinetically 

inhibit drug nucleation by increasing the viscosity 153.  

Even though the proposed hypothesis seems to agree with our results, we are still 

hesitant to provide a clear conclusion about the excipient-induced ASD recrystallization 
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due to the lack of data support. However, we believe that three factors may contribute to 

this complicated phenomenon: (i) processing condition: improper ASD preparation or 

intense downstream processing can result in nucleation that is difficult to be detected 

using standard lab-based instruments. The nuclei will promote recrystallization upon 

further downstream processing or storage 65; (ii) particle size: smaller particle size will 

result in a larger contact surface facilitating drug recrystallization 152; (iii) physical forms 

of the excipients with the mechanism discussed in the previous paragraph. 
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Figure 4.6 Potential hypothesis of ASD physical stability with the presence of (a) crystalline 

diluent and (b) amorphous diluent 

 



 111 

Table 4.3 Water content and physical stability of the tablet stored under 40 °C/75% RH for 3 

weeks 

Containing 

diluent 

Tablet water content 

(%) (third week) 

Amorphous ITZ granules in a 

tablet 

MCC 1.8 Stable 

Lactose 

Anhydrous 
0.3 

Unstable - Recrystallized after 3 

weeks 

Starch 4.5 Stable 

Mannitol 0.5 
Unstable - Recrystallized after 3 

weeks 

 

4.5 CONCLUSION 

In the current study, we systematically assessed the influence of common tablet 

diluents on the performance of ASDs. Model ITZ ASDs with low and high drug loadings 

allowed discrimination of the effects of changing diluents in ASD formulations. This 

work selected four commonly used diluents: MCC, lactose anhydrous, starch, and 

mannitol. It was found that diluents have a marked influence on the compaction behavior, 

drug release, and physical stability of an amorphous product. MCC was found to improve 

mechanical strength over other diluent excipients, possibly due to its high plasticity. For 

the dissolution evaluation, ASD tablets with mannitol and lactose exhibited a faster 

release rate than tablets composed of MCC or starch. The potential mechanism could be 

summarized based on the solubility of the diluents. Moreover, the physical stability of 

ASD in a tablet was not dependent on the sorbed moisture. Some crystalline diluents, like 
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lactose and mannitol, could facilitate amorphous drug crystallization in a tablet under 

accelerated conditions. Although several potential mechanisms are proposed for this 

complicated phenomenon, we concluded the effect of diluents on ASD destabilization 

could be related to the contact surface area between diluents and ASD and the physical 

form of diluents. 

The formulation development of ASD tablets requires excellent care as dissolution 

attenuation and recrystallization happens with the wrong choice of excipient. This paper 

has shown that, in the case of this particular ASD, there is a scientific (as well as 

economic rationale) for adopting a direct compression approach for tablets containing 

ASDs. 
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CHAPTER 5 EVALUATION OF TABLETING PERFORMANCE OF 

POLY (ETHYLENE OXIDE) IN ABUSE-DETERRENT 

FORMULATIONS USING COMPACTION SIMULATION STUDIES 

5.1 ABSTRACT  

Poly (ethylene oxide) (PEO) has been widely used in abuse-deterrent formulations 

(ADFs) to increase tablet hardness. Previous studies have shown that formulation 

variables such as processing conditions and particle size of PEO can affect ADF 

performance in drug extraction efficiency. This work aims to understand the effect of 

PEO grades and sources on the compaction characteristics of model ADFs. PEOs from 

Dow Chemical and Sumitomo Chemical with different molecular weights were examined 

using a Styl’One compaction simulator at slow, medium, and fast tableting speeds. 

Particle-size distribution, thermal behavior, tabletability, compressibility using the Heckel 

model, compactibility, and elastic recovery were determined and compared between the 

neat PEOs and model ADFs. Multivariate linear regression was performed to understand 

the effect of compression conditions and PEO grades and sources. Our results show that 

neat PEOs with high molecular weight exhibit high tabletability. The source of neat PEOs 

contributes to the difference in tabletability, out-die compressibility, compactibility, and 

elastic recovery. However, the influence of the PEO source on tabletability and 

compactibility decreases after adding the model drug. In our model ADFs, tablets using 

PEOs with high molecular weight have high crushing strength, and tablets using PEOs 

from Dow Chemical display low elastic recovery. 
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Keywords: Abuse-deterrent formulation (ADF), Poly (ethylene oxide) (PEO), 

compaction simulator, tabletability, compressibility, compactibility, elastic recovery.  

5.2 INTRODUCTION 

Within the last ten years, the U.S. has witnessed a steady increase in opioid 

prescriptions, accompanied by an increase in the number of opioid abuse cases 154-155. 

Therefore, the development of abuse-deterrent formulations (ADFs) has become a tool 

for reducing the rise in prescription drug misuse and abuse. The FDA also requires 

companies to conduct Risk Evaluation and Mitigation Strategies (REMS) for their 

products to help combat the growing opioid epidemic 156. Currently, the approaches to 

abuse-deterrent formulas include altering the physical barrier, using agonist/antagonist 

combinations, the addition of agents that cause discomfort or aversion to product abuses, 

transforming products into prodrugs, or a combination of the methods. Physically 

breaking down a tablet is one of the first and most common methods used to abuse 

opioids 157. Therefore, modifying tablets' physical parameters makes the product more 

difficult to be grated, crushed, or pulverized. To create hard tablets, many formulations 

include the use of poly (ethylene oxide) (PEO) to enhance the physical barrier properties, 

such as OxyContin® oxycodone hydrochloride tablets, HYSINGLA® ER hydrocodone 

bitartrate extended-release tablets, and TARGINIQ® ER oxycodone hydrochloride and 

naloxone hydrochloride extended-release tablets. 

PEO is a synthetic, nonionic, water-soluble linear homopolymer of ethylene oxide. 

It is synthesized by reacting ethylene oxide with a catalyst such as silver or platinum 158, 

and available over a wide range of molecular weights from 100,000 to 7,000,000 Da 

under the trade names of Polyox 159 and Sumitomo Seika. With very high molecular 
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weights, PEO can form association compounds with many other substances to achieve a 

wide variety of additional, useful formulation properties. It has unique thermoplastic 

behavior, enabling thermal processing such as thermal curing, melt extrusion, and 

injection molding to prepare more robust matrices to deter physical manipulation by drug 

abusers 160-161. Meanwhile, when PEO contacts moisture, it hydrates rapidly and turns 

into a viscous solution or gel. This high viscosity of PEO solution prevents the drug from 

being pushed and extracted through hypodermic needles 162-165. Most importantly, PEO 

undergoes ductile deformation under mechanical stress, thereby preventing pulverization 

upon crushing.  

There have been studies on the mechanical properties of PEOs used in the 

controlled release field. Yang and Fassihi studied the compression behavior of PEOs with 

various molecular weights for modified release applications. They have demonstrated that 

the consolidation mechanism of PEOs follows plastic deformation, and PEOs of different 

molecular weights have similar compressibility 166-167. There are several studies that 

investigated the PEO properties based on ADFs as well, such as the effects of the 

excipients and the curing process 168, swelling behavior in extraction solvents, post-

compaction tableting properties 169, effects of processing and formulation on in-vitro 

performance 170, as well as improved tamper-resistant properties via hot-melt extrusion 

171. Despite these studies, there is a lack of information on the compaction behavior of 

PEO used in ADF. Especially considering that unlike typical extended-release 

formulations, ADF must create a barrier to abuse that often requires extreme tablet 

hardness. The design and development of ADFs require a thorough understanding of the 
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fundamental material properties, including subtle differences in excipient properties due 

to different grades and manufacturer sources 172.  

In previous research, we studied the machinal properties of commercially available 

formulations from the perspective of the abuser using typical abuser tools 162-164.  In this 

work, a model ADF was used to investigate the effect of compaction parameters and, 

more importantly, PEO grades and sources on the tablet properties. We used two PEO 

grades molecular weight (M.W.) of 4.0 x106 and 7.0 x106 from two sources Dow and 

Sumitomo Chemical. To determine these properties, we compared the physical and 

compaction properties of neat PEOs and model ADF tableting mixtures with 

promethazine hydrochloride (PMZ-HCl), which has similar properties to many opioids, 

for effect on tablet strength and compaction behavior. 

5.3 MATERIALS AND METHODS 

Materials 

PEO SentryTM Polyox WSR-301 LEO NF (D4) (M.W. 4.0 x106, lot# 166221) and 

WSR-303 LEO NF (D7) (M.W. 7.0 x106, lot# 166227) were supplied by Dow Chemical 

Company (Midland, MI, USA). Sumitomo Seiko NF PEO grades PEO-15NF (S4) (M.W. 

4.0 x106, lot# 0560206) and PEO-20NF (S7) (M.W. 7.0 x106, lot# 0560206) were 

supplied by Sumitomo Chemical America, Inc. (New York, USA). PMZ-HCl and 

magnesium stearate (MgSt) were obtained from Spectrum chemicals (New Jersey, USA).  

Formulation Preparation 

Physical mixtures of PMZ-HCl 30.8% (w/w) and PEO 68.2% (w/w) were mixed in 

a Turbula™ T2f blender for 5 min at 101 rpm; then MgSt 1% (w/w) was added and 
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blended for an additional 1 minute; the batch size was 100 g. After blending, the mixes 

were double bagged, sealed, and stored at room temperature (20 - 25°C) until used. 

Particle Size Determination 

Laser diffraction was utilized to measure the particle size. Dry dispersion 

measurements were made using approximately 1 gram of sample at a dispersion pressure 

of 1 bar with 50% vibrational feeding rate using a Master Sizer-2000 optical laser 

diffraction system with the transmitter, receiver, air cell, and optical bench including 

300RF lens in conjunction with a Scirocco-2000 disperser and a feeder controlled by MS-

2000, version-5.6 software (Malvern Instruments Ltd, Worcestershire, UK). The Mie 

model was used for analysis, and all samples were measured in triplicate. 

Scanning Electron Microscopy 

Samples were mounted to SEM specimen holders with conductive carbon adhesive 

tabs (Ted Pella; Redding, CA) and sputter-coated with 10 to 20 nm of platinum/palladium 

in a sputter coater EMS 150T ES (Electron Microscopy Sciences; Hatfield, PA). SEM 

images were acquired using a Quanta 200 (FEI. Co; Hillsboro, OR) under the conditions 

specified in the images. 

True density measurement 

True density is the density of the particles that make up a powder or particulate 

solid, without considering pores in the material and powder bed. The true densities of 

neat PEOs, PMZ-HCl, and blended mixes (PEO with PMZ-HCl) were measured by the 

helium pycnometer (Accupyc 1330, Micromeritics, Norcross, GA) using the method 

specified in USP general chapter <699> on the density of solids. The reported true 

density was an average of five replicates.  
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Thermal Analysis 

Thermal behaviors of samples (5 - 10 mg) were performed using differential 

scanning calorimetry (DSC) 2500 (TA Instruments, New Castle, DE). T-zero pans and 

lids (TA Instruments, New Castle, DE) were used for the sample measurements. 

Measurements were made under nitrogen (25 mL/min) at a ramping temperature of 

10 °C/min and a temperature range from -90 °C to 150 °C with a heating-cooling-heating 

cycle. Glass transitions (Tg), melting transitions (Tm), and crystallinity (%) 173 were 

determined by the second heat cycle using TRIOS software (Version 4.1.0.31739). The 

crystallinity (X) of PEO is determined from the melting enthalpy Δhm: 

X = (Δhm Δhm0) ∗ 100⁄                                                                                                (5.1) 

where Δhm0 is the melting enthalpy of a 100% crystalline PEO. A value of Δhm0 = 197 J 

g–1 was used for these calculations 174. 

Decomposition temperatures of PEO samples were obtained using 

thermogravimetric analysis (TGA) 5500 (TA Instruments, New Castle, DE). 5 - 10 mg of 

PEOs samples were placed on open platinum pans. Measurements of PEOs were made at 

a heating rate of 10 °C/min from 30 to 600 °C. Samples were held under nitrogen (25 

mL/min). Method validation, including repeatability and sensitivity, was conducted with 

calcium oxalate decomposition (n = 5) at a heating rate of 20 °C/min from 30 to 920 °C 

under a constant flow of nitrogen (25 mL/min) 175. TRIOS software (version 4.1.0.31739) 

was used for further analysis. 

Tablet Production 

We made tablets using 11.28 mm (1 cm2) round, flat-faced TSM-D tooling (Natoli 

Engineering, Saint Charles, MO) with a target weight of 250 mg. All PEO compacts were 
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made at room temperature with RH under 40%.  According to Marsac et al., for these 

conditions, PEO barely absorb any moisture until the humidity level was greater than 

60%176; thus, we feel the effect of water has been controlled for these experiments. 

Styl’One Evolution compaction simulator (Medel’Pharm, Beynost, France) was used to 

generate the compacts using symmetric double-ended compaction using a sawtooth wave. 

Both neat PEOs (D4, D7, S4, and S7) and model ADFs (D4-F, D7-F, S4-F, and S7-F) 

were compressed at five peak compression pressures of 20, 40, 60, 80, and 100 MPa. The 

forces are controlled by punch displacement. Low (L), medium (M), and high (H) 

compression speeds were used: dwell times (maintained time during the main 

compression phase) are 4, 9, 60 ms, respectively. Five replicate tablets were made and 

tested at each compression pressure and speed. Lastly, Compaction data were acquired 

and analyzed using the Analis™ software package (version 2.07.5, Medel’Pharm, 

Beynost, France).  

Tablet Evaluation 

Tablet Properties 

Tablets were weighted, and the thickness, diameter, and tablet breaking force were 

measured using a tablet hardness tester (MultiTest 50, SOTAX Corp., Westborough, MA, 

US) immediately after compression. Tensile strength (TS) was calculated as follows: 

𝑅𝑅𝑆𝑆 = 2𝐹𝐹
𝜋𝜋𝑑𝑑𝑑𝑑

                                                                                                                         (5.2) 

where F is the breaking force, d is the tablet diameter, and t is the measured height of the 

tablet.  
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The compressibility was analyzed using the porosity or void fraction (ε). Here, both 

in-die and out-die porosity were calculated. There is no difference between the in-die and 

out-die porosity formulas: 

ε = 1 − 𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑑𝑑 𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐴𝐴𝑝𝑝 𝑑𝑑𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑑𝑑𝐶𝐶
𝑇𝑇𝐴𝐴𝑜𝑜𝐶𝐶 𝑑𝑑𝐶𝐶𝐶𝐶𝑜𝑜𝐶𝐶𝑑𝑑𝐶𝐶

                                                                                          (5.3) 

where tablet in-die density was calculated from tablet weight, diameter, and height while 

the tablet is in the die under the maximum compaction pressure, while tablet out-die 

density was calculated from tablet weight, diameter, and height measured after tablet 

ejection. 

Heckel analysis 

The Heckel for the equation for powder compression assumes that densification of 

the bulk powder under force follows first-order kinetics 91, which can be expressed as:  

ln(1 1 − 𝐷𝐷⁄ ) = 𝐾𝐾𝐾𝐾 + 𝐴𝐴                                                                                                                               (5.4) 

where D is the relative density of the tablet. The relative density if the ratio of density of 

the compact at pressure P, to the density of the compact at zero porosity, which is the true 

density of the material. K is the slope of Heckel plot, and A is the y-intercept. The 

reciprocal of K is the yield pressure (Py), which is the pressure at which a material starts 

to deform permanently. Heckel analyses were performed by the AnalisMX software 

package (v2.07.9, Medel’Pharm) 92.  

The effect of compression speed on the yield pressures of materials was analyzed 

by determining their strain rate sensitivity (SRS%). SRS% was calculated with the 

following equation: 

𝑆𝑆𝑅𝑅𝑆𝑆% = [(𝐾𝐾𝐶𝐶2 − 𝐾𝐾𝐶𝐶1) 𝐾𝐾𝐶𝐶2]⁄ × 100   (5.5) 
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where Py2 and Py1 are the yield pressures at 4 ms and 60 ms punch speeds, respectively.  

Elastic recovery index 

The elastic recovery (ER%) was calculated using: 

𝐸𝐸𝑅𝑅% = [�ℎ𝐴𝐴𝐶𝐶𝑐𝑐𝐴𝐴𝑒𝑒𝐶𝐶𝐴𝐴𝐶𝐶 − ℎ𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝑜𝑜𝐴𝐴� ℎ𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝑜𝑜𝐴𝐴⁄ ] × 100    (5.6) 

where hrecovery is the measured height when the punch pressure went to zero and hminimun is 

the minimum tablet height at max force. Both parameters were obtained atomically from 

Analis™ software. 

Data Analysis  

In the powder characterization study, the statistical significance of density values, 

thermal behavior, and yield pressure of neat PEO samples vs. blended mixtures were 

determined by two-way analysis of variance (ANOVA) followed by Bonferroni post-test 

using Graph Pad Prism software, version-5.0 (La Jolla, CA, USA). 

In the compaction study, multivariate linear regression using R studio was 

performed to establish a relationship model between variables. In linear regression, 

predictor variables (value is gathered through experiments) and the response variable 

(value is derived from the predictor variable) are related through an equation: 

Y = β1x1+ β2x2+ β3x3+ β4x4+………………. + βpxp + c                                                       (5.7) 

where Y is the response variable, x is the predictor variable. βx are constants which are 

called the coefficients, P is the number of independent variables. In this study, tensile 

strength (continuous, MPa), in-die or out-die porosity (continuous, %), yield pressure 

(continuous MPa), and elastic recovery (continuous, %) depended on experiment design 

variables, compression pressure (continuous, MPa), compression speed (4/9/60 ms), PEO 
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grades (4: M.W. 4.0 x106/ 7: M.W. 7.0 x106) and sources (D: Dow Chemical Company/ 

S: Sumitomo Chemical America, Inc).  

5.4 RESULTS AND DISCUSSION 

Particle Properties 

The results of the PEO particle size measurements are summarized in Table 5.1. 

The distributions reveal that D4, D7, S4, and S7 have a d50 (µm) of 168.6, 159.9, 135.6, 

and 79.2 μm, respectively. A slight difference in particle size distributions between D and 

S brands along with their molecular weights was observed based on their volume and/or 

surface weighted mean values. Asymmetric (negative skewness) and mono-modal 

particle size distributions were observed for both D4 and D7, while symmetric and bi-

modal particle size distributions were observed for both S4 (negative skewness) and S7 

(positive skewness), see Appendix C, Figure S1. The observed span was similar for both 

grades and both molecular weights of PEO were between 2.0 to 2.4. The particle d50 (µm) 

of model ADFs are relatively smaller than the neat materials due to the addition of model 

API, PMZ-HCl (d50 = 29.9 µm). Figure 5.1 shows the morphology of the neat PEO 

samples. The images demonstrate the agglomeration of individual particles in granules. 

D4 and D7 have similar irregular round patterns, while the S4 and S7 are more spindle-

like than the other two. The particle size of D4 and D7 were found larger than S4 and S7, 

respectively. Moreover, S7 has the smallest particle size among all the samples. The 

results of the SEM micrographs generally agree with the laser diffraction data. 

The true densities of neat PEOs and model ADFs are given in Table 5.1. It has 

previously been reported that Heckel plots are sensitive to variations in measured density, 

where a 1% error in density can lead to a 10% error in yield pressure estimate 177. Thus, it 
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is important to report the measured true density values and standard error of the materials 

used. Since all the error values are low, it is predicted that this will have minimal effect 

on derived values; however, the impact or error in density will be investigated during 

yield pressure calculations. An ANOVA analysis of the true densities showed no 

significant difference in the true density of PEOs between different brands or grades. 

 

Figure 5.1 SEM micrographs of neat PEOs (a) D4, (b) D7, (c) S4 and (d) S7. The magnifications 

are 100x and 2000x for all the samples. 
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Table 5.1 Sources, grades, particle size distribution and true density of neat PEOs (D4, D7, S4, 

S7) and model ADFs (D4-F, D7-F, S4-F, S7-F).  

Materials Manufacturer Grade 

Particle Size Distribution 
True 

density 

 d10 (µm) d50 (µm) d90 (µm) (SD) 

D4 Dow Polyox 
WSR-

301 

 

 

41.3  

(0.04) 

168.6 

(11.29) 

439.2 

(18.75) 

1.238 

(0.0001) 

D7 Dow Polyox 
WSR-

303 

 

 

45.8  

(0.17) 

159.9  

(6.91) 

385.7  

(1.38) 

1.238 

(0.0002) 

S4 
Sumitomo 

Seika 

PEO-

15 NF 

40.9  

(1.32) 

135.6  

(8.47) 

322.9  

(5.68) 

1.243 

(0.0005) 

S7 
Sumitomo 

Seika 

PEO-

20 NF 

35.1  

(3.60) 

79.2  

(7.26) 

212.6 

(19.79) 

1.235 

(0.0002) 

D4-F N/A N/A 
16.4  

(1.85) 

134.2 

(10.88) 

366.5 

(41.61) 

1.236 

(0.0001) 

D7-F N/A N/A 
15.3  

(2.47) 

119.4  

(6.65) 

367.4  

(39.7) 

1.235 

(0.0002) 

S4-F N/A N/A 
22.1  

(2.94) 

112.9 

(11.83) 

351.2 

(41.01) 

1.251 

(0.0002) 

S7-F N/A N/A 
18.8  

(1.50) 

66.1  

(3.74) 

213.7 

(37.80) 

1.253 

(0.0001) 

PMZ-HCl SAFC-Arklow  N/A 
8.0  

(0.91) 

29.9  

(1.82) 

152.8 

(28.94) 

1.271 

(0.0013) 
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Thermal Analysis 

The glass transition (Tg), melting temperature (Tm) and crystallinity of the PEO 

samples were determined using DSC. The results are given in Table 5.2, and 

representative DSC tracings for D4, D7, S4 and S7 are shown in Appendix C, Figure S2 

(a). Overall, PEO is a crystalline polymer and is stable at room temperature. The results 

show no significant difference in Tg and Tm among the different PEOs types using an 

ANOVA analysis. It has been reported that the crystallinity of PEO does not necessarily 

associate with the molecular weight, and the crystallinity of PEO (M.W. from 0.2 x106 to 

7.0 x106 ) is within the range from 57% to 95% 166, 178. In our study, the degree of 

crystallinity does not change as molecular weight increases (Table 5.2). TGA was 

performed to evaluate the thermal stability of the neat PEOs. The TGA data reveal a 

similar one-step decomposition for all the PEO samples (Appendix C, Figure S2 (b)). 

The decomposition temperatures of S4 and S7 are lower than D4 and D7 (Table 5.2) (p < 

0.05) and the order of increased onset temperature is D7 = D4 > S7 > S4 (Table 5.2).  

Table 5.2 Thermal Analysis (DSC and TGA) of neat PEOs. Data is mean (SD) (n=3) 

Material 

Glass 

Transition 
Melting Transition TGA 

Tg (°C) 
Tm 

(°C) 

Enthalpy 

(J/g) 

Crystallini

ty (%) 

Onset 

Temp (°C) 

Peak 

Temp 

(°C) 

D4 -52.6 (0.3) 
68.9 

(0.4) 

137.4 

(2.7) 

71.6% 

(0.0) 
360.3 (0.2) 

395.1 

(0.1) 
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(Table 5.2 continued) 

D7 -53.4 (0.1) 
69.5 

(0.4) 

137.0 

(2.7) 

71.5% 

(0.0) 
364.0 (0.2) 

393.6 

(0.2) 

S4 -54.1 (0.2) 
69.1 

(0.3) 

132.1 

(1.3) 

68.0% 

(0.0) 
354.2 (0.1) 

385.1 

(0.1) 

S7 -53.8 (0.5) 
69.2 

(0.7) 

128.0 

(0.7) 

65.0% 

(0.0) 
349.7 (0.2) 

383.9 

(0.1) 

 

Compaction Behavior 

Yang et al. found that PEO had satisfactory flowability 166. We also observed that 

all the PEO samples exhibit a good flow characteristic for direct compaction. The neat 

PEOs and model formulations (with PMZ-HCl (Appendix C, Figure S3)) were 

compressed at different forces and speeds. Lamination was observed in pure PMZ-HCl 

tablets even at low compression speed (dwell time = 4 ms) within the pressure range of 

our study (20 -100 MPa) as shown in Appendix C, Figure S4. No lamination was 

detected in any of the pure PEO or model ADF tablets. 

Tabletability 

Since a successful ADF often requires extreme tablet hardness to prevent potential 

abuse, a tabletability study can help us understand the influence of different PEO types on 

product performance. Tabletability has been defined as the capacity of powdered material 

to be transformed into a tablet of a given strength under a given compression pressure 96. 

This relationship can be represented by a plot of tensile strength versus compression 

pressure. We examined the impact of predictor variables (compression pressure, 

compression speed, PEO grade and brand) on the tensile strength of neat PEO compacts 
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and model ADF compacts. An increase in the tensile strength of all the materials is 

directly correlated with an increase in the compression force (Figure 5.2). 

For neat PEO, both grade (p < 0.001 ***) and source (p < 0.00 ***) significantly 

affect the tabletability, see Figure 5.2 (a, b). At a given compression speed, increasing 

tensile strength of the formulations with an increase in compression pressure was D7 > 

D4 > S7 > S4. As aforementioned, D7 has a relative smaller particle size than D4 and d50 

of S7 is lower compare with S4 (d50 (D4) > d50 (D7) and d50 (S4) > d50 (S7)). Thus, for 

each brand, the PEO with higher molecular weight has a smaller particle size, which 

relates to a higher tabletability. It has been reported that a reduction in particle size 

corresponds to an increase in tablet strength since small particles have a larger contact 

surface area during compression, which promotes greater bonding between particles and, 

consequently, tablets with a higher tensile strength 179-181. Moreover, the tensile strength 

for all neat PEOs was highly speed-dependent: for a given material, the tablet's tensile 

strength is normally higher at low compression speeds. This is attributed to the improved 

powder consolidation because of a long time for particles to undergo rearrangement and 

deformation, which leads to an overall greater interparticle bonding area.  

The tabletability of model ADFs is presented in Figure 5.2 (c, d). After we blended 

PEOs with the model API, the overall tensile strength of the formulation is lower than the 

tensile strength of its corresponding PEO (p < 0.001***). Similar to the trend of neat 

PEOs, greater tabletability correlates with PEOs with smaller particle sizes (i.e., D7 and 

S7) (p < 0.001 ***). However, the brand did not change the mechanical strength of model 

formulation tablets (p = 0.66). As with the neat PEO, the tensile strength of the model 

ADF tablets are inversely proportional to the tableting speed.  
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Regression modeling yielded the following equation for the impact of study variables on 

tensile strength (TS) of neat PEOs (Eq. 5.8) and model ADFs (Eq. 5.9) compacts: 

TS = 0.026X1 - 0.398X2 - 0.527X3 + 0.168X4 - 0.436X5 + 0.718                           (5.8) 

TS = 0.011X1 - 0.160X2 - 0.243X3 + 0.112X4 - 0.008X5 + 0.055                  (5.9) 

where X1 is the compression pressure (MPa); X2 is if we use medium compression speed 

(dwell time = 9 ms) (1 = yes, 0 = no); X3 is if we use high compression speed (dwell time 

= 60 ms) (1 = yes, 0 = no); X4 is the presence of PEO with high molecular weight (D7 or 

S7) (1 = yes, 0 = no); X5 is the presence of PEO from S brand (1 = yes, 0 = no).  

 

Figure 5.2 Tabletability profiles of neat PEOs: (a) D4 and D7, (b) S4 and S7 and model ADFs 

with (c) D4 and D7, (d) S4 and S7 (black: D4, red: D7, blue: S4, and orange: S7) compressed at 

different speeds (solid line: dwell time = 4 ms (L), dashed line: dwell time = 9 ms (M), and dotted 

line: dwell time = 60 ms (H)). Data indicate mean ± SD (n=5) 

Compressibility 

Compressibility is defined as the ability of a material to undergo a reduction in 

volume as a result of applied pressure 182. Compressibility can be used as an indicator of 

the interparticulate bonding area, and it is typically evaluated by a plot of porosity versus 
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compression pressure. Both in-die and out-die approaches can be applied to determine the 

compressibility of pharmaceutical materials. The in-die method needs to acquire the data 

during compression, such as punch displacement at the maximum compression force, to 

calculate the tablet’s in-die dimension and porosity. The out-die method uses data 

collected after ejection of the compact and calculate the compact out-die porosity. The 

latter method excludes the influence of elastic relaxation 183 and represents a realistic 

situation like tablets' handling and packaging in a relaxed state. Our study used both in-

die and out-die methods to evaluate the compressibility of neat PEOs and model ADFs. 

In-die and out-die compressibility profiles of neat D4, D7, S4, and S7 at different 

compression pressures and speeds are shown in Figure 5.3. We examined the 

relationship between the porosity and predictor factors (compression pressure and speed, 

PEO grades and brands). Both in-die and out-die porosity decrease with increased 

compression pressure for all the PEOs (p < 0.001 ***). The compressibility profiles of 

PEOs appeared to undergo volume reduction to a similar extent. Although PEO with 

higher molecular weight has a smaller particle size, they display similar compressibility 

(p > 0.05) in both in-die and out-die measurements. Previous research illustrates that the 

compressibility does not necessarily depend on particle size, which is attributed to the 

high fragmenting nature of the product 184. Besides, the fragmentation of large particles 

could potentially equalize the particle size and reduce its influence 185-186. In our study, a 

wide particle size distribution may also be a reason for the similar compressibility. The 

initial small particles may fill the void between larger particles, so the original particle 

size is less critical, and volume reduction of the powder bed and tablet strength is 

generally independent of particle size 167, 185-186. It is interesting to note that the in-die 
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compressibility of neat PEOs is not associated with PEO brands (p > 0.05), while the out-

die porosity increases significantly when switching from D brand to S brand (p < 0.01**). 

This suggests that tablets with S4 or S7 have lower out-die compressibility and higher 

elastic relaxation level than those with D4 or D7. This result aligns well with our elastic 

recovery data. From the compression speed point of view, both in-die and out-die 

porosity of each PEO type was found to be speed-dependent (p < 0.01** and p < 

0.001***, respectively), i.e., at a given compression pressure, PEOs appeared to exhibit 

lower compressibility at higher tableting speeds. This is consistent with the time-

dependent plastic deformation behavior of the polymer 187. 

The compressibility of the model ADFs is shown in Figure 5.3. It displays a similar 

trend with the corresponding neat material, that the PEO grades (p > 0.05) is not 

associated with both in-die and out-die porosities. The sources of PEO (p > 0.05) is not 

associated with in-die compressibility. However, the out-die porosity increases if we 

change PEO from D brand to S brand (p < 0.001***). Moreover, both in-die and out-die 

compressibility of model ADFs increase if we switch the from low compression speed 

(dwell time = 4 ms) to high speed (dwell time = 60 ms) (p < 0.05* and p < 0.001***, 

respectively). We also noticed that both neat PEOs and model ADFs reached an in-die 

porosity below zero under at about 100 MPa of pressure or greater. The ability to observe 

apparent negative in-die porosities under high compression pressure has been widely 

reported in the literature. It is generally attributable to an elastic increase in true density 

under high pressure 188-189. 

Regression modeling yielded the following equations for the impact of study 

variables on in-die (Eq. 5.10) and out-die (Eq. 5.11) porosity (ε) of neat PEO compacts: 
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εIn-die (%) = - 0.284X1 + 2.458X2 + 3.146X3 - 0.338X4 - 0.679X5 + 24.605           (5.10) 

εOut-die (%) = - 0.224X1 + 3.331X2 + 4.392X3 - 0.010X4 + 1.583X5 + 34.371       (5.11) 

The impact of study variables on in-die (Eq. 5.12) and out-die (Eq. 5.13) porosity of 

model ADFs compacts are: 

εIn-die (%) = -0.246X1 + 1.451X2 + 2.277X3 - 1.118X4 - 0.603X5 + 21.162            (5.12)  

εOut-die (%) = -0.197X1 + 2.571X2 + 4.067X3 - 1.070X4 – 1.070X5 + 31.718         (5.13) 

where X1 is the compression pressure (MPa); X2 is if we use medium compression speed 

(dwell time = 9 ms) (1 = yes, 0 = no); X3 is if we use high compression speed (dwell time 

= 60 ms) (1 = yes, 0 = no); X4 is the presence of high molecular weight PEO (D7 or S7) 

(1 = yes, 0 = no); X5 is the presence of PEO from S brand (1 = yes, 0 = no).  
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Figure 5.3 In-die compressibility profiles of neat PEOs: (a) D4 and D7, (b) S4 and S7, and 

model ADFs with (c) D4 and D7, (d) S4 and S7; Out-die compressibility profiles of neat PEOs: 

(e) D4 and D7, (f) S4 and S7, and model ADFs with (g) D4 and D7, (h) S4 and S7 (black: D4, 

red: D7, blue: S4, and orange: S7) compressed at different speeds (solid line: dwell time = 4 ms 

(L), dashed line: dwell time = 9 ms (M), and dotted line: dwell time = 60 ms (H)). Data indicate 

mean ± SD (n=5) 
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Heckel Analysis 

The Heckel analysis was also used to evaluate the compressibility of the materials. 

It presents the compaction behavior of the material in terms of its relative density under 

applied pressure91. Yield pressures (Py) were estimated from the slope of the linear 

regression line of Heckel plots of tablets. Typically, low values of Py indicates that the 

material deforms plasticity and conversely high Py implies the material is brittle.  

Represented in-die Heckel plots of PEOs and model ADFs are shown in Appendix C, 

Figure S5 and Appendix C, Figure S6. Theoretically, the in-die Heckel profile can be 

determined by compressing only one tablet at a certain pressure. Here in our results, we 

averaged the Py values of five replicates for accuracy. The in-die Heckel plot exhibits a 

pronounced downward curvature for all PEOs and their formulations, which is a typical 

characteristic of plastically deforming polymeric materials 190-191. The results of Py 

showed that the compressibility of all the neat PEOs and model formulations are similar 

at a particular compression speed (e.g., with a Py of 22 – 26 MPa for neat PEOs and 22 – 

27 MPa for model ADFs at low compression speed), see Table 5.3.  

Appendix C, Figure S7 and Appendix C, Figure S8 show the out-die Heckel 

analysis of the neat PEOs and model ADFs at different speeds. The materials were 

compressed at five different compression pressures to generate out-die Heckel profiles. 

When examining the data, we found that the out-die data were non-linear at the higher 

pressures. Thus, we used the first four pressures, which was the linear portion of the 

curve to calculate the out-die yield pressures (R2 > 0.9).  This approach is consistent with 

other studies; in the original Heckel paper, the slope (Heckel coefficient) and y-intercept 

are the regression coefficients of the linear portion of the curve 91. Both low-pressure and 
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high-pressure ranges tend to have less accurate Heckel values due to particle 

rearrangement and different material properties 183. Out-die Heckel results show a similar 

trend as in-die Heckel measurements. For each brand, the Py values of PEOs between two 

grades are similar, indicates approximately equal plasticity. A comparison of in-die and 

out-die Heckel analysis results are shown in Figure 5.4. We find that the out-die Py 

values were higher than the in-die Py numbers. A similar result has been reported in the 

previous study which the Py values of cornstarch and Lactose NF 312 obtained using the 

out-die method were doubled compared with the values calculated from the in-die 

approach 183. This phenomenon is mainly due to the effect of elastic deformation of 

materials. According to Grant et al., the in-die Py values are significantly lower than the 

out-die values for most pharmaceutical powders 192.  

Strain-rate sensitivity (SRS) measures a material’s susceptibility to a change in 

tableting speed. The deformation behavior of materials is time-dependent, and this time 

dependency arises from the viscoelastic features of a material. Previous studies show that 

brittle fragmenting materials are much less speed-dependent than plastic materials 

because fragmentation occurs rapidly 181. Thus, high SRS values indicate that the material 

deforms plastically, while low SRS values suggest that the material has a brittle fracture 

193. We used both in-die and out-die yield strength values at low and high speeds for SRS 

calculation. The SRS numbers of all PEOs and model ADFs are over 2% (most of the 

materials have SRS number over 10%, as shown in Appendix C, Table S1), indicating a 

consolidation of all the materials are time-dependent and consolidate predominantly by 

plastic deformation. Here, we show the same results as previous work on neat PEO 

compaction 166-167. 
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Table 5.3 Mean yield pressure of pure PEOs (D4, D7, S4, S7) and model ADFs (D4-F, D7-F, S4-

F, S7-F) calculated using in-die porosity, data indicates mean (SD) (n=5); and yield pressure 

calculated using out-die porosity 

Composition 

Dwell time = 4 ms Dwell time = 9 ms Dwell time = 60 ms 

Py - In 

(MPa) 

Py - Out 

(MPa) 

Py - In 

(MPa) 

Py - Out 

(MPa) 

Py - In 

(MPa) 

Py - Out 

(MPa) 

D4 
23.68 

(0.12) 
96.15 

29.94 

(0.23) 
111.11 

31.72 

(0.21) 
108.70 

D7 
26.36 

(0.15) 
99.01 

29.26 

(0.14) 
97.09 

31.56 

(0.27) 
102.04 

S4 
25.90 

(0.12) 
86.96 

28.88 

(0.32) 
88.50 

30.06 

(0.24) 
98.04 

S7 
22.08 

(0.15) 
83.33 

25.96 

(0.26) 
84.75 

26.84 

(0.32) 
90.09 

D4-F 
27.30 

(0.49) 
97.09 

30.33 

(0.21) 
106.38 

31.60 

(0.17) 
104.17 

D7-F 
25.32 

(0.46) 
91.74 

28.98 

(0.21) 
100.00 

30.62 

(0.61) 
106.38 

S4-F 
27.40 

(0.10) 
92.59 

31.00 

(0.21) 
102.04 

31.34 

(0.20) 
116.28 

S7-F 
22.62 

(0.16) 
85.47 

27.26 

(0.10) 
104.17 

29.08 

(0.45) 
101.01 
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Figure 5.4 Comparison of in-die (y-axis) and out-die (x-axis) Heckel results of neat PEOs (solid 

dots) and model ADFs (empty dots) at different speeds: (a) dwell time = 4 ms (L), (b) dwell time 

= 9 ms (M), and (c) dwell time = 60 ms (H) 

Compactibility 

Compactibility is defined as the ability of a powder to be transformed into a 

compact of sufficient strength under the effect of densification 182. A prerequisite for a 

successful tablet formation is to achieve adequate tablet strength at acceptable tablet 

porosity. Compactibility is represented as a plot of tablet tensile strength versus tablet 

porosity, and it can be used to judge interparticle bonding strength.  

We observed an inverse relationship between tablet strength and out-die porosity 

for all the neat PEOs, which is expected for intact tablets 194. According to our analysis, 

both grade and brand affect the compactibility of neat PEOs (p < 0.05* and p < 0.001***, 

respectively). At a given speed, the order of decreasing tensile strength formulations with 

an increase in out-die porosity was D7 > D4 > S7 > S4, indicating the order of bonding 

strength follows the order D7 > D4 > S7 > S4, as shown in Figure 5.5 (a, b). This data 

correlates well with the tabletability results: PEOs with higher molecular weight have a 

higher tablet strength. However, we did not find the same correlation between 

compressibility and tabletability. It is believed that both bonding area (compressibility) 
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and bonding strength (compactibility) contribute to the tablet strength 53, 195. It implies the 

high tabletability of PEOs with high molecule weight is mainly due to their high bonding 

strength. We also observed that the compactibility of neat PEOs was independent of the 

tableting speed (P > 0.05). 

Figure 5.5 (c, d) represents the compactibility of the model formulations. The 

compactibility of model ADFs shows the same trend as neat PEOs. The compactibility of 

D7-F and S7-F is slightly higher than D4-F and S4-F (p < 0.05 *). We also found that the 

compactibility of formulations with PEOs from two brands has similar compactibility (p 

= 0.09). This correlates with the tabletability data of model ADFs: for the formulations 

containing PEO from the same brand, the one exhibiting higher tensile strength had a 

higher bonding strength 53, 195. Moreover, increased compaction speed was not associated 

with decreased compactibility (p > 0.05). 

Regression modeling yielded the following equation for the impact of study 

variables on tensile strength (TS) of neat PEOs (Eq. 5.14) and model ADFs (Eq. 5.15) 

compacts: 

TS = -0.100X1 - 0.063X2 - 0.095X3 + 0.187X4 - 0.286X5 + 3.935                (5.14) 

TS = -0.048X1 - 0.037X2 - 0.048X3 + 0.061X4 - 0.009X5 + 1.649                           (5.15) 

where X1 is the out-die porosity (%); X2 is if we use medium compression speed (dwell 

time = 9 ms) (1 = yes, 0 = no); X3 is if we use high compression speed (dwell time = 60 

ms) (1 = yes, 0 = no); X4 is the presence of PEO with high molecular weight (D7 or S7) 

(1 = yes, 0 = no); X5 is the presence of PEO from S brand (1 = yes, 0 = no). 

https://www.thesaurus.com/browse/in%20addition
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Figure 5.5 Compactibility profiles of neat PEOs: (a) D4 and D7, (b) S4 and S7, and model ADFs 

with (c) D4 and D7, (d) S4 and S7 (black: D4, red: D7, blue: S4, and orange: S7) compressed at 

different speeds (solid line: dwell time = 4 ms (L), dashed line: dwell time = 9 ms (M), and dotted 

line: dwell time = 60 ms (H)). Data indicate mean ± SD (n=5) 

Elastic Recovery 

When the axial stress is removed, the materials tend to resume their original 

dimensions to a certain extent. Elastic recovery is a parameter to characterize the 

decompression phase. It also represents the degree of attraction and the survival of 

interparticulate bonds between particles that were formed during compression 196. 

Besides, materials that undergo extensive viscoelastic and/or plastic deformation during 

compression will have low elastic recovery. 

In our study, elastic recovery measurements were conducted. Representative elastic 

recovery profiles of neat PEOs are shown in Figure 5.6 (a, b). It has shown that the 

elastic recovery of neat PEO compacts is in the range of 15 – 25% during decompression 

and ejection. These results are consistent with the existing literature 166. In this study, the 

elastic recovery of each neat PEO increased with increasing compression pressure (p < 

0.001 ***). No relationship was observed between elastic recovery and PEO grade (p > 
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0.05). Multivariate linear regression analysis shows that S4 and S7 have higher elastic 

recovery than D4 and D7 (p < 0.005 ***). This finding supports the idea that the material 

with higher compactibility shows lower elastic recovery because of its weaker bonding 

strength between particles. Because we observed different trends of elastic recovery 

between neat PEOs from two brands, we further examined the relationship between 

predictor factors (compression pressure, speed and PEO grades) and elastic recovery of 

PEO from D and S brands, separately (Appendix C, Table S2). We found that the elastic 

recovery of D source was not associated with increasing compression speed within the 

dwell time range 4 ms to 60 ms (p > 0.05), while an increasing elastic recovery of S 

source was observed at a faster tableting speed within the same range (p < 0.005 ***).  

The increased elastic recovery was correlated with increasing compression pressure 

(p < 0.001 ***) for model ADFs. Higher elastic recovery was observed at higher 

compression speed for both brands after adding the model API (Figure 5.6 (c, d)). The 

model ADFs with S4 and S7 show higher elastic recovery than the model ADFs with D4 

and D7 (p < 0.001 ***). However, different grades exhibit similar elastic recover (p > 

0.05). We did not observe any capping phenomena in our study, but it is worth pointing 

out that high elastic recovery usually corresponds well with a higher propensity to 

capping. Since, again, high elastic recovery can lead to weak interparticulate bonding 

strength in the tablet, which appears to correlate with tablet capping strongly 197.  

Regression modeling yielded the following equation for the impact of study 

variables on elastic recovery (ER) of neat PEOs (Eq. 5.16) and model ADFs (Eq. 5.17) 

compacts: 

ER% = 0.034X1 + 0.965X2 + 1.490X3 + 0.365X4 + 2.326X5 + 15.315                  (5.16) 
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ER% = 0.027X1 + 1.787X2 + 2.927X3 + 0.064X4 + 2.493X5 + 14.466                  (5.17) 

where X1 is the compression pressure (MPa); X2 is if we use medium compression speed 

(dwell time = 9 ms) (1 = yes, 0 = no); X3 is if we use high compression speed (dwell time 

= 60 ms) (1 = yes, 0 = no); X4 is the presence of PEO with high molecular weight (D7 or 

S7) (1 = yes, 0 = no); X5 is the presence of PEO from S brand (1 = yes, 0 = no). 

5.5 CONCLUSION 

Selecting the right excipient is critical for ADFs' performance in drug extraction 

and mechanical strength and therefore, preventing potential drug abuse. Our results 

provide data that can be used to guide formulation development and selection of the 

appropriate excipients selected for ADF development regarding their compaction 

properties. 

In our study, D4 and S4 have a larger particle size than D7 and S7, respectively. 

For the compaction study of neat PEO, with increasing compression pressure at a given 

compression speed, the order of increasing tensile strength formulations was D7 > D4 > 

S7 > S4. The potential reason to cause the difference in tabletability can be the difference 

in particle size: small particles have a large contact surface during compression, which 

allowed stronger bonding between particles and forms tablets of higher tensile strength. 

Our results demonstrate that the in-die compressibility of neat PEO does not depend on 

PEO grade or source, which may attribute to wide particle size distribution and possible 

fragmentation of the materials. However, the out-die compressibility of D4 and D7 is 

higher than S4 and S7, indicating a higher elastic recovery of S4 and S7. This result is 

supported by our elastic recovery data. Besides, D7 and D4 have relatively higher 

compactibility than S7 and S4. Moreover, the elastic recovery of S4 and S7 is more speed 
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sensitive than D4 and D7. The consolidation mechanism dominantly follows plastic 

deformation as evidenced by various constants derived from both in-die and out-die 

Heckel analysis and SRS.  

Although pure PMZ-HCl was not compressible under the compaction conditions in 

our study. We were able to overcome the lamination issue by adding ~60% of PEO and 

remaining the drug loading around 40%. For our model ADFs, some of the effects caused 

by PEO sources in the neat PEO compaction study were diluted after blending with 

model API. The ADF tablets containing PEOs with larger molecular weight showed 

higher crushing strength and bonding strength. Our results show that both in-die and out-

die compressibility, as well as elastic recovery of model ADF tablets, are not associated 

with PEO grades. PEO brand does not affect the tabletability, in-die compressibility, or 

compactibility in ADF model formulation. However, lower out-die compressibility and 

higher elastic recovery are revealed in formulations with S4 and S7 compare with 

formulations containing D4 and D7.  It may be concluded that a successful design of 

ADF necessitates the careful selection of PEO polymer grades with their molecular 

weights and other desirable components to ensure ADF quality. 
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CHAPTER 6 CONCLUSION 

ASDs are one of the most promising approaches to improving the solubility and 

bioavailability of poorly soluble drugs. Nineteen FDA-approved products have been 

formulated using this methodology in the period between 2007 and 2017. The selection 

of excipients is critical in the development of viable commercial ASD formulations, 

especially tablets. Previous studies show that excipients could significantly affect the 

bioavailability of ASDs. However, the effect of excipients on the manufacturability of 

ASDs has not been sufficiently examined. This dissertation project aims to increase the 

understanding of the effects of excipients on powder properties, compaction behavior, 

surface properties, and physical stability of ASD formulations to increase the market 

share of products based on this powerful method. 

In Chapter 2, we studied the influence of polymer type and drug loadings on the 

compaction behavior of ASDs. Our goal was to increase understanding of how ASD 

composition effects downstream tablet production, especially when a high drug-load 

tablet is needed. Model powders were prepared using the spray drying which is the 

leading technology for manufacturing ASDs. ASD tablets were generated using a 

compaction simulator. HPMCAS and PVP were used as the model polymers, ITZ and 

IND were used as the model drugs, and three drug loadings: 10%, 30%, and 50%, were 

assessed in my study. We found that increased drug loading resulted in decreased surface 

area for ITZ-HPMCAS, IND-HPMCAS, and IND-PVP dispersions. However, there was 

no change in surface area when increasing the drug loading for ITZ-PVP ASDs. This 

difference in surface area may be due to the morphology: ITZ-HPMCAS, IND-

HPMCAS, and IND-PVP dispersions with 10% drug load had wrinkle surfaces, and these 
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ASDs with 50% drug load were more rounded spheres, whereas the ITZ-PVP ASDs 

exhibited collapsed spheres for all three drug loadings. The compaction results suggested 

that ASDs in the presence of HPMCAS demonstrated superior tabletability, 

compressibility, and compactibility but lower elastic recovery compared with the ASDs 

with PVP. For ASDs with different drug loadings, the tabletability increased along with 

decreasing drug loadings for ITZ-HPMCAS, IND-HPMCAS, and IND-PVP ASDs. 

However, the drug loading did not influence the tabletability of ITZ-PVP ASDs. Partial 

least square analysis revealed that particle surface area was the most significant factor 

attributed to the tensile strength of ASD tablets. We also observed that ITZ-PVP ASDs 

showed a low release profile and relatively poor physical stability than another model 

ASDs due to their weak drug-polymer interaction.  

The goal of using ASD is to enhance the dissolution rate and extend. Improved 

wettability is one of the critical mechanisms for enhanced dissolution performance. 

However, limited studies focus on the relationship between wettability and the 

dissolution rate of amorphous solid dispersions. In Chapter 3, solid dispersions of ITZ 

and HPMCAS were prepared with 10%, 30%, and 50% drug loadings. L, M, and H 

grades of HPMCAS were used in this study. L grade typifies polymer with a high ratio of 

succinyl substitution to acetyl substitution (S/A), which results in high hydrophilicity, 

while H grade has high hydrophobicity because of a low S/A ratio. The dissolution, 

contact angle, and surface free energy of these ASDs were measured to elucidate the 

relationship between wettability and dissolution. The dissolution rate increased with an 

increase in polymer content within the solid dispersion. The dissolution rate of ASDs 

with L grade was the highest, followed by M grade, while ASDs with H grade was the 
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least effective for ITZ release. The contact angle and surface free energy correlated well 

with the dissolution rate: contact angle decreased, and surface free energy increased with 

increasing the polymer amount; ASDs with L grade showed the lowest contact angle and 

highest surface free energy. Since tablet porosity could affect the rate of a liquid absorbed 

on the surface of a tablet, tablets were made with 10% and 40% of porosities using the 

compaction simulator. We observed that the change of contact angle in five seconds of 

tablets with 40% porosity is greater than those with low porosity, which indicates a faster 

penetration of the buffer and leads to a higher dissolution rate. My results suggest that the 

contact angle method could be a quick tool for screening ASD formulations. 

Besides the composition of ASDs, the addition of filler is necessary for developing 

a viable and successful ASD tablet. In Chapter 4, The influence of commonly used fillers, 

MCC, lactose anhydrous, starch, and mannitol on compaction behavior, drug release, and 

physical stability ITZ-HPMCAS dispersion has been investigated. We found that the 

tablets with MCC exhibit the highest mechanical strength, followed by the tablets with 

lactose and mannitol. The dissolution study showed that using mannitol in the 

formulations resulted in a faster drug release profile than other fillers. The drug release 

differences among tablets containing fillers can be attributed mainly to filler solubility. 

The tablets were stored under 40 °C, 75% RH in open condition. Starch and MCC have 

higher water sorption compared with crystalline fillers, lactose, and mannitol. 

Accordingly, ASD tablets with starch have the highest water content under the storage 

condition, followed by the tablets containing MCC, while tablets containing lactose and 

mannitol have less than 1% water content. However, XRD results show that using lactose 

or mannitol in the formulation resulted in faster ITZ crystallization (crystallized at the 
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third week). The amorphous ITZ in tablets with starch and MCC remained stable for six 

weeks under the stability condition. A potential mechanism was proposed based on 

literature: moisture could adsorb on the surface of the crystalline fillers, like lactose and 

mannitol, and form a disordered interface between filler and API, which could induce the 

crystallization of amorphous itraconazole. On the other hand, amorphous or partially 

amorphous filler, like starch and MCC, could absorb water into its amorphous matrix 

without forming a disordered interface with ASDs. Thus, ASD tablets containing starch 

or MCC could have relatively better physical stability. 

The results suggest that excipients play an essential role in the performance of ASD 

formulations. First, polymer type and content could significantly affect the compaction 

performance of ASDs. Second, polymers could influence the wettability of ASD tablets, 

and contact angle could be used as a fast tool for screening ASD formulations which 

would save a lot of time and effort. Finally, some crystalline fillers could induce drug 

crystallization and deter the bioavailability of ASD tablets. The conclusions and 

inferences drawn from this project will provide better-informed and valuable insights into 

excipient selection and formulation design for downstream ASD tablet development, 

which in turn would improve the manufacturability and quality of ASD drug products in 

general. 

In addition, Poly (ethylene oxide) (PEO) has been widely used in abuse-deterrent 

formulations (ADFs) to increase tablet hardness. We aim to understand the effect of PEO 

grades and sources on the compaction characteristics of model ADFs. PEOs from Dow 

Chemical and Sumitomo Chemical with different molecular weights were examined 

using a Styl’One compaction simulator at slow, medium, and fast tableting speeds. 
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Particle-size distribution, thermal behavior, tabletability, compressibility using the Heckel 

model, compactibility, and elastic recovery were determined and compared between the 

neat PEOs and model ADFs. Multivariate linear regression was performed to understand 

the effect of compression conditions and PEO grades and sources. Our results show that 

neat PEOs with high molecular weight exhibit high tabletability. The source of neat PEOs 

contributes to the difference in tabletability, out-die compressibility, compactibility, and 

elastic recovery. However, the influence of the PEO source on tabletability and 

compactibility decreases after adding the model drug. In our model ADFs, tablets using 

PEOs with high molecular weight have high crushing strength, and tablets using PEOs 

from Dow Chemical display low elastic recovery. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2 

Table S1 Carr's Index and flowability, USP <1174> 

Carr's Index (%)  Flowability 

0 - 10 Excellent 

10 - 15 Good 

16 - 20 Fair 

21 - 25 Possible 

26 - 31 Poor 

32 - 37  Very Poor 

> 38 Extremely Poor 

 

 

Table S2 Number of intact ASD tablets (out of five replicates) were intact at low, medium, and 

high compression speeds 

Compression Pressure (MPa) 25 50 75 100 150 

Dwell time = 12 ms 4 5 5 5 5 

Dwell time = 6 ms 0 0 2 3 4 

Dwell time = 4 ms 0 0 0 0 1 
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Figure S1 PLS analysis: VIP plot of coefficients between the variables and elastic recovery at 125 

MPa of (a) ITZ SDDs, (b) IND SDDs 

 

 

Figure S2 XRPD patterns of neat HPMCAS L, PVP K30, ITZ and IND. 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 

Table S1 Surface tension (γ) of the solvents used for surface free energy determination 198 

Solvent 
γdispersion 

(mN/m) 

γpolar 

(mN/m) 

γtotal 

(mN/m) 

Water 21.8 51.0 72.8 

Diiodomethane 50.8 0.0 50.8 

 

Table S2 Three grades of HPMCAS 106 

Grade 
Acetyl 

Content 

Succinoyl 

Content 

Approximate equilibrium moisture 

content at 25 °C, 50% RH 

L 5 - 9% 14 - 18% 3.5 

M 7 - 11% 10 - 14% 3 

H 10 - 14% 4 - 8% 2 

 

Table S3 The NIR scores, CA, SFE, dispersive and polar fractions of ASD tablets with both 

porosities (first column: drug loading + polymer +  porosity%; for instance: 10H 40% indicates 

ASD tablet with 10% drug load prepared using H grade polymer, with tablet porosity 40%) 

 
NIR 

S1 

NIR 

S2 

NIR 

S3 

CA 

buffer 

[°] 

CA 

water 

[°] 

SFE 

[mN/m

] 

Dispers

ive 

[mN/m] 

Polar 

[mN/

m] 



 150 

10H 

40% 
-2.67 -0.34 -0.03 77.80 78.99 40.27 35.55 4.72 

10H 

20% 
1.40 -0.57 -0.02 78.30 79.29 41.72 37.54 4.19 

10L 

40% 
-2.36 -0.18 0.28 56.30 56.44 54.38 40.15 14.22 

10L 

20% 
1.35 -0.43 0.35 57.10 56.71 53.40 38.77 14.63 

10M 

40% 
-3.01 -0.15 0.09 60.90 59.93 53.25 41.29 11.87 

10M 

20% 
1.68 -0.14 0.33 60.30 60.75 49.75 36.52 13.23 

30H 

40% 
-2.57 -0.06 -0.16 85.30 79.50 42.51 38.67 3.84 

30H 

20% 
1.78 -0.33 -0.18 86.10 81.21 39.59 35.64 3.95 

30L 

40% 
-2.04 0.45 0.13 61.80 59.37 52.13 39.15 12.98 

30L 

20% 
2.36 0.41 0.22 63.70 59.99 51.40 38.52 12.88 

30M 

40% 
-2.53 0.23 0.10 67.80 67.91 47.35 38.65 8.70 
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30M 

20% 
2.64 0.02 0.10 67.50 66.85 47.65 38.32 9.34 

50H 

40% 
-2.44 0.03 -0.36 93.60 87.84 38.95 37.26 1.68 

50H 

20% 
4.82 -0.25 -0.47 94.10 88.74 38.09 36.47 1.62 

50L 

40% 
-2.39 0.40 -0.11 72.50 69.58 47.62 40.15 7.47 

50L 

20% 
3.35 0.32 -0.06 75.20 69.08 45.60 36.91 8.69 

50M 

40% 
-2.50 0.34 -0.15 78.70 68.22 47.37 38.91 8.46 

50M 

20% 
3.41 0.21 -0.19 79.40 73.13 44.52 37.34 7.18 
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Figure S1 Illustration of Samples used in the study  

 

 

Figure S2 The compressibility of ITZ ASDs with: green – HPMCAS L; blue – HPMCAS M; 

yellow – HPMCAS H 
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Figure S3 Score plots of PCA analysis of NIRS data (preprocessing: second derivative + mean 

centering); (red: 10% drug load, green: 30% drug load, blue: 50% drug load) 

 

 

Figure S4 Contact angle of ITZ compact (with 20% porosity) 



 154 

Figure S5 Contact angle of ASDs tablets with HPMCAS L or M grades (both 40% and 

20% porosities)  
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Figure S6 VIP plot of coefficients between the variables and (a) R30; (b) Q10; (c) Q30 (include 

data of ASD tablets with HPMCAS H) 

 

Figure S7 Correlation between the predicted and actual dissolution rate at 10 min (R10) (a) with 

and (b) without data of tablets with H grade of HPMCAS 

 

Figure S8 VIP plot of coefficients between the variables and (a) R30; (b) Q10; (c) Q30 (exclude 

data of ASD tablets with HPMCAS H) 
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Figure S9 Score plots of PCA analysis of NIRS data (preprocessing: mean centering) 
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Figure S10 VIP plot of coefficients between the variables used quadratic and cross terms and 

dissolution rate at 10 min (R10) 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 5 

 

Figure S1 Laser diffraction particle size distribution of neat (a) D4, (b) D7, (c) S4, and (d) S7. 

 

 

Figure S2 (a) DSC profiles of D4, D7, S4 and S7; Endothermic peaks, associated with PEO 

melting, were observed in all samples. (b) TGA profiles of D4, D7, S4 and S7. 

 



 159 

    

Figure S3 SEM micrographs of the model drug, PMZ-HCl. The magnifications are 100x and 

2000x. 

 

 

Figure S4 Lamination occurs of pure PMZ HCl tablet. 
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Figure S5 Heckel plots calculated using the in-die porosity of neat PEOs: (a) D4, (b) D7, (c) S4 

and (d) S7 compressed at different speeds (solid line: dwell time = 4 ms (L), dashed line: dwell 

time = 9 ms (M), and dotted line: dwell time = 60 ms (H)). 
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Figure S6 Heckel plots calculated using the in-die porosity of model ADFs: (a) D4, (b) D7, (c) 

S4 and (d) S7 compressed at different speeds (solid line: dwell time = 4 ms (L), dashed line: 

dwell time = 9 ms (M), and dotted line: dwell time = 60 ms (H)). 
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Figure S7 Heckel plots calculated using the out-die porosity of neat PEOs: (a) D4, (b) D7, (c) S4 

and (d) S7 compressed at different speeds (fitting lines are colored in green, solid line: dwell time 

= 4 ms (L), dashed line: dwell time = 9 ms (M), and dotted line: dwell time = 60 ms (H)). 
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Figure S8 Heckel plots calculated using the out-die porosity of model ADFs: (a) D4, (b) D7, (c) 

S4 and (d) S7 compressed at different speeds (fitting lines are colored in green, solid line: dwell 

time = 4 ms (L), dashed line: dwell time = 9 ms (M), and dotted line: dwell time = 60 ms (H)). 
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Table S1 SRS values of neat PEOs and model ADFs calculated using both in-die and out-die 

Heckel analysis. 

Neat PEOs Model ADFs 

Composition SRS - In 

 

SRS - Out 

 

Composition SRS - In 

 

SRS - Out 

 D4 25.35 11.54 D4-F 13.61 6.80 

D7 16.48 2.97 D7-F 17.31 13.76 

S4 13.84 11.30 S4-F 12.57 20.37 

S7 17.73 7.50 S7-F 22.21 15.38 

 

Table S2 Multivariate linear regression analyses of compression speeds for elastic recovery of 

neat PEOs. V9 and V60 are the punch speeds during compaction. 

  Neat PEOs from D Neat PEOs from S 

Variable β (SE) P value Significant  β (SE) P value Significant  

V9 (ms) 
0.46 

(0.45) 
> 0.05 No 

1.44 

(0.49) 
< 0.05 Yes 

V60 (ms) 
0.79 

(0.45) 
> 0.05 No 

2.18 

(0.49) 
< 0.05 Yes 

 R2 = 0.718 R2 = 0.709 
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