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ABSTRACT 

Title: Itraconazole-HPMCAS amorphous spray dried dispersions: composition and 

process factors impacting performance 

 

Moshe A. Honick, Doctor of Philosophy, 2019 

 

Dissertation Direct by: James E. Polli, PhD 

  

Despite their potential for improving the oral bioavailability of poorly water soluble 

drugs, spray dried dispersions (SDDs) have properties that make them challenging to 

formulate. The objective of this dissertation was to elucidate composition and process 

factors for favorable SDD performance and to develop fast-, medium-, and slow-release 

formulations for an IVIVC study. Itraconazole (ITZ) was used as a model poorly soluble 

drug and hypromellose acetate succinate (HPMCAS) was used as a carrier polymer for 

the SDDs. Film casting proved to be a useful screening method for demonstrating the 

feasibility of producing amorphous SDDs of ITZ and HPMCAS as well as for rank 

ordering the grades of HPMCAS (i.e. HPMCAS-L > HPMCAS-M  > HPMCAS-H) in 

terms of in-vitro dissolution performance. Producing solid oral dosage forms of ITZ-

HPMCAS SDDs proved challenging due to the low particle size, poor flowability, and 

low bulk density of the SDDs. Initial tableting on a Natoli hand-operated press showed 

that drug release from tablets containing SDDs of ITZ and HPMCAS-L were very 

sensitive to small differences in compaction pressure and porosity. Interestingly, the same 

sensitivity was not observed in SDDs of ITZ and HPMCAS-M. Using a compaction 

simulator, reproducible  fast-, medium- and slow-release tablet formulations of ITZ and 



 

HPMCAS SDDs was developed by varying polymer grade (HPMCAS-L, HPMCAS-M), 

slugging pressure (20, 40 MPa), and compaction pressure (70, 85, 100 MPa). The 

performance of SDDs was further evaluated by comparing the compaction behavior of 

ITZ-HPMCAS SDDs and physical mixtures of ITZ and HPMCAS. Although the 

compressibility of both the SDDs and physical mixtures were similar, the SDDs had a 

greater tendency to laminate, especially at higher compression speeds. Tablets of SDDs 

containing ITZ and HPMCAS-L were particularly prone to lamination compared to the 

SDDs containing HPMCAS-M or HPMCAS-H. Interestingly, when the SDDs were not 

laminated they had a greater tensile strength than tablets produced with the physical 

mixtures. In conclusion, there are significant challenges associated with formulating 

SDDs of ITZ and HPMCAS. In addition to elucidating composition and process factors 

impacting performance, fast-, medium-, and slow-release formulations for an IVIVC 

study were developed. 
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CHAPTER 1.  HPMCAS-BASED SPRAY DRIED 

DISPERSIONS  

BACKGROUND  

Modern approaches to drug discovery (e.g., high throughput screening and 

computer aided drug design) tend to yield new chemical entities with poor water 

solubility. Because these compounds are generally screened for optimal pharmacological 

profiles, there is significant motivation to develop solubilization strategies that enable the 

assessment of their therapeutic potential and development into viable drug products. A 

practical tool that has been developed to classify formulation challenges of different 

active pharmaceutical ingredients (APIs) is the Biopharmaceutics Classification System 

(BCS) (1). BCS classifies APIs into four quadrants based on their permeability and 

solubility as shown in Table 1.1.   

Table 1.1: Biopharmaceutical Classification System (BCS) 

Class I 

 

High solubility 

High permeability 

Class II 

 

Low solubility 

High permeability 

Class III 

 

High solubility 

Low permeability 

Class IV 

 

Low solubility 

Low permeability 
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BCS Class II compounds have low solubility and high permeability. Therefore, solubility 

enhancement can improve their bioavailability. A number of enabling techniques have 

been developed to improve the oral bioavailability of BCS Class II compounds and 

facilitate their development into viable drug products, based on the relationship between 

solubility and dissolution rate as described by the Noyes-Whitney equation (2): 

  
𝑑𝑀

𝑑𝑡
=

𝐴𝐷(𝐶𝑠−𝐶𝑡)

ℎ
  (1.1) 

where dM/dt is the rate of solute dissolution, A is the surface area of the particles, D is the 

diffusion coefficient, h is the thickness of the concentration gradient, Cs is the saturation 

concentration of the solute, and Ct is the total concentration of the solute in bulk solvent. 

These strategies include particle size reduction, prodrugs, salt-formation, lipid-based 

formulations, and amorphous solid dispersions (3). 

AMORPHOUS DRUGS  

 APIs can exist as a crystalline or amorphous solid. Amorphous solids have 

mechanical properties resembling those of crystalline materials, but lack long-range 

order. Unlike crystalline materials, they do not have a melting temperature (Tm), which is 

the temperature at which the crystal lattice breaks down and the material liquefies. 

Instead, they exhibit a glass transition temperature (Tg) which is the temperature above 

which an amorphous material converts from a solid or “glassy” state to a super-cooled 

liquid or “rubbery” state (4).  
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A crystalline drug can be converted to an amorphous solid which has higher free 

energy (ΔGc⟶a), enthalpy (ΔHc⟶a), and entropy (ΔSc⟶a) relative to its crystalline form. 

The relationship between the three can be expressed as: 

 

 Δ𝐺𝑐⟶𝑎 = Δ𝐻𝑐⟶𝑎 − 𝑇Δ𝑆𝑐⟶𝑎 (1.2) 

 

where T is the absolute temperature. Because the entropy of the system increases with the 

drug’s conversion from a crystalline to an amorphous solid, the increase in free energy is 

driven by the higher enthalpy of the amorphous solid. The free energy difference (ΔGc→a) 

between the crystalline and amorphous form of a drug can therefore be calculated from 

experimentally obtained parameters using the Hoffman equation (5,6):  

 

 Δ𝐺𝑐→𝑎 =
Δ𝐻𝑓𝑢𝑠(𝑇𝑚−𝑇)𝑇

𝑇𝑚
2    (1.3) 

 

where ΔHfus is the enthalpy of melting, Tm is the melting temperature, and T is the 

absolute temperature. 

The ordered structures of crystalline solids, due to its lower free energy, require a 

greater input of energy for molecules to dissociate from one another and dissolve, 

compared to amorphous materials. An amorphous solid therefore has greater kinetic 

solubility compared to its crystalline form (although their thermodynamic solubility is 

identical). Due to its enhanced kinetic solubility, an amorphous solid can produce a 

supersaturated solution, with drug concentration temporarily above that of its 

thermodynamic solubility. The ability of an amorphous drug to supersaturate a solution 
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varies across compounds. A number of equations have been proposed to predict the 

amorphous “solubility” (i.e., the maximum extent of supersaturation) of amorphous 

compounds. The most common theoretical approach, originally proposed by Hancock 

and Parks (7), shows a proportional relationship between ΔGa→c and the ratio between 

amorphous and crystalline solubility: 

 Δ𝐺𝑎→𝑐  ≈ 𝑅𝑇 ln
𝑆𝑎

𝑆𝑐
  (1.4) 

where ΔGc→a is the free energy difference between the crystalline and amorphous solid 

(as shown in Equations 2 and 3), R is the molar gas constant, T is the absolute 

temperature, Sa and Sc are the maximum predicted solubility of the amorphous drug and 

the equilibrium solubility of the crystalline drug, respectively.  

While the increased free energy of an amorphous drug can improve dissolution 

and kinetic solubility, it can also promote crystallization in the solid state and 

precipitation out of solution. Both processes are the result of nucleation and crystal 

growth (8–10). The mechanisms of nucleation and crystal growth are complex and the 

subject of several review articles (11,12). Briefly, for these processes to be 

thermodynamically favorable there needs to be a net loss in free energy and sufficient 

molecular mobility. Molecular mobility can be categorized into two types of molecular 

motions, α relaxations and β relaxations (13,14). α relaxations (also referred to as primary 

relaxations) describes the global mobility of the molecule and consists of both 

translational and rotational motions. α relaxation occurs over longer time scales and is 

responsible for the Tg. β relaxation (also referred to as secondary relaxation) refers to 

local mobility of individual moieties or polymer chain segments. It is more rapid than α 

relaxation and can occur at temperatures below the Tg. Generally speaking, α relaxation is 
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preceded by β relaxation. Both can contribute to nucleation and crystallization (13,15–

17).  

The ability of an API to form a kinetically stable amorphous solid varies across 

compounds. One of the more commonly used indicators is its Tm/Tg ratio (temperatures in 

Kelvin). A high Tm indicates a greater energetic barrier to breaking the crystal lattice and 

is thus a good marker for the thermodynamics driving crystallization. A high Tg indicates 

a greater kinetic barrier to molecular diffusion, and is therefore a good marker for kinetic 

stability of an amorphous material.  Hence, compounds with a higher Tm/Tg ratio will 

have a greater tendency to crystalize (18,19).  

AMORPHOUS SOLID DISPERSIONS  

  Due to the unfavorable thermodynamics of amorphous solids and supersaturated 

solutions, a viable approach to promoting solid-state physical stability of amorphous 

solids and maintaining supersaturation is to enhance the kinetic stability of both. This can 

be accomplished by producing a solid solution (i.e., phase mixed) of the API and a carrier 

molecule, referred to as an amorphous solid dispersion (ASD). The role of the carrier 

molecule is to (1) stabilize the drug in the amorphous solid state to prevent 

crystallization, and (2) maintain supersaturation of drug in solution for time sufficient to 

maximize absorption. 

This approach was first demonstrated in 1961 when Sekiguchi and Obi showed 

that a eutectic mixture of sulfathiazole and urea produced greater blood concentrations 

than crystalline sulfathiazole alone (20). Similar approaches were subsequently described 

by Goldberg et al. (21,22). While early approaches to ASDs focused on small molecules 
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as carrier molecules, polymeric carriers were soon shown offer superior stability and 

dissolution performance and have therefore become the conventional approach to 

formulating ASDs (23–25). Since then, a growing number of ASD drug products have 

been approved (Table 1.2). 

There are a several approaches to producing ASDs that have been the subject of 

some recent review articles (26,27). These include solution-based methods (e.g., spray 

drying, spray coating, rotary evaporation, electrospinning, freeze drying, co-

precipitation), heat-based methods (e.g., melt/quench cooling, hot melt extrusion, melt 

granulation), and mechanochemical activation (e.g., cryo-milling). The purpose of all 

these methods is to produce a homogeneous system where the drug molecules are 

molecularly dispersed in a polymer matrix. In the pharmaceutical industry, the two most 

commonly used methods are hot melt extrusion and spray drying.  

Table 1.2: FDA-approved ASD products (27,28). Table continued to the tops of pages 7-

9. 

Year 

approved 

Product 

(brand name) 

Polymer 

carrier(s) 

Processing 

method 

Class 

1981 

Verapamil 

(Isoptin SR-E) 

HPC/HPMC 

Hot melt 

extrusion 

Calcium channel 

blocker 

1985 

Nabilone 

(Cesamet) 

PVP 

Solvent 

evaporation 

Antiemetic 

1992 

Itraconazole 

(Sporanox) 

HPMC 

Fluid bed bead 

layering 

Antifungal 

1994 Tacrolimus HPMC Spray drying, Immunosuppressant 
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(Prograf) fluid bed 

1997 

Troglitazone 

(Rezulin) 

PVP/HPMC - Antidiabetic 

2000 

Griseofulvin 

(Gris-PEG) 

PEG 

Hot melt 

extrusion 

Antifungal 

2002 

Rosuvastatin 

(Crestor) 

HPMC Spray drying Antilipemic 

2004 

Duloxetine 

(Cymbalta) 

HPMCAS - Antidepressant 

2005 

Lopinavir, 

Ritonavir 

(Kaletra) 

PVP/VA 

Hot melt 

extrusion 

Antiretroviral 

2006 

Nimodipine 

(Nimotop) 

PEG - 

Calcium channel 

blocker 

2007 

Fenofibrate 

(Fenoglide) 

PEG/Poloxamer Melt granulation Antilipemic 

2008 

Etravirine 

(Intelence) 

HPMC Spray drying Antiretroviral 

2010 

Everolimus 

(Certican) 

HPMC Spray drying 

Immunosuppressant, 

antineoplastic 

2011 

Vemurafenib 

(Zelboraf) 

HPMCAS Co-precipitation Antineoplastic 

2011 Telaprevir HPMCAS-M Spray drying Antiviral 
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(Incivek) 

2013 

Posaconazole 

(Noxafil) 

HPMCAS 

Hot melt 

extrusion 

Antifungal 

2014 

Suvorexant 

(Belsomra) 

PVP-VA 

Hot melt 

extrusion 

Hypnotic 

2014 

Ledipasvir/ 

Sofosbuvir 

(Harvoni) 

PVP-VA Spray drying Antihepaciviral 

2014 

Dasabuvir/ 

Ombitasvir/ 

Paritaprevir/ 

Ritonavir 

(Viekira XR) 

PVP-VA 

Hot melt 

extrusion 

Antihepaciviral 

2016 

Sofosbuvir/ 

Velpatasvir 

(Epclusa) 

PVP-VA Spray drying Antihepaciviral 

2016 

Lumacaftor/ 

Ivacaftor 

(Orkambi) 

HPMCAS Spray drying 

Cystic Fibrosis 

Transmembrane 

Conductance 

Regulator Corrector 

2016 

Venetoclax 

(Venclexta) 

PVP-VA 

Hot melt 

extrusion 

Antineoplastic 

2016 Elbasvir/ HPMC Spray drying  Antihepaciviral 
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Grazoprevir 

(Zepatier) 

2017 

Glecaprevir/ 

Pibrentasvir 

(Mavyret) 

PVP-VA 

Hot melt 

extrusion 

Antihepaciviral 

2018 

Tezacaftor/ 

ivacaftor/ 

ivacaftor 

(Symdeko) 

HPMC/ 

HPMCAS 

Spray drying 

Cystic Fibrosis 

Transmembrane 

Conductance 

Regulator Corrector 

2018 

Doravirine/ 

lamivudine/ 

tenofovir 

(Delstrigo) 

HPMCAS Spray drying Antiretroviral 

SPRAY DRYING  

 Spray drying process is a well-established technology, with a long history of use 

in the food, cosmetic, and chemical industries. In the pharmaceutical industry, it has 

traditionally been used for processing APIs and excipients. However, it has also found 

widespread use as a versatile and scalable technique for producing amorphous solid 

dispersions (18,29).  

Spray drying is performed by pumping a feed solution consisting of solvent, drug, 

and polymer into a spray nozzle. Inside the spray nozzle the feed solution is mixed with 

spray gas (generally an inert gas when organic solvents are used) and expelled as a spray 
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cone of small droplets (usually <100 µm) into a heated drying chamber. The atomization 

of the solution results in a large droplet surface area allowing for rapid transfer of heat to 

the droplets. As heat is transferred into the droplet interior, solvent migrates to the droplet 

surface resulting rapid evaporation. As more solvent evaporates, the viscosity of the 

droplet surface increases, forming a film or “skin” around the droplet. Increased pressure 

in the droplet center then results in cracks or a rupture of the skin, allowing for the 

evaporation of the remaining solvent and the formation of a solid particle (18,19,29). 

Importantly, faster evaporation of the solvent helps prevent phase separation of the drug 

and polymer. Faster evaporation can be promoted by the use of organic solvents, 

increasing the inlet temperature, and increasing the spray gas flow to feed rate ratio (19) 

(Table 1.3). The thermodynamics and kinetics of spray drying has been previously 

reviewed (29).   

After the particles are formed, they are pulled by an aspirator from the drying 

chamber into a cyclone, where the solid particles are separated from the gas into in a 

collection vessel. The remaining gas and vapor are then passed through an outlet filter to 

recover remaining particles and then either expelled from the system or recovered with 

the use of an inert loop when using volatile solvent.  
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Table 1.3: Spray drying process parameters and their impacts on outlet temperature, 

particle size, product moisture content and yield. One arrow indicates small effect, two 

arrows indicate intermediate effect, and three arrows indicate large effect. Up and down 

arrows indicate increase and decrease, respectively. A dash line indicates no effect. 

Table adopted from Buchi B-290 user manual.   

 

 ��

Aspirator 

 ��

Humidity 

in spray 

gas 

 ��

Inlet 

temp. 

 ��

Spray gas 

flow 

 ��

Solution 

feed rate 

 ��

Solid 

conc. 

 ��

Organic 

solvent 

Outlet 

temp. 

 �� �� �� �� �� �𐰸� �� �� �� �� �� �� ��

Particle 

size 

 �� �� �� �� �� �𐰸𐰸� - - -

Moisture 

in 

product 

 �𐰸𐰸� �� �� �� - �𐰸� �� �� �𐰸�

Yield �𐰹� �� �𐰸� - �� �� �� �� 

 

Controlling the spray drying process parameters allows the operator to optimize 

particle size, particle morphology, moisture content, and yield as outlined in Table 1.3. 
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Particle size of SDDs can be increased by: (1) producing larger droplets, and (2) 

increasing the solid concentration of the feed solution. Droplet size can be increased by: 

(1) increasing the flow rate of the feed solution, and (2) lowering the pressure of the 

atomizing gas. It should be noted that although particle size of SDDs is modifiable within 

a range, spray drying tends to produce small particles (median particle diameter < 30 µm) 

(30).   

POLYMER CONSIDERATIONS  

 In addition to the drying or quenching kinetics of the ASD manufacturing process, 

the material attributes of the drug and polymer are critical to ASD stability and 

performance. Several factors are important to consider in selecting a polymer carrier for 

ASDs. Melt or solution viscosity needs to be sufficiently low to allow for processability. 

Water solubility (or dispersibility) is necessary for drug release from the ASD as well as 

supersaturation maintenance. A high Tg relative to storage and dissolution temperatures is 

necessary to limit the molecular mobility required for phase transitions, nucleation, and 

crystal growth. Additionally, miscibility between the polymer and drug is essential for the 

formation of a stable, monophasic ASD.  

Because miscibility between the drug and polymer is critical to ASD 

performance, a number of approaches have been developed to predict their phase-mixing 

behavior. The Flory-Huggins (FH) theory, initially developed to describe polymer-

solvent solutions, has been adapted to predict the miscibility of drug and polymer in 

ASDs. The theory is based on the relationship between the free energy of mixing (ΔGmix) 

and the FH parameter (χ) which describes the favorability of drug-polymer interactions: 
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Δ𝐺𝑚𝑖𝑥

𝑅𝑇
=

𝜙𝑑𝑟𝑢𝑔 ln𝜙𝑑𝑟𝑢𝑔

𝑚𝑑𝑟𝑢𝑔
+

𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ln𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
+ 𝜒𝜙𝑑𝑟𝑢𝑔𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟    (1.5) 

 

where ϕ is the volume fraction of drug or polymer, and m is the volume ratio of the drug 

or polymer to the lattice site. The FH parameter χ describes the strength of polymer-drug 

interactions relative to the strength of drug-drug and polymer-polymer interactions. Drug-

polymer phase separation is predicted when χ>0.5 (31).   

Another approach to predicting the miscibility of drug and polymer is the 

solubility parameter. Originally developed by Hilderbrand and Scott, the solubility 

parameter (δ) is defined as the square root of the cohesive energy density (CED), which 

is the energy per unit volume necessary to vaporize the molecules (32). According to this 

theory, two compounds with similar δ values will be miscible based on the principle that 

“like dissolves like”. The concept was further developed by Hansen to better predict the 

phase mixing behavior of systems containing polar molecules by breaking the molecular 

interactions down to their polar (δpolar), hydrogen bonding (δhbond) and dispersive (δdisp) 

components (33).  

 

 𝛿 = √𝛿2𝑝𝑜𝑙𝑎𝑟 + 𝛿2ℎ𝑏𝑜𝑛𝑑 + 𝛿2𝑑𝑖𝑠𝑝   (1.6) 

 

When the drug and polymer are mutually miscible, the polymer can inhibit 

crystallization of drug molecules by several mechanism. Polymers can form hydrogen 

bonds with drug molecules preventing the drug-drug associations necessary for 
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nucleation and crystal growth (34). Polymers can also prevent nucleation and crystal 

growth by serving as physical barriers between drug molecules (19,29). Additionally, the 

polymer can serve as an antiplasticizer (i.e., limiting molecular the mobility of the drug) 

by increasing the Tg of the drug (18,19). This occurs because the Tg of an ASD is 

between that of the drug and polymer, depending on the ratio between the two. Several 

equations have been developed to predict the Tg of binary ASDs based on the Tgs of its 

components. One of the more commonly used is the Gordon-Taylor equation (35).   

 

 𝑇𝑔 = 
{(𝜔1𝑇𝑔1)−(𝐾𝜔2𝑇𝑔2)}

{𝜔1+(𝐾𝑤2)}
  (1.7) 

 

where ω1 and ω2 are the weight fractions of the components, Tg1 and Tg2 are the glass 

transition of each component. K is an experimentally-derived constant calculated from 

the true densities (ρ1, ρ2) and the change in thermal expansivity of the Tg of each 

component (Δα1, Δα2) (4): 

 𝐾 =
(𝜌1Δ𝛼2)

(𝜌2Δ𝛼1)
   (1.8) 

A variation of this approach to estimating the Tg of ASDs which assumes similar 

densities is known as the Fox equation (36):  

 

 
1

𝑇𝑔
= 

𝜔1

𝑇𝑔1
+

𝜔2

𝑇𝑔2
   (1.9) 

 

where ω1 and ω2 are the weight fractions of the components, Tg1 and Tg2 are the glass 

transition of each component. Importantly, water can act as a plasticizer lowering a 
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material’s Tg. The actual Tg of a material can therefore be significantly lowered when 

exposed to high humidity (19).     

Because the Tg of the ASD depends on the weight fractions of drug and polymer 

in addition to their respective Tgs, drugs with lower Tg values require lower drug loading 

to achieve a higher Tg necessary to improve stability. Very lipophilic APIs may also 

require lower drug loading to overcome poor wettability (19). Additionally, the 

miscibility of the drug and polymer depend on their relative concentrations. These 

considerations need to be weighed against the benefits of limiting pill burden and dosage 

size by maximizing the drug load. 

Phase mixing between a drug and polymer is essential for its performance. An 

ASD is thermodynamically stable when the drug is below its saturation concentration in 

the polymer carrier (37). However, at drug loads typically required for drug products, the 

drug concentration exceeds its saturation concentration, and is kinetically stabilized by 

the polymer. As the drug load increases, however, it will exceed the polymer’s capacity 

to provide kinetic stability, resulting in phase separation or crystallization. The maximum 

drug load that provides kinetic stability will depend on both the polymer and the method 

of ASD production. Faster drying or melting kinetics immobilizes the drug in the 

polymer matrix before phase separation or crystallization can occur, generally favoring 

the ability to use higher drug loading. Additionally, good miscibility between the drug 

and polymer will typically enable stability at higher drug loading. Drug-polymer 

miscibility is dependent on the physiochemical properties of both. Typically, several 

polymers from different classes are screened to identify which offers optimal miscibility 

for a given API.  



16 

 

Several classes of polymers have been utilized as carriers in ASDs. These include 

povidone (PVP), polyethylene glycol (PEG), and cellulose derivatives such as HPC, 

HPMC, and HPMCP. More recently, hypromellose acetate succinate (HPMCAS), a 

cellulosic polymer originally developed for enteric coating, has become widely use as a 

polymer carrier for ASDs (38). HPMCAS consists of a cellulose backbone (Figure 1.1) 

with four functional groups: methoxy, hydroxypropyl, acetate, and succinate (19). The 

mass contents of each substituent are provided in Table 1.4.  

 

 

Figure 1.1: Cellulose backbone of HPMCAS with sites of substitution (R). 
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Table 1.4: HPMCAS properties. Substituent contents are based on USP NF 

specifications. 

Property HPMCAS-L HPMCAS-M HPMCAS-H 

Average molecular 

weight 

114,700 103,200 75,100 

T
g
 (°C) 119 120 122 

Acetyl content (%) 5-9 7-11 10-14 

Succinoyl content 

(%) 

14-18 10-14 4-8 

Hydroxypropyl (%) 5-9 5-9 6-10 

Methoxyl content 

(%) 

20-24 21-25 22-26 

 

The mass contents of the hydrophobic acetyl groups, and the ionizable succinoyl 

groups, give each grade different properties and functionalities.  The acidic succinoyl 

group has a pKa of roughly 5.0 (39). Therefore, above a pH of 5.0, most succinoyl groups 

with carry a negative charge increasing its hydrophilicity. This gives the polymer pH 

dependent solubility profiles, with HPMCAS-L, HPMCAS-M, and HPMCAS-H 

insoluble at a pH below 5.5, 6.0, and 6.8, respectively (18). Above those pH values, 

HPMCAS is dispersible, but only sparingly soluble due to the hydrophobic functional 

groups. A number of studies have shown  HPMCAS-based ASDs to have superior solid 

state properties, dissolution performance, and bioavailability enhancement, compared to 

ASDs utilizing other polymers such as HPMC, PVP, or PEG (38,40–43). Some of the 
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unique properties of HPMCAS that make it particularly well-suited as a carrier polymer 

for HPMCAS are: (1) It has a high glass Tg (roughly 120 °C) which limits molecular 

mobility, improving stability; (2) it is relatively hydrophobic compared to other common 

carrier molecules, resulting in lower moisture uptake and plasticization in the presence of 

high humidity; (3) it is substituted with both polar and non-polar functional groups, 

allowing for interaction with a wide range of APIs through both hydrophobic interactions 

and hydrogen binding; (4) the amphiphilic nature of HPMCAS allows it to form colloids 

with hydrophobic drugs in an aqueous environment which can improve bioavailability 

through rapid dissociation of free drug into epithelial membranes or bile salt micelles 

(18,19,38,44).  

SOLID STATE PROPERTIES OF HPMCAS-BASED SDDS  

 As is predicted by their high Tg,  HPMCAS-based SDDs have been shown to have 

excellent physical stability, with shelf lives often surpassing 2 years (18). Bhardwaj et al. 

compared the stabilizing effects of HPMCAS-L and PVP on itraconazole SDDs. 

Itraconazole-HPMCAS-L SDDs significantly prolonged α-relaxation times and inhibited 

both nucleation and crystal growth. In contrast, itraconazole-PVP had little impact on α-

relaxation time and did not impact crystallization onset times. The superior performance 

of HPMCAS in providing physical stability for itraconazole SDDs can therefore be 

attributed to its effects on global mobility (17). Interestingly, McNamara et al. reported 

that two experimental drugs, despite having similar chemical structures and Tm/Tg ratios, 

exhibited significantly different degrees of solid state stabilization when spray dried with 

HPMCAS-M (45). This demonstrates that drug-polymer interactions can be sensitive to 
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subtle difference between molecules. While theoretical approaches can assist in 

identifying candidate polymer carriers for SDDs, there is still no reliable substitution for 

empirical screening.  

IN-VITRO DISSOLUTION BEHAVIOR OF HPMCAS-BASED SDDS  

 As with solid state stabilization, the ability of HPMCAS to inhibit precipitation of 

dissolved drug depends on the physiochemical properties of the API and the grade of 

HPMCAS used. Dissolution performance is also dependent on the dissolution method 

employed. Although the in-vitro dissolution HPMCAS-based SDDs vary based on these 

factors, several studies have compared HPMCAS to other common carrier polymers, and 

found HPMCAS to provide superior dissolution performance. Curatolo et al. reported 

that HPMCAS provided a greater degree of supersaturation of several experimental 

compounds compared with other carrier polymers, including HPMC, CAP, CAT, 

HPMCP, HPC, PVP, and PVAP (43). Similarly, greater concentrations of AMG 517, an 

experimental drug, was released from SDDs produced with HPMCAS-M compared to 

those containing HPMC (46). Dahan et al. reported that SDDs consisting of nifedipine 

and HPMCAS-L produced a greater degree of supersaturation than nifedipine SDDs 

containing either PVP or copovidone (47). Mahmah observed faster felodipine release 

from SDDs containing HPMCAS-L compared to PVP (48). SDDs of flubendazole and 

HPMCAS-M outperformed flubendazole SDDs containing HPMC and ordered 

mesoporous silica in terms of drug concentration (49). Similarly, SDDs containing 

itraconazole and HPMCAS-L or HPMCAS-M resulted in higher drug release and flux 

across a semi-permeable membrane compared to Sporanox, a commercially available 
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ASD of itraconazole and HPMC (50). Additionally, Deshpande et al. showed that SDDs 

of itraconazole and HPMCAS-H maintained itraconazole supersaturation in a FaSSIF 

solution for a longer period of time than itraconazole SDDs containing PVP-VA, 

Soluplus, or Eudragit (51).   

In addition to studies comparing HPMCAS to other common carrier polymers, 

differences in SDD dissolution performance have been reported with different grades of 

HPMCAS. Stewart et al. reported that SDDs of itraconazole and HPMCAS-L produced 

more rapid dissolution than SDDs of itraconazole and HPMCAS-H, reflecting the higher 

succinoyl/acetyl ratio of the former, which facilitates the formation of amorphous drug-

polymer colloids (50). Ullrich et al. reported that SDDs containing ketoconazole and 

HPMCAS-M achieved significant degree of supersaturation compared to ketoconazole 

SDDs containing HPMCAS-H (52). In both cases, a greater number of the ionizable 

succinoyl groups resulted in improved dissolution performance. Morgen et al. examined 

the role of HPMCAS substituents on SDD dissolution performance by synthesizing novel 

HPMCAS polymers with a range (0-3) of acetyl/succinoyl ratios and identifying the 

optimal ratio for two model compounds, itraconazole, and phenytoin. For itraconazole, 

optimal dissolution performance was achieved at a ratio of roughly 1.2, with no loss of 

performance up to a ratio of 3. For phenytoin, optimal dissolution was achieved at a ratio 

of roughly 0.7, with a drop in performance both above and below the optimal ratio (53).  

Understanding the role of HPMCAS functional groups in dissolution behavior 

requires an examination of the mechanisms of HPMCAS-based SDD dissolution. Upon 

introduction of HPMCAS-based SDDs into biorelevant dissolution media, several drug 

species can be formed. including free drug, drug in micelles, free polymer, drug-polymer 
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nanostructures, particulates, and precipitate (18,44). The relative distribution of these 

species is concentration-dependent. At lower concentrations, free drug and free polymer 

is predominant. When the drug concentration surpasses its equilibrium solubility, drug-

polymer colloids begin to form. As the concentration is further increased, colloids 

aggregate to form nanostructures (19). Speciation also depends on the mechanism of 

dissolution. In-vitro experiments have shown two general mechanisms by which these 

processes occur, erosion and nanoparticle formation (18).  

During erosion, drug and polymer simultaneously dissolve from the particle 

surface to yield free drug and polymer. When erosion is the dominant mechanism of 

dissolution, performance will be dependent on particle size (18). Nanostructure formation 

is the favored mechanism when the drug has poor solubility in the polymer. As the SDD 

particle absorbs water, plasticization occurs followed by drug-polymer phase separation. 

The drug-rich domains then breaks off from the SDD particle to form amorphous drug 

nanoparticles. Ionized HPMCAS can then act as surface stabilizers of these 

nanostructures, preventing their aggregation. Over the course of minutes to hours, these 

colloidal structures release free drug into solution which can then cross membranes or 

partition into bile salt micelles (18,39,44). Higher concentrations of amorphous drug-

HPMCAS nanostructures have been shown to result in increased in-vitro flux (44,50). 

Interestingly, the dependence of flux on these nanostructures is reduced with increased 

surfactant concentration, where flux becomes primarily driven by micelle-bound 

itraconazole concentrations (44). Hence, both micelles and drug-polymer colloids can act 

as “shuttles” for lipophilic drugs, facilitating their diffusion across the aqueous boundary 

layer (ABL). For drugs with poor solubility, diffusion across the ABL may be 
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substantially slower than diffusion across epithelial membranes, making it the rate-

limiting step for absorption.  

BIOAVAILABILITY OF HPMCAS-BASED SDDS  

 A number of studies have demonstrated improved oral bioavailability of drugs 

with poor solubility when spray dried with HPMCAS (39,44,54,55). Friesen et al. 

reported a several-fold increase in drug exposure in beagle dogs treated with SDDs 

consisting of HPMCAS-M and several model compounds relative to their crystalline 

form. Similar results were observed in human studies (19). Similarly, Chiang et al. 

observed significantly higher griseofulvin exposure in rats administered 

griseofulvin/HPMCAS-M SDDs compared to physical mixtures of the two (55). Kennedy 

et al. found that AMG 517/HPMCAS-M SDDs resulted in greater exposure and higher 

Cmax in cynomolgus monkeys compared to an oral suspension (46). Qian et al. found that 

SDD consisting of experimental drug BMS-A and HPMCAS-M resulted in significantly 

higher Cmax and BMS-A exposure in dogs compared to BMS-A/PVP-VA SDDs (56). 

Additionally, Stewart et al. reported that rats treated with SDDs of itraconazole and 

HPMCAS (either HPMCAS-L or HPMCAS-H) showed greater itraconazole exposure 

than rats treated with Sporanox, the commercially available itraconazole/HPMC ASD, 

which correlated with their relative tendencies to form drug-rich colloids (44). This 

provides additional evidence for the importance of drug-polymer nanostructures for the 

bioavailability enhancement of HPMCAS-based SDDs. Interestingly, for drugs whose 

pharmacokinetic performance depends on achieving a high gastric concentration, 

HPMCAS may not be an appropriate polymer due to its insolubility in an acidic 
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environment. One such drug, belinostat, achieved much higher plasma concentration in 

beagle dogs when spray dried with PVP K30 compared to HPMCAS-M due to the latter’s 

insolubility in gastric fluids (57).  

SUMMARY 

 Spray drying is a versatile method for improving the oral bioavailability of drugs 

with poor water solubility. The physical stability, in-vitro dissolution performance, and 

pharmacokinetic profile of a SDD depend on multiple material attributes and process 

parameters, including drying kinetics, choice of polymer carrier, and drug load. 

HPMCAS has been shown to be a highly versatile polymer for SDDs, providing excellent 

physical stability, in-vitro dissolution performance, and bioavailability enhancement.  
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CHAPTER 2. UTILITY OF FILMS TO ANTICIPATE 

EFFECT OF DRUG LOAD AND POLYMER ON 

DISSOLUTION PERFORMANCE FROM AMORPHOUS 

ITRACONAZOLE SPRAY DRIED DISPERSIONS 

INTRODUCTION 

As a large number of molecules with poor water solubility enter the drug 

development pipeline, there is an increasing need for formulation strategies that 

maximize oral drug bioavailability and enable development into viable drug products 

(58). One such strategy is to formulate poorly soluble drug in its more energetic 

amorphous state, rather than in its more stable crystalline state. The higher free energy of 

the amorphous drug promotes dissolution, allowing for a temporarily supersaturated 

solution (59). However, the physical instability of the amorphous drug and the 

supersaturated solution require the presence of a stabilizing polymer to inhibit both 

crystallization in the solid state and precipitation from the dissolved state (51). The 

enabling effect of the energetic amorphous state and stabilizing effect of the carrier 

polymer in solution are often conceptualized as the “spring effect” and “parachute 

effect”, respectively (60). This requires the drug to be molecularly dispersed in a polymer 

matrix forming an amorphous solid dispersion (ASD). The drug and polymer should exist 

as a single phase (i.e. a solid solution) to promote physical stability of the ASD (61). 

Phase separation between the drug and polymer can yield drug recrystallization and 

poorer dissolution performance. Miscibility between the drug and polymer depends on 

molecular interaction between the two (62,63) and is essential for maintenance of the 
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monophasic ASD. Miscibility is therefore highly dependent on drug and polymer 

chemical compositions and ratio of drug to polymer (e.g. drug load). 

Several techniques produce ASDs, such as comelting methods [e.g. hot melt 

extrusion (HME) and solvent evaporation methods (e.g. spray drying)].  ASDs from 

spray drying are denoted spray dried dispersions (SDDs). Given the resources required to 

produce ASDs from hot melt extrusion or spray drying, several prior investigations have 

explored the utility of cast films to anticipate the feasibility of HME or spray drying. 

Weuts et al. found that cast films of etravirine and hypromellose (HPMC) were useful to 

predict miscibility and physical stability of ASDs (64). Parikh et al. assessed the 

miscibility and stability of itraconazole (ITZ) and HPMC, Kollidon VA 64, Eudragit E 

PO, and Soluplus in cast films and hot melt extrudates, and found general concordance, 

with HPMC performing the best (i.e. miscible at the highest drug load) (65). Shanbhag et 

al. utilized an automated film casting system to screen drugs, polymers, and surfactants 

for dissolution and in vivo bioavailability enhancement; they found comparable 

dissolution in most cases between films and melt compacts (66). Duarte et al. used a 

predictive model to estimate the miscibility of ITZ and different polymers in cast films 

and SDDs, and found rank-order agreement in miscibility (i.e. Eudragit® EPO < < 

PVP/VA 64 < HPMCAS-M) between films and SDDs (67). Overall, literature reports 

favorably reflect that films can be used to anticipate the performance of larger scale 

methods, and therefore to serve as viable formulation screening approaches. However, it 

is also evident that there is no scientific consensus on the utility of films to anticipate 

performance of SDDs, or even the effects of drug load or polymer. 
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The primary purpose of this study was to assess the utility of films to anticipate 

the effects of drug load and polymer grade on dissolution performance of SDDs of 

itraconazole. SDDs were formulated as tablets, since unformulated SDDs can suffer from 

known dissolution deficiencies (e.g. aggregation, plug formation). Given the observed 

concordance here between films and SDDs, a secondary objective was to characterize the 

solid-state attributes of films and SDDs to explain drug load and polymer effects on in 

vitro dissolution performance. Investigations here employed polarized light microscopy 

(PLM), differential scanning calorimetry (DSC), powder x-ray diffraction (PXRD), and 

solid state nuclear magnetic resonance (SSNMR) spectroscopy, in assessing films to 

anticipate SDD dissolution performance. ITZ was used as a model poorly soluble drug, 

along with three different grades of hypromellose acetate succinate (HPMCAS) as a 

polymer carrier. ITZ (Figure 2.1) is a weekly basic (pKa ~3.7), lipophilic (log P~5.66) 

antifungal drug that is practically insoluble in water. It has a relatively high glass 

transition temperature (Tg) of about 59 °C and is generally stable in the amorphous state 

(68).  

 

Figure 2.1. Chemical structure of ITZ. (source: Wikimedia Commons) 
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HPMCAS is a cellulosic polymer that has shown promise for use in ASDs (19). 

The three grades of HPMCAS differ in chemical composition, and are denoted as 

HPMCAS-L, HPMCAS-M and HPMCAS-H. Performance of ITZ SDDs has been show 

to shown to depend upon HPMCAS grade, with HPMCAS-L exhibiting higher 

dissolution and absorption than HPMCAS-H (44,50). 

Solvent film casting was selected here to anticipate the effect of drug load and 

HPMCAS grade on dissolution performance of SDDs. Other options are spin coating and 

rotary evaporation (69).  Film casting with drying at room temperature (RT) has the 

advantages of rapid screening with small amounts of material and not requiring any 

special equipment or training, affording it a common and most accessible screening 

technique (65,69–71). A potential disadvantage drying at RT is relatively slow 

evaporation, which can promote drug crystallization. Meanwhile, evaporation occurs 

more rapidly in spin coating and rotary evaporation. We hypothesize that cast films are 

predictive of solid state degree of crystallinity and dissolution performance of SDDs. 

METHODS 

Materials  

Three grades of HPMCAS were generously provided by Ashland (Ashland Inc; 

Covington, KY). The three grades were L, M, and H (each type granular particle size) 

and differentiated by the extents of acetyl and succinoyl substitution (Table 2.1).  
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Table 2.1. Certificate of analysis results for all three grades of HPMCAS. Molecular 

weights were obtained from manufacturer 

Property HPMCAS-

L 

HPMCAS-M HPMCAS-

H 

Loss on Drying % (NF 731) 0.6 0.4 0.4 

Free acid % (NF) 0.0 0.0 0.0 

Viscosity 2% solution, dry, cps, (NF 

911) 

3.1 3.0 3.1 

Acetyl content % (NF) 8.4 10.4 13.3 

Succinoyl content % (NF) 16.0 13.2 6.1 

Hydroxypropyl content (%) 6.7 6.5 8.6 

Methoxy content (%) 21.20 22.20 23.00 

Average molecular weight 114,700 103,200 75,100 

 

ITZ was purchased from Letco (Letco Medical; Decatur, AL). Solvents were purchased 

from Sigma Aldrich (Sigma-Aldrich; St. Louis, MO) and Fischer Scientific (Fischer 

Scientific; Hampton, NH). Silicified microcrystalline cellulose NF (SMCC) and sodium 

starch glycolate NF (SSG) were obtained from JRS Pharma (JRS Pharma LP; Patterson, 

NY). Magnesium stearate NF was obtained from Spectrum Pharmaceuticals (Spectrum 

Pharmaceuticals; Henderson, NV).  

Film casting  

HPMCAS films were cast by dissolving each of the three grades of HPMCAS in a 

2:1 (w/w) mixture of dichloromethane and methanol. ITZ was then added to the solutions 

to constitute 10, 20 and 30% (w/w) of the total solid content in the solution. The total 

solid concentrations in the final solutions were 10% (w/w), to target the same film 

thickness. Solutions were poured into round 50 mL aluminum pans (121 mm diameter x 

5 mm height) at 50 g per pan and evaporated for 45 min at RT. Pans were transferred to a 
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drying oven and dried at 40°C for over 12 hr. Films were then stored in a desiccating 

cabinet (RH<5%) and subsequently milled into flakes by trituration.  

Spray drying  

Spray drying was performed using a Buchi B-290 spray dryer (BUCHI 

Corporation; New Castle, DE) in closed-loop mode, to yield SDD powder. Solutions 

identical to those used for film casting were pumped into the atomizer at a rate of 16 

g/min, via a pump setting of 50%. The inlet and outlet temperatures were 100 and 56°C 

(range 55-58°C), respectively. Spray drying process parameters (i.e. inlet temperature, 

percent solids, pump rate, atomizing gas flow setting of 40 mm height [i.e. 473 L/hr], 

aspirator setting of 100%) had been previously arrived at, and were held constant. The 

SDDs were collected and dried for an additional 12 hr at 40 °C and stored in a 

desiccating cabinet (RH < 5%). 

Tablet formulation  

Preliminary studies indicated SDDs to aggregate and form plugs in capsules, 

requiring a tableting formulation approach to achieve the dispersibility necessary for 

dissolution. Additionally, SDD low bulk density and poor flowability afforded direct 

compression impractical, requiring dry granulation by slugging. A one factor at a time 

(OFAT) approach for dry granulation tablet development was employed (72). 

Compaction pressure, SMCC content, and SSG content were sequentially varied. The 

SDDs were blended with 10, 20, or 30% SMCC, 3 or 4% SSG, and 0.5% magnesium 

stearate and then compacted with 8 MPa pressure to produce slugs. The slugs were then 
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ground by trituration and subsequently compacted into tablets with 40, 80, or 120 MPa 

pressure. Both slugging and tableting were performed with a Natoli NP-RD10A tablet 

press and cylindrical 1.27 mm diameter tooling.   

The optimal compression pressure, percent SMCC, and percent SSG were found 

to be 40 MPa, 30% SMCC, and 4% SSG, respectively. Using these conditions, tablets 

containing SDDs with HPMCAS-L, HPMCAS-M, and HPMCAS-H, with differing drug 

load, were then evaluated. Milled slugs were passed through a 150 μm mesh sieve to 

ensure uniform particle size. 

Dissolution  

In vitro dissolution testing was performed on film-containing capsules and SDD-

containing tablets. Cast film was milled into flakes by trituration and loaded into gelatin 

capsules to contain 100 mg of ITZ. The capsules were then placed into spiral sinkers to 

overcome buoyancy during dissolution. Tablets were produced as above. USP paddles 

were used at 100 rpm in 900 mL Simulated Intestinal Fluid USP (pH 6.8) without 

enzyme. Simulated Intestinal Fluid USP contains no surfactants (e.g. contains no bile 

salts). Samples were collected at 10, 20, 30, 45, 60, and 90 min, passed through 0.45 μm 

syringe filter, and immediately diluted 10-fold in HPLC mobile phase to prevent drug 

precipitation. 

Samples were then analyzed by Waters Acquity H Class UPLC system (Waters 

Corporation; Milford, MA) to measure ITZ concentration. An isocratic mobile phase 

consisting of 75% methanol and 25% buffer solution (0.1% triethylamine with pH 
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adjusted to 3.0 with phosphoric acid) was used, with a 2.0 µL injection volume and a 

flow rate was 0.6 mL/ minute. A 2.1 x 50 mm ACQUITY BEH C18 1.7 µm UPLC 

column, heated to 45 °C, was used. The fluorescence detector was set to 250/380 nm. The 

retention time of ITZ was 0.7 min, with a 2.0 min run time. A calibration curve 

containing 0.5, 1.0, 2.0, 5.0, 10.0, and 12.0 µg ITZ/ mL was run in duplicate with each 

analysis (r
2
>0.998). 

Microscopy  

Films and SDD powders were examined via PLM using a Nikon Eclipse ME600 

optical microscope with polarizers (Nikon Instruments Inc.; Melville, NY). The presence 

of birefringence was interpreted as crystalline content. ITZ can form liquid crystals, 

which can yield birefringence. However, formation of ITZ/HPMCAS liquid crystals 

requires higher drug load than used here (73). 

For scanning electron microscopy (SEM), 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. 

Particle sizing  

Particle size distributions of SDD powders were measured in triplicate using a 

Malvern Mastersizer 2000 laser diffraction particle size analyzer with a Scirocco 2000 
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dry dispersion unit (Malvern Panalytical; Malvern, UK). Dispersive air pressure was set 

to 1 bar. Measurement and background times were both set to 12 seconds. Calculations 

employed the general purpose model.  

Differential scanning calorimetry  

Film, SDD powder, or ITZ (5-10 mg) was loaded into Tzero pans and analyzed 

using a Discovery DSC 2500 (TA Instruments; New Castle, DE). The glass transition 

(Tg) of ITZ was measured by heating ITZ to 200°C at 10°C/min, cooling to 20°C at 

20°C/min and then reheating to 200°C at 10°C/min. This heat/cool/heat condition was 

arrived from preliminary studies to allow for measurement sensitivity and resolution. 

All other analyses were performed by heating to 155 °C at 10°C/min, holding 

isothermal for five min, cooling to 40 °C at 10°C/min, equilibrating at 40°C and then 

reheating to 200 °C at 10°C/min. Tg and melting temperature were recorded from the 

secondary heating cycle. Observed Tg of SDD was compared to the predicted Tg from 

Fox equation (74). 

 
1

𝑇𝑔
=

𝑥1

𝑇𝑔1
+

1−𝑥1

𝑇𝑔2
  (2.1)  

 

where x1 is the weight fraction of ITZ, Tg1 is the glass transition of ITZ, and Tg2 is the 

glass transition of the HPMCAS grade. 
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Also, tablets with varied compaction pressures and HPMCAS grades were 

analyzed by DSC per above to assess for stress-induced drug crystallization. Tablets were 

gently triturated to yield powder sample for analysis (5-10 mg). 

Powder x‐ray diffraction  

Film, SDD powder, or ITZ was pressed into X-ray sample holder. Diffractograms 

were collected using a Bruker D8 Advance (Bruker AXS; Madison, WI) equipped with 

the LYNXEYE scintillation detector and Cu K" radiation (λ= 1.5405 A°) at a voltage of 

40 kV and current of 40 mA. Diffractometer functionality was assessed using corundum 

as an external standard. Three replicates of diffractograms for each sample were collected 

over 2θ range of 3°–30°. The sample holder was rotated during run to minimize preferred 

orientation and to obtain average diffractogram of the sample. The PXRD operation, data 

collection, and data analysis employed DiffractSuite (V2.2). A calibration curve of 

crystalline ITZ powder was constructed for crystallinity determination in film and SDD 

using various levels of ITZ in HPMCAS (1, 3, 5, 10, 20, 50, and 100% w/w), per USP 

general chapter <941>. 

Solid-state NMR spectroscopy  

Amorphous ITZ was prepared in situ by melt quenching inside the spinning NMR 

rotor. Sample was packed into 7.5 mm zirconia rotors with Teflon or Kel-F end caps 

(Revolution NMR, LLC.; Fort Collins, CO). The rotor was heated in the NMR probe 

equipped with a variable-temperature accessory stack (Varian, Palo Alto, CA) at 175 ˚C 



34 

 

for approximately 10 min while spinning at 4 kHz. The rotor was then rapidly cooled to 

RT to yield amorphous ITZ. 

13
C SSNMR spectra were acquired using a Tecmag Redstone spectrometer 

(Tecmag Inc; Houston, TX) operating at approximately 300 MHz for 
1
H and 75 MHz for 

13
C. Film, SDD powder, or ITZ was packed into 7.5 mm zirconia rotors and sealed with 

Teflon or Kel-F end-caps. One dimensional 
13

C spectra were acquired using cross 

polarization magic angle spinning (CP/MAS) at 4 kHz, using total spinning sideband 

suppression (TOSS) (75) and SPINAL64 (76) decoupling. The 
1
H 90˚ pulse width was 

set to 4.5 μs, and the contact time was 1.5 ms. The pulse delay for 1D experiments was 4 

s and a total of 4,096 scans were collected. The 
13

C chemical shift scale was referenced 

with the methyl peak of 3-methylglutaric acid, which was set to 18.84 ppm (77). 

In the chemical shift regions selective to ITZ and HPMCAS resonances, the 

maximum peak intensities were used to obtain relaxation times. Relaxation times were 

detected via 
13

C nucleus. Proton spin-lattice relaxation times in the laboratory frame (
1
H 

T1) were measured using a 
13

C-detected saturation recovery pulse sequence with TOSS. 

Relaxation times were obtained by fitting 

 𝑀 = 𝑀0(1 − 𝑒
−

𝑡

𝑇1)  (2.2)  

where M is the peak intensity, M0 is an amplitude parameter, and T1 is the spin-lattice 

relaxation time in the laboratory frame.  

Proton relaxation times in the rotating frame (
1
H T1ρ) were measured by varying 

the spin lock duration time after a 90˚ pulse. T1ρ was estimated by fitting 
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 𝑀 = 𝑀0𝑒
−

𝑡

𝑇1𝜌     (2.3) 

where M is the peak intensity, t is the spin-lock duration time, M0 is an amplitude 

parameter, and T1ρ is the fitted spin-lattice relaxation time in the rotating frame. Data 

fitting was performed using GraphPad Prism (GraphPad Software; La Jolla, CA).  

Stability  

Film and SDD powder physical stability was assessed by DSC, PXRD, and 

SSNMR. Films and SDDs were reanalyzed by DSC after storage in accelerated stability 

conditions (40 °C, 75% RH) for 28 days to assess for drug crystallization and phase 

separation. PXRD and SSNMR assessed stability of films and SDDs with 30% drug 

loading stored under accelerated conditions for 2 weeks, 1 month, 2 months, 3 months 

and 6 months. PXRD patterns on stability samples were collected on the Rigaku Miniflex 

600 benchtop diffractometer (Rigaku Corporation, Tokyo, Japan), with Cu Kα radiation 

(40kV x 15 mA). The analysis was performed at RT, between 2° to 50° 2θ at a scan speed 

of 2.0°/min and a step size of 0.02° 2θ under continuous mode. SSNMR analysis was 

done as described in the previous section. In addition to the solid state characteristics, 

dissolution testing was also performed on films stored under accelerated stability 

conditions for 28 days.      

Vapor sorption profiles were collected on neat materials, films, and SDDs, using 

an automated water sorption analyzer (Q5000SA, TA instruments; New Castle, DE). 

Neat samples were initially dried at 25 °C for 180 min with equilibrium criterion of 

<0.001% w/w change for 15 min. Neat samples were then exposed to different RH 
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conditions from 10 to 90% at 25 °C with 10% step increase. The maximum equilibration 

time of 180 min was used with the same equilibrium criterion. Films and SDDs were 

subjected to constant RH of 75% at 40 °C until equilibrated, after initial drying with 

equilibrium criterion of <0.001% w/w change for 15 min. 

Loss on drying (LOD) was measured using a Mettler Toledo Moisture Analyzer 

HB43 (Mettler-Toledo; Columbus, OH). After storage at room temperature in a 

desiccation cabinet (RH<5%) for at least 48 hr, 0.5-1 g of film and SDD samples were 

loaded onto an aluminum weighing pan. Each sample was heated to 155 °C for five 

minutes. Samples were then stored at 40°C and 75% RH for 28 days and reanalyzed 

using the same method. 

RESULTS AND DISCUSSION 

Film and SDD appearance  

Visual examination of films revealed opaque regions in some of the films, which 

could be interpreted as phase separation (Figure 2.2). Greater opacity was observed with 

increased drug load, and in films containing HPMCAS-H. Films containing HPMCAS-L 

had the least amount of opacity. 
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Figure 2.2: Photographs of films in aluminum pans. 10% ITZ in HPMCAS-L was 

translucent. 30% ITZ in HPMCAS-H had extensive opaque regions. Round aluminum 

pans were 121 mm in diameter. 

 

 

Films were ground into flakes (Appendix A, Figure 1), which were greater than 

100 µm. PLM examination of the opaque regions of flakes confirmed the presence of 

crystallinity as indicated by birefringence in those regions (Figure 2.3B). Similarly, 

birefringence was observed in unprocessed (i.e., as received) ITZ indicating crystallinity. 

In contrast, PLM did not detect crystallinity in films with10% ITZ in HPMCAS-L 

(Figure 2.3A).  
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A.      B. 

    

C.      D. 

    

Figure 2.3: PLM micrographs of HPMCAS-L films with 10% drug load (A), HPMCAS-H 

films with 30% drug load (B), unprocessed ITZ (C), and SDD containing 30% ITZ in 

HPMCAS-H (D).  

 

Spray drying produced a fine powdery material. The median particle size (d50) for SDDs 

ranged from 9.84 ± 0.11 µm for 10% ITZ in HPMCAS-H to 17.57 ± 0.44 µm for 20% 

ITZ in HPMCAS-L (Appendix A, Table 1). Particle size of SDDs varied with HPMCAS 

grade and was L>M>H. Additionally, increasing drug load resulted in larger particles. 

SEM examination of the SDDs showed a “shriveled raisin” morphology (Figure 2.4). 
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PLM did not detect ITZ crystallinity in SDDs (Figure 2.3D), although PLM focusing on 

such SDDs particles is more challenging than for film flakes. 

   A. Neat ITZ              B. SDDs 

    

Figure 2.4: SEM micrographs of ITZ crystals (A) and SDDs of 20% ITZ/ HPMCAS-L 

(B). ITZ crystals showed needle-like habit. SDD showed “shriveled raisin” morphology. 

Dissolution  

Figure 2.5 plots dissolution profiles from capsules containing films and tablets 

containing SDDs. Some films and SDDs were successful in producing enhanced 

dissolution profiles. ITZ’s low solubility renders it difficult to measure its solubility 

value, but is estimated to be about 0.1 µg/ml (50). 
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A. Films 

 

B. SDDs 

 

Figure 2.5: Dissolution profiles of capsules containing films (A) and tablets containing 

SDDs (B) of ITZ and HPMCAS. Values are mean ± SD (n=6). 

 

Films anticipated the effects of drug load and polymer grade on dissolution 

performance from SDDS of ITZ. Percent drug load rank-order was 20% > 30% for both 

films and SDDs. Polymer grade rank-order was L > M > H for both films and SDDs. In 

both films and SDDs, dissolution rank-order was: 20% ITZ/ HPMCAS-L > 30% ITZ/ 
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HPMCAS-L > 20% ITZ/ HPMCAS-M > 30% ITZ/ HPMCAS-M > 20% ITZ/ HPMCAS-

H. No dissolution was detected from films or from SDDs containing HPMCAS-H (or at 

least no drug remained in solution, e.g. precipitated), even when no crystalline drug was 

detected in the solid state. Dissolution testing was therefore not performed on films or 

SDDs containing 30% ITZ in HPMCAS-H. There was at most modest variation in SDD 

particle size, where H grade provided the smallest particles (Appendix A, Table 1). 

However, particle size here did not appear to be a major factor in dissolution results. 

SDDs generally provided higher dissolution than films, with SDDs being less 

sensitive to percent drug load and polymer grade than were films. For example, the 

difference in the dissolution profiles between HPMCAS-L and HPMCAS-M were less 

pronounced with the SDDs than they were with the films. Nevertheless, there was a rank-

order agreement between films and SDDs, regarding the effects of drug load and polymer 

type. 

Given this observed concordance between films and SDDs, a secondary objective 

was to characterize the solid-state attributes of films and SDDs to explain their 

concordance about drug load and polymer grade effects on dissolution performance. 

DSC and XRD 

A single Tg was observed in all films and SDDs, suggestive of a single amorphous 

phase (Figure 2.6) ranging from 93.45 °C to 110.86 °C (Appendix A, Table 2). 

Observed Tg‘s were concordant with the predicted Tg‘s from the Fox Equation. A linear 

relationship was observed between the percent of crystalline ITZ in a physical mixture of 
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crystalline ITZ and HPMCAS-M and the AUC of enthalpy of their melting at 170°C 

(Appendix A, Figure 2). 

 

A. Films 

 

B. SDDs 

 

Figure 2.6: Thermograms of nine ITZ/HPMCAS films (A) and SDDs (B).  
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The percent crystallinity of ITZ from DSC in the films and SDDs are shown in 

Table 2.2. No crystallinity was observed in any of the SDDs powders from DSC, or from 

XRD. Additionally, DSC analysis of the SDD-containing tablets did not show any stress-

induced phase separation or crystallization (Appendix A, Figure 3). Meanwhile, ITZ 

crystallization was detected in all films containing 30% drug load, as well as films 

containing 20% drug load in HPMCAS-H. X-ray diffractograms of film prepared with 

various percent drug loads and HPMCAS grades are shown in Figure 2.7. 

 

Figure 2.7: X-ray diffractograms of ITZ cast films (A) and SDDs (B) at different drug 

loads (10, 20 and 30%) and different grades of HPCAS (L, M and H). 

A. Films 

 

 

Continued on page 44 
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B. SDDs 

 

A linear relationship was observed between the percent crystalline ITZ in a 

physical mixture crystalline ITZ and HPMCAS-M and the AUC of their diffraction peaks 

at 20.5° 2θ (Appendix A, Figure 4). The percentage of ITZ in the crystalline state for 

each sample from XRD is shown in Table 2.2.  

Table 2.2: Percentage of ITZ in the crystalline phase in film, as estimated by DSC, XRD, 

and ssNMR. Values are mean ± SEM (n=3). Table continued on top of page 45. 

Drug load 

of ITZ/ 

polymer 

Visual 

appearance 

Percentage 

of ITZ in 

the 

crystalline 

phase at 0 

day per 

DSC 

Percentage 

of ITZ in 

the 

crystalline 

phase at 28 

day per 

DSC 

Percentage 

of ITZ in 

the 

crystalline 

phase at 0 

day per 

XRD 

Percentage 

of ITZ in 

the 

crystalline 

phase at 0 

day per 

ssNMR 

10% ITZ/ 

HPMCAS-

L 

Clear 0.00±0.00 0.00±0.00 0.00 0.0 

10% ITZ/ 

HPMCAS-

M 

Clear 0.00±0.00 0.00±0.00 0.00 0.0 

10% ITZ/ 

HPMCAS-

H 

Clear 0.00±0.00 0.00±0.00 0.00 0.0 

20% ITZ/ 

HPMCAS-
Clear 0.00±0.00 0.00±0.00 0.00 0.0 
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L 

20% ITZ/ 

HPMCAS-

M 

Opaque 0.00±0.00 0.00±0.00 0.00 0.0 

20% ITZ/ 

HPMCAS-

H 

Opaque 15.31±0.83 15.11±0.88 7.50 0.0 

30% ITZ/ 

HPMCAS-

L 

Opaque 14.59±1.05 14.47±0.51 20.83 40.1 

30% ITZ/ 

HPMCAS-

M 

Opaque 16.82±1.13 16.92±1.67 27.10 51.4 

30% ITZ/ 

HPMCAS-

H 

Opaque 43.17±2.98 38.43±1.70 56.20 75.7 

 

Crystalline ITZ was detected in films containing 20% drug load in HPMCAS-H (i.e. 

7.50%). At 30% drug load, a significant increase in crystalline ITZ was observed in films 

containing HPMCAS-L, HPMCAS-M, and HPMCAS-H (i.e. 20.8%, 27.1%, and 56.2%, 

respectively), in agreement with dissolution results. Overall, DSC and PXRD (and below 

SSNMR) results from films showed that crystalline ITZ content varied as a result of 

HPMCAS grade, following a rank-order of H>M>L, in agreement with dissolution 

results. Increased crystalline ITZ content occurred with greater acetyl substitution in 

HPMCAS and with less succinoyl substitution. Also, no crystalline ITZ content was 

detected from both DSC and PXRD (and below SSNMR) in any of the SDD powders at 

all drug loads, reflecting the generally higher dissolution from SDDs than from films. 

Crystallinity assessment from ssNMR  

The 
13

C CP/MAS NMR spectra of films and SDDs are shown in Figure 2.8 and 

Figure 2.9, respectively. Both figures also show the spectra of ITZ and HPMCAS as 
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received, as well as the spectrum for amorphous ITZ. The 
13

C SSNMR spectrum of 

crystalline ITZ differed from amorphous ITZ as it had narrower resonances. Amorphous 

ITZ exhibited broader signals, characteristic of the disordered state of amorphous 

materials. The peak at 152 ppm corresponded to the carbonyl group in the amorphous 

ITZ. Each HPMCAS grade was amorphous. As is apparent in Figure 2.8 and Figure 2.9, 

none of the HPMCAS grades had any aromatic resonances.  

There are drug and polymer specific regions that are present in the spectra. The 

regions from 9-14 ppm, 45-55 ppm and 111-159 ppm were due only for ITZ (pink shaded 

boxes in Figures 2.8 and 2.9). Meanwhile, 80-90 ppm and 160-180 ppm regions 

corresponded to non-overlapping areas for HPMCAS (green shaded boxes in Figures 2.8 

and 2.9). These selective regions were used in relaxation measurements to characterize 

the relaxation behavior of ITZ and HPMCAS in the samples. 

HPMCAS possesses both proton donors and acceptors, while ITZ has proton 

acceptors. Hence, there is potential for hydrogen bond formation between drug and 

polymer. A change in chemical shifts may result from hydrogen bonding (78). However, 

the HPMCAS carbonyl region did not show variation in chemical shift for films and 

SDDs.  There was no variation in the carbonyl peak (~152 ppm) of ITZ in films and 

SDDs that could be detected, due to overlap from other peaks in the same region. Overall, 

no direct evidence of hydrogen bonding or any specific interaction between ITZ and 

polymer was apparent from the 
13

C CP/MAS spectra. 

In Figure 2.8, films with up to 20% drug loading were amorphous in nature, 

while 30% drug loading showed some crystalline drug, as shown by the crystalline ITZ 
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sharp component to the peak at 109 ppm. The degree of drug crystallinity was quantified 

from the 90-115 ppm region. The percent drug crystallinity was rank-ordered with grade, 

with highest crystallinity was H>M>L, consistent with visual, DSC, and XRD 

observations (Table 2.2).  

Figure 2.8: Overlay of 13C CP/MAS spectra for film samples formulated with HPMCAS 

L (A), HPMCAS M (B), and HPMCAS H (C). Green and pink shaded boxes represent 

polymer specific regions and drug specific regions respectively. 

 

A. HPMCAS-L 
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B. HPMCAS-M 

 

 

 

C. HPMCAS-H 

 

 

However, all SDDs were found by SSNMR to be completely amorphous (Figure 

2.9), in agreement with DSC and XRD. Of note, different techniques to quantify 

crystallinity are known to yield divergent values for any one sample (79). Our results 
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from DSC, XRD, and SSNMR sometimes provide a range of percent crystallinity values 

for any one sample, as expected, but also yield the almost identical rank-order impact of 

drug load and polymer grade on percent crystallinity. 

Figure 2.9: Overlay of 13C CP/MAS spectra for SDDs formulated with HPMCAS L (A), 

HPMCAS M (B), and HPMCAS H (C). Green and pink shaded boxes represent polymer 

specific regions and drug specific regions respectively. 

 

A. HPMCAS-L 
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B. HPMCAS-M 

 

 

 

 

C. HPMCAS-H 
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Miscibility and domain size assessment from ssNMR  

Phase mixing of drug and polymer was examined using 
1
H relaxation 

measurements, specifically 
1
H T1 and 

1
H T1ρ. The relaxation behavior of ITZ and 

HPMCAS was measured independently by studying the relaxation behavior of the 
13

C 

resonances. These parameters reflect phase mixing between the drug and the polymer on 

two different length scales of mixing. The relaxation time constants from 
1
H T1 and 

1
H 

T1ρ are sensitive to motions in MHz range and kHz range, respectively. Thus, 
1
H T1 is 

averaged over larger distances (20-50 nm) than 
1
H T1ρ (2-5 nm). 

The relaxation times of neat materials are shown in (Appendix A, Table 3). 

Generally, owing to their greater mobility, amorphous materials show shorter 
1
H T1 and 

1
H T1ρ times than their crystalline counterparts. Amorphous ITZ showed shorter 

1
H T1 

time but longer 
1
H T1ρ, compared to crystalline ITZ. For neat HPMCAS grades, 

1
H T1 

times were less than 2 s. Interestingly, 
1
H T1ρ time was longest for H grade, with L and M 

grade showing the same 
1
H T1ρ times. Greater differences in 

1
H T1ρ times were observed 

between amorphous ITZ and HPMCAS grades. 

The difference in relaxation time between ITZ and HPMCAS was measured to 

study phase miscibility. For a perfectly homogenous system, drug and polymer would 

show identical relaxation times. Therefore, any differences observed in relaxation 

behavior between the drug and the polymer reflects phase separation or non-uniform 

distribution of drug and polymer in the matrix. The plots of 
1
H T1ρ differential between 

ITZ and different grades of HPMCAS are displayed in Figure 2.10 for films and SDDs.  
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  A. Films      B. SDDs   

 

Figure 2.10: Absolute difference in 1H T1ρ values between ITZ and HPMCAS for films 

(A) and SDDs (B) as a function of ITZ weight percent. Error bars represent the 95% 

confidence interval associated with the fit. The dashed line signifies the zero difference 

line. Red, blue, and green diamond symbols represent HPMCAS L, M and H grades 

respectively. 

      

On smaller domains, the film samples were clearly phase separated at 30% drug 

loading, following the rank-order grade H>M>L, in agreement with ITZ crystalline 

content rank-order (Table 2.2) and with dissolution results (Figure 2.5). Additionally, as 

with drug crystallization, no phase separation was observed for the SDDs. SDDs were 

completely phase mixed, showing no differences in differential values within 95% 

confidence intervals. Overall, phase separation of drug and polymer was observed in 

some films, which is consistent with drug recrystallization. 
1
H T1 data was also in 

agreement with this result from 
1
H T1ρ (data not shown). 

The upper limit of the phase separated domain size was assessed from proton 

relaxation measurements, which are governed by spin diffusion. Semi-quantitative 

domain size was estimated from  
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 𝐿2 = 6𝐷𝑇𝑖   (2.4) 

where L is domain size, D is the spin diffusion coefficient, which depends on the average 

proton to proton distance as well as a dipolar interaction, and Ti is the relaxation time (i.e. 

T1 or T1ρ). D has a typical value of 10
-12

 cm
2
/s (80,81). Domains sizes were estimated to 

be < 3 nm for all the film and SDDs, except 30% ITZ film samples. For 30% ITZ films, 

phase separated domain size were >30 nm, >30 nm, and 2-30 nm for H, M and L grades, 

respectively. Hence, there is an agreement between domain size and other measurements 

(Table 2.2 and Figure 2.10), reflecting concordance between domain size, phase 

separation, and percent drug crystallinity. From SSNMR analysis, overall, films were 

homogenous up to 20% drug loading, while 30% loading showed phase separation on 

both domains. For 30% loading, extent of phase separation showed rank-order grade 

H>M>L, in agreement with crystallinity analysis and dissolution results. Spray drying 

provided better mixing than film casting, showing no phase separation even with 

HPMCAS H grade from spray drying. 

Stability 

Overall, films anticipated the observed stability of SDDs. Methods included DSC, 

XRD, SSNMR, and dissolution, along with moisture sorption and LOD experiments to 

probe polymer grade effects. 

DSC reanalysis of both films and SDDs after 28 days of storage under accelerated 

stability conditions revealed minimal change in percent crystallinity (Table 2.2) and Tg 

(Appendix A, Table 2). The samples with the lowest Tg values (i.e. dispersions with 
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30% drug load) exceeded 90°C. The high Tg’s relative to accelerated storage conditions 

(40 °C) may explain the physical stability of the dispersions. This reflects that materials 

tend to be more resistant to phase separation and crystallization when stored at 

temperatures below their Tg (82,83).  

Similarly, PXRD data showed no notable changes in film or SDD crystallinity 

(data not shown) over a six month time period. Additionally, SSNMR analysis of SDDs 

revealed no changes in 
13

C CPMAS spectra of films or SSDs (data not shown) over six 

months. The 
1
H T1 and 

1
H T1ρ relaxation data indicated that films and SDDs did not 

phase separate over time, with no significant change in differential values (data not 

shown). Overall, drug mobility in the solid state remained low, such that dispersions 

exhibited physical stability under standard accelerated stability conditions. Observations 

here agree with Chakravarty et al (84). 

Dissolution profiles of film samples exposed to 40°C and 75% RH for 28 days 

were generally similar to initial profiles. Except for films containing 10% and 20% ITZ 

in HPMCAS-L, f2 comparisons (85) of 0 and 28 day film dissolution profiles were 

similar (Appendix A, Table 4). Dissolution profiles are shown in Appendix A, Figure 

5. 

Water is a plasticizer that can induce both amorphous phase separation (86,87) 

and crystallization (88) in amorphous solid dispersions. From isothermal moisture 

sorption experiments, neat HPMCAS grades did not absorb substantial moisture. The 

maximum percent weight again was less than 10% (Appendix A, Figure 6). Polymer 

hygroscopicity showed rank-order grade L>M>H, in agreement with L grade having the 
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highest succinate/acetate ratio and being the most hydrophilic grade. Amorphous ITZ was 

also very hydrophobic, with less than 2% water absorbed at 90% RH. Moisture uptake 

into SDDs was less than 3%, from thermogravimetric analysis (data not shown). LOD 

showed similar results (Figure 2.11), with lower drug load exhibiting greater water 

uptake and L>M>H hygroscopicity rank-order. Furthermore, at higher RH, there was 

minimal decrease in Tg of HPMCAS (Appendix A, Table 2), particularly compared to 

other water-soluble polymers, reflecting HPMCAS hydrophobicity and relatively low 

moisture uptake with HPMCAS. 

 

Figure 2.11: Loss on drying of films (A) and SDDs (B) after storage at 40 °C/ 75% RH 

for 28 days. For both films and SDDs, lower drug load and higher succinoyl content in 

HPMCAS (L>M>H grades of HPMCAS) resulted in higher moisture content. Values are 

mean ± SEM (n=3) 

 

A. Films 

 

Continued on page 56 
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B. SDDs 

 

Films in Anticipating SDDs 

SDD performance depends on polymer selection and drug load, such that time 

and resource-sparing methods to screen drug load and polymer combinations prior to 

spray drying efforts are desirable. Film casting with drying at RT was selected here since 

it is a common and most accessible screening technique (65,69–71). Compared to spray 

drying, film casting can yield slower drying, causing films to dissolve slower/lower than 

SDDs. Such an expectation that films may offer worst-case dissolution affords films a 

potential screening method to identify viable drug load and polymer combinations for 

further formulation development. An important feature of such screening would be the 

capability of films to anticipate the effects of drug load and polymer on dissolution 

performance. The literature appears to reflect favorably on films for screening. But it is 

also evident that there is no scientific consensus on the utility of films to anticipate SDD 

performance, or even the effects of drug load or polymer. 
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The primary purpose of this study was to assess the utility of films to anticipate 

effect of drug load and HPMCAS grade on dissolution performance of SDDs of ITZ. 

Films anticipated the effects of drug load and polymer grade on dissolution performance. 

Percent drug load rank-order was 20% > 30% for both films and SDDs. Polymer grade 

rank-order was L > M > H for both films and SDDs. No dissolution was detected from 

film or from SDDs containing HPMCAS-H (or at least no drug remained in solution, e.g. 

precipitated). 

A secondary objective was to characterize the solid-state attributes of films and 

SDDs to explain their concordance. Solid-state characterization revealed percent 

crystallinity and phase miscibility as contributing factors to dissolution performance, but 

not the sole factors. DSC, PXRD, and SSNMR results from films showed that crystalline 

ITZ content varied as a result of HPMCAS grade, following a rank-order of H>M>L, in 

agreement with dissolution results. Film samples were clearly phase separated at 30% 

drug loading, following the rank-order grade H>M>L, in agreement with ITZ crystalline 

content rank-order and with film and SDD dissolution results. Interestingly, despite being 

entirely amorphous at 10% drug load, films containing ITZ and HPMCAS-H did not 

achieve any measurable degree of ITZ dissolution (or at least no drug remained in 

solution, e.g. precipitated); likewise, SDDs using HPMCAS-H with 20% and 30% drug 

loads were entirely amorphous but also not achieve any measurable degree of ITZ 

dissolution. It appears that although HPMCAS-H enabled amorphous ITZ in the solid 

state (i.e., “the spring effect”), HPMCAS-H was less able than the other two grades to 

provide “parachute effect”. Films correctly anticipated HPMCAS-L, the most hydrophilic 

of the three polymer grades, as optimal for SDDs. 
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While films showed predictive value, SDDs outperformed films, both in terms of 

amorphous content and dissolution. The differences between films and SDDs were more 

pronounced at higher drug load (i.e. 30% ITZ), where films underpredicted SDD 

performance, although did identify 20% drug load as viable. The substantially different 

drying kinetics of films and SDDs may underpin these differences. Here, drying occurred 

very rapidly in spray drying (<1 sec), trapping dispersed drug in a relatively immobile 

state, which helped to minimize phase separation or crystallization, compared to film 

casting (~45 min). Slower cast film drying allowed greater phase separation or 

crystallization. Also, the smaller particle size (2-50 µm) of the SDDs may allow for the 

more rapid dissolution and formation of ITZ-HPMCAS complexes necessary to sustain a 

supersaturated solution, whereas the more protracted film dissolution may result in 

unequal release of drug and polymer, or surface-level crystallization. Further research is 

needed to elucidate the possible mechanisms for these observations. 

CONCLUSIONS 

Films anticipated the effects of drug load and polymer grade on dissolution 

performance. In both films and SDDs, dissolution rank-order was: 20% ITZ/ HPMCAS-L 

> 30% ITZ/ HPMCAS-L > 20% ITZ/ HPMCAS-M > 30% ITZ/ HPMCAS-M > 20% 

ITZ/ HPMCAS-H. Films correctly anticipated HPMCAS-L as optimal grade for SDDs. 

Solid-state characterization revealed percent crystallinity and phase miscibility as 

contributing factors to dissolution performance, but not the sole factors. For example, 

despite being entirely amorphous at 10% drug load, films containing ITZ and HPMCAS-

H did not achieve any measurable degree of ITZ dissolution; likewise, SDDs using 
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HPMCAS-H with 20% drug loads were entirely amorphous but also not achieve any 

measurable degree of ITZ dissolution. 
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CHAPTER 3. FORMULATION OF ASD PRODUCT: 

TABLETS CONTAINING SPRAY DRIED DISPERSIONS 

OF ITRACONAZOLE AND HPMCAS 

 

SUMMARY 

The objective of this study was to identify fast, medium, and slow immediate-

release tablet formulations of amorphous spray-dried dispersions of itraconazole (ITZ) 

and hypromellose acetate succinate (HPMCAS) for subsequent in vitro-in vivo 

correlation (IVIVC) study. 

Prior studies compared the solid state characteristics and dissolution profiles of 

ITZ amorphous films and spray dried dispersions (SDDs) using HPMCAS. A subsequent 

sequence of formulation development studies were conducted and reported here, which 

were initiated on a Natoli press to fabricate tablets via dry granulation, and then 

transferred to a Styl’One compaction simulator. Like prior observations, HMPCAS-L 

allowed for the most rapid ITZ dissolution, compared to HMPCAS-M, although 

exhibited greater sensitivity in dissolution to compaction. For tablets containing SDDs of 

ITZ and HPMCAS, the following factors promoted rapid dissolution: low (versus high) 

SDD percent drug load, HPMCAS grade L (versus grade M), high (versus low) slugging 

pressure, and low (versus high) tablet compaction pressure. Varying these factors enabled 

us to develop a fast-, medium-, and slow-release tablet formulation (Figure 3.1). 

Two factors generally contributed to dissolution profile performance: 

disintegration and solution thermodynamic factors. In general, thinner tablets (resulting 
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from higher drug load), tablets containing HPMCAS-M, and tablets with lower tensile 

strength (resulting from higher slugging pressure, higher drug load, and lower 

compaction pressure) disintegrated more rapidly. Once disintegrated, solution 

thermodynamics were the predominant factor determining dissolution profile. Tablets 

with HPMCAS-L reached greater extent of dissolution. The dissolution differences 

between polymer grade were more evident at 30% drug load, with tablets containing the 

HPMCAS-M more adversely impacted by higher percent drug load. 

 

Figure 3.1: Proposed fast-, medium-, and slow-release formulation of itraconazole. 

 

BACKGROUND 

Compounds with poor water solubility, such as itraconazole (ITZ), present 

significant challenges to formulators. We previously compared the solid state 

characteristics and dissolution profiles of amorphous films and spray dried dispersions 

(SDDs), consisting of ITZ and one of three grades of hypromellose acetate succinate 
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(HPMCAS): L, M, and H. In general, SDDs outperformed films, both in terms of 

amorphous content and dissolution. However, film casting was successful in predicting 

the feasibility of producing ITZ-HPMCAS SDDs and in identifying the optimal polymer 

grade (HPMCAS-L).  The objective of this study was to identify fast, medium, and slow 

immediate-release tablet formulations of amorphous SDDs of ITZ for subsequent in 

vitro-in vivo correlation (IVIVC) study. We hypothesize that a fast, medium, and slow 

release tablet formulation of SDDs can be fabricated by varying HPMCAS polymer grade 

and compaction pressure. 

METHODS 

Overall approach  

Figure 3.2 illustrates the overall sequence of formulation development studies, 

which were initiated on a Natoli press to fabricate tablets via dry granulation, and then 

transferred to a Styl’One compaction simulator.  
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Figure 3.2: Formulation development approach to tablets of SDDs that consisted of ITZ 

and HPMCAS. Prior studies involved cast films of ITZ and HPMCAS. 

 

The one-factor-at-a-time (OFAT) study was previously reported in Chapter 2. Subsequent 

experimental designs were a full factorial using the Natoli press (denoted DOE 2), a full 

factorial using the Styl’One compaction simulator (denoted DOE 3), and a mixed design 

using a Styl’One compaction simulator (denoted DOE 4), yielding proposed fast, 

medium, and slow clinical formulations. 

Full factorial using Natoli press  

The prior OFAT study identified formulation space for the development of tablets 

of ITZ and HPMCAS SDDs. A full two-level factorial design was performed to evaluate 

polymer grade, percent sodium starch glycolate (%SSG), and tablet compaction force 

(Table 3.1). Each factor was varied at two levels, yielding 8 (2
3
) formulations. Tablet 

compaction force was over the narrow range of 5.0 to 5.5 kN. 

OFAT study 

Natoli Press 

Full factorial 
design  

Natoli Press 

Full factorial 
design 

StylOne 

Mixed Design 

Proposed 
clinical 

formulations 
(fast, 

medium, 
slow) 
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Table 3.1: Full factorial design using Natoli press.  

Polymer grade of 

HPMCAS 

Percent sodium starch 

glycolate (%) 

Tablet compaction 

pressure (MPa) 

L 3 40 

L 3 44 

L 4 40 

L 4 44 

M 3 40 

M 3 44 

M 4 40 

M 4 44 

 

HPMCAS was obtained from Ashland (Wilmington, DE). SDDs containing 20% ITZ and 

80% HPMCAS (L or M grade) were produced using method previously described in 

Chapter 2. Briefly, solutions containing 10% solids (HPMCAS and ITZ) in 2:1 (w/w) 

dichloromethane and methanol were prepared. Spray drying was performed using a Buchi 

B-290 spray dryer (Buchi; New Castle, DE) in closed-loop mode. Solutions were pumped 

into the spray nozzle at a rate of 17 g/min. The inlet and outlet temperatures were 100 and 

56°C, respectively. SDDs were then collected and stored at 40°C for 12 hours. 

All tablets were prepared with 20% ITZ/HPMCAS SDDs, blended with 30% silicified 

microcrystalline cellulose (SMCC), SSG, and 0.5% magnesium stearate, and slugged 

with 1 kN force and ground by hand. Ground slugs were then passed through a #100 (150 

µm) mesh sieve prior to tableting. Powder sufficient to contain 100 mg of ITZ (i.e., a fill 

weight of 763 mg) was compacted into tablets using a Natoli NP-RD10A tablet press 

(Natoli Engineering Company; Saint Charles, MO). 

Tablet percent porosity (ε) was calculated as: 

 휀 = {1 − 
𝑤

𝑣 × 𝜌𝑡
}  × 100      (3.1) 
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where w is the compact weight, v is its volume, and  ρt is the true density.  

Tablet true density was determined using AccuPyc 1330 helium pycnometer 

(Micromeritics Instrument Corp; Norcross, GA). Tablet volume considered tablet 

dimensions, using a caliper. 

Dissolution testing was performed with USP paddles at 100 RPM in 900 mL SIF 

(pH 6.8) without enzyme. Samples were collected at 10, 20, 30, 45, 60, and 90 minutes, 

filtered through a 0.45 μm syringe filter and analyzed using UPLC-FLR. 

Full factorial using a Styl’One compaction simulator  

The objective of this study was to assess HPMCAS grade, disintegrant type (89) 

and compaction pressure (via compaction thickness) influences on tablet tensile strength, 

tablet porosity, and dissolution. Each factor was varied at two levels, yielding 8 (2
3
) 

formulations (Table 3.2).  

Table 3.2: Full factorial design using Styl’One compaction simulator. Factors were 

polymer grade, disintegrant type, and maximum tablet compaction thickness.  

Formulation 
Polymer grade of 

HPMCAS 
Disintegrant type 

Maximum tablet 

compaction 

thickness (mm) 

20L SSG 1.4 mm L SSG 1.4 

20L SSG 1.8 mm L SSG 1.8 

20L cPVP 1.4 mm L cPVP 1.4 

20L cPVP 1.8 mm L cPVP 1.8 

20M SSG 1.4 mm M SSG 1.4 

20M SSG 1.8 mm M SSG 1.8 

20M cPVP 1.4 mm M cPVP 1.4 

20M cPVP 1.8 mm M cPVP 1.8 
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Unlike prior studies using a Natoli press which targeted a final tablet compaction 

force, tablet compaction using a Styl’One compaction simulator (model STYL'One 

Evolution; Medel'Pharm, Beynost, France) targeted final tablet thickness. 

SDDs containing 20% ITZ and 80% HPMCAS (L or M grade) were produced as 

described above. SDDs were mixed with SMCC, disintegrant, and magnesium stearate in 

the following quantities: 65.5% SDDs, 30% SMCC, 4% disintegrant, and 0.5% 

magnesium stearate. The disintegrant was either sodium starch glycolate (SSG) or 

crospovidone (cPVP). The powders were shaken through a #100 mesh sieve, then 

blended together by shaking for 2 min in a glass jar. The powder blend was then dry 

granulated by producing large slugs using a Styl’One compaction simulator with flat 

round 11.28 mm diameter tooling. A simulation of the Gerteis MiniPactor roller 

compaction at 3 RPM was used to compact the powder blend into slugs with 25 MPa of 

pressure. The slugs were then milled by trituration until able to pass through a #100 mesh 

sieve. The granules were then compacted using the Styl’One compaction simulator with 

oblong 0.4 x 0.75” tooling to produce capsule-shaped tablets (Figure 3.3). The die was 

filled by hand with weight necessary to contain 100 mg of ITZ (i.e., total fill weight of 

763 mg). A simulation of the Kilian E-150-21 rotary press operating at 25 RPM was used 

to produce the tablets. 
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Figure 3.3: Photograph of tablet produced using the StylOne compaction simulator and 

capsule-shaped tooling. 

 

Breaking force (i.e. tablet hardness) was measured using a Dr. Schleuniger 

Pharmatron MultiTest 50 tablet hardness tester (Pharmatron, Solothurn, Switzerland). 

Table tensile strength was calculated from breaking force by normalizing by tablet cross-

sectional area. Tablet cross-sectional area was calculated from tablet dimensions, using 

calipers. Tablet compaction force and tablet compaction pressure were measured from the 

Styl’One compaction simulator. Dissolution was performed as above. Tablet porosity was 

measured as above. 

Mixed design using a Styl’One compaction simulator  

The aim of this study was to assess the effects of HPMCAS grade, percent drug 

load in SDDs, slugging pressure, and tablet compaction pressure on tablet properties and 

tablet dissolution. Process and material parameters were studied utilizing a mixed-level 

fractional factorial design of experiments (Figure 3.4 and Table 3.3).  
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Figure 3.4: Illustration of mixed design using a Styl’One compaction simulator. Points 

indicate eight studied combinations of percent drug load (i.e. 20 and 30%), slugging 

pressure (40 and 20 MPa), and polymer composition (i.e. L, M, or blend). “1” denotes 

level that is expected to favor dissolution. “-1” denotes level that is expected to disfavor 

dissolution. Percent drug load is “1” for 20% and “-1” for 30%. Slugging pressure is 

“1” for 40MPa and “-1” for 20MPa. Polymer composition is “1” for HPMCAS-L, “-1” 

for HPMCAS-M, and ”0” for equal blend of L and M grades. Not drawn is the fourth 

variable, tablet compaction pressure. All formulations were compacted with 70, 85, and 

100 MPa. 

SDD drug load was 20% (+) and 30% (-); polymer composition was HPMCAS-L (+), 

HPMCAS-M (-); and 1:1 ratio of HPMCAS-L and HPMCAS-M (0), and slugging 

pressure was 20 MPa (-) and 40 (+) MPa. All granule formulations were then compacted 

into tablets with 70 MPa (+), 85 MPa (0), or 100 MPa (-) of compaction pressures, for a 

total of 24 experiments. +, -, and 0 denote factor levels that were expected to promote, to 

hinder, or to have intermediate impact on tablet dissolution. 
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Table 3.3: Mixed design using a Styl’One compaction simulator. Twenty-four tablet 

formulations were manufactured, involving the four factors SDD drug load, polymer 

composition, slugging pressure, and tableting pressure. “+” denote factors that promote 

faster dissolution. “-“ denote factors that slow dissolution.  

Formulation 
SDD drug 

load 

Polymer 

composition 

Slugging 

pressure 

Tableting 

pressure 

1 - - - - 

2 + 0 - - 

3 - 0 + - 

4 + + + - 

5 - + - - 

6 + - + - 

7 - - - 0 

8 + 0 - 0 

9 - 0 + 0 

10 + + + 0 

11 - + - 0 

12 + - + 0 

13 - - - + 

14 + 0 - + 

15 - 0 + + 

16 + + + + 

17 - + - + 

18 + - + + 

19 + - - - 

20 - + + - 

21 + - - 0 

22 - + + 0 

23 + - - + 

24 - + + + 

Note: 

+ drug load = 20%; -drug load = 30% 

+ slugging pressure = 40 MPa; - slugging pressure = 20 MPa 

+ polymer composition = 100% L grade; - polymer composition = 100% M grade; 0 = 

50% of each L and M grades 

+ tablet pressure = 70 MPa; - tablet pressure = 100 MPa; 0 tablet pressure = 85 MPa 

 

 

SDDs containing 20% or 30% ITZ in HPMCAS (L or M grade) were produced as 

previously described. As described above, SDDs were blended with silicified 

microcrystalline cellulose (SMCC), magnesium stearate, and SSG, totaling 65.5% SDDs, 
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30% SMCC, 4% SSG, and 0.5% magnesium stearate. Powder was subjected to dry 

granulation using a STYL’One compaction simulator to produce tablets. However, 

slugging was performed by targeting 20 or 40 MPa, and “Default Cycle 1” was applied 

with either 70 MPa, 85 MPa, or 100 MPa of compaction pressure. As with previous 

experiments, tablets contained 100 mg of ITZ.  

Breaking force and tensile strength were determined as above. Tablet compaction 

force and tablet compaction pressure was measured from the Styl’One compaction 

simulator. Dissolution was performed as above, with sampling also including 120 min. 

Tablet porosity was measured as above. The Washburn method was used to assess drop 

penetration. Using a micropipette, 50 uL of dissolution media was placed onto tablets. 

Time for the droplet on the tablet surface to complete absorb into the tablet was 

measured. 

Proposed fast, medium, and slow formulations  

Proposed fast, medium, and slow formulations were manufactured on two 

additional occasions, as described above. Dissolution was performed, as described above. 
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RESULTS 

Full factorial using Natoli press  

Figure 3.5 plots dissolution profiles of tablets containing HPMCAS-L and 

HPMCAS-M. All tablets consisted of SDDs with 20% ITZ drug load, and final table 

composition was 52.4% polymer. Dry granulation tablets containing HPMCAS-L and 

HPMCAS-M differed markedly in their sensitivities to other composition and process 

factors. Tablets containing HPMCAS-M showed similar dissolution profiles, with 

maximum percent dissolution of 80%. Meanwhile, tablets containing HPMCAS-L 

showed a range of dissolution profiles, reflecting interactions between various 

composition and process factors.  For tablets containing HPMCAS-L, dissolution was 

promoted by greater SSG level and lower tablet compaction force. Dissolution from 

tablets containing HPMCAS-L were sensitive to even tablet compaction force over the 

narrow range of 5.0 to 5.5 kN. Tablets containing HPMCAS-L were faster or slow in 

dissolution than tablets containing HPMCAS-M, which were robust in dissolution to 

studied factors. The more rapidly dissolving tablets containing HPMCAS-L were able to 

achieve over 80% dissolution, while tablets containing HPMCAS-M were limited to 

approximately 80% dissolved. 
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A. HPMCAS-L

 

B. HPMCAS-M 

 

Figure 3.5 Dissolution profiles of tablets containing SDDs of 20% ITZ in HPMCAS-L 

(A) and HPMCAS-M (B). Data is shown as mean ± SD (n=6). 

 

Figure 3.6A plots extent of dissolution from tablets containing HPMCAS-L as a 

function of tablet porosity.  Extent of dissolution was measured by area-under-the 

dissolution-curve (AUC) from 0-60 min.  
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A. HPMCAS-L 

 
 

B. HPMCAS-M 

 

 

Figure 3.6: Effect of tablet porosity on the extent of dissolution for tablets produced with 

SDDs of 20%ITZ and 80% HPMCAS-L (A) or HPMCAS-M (B). Extent of dissolution was 

assessed as area-under-the dissolution-curve (AUC) from 0-60 min. 
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Greater tablet porosity resulted in greater extent of dissolution for tablets 

containing HPMCAS-L. Figure 3.6B plots extent of dissolution from tablets containing 

HPMCAS-M as a function of tablet porosity. In contrast to tablets containing HPMCAS-

L, tablet porosity did not impact extent of dissolution from tablets containing HPMCAS-

M. 

Overall, results indicate tablets containing HPMCAS-L were more sensitive to 

several composition and process factors, while tablets containing HPMCAS-M were not. 

The high dissolution sensitivity of tablets containing HPMCAS-L to tablet compaction 

motivated a change from a Natoli press to a Styl’One compaction simulator. 

Full factorial using a Styl’One compaction simulator  

Figure 3.7A and 3.7B plot dissolution profiles of tablets containing SSG and 

cPVP as disintegrants, respectively. All tablets consisted of 20% ITZ drug load. In all 

cases, tablets containing SSG dissolved faster tablets containing cPVP. In Figure 3.7A, 

faster dissolution was achieved using HPMCAS-L over HPMCAS-M, as previously 

observed. In particular, extent of dissolution at 90 min was greater for HPMCAS-L over 

HPMCAS-M, as previously observed when SSG was disintegrant. 

In Figures 3.7A and 3.7B, across all formulations, lower compaction pressure 

(via controlling compaction thickness) yielded more rapid dissolution, except for 20L 

cPVP. No precipitation was overtly evident from any formulation. 
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A. SSG 

 
 

 

 

B. cPVP 

 

 

Figure 3.7: Dissolution profiles of tablets containing SDDs of 20% ITZ in HPMCAS-L 

(red) and HPMCAS-M (black) with SSG (A) or cPVP used as disintegrant. Tablets were 

compacted to 1.4 (circle) or 1.8 (square) mm. Data is shown as mean ± SD (n=3). 
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Table 3.4 lists tablet compact properties. In all cases, tablet hardness exceeded 5 

kp and even 10 kp, indicating acceptable minimum breaking force for tablets for clinical 

study. Compaction thickness, but not polymer type or disintegrant type, impacted 

compaction pressure, tablet tensile strength, and tablet porosity. Lack of effect of 

HPMCAS grade suggests that its impact on drug dissolution relates primarily to its 

impact on disintegration and its “spring-and-parachute” function in the SDD. 

 

 

Table 3.4: Tablet properties from full factorial design with the StylOne. Data is mean ± 

SEM. 

Formulation 
Compaction 

Force (kN)* 

Compaction 

Pressure 

(MPa)* 

Breaking 

Force 

(kp)** 

Tensile 

Strength 

(MPa)** 

Porosity 

(%)* 

20L SSG 1.4 

mm 
16.41 ± 0.10 96.08 ± 0.59 

21.37 ± 

0.27 
2.22 ± 0.03 

20.33 ± 

0.10 

20L SSG 1.8 

mm 
11.51 ± 0.04 67.37 ± 0.30 

14.37 ± 

0.44 
1.35 ± 0.04 

25.75 ± 

0.06 

20L cPVP 1.4 

mm 
17.02 ± 0.06 99.65 ± 0.37 

26.90 ± 

0.38 
2.78 ± 0.04 

19.97 ± 

0.08 

20L cPVP 1.8 

mm 
11.84 ± 0.03 69.33 ± 0.18 

18.93 ± 

0.84 
1.78 ± 0.08 

25.55 ± 

0.11 

20M SSG 1.4 

mm 
16.40 ± 0.10 95.95 ± 0.58 

22.37 ± 

0.26 
2.32 ± 0.03 

20.62 ± 

0.07 

20M SSG 1.8 

mm 
11.71 ± 0.05 68.55 ± 0.32 

15.23 ± 

0.35 
1.42 ± 0.03 

26.20 ± 

0.08 

20M cPVP 

1.4 mm 
16.93 ± 0.07 99.15 ± 0.41 

27.03 ± 

0.33 
2.80 ± 0.04 

19.93 ± 

0.09 

20M cPVP 

1.8 mm 
11.96 ± 0.03 70.03 ± 0.16 

18.77 ± 

0.20 
1.76 ± 0.02 

25.52 ± 

0.08 

*n=6; **n=3 
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Overall, tablet dissolution was influenced by factors related to tableting (i.e. compaction 

pressure and disintegrant type) and factors relating to the amorphous solid dispersion (i. 

e. HPMCAS grade), adding to SDD complexity, but also presenting additional 

mechanisms with which to modulate drug release. SSG was selected as the disintegrant 

for a final design of experiment. 

Mixed design using a Styl’One compaction simulator  

A range of immediate-release dissolution profiles were obtained. Figure 3.8 plots 

all 24 formulations, for each of eight studied combinations of percent drug load in SDD 

(i.e. 20 and 30%), polymer composition (i.e. L, M, or blend) and slugging pressure (20 

and 40 MPa)  

 

Figure 3.8: Dissolution profiles of all 24 formulations. A range of immediate-release 

dissolution profiles were obtained. 
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Figure 3.9 shows the dissolution profiles of the formulations tested compacted to 70 

(red), 85 (black), and 100 (blue) MPa. 

 

Figure 3.9: Dissolution profiles of tablets containing SDDs with 20% ITZ in HPMCAS-L 

dry granulated with 40 MPa slugging pressure (A); 20% ITZ in 1:1 HPMCAS-L/ 

HPMCAS-M dry granulated with 20 MPa slugging pressure (B); 20% ITZ in HPMCAS-

M dry granulated with 20 MPa slugging pressure (C); 20% ITZ in HPMCAS-M dry 

granulated with 40 MPa slugging pressure (D); 30% ITZ in HPMCAS-L dry granulated 

with 20 MPa of slugging pressure (E); 30% ITZ in HPMCAS-L dry granulated with 40 

MPa of slugging pressure (F); 30% ITZ in 1:1 HPMCAS-L/ HPMCAS-M and dry 

granulated with 40 MPa of slugging pressure (G); 30% ITZ in HPMCAS-M dry 

granulated with 20 MPa of slugging pressure (H). Tablet compaction pressure was 70 

(red), 85 (black), and 100 (blue) MPa. Data is shown as mean ± SD, n=3. 

 

A. 20% ITZ; HPMCAS-L; 40 MPa slugging pressure 

 

Continued on page 79 
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B. 20% ITZ; 1:1 HPMCAS-L/ HPMCAS-M; 20 MPa slugging pressure 

 

 

 

C. 20% ITZ; HPMCAS-M; 20 MPa slugging pressure 

 

Continued on page 80 
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D. 20% ITZ; HPMCAS-M; 40 MPa slugging pressure 

 

 

E. 30% ITZ; HPMCAS-L; 20 MPa slugging pressure 

 

 

 

 

Continued on page 81 
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F. 30% ITZ; HPMCAS-L; 40 MPa slugging pressure 

 

 

 

G. 30% ITZ; 1:1 HPMCAS-L/ HPMCAS-M; 40 MPa slugging pressure 

 

 

 

 

Continued on page 82 
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H. 30% ITZ; HPMCAS-M; 20 MPa slugging pressure 

 

 

Table 3.5 summarizes tablet compaction pressure, tablet breaking force (i.e., hardness), 

tablet porosity, drop penetration, and extent of dissolution (as measured by dissolution 

AUC from 0-120min) for each of the 24 formulations. In general, increased tablet 

compaction pressure resulted in higher tensile strength and longer drop penetration time, 

reflecting lower tablet porosity. Also, in general, increased slugging pressure resulted in 

lower breaking force and shorter drop penetration time (90). 

Table 3.5: Tablet properties from mixed design study. Data is mean ± SEM (n=12 for 

porosity; n=3 for all other tests). Table continued on top of page 83. 

Formulation 

(slugging 

pressure) 

Tablet 

compaction 

pressure 

(MPa) 

Breaking 

Force (kp) 

Porosity 

(%) 

Drop 

Penetration 

(sec) 

Dissolution 

AUC 

0 →120 

(%diss x 

min) 

20% ITZ/ 

HPMCAS-L 

(40 MPa) 

70 14.60 ± 

0.17 

24.41 ± 

0.12 

3.86 ± 0.21 10694 ± 22 

85 19.87 ± 

0.30 

21.00 ± 

0.05 

4.40 ± 0.03 10288 ± 106 

100 23.20 ± 

0.56 

17.93 ± 

0.16 

5.19 ± 0.43 7428 ± 214 
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20% ITZ/ 1:1 

HPMCAS-

L/M 

(20 MPa) 

70 17.27 ± 

0.19 

27.12 ± 

0.10 

3.15 ± 0.20 9897 ± 161 

85 21.40 ± 

0.15 

24.13 ± 

0.06 

3.47 ± 0.04 10307 ± 193 

100 24.40 ± 

0.26 

22.21 ± 

0.10 

4.12 ± 0.13 7584 ± 117 

20% ITZ/ 

HPMCAS-M 

(20 MPa) 

70 18.10 ± 

0.15 

26.46 ± 

0.13 

3.80 ± 0.20 10315 ± 33 

85 23.47 ± 

0.28 

21.96 ± 

0.08 

4.16 ± 0.08 9913 ± 52 

100 27.07 ± 

0.83 

18.57 ± 

0.09 

5.04 ± 0.22 8184 ± 101 

20% ITZ/ 

HPMCAS-M 

(40 MPa) 

70 13.33 ± 

0.07 

22.68 ± 

0.08 

3.33 ± 0.29 9537 ± 191 

85 17.17 ± 

0.55 

19.57 ± 

0.07 

3.74 ± 0.29 9533 ± 32 

100 20.67 ± 

0.54 

16.73 ± 

0.07 

4.41 ± 0.12 10032 ± 127 

30% ITZ/ 

HPMCAS-L 

(20 MPa) 

70 9.23 ± 

0.34 

25.31 ± 

0.08 

3.64 ± 0.05 10922 ± 166 

85 11.23 ± 

0.32 

22.41 ± 

0.11 

3.86 ± 0.04 10821 ± 85 

100 13.50 ± 

1.05 

19.37 ± 

0.09 

4.38 ± 0.24 11006 ± 163 

30% ITZ/ 

HPMCAS-L 

(40 MPa) 

70 7.63 ± 

0.19 

25.39 ± 

0.07 

3.56 ± 0.11 10247 ±99 

85 9.50 ± 

0.21 

22.11 ± 

0.10 

3.73 ± 0.11 10150 ± 171 

100 11.13 0.46 19.43 ± 

0.08 

4.15 ± 0.13 9988 ± 222 

30% ITZ/ 1:1 

HPMCAS-

L/M 

(40 MPa) 

70 8.43 ± 

0.50 

24.88 ± 

0.13 

3.10 ± 0.26 9205 ± 50 

85 10.16 ± 

0.32 

22.26 ± 

0.06 

3.67 ± 0.01 9436 ± 93 

100 11.83 ± 

0.27 

19.53 ± 

0.09 

4.42 ± 0.03 9162 ± 157 

30% ITZ/ 

HPMCAS-M 

(20 MPa) 

70 11.37 ± 

0.24 

25.22 ± 

0.06 

3.23 ± 0.06 8569 ± 59 

85 12.90 ± 

0.31 

22.03 ± 

0.10 

3.83 ± 0.14 8556 ± 16 

100 12.93 ± 

0.39 

19.36 ± 

0.07 

4.27 ± 0.08 8422 ± 44 
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Figure 3.10 plots the tablet tensile strength for each of the 24 formulations as a function 

of tablet compaction pressure, for each of the eight studied combinations that differed in 

polymer composition and slugging pressure.  

 

Figure 3.10: Tablet tensile strength. Results are reported as mean ±SEM (n=3) 

 

In general, increased tablet compaction pressure resulted in higher tablet tensile strength. 

Also, in comparing tablets composed of 20M SDDs, as well as 30L SDDs, where both 20 

and 40 MPa slugging pressures were evaluated, higher slugging pressure resulted in 

lower tablet tensile strength. Also, in comparing tablets composed of L grade polymer 

slugged at 40MPa, as well as M grade polymer slugged at 20MPa, where both 20% and 

30% SDD drug loads were evaluated, higher drug loads resulted in lower tablet tensile 

strength.  Hence, lower tensile strength resulted from higher SDD drug load, higher 

slugging pressure, and lower compaction pressure. Tensile strength did not have a strong 

dependence on polymer composition. 
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Figure 3.11 plots percent ITZ dissolved at 30, 60, 90, and 120 min as a function 

of tablet compaction pressure, for the 8 studied combinations of percent drug load, 

polymer composition, and slugging pressure. In the 30 and 60 min percent ITZ dissolved 

plots, dissolution of several formulations was inhibited by disintegration due to high 

compaction pressure. However, disintegration slowing of dissolution was largely negated 

by 90 min. 

Figure 3.11: Percent ITZ dissolved at 30 (A), 60 (B), 90 (C), and 120 min (D). 

Disintegration slowed dissolution profile at 30min, but was largely negated at 90min. 

Results are reported as mean ±SEM (n=3). 

A. 30 minutes 

 

 

Continued on page 86 
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B. 60 minutes 

 

C. 90 minutes  

 

 

Continued on page 87 
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D. 120 minutes 

 

  

Two factors contributed to dissolution profile performance: (1) disintegration, and (2) 

solution thermodynamic factors. In general, thinner tablets (resulting from higher drug 

load), tablets containing HPMCAS-M, and tablets with lower tensile strength (resulting 

from higher slugging pressure, higher drug load, and lower compaction pressure; Figure 

3.10) disintegrated more rapidly. Once fully disintegrated, solution thermodynamics were 

the predominant factor determining dissolution profile (Figure 3.9). Tablets with 

HPMCAS-L reached the greatest extent of dissolution. The dissolution differences 

between polymer grade were more evident at 30% drug load, with tablets containing the 

HPMCAS-M more adversely impacted by higher percent drug load. 

Proposed fast-, medium-, and slow-release formulations are Formulation 16, 12, 

and 19 (Table 3.3), respectively. All three possess SDD drug load of 20% (rather than 

30% drug load), as to avoid tablets that may be thin and thus susceptible to chipping 

during clinical study. Dissolution profiles are plotted in Figure 3.12. Values for f2 for 

 B

 D
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fast vs medium, fast vs slow, and medium vs slow were 42.8, 24.4, and 32.4, 

respectively. 

 

Figure 3.12: Dissolution profiles showing proposed fast, medium, and slow formulations. 

All formulations contained SDDs with 20% itraconazole drug load. Fast used HPMCAS-

L, and medium and slow used HPMCAS-M. Fast and medium were slugged with 40 MPa 

compaction pressure, and slow was slugged with 20 MPa compaction pressure. Fast, 

medium, and slow were tableted with 70, 85, and 100 MPa compaction pressure 

respectively. Data is mean±SD (n=3). 

The proposed fast formulation possessed the most favorable levels for dissolution 

for each the four factors (i.e. SDD drug load of 20%, polymer grade of L, slugging 

pressure of 40 MPa, and tableting pressure of 70 MPa; ++++). Except for SDD drug load, 

slow possessed the least favorable levels for dissolution (i.e. polymer grade of M, 

slugging pressure of 20 MPa, and tableting pressure of 120 MPa; +---). Medium 

possessed a mixed profile of composition and process attributes (i.e. SDD drug load of 

20%, polymer grade of M, slugging pressure of 40 MPa, and tableting pressure of 85 

MPa; +-+0). 

The fast-release formulation was produced using HPMCAS-L, and medium and 

slow used HPMCAS-M. Fast and medium were slugged with 40 MPa slugging pressure, 
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and slow was slugged with 20 MPa slugging pressure. Fast, medium, and slow were 

tableted with 70, 85, and 100 MPa compaction pressure, respectively. 

Overall, percent drug load, HPMCAS grade, slugging pressure, and tablet 

compaction pressure interacted in their effects on tablet mechanical strength and 

dissolution. At high percent drug load, where tablets disintegrated rapidly, the only factor 

to modulate dissolution was polymer grade, with grade M limiting dissolution. At low 

percent drug load, where tablets were thicker and disintegrated more slowly, tablet 

compaction pressure and slugging pressure each modulated disintegration and subsequent 

dissolution profile; higher tablet compaction pressure and lower slugging pressure 

produced greater tablet mechanical strength with slower disintegration and slower 

dissolution. However, after tablets with low percent drug load disintegrated, the only 

factor to modulate dissolution was polymer grade, with grade M limiting dissolution. 

Overall, formulation and process factors impacted dissolution profile, via disintegration 

and solution thermodynamic effects. It should be noted that although factors other than 

disintegration and solution thermodynamics may have impacted dissolution (e.g., particle 

size differences), it is useful to distinguish between factors favoring disintegration (e.g., 

higher drug load, HPMCAS-M) and factors favoring supersaturation via thermodynamic 

and kinetic mechanisms (e.g., lower drug load, HPMCAS-L). Dissolution profiles shown 

in Appendix B, Figures 1-8 show the effects of slugging pressure, polymer grade, and 

percent drug load on dissolution performance. Proposed fast, medium, and slow 

formulations differ in formulation composition, process, and dissolution profile. 
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Proposed fast, medium, and slow formulations  

Proposed fast, medium, and slow formulations were manufactured on two 

additional occasions (i.e. occasions 2 and 3). Dissolution was performed, as described 

above. Dissolution profiles from the three occasions (denoted occasion 1, 2, and 3) are 

plotted in Figure 3.13 for fast, medium, and slow, respectively. For fast, f2 values for 

occasion 1 vs occasion 2, occasion 1 vs occasion 3, and occasion 2 vs occasion 3 were 

64.9, 65.8, and 71.9, respectively. For medium, f2 values for occasion 1 vs occasion 2, 

occasion 1 vs occasion 3, and occasion 2 vs occasion 3 were 87.4, 76.2, and 73.3, 

respectively. For slow, f2 values for occasion 1 vs occasion 2, occasion 1 vs occasion 3, 

and occasion 2 vs occasion 3 were 53.1, 42.1, and 52.8, respectively. 

Figure 3.13: Dissolution profiles of proposed fast (A), medium (B), and slow (C) 

formulations, manufactured on three occasion. Data is mean±SD. n=3 for Occasion 1, 

n=6 for Occasions 2 and 3. 

A. Fast 

 

Continued on page 91 
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B. Medium  

 

C. Slow 

 

 

Figure 3.14 plots the mean dissolution profiles of fast, medium, and slow, across the 

three occasions. Values for f2 for fast vs medium, fast vs slow, and medium vs slow were 

45.7, 31.0, and 41.1, respectively. 
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Figure 3.14: Mean dissolution profiles of proposed fast, medium, and slow formulations, 

each manufactured on three occasion. Data is mean±SD (n=15). 

 

CONCLUSIONS 

A series of experiments led to the identification of fast, medium, and slow immediate-

release tablet formulations for in vitro-in vivo correlation (IVIVC) study. 
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CHAPTER 4. THE EFFECTS OF SPRAY DRYING, HPMCAS 

GRADE, AND COMPRESSION SPEED ON THE 

COMPACTION PROPERTIES OF ITRACONAZOLE-

HPMCAS SPRAY DRIED DISPERSIONS 

 

INTRODUCTION 

Despite the potential of spray dried dispersions (SDDs) to enhance drug 

bioavailability, formulating amorphous SDDs into solid oral dosage forms remains a 

challenge. SDDs tend to have small particle size, low bulk density, and poor flowability 

(29). These properties can be particularly problematic for tableting SDDs, often requiring 

SDDs to undergo additional time and resource-intensive processing, such as dry 

granulation, prior to compaction. Additionally, subjecting SDDs to high pressure can lead 

to stress-induced crystallization of the drug molecule (91), negating the bioavailability 

enhancement provided by the amorphous state. 

The relationship between the bulk properties of a powder (e.g., particle size 

distribution [PSD], bulk density and flowability) and its compactibility (i.e., mechanical 

strength as a function of densification) are complex. In general, as a powder bed 

undergoes consolidation, the void volume of the tablet is reduced, bringing particles into 

closer proximity to one another and facilitating the formation of bonds between particles, 

primarily through Van Der Waals interactions (92). The mechanical properties of the 

compact will therefore depend on both the strength of interactions at particular points of 

contact as well as the number of contact points available for these interactions to occur 

(93). For this reason, small particle tend to increase the mechanical strength of compacts 



94 

 

(94–96). However, the attractive forces that contribute to tablet formation can also result 

in greater frictional forces between particles, resulting in poor flowability and low bulk 

density (92).  Poor flowability can result in challenging powder handling and die filling, 

and inefficient or uneven powder consolidation, resulting in friable or defective tablets. 

Additionally, greater resistance to slippage and rearrangement can lower a material’s 

compressibility (97).  The poor flowability of SDDs has been attributed to several factors, 

including its small particle size (29) and electrostatic charge imparted by the spray drying 

process (98). 

Given the enabling potential of SDDs as well as the popularity of the tablet as a 

preferred dosage form, it is of interest to understand how spray drying impacts the 

compaction behavior of SDDs. Here we used itraconazole (ITZ) as a model poorly-

soluble drug and hypromellose acetate succinate (HPMCAS) as a polymer carrier to 

elucidate how spray drying effects the compression and compaction properties of the 

materials. ITZ is a weakly basic BCS Class 2 drug that is virtually insoluble in water, 

making it a model compound for developing and evaluating enabling technologies such 

as SDDs. HPMCAS is a cellulosic polymer that has been extensively used as a carrier for 

SDDs (18,39,51). Previous research has examined the solid state and dissolution behavior 

of SDDs consisting of ITZ and HPMCAS (44,50). 

Several studies have examined the impact of spray drying on the compaction 

properties of individual HPMCAS grades. Three chemical grades of HPMCAS are L, M, 

and H. HPMCAS-L has the highest succinoyl substitution and lowest acetyl substitution. 

Hou et al. found that spray dried HPMCAS-M and drug GDC-0810 resulted in lower 

mechanical strength compared with other coprocessing methods, despite the SDDs 
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having smaller particle sizes (99). Iyer et al. found that spray dried HPMCAS-L produced 

tablets with higher tensile strength compared to unprocessed HPMCAS-L (100). In 

contrast, Roberts et al. observed that tablets produced with spray dried HPMCAS-H had 

lower tensile strength than those produced with unprocessed HPMCAS-H (101). It is 

clear that much remains to be learned about how spray drying affects the compactibility 

of HPMCAS, including the impact of drug. 

Our objective was to perform a comprehensive compaction characterization of 

both physical mixtures and SDDs consisting of ITZ and HPMCAS at five compaction 

levels, three compression speeds, and three grades of HPMCAS (i.e. L, M, and H) to 

elucidate process and material influences on compressibility and compactibility. The 

three grades vary in their degrees of acetyl and succinoyl substitution as well as 

molecular weights (Appendix C, Table 1). We hypothesize that spray drying ITZ and 

HPMCAS results in altered comprehensibility, compactibility, and tabletability relative to 

physical mixtures of unprocessed ITZ and HPMCAS. 

METHODS 

Materials  

Three grades of Aquasolve HPMCAS were obtained from Ashland (Ashland 

Global Specialty Chemicals Inc.; Covington, KY): HPMCAS-L, HPMCAS-M, and 

HPMCAS-H. Itraconazole USP was obtained from Letco (Letco Medical, L.L.C.; 

Wayne, PA). Spray drying solvents were obtained from Sigma-Aldrich (Sigma-Aldrich 
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Corporation; St. Louis, MO) and Thermo Fisher (Thermo Fisher Scientific; Waltham, 

MA). 

Experimental design  

A full factorial design of experiments (DOE) was employed, for a total of 90 

compaction experiments (Table 4.1). Compaction speed was varied at three levels (1, 20, 

40 mm sec). In-die compaction thickness was varied at five levels (2.6, 3.0, 3.4, 3.8, 4.2 

mm). HPMCAS grade was varied at three levels (L, M, H). Also, processing method was 

varied at two levels (physical mixture of unprocessed ITZ and HPMCAS, SDD of ITZ 

and HPMCAS). All 90 experiments were performed on materials containing 20% ITZ 

and 80% HPMCAS and n=5 replicate compacts per experiment. Additionally, ITZ, 

HPMCAS-L, HPMCAS-M, HPMCAS-H were each individually compacted in their 

spray dried and unprocessed forms at 20 mm/s to a target thickness of 3.4 mm (i.e. 8 

compact experiments with n=5 replicate compacts per experiment). 

 

Table 4.1: Full factorial DOE for 90 compaction experiments (n=5) of ITZ/HPMCAS 

SDDs and physical mixtures.  

Factor Levels 
Number of 

levels 

Compaction 

speed (mm/s) 

1, 20, and 40 (for both the upper and lower 

punches) 
3 

Target 

compaction in-

die thickness 

(mm) 

2.6, 3.0, 3.4, 3.8, and 4.2 5 

HPMCAS grade HPMCAS-L, HPMCAS-M, and HPMCAS-H 3 

Processing 

method 

Spray dried (i.e. spray dried dispersion) and 

physical mixture (i.e. unprocessed powder 

mixture) 

2 

 



97 

 

Powder preparation  

Spray drying was performed using a Buchi B-290 spray dryer (BUCHI 

Corporation; New Castle, DE) in closed-loop mode. Spray drying solutions were 

prepared with 10% solid content (w/w) in a 2:1 (w/w) solution of dichloromethane and 

methanol. Solutions were then pumped into the atomizer at a rate of 16 g/min. The inlet 

and outlet temperatures were 100 and 56°C, respectively. The SDDs were collected and 

dried for an additional 12 hr at 40 °C and stored in a desiccating cabinet (RH < 5%). 

Physical mixtures (PMs) were produced by adding unprocessed (i.e., as received) ITZ 

and HPMCAS to a 16 oz glass jar in a 1:4 ratio (i.e., 20% drug load) and blending the 

mixture for five minutes in a TURBULA shaker mixer (Glen Mills Inc.; Clifton, NJ). 

Materials that are not spray dried are referred here as physical mixtures or unprocessed. 

Powder characterization  

Particle size distributions of SDDs were measured in triplicate using a Malvern 

Mastersizer 2000 laser diffraction particle size analyzer with a Scirocco 2000 dry 

dispersion unit (Malvern Panalytical; Malvern, UK). Dispersive air pressure was set to 1 

bar. Measurement and background times were both set to 12 seconds. Calculations 

employed the general purpose model. Powder bulk density was measured by pouring 

powder through a 100 mm powder to funnel into a 100 mL graduated cylinder to a 75-

100 mL fill volume. The mass was determined by weighing the graduated cylinder before 

and after filling. The tapped density was determined by placing the graduated cylinder in 

a Stampfvolumeter JEL STAV 2003  jolting volumeter (J. Engelsmann AG; 

Ludwigshafen, Germany) and tapped 600 times, after which no further reduction in 
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volume was observed. The Carr index (C) of the powders, which is related to their 

flowability, was determined as follows: 

 

 𝐶 = 100
𝑉𝐵− 𝑉𝑇

𝑉𝐵
    (4.1)        

where VB is the volume occupied by a given mass of powder prior to tapping, and VT is 

the volume occupied by the same mass of powder after being tapped 600 times. The true 

densities of all materials were measured (n=5) using a Micromeritics Accupyc II 1340 

helium pycnometer (Micromeritics Instrument Corp.; Norcross, GA).  

 

For scanning electron microscopy (SEM), 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. 

Compaction  

Tablets (n=5) weighting 400 mg were produced by direct compression using a  

Styl'One Evolution compaction simulator (Medelpharm; Lyon, France) with 11.28 mm 

flat faced round tooling (99.93 mm
2
). Weighing and die filling were performed by hand. 

The lower punch fill depth was 23.5 mm, with a fill volume of 2.35 mL. Due to the low 

bulk density of SDDs, an 8 mm hex key was used to gently tamp the powder into the die, 

when required. Care was taken to apply the minimal necessary force evenly across the 

surface of the powder bed. A symmetrical saw tooth waveform was used for both the 
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upper and lower punches to maintain near-constant punch speeds of 1, 20, and 40 mm/s 

throughout each compression cycle (Figure 4.1).  

 

Figure 4.1: Distances between upper and lower punches at punch speeds of 1 mm/s (A), 

20 mm/s (B), and 40 mm/s (C). Both upper and lower punches moved symmetrically in a 

saw tooth pattern. Data is corrected for punch deformation. 

 

A. 1 mm/s 

 

B.20 mm/s 
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C. 40 mm/s 

 

 
 

Corrections were made for elastic deformation of the punches (0.00565 mm/kN). 

Compaction data was acquired and analyzed using the AnalisMX software package 

(v2.07.9; Medelpharm; Lyon, France). Lubrication was not utilized in this study. 

Preliminary experiments showed magnesium stearate did not impact tendency to 

laminate. 

Tablet properties  

Tablet breaking force, diameter, and thickness was measured using a MultiTest 50 

(Pharmatron, Solothurn, Switzerland). Tensile strength (σt) was calculated as follows: 

 

    𝜎𝑡 = 
2𝑃

𝜋𝑑𝑡
   (4.2)                   

where P is the breaking force (N) of each tablet, d is the tablet diameter, and t is the out-

of-die tablet thickness. Tablets with visible defects after ejection were excluded from all 

out-of-die measurements. Visible defects were typically laminar splitting or cracking 
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along the tablet wall, such that all visible defects here are denoted lamination. Powder 

compressibility profiles were analyzed using the in-die porosities, allowing for the 

analysis of laminated tablets. 

Tablet percent porosity (ε) was calculated as: 

 휀 = {1 − 
𝑤

𝑣 × 𝜌𝑡
}  × 100      (4.3) 

where w is the compact weight, v is it’s volume, and  ρt is its true density.  

Heckel analysis  

The linear portion of the compression pressure (P) versus relative density (D) 

curve was described by the Heckel equation: 

 ln (
1

1−𝐷
) = 𝐾𝑃 + 𝐴   (4.4) 

where K is the slope and A is the y-intercept. The inverse of K is the yield pressure (Py) 

which is the pressure at which a material begins to undergo plastic deformation. Heckel 

analyses were performed by the AnalisMX software package (v2.07.9).  

The effect of compression speed on the yield pressures of materials was analyzed by 

determine their strain rate sensitivity (SRS%). SRS% was calculated with the following 

equation: 

 𝑆𝑅𝑆% =
𝑃𝑦2−𝑃𝑦1

𝑃𝑦2
× 100   (4.5) 

where Py2 and Py1 are the yield pressures at 40 mm/sec and 1 mm/sec punch speeds, 

respectively.  
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Elastic recovery index  

The in-die elastic recovery index (ERI%) was calculated as 

 𝐸𝑅𝐼% =
(𝑇𝑟−𝑇𝑚)

𝑇𝑚
× 100  (4.6) 

where Tr is the in-die recovery thickness and Tm is the minimum thickness. In-die 

recovery thickness was used to allow for the inclusion of tablets that were laminated after 

ejection.  

Thermal analysis    

SDDs and physical mixtures of ITZ and HPMCAS were analyzed by differential 

scanning calorimetry (DSC). Materials were loaded into Tzero pans with non-hermetic 

lids and analyzed using a Discovery DSC 2500 (TA Instruments; New Castle, DE). The 

analysis were performed by initially heating to 155 °C at 10°C/min and isothermal 

holding for five min to remove water from the sample. Samples were then cooled to 40 

°C at 10°C/min, equilibrated at 40°C and then reheated to 200 °C at 10°C/min. Tg and 

melting peaks were measured using the second heating cycle. Additionally, compacts of 

SDDs (i.e. SDD tablets) were produced at the highest compression forces (i.e. those 

compacted to a target thickness of 2.6 mm), which were analyzed by DSC to assess for 

stress-induced crystallization, whether laminated or not.  

Models for lamination, tensile strength, yield pressure, and elastic recovery index  

As results show, lamination, tensile strength, in-die yield pressure, and in-die 

elastic recovery index depended on experiment design variables. Binary logistical 
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regression using SPSS (SPSS; IBM, Armonk, NY) was performed to model lamination 

(i.e. probability of lamination occurring). For this analysis, lamination was considered a 

binary event (i.e. laminated or not) (102). Model factors, as well as their interactions, that 

were considered were: compaction speed, processing method (i.e., spray dried dispersion 

or physical mixture), HPMCAS grade (i.e., HPMCAS-L, HPMCAS-M, HPMCAS-H), 

and in-die porosity. Regression employed forward stepwise selection. The likelihood 

ratio χ2 test (a/k/a Omnibus Chi square test) was applied to assess the null hypothesis that 

all slopes were zero.  If rejected, the Wald statistic was then applied to assess if each 

parameter slope was zero. The -2-log-likelihood value, and Omnibus Chi-squared and 

Wald statistic p-values were used to identify the best model.  Forward selection required 

Wald statistic p-value ≤ 0.05. 

Multiple linear regression using SPSS was performed to model compact tensile 

strength. Only those cases where the compact was intact (i.e. not laminated) were used. 

Model factors, as well as their interactions, that were considered were: compaction speed, 

processing method (i.e., spray dried dispersion or physical mixture), HPMCAS grade 

(i.e., HPMCAS-L, HPMCAS-M, HPMCAS-H), and in-die porosity. Regression 

employed forward stepwise selection. Parameter addition (i.e. forward selection) was 

conducted using the lowest p-value of the analysis-of-variance (ANOVA) F-statistic, for 

the overall model. Forward selection also required t-statistic p-value ≤ 0.05 of all model 

parameters. 

Multiple linear regression using SPSS was performed to model in-die yield 

pressure and in-die elastic recovery index, in a manner similar to compact tensile strength 
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modeling (e.g. forward regression). For modeling of yield pressure, only data with a 

target thickness of 3.0 mm (i.e. about 5.4% in-die porosity) was used. 

 

RESULTS AND DISCUSSION 

Powder properties  

Spray drying produced powders with particle sizes that were significantly smaller 

than the physical mixtures (Table 4.2). The tendency of spray drying to produce small 

particle sizes has been widely observed. Of the SDDs produced here, those containing 

HPMCAS-L were largest and SDDs with HPMCAS-H grade were smallest. The same 

particle size rank-order (i.e. L>M>H) was observed for the SDDs from neat polymer (i.e. 

without 20% drug). From scanning electron microscopy (SEM), SDDs exhibited particle 

morphologies resembling spheres and collapsed spheres (i.e. “shriveled raisin”) which are 

characteristic of amorphous SDDs (Figure 4.2).  
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A.       B. 

 

             
Figure 4.2: SEM micrographs of crystalline ITZ (A), SDD consisting of ITZ and 

HPMCAS-M (B). 

 

Additionally, in Table 4.2, spray drying resulted in powders with significantly 

lower bulk densities (0.183-0.201 g/mL) compared to the physical mixtures (0.319-0.422 

g/mL. In their physical mixtures with ITZ, polymer showed a rank-order HPMCAS-

L>HPMCAS-M>HPMCAS-H in terms of bulk density. Interestingly, the rank order was 

inverted after spray drying. 

The Carr index of the SDDs containing ITZ and HPMCAS-L, HPMCAS-M, and 

HPMCAS-H were 30.52, 32.51, and 29.20%, respectively, indicating poor flowability. 

Except for mixtures containing HPMCAS-H, spray drying ITZ and HPMCAS resulted in 

a significant reduction in flowability versus physical mixtures (i.e. 30.52% versus 

23.58% for ITZ/HPMCAS-L, and 32.51% versus 25.07% for ITZ/HPMCAS-M). 

True densities were similar for all of the materials tested (Table 4.2). However, a 

slight decrease in true density (about 1-2%) was observed as a result of spray drying. This 
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decrease might be explained by crystalline materials tending to have higher true densities 

than amorphous materials due to more efficient arrangement of molecules (103,104). 

Table 4.2: Particle size distribution and true densities of SDDs and physical mixtures 

prior to compaction. SDDs had smaller particle size, lower bulk density and poor flow. 

Data is mean (SEM); n=3 for PSD, bulk density, and tapped density; n=5 for true 

density. 

Composition 

Particle size distribution True 

density 

(g/mL) 

Bulk 

density 

(g/mL) 

Tapped 

density 

(g/mL) 

Carr 

index 

(%) 
d10 

(µm) 

d50 

(µm) 

d90 

(µm) 

ITZ/HPMCAS-

L SDD 

3.122 

(0.083) 

14.30 

(0.92) 

42.55 

(3.86) 

1.286 

(0.000) 

0.183 

(0.003) 

0.263 

(0.000) 

30.52 

(0.93) 

ITZ/HPMCAS-

L PM 

7.957 

(0.381) 

193.3 

(7.8) 

778.7 

(128.3) 

1.297 

(0.000) 

0.422 

(0.005) 

0.553 

(0.002) 

23.58 

(1.15) 

ITZ/HPMCAS-

M SDD 

2.725 

(0.027) 

10.89 

(0.20) 

30.91 

(0.75) 

1.271 

(0.000) 

0.194 

(0.004) 

0.288 

(0.004) 

32.51 

(2.24) 

ITZ/HPMCAS-

M PM 

12.56 

(1.86) 

238.1 

(22.9) 

1023 

(159) 

1.279 

(0.000) 

0.347 

(0.005) 

0.462 

(0.001) 

25.07 

(1.14) 

ITZ/HPMCAS-

H SDD 

2.744 

(0.045) 

9.836 

(0.327) 

25.39 

(0.72) 

1.247 

(0.000) 

0.201 

(0.006) 

0.283 

(0.005) 

29.20 

(0.83) 

ITZ/HPMCAS-

H PM 

9.254 

(0.787) 

173.7 

(35.8) 

801.7 

(244.4) 

1.274 

(0.000) 

0.319 

(0.004) 

0.453 

(0.001) 

29.63 

(1.12) 

HPMCAS-L 

spray dried 

2.513 

(0.033) 

10.80 

(0.35) 

33.36 

(2.45) 

1.269 

(0.001) 
- - - 

HPMCAS-L 

unprocessed 

68.99 

(9.96) 

204.0 

(8.4) 

691.0 

(34.3) 

1.272 

(0.000) 
- - - 

HPMCAS-M 

spray dried 

2.338 

(0.010) 

9.773 

(0.042) 

29.52 

(0.24) 

1.257 

(0.000) 
- - - 

HPMCAS-M 

unprocessed 

42.03 

(1.57) 

234.5 

(15.22) 

842.5 

(159.3) 

1.264 

(0.000) 
- - - 

HPMCAS-H 

spray dried 

2.242 

(0.011) 

8.226 

(0.130) 

26.46 

(1.60) 

1.244 

(0.000) 
- - - 

HPMCAS-H 

unprocessed 

21.35 

(0.74) 

245.8 

(16.1) 

1123 

(89) 

1.254 

(0.000) 
- - - 

ITZ spray dried 
1.043 

(0.003) 

3.165 

(0.013) 

6.957 

(0.035) 

1.324 

(0.000) 
- - - 

ITZ 

unprocessed 

2.204 

(0.003) 

8.014 

(0.049) 

28.07 

(0.42) 

1.338 

(0.001) 
- - - 
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Thermal analysis 

DSC analysis of physical mixtures of drug and polymer revealed an endothermic 

melting peak at 170 °C, indicative of crystalline ITZ. However, DSC profiles of the 

SDDs showed a single glass transition of around 100 °C with no melting peak, indicative 

of a monophasic amorphous solid (Figure 4.3).  

 

A. 

 
 

 

 

 

B. 

 

 

Figure 4.3: DSC profiles of SDDs and physical mixtures of ITZ and HPMCAS prior to 

compaction (A) and tablets from SDDs (B). Target in-die compaction thickness was 2.6 

mm (i.e., the highest level of compression utilized in this study). 
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Compressibility  

Compressibility profiles were similar for all materials tested (Figure 4.4).  

Examination of thermograms for SDD tablets compacted to a target in-die thickness of 

2.6 mm (i.e. most dense SDD tablets) revealed no evidence of amorphous drug-

amorphous polymer phase separation or stress-induced drug crystallization (Figure 

4.3B). 

Figure 4.4: Compressibility profiles of SDDs and physical mixtures compressed at 1 

mm/s (A), 20 mm/s (B), and 40 mm/s (C). Data indicates mean ± SEM (n=5). 

A. 1 mm/s 

 

B. 20 mm/s 

 

Continued on page 109 
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C. 40 mm/s 

 

 

Of note, given the similar true densities for all materials, targeting five minimum 

compression thicknesses (2.6, 3.0, 3.4, 3.8, 4.2 mm) allowed for the targeting of five in-

die porosities (roughly -1, 5, 13, 21, 28%), as shown in Figure 4.5. Physical mixtures and 

SDDs reached an in-die of porosity below zero under about 200 MPa of pressure. The 

ability to observe apparent negative in-die porosities under high compression pressure 

has been widely reported in the literature and is generally attributable to an elastic 

increase in true density under high pressure (105–109). 
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Figure 4.5: In-die porosity as a function of target compression thickness for SDDs and 

physical mixtures compressed at 1 mm/s (A), 20 mm/s (B), and 40 mm/s (C). Data 

indicates mean ± SEM (n=5). 

 

A. 1 mm/s 

 
 

 

B. 20 mm/s 
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C. 40 mm/s 

 
 

In-die yield pressures were estimated from Heckel plots (Figure 4.6) of tablets 

compressed to a target thickness of 3.0 mm, which yielded in-die porosities of about 

5.4%.  

Figure 4.6: Representative Heckel plots of SDDs (A) and physical mixtures (B). Target 

in-die compaction thickness was 3.0 mm. Spray drying, polymer grade, and compaction 

speed had little impact on Heckel plots. Decompression phase not shown for clarity. 

 

A. SDDs 
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B. Physical mixtures 

 
 

Yield pressures were low for all physical mixtures and SDDs (about 45-60 MPa), 

indicative of soft and ductile materials (Table 4.3). Yield pressures were higher at higher 

compaction speed as indicated by positively valued SRS% demonstrating that 

deformation was time dependent. Of note, values of SRS% were lower than those 

typically observed for other ductile materials (110,111). Importantly, there are several 

limitations to the application of the Heckel model for the estimation of SRS% of 

compacted materials. Because in-die Heckel analysis does not distinguish between elastic 

and plastic deformation (110,112), the calculated SRS% may obscure the impact of 

compression speed on elastic recovery which influence compact properties (e.g., out-of-

die porosity, tensile strength, lamination). The SRS% of the in-die ERI% was therefore 

also calculated (results and discussion below). Additionally, because of an inability to 

produce intact SDD tablets at high compression speeds, a narrower range of compression 

speeds (1 mm/s vs. 40 mm/s) was used to calculate SRS% than is typically utilized 

(111,113). 



113 

 

Table 4.3: Yield pressures (Py) of powders at 1, 20, and 40 mm/s compaction speed for 

SDDs and physical mixtures. Data is mean (SEM), n=5.   

Composition 

 
Py (MPa) 

1 mm/s 

Py (MPa) 

20 mm/s 

Py (MPa) 

40 mm/s 
SRS% 

ITZ/HPMCAS-L 

SDD 
49.62 (0.15) 55.55 (0.10) 53.84 (0.37) 7.83 

ITZ/HPMCAS-L 

PM 
50.36 (0.55) 55.80 (0.79) 59.75 (0.24) 15.72 

ITZ/HPMCAS-M 

SDD 
50.63 (0.18) 53.31 (0.11) 52.39 (0.30) 3.36 

ITZ/HPMCAS-M 

PM 
48.19 (0.49) 50.24 (0.02) 49.38 (0.15) 2.41 

ITZ/HPMCAS-H 

SDD 
43.97 (0.10) 46.83 (0.23) 47.36 (0.14) 7.17 

ITZ/HPMCAS-H 

PM 
46.95 (0.23) 51.16 (0.06) 51.80 (0.18) 9.36 

 

Regression modelling yielded the following equation for the impact of study variables on 

in-die yield pressure (Py) of all compacts with a target thickness of 3.0 mm (i.e. about 

5.4% in-die porosity): 

 

Py = -1.178X1 + 3.542X2 – 2.600X3 + 0.107X3 + 0.107X4 + 49.020 (4.7) 

 

where X1 is the processing method (1=spray dried, 0=neat); X2 is the presence of 

HPMCAS-L (1=yes, 0=no); X3 is the presence of HPMCAS-H (1=yes, 0=no); X4 is the 

compaction speed of 1, 20, or 40 mm/sec. All terms are statistically significant (p<0.05) 

as shown in Appendix C, Table 2. The regression coefficient (R
2
) was 0.676. Appendix 

C, Figure 1 shows the observed and predicted yield pressure. Polymer grade was the 

largest contributor to yield pressure, with HPMCAS-L increasing and HPMCAS-H 
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decreasing yield pressure. Also, spray drying lowered yield pressure, while higher 

compaction speed increased yield pressure. 

Lamination  

Lamination was observed in many of the SDD tablets. About two thirds of all 

SDD tablets were laminated (Table 4.4), while lamination was not observed in any of the 

physical mixtures. SDDs were especially prone to lamination at higher compaction 

speeds (i.e. 20 and 40 mm/s). This propensity reflects time-dependent viscoelastic and 

plastic deformation (114,115).  Also, a greater tendency to laminate was observed at 

higher in-die porosities. Additionally, the poor flowability of SDDs may result in unequal 

distribution of powder within the die, which can also contribute to lamination (116,117).  

Table 4.4: Number of SDD tablets (n) - out of five - that were intact and included in 

tabletability and compactibility analysis. Fewer tablets were intact at higher compression 

speeds and at higher target in-die compression thickness. Meanwhile, for physical 

mixtures, no lamination was observed (i.e., all five tablets were intact for all conditions 

studied).   

Target in-die 

compression 

thickness (mm) 

2.6 3.0 3.4 3.8 4.2 

Mean in-die 

porosity (%) 
-1.5 5.4 13.2 21.1 27.8 

Mean 

compression 

pressure (MPa) 

188.0 109.1 69.6 47.4 34.2 

Speed/HPMCAS 

grade 
L M H L M H L M H L M H L M H 

n (1 mm/ s) 5 5 5 5 5 5 5 5 5 5 3 3 0 0 0 

n (20 mm/ s) 0 3 2 1 2 3 1 2 4 0 0 0 0 0 0 

n (40 mm/ s) 0 0 1 0 1 0 0 0 0 0 0 0 0 1 0 
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Logistical regression modelling, where the logit was the odds of a tablet lamination, 

yielded the following equation for the impact of study variables on lamination: 

 

ln
𝑝 

1−𝑝 
= 0.164𝑋1 𝑋2 + 0.113𝑋1𝑋2𝑋3 + 0.183𝑋2𝑋4 − 4.493                      (4.8) 

 

where 𝑙𝑛
𝑝 

1−𝑝 
 is the logit (and p̂ is the estimated/predicted probability of the tablet being 

laminated);  X1 is compaction speed (mm/s), X2 is processing method (spray dried=1, 

physical mixture=0); X3 is HPMCAS-L (yes=1, no=0); and X4 is in-die porosity (%). The 

use of spray drying as a processing method contributed significantly to a tendency to 

laminate, in combination with processing speed, the presence of HPMCAS-L, and in-die 

porosity. All terms were statistically significant (p < 0.05), as shown in Appendix C, 

Table 3. Additionally, Appendix C, Figure 2 shows the observed and predicted 

probability of tablet lamination for each experiment. Interestingly, when spray dried in 

the absence of ITZ, HPMCAS-L had a greater tendency to laminate than either 

HPMCAS-M or HPMCAS-H (Figure 4.7). Hence, HPMCAS-L laminated more 

frequently than other HPMCAS grades, in the presence and absence of ITZ.  
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Figure 4.7. Tensile strength of HPMCAS-L, HPMCAS-M, HPMCAS-H, and ITZ, 

compressed individually, and as ITZ/HPMCAS SDDs or physical mixtures. All were 

compressed to a target in-die thickness of 3.4 mm at a speed of 20 mm/s. Data is mean ± 

SEM, n=5 unless indicated otherwise on the graph, due to lamination of one or more of 

the five tablets. 

 

 

Tensile strength  

Although spray drying caused greater lamination, unlaminated SDD tablets 

possessed higher tensile strengths than physical mixtures at low compression speed (1 

mm/s), as indicated by their compactibility profiles (Figure 4.8). This greater tensile 

strength was likely due to the smaller particle size of SDDs (Table 2).  
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A. 1 mm/s 

 

B. 20 mm/s 

 

 

C. 40 mm/s 

 
 

Figure 4.8: Compactibility profiles of SDDs and physical mixtures compressed at 1 mm/s 

(A), 20 mm/s (B), and 40 mm/s (C).  
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Regression modelling yielded the following equation for the impact of study variables on 

tensile strength (σt) of unlaminated tablets: 

 

σt = 0.453X1 – 0.998X2 + 0.412X3 + 0.504X2X3 -0.134X4 + 3.867   (4.9) 

where X1 is the processing method (1=spray dried, 0=neat); X2 is the presence of 

HPMCAS-L (1=yes, 0=no); X3 is the use of low compaction speed of 1 mm/sec (1=yes, 

0=no); and X4 is the in-die porosity. All terms were statistically significant (p<0.05) as 

shown in Appendix C, Table 4. R
2
 was 0.827. Observed and predicted tensile strength as 

a function of in-die porosity (i.e., compactibility) are shown in Appendix C, Figure 3. 

Lower porosity and low compression speed (1 mm/s), especially with HPMCAS-L, 

caused an increase in tensile strength. In contrast, the use of HPMCAS-L (except at 1 

mm/s) resulted in poorer tensile strength. This pattern is consistent with the tensile 

strengths of compacts from unprocessed HPMCAS (Figure 4.7), which yielded a rank 

order of HPMCAS-H > HPMCAS-M > HPMCAS-L. Inclusion of ITZ provided reduced 

tensile strength, compared to spray dried HPMCAS-M and HPMCAS-H.  

Additionally, results indicate that even without significantly increasing the risk for 

lamination, inclusion of ITZ in the SDDs resulted in lower mechanical strength, 

compared to HPMCAS spray dried alone. 
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Elastic recovery index  

At all experimental levels, SDDs showed greater in-die elastic recovery than 

physical mixtures (Figure 4.9). Additionally, in-die ERI% tended to increase at higher 

compaction pressures and speeds. The tendency of elastic recovery to increase at higher 

compression speeds has been previously reported (114), and is generally due to the time-

dependent nature of plastic deformation. Therefore, the SRS% based on in-die Heckel 

analysis reflected both elastic and plastic deformation, neglecting to reflect the time-

dependent volume recovery that occurred upon decompression. Unfortunately, due to the 

tendency of tablets to laminate at higher compression speed, the performance of out-of-

die Heckel analysis was not feasible for this study.     

Figure 4.9: In-die elastic recovery index of compacts compressed at speeds of 1 mm/s 

(A), 20 mm/s (B), and 40 mm/s (C). 

 

A. 1 mm/s 

 

 

Continued on page 120 
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B. 20 mm/s 

 

 

C. 40 mm/s 
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Regression modeling of ERI% (y) yielded the following equation:  

y= 2.295X1 + 0.467X2 + 0.044X3 – 0.118X4 + 6.473                       (4.10)  

where X1 is the processing method (1=spray dried, 0=neat); X2 is the presence of 

HPMCAS-L (1=yes, 0=no); X3 is the compaction speed of 1, 20, or 40 mm/sec, and X4 is 

the percent of in-die-porosity of the tablet. All terms are statistically significant (p<0.05) 

as shown in Appendix C, Table 5. R
2
 was 0.829. Observed and predicted ERI% as a 

function of in-die porosity (i.e., compactibility) are shown in Appendix C, Figure 4. In-

die porosity was the largest determinant of ERI%. Higher in-die-porosity resulted in 

lower in-die ERI%. In contrast, spray dried processing method, presence of HPMCAS-L-

grade polymer, and higher compaction speed each resulted in higher in-die ERI. 

Excessive elastic recovery is one primary cause of lamination (116). Increased elastic 

recovery may therefore explain an increased tendency of SDDs to laminate compared to 

physical mixtures. Interestingly, spray drying HPMCAS without ITZ had little impact on 

its elastic recovery (Figure 4.10). One possible explanation for this finding is that 

HPMCAS is amorphous in both its unprocessed and spray dried forms. In contrast, 

physical mixtures of 20% ITZ and 80% HPMCAS are about 20% crystalline by weight. 
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Figure 4.10: In-die elastic recovery index of HPMCAS-L, HPMCAS-M, HPMCAS-H, 

and ITZ, compressed individually, and as ITZ/HPMCAS SDDs or physical mixtures. All 

were compressed to a target in-die thickness of 3.4 mm at a speed of 20 mm/s for both the 

upper and lower punches. ITZ showed low ERI% and lowered ERI% of physical 

mixtures, but not SDDs. Data is mean ± SEM, n=5. 

 

 

Factors that favored lamination were higher compaction speed, the interaction of 

higher compaction speed and HPMCAS-L (compared to the other two grades), and in-die 

porosity, along with spray drying which was necessary to compacts to laminate. Factors 

that favored tensile strength of intact tablets were spray drying, use of low compaction 

speed of 1 mm/sec, and in-die solid fraction; also, the presence of HPMCAS-L reduced 

tensile strength, but that effect was attenuated low compaction speed of 1 mm/sec. Hence, 

spray drying was the only factor that favored both lamination and tensile strength. 

Meanwhile, higher compaction speed and higher in-die porosity favored lamination but 

reduced tensile strength. 
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CONCLUSIONS  

Although ITZ and HPMCAS are model drug and polymer for SDD investigations, 

there remains a dearth of published research on overcoming the anticipated challenges of 

formulating ITZ-HPMCAS SDDs into tablets. Our objective here was to perform a 

comprehensive compaction characterization of physical mixtures and SDDs consisting of 

ITZ and HPMCAS at five compaction levels, three compression speeds, and three grades 

of HPMCAS (i.e. L, M, and H), to elucidate process and material influences on 

compressibility and compactibility. 

The compressibility of binary mixtures of ITZ and HPMCAS were not 

significantly altered by spray drying. However, spray drying significantly limited the 

tablet-forming ability of ITZ and HPMCAS due to its tendency to laminate, likely related 

to their higher degree of elastic recovery. However, when able to yield intact tablets, 

SDDs also produced tablets with greater tensile strength, especially at lower compression 

speeds. 
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CHAPTER 5. CONCLUSIONS AND FUTURE STUDIES 

A significant number of compounds entering the drug development pipeline have 

poor water solubility, presenting a significant challenge to formulation scientists. 

HPMCAS-based SDDs are a potential method for improving the oral bioavailability of 

such compounds. A growing body of research, reviewed in Chapter 1, demonstrates the 

favorable performance of HPMCAS in stabilizing spray dried dispersions in the solid 

state, maintaining drug supersaturation, and improving oral bioavailability of drugs with 

poor water solubility. HPMCAS’s solid-state performance is attributable to its high Tg 

(even in the presence of moisture) and its varied ratios of polar and non-polar functional 

groups, which allows for hydrophilic and hydrophobic interactions with a wide range of 

drugs possessing diverse physiochemical properties. Additionally, the succinoyl groups 

are mostly ionized at pH>5, making HPMCAS amphiphilic in intestinal fluid. This 

allows it to form stable colloidal nanostructures with hydrophobic drugs in intestinal 

fluid. These nanostructures can prevent precipitation of supersaturated drug and enhance 

the drug’s oral bioavailability by serving as a reservoir of free drug, which can partition 

into bile acid micelles or epithelial membranes upon release from the drug-polymer 

complexes.         

Chapter 1 reviewed some considerations and theoretical approaches to assist in 

the early screening of polymers as drug carriers and discussed ways in which the solid-

state stability and dissolution performance of SDDs depends on both polymer selection 

and drug load. However, a great deal remains to be learned about the polymer- and drug 

load-dependence of SDD performance, which limit the utility of predictive models. This 
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motivated the development of an empirical approach to identifying the optimal polymer 

and drug load for producing SDDs. 

In Chapter 2, I demonstrated that cast films, a simple solvent-evaporation 

technique, could be a viable time and resource-sparing experimental approach to identify 

an optimal grade of HPMCAS for producing SDDs with ITZ. However, we observed 

that, due to the substantially slower drying kinetics of cast films compared to SDDs, cast 

films underestimated the solid-state stability and dissolution performance of SDDs. As 

discussed in Chapter 1, solvent evaporation is necessary to immobilize drug molecules in 

the polymer matrix to prevent phase separation and crystallization. Signs of phase 

separation and crystallization were observed in cast films at 30% drug loading, especially 

with films containing HPMCAS-H. In contrast, no phase separation or crystallization was 

observed in any of the SDD samples. Similarly, dissolution experiments with the SDDs 

yielded more rapid drug release and a greater degree of supersaturation compared to cast 

films with identical drug loads and polymer grades. Interestingly, there was no 

measurable drug dissolution from the cast films or SDDs containing HPMCAS-H, even 

when there was no crystallization or phase separation detected in the solid state. As 

reviewed in Chapter 1, HPMCAS-H has a decreased ability to form colloidal 

nanostructures in solution, which are necessary to enhance ITZ dissolution, due to their 

lower number of succinoyl functional groups. Therefore, while films were useful in (1) 

demonstrating the viability of producing amorphous ITZ-HPMCAS SDDs, and (2) rank 

ordering the grades of HPMCAS in terms of performance (HPMCAS-L > HPMCAS-M > 

HPMCAS-H), it underestimated the optimal drug load for ITZ-HPMCAS SDDs and may 

have limited utility in predicting the optimal drug load.     
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Although SDDs are a promising technique for improving the oral bioavailability 

of poorly soluble drugs, they possess unfavorable material attributes such as small 

particle sizes, low bulk density and poor flowability, that make formulating SDDs into a 

solid oral dosage form a challenge. In Chapter 2, dissolution experiments were initially 

performed with capsules of ITZ-HPMCAS SDDs, which resulted in non-dispersing plugs 

of SDDs upon dissolution of the gelatin capsule. The agglomerations remained buoyant 

on the surface of the dissolution media and did not disperse for the duration of the 

experiment, even with the addition of excipients. A tableting approach to formulating the 

SDDs was therefore deemed necessary to perform in-vitro dissolution experiments. An 

OFAT study identified a viable strategy to producing immediate-release tablets of ITZ-

HPMCAS SDDs.  

In Chapter 3, we sought to elucidate the formulation challenges posed by SDDs 

further by developing a fast-, medium-, and slow-release oral formulation of ITZ-

HPMCAS SDDs for use in a pharmacokinetic clinical study and IVIVC. A full factorial 

design utilizing a Natoli NP-RD10A hand press showed that small differences in 

compaction pressure and tablet porosity result in significantly different release profiles of 

tablets containing ITZ-HPMCAS-L SDDs. Interestingly, the same sensitivity was not 

observed in SDDs containing HPMCAS-M. Due to the importance of compaction 

pressure to dissolution performance, production of tablets with a reproducible release 

profile was considered unfeasible with the hand press. Subsequent experiments utilizing a 

Styl’One compaction simulator identified a fast-, medium-, and slow-release formulation 

by varying slugging pressure (20 MPa for fast-release, 40 MPa for medium- and slow-

release), HPMCAS grade (HPMCAS-L for fast-release, HPMCAS-M for medium- and 
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slow-release), and compaction pressure (70 MPa for fast-release, 85 MPa for medium-

release, and 100 MPa for slow-release). The fast-, medium-, and slow-release 

formulations will be manufactured under cGMP conditions and administered to healthy 

study participants in a four-way crossover study. In-vitro dissolution and flux 

experiments will be assessed for their ability to predict the pharmacokinetic performance 

of the three formulations with the goal of achieving an FDA Level A IVIVC.  

In Chapter 4, the sensitivity of ITZ-HPMCAS SDDs to compaction was further 

studied by comparing the compressibility, compactibility, and tabletability of ITZ-

HPMCAS SDDs with physical mixtures of ITZ and HPMCAS. The impacts of 

compaction speed and HPMCAS grade were also assessed. The SDDs had a much greater 

tendency to laminate compared to physical mixtures of ITZ and HPMCAS. None of the 

physical mixtures laminated. Interestingly, at slower compression speeds, the SDDs had a 

greater tensile strength than the physical mixtures.  

In conclusion, SDDs are a promising formulation strategy that can enable the 

development of drugs with very poor water solubility into viable solid oral dosage forms 

with acceptable bioavailability. However, the physical instability of amorphous drugs as 

well as the unfavorable material properties of SDDs present unique challenges to the 

chemistry, manufacturing, and controls of SDDs. While many of these challenges were 

elucidated in this dissertation, a great deal remains to be learned about the process and 

material attributes that impact SDD performance. Therefore, we developed a fast-, 

medium-, and slow-release formulation of ITZ-HPMCAS SDDs for a clinical IVIVC 

study based on preliminary in-vitro experiments that rank-ordered (i.e., fast, medium, and 

slow) the formulations based on dissolution performances. Subsequent in-vitro 
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experiments may help us identify quality attributes most relevant to the pharmacokinetic 

performance of SDDs.   
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APPENDIX A: SUPPORTING INFORMATION FOR 

CHAPTER 2  

 

Table 1. Particle size data of SDDs and excipients. Data indicates mean ± SEM (n=3). 

percent drug 

load/ polymer 

d10 (µm) d50 (µm) d90 (µm) span 

10/ HPMCAS-L 2.80 ± 0.01 14.20 ± 0.06 41.78 ± 0.05 2.75 ± 0.02 

10/ HPMCAS-

M 

2.60 ± 0.03 13.11 ± 0.15 40.17 ± 0.22 2.87 ± 0.02 

10/ HPMCAS-H 2.28 ± 0.01 9.84 ± 0.11 28.67 ± 0.19 2.68 ± 0.02 

20/ HPMCAS-L 3.34 ± 0.07 17.57 ± 0.44 50.58 ± 0.41 2.69 ± 0.05 

20/ HPMCAS-

M 

2.70 ± 0.02 13.63 ± 0.08 40.83 ± 0.22 2.80 ± 0.03 

20/ HPMCAS-H 2.62 ± 0.03 12.71 ± 0.18 38.92 ± 0.33 2.86 ± 0.02 

30/ HPMCAS-L 3.02 ± 0.04 15.73 ± 0.17 46.54 ± 0.12 2.77 ± 0.04 

30/ HPMCAS-

M 

3.09 ± 0.02 16.34 ± 0.13 46.95 ± 0.76 2.68 ± 0.03 

30/ HPMCAS-H 2.69 ± 0.05 13.06 ± 0.30 39.91 ± 0.37 2.85 ± 0.05 

S-MCC 21.64 ± 0.25 61.45 ± 0.76 148.58 ± 7.34 2.06 ± 0.09 

SSG 22.62 ± 0.09 43.47 ± 0.04 77.18 ± 0.05 1.26 ± 0.00 

 

 

 

 

 

 

 

 

Table 2. Glass transition temperatures of films and SDDs before and after storage at 

40°C/ 75% RH for 28 days. Also listed is predicted glass transition temperature from Fox 

equation. Values are mean ± SEM (n=3). 

percent drug 

load / polymer 

Films at 

day 0 

Films at 

day 28 

SDDs at 

day 0 

SDDs at 

day 28 
Predicted 

10/ HPMCAS-L 109.04±0.97 110.67±0.21 111.24±0.68 110.19±0.26 113.13 
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10/ HPMCAS-M 110.10±0.87 110.86±0.68 112.44±0.30 112.01±0.23 113.75 
10/ HPMCAS-H 109.65±0.70 110.00±0.54 110.97±0.64 110.13±0.83 113.53 
20/ HPMCAS-L 97.38±0.68 100.53±0.56 101.33±0.31 101.53±0.71 103.33 
20/ HPMCAS-M 98.82±0.56 100.23±0.55 101.68±0.36 101.57±0.72 103.78 
20/ HPMCAS-H 97.13±0.32 99.04±0.88 100.32±0.54 100.30±0.53 103.62 
30/ HPMCAS-L 93.90±0.22 94.00±0.82 95.26±0.25 94.28±0.48 95.08 
30/ HPMCAS-M 93.45±2.00 93.61±0.84 94.02±0.16 93.59±0.02 95.42 
30/ HPMCAS-H 95.06±0.97 95.14±0.49 91.61±0.20 90.62±0.14 95.31 
 

 

Table 3. 
1
H T1 and T1ρ values along with the standard errors associated with fit for ITZ 

(as-received and amorphous) and HPMCAS grades measured via 
13

C resonances. 

 

Proton 

Relaxation 

Time 

Itraconazole Polymers 

As received Amorphous H Grade L Grade M Grade 

1H T
1
 (s) 3.34±0.08 1.57±0.02 1.76±0.07 1.93±0.05 1.80±0.04 

1H T
1ρ

 (ms) 2.88±0.07 3.65±0.05 7.63±0.19 5.99±0.10 5.97±0.25 

  

 

Table 4. f2 comparisons of film dissolution profiles before and after storage at 40°C 

/75% RH for 28 days.  

percent drug load/ polymer 

grade 
f2 

10/ HPMCAS-L 40.43 

10/ HPMCAS-M 59.82 

20/ HPMCAS-L 46.21 

20/ HPMCAS-M 86.40 

30/ HPMCAS-L 74.89 

30/ HPMCAS-M 94.65 
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Figure 1. Photograph of film flakes consisting of 10% ITZ/ HPMCAS-M. By visual 

inspection, film flakes were much larger (i.e. >100 µm) than SDDs. 
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Figure 2. DSC thermograms of ITZ samples used for calibration curve at concentrations 

0%, 1%, 2.5%, 5%, 10%, 25%, 35%, 50%, 75% and 100% ITZ blended with HPMCAS-

M. 

 

Figure 3: DSC profiles of tablets containing SDDs of 20% ITZ in HPMCAS-L compacted 

with 40 (red), 80 (blue), and 120 (black) MPa of pressure (A) and tablets containing 
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SDDs of 20% ITZ in HPMCAS-L (red), HPMCAS-M (blue), and HPMCAS-H (black) (B). 

The absence of an endothermic peak at 170 °C is indicative of fully amorphous materials. 

A. Compaction pressure 

 

 

B. HPMCAS grade 

 

 

 

 

 

Figure 4: Diffractograms of ITZ samples used for calibration curve at concentrations 1%, 

3%, 5%, 10%, 20%, 50% and 100% of ITZ in HPMCAS-M (offset along the y-axis to improve 

visibility). Integration of the peaks at 20.5Θ was performed to yield a standard curve used for 
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quantification of crystalline content. Each diffractogram has been progressively offset to 

enhance visibility. 
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Figure 5: Dissolution profiles of films of HPMCAS-L with 10% (A) and 20% (B) drug 

loading after zero (n=6) and 28 days (n=4) storage at 40°C /75% RH. (n=4). Data is 

shown as mean ± SD. 

A. 10% drug loading 

 

B. 20% drug loading  
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Figure 6: Moisture sorption isotherms of ITZ, amorphous ITZ and HPMCAS grades. 
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APPENDIX B: SUPPORTING INFORMATION FOR 

CHAPTER 3 

 

Figure 1: Dissolution profiles of tablets containing SDDs with 20 (red) and 30% (black) 

ITZ in HPMCAS-L with 30% SMCC, 4% SSG, and 0.5% magnesium stearate, and dry 

granulated with 20 MPa of pressure. Tablet compaction pressure was 70 (A), 85 (B) and 

100 MPa (C). Data is shown as mean ± SD, n=3. 

A. 70 MPa 

 

 

 

 

B. 85 MPa 
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C. 100 MPa 

 

 

 

 

Figure 2: Dissolution profiles of tablets containing SDDs with 20 (red) and 30% (black) 

ITZ in HPMCAS-M with 30% SMCC, 4% SSG, and 0.5% magnesium stearate, and dry 

granulated granulated with 20 MPa of pressure.  Tablet compaction pressure was 70 (A), 

85 (B) and 100 MPa (C). Data is shown as mean ± SD, n=3. 

A. 70 MPa 
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B. 85 MPa 

 

C. 100 MPa 
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Figure 3: Dissolution profiles of tablets containing SDDs with 20% ITZ in HPMCAS-L 

(red) and HPMCAS-M (black) with 30% SMCC, 4% SSG, and 0.5% magnesium stearate, 

and dry granulated with 40 MPa of pressure. Tablet compaction pressure was 70 (A), 85 

(B) and 100 MPa (C). Data is shown as mean ± SD, n=3. 

A. 70 MPa 

 

 

B. 85 MPa 
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C. 100 MPa 

 

 

 

Figure 4: Dissolution profiles of tablets containing SDDs with 20% ITZ in HPMCAS-

L/M (red) and HPMCAS-M (black) with 30% SMCC, 4% SSG, and 0.5% magnesium 

stearate, and dry granulated with 20 MPa of pressure. Tablet compaction pressure was 

70 (A), 85 (B) and 100 MPa (C). Data is shown as mean ± SD, n=3. 

 

A. 70 MPa 
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B. 85 MPa 

 

 

C. 100 MPa 
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Figure 5: Dissolution profiles of tablets containing SDDs with 30% ITZ in HPMCAS-L 

(red) and HPMCAS-L/M (black) with 30% SMCC, 4% SSG, and 0.5% magnesium 

stearate, and dry granulated with 40 MPa of pressure. Tablet compaction pressure was 

70 (A), 85 (B) and 100 MPa (C). Data is shown as mean ± SD, n=3. 

A. 70 MPa 

 

 

B. 85 MPa 
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C. 100 MPa 

 

 

 

Figure 6: Dissolution profiles of tablets containing SDDs with 30% ITZ in HPMCAS-L 

(red) and HPMCAS-M (black) with 30% SMCC, 4% SSG, and 0.5% magnesium stearate, 

and dry granulated with 20 MPa of pressure. Tablet compaction pressure was 70 (A), 85 

(B) and 100 MPa (C). Data is shown as mean ± SD, n=3. 

A. 70 MPa 
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B. 85 MPa 

 

 

C. 100 MPa 
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Figure 7: Dissolution profiles of tablets containing SDDs with 20% ITZ in HPMCAS-M 

with 30% SMCC, 4% SSG, and 0.5% magnesium stearate, and dry granulated with 20 

(red) and 40 (black) MPa of pressure. Tablet compaction pressure was 70 (A), 85 (B) 

and 100 MPa (C). Data is shown as mean ± SD, n=3. 

 

A. 70 MPa 

 

 

B. 85 MPa 
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C. 100 MPa 

 

 

 

Figure 8: Dissolution profiles of tablets containing SDDs with 30% ITZ in HPMCAS-L 

with 30% SMCC, 4% SSG, and 0.5% magnesium stearate, and dry granulated with 20 

(red) and 40 (black) MPa of pressure.  Tablet compaction pressure was 70 (A), 85 (B) 

and 100 MPa (C). Data is shown as mean ± SD, n=3. 

A. 70 MPa 
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B. 85 MPa 

 

 

C. 100 MPa 
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APPENDIX C: SUPPORTING INFORMATION FOR 

CHAPTER 4 

 

Table 1: Properties of HPMCAS grades. 

Property HPMCAS-L HPMCAS-M HPMCAS-H 

Molecular Weight 114,700 103,200 75,100 

T
g
 (°C) 119 120 122 

Acetyl content (%) 5-9 7-11 10-14 

Succinoyl content (%) 14-18 10-14 4-8 

Methoxyl content (%) 20-24 21-25 22-26 
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Table 2: Variables in regression model for yield pressure (equation 7). Processing 

method was encoded as 0 for unprocessed/physical mixture and 1 for dry drying. 

HPMCAS-L was encoded for 1 for HPMCAS-L and 0 for either HPMCAS-M or 

HPMCAS-H. HPMCAS-H was encoded for 1 for HPMCAS-H and 0 for either HPMCAS-

L or HPMCAS-M. Compaction speed had levels of 1, 20, and 40 mm/sec. 

Factor 

Parameter 

estimate (SE) 

p-value 

processing method (1=spray dried, 

0=unprocessed/ physical mixture) 

-1.178 

(0.469) [MPa] 

0.014 

HPMCAS-L 

(yes= 1, no=0) 

3.542 (0.576) [MPa] 0.000 

HPMCAS-H 

(yes= 1, no=0) 

-2.600 (0.576) 

[MPa] 

0.000 

compaction speed 

0.107 (0.015) [MPa 

per mm/sec] 

0.000 

constant 

49.020 

(0.560) [MPa] 

0.000 
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Table 3: Variables in logistical regression model for probability of lamination (equation 

8). Probability of lamination in model ranged from 0 to 1 (i.e. no lamination to all tablets 

laminated). Processing method was encoded as 0 for unprocessed/physical mixture and 1 

for dry drying. HPMCAS-L was encoded for 1 for HPMCAS-L and 0 for either 

HPMCAS-M or HPMCAS-H. 

Factor 

Parameter 

estimate (SE) 

df 

Wald p-

value 

odds ratio 

95% CI 

for odds 

ratio 

compaction speed 

x processing 

method 

interaction 

0.164 (0.020) 

[per mm/s] 

1 0.000 1.178 

1.134  – 

1.225 

compaction speed 

x processing 

method x 

HPMCAS-L 

interaction 

0.113 (0.042) 

[per mm/s] 

1 0.007 1.120 

1.032 – 

1.215 

processing 

method x 

in-die porosity 

interaction 

0.183 (0.024) 

[per % in-die 

porosity] 

1 0.000 1.201 

1.147 – 

1.257 

constant -4.493 (0.484) 1 0.000 0.011 – 
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Table 4: Variables in regression model for tensile strength (equation 9). Processing 

method was encoded as 0 for unprocessed/physical mixture and 1 for dry drying. 

HPMCAS-L was encoded for 1 for HPMCAS-L and 0 for either HPMCAS-M or 

HPMCAS-H. Low speed of 1mm/s was encoded as 1 for yes and 0 for no. 

Factor Parameter 

estimate (SE) 

p-value 

processing method (1=spray dried, 

0=unprocessed/ physical mixture) 

0.453 

 (0.088) [MPa] 

0.000 

HPMCAS-L 

(yes= 1, no=0 

-0.998 (0.102) 

[MPa] 

0.000 

slow speed (1 mm/sec) 

(yes=1, no=0) 

0.412 (0.088) [MPa] 0.000 

HPMCAS-L  x low speed interaction 0.504 

(0.151) [MPa] 

0.001 

in-die porosity (%) -0.134 (0.003) [MPa 

per %in-die 

porosity] 

0.000 

constant 3.867 

(0.073) [MPa] 

0.000 

 

 

 

Table 5: Variables in regression model for in-die elastic recovery index (ERI%) 

(equation 10). Processing method was encoded as 0 for unprocessed/physical mixture 

and 1 for dry drying. HPMCAS-L was encoded for 1 for HPMCAS-L and 0 for either 

HPMCAS-M or HPMCAS-H. Compaction speed had levels of 1, 20, and 40 mm/sec. 
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Factor Parameter 

estimate (SE) 

p-value 

processing method (1=spray dried, 

0=unprocessed/ physical mixture) 

2.295 

 (0.079) [%] 

0.000 

HPMCAS-L 

(yes= 1, no=0 

0.467 (0.084) [%] 0.000 

Compaction speed 0.044 (0.002) [% 

per mm/sec] 

0.000 

in-die porosity (%) -0.118 (0.004) [% 

per %in-die 

porosity] 

0.000 

constant 6.473 

(0.093) [%] 

0.000 

 

 

 

 

 

 

 

 

Figure 1: Predicted (solid line for SDDs, dashed line for physical mixtures) and 

observed (closed circles for SDDs, open circles for physical mixtures), in-die yield 

pressures as a function of compression speed for SDDs and physical mixtures containing 

20% ITZ and HPMCAS-L (A), HPMCAS-M (B), and HPMCAS-H (C).Observed points 

are mean ± SEM, n=5. 
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A. HPMCAS-L 

 

B. HPMCAS-M 

 

C. HPMCAS-H 

 

Figure 2: Predicted (solid line for SDDs) and observed (closed circles for SDDs, open 

circles for physical mixtures), probabilities of tablet lamination for SDDs and physical 

mixtures containing 20% ITZ and HPMCAS-L (A), HPMCAS-M (B), and HPMCAS-H 

(C).  

A. HPMCAS-L 
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B. HPMCAS-M 
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C. HPMCAS-H 
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Figure 3: Predicted (solid line for SDDs, dashed line for physical mixtures) and 

observed (closed circles for SDDs, open circles for physical mixtures), tablet tensile 
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strength for SDDs and physical mixtures containing 20% ITZ and HPMCAS-L (A), 

HPMCAS-M (B), and HPMCAS-H (C). Data is mean ± SEM, n=5 unless indicated 

otherwise on graph. 

A. HPMCAS-L 

 

 

B. HPMCAS-M 
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C. HPMCAS-H 
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Figure 4: Predicted (solid line for SDDs, dashed line for physical mixtures) and 

observed (closed circles for SDDs, open circles for physical mixtures), in-die elastic 
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recovery index (ERI%) for SDDs and physical mixtures containing 20% ITZ and 

HPMCAS-L (A), HPMCAS-M (B), and HPMCAS-H (C). Data is mean ± SEM, n=5. 

A. HPMCAS-L 

 

B. HPMCAS-M 
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C. HPMCAS-H 
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