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ABSTRACT 
 

The aim of this study is to evaluate the specific interactions, solid-state, and solution-state 

interactions between drug and polymers in amorphous spray dried dispersions and 

evaluate the subsequent impact on drug dissolution in non-sink media.  This is intended 

to be used as a screening tool for dosage-form development. Formulations with specific 

theoretical and observed interactions between drug and polymer may exhibit improved 

dissolution rate, increased absorption rate, increased capacity for drug loading and 

improved physical stability. Four BCS II class drugs were evaluated: ibuprofen, 

ketoprofen, nifedipine, and itraconazole. Binary and ternary spray dried dispersions were 

manufactured with conventional polymers and arabinogalactan. Specific interaction 

parameters between each drug and polymer were determined using theoretical group 

contribution calculations and DSC data. Solid-state interactions were evaluated using 

modulated DSC and FTIR, and solution-state interactions were evaluated using 1H-NMR. 

The maximum amorphous content for each formulation was calculated from the enthalpy 

of melting point peaks using DSC. Flory-Huggins Specific Interaction Parameters were 

calculated and show that a negative specific parameter was associated with increased 

solid-state interactions and improved capacity to contain drug in the amorphous state.  

Correlations between Flory-Huggins specific interaction parameter, amorphous drug 

loading, and equilibrium solubility were established. Ternary spray-dried dispersions 

containing drug, conventional polymer, and arabinogalactan displayed similar hydrogen 

bonding as was observed with binary spray-dried dispersions. Solid and solution-state 

interactions observed in binary systems may be incorporated into ternary systems with 

arabinogalactan to both maintain amorphous drug capacity and improve dissolution rate 
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compared to the binary. Supersaturation of amorphous binary and ternary dispersions was 

attained as compared to the crystalline drug. Mechanical properties of polymers as related 

to dissolution rate were investigated, and ternary systems containing to rapidly swelling 

and dissolving arabinogalactan had more pronounced erosion properties as compared to 

binary drug : HPMC dispersions. The resultant ternary systems are an improvement over 

binary drug polymer systems.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Classification of poorly soluble drugs and bioavailability 

 

Oral bioavailability of drug substances is an ongoing challenge in drug product development. 

Combinatorial chemistry and high throughput candidate screening deliver many poorly 

soluble compounds to be formulated into drug product (Dressman, 2010). Many of these 

compounds are developed even though they meet the ‘rule of five’ for poorly soluble drugs 

(Lipinski, 2001).  However, these drugs often require enabling technologies and formulation 

techniques. Preclinical data is also commonly generated using drug delivery methods that are 

different than the desired clinical or commercial presentations. For instance, pharmacokinetic 

data may be generated using an oral solution, oral suspension, or intravenous presentations 

and the desired dosage form is an oral solid dose. This predicament demands thorough 

characterization of the drug substance and a rational approach to drug development and 

analysis.  

 

Bioavailability is defined as the systemic availability of the active drug moiety. Multiple 

factors contribute to the bioavailability of a drug product, such as disintegration time, drug 

dissolution rate, drug solubility, permeability, efflux, and recycling. Absolute bioavailability 

is the systemic availability of the extravascular dosage form as compared to IV dosing, which 

may be especially relevant due to the source of preclinical data. Relative bioavailability is the 

availability of the novel dosage form as compared to a standard, typically commercial drug 

product. This comparison is relevant to development of generic pharmaceutical products as 
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well as use of existing drug substances in development of combination therapies for new or 

existing indications.   

 

The Biopharmaceutical Classification System (BCS) has simplified drug substances into four 

categories based on aqueous solubility and permeability of human biological membranes, as 

displayed below in Table 1 (Amidon, 1995). This allows pharmaceutical scientists to 

categorize drug substances utilizing available in vitro tests in order to guide the drug product 

development process.  

 

Table 1: BCS Categories, excerpted from Amidon, 1995. 

 

The BCS is a universally accepted system that is utilized for guiding development 

approach as well as granting of biowaivers for regulatory purposes (FDA, 2017).  The 

starting point for the classification system is Fick’s First Law, as applied to a 

membrane: 

𝐽𝑤 = 𝑃𝑤 × 𝐶𝑤        (1) 

   

Where Jw is the positional and temporal drug flux through the intestine, Pw is the 

membrane permeability, and Cw is the drug concentration at the surface of the 

membrane. Along with many general assumptions detailed by Amidon, Pw is assumed 
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to be both position and time dependent as influenced by physiology, up and down 

modulation of transporters, and changes in luminal contents, among other factors. 

Amidon’s model is comprised of three important dimensionless terms: 

 

Whereby the Dose Number (𝐷𝑜) is representative of the therapeutic dose, volume of 

lumen, and solubility of the drug in intestinal fluid; Dissolution Number (𝐷𝑛) is the 

time for a particle with radius r0 to dissolve within an approximated volume and 

residence time of the small intestine, and Absorption Number (𝐴𝑛) is the indicator of 

absorption through the intestinal membrane in the same aforementioned residence time 

through the small intestine. The estimated small intestine transit time of 3.32 hours is 

typically used, however may be revised with discretion due to known site-specific 

absorption (Dressman, 2010). These factors emphasize the three parameters that are 

critical to control drug dissolution and absorption.  
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Due to the regionally specific pH gradient across the GI tract, intra- and inter-personal 

variability, food effect, prevalence of over-the-counter proton-pump inhibitor 

medications, and other considerations, the lowest solubility of the drug substance 

across the physiological range of 1.2 - 6.8 is selected for the drug solubility in the BCS 

model. The physiological range solubility accounts for the worst-case in vivo 

solubility from a pH perspective; however, it does not account for the most likely 

media which the drug will interact, i.e. gastric and intestinal fluids.  

 

BCS Class-I drugs, defined as highly soluble and highly permeable, are ideal for oral 

formulation. Within the context of the BCS definition of solubility, these drugs are 

soluble in the stomach, intestine, and colon. Once dissolved, the drug substance will 

readily permeate from the intestinal lumen across the basolateral membrane to the 

portal vein. It must be noted that although the molecule will permeate across this 

biological membrane, this does not always translate to full bioavailability due to 

mechanisms such as first-pass metabolism. Formulation of BCS Class-I drugs is in 

general relatively simple. Immediate and extended-release dosage forms can be 

formulated with compendial and inert excipients. The primary development activities 

are excipient compatibility for a chemically stable product, obtaining the desired 

release profile for site absorption, and developing a manufacturing process that is 

robust and reproducible. The physicochemical properties of the drug substance are less 

of a concern than physical properties that affect ability to manufacture drug product, 

such as morphology, powder flow, and particle size. The high solubility of this class of 

drug across the entire physiological range allows for more relevant comparison of 
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immediate release dosage forms using in-vitro dissolution testing. Regulatory agencies 

and pharmaceutical scientists alike agree that two formulations with comparable 

dissolution profiles will be biorelevant. Biowaivers for approval of BCS Class-I drug 

products are granted routinely to approve generic drug products with the submission of 

in-vitro data (FDA, 2017).  

 

BCS II drug substances are defined as having low solubility across the physiological 

range and high permeability. More specifically, for BCS Class-II drugs An is high and 

Dn is low. The dissolution number is determined from the unformulated drug 

substance, allowing for the ability to increase the dissolution rate of the formulated 

drug product by various means. Dissolution can be described by The Noyes – Whitney 

equation: 

𝑑𝐶

𝑑𝑡
=

𝐴𝐷(𝐶𝑠−𝐶)

𝐻
         (2) 

where 
𝑑𝐶

𝑑𝑡
 is the rate of dissolution, 𝐴 is the surface area, 𝐷 is the diffusion coefficient, 

𝐶𝑠 is the solubility of the drug in the dissolution medium, 𝐶 is the concentration of the 

drug in the dissolution medium at time t, and 𝐻 is the thickness of the diffusion 

boundary layer (Hattori, 2012).  

 

The most straightforward way to increase dissolution rate is focused on the A term of 

surface area. Milling, micronization, and nanomilling are effective ways to decrease 

the particle size of drug substance, thus increasing surface area and dissolution rate. In 

some cases, this is an adequate and effective means of increasing bioavailability. 
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Several key considerations are dose number, reagglomeration of particles while 

processing/storage, and dispersion of the milled particles in vivo.  

 

A common approach to enhancing dispersion/dissolution of the micronized particles is 

high shear granulation with a surfactant. The presence of surfactant may reduce the 

surface tension of the media, thus wetting the micronized drug substance for 

dissolution. This concept is illustrated in Figure 1 below, for the formulation of 

granules that are compressed into tablets and the subsequent disintegration and 

dissolution mechanisms when introduced to media: 

 

Figure 1: Granule preparation for micronized drug in oral solid dosage forms. 

 

As it is apparent that some BCS II drugs are dissolution rate dependent and can be 

formulated by the above means to decrease particle size of crystalline drug; whereas 

others are solubility limited. Due to this, additional classification was proposed per the 
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Developability Classification System to differentiate (Dressman, 2010). The DCS will 

be discussed later.  

 

BCS Class-III drugs are defined as having high solubility and low permeability. As 

with BCS I drugs, the dissolution rate and solubility of the drug substance is not a 

concern with this class, however the excipient selection and dosage form selection will 

be guided by the drug permeability. The main variables that may impact permeability 

of drug are intestinal transit time, disruption of the intestinal surface/tight junction 

modulation, inhibition of efflux, and enhancement of active uptake (Flanagan, 2019). 

In order to alter the first variable of intestinal transit time, gastroretentive or 

mucoadhesive dosage forms may be investigated in order to prolong the time in which 

the drug is dissolving and available to permeate through the intestinal membrane. 

Inhibition of efflux may be approached with a short list of approved excipients that are 

known to increase permeability due to efflux inhibition: PEG 400, Cremophor EL, 

Cremophor RH40, TPGS (Flanagan, 2019). The disruption of tight junctions and 

intestinal surfaces to increase permeability can be achieved with the incorporation of a 

surfactant into the formulation, with SLS most commonly used. When present in a 

concentration of greater than 0.1mg/ml, SLS has been shown to disrupt the cell 

monolayer and allow for enhanced permeability of several drugs (Parr, 2016). Recent 

advances in pharmaceutics utilizing polymeric nanoparticles, dendrimers, and 

liposomes can also be effective technologies to increase permeation of BCS Class-III 

drugs (Flanagan, 2019). Utilization of drug-loaded polymeric nanoparticles is an 

attractive option in that the polymers are non-reactive and passive diffusion and the 
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nanoparticles may utilize active cellular transport systems such as endocytosis based 

on their size (Dave, 2016). Liposomes are lipid-based vesicles that encapsulate drug 

within an amphiphilic lipid material that has both hydrophilic and hydrophobic 

moieties such as the phospholipid bilayer in biological systems. Due to this similarity, 

permeation of the liposome containing drug across the phospholipid membrane can be 

enhanced by various mechanisms including adsorption, endocytosis, fusion, and lipid 

transfer (Dave, 2016). 

 

BCS Class-IV drugs are the most challenging to develop for oral administration, as 

they are both poorly soluble and poorly permeable. The formulation approach for BCS 

IV is very much dependent on the physicochemical attributes of the molecule. Lipid-

based formulations of liposomes may be effective for drugs with a higher Log 

Partition coefficient (log P) or lipid solubility. In that presentation, the drug would be 

dissolved in the lipid carrier, and the same lipid carrier may aide in increasing 

permeability. Drugs that have limited lipid solubility but organic solvent solubility or 

thermal stability may be candidates for amorphous formulations utilizing the spray 

drying or hot melt extrusion techniques. An amorphous formulation may be effective 

to increase kinetic solubility, and the addition of a surfactant to an oral formulation 

may improve permeability. Other formulation approaches including SMEDDs, 

nanocrystals, cocrystal formulation, and more for BCS Class-IV formulations are 

detailed in the flowchart seen below in Figure 2, appended from Ghadi, 2017. 
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Figure 2: Overview of formulation techniques for BCS IV Drugs 

 

The Developability Classification System (DCS) proposed by Dressman is both a 

revision and extension of the BCS. A notable revision of this system is the adjustment 

of volume and media to that which approximates the small intestine. Instead of using 

the previous volume of 250ml (to match a glass of water), the volume has been 

increased to 500ml, the estimated volume of the small intestinal fluid. Furthermore, 

instead of reporting the lowest solubility across the entire physiological pH range, this 
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model uses the solubility of the drug substance in FaSSIF (simulated fasted intestinal 

fluid). Solubility in FaSSIF is more relevant as this approximates the media in which 

the drug substance will dissolve and absorb in vivo. Utilizing FaSSIF solubility, 

intestinal volume, and estimated solubility, the DCS model uses solubility limited 

absorbable dose (SLAD) to differentiate between BCS II compounds: 

𝑆𝐿𝐴𝐷 = 𝑆𝑠𝑖  × 𝑉 ×  𝑀𝑝      (3) 

Where 𝑆𝑠𝑖  is the estimate of the small intestine solubility, V is the intestinal fluid 

volume, and 𝑀𝑝  is the permeability dependent multiplier, set to 𝐴𝑛  for highly 

permeable drugs. The SLAD factor splits BCS II drugs and differentiates into DCS 

Class-IIa and IIb compounds as shown below: 

 

Figure 3: Developability Classification System 

 

First, the increased volume and media may reclassify some drugs (such as ibuprofen) 

from BCS Class-II to DCS Class-I, or similarly from BCS Class-IV to DCS Class-III. 
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Within the BCS II space, the division between IIa and IIb is an important distinction as 

it pertains to formulation development strategy.  

DCS Class-IIa compounds are ‘dissolution rate limited,’ in that the equilibrium 

solubility of the drug substance allows for full dissolution of the target dose in the 

volume of intestinal fluid in the body. The key factor is transit time of the dosage form 

through the body past the site of absorption. For DCS Class-IIa drugs, more 

conventional formulation approaches may be employed to produce a bioavailable 

product. These approaches include milling, granulation with a surfactant (per Fig 1), 

excipient selection, and salt formation. When milling to decrease particle size, a 

rearrangement of the Dissolution number equation allows one to calculate the upper 

limits of particle size and dose to avoid dissolution rate limitations. This is most 

important for drugs in which dose/solubility is an issue.  

𝑟2 = (3𝐷 𝐷𝑛⁄ )(𝐶𝑠 𝜌⁄ )𝑇𝑠𝑖       (4) 

Where D is the diffusion coefficient, r is the particle size radius, ρ is the drug density, 

and 𝐶𝑠 is the intestinal solubility (FaSSIF) of the drug. The small intestine transit time 

is estimated to be 3.32 hours, however this term may be decreased if a limited 

absorption window is known. The below table, appended from Dressman, illustrates 

the relationship between intestinal solubility, particle diameter, and absorbable dose: 
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Table 2: Relationships between solubility, particle diameter, SLAD 

 

It is clearly demonstrated above that, as expected, higher intestinal solubility allows for 

a higher absorbable dose, and also supports a larger particle size that will dissolve in 

the approximate 3-hour absorption window in vivo for absorption. This distinction is 

the basis in which the separation between DCS Class-IIa and IIb is derived. As an 

example, the drug with 0.001 mg/mL intestinal solubility has a low absorbable dose of 

1mg, and micronization is also required to achieve the 1mg dose. Alternate formulation 

approaches would be required solubilize the drug to attain absorption of a dose above 1 

mg.  

 

Evaluation of the DCS model variables above is appropriate for neutral drugs and 

weak acids, as they will likely have higher solubility in basic media than acidic due to 

ionization. Weak bases, on the other hand, may have higher solubility in the gastric 

media as compared to intestinal media. This disparity in biorelevant media solubility 

puts forth a dependence on the gastric phase of the dissolution in vivo. Gastric pH and 

residence time may allow for variability in absorption. Furthermore, drug that is 

dissolved in the acidic gastric media may precipitate upon distribution to the intestinal 
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media of the small intestine due to change in pH. The contributing factors that have 

been identified to contribute to precipitation are: 

  

(Dressman, 2010) 

It is understood that extent of supersaturation above equilibrium solubility is 

proportional to precipitation as described by the below equation: 

𝐽𝑛 = 𝑁0𝑣𝑒𝑥𝑝 (
−16𝜋𝜐2𝛾𝑛𝑠

3

3(𝑘𝑏𝑇)3(ln(𝑆))2)      (5) 

(Brouwers, 2009) 

Where 𝐽𝑛  is the nucleation rate, 𝑁0 is the number of molecules in a unit volume, v is 

the frequency of molecular transport at the nucleus-liquid interface, 𝑘𝑏 is the 

Boltzmann constant, υ is the volume of the solute, 𝛾𝑛𝑠  is the interfacial energy per unit 

area between the molecule and solvent, T is the temperature in degrees Kelvin, and S 

is the degree of supersaturation defined as the ratio of kinetic solubility over 

equilibrium solubility:𝐶 𝐶𝑒𝑞⁄ . Based on the mechanics of this equation, the nucleation 

rate may be decreased with a lesser extent of supersaturation as well as decrease of the 

interfacial energy between drug-solvent by a surfactant. Also, increased viscosity by 

polymer addition decreases nucleation rate.  
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Variable or full dissolution of drug in gastric media may result in significant 

precipitation in intestinal media due to pH dependent solubility of free bases.  

Excipients that increase local viscosity or prolong supersaturation in intestinal pH may 

be required in this scenario. Another approach may involve gastro-retentive, controlled 

release dosage forms that release the drug slowly in the stomach with a lesser extent of 

supersaturation, allowing for metered distribution to the intestinal compartment.  

 

The DCS Class-IIb compounds require solubilization; thus focus for development is to 

increase the Noyes-Whitney ‘Cs’ term (Dressman, 2010). Essentially, in the crystalline 

form the drug substance at any particle size will not dissolve in the biorelevant volume 

of FaSSIF media in any period of time. As the extent of the equilibrium solubility of 

the crystalline form is inadequate, either form change, complexation, or lipid 

solubilization is required to increase the kinetic solubility of the drug substance and 

allow the absorption of the drug in vivo.  

 

Major efforts are employed in the pharmaceutical industry to solubilize and enhance 

the apparent solubility of DCS Class-IIb compounds, with techniques including solid 

dispersion, cyclodextrin complexation, lipid and cosolvent systems, cocrystals, micelle 

systems, and salt or polymorph selection (Dressman, 2010).  

 

This study will focus on formulation of solid dispersions of amorphous drugs in 

polymer via the spray drying technique. These amorphous systems increase both 

surface area and kinetic solubility. Successful amorphous formulations are the ultimate 
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in particle size reduction, in that the drug compound is molecularly dispersed within a 

polymer. A balance between degree of drug loading and extent of supersaturation 

when dissolved must be established as well as chemical and physical stability between 

drug and polymer. 

 

In summary, much care must be taken to first accurately study, characterize, and 

classify a drug substance prior to drug product development. Classification within 

BCS and DCS is a useful tool to guide formulation approaches. As poorly soluble 

drugs are more prevalent in the development landscape, approaches tailored to the 

physicochemical properties of the compound may include the following for poorly 

soluble drugs (appended from Leuner, 2000): 
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1.2 Solid dispersion 

 

Presenting compounds as molecular solid dispersions add the benefit of solubilizing drug 

within an excipient and decreasing the particle size to the molecular level, therefore 

dramatically increasing surface area exposed to dissolution media or intestinal fluid. 

Within the past 60 years, extensive effort has been applied to the development and 

understanding of solid dispersions for pharmaceutical development. Chiou and 

Riegelman first defined solid dispersions as they apply to pharmaceuticals as ‘the 

dispersion of one or more active ingredients in an inert carrier or matrix at solid state 

prepared by the melting (fusion), solvent, or melting-solvent method (Chiou, 1965).’ 

Within the realm of solid dispersion, there are multiple solid-state conformations that are 

defined in the following sections. 

 

1.2.1 Eutectic mixtures 

 

The advent of solid dispersion forms in pharmaceuticals were in the form of eutectic 

mixtures. A simple eutectic mixture is formulated by utilizing the phase diagram of two 

materials: a poorly soluble drug, and a hydrophilic and crystalline carrier. These two 

materials are completely miscible in the liquid form, but in only one composition in the 

solid state (Fig 4). When components A and B are mixed in composition E and are 

rapidly cooled, both crystallize in the same instant, forming a fine dispersion of 

crystalline drug particles within the crystalline hydrophilic material. Heat may be 

required to melt some compositions, whereas other eutectics may form without heat due 

to the lower melting point. When exposed to dissolution media, the hydrophilic carrier 
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rapidly dissolves and the drug may have rapid dissolution due to the increased surface 

area and result in the subsequent increased bioavailability in vivo. 

 

Figure 4: Phase diagram for eutectic mixture 

Note – excerpted from Chiou, 1971 

 

1.2.2 Solid solutions 

 

Solid solutions are analogous to liquid solutions, in that they consist of one phase of two 

or more components. Obtaining a solution of a poorly soluble drug in a soluble carrier is 

highly desired, as the particle size of the drug is reduced to molecular level. Solid 

solutions can be categorized as continuous, miscible in all combinations, or 

discontinuous, where the solubility of each component is concentration limited. Within 

discontinuous solid solutions, there are several conformations that exist: substitutional 

crystalline solid solutions, interstitial crystalline solid solutions, and amorphous solid 

solutions. Substitutional crystalline solid solutions occur when the drug solute molecule 

is incorporated into the solvate structure via displacement of individual solvate 

molecules. Generally, the solute and solvate molecules must be of a similar size for 
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substitution to occur. Interstitial crystalline solid solutions form when drug solute 

molecules position within the crystalline lattice of the larger solvate molecules. The 

solute molecules must be of a smaller molecular diameter and the overall volume of the 

solute molecules should be less than 20% of the solvent (Leuner, 2000), but 10% is more 

of a practical threshold. Amorphous solid solutions occur when drug solute molecules are 

dissolved within an amorphous polymer matrix. Figure 5 illustrates the three 

aforementioned examples of solid solutions: 

   

Figure 5: Illustration of solid solutions 

Note - a) substitutional solid solution, b) interstitial solid solution, c) amorphous solid solution 

 

1.2.3 Amorphous solid dispersions 

 

Amorphous solid dispersions in the context of this study consist of an amorphous drug 

substance that is dispersed within an amorphous polymer or excipient matrix. In general, 

the intent of the amorphous drug form is increased kinetic solubility and thus 

bioavailability enhancement. Drugs in amorphous dispersions have no heat of 

crystallization.  Heat of crystallization can be the most critical factor in low aqueous 

solubility.  All amorphous forms are metastable and thermodynamically favored to 

recrystallize. The polymer or excipient functions to physically separate amorphous drug 

molecules and inhibit nucleation and eventual recrystallization. There are many 
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physicochemical and theoretical considerations that are relevant in polymer selection for 

any given drug, many of which will be discussed in detail later in this study. The polymer 

considerations for compatibility with each drug substance include: organic solvent 

solubility, aqueous solubility, pH dependent solubility, acid/base functional groups, 

Hansen solubility parameters, Hildebrand solubility parameter, Flory-Huggins interaction 

parameters, hydrophobic and hydrophilic functional groups, H-bonding groups, glass 

transition temperature, and melting point. The aforementioned polymer physicochemical 

properties are variables that influence the maximum amorphous content (drug loading), 

miscibility, glass-transition temperature of the dispersion, kinetic solubility of drug, 

duration of supersaturation, and shelf-life of the drug product, among others. Miscibility 

in the context of solid dispersions evaluated in this study is a material that has a single 

glass transition temperature. 

 

1.3 Methods to Produce Amorphous Dispersions 

 

1.3.1 Melting Method – preparation in DSC pan 

 

For drug substance and polymer combinations that are not thermally labile, utilizing the 

melt method and subsequent sample analysis using modulated differential calorimetry 

(mDSC) is a useful tool. A further advantage of this method is the limited amount of drug 

substance that is required for each test, which is typically less than 10 mg per experiment. 

Samples of the desired ratios of drug and selected polymers are weighed directly into 

aluminum DSC pans and hermetically sealed. The amorphous dispersion is first created 

using a conventional DSC method to raise the temperature above the melting point of 

both drug and polymer, and then to rapidly cool the sample to quench the amorphous 
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drug and polymer. The sample is then analyzed with modulated DSC which identifies the 

glass transition temperature(s). An example thermogram is displayed below in Figure 6 

for this type of heat-cool-heat sequence: 

 

Figure 6: Example thermogram for heat-cool-heat DSC sequence 

 

The various forms of the drug substances during the heat-cool-heat sequence and 

manufacturing of amorphous solid dispersions are shown according to Gibbs free energy. 

The crystalline form of the drug has a lower Gibbs free energy than the amorphous form 

and is the favored conformation. Energy in the form of enthalpy is required to dissolve 

the drug, per the liquid-liquid transition energy, after which the drug in solution exists in 

a more stable form. 
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Figure 7: Gibbs Free Energy diagram for crystalline, amorphous, and dissolved drug 

 

1.3.2 Solvent Removal – Film Casting 

 

Film casting is a simple means of producing amorphous material on the small scale. The 

drug substance and polymer are dissolved in a common volatile solvent, and the solution 

is cast onto glass plates, metal plates, or large weigh boats and dried in a vacuum oven to 

remove the solvent. The resultant film is ground and analyzed. Important considerations 

are the drying temperature and duration. Higher and extended drying temperatures may 

promote re-crystallization of the amorphous drug. Long drying time, or ambient 

evaporation of the drug/polymer solution may allow for phase separation of the drug and 

polymer as well as potential re-crystallization.  

 

1.3.3 Spray Drying 

 

Utilization of spray drying technology to manufacture amorphous dispersions is a widely 

accepted approach which is currently used to manufacture numerous commercial drug 
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products (Friesen, 2008). Spray drying is an efficient solvent evaporation technique to 

rapidly produce dried particles. Spray dried dispersions are formulated by identifying a 

common volatile solvent system that will dissolve all components, including drug and 

polymer, and processing the material with an inert gas such as nitrogen. Spray drying of 

suspensions is also possible, however less common in the application of producing 

amorphous solid dispersions. A picture of a typical lab scale spray dryer (Buchi B-290) is 

displayed in Figure 7 (Sen, 2016) and the configuration of a typical spray drying plant in 

Figure 8: 

     

Figure 8: Picture of lab-scale spray dryer and condenser 
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Figure 9: Diagram of spray drying plant 

 Note- excerpted from Dobry, 2009 

 

Many process variables require consideration and can alter particle morphology, stability, 

and dissolution rate. Some of these key parameters are gas inlet and outlet temperature, gas 

flow, solution solids content, feed temperature, feed rate, spray configuration and 

dynamics, condenser temperature, and residual solvent content in the recirculating gas. The 

powder collected from the spray dryer cyclone will contain residual solvent from 

processing, which must be removed by secondary drying in a vacuum oven or appropriate 

drying equipment. Residual solvent acts as a plasticizer, decreasing the glass transition 

temperature and physical stability of the dispersion, and may also be a safety hazard for 

ingestion.  
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1.3.4 Hot-Melt Extrusion 

 

Hot-melt extrusion is a second method that is utilized to create amorphous dispersions, 

both at lab and commercial scale. Hot melt extruders typically consist of a twin-screw 

design with various configurations and heating zones. Screw designs and heating 

zone/temperature can be modified and optimized per the desired product attributes. The 

concept of this process is to melt and mix the drug substance and polymer and mix within 

the extrusion barrel and subsequently extrude through a die. The extrudate is rapidly cooled 

and cut or milled to a desired particle size. The advantages of this process are the absence 

of organic solvent and that it is continuous processing. Hot-melt extrusion is not 

appropriate for thermally labile drugs that may degrade at temperatures below the melting 

point of the selected polymers. An image of a typical lab/pilot scale hot melt extruder and 

cooling conveyor is seen below in Figure 9 and schematic in Figure 10 (Tewari, 2014): 

 

Figure 10: Pilot scale HME and cooling conveyor 
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Figure 11: HME process schematic 

 

1.4 Characterization Techniques 

 

The kinetic solubility improvement of poorly soluble drugs produced via the amorphous 

solid dispersion technique, among others, can be shown by using non-sink dissolution 

methods. The solid-state characterization of the crystalline drugs, amorphous forms, and 

drug-polymer formulations can be performed using various methods. In order to 

understand these complex systems, it is important to understand the polymorphic form or 

verify amorphous state of the material, conclude whether the drug-polymer system is 

miscible or phase separated, measure the content of amorphous drug in the dispersion, and 

investigate intermolecular interactions between drug and polymer. The crystalline state, 

amorphous drug loading, and degree of crystallinity can be evaluated using techniques such 

as X-ray powder diffraction (XRPD), modulated and standard differential scanning 

calorimetry (mDSC, DSC), and Raman spectroscopy. Molecular interactions between the 

drug-polymer in the solid-state can be evaluated using Fourier Transform Infrared 

Spectroscopy (FTIR) and solid-state nuclear magnetic resonance (ss-NMR). Solution-state 

interactions between the drug and polymer may be investigated using 1H-NMR. 
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Microscopy techniques such as scanning electron microscopy (SEM) and polarized light 

microscopy (PLM) are used to evaluate the crystallinity, potential phase separation, particle 

size, and surface morphology of the materials on a qualitative basis.  

 

1.4.1 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR is a commonly used solid state method to investigate intermolecular drug-polymer 

interactions, and to identify substances. The fingerprint region, typically below <1200 nm 

contains many peaks primarily due to single bonds that can identify individual substances 

(Skoog, 1998). For binary systems, shifts of characteristic peaks assigned to specific 

functional groups of the individual materials can indicate a potential interaction such as 

hydrogen bonding. Hydrogen bonding is a solid state interaction of great interest in that it 

may contribute to the physical stability of amorphous dispersions and supersaturation of 

the amorphous drug during dissolution.  

 

1.4.2 Standard and modulated differential scanning calorimetry (DSC, mDSC)  

 

Both standard and modulated DSC can be utilized to measure melting point, heat of 

enthalpy, and glass transition temperature of pure substances and amorphous solid 

dispersions. Standard DSC heats the sample and reference pan at a constant, specified rate 

and temperature range. Modulated DSC is a more sophisticated technique that employs a 

sinusoidal heat modulation to test the sample. This modulated heating sequence allows 

total heat flow to be separated into reversible and non-reversible heat flows. Non-reversible 

events that may occur are evaporation, melting with kinetically unfavored recrystallization, 

crystallization, and decomposition. Reversible events that may occur are other melting 
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events and glass transition (Ghosh, 2011). Along with the ability to separate reversible and 

non-reversible events, mDSC has the additional advantages of increased sensitivity and 

precision, the ability to analyze overlapping transitions that would not be decoupled with 

standard DSC, and measurement of heat capacity (Guinot, 1999). Specific measurements 

applicable to amorphous dispersion are the glass transition temperature, temperature range 

of the glass transition temperature (sharp or broad), extent of melting endotherm to 

determine maximum amorphous content or absence of melting endotherm to indicate total 

amorphous conversion, and melting point depression.  

 

The modulated DSC may also be used as a formulation screening tool to both prepare and 

test amorphous drug-polymer samples in a heat-cool-heat (HCH) sequence, and only by 

consuming milligram quantities of drug substance. First, the researcher must accurately 

weigh the desired ratio of drug and polymer in a DSC pan and crimp the pan. A standard 

DSC sequence is then heated above the melting point of both materials, held at temperature, 

and rapidly cooled to quench the amorphous dispersion that has been created. The same 

pan is then analyzed using a modulated sequence in order to investigate miscibility by 

evaluation of the glass transition temperature(s). 

 

1.4.3 X-ray powder diffraction (XRPD) 

 

XRPD is a sophisticated tool that is commonly used to verify the amorphous or crystalline 

form of formulated drug product and pure crystalline substances. Amorphous forms of drug 

do not exhibit a diffraction pattern due to the disordered molecular configuration of the 

amorphous state. The amorphous diffractogram is commonly referred to as a ‘halo’ in that 
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no sharp peaks are present. Crystalline materials have unique fingerprint patterns due to 

three-dimensional order of the unique crystal habit. XRPD is commonly employed to 

identify polymorphs and measure polymorphic change for crystalline forms. Typical 

XRPD instruments have a limit of detection of approximately 5% for crystalline materials, 

therefore orthogonal methods such as DSC or imaging such as scanning electron 

microscopy (SEM) or polarized light microscopy (PLM) are recommended to investigate 

low levels of crystallinity in amorphous sample.  

 

1.4.4 Scanning electron microscopy (SEM) 

 

SEM is a powerful tool that focuses a narrow beam of electrons onto a prepared conductive 

sample and detects the subsequent reflected electrons, excited electrons, and X-rays. Apart 

from the ability to identify materials due to the X-rays that are emitted, SEMs generate 

detailed micrographs that can effectively show morphology and individual particle size. 

The enhanced magnification possible with SEM as opposed to optimal microscopy allows 

the researcher to identify individual crystalline particles or crystal growth on amorphous 

particles. To create a conductive sample, the material is typically coated with gold using a 

sputter coater prior to testing.  

 

1.4.5 Nuclear magnetic resonance (NMR) 

 

Nuclear magnetic resonance is a technique based on the magnetic behavior of atomic 

particles such as electrons and protons in the presence of a strong external magnetic field. 

Each atomic particle has a particular resonance frequency and shielding attributed to 

nearby particles. In the case of 1H-NMR, the relative difference between the signal 
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attributed to each proton and an internal reference standard such as TMS is referred to as 

the chemical shift. Chemical shifts of protons for the pure drug substance can be compared 

to those of drug-polymer systems in solution to evaluate solution state interactions such as 

hydrogen bonding. 1H-NMR was utilized in this study, other NMR techniques that are 

applicable to this field are solid state NMR (ss-NMR) and 13C-NMR. 

 

1.5 Polymers and Solvents for Amorphous dispersion 

 

There exists a limited range of polymers and solvents that satisfy the regulatory, 

compendial, and safety requirements for pharmaceutical drug products. Due to these 

important considerations, the available options of polymers for amorphous dispersion 

development are limited. Beyond the regulatory restrictions, there are many 

physicochemical and practical considerations. For each drug substance, pairing with the 

correct solvent and polymer is required to: a) form a solution for processing via spray 

drying and b) produce an amorphous dispersion with the desired properties and 

intermolecular interactions between drug and polymer and c) achieve the desired 

dissolution properties. Hot-melt extrusion does not require a common solvent, but the 

thermal properties of the drug and polymer must be considered.  

The critical product attributes for polymers used in the application of amorphous dispersion 

include: organic solvent solubility, molecular weight, true density, Hansen solubility 

parameters, thermal properties, ionization of functional groups, viscosity in solvent and 

biorelevant liquids, regulatory acceptance/compendia, among others. Physicochemical 

properties are detailed in Table 3 for cellulosic polymers, Table 4 for synthetic polymers.  
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Structure 

HPMC K3, E3 HPMC-AS HPMC-P 

 

  
   

type neutral, swelling ionic ionic 

MW (daltons) 20,000 18,000 80,000-130,000 

true ρ (g/ml) 1.326 1.27 1.65 

Tg (°C) 162 130 133 

Tm  (°C) 230 n/a 150 

organic solubility MeOH:DCM MeOH, Acet. 
MeOH:DCM, MeOH:Ace, 

EtOH:Acet. 

Compendial monographs USP, PhEur, JP USP-NF USP, PhEur, JP 

MDE1 1488 mg 4480 mg 119 mg 
Table 3: Physicochemical properties of cellulosic polymers 

1Maximum Daily Exposure, FDA IID 
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1Maximum Daily Exposure, FDA IID 

 

Solubility parameters are commonly used to guide formulation development to predict 

miscibility and calculate Flory-Huggins interaction parameters between drug and polymer. 

The rationale and detailed explanation of these parameters and calculations will be 

explained in Section 1.7. Hansen solubility parameters were calculated via the Yamamoto-

MB method with HSPiP software (copyright 2008) and tabulated from literature and 

referenced in Table 5.  Solubility parameters for PVAP and arabinogalactan were not found 

in literature.  

 

 

 

 

 

 

  
Structure 

Povidone K30 Copovidone Methacrylic Acid Soluplus 

    

type neutral neutral ionic ionic 

MW (daltons) 50,000 45,000-70,000 125,000 118,000 

true ρ (g/ml) 1.180 1.147 0.84 1.082 

Tg (°C) 140 106 111 70 

Tm  (°C) 180 140 n/a n/a 

organic solubility MeOH, EtOH 
MeOH, EtOH, 

Acet. 
MeOH, EtOH, 

Acet. MeOH, Acet. 

Compendial monographs USP, PhEur, JP USP-NF, PhEur USP-NF, PhEur none 

MDE1 240 mg 849.2 mg 430.8 mg n/a 
Table 4: Physicochemical properties of synthetic polymers 
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 HSPiP Literature References 

Polymer δd δp δh δt δ Source 

HPMC 16.9 7.6 4.4 19.0 23.1 Jankovic 

HPC 17.2 9.8 13.5 24.0 24.0 Jankovic 

PVP/VA 18.5 7.1 6.7 20.9 20.6 Forster 

PVP 18.1 10.0 18.0 27.4 20.0 Kitak 

PVA 17.6 2.2 4.0 18.2 30.3 Forster 

PVAP 19.1 6.7 13.3 24.2 n/a n/a 

Soluplus 17.5 6.4 3.8 19.0 21.5 Lu 

HPMCAS-M 16.7 12.4 10.3 23.2 23.5 

Jankovic, 

Duarte 

HPMC-P 20.4 10.2 11.7 25.6 26.7 

Jankovic, 

Ousset 

Methacrylic acid copolymer 16.6 4.9 6.7 18.6 22.5 Ousset 

Amino methacrylate 

copolymer 16.3 2.6 4.1 17.0 18.7 Piccinni 

Arabinogalactan 16.9 11.3 22.7 30.5 n/a n/a 
Table 5: Solubility parameters for cellulosic and synthetic conventional polymers  

 

To dissolve drug and polymer for a spray drying application, an appropriate solvent system 

must be selected. This can be a challenge, and a limitation on solvent evaporation 

technologies. For pharmaceutical applications, there are also limitations due to safety and 

environmental considerations. Handling of solvents may be dangerous due to volatility, the 

explosive nature of most organic solvents for this application, and potential exposure to 

operators. Removal of organic solvent is also an important consideration to ensure patient 

safety. USP <467> categorizes residual solvents based on toxicity and environmental 

hazard and specifies permitted daily exposure (PDE) for each solvent, which may be 

defined as mg/day or concentration. 
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 Hansen HSPiP  USP <467> 

Solvent δd δp δh δt 

Class PDE 

(mg/day) 

Conc. 

Limit 

(ppm) 
Acetone 15.5 10.4 7.0 19.9 3 50 5000 

Ethanol 15.8 8.8 19.4 26.5 3 50 5000 

Ethyl acetate 15.8 5.3 7.2 18.2 3 50 5000 

Isopropanol 15.5 7.2 12.8 21.4 3 50 5000 

Methanol 14.7 12.3 22.3 29.4 2 30 3000 

Methyl Ethyl Ketone 16.0 9.0 5.1 19.0 3 50 5000 

Methylene Chloride 17.0 7.3 7.1 19.8 2 6.0 600 

Tetrahydrofuran 16.8 5.7 8.0 19.5 2 7.2 720 

Water 15.5 16.0 42.3 47.8 n/a n/a n/a 

Table 6: Solubility parameters and PDE for organic solvents 

A useful guide to for organic solvent solubility of polymers commonly used in spray drying 

of amorphous solid dispersions can be found below in Table 7 (Ashland technical 

handbook): 

 

Table 7: Organic solvent solubility guide  

 

The conventional polymers chosen for this study were HPMC K3, HPMC E3, and 

copovidone. The rationale for the selection of copovidone is its hydrophilic nature, the 

presence of a carbonyl group (C=O) which can function as an electron donor for hydrogen 

bonding, and the organic solvent solubility in common with each of the four model drugs. 



34 

 

The rationale for the selection of HPMC K3 and E3 polymers were the aqueous solubility 

of each, the presence of a hydroxyl groups (-OH) which can function as  electron acceptors 

for hydrogen bonding, and the organic solvent solubility in common with each of the four 

model drugs. Although HPMC K3 and E3 are classified as the same compendial material, 

the two grades have different methoxyl contents, which alters mechanism of dissolution. 

HPMC E3 contains 28-30% methoxyl substitution, whereas HPMC K3 contains 19-24% 

methoxyl substitution. The result of this difference is that the HPMC E3 polymer swells 

rapidly prior to dissolution, whereas HPMC K3 erodes prior to dissolution. This 

mechanism has been illustrated by measuring the expansion rate of the polymer types. It 

has been shown that rapid expansion leads to faster disintegration and rank ordering of 

HPMC polymer types for expansion is methylcellulose > HPMC 2910 (E grades) > HPMC 

2208 (K grades) (Mitchell, 1993) 

 

Larch arabinogalactan was selected as a novel polymer for introduction into ternary 

compositions due to its highly swellable nature and rapid dissolution properties. This 

material has been utilized successfully for amorphous dispersion with ibuprofen, 

ketoprofen, and itraconazole and enhanced both the kinetic solubility and dissolution rate 

of each drug (Thakare, 2013).  The main challenge with the arabinogalactan polymer is the 

lack of organic solvent solubility. Due to this, the arabinogalactan was added to each spray 

drying solution in a fine powder form, and spray dried as a suspension.  
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1.6 Physicochemical Properties of Selected Model Drugs 

 

Two acidic and two basic drugs were evaluated for this study for a robust data set that 

evaluates miscibility, F-H interaction parameters, solid state interactions, solution state 

interactions, and impact on non-sink dissolution between the drugs and selected polymers. 

Each of the four drugs are classified as BCS II, therefore good candidates for evaluation of 

amorphous solid dispersion due to poor aqueous solubility. The structures and 

physicochemical properties of the selected drugs are displayed in Figure 11.  

 

Figure 12: Chemical structures of model drugs 

 

 

 

 

 

 

 

 

Ibuprofen Ketoprofen

Nifedipine Itraconazole
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The properties of the four drugs are displayed in Table 8: 

Drug 

(MW) 

BCS 

Class 

DCS 

Class 

Commercial 

Dose (mg) 

Functional Group Aqueous 

Solubility 

(mg/ml) 

logP Tm 

(°C) 

Tg 

(°C) 

true ρ 

(g/ml) 

IBU 

(206.3) 

II I 200 Carbonyl (C=O), 

acceptor 

0.021 4.0 77 -45 1.116 

KTO 

(254.3) 

II IIa 100 Carbonyl (C=O), 

acceptor 
0.021 3.1 96 -4 1.259 

NIF 

(346.4) 

II IIb 30 Carbonyl (C=O), 

acceptor 

Amine (-NH), 

donor 

0.018 2.2 173 46 1.371 

ITRA 

(705.6) 

II IIb 100 Carbonyl (C=O), 

acceptor 

0.004 5.7 170 58 1.370 

Table 8: Physicochemical properties of model drugs 

The Hansen solubility parameters for each model drug studies are below, calculated with 

HSPiP software and manually with the methods of Fedors, van Krevelen, and Hoy:  

 YMB Fedors VK Hoy 

Drug δd δp δh δt δt δt δt 

Ibuprofen  17.6 2.5 7.6 19.4 20.9 19.4 19.7 

Ketoprofen 19.5 6.1 7.4 21.7 24.5 21.2 21.1 

Nifedipine 18.5 5.6 7.4 20.7 22.6 21.6 20.9 

Itraconazole 23.0 13.7 6.2 27.5 22.0 23.9 19.4 
Table 9: Solubility parameters for model drugs 

The YMB model of Hansen solubility parameters contains partial solubility parameters in 

order to differentiate between dispersive, polar, and hydrogen bond forces. It is observed 

for these four model drugs that itraconazole has the highest partial parameters for 

dispersive and polar forces, and ibuprofen has the lowest partial parameters for dispersive 

and polar forces. The hydrogen bond partial parameter was similar for each of the four 

drugs.  

The drugs selected for this research have been previously studied, characterized and 

formulated as amorphous dispersions. Ibuprofen amorphous solid dispersions have been 
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prepared as a urea eutectic (You, 2014), PEG and poloxamer solid dispersion (Uddin, 

2010), HPMC and poloxamer solid dispersion (Park, 2009), and microemulsion with 

surfactant (You, 2014). Ketoprofen amorphous solid dispersions have been formulated 

with PEG (Belyatskaya, 2019), povidone, copovidone, PVA (Chan, 2015, Di Martino, 

2004 and Rumondor, 2009), and Eudragit L100 (Yang, 2008). Nifedipine amorphous 

solid dispersions have been formulated with povidone, PEG, Gelucire (Wu, 2012), 

HPMC (Cilurzo, 2002), Eudragit RL, ethylcellulose (Huang, 2011), and Eudragit S100, 

HPMC (Ueda, 2018). Itraconazole amorphous solid dispersions have been formulated 

with HPMC (Sporanox), povidone, copovidone (Verreck, 2003), Kollicoat IR, Eudragit 

E100 (Jannsens, 2010), PVAP, CAP, HPMC (DiNinunzio, 2009) and Soluplus (Zhang, 

2013). The standard polymers selected in this study (HPMC, copovidone) have been 

successfully utilized for solid dispersions in the above referenced papers. A novel 

polymer, arabinogalactan, has not been cited in literature in combination with the selected 

drugs in either binary or ternary formulations. Arabinogalactan is of interest due to its 

branched structure, swellable nature, and rapid dissolution in aqueous media, and may 

increase dissolution rate of the solubilized drugs in amorphous spray dried dispersions. A 

second polymer with a favorable F-H specific interaction parameter and solid state 

interaction with drug is required in order to stabilize the ternary amorphous drug 

dispersion with arabinogalactan. 
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1.7 Gibbs Free Energy and Solution Theories 

 

1.7.1 Regular, Flory-Huggins, and Coupled Solution Theories 

 

One of the main challenges for developing amorphous dispersions include identification of 

miscible drug/polymer combinations that enhance bioavailability and are stable over an 

acceptable period of time for a drug product. Miscibility and stability can be predicted 

using Flory-Huggins theory and be empirically confirmed (Panayiotou, 2013). A relevant 

advantage of Flory-Huggins theory for the application of evaluating dispersions of small 

molecule drugs in high(er) molecular weight polymers is the incorporation of the volume 

fraction of each component into this calculation, which is absent in regular solution theories 

(Kramer and Thodos, 1988). Flory-Huggins theory is a lattice-based theory which 

describes drug-polymer miscibility based on Gibbs free energy change, displayed below: 

∆𝐺𝑚𝑖𝑥 = 𝑅𝑇 (𝑛𝐴 ln ∅𝐴 + 𝑛𝐵 ln ∅𝐵 +  χ𝐴𝐵𝑛𝐴∅𝐵)     (6) 

where R and T are the gas constant and temperature, respectively, ni  and ∅𝑖 are the 

number of moles and volume fractions of components A and B, and χ
𝐴𝐵

 is the Flor-

Huggins interaction parameter. The first two terms on the right consider the 

combinatorial entropy of mixing two components, and the third term on the right 

considers the enthalpy of mixing, where 

𝜒 =  𝑉0 𝑅𝑇(𝛿𝑑𝑟𝑢𝑔 − 𝛿𝑝𝑜𝑙𝑦)
2

⁄        (7) 

Where 𝑉0 
is molar volume of solute, δ are the solubility parameters of drug and polymer, 

R is the gas constant, and T is the temperature. The entropic contribution is always 

negative, whereas the enthalphic contribution can be either positive or negative. As an 

overall negative Gibbs free energy value is favorable, a negative to slightly positive 
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Flory-Huggins interaction parameter will drive whether the composition is favorable, 

indicating miscibility between the two components. The simplified diagram of Gibbs free 

energy of mixing per Flory-Huggins theory is displayed below, with positive values 

described as unfavorable and immiscible combinations and negative values as metastable 

and miscible compositions.  

 

Figure 13: Gibbs Free energy diagram 

Note – adapted from Broadbent, 2015 

Obvious considerations impacting the propensity for a stable or metastable system are 

volume fraction of drug and temperature. Lower drug loaded formulations are more 

likely to be completely miscible in the polymer matrix, and increased temperature 

destabilizes these systems by imparting more molecular mobility.  

 

The interaction parameter between the two components is a critical factor to determine 

whether ∆G is negative and determination of this factor is critical to understanding these 

systems. A solid understanding of the methods and limitations of these solubility and 

interaction parameters is necessary to understand these systems. The Flory-Huggins 

lattice theory, as written in Eq 6 and using the drug-polymer interaction factor shown in 
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Eq 7 relies heavily on solubility parameters calculated primarily from theoretical group 

contribution methods, as will be described later. Although commonplace, these 

Hildebrand group contribution methods have limitations that are inherent in the 

interaction parameter calculation below: 

𝜒1,2 =
𝑉(𝛿1−𝛿2)2

𝑅𝑇
        (8) 

in that only positive deviations from the ideal free energy of mixing are possible 

(Anderson 2018). The lack of negative deviations does not account for favorable drug-

polymer interactions such as hydrogen bonding (Olabisi, 1979). Hydrogen bonding is an 

important interaction that impacts physical stability of these systems, so an alternate 

interaction parameter is desired.  

 

A hybrid model was developed to combine regular solution and Flory-Huggins theories, 

incorporating empirical data into the calculation as well as group contribution solubility 

parameter calculations (Huang, 2011). This coupled method has been used to model 

solute solubility in supercritical fluid systems (Kramer, 1988). This method is a vast 

improvement in that it accounts for drug-polymer interactions including non-polar and 

specific drug-polymer type, solute-solvent size disparity per volume fraction, and entropy 

of mixing.  The derivation of the coupling of the regular and solution theories as defined 

by Huang will be outlined below in subsequent Equations 9-15 due to the importance of 

the Flory-Huggins interaction parameters to this study. Regular solution theory 

(Prausnitz, 1969) defines the activity of solid solute (A) in solvent (B) at equilibrium 

state as: 
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𝑎2 =  (
𝑓𝑠

𝑓𝑙)         (9) 

Where 𝑎2 is the activity of solute in solvent, 𝑓𝑠 and 𝑓𝑙are the fugacity of the solute in the 

solid phase and liquid phase, respectively. The fugacity as it pertains to these calculations 

is the coefficient accounting for the differences in activity between real and ideal phases 

of matter, in that ideal materials do not have intermolecular interactions and real phases 

of matter do have intermolecular interactions. For nonideal solutions and solids, the 

fugacity term is synonymous with the activity coefficient, which describes the effective 

concentration of the solvent in the non-ideal system (Sinko, 2006). The relationship of 

the fugacity at a temperature near the melting point of the solute can be described in Eq 

10 below (Huang, 2011): 

𝑙𝑛
𝑓𝑠

𝑓𝑙 ≅
∆𝐻2

𝑓𝑢𝑠𝑖𝑜𝑛

𝑅
(

1

𝑇𝑚
−  

1

𝑇
) = 𝑙𝑛 𝑎2                  (10)                                    

where ∆𝐻2
𝑓𝑢𝑠𝑖𝑜𝑛

is the molar heat of fusion, R is the gas constant, T is the absolute 

temperature, and Tm is the melting point of the solute.  

The Flory-Huggins theory, defining a larger molecule as component 1 or solvent, and 

defining a small molecule as component 2 or solute, and the activity of component 2 

(Flory, 1953, Huang, 2011) is: 

ln 𝑎2 =  𝑙𝑛(∅2) + (1 −
𝑟2

𝑟1
) (1 − ∅2) + 𝜒2,1 (1 − ∅2)2                                 (11) 

where 𝑟1and 𝑟2are the number of segments in each polymer, χ2,1is the Flory-Huggins 

interaction parameter and ∅2is the volume fraction of solute defined as 

∅2 =  
𝑤2

𝜌2
⁄

𝑤2
𝜌2

⁄ + 
𝑤1

𝜌1
⁄

         (12) 
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If, we assume that 𝑟2 ≪  𝑟1 for large polymeric solvent containing many segments and 

small molecule solute, then the regular solution Equation 10 may be paired with the 

simplified Flory-Huggins equation below: 

∆𝐻2
𝑓𝑢𝑠𝑖𝑜𝑛

𝑅
 (

1

𝑇𝑚
−

1

𝑇
) = ln(∅2) +  (1 − ∅2) + χ2,1(1 − ∅2)2    (13) 

and solving the above equation for χ2,1: 

𝜒2,1 =
(∆𝐻2

𝑓𝑢𝑠𝑒
/𝑅)((1

𝑇𝑚
⁄ )−(1

𝑇⁄ ))−ln(∅2)−(1−∅2)

(1−∅2)2       (14) 

The specific interaction parameter 𝜒2,1introduces a term that may be calculated with 

density and solid-state measurements. True densities may be theoretically estimated using 

the compound molecular weight and calculated Hildebrand molar volumes, or accurately 

measured with pycnometry. Weight fractions of solubilized drug are used to calculate 

weight and volume fraction of solute and are calculated using DSC for amorphous drug 

dispersions. Crystalline content of drug in the dispersion can be estimated using heat of 

fusion for the dispersion and pure drug (Ma 2007) per the below equation: 

          𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
100% 𝑥 ∆𝐻𝑆𝐷

∆𝐻𝑝𝑢𝑟𝑒 𝑑𝑟𝑢𝑔
 and     (15) 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 

 

Chapter 2 of the following study focuses on the relationships between the Flory-Huggins 

specific interaction parameter, maximum amorphous content, solid state interactions, and 

solution state interactions attributed to hydrogen bonding between drug-polymer. 
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1.7.2: Hildebrand Solubility Parameters  

 

Solubility parameters function as both a useful comparator of materials as well as a factor 

in Flory-Huggins calculations for estimating the success of creating physically stable 

amorphous dispersions. Multiple methods exist to determine these parameters such as 

group contribution in silico calculations, inverse gas chromatography, approximation 

based on solubility in solvents with known parameters, and measurement of dilute 

solution viscosity. 

 

Hildebrand and Scott introduced the solubility parameter concept in to assign a numerical 

value to describe similarity or dissimilarity of molecules within the ‘like dissolves like’ 

understanding of solubility. The approach of Hildebrand and Scott solubility parameter is 

centered on the enthalpy of mixing of nonideal solutions. For nonideal solutions the 

activity coefficient was introduced to define the ‘effective concentration’ or activity of 

solvent, analogous to the fugacity coefficient that accounts for the deviation in pressure 

due to intermolecular interactions between ideal and nonideal gases (Martin et al). The 

activity of solute, 𝛼2 is the product of the concentration in mole fraction 𝑋2 and the 

activity coefficient 𝛾2:  

𝛼2 =  𝑋2𝛾2         (16) 

The activity coefficient was introduced into the lattice theory of nonideal solutions by 

Hildebrand and Wood (1933):  

ln(𝛾2) = (𝑤22 + 𝑤11 − 2𝑤12)
𝑉2𝜑1

2

𝑅𝑇
      (17)  



44 

 

Where 𝑉2 and 𝜑1 are the volume and volume fraction of solvent, respectively. The 

term 𝑤11 is the energy required to remove solute molecules from the bulk, 𝑤22 is the 

energy to move solvent to create a cavity in the solvent for molecules to dissolve. The 

term −2𝑤12 is the released solvation energy of the insertion of the given solute molecule 

into the solvent. The interaction term 𝑤12was subsequently approximated with the square 

root of the product of 𝑤11and 𝑤22 for the following equation: 

ln(𝛾2) = [(𝑤11)0.5 − (𝑤22)0.5]2 𝑉2𝜑1
2

𝑅𝑇
      (18) 

The advantage of the above approximation, eliminating the 𝑤12 term, is a simplified 

approach that allows calculation of the activity coefficient using the properties of the pure 

solute and solvent materials. This is a convenient approach, however it neglects any 

specific interaction 𝑤12 between solute and solvent. From Equation 18, Hildebrand and 

Scott defined the solubility parameter 𝛿𝑖, given below for the solute: 

𝛿2 = (𝑤22)0.5         (19) 

This solubility parameter term is described as the square root of cohesive energy density 

(Jankovic 2019). These Hildebrand solubility parameters are applied to the enthalpy of 

the mixing process for two components such as drug and polymer: 

∆𝐻𝑀 = 𝜑1𝜑2𝑉𝑀(𝛿1 − 𝛿2)2       (20) 

The solubility parameter term was henceforth incorporated into the Flory chi term 𝜒1,2  

𝜒1,2 =
𝑉(𝛿1−𝛿2)2

𝑅𝑇
+  𝛽        (21) 

Where 𝛽 is an entropy correction and V is the molar volume of the drug in mixture with a 

polymer ‘solvent’ (Biroa, 1971). Of course, the 𝜒1,2 parameter may be incorporated into 

Eq. 6 to predict the Gibbs Free energy within the bounds of Flory-Huggins lattice theory. 
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It is also common for researchers to compare Hildebrand solubility parameters between 

two molecules to rank-order probability of a miscible combination. Forster proposed that 

when the difference between drug and excipient is < 2.0 MPa1/2 a solid solution is likely 

to form, a difference of < 7.0 MPa1/2 is a likely indicator of miscibility, and a difference 

of > 10.0 MPa1/2 indicates immiscible components (Forster, 2001, Greenhalgh, 1999). 

This rule of thumb can be valuable to guide selection of empirical studies but do lack 

precision, and do not account for negative deviation to the activity coefficient that are the 

result of solute-solvent interaction such as hydrogen bonding.  

 

1.7.3 Hansen Solubility Parameters – in silico methods 

 

To account to the varying degree of drug and polymer molecules studied, Hansen 

developed the more specific concept of partial solubility parameters (Hansen, 2007). The 

intent was to split the total cohesive energy density used to describe the Hildebrand 

solubility parameter into three parts that come from separate types of interactions. This 

concept has split the total cohesive energy into the three partial cohesive energies for 

dispersive, polar, and hydrogen bonding energies. The dispersive energy (Ed) accounts 

for atomic nonpolar forces such as Van der Waals interactions. The polar energy (Ep) 

account for energies between permanent intermolecular polar dipoles. The hydrogen 

bonding (Eh) energy contribution accounts for the specific nature of hydrogen bonding. 

The total energy is the sum of the three parts, as is the total cohesive energy density: 

𝐸𝑡𝑜𝑡

𝑉
=

𝐸𝑑

𝑉
+

𝐸𝑝

𝑉
+

𝐸ℎ

𝑉
 , or       (22) 

𝛿𝑡
2 = 𝛿𝑑

2 + 𝛿𝑝
2 + 𝛿ℎ

2        (23) 



46 

 

The most common methods to calculate the Hansen solubility parameters via the group 

contribution method are proposed by Hoy (Hoy, 1970), Van Krevelen and Hoftyzer (van 

Krevelen 2009), Stefanis and Panayiotou (2012), and Yamamoto (HSPiP software). It is 

commonplace for the partial solubility parameters to be calculated with each method and 

averaged together for an estimation. The methods for Van Krevelen and Hoftyzer 

calculate partial Hansen solubility parameters as below: 

𝛿𝑑 =  
∑ 𝐹𝑑𝑖

𝑉
         (24) 

𝛿𝑝 =  
√∑ 𝐹𝑝𝑖

2

𝑉
         (25) 

𝛿ℎ = √
∑ 𝐸ℎ𝑖

𝑉
         (26) 

Where δd, δp, δh are the dispersive, polar, and hydrogen bonding partial solubility 

parameters, V is the molar volume of the molecule, 𝐹𝑑𝑖is molar attraction constant per 

dispersive forces, 𝐹𝑝𝑖is molar attraction constant contribution from polar forces, and 𝐸ℎ𝑖is 

the cohesive energy attributed to hydrogen bonding (van Krevelen, 2009). The 

advantages of the Hansen solubility method is that each molecule’s primary 

characteristics can be viewed three dimensionally and compared to polymers and 

solvents. HSPiP software (copyright 2008) can be utilized to view drug-polymer, drug-

solvent, and polymer-solvent combinations three dimensionally to rationally select 

combinations for experimentation. Furthermore, HSPiP calculates the distances between 

components, described as the HSP radius Ra, in which the smaller radius indicates higher 

likelihood of miscibility: 

𝑅𝑎
2 = 4(𝛿𝐷𝑑 − 𝛿𝐷𝑠)2 + (𝛿𝑃𝑑 − 𝛿𝑃𝑠)2 + (𝛿𝐻𝑑 − 𝛿𝐻𝑠)2   (27) 
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 𝑅𝑎is the distance between the coordinates of the partial Hansen solubility parameters for 

drug and solvent. Within the experimental section, Hansen solubility parameters and radii 

for drug-solvent and drug-polymer, will be displayed for each model drug and selected 

polymers. The radius Ra represents the ‘sphere of miscibility’ around a molecule, and it 

has been proposed that this radius should be ≤ 5.6 MPa0.5 (Kitak, 2015) 

 

It has been shown that Hansen solubility parameters and creation of Hansen solubility 

spheres with associated radius may be a more selective tool than comparison of the total 

Hildebrand parameter between two materials in question. Three-dimensional display of 

the three partial parameters is also an effective way to visualize similarities between 

drug-polymer, drug-solvent, and polymer-solvent combinations. General ‘rules of 

empiracy’ to select polymers with ≤ 7.0 MPa (Forster, Greenlagh) provide a good starting 

point for polymer screening.  But, it is common for an iterative experimental approach to 

follow, utilizing either with DSC experiments or  small experiments to produce 

amorphous dispersions for testing. A noted limitation of the Hansen partial parameter 

approach is that there is not a thermodynamic justification for the separation and 

therefore they are to be treated as semi-empirical (DeBoyace, 2018). The hydrogen 

bonding parameter δh also does not differentiate for proton acceptor or donor interactions 

due to acid/base chemistry, and it has been proposed to further expand this parameter into 

acidic and basic components (Karger, 1976). 
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1.7.4 Hansen Solubility Parameters – Experimental determinations 

 

1.7.4.1 Inverse Gas Chromatography (IGC) 

 

A modified form of gas chromatography, IGC may be used to experimentally determine 

the total and partial Hansen solubility parameters of a substance using different solvents 

with known characteristics (Kiselev, 1969). In contrast to conventional gas 

chromatography, a solid sample is added to the column as the stationary phase. The 

mobile phase in this system is the inert gas, such as nitrogen or helium. Vaporized 

organic solvents with known characteristics are then injected into the mobile phase, 

washing through the solid sample stationary phase. The extent of interaction between the 

solvent vapor and solid sample of interest is quantified as the specific retention volume 

which can then be converted into the Hildebrand interaction parameter using 

thermodynamic parameters and correlated to the total solubility parameter (Kitak, 2005).  

  

1.7.4.2 Solubility parameter determination using known solvents 

 

Screening studies based on the visual observation of solubility of a drug or polymer in 

solvents with known solubility parameters can be utilized to estimate the Hansen 

solubility parameters of the sample. In this approach, approximately 20 solvents with 

different dispersive, polar, and hydrogen bonding solubility parameters are selected. The 

range of solvents is important, not whether these are applicable for processing such as 

spray drying. Visual assessment of the sample may be performed per the shake-flask 

method, in order to determine whether there was a ‘good’ interaction such as dissolution 

or polymer swelling, versus limited solubility or no sample change in the solvent. HSPiP 
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software may be utilized to ‘score’ the sample in each solvent, and will calculate the 

partial solubility parameters of the sample using regression analysis.  

There is a certain amount of subjectivity in ‘scoring’ the sample in solvent using this 

method, however it may be effective for screening purposes.  

 

1.8 Physical stability of solid dispersion formulations 

 

Amorphous dispersions are by definition metastable, in that drug will eventually revert to 

the more stable crystalline form with lower activation energy. Based on this rule, practical 

drug loading is important to develop a product with adequate stability and shelf-life while 

fitting into a reasonably sized dosage form. Comparison of solubility parameters between 

drug and polymer is a simple way to select polymers for screening experiments. Forster et 

al. proposed that when the difference between drug and excipient is less than 2 MPa1/2 a 

glass solution is likely to result from co-processing. To verify composition, stability studies 

must be performed on lead candidates to assess drug product performance over time. 

Amorphous solid dispersion product physical stability is governed by mobility of the drug 

within the polymer formulation matrix, which is influenced by the glass transition 

temperature (Tg). Miscible amorphous dispersions of drug and polymer exhibit a single 

glass transition temperature between those of the individual components and proportional 

to the volume fractions of the materials per Fox’s equation:  

       (28) 

Wherein Tg(total) refers to the glass transition of the mixture, w1 and Tg1 are the weight 

fraction and glass transition temperature of the drug, and (1-w1) and Tg2 are the weight 
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fraction and glass transition temperature of the polymer (Haddadin, 2009). At temperatures 

below the glass transition temperature, the dispersion will remain in the glassy state with 

limited molecular mobility. Above the glass transition temperature, a phase change occurs 

in which the material becomes rubbery and mobility of the components increases over time. 

This mobility results in nucleation of the drug substance and recrystallization. Control of 

residual solvent and water uptake are also important processing and packaging 

considerations, as solvents plasticize amorphous dispersions and decrease Tg. A general 

rule is to formulate products with glass transition temperatures 50°C above the storage 

condition to limit mobility/recrystallization and maintain a stable drug product (Six, 2001). 

Friesen et al. illustrated a design space plot using empirical data which characterizes drug 

candidates into several regions, plotting Tm/Tg vs logP.  This plot may be used as a general 

guideline to characterize compounds and estimate drug loading: 

 

Figure 14: Melting point vs. glass transition relationship 

Note - appended from Friesen, 2008 
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As the ratio of Tm/Tg decreases it is likely that higher drug loading is possible. Increasing 

logP will yield decreased dissolution rates due to increasing hydrophobicity of the 

compound. Log P is an inherent characteristic of the drug substance which cannot be 

modified with galenic techniques in this application. By definition, the amorphous state is 

more disordered and have a higher Gibbs Free Energy than the crystalline form. In the 

amorphous form, even below the Tg, structural relaxation toward the lower energy state 

does occur, but the timescale is not predictable and can be extremely long (Pikal 2010), 

Several factors define the strength or fragility of amorphous materials, such as diffusion 

coefficient, activation energy for glass transition, content of residual solvent, and 

intermolecular bonding (Pikal 2010). An annealing process, in which secondary drying is 

performed below the glass transition temperature may be beneficial to create an 

equilibrium glassy state with a less mobility over time upon storage. This annealing may 

occur incidentally as a result of secondary drying to remove residual solvent after spray 

drying, however this topic has not been extensively researched.  

 

Chemical stability is not addressed in this study; however, the compatibility of drug and 

excipients is an important consideration in all drug development programs in terms of 

patient safety and efficacy. 

 

1.9 In-vitro dissolution testing of solid dispersion formulations 

 

The overall goal of utilizing amorphous forms of poorly soluble drugs is to achieve 

solubility enhancement due to the higher inherent free energy of the amorphous form in 

comparison to the crystalline form. This solubility advantage must be realized kinetically 
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within a relatively short period of time and low volume of fluid within the human GI to 

result in increased absorption and bioavailability of drug. Supersaturation ratio, defined 

as the ratio of observed solution concentration to crystalline equilibrium solubility 

(Alonzo 2011) is desired, however maintenance of the supersaturated state is also 

required within the absorption window. In contrast to the supersaturated state, nucleation 

and rate of precipitation to the less soluble crystalline form must be considered and 

measured. Polymers incorporated in amorphous solid dispersions may benefit the 

dissolution of the drug in two ways: polymer may increase the amount of drug dissolved 

resulting in supersaturation; and may on the other hand inhibit precipitation of the drug 

due to increased viscosity or intermolecular interactions. These benefits are due to the 

colligative property of decreased surface tension. In this study, in vitro dissolution was 

studied in small volume and non-sink conditions. Small volume conditions were intended 

to approximate the limited volume that the formulation is exposed to upon ingestion. 

Non-sink volume media do not allow the crystalline drug free solubility; therefore, the 

supersaturation of the amorphous formulations can be easily compared to the crystalline 

drug. The definition of sink per USP is a condition in which the drug saturation solubility 

in the dissolution medium is at least three times larger than the drug concentration used in 

the dissolution tests, sink is typically used in Quality Control type dissolution to verify 

that the drug product is functioning as expected. Sink methods also may obfuscate drug 

precipitation upon supersaturation, resulting in a nonpredictive rank order of formulations 

(Augustijns, 2011). 
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1.10 Texture analysis of solid dispersion formulations 

 

In this study, polymers with different swelling and erosion properties were investigated to 

produce amorphous dispersions. Along with potential solid and solution state interactions, 

the mechanisms in which each polymer or combination of polymers dissolves may impact 

the release of the drug from the dispersion. Textural analysis was used in this application 

to measure distance/extent of polymer swelling, and force applied as a probe moved 

through the a hydrated sample over time. The area under the curve, as a unit of work (mJ) 

may be calculated to characterize the viscosity of a sample. Within the curve generated, 

there are several regions identified as a sample hydrates as seen below (Durig, 2002) in 

Figure 14: 
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Figure 15: Identification of hydration regions of tablets 

 

Each of the polymers investigated in this study are water soluble, however each hydrates 

differently and may swell or erode. The areas of particular interest in the texture analysis 

curve are ‘A,’ representing the fully hydrated region and ‘B,’ representing the partially 

hydrated region. The intent of any AUC calculation was to interpret the aforementioned 

regions of the samples.  
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RESEARCH HYPOTHESES 

 

The Flory-Huggins specific parameter correlates to maximum amorphous content, solid 

state interactions, and solution state interactions in solid amorphous drug dispersions. 

 

When incorporated into ternary solid amorphous drug dispersions, larch arabinogalactan 

increases dissolution rate without disrupting solid state interactions between the drug and 

second polymer. 

 

RESEARCH OBJECTIVES 

 

The aim of this study was to evaluate the relationships between Flory-Huggins interaction 

parameters, Gibbs Free Energy, solid state interactions, solution state interactions, 

maximum amorphous content, and dissolution rate, and supersaturation of binary and 

ternary spray-dried amorphous dispersions. Four BCS Class-II model drugs were selected 

and co-processed with three conventional polymers (HPMC E3, HPMC K3, copovidone) 

and one novel polymer (larch arabinogalactan) as binary mixtures and characterized. 

Ternary SDDs were manufactured to evaluate the in-vitro dissolution advantages of 

conventional polymers to maintain physical stability and supersaturation, paired with 

arabinogalactan to increase dissolution rate of drug in amorphous form. Three 

investigative parts are defined to accomplish the objectives of this study: 

 

1. Prepare solid dispersions of drug and polymer(s) using the spray drying technique 

and evaluate the properties of the materials using X-ray powder diffraction 

(XRPD), modulated differential scanning calorimetry (mDSC), Fourier-transform 
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infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and proton 

nuclear magnetic resonance (1H-NMR).  

2. Calculate the Flory-Huggins specific interaction parameters for drug-polymer 

interactions in the amorphous dispersions, calculate maximum amorphous content 

(drug loading), and correlate these factors to solid state and solution state 

interactions. 

3. Assess the supersaturated concentrations and dissolution rates of binary and 

ternary SDDs in comparison to crystalline drug under non-sink conditions. 

Investigate the mechanisms involved in dissolution, supersaturation, and 

inhibition of precipitation.  
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CHAPTER 2: SOLID STATE METHODS AND MATERIAL CHARACTERIZATION  

 

2.1 Solid State and Solution State Characterization Methods 

 

The below methods were utilized consistently as written for characterization of pure drug 

substances (ibuprofen, ketoprofen, nifedipine, itraconazole), pure polymers, physical 

mixtures, and amorphous solid dispersions thereof.  

 

2.1.1 FTIR 

 

Solid-state FTIR spectra were recorded over a wavenumber range of 4000 cm-1 to 500 

cm-1 with a resolution of 0.9 cm-1 using a Nicolet 380 spectrometer. The spectra were 

analyzed using OMNIC Lite software, version 1.06. 

 

2.1.2 DSC 

 

The thermal properties of the spray dried dispersions, including onset of melting (T), 

drug melting point (Tm), heat of fusion (ΔH), and glass transition temperature (Tg) were 

measured using a TA Instruments Q2000 differential scanning calorimeter (mDSC). 

Glass transition temperatures were evaluated using high volume aluminum pans. 

Approximately 40 – 60 mg of material was packed into each hermetic high-volume pan. 

Samples were heated from 20°C to 200°C with a ramp rate of 5°C/minute and 

modulation temperature amplitude of ±1.000°C. Reversible thermograms were collected 

to investigate glass transition temperatures. Non-reversible and heat flow thermograms 

were evaluated using standard aluminum pans. Approximately 5 -10 mg of material was 
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packed into a standard hermetic aluminum pan. Samples were heated from 0°C to 200°C 

with a ramp rate of 10°C/minute. The instrument was calibrated with indium before 

completing each sequence of tests. The melting point and heat of fusion of each drug was 

measured and used as a reference to calculate crystalline content and degree of 

crystallinity of each formulation at the onset of melting (Huang, 2011). All samples were 

run in duplicate. 

 

          𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
100% 𝑥 ∆𝐻𝑆𝐷

∆𝐻𝑝𝑢𝑟𝑒 𝑑𝑟𝑢𝑔
 and     (15) 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 − 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 

 

2.1.3 XRPD 

 

The diffractograms of samples were collected using a Rigaku MiniFlex 600 goniometer 

with a SC-70 detector. A sample size of approximately 50 mg was prepared in a sample 

holder and the samples were run at 40 kV and 15 mA. The samples were scanned from 

3.00° to 60.00° 2 at a rate of 10.0 degrees/minute. Data analysis was performed using 

MiniFlex+ software. 

 

2.1.4 SEM 
 

The morphology of the samples was evaluated using a JEOL JCM-6000 scanning 

electron microscope at an accelerating voltage of 10 kV. The samples were staged on a 

pedestal and coated with gold with a Cressington 108 sputtering system for 35 seconds 

and 30mA. 
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2.1.4 Pycnometry 

 

Skeletal density measurements were performed to have accurate true density values for 

each material in calculations. Measurements were taken with an AccuPyc II 1340 gas 

displacement pycnometer with nitrogen analysis gas at room temperature. Nifedipine, 

itraconazole, HPMC K3, HPMC E3, copovidone, and arabinogalactan were spray dried 

to create amorphous powders prior to analysis. Ibuprofen and ketoprofen were ground 

with a mortar and pestle, as the neat amorphous forms were not attainable due to the low 

glass transition temperatures of the materials. Average densities were calculated from ten 

analyses per sample.  

 

 2.1.5 1H NMR 
 

Proton nuclear magnetic resonance spectra were recorded using a Bruker Ultrashield TM 

Plus 400 Mz NMR spectrometer. Approximately 5 mg of sample was dissolved into 

0.9mL of deuterated chloroform with 1 v/v% TMS just before the analysis. The solution 

was filled into 5 mm NMR tubes and spectra recorded. The 1H-NMR spectra were 

analyzed using TOPSPIN 21 software. 
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2.2 Material Characterization  

 

2.2.1 Materials 

 

Ketoprofen (KTO), nifedipine (NIF), and itraconazole (ITRA) were purchased from TCI 

America (Portland, OR), and ibuprofen (IBU) was purchased from Fisher Scientific 

(Suwanee, GA). The four polymers chosen for this study were 

hydroxypropylmethylcellulose (HPMC) K3, hydroxypropylmethylcellulose (HPMC) E3, 

vinylpyrrolidone-vinyl acetate copolymer (copovidone) Kollidon VA64, and larch 

arabinogalactan. HPMC E3 and HPMC K3 were generously gifted from ShinEtsu 

(Niigata, JPN). Copovidone was purchased from BASF (Florham Park, NJ). Larch 

arabinogalactan was purchased from Lonza (Alpharetta, GA). Methanol and 

dichloromethane (ACS grade) were purchased from Fisher Scientific (Suwanee, GA). 

Chloroform-d with 1 v/v % TMS was purchased from Acros Organics (Geel, Belgium). 

 

2.2.2 Characterization of Drug Substances and Excipients 

 

2.2.2.1 DSC 

 

The four drug substances were tested with a heat-cool-heat method DSC method in order 

to evaluate melting point and glass transition temperature. The rationale is to melt the 

drug, quench rapidly to freeze the amorphous form, and heat in a second cycle to measure 

the glass transition temperature. Each of the thermograms are displayed below in Figures 

15-18: 
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Figure 16: HCH thermogram for pure ibuprofen 

 

Figure 17: HCH thermogram for pure ketoprofen 
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Figure 18: HCH thermogram for pure nifedipine 

 

Figure 19: HCH thermogram for pure itraconazole 
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The glass transition temperature (Tg), melting point (Tm), and molar heat of fusion 

((∆𝐻2
𝑓𝑢𝑠𝑒

)for each of the four pure drug substances are displayed below in Table 10: 

Drug substance Tg (°C) Tm (°C) ∆𝑯𝟐
𝒇𝒖𝒔𝒆

 (J/g) 

Ibuprofen -45.0 78.4 132.7 

Ketoprofen -3.9 97.5 112.8 

Nifedipine 44.0 175.5 115.0 

Itraconazole 57.9 169.7 91.4 

Table 10: Thermal properties of model drugs 

  

2.2.2.2 FTIR 

 

FTIR spectra were measured for each drug substance and excipient. The representative 

scans are displayed below for drug substances in Figures 19-22, and polymers in Figures 

23-26. 

 

Figure 20: FTIR spectra of pure ibuprofen 
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Figure 21: FTIR spectra of pure ketoprofen 

 

Figure 22: FTIR spectra of pure nifedipine 
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Figure 23: FTIR spectra of pure itraconazole 

 

Figure 24: FTIR spectra of HPMC K3 
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Figure 25: FTIR spectra of HPMC E3 

 

Figure 26: FTIR spectra of copovidone 
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Figure 27: FTIR spectra of arabinogalactan 

 

The FTIR spectra for the pure drug substances will be used to calculate wavenumber shift 

for formulated compositions and are consistent with data reported in literature. The neat 

crystalline ibuprofen displayed a characteristic shift at wavenumber 1708 cm-1; assigned 

to the carbonyl stretching of self-associated ibuprofen dimers and a band at 2952 cm-1 

associated with –OH stretching (Ghorab, 2014).  The neat crystalline ketoprofen 

displayed shifts at 1654 and 1692 cm-1 characteristic of the C=O stretching of the 

carbonyl group and a triplet in the fingerprint region of 704 cm-1 which is indicative of 

the crystalline form, as opposed to a dimer in the 704 cm-1 range for the amorphous form 

(Chan, 2015). The neat crystalline nifedipine displayed two bands due to carbonyl groups 

at 1646 and 1677 cm-1 and an amide band at 3319 cm-1 (Huang 2007). The neat 
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crystalline itraconazole displays characteristic peaks reported in literature as well as the 

peak at 1697 cm-1 that is attributed to the C=O group of the drug (Radzuan, 2010).  

 

Both HPMC polymers had –OH stretching bands at 3418 cm-1, C-H stretching bands at 

2961 cm-1, and C=O stretching bands at 1726 cm-1 (Nakayama, 2009).  Copovidone 

showed a broad N-H band at 3439 cm−1, the C=O stretching at 1730cm−1 of the vinyl 

acetate group, C=O stretching of the amide function at 1667 cm−1, and C–C bands at 

1450–1480 cm−1 (Chamsai, 2017). Arabinogalactan polymer displayed a broad –OH 

stretching band at 3291 cm-1, a broad –CH stretching band at 2887 cm-1, a sharp 

carboxylate band at 1589 cm-1, and a sharp C-O-H stretching band at 1371 cm-1 (Borisov, 

2004). 
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2.2.2.3 SEM 

 

SEM images with 200x magnification are displayed in Figures 27 and 28 for the model 

drugs and polymers investigated.  

 

Figure 28: SEM micrographs for model drugs 

Note - a) nifedipine b) ibuprofen c) ketoprofen d) itraconazole 



70 

 

 

Figure 29: SEM micrographs for polymers 

Note - a) HPMC E3 b) HPMC K3 c) copovidone d) arabinogalactan 

 

2.2.2.4 Pycnometry - Skeletal Density 

 

The skeletal density of each pure drug substance and neat polymer was measured. The 

densities of each material are displayed in the table below and were utilized in subsequent 

calculations to calculate volume fractions of formulated solid dispersions. Each material 

was spray dried, if feasible, to measure the density of the amorphous form for more 

accuracy. Each form is stated in Table 11 for reference. Measurements were taken with 

an AccuPyc II 1340 gas displacement pycnometer with nitrogen analysis gas at room 

temperature. Average densities were calculated from ten analyses per sample. 



71 

 

Material Physical form of sample σ (g/cm3) 

Ibuprofen crystalline 1.1162 

Ketoprofen crystalline 1.2589 

Nifedipine amorphous 1.3710 

Itraconazole amorphous 1.3701 

HPMC K3 amorphous 1.3463 

HPMC E3 amorphous 1.3192 

Copovidone amorphous 1.0403 

Arabinogalactan amorphous 1.0486 

Table 11: Skeletal densities of pure drugs and excipients 

 

2.2.2.5 1H-NMR 

 

Proton nuclear magnetic resonance spectra were obtained for each pure drug substance 

and excipient dissolved in chloroform-D per the method described in 2.1.6. The spectra 

were utilized as a reference to evaluate chemical shifts from solution-state interactions of 

binary mixtures to be described in a subsequent section. The proton NMR spectra are 

displayed below in Figures 29-36. 

 

Figure 30: 1H-NMR spectra for pure ibuprofen 
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Figure 31: 1H-NMR spectra for pure ketoprofen 

 

Figure 32: 1H-NMR spectra for pure nifedipine 

 

Figure 33: 1H-NMR spectra for pure itraconazole 

 

Figure 34: 1H-NMR spectra for HPMC K3 

 

Figure 35: 1H-NMR spectra for HPMC E3 
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Figure 36: 1H-NMR spectra for copovidone 

 

Figure 37: 1H-NMR spectra for arabinogalactan 

 

The neat ibuprofen displayed the characteristic chemical shifts of two doublet peaks in 

the aromatic region of 7.2 ppm, a quartet in the region methoxyl region of 3.8 ppm, a 

broad shift for the COOH proton in the 11.5 region, and other arrangements similar to 

those reported in literature (Ghorab, 2001, Abioye, 2014). The neat ketoprofen displayed 

the characteristic chemical shifts of aromatic hydrogen atoms in the aromatic range of 

7.2-7.8 ppm, a shift in the methoxyl region of 3.8 ppm, and 1.8 ppm for protons 

associated with the aliphatic group (Maciazek-Jurczyk, 2012). No shift was observed for 

the COOH proton in the region of 11.5 ppm, suggesting dimerization of the ketoprofen 

molecule (Marconi, 2010). Pure nifedipine displayed the characteristic shifts in the 

aromatic region of 7.1-7.7 ppm, an –NH hydrogen at 5.8 ppm, one 4-H at 5.6 ppm, two 

methoxyl groups at 3.6 ppm and methyl groups at 2.3 ppm (Sadana, 1990). Itraconazole 

displayed characteristic shifts as described in literature, including shifts in the aromatic 
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region of 7.1-7.7 ppm and aliphatic region of 1.8 ppm (Inkmann, 1998, Deshpande, 

2018). 

 

The HPMC K3 and E3 samples displayed a shift in the aliphatic region of 1.8 ppm, 3.6 

and 3.8 ppm for the hydroxyl groups (Kumar, 2007). The copovidone polymer spectra 

displayed chemical shifts for aliphatic protons at 1.8 ppm, CH2 protons at 2.0 ppm, and a 

broad shift at 3.2 ppm for –C< protons (Skoog, 1998). The arabinogalactan polymer 

displayed shifts consistent to those reported previously for the H1-H6 protons (Ponder, 

1997). 

2.2.2.6 XPRD 

 

 

X-ray powder diffraction is a primary tool for evaluating the absence of crystallinity 

(amorphous content) of the spray dried dispersion preparations. The preparation of drug 

and polymer solution in organic solvent, followed by the rapid drying and collection of 

spray dried powder may retain the amorphous nature of the drug substance, with 

inhibition of recrystallization by the dispersed polymer. Amorphous materials are 

metastable, therefore confirmation and maintenance of the formulation in an amorphous 

state is critical. As a reference, neat crystalline drug substances and each excipient were 

tested along with the spray dried dispersions.  

 

Each of the crystalline drug substances was characterized using XRPD, and the 

diffractograms of these materials are displayed below in Figures 37-40. 
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Figure 38: XRPD diffractogram for pure ibuprofen 

 

Figure 39: XRPD diffractogram for pure ketoprofen 
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Figure 40: XRPD diffractogram for pure nifedipine 

 

Figure 41: XRPD diffractogram for pure itraconazole 

Crystalline ibuprofen diffractograms were consistent with referenced materials, with 

characteristic peaks at 17.06, 20.43 and 22.65 2-theta (deg) (Chen, 2012). Crystalline 

ketoprofen diffractograms were consistent with referenced materials, with characteristic 

peaks at 6.49, 18.48 and 22.89 2-theta (deg) (Di Martino, 2004). Crystalline nifedipine 

diffractograms were consistent with referenced materials, with characteristic peaks at 
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8.21, 12.07, 16.39 and 24.72 2-theta (deg) (Cilurzo, 2002). Crystalline itraconazole 

diffractograms were consistent with referenced materials, with characteristic peaks at 

14.76, 17.75, 20.65 and 23.74 2-theta (deg) (Grobelny, 2014). 

2.2.2.7 Solubility Parameter Calculations 

 

The solubility parameters for each material utilized in this study were calculated using 

various in silico group contribution methods. The total Hildebrand solubility parameter 

was manually calculated per the method of Fedor, and Hansen partial and total solubility 

parameters were calculated using the methods of Hofytzer-van Krevelen (VK) and Hoy. 

HSPiP software was utilized to calculate Hansen partial and total solubility parameters 

per the Yammamoto-breaking group (YMB) contribution method. HSPiP software was 

further utilized to plot the partial Hansen solubility parameters of each drug substance in 

relation to the polymer set that has been selected.  

 

2.2.2.7.1 Group contribution method 

 

Solubility parameters for the selected drug substances and polymers are displayed below.  

SP type Hansen Hildebrand 

Method YMB Van Krevelen  Hoy Fedors 

Parameter δd δp δt δt δd δp δh δt δt δt 

Ibuprofen  17.6 2.5 19.7 19.4 17.9 2.2 7.2 19.4 19.7 20.9 

Ketoprofen 19.5 6.1 21.1 21.7 20.1 3.0 6.3 21.2 21.1 24.5 

Nifedipine 18.5 5.6 20.9 20.7 19.0 4.8 9.2 21.6 20.9 22.6 

Itraconazole 23.0 13.7 19.4 27.5 21.5 4.6 9.5 23.9 19.4 22.0 

HPMC 2910 16.9 7.6 22.8 19.0 17.0 8.6 9.0 21.0 22.8 28.0 

Copovidone 18.5 7.1 20.2 20.9 19.1 8.2 9.7 22.9 20.2 22.8 

Arabinogalactan 16.9 11.3 32.0 30.5 33.2 4.4 16.2 37.2 32.0 32.7 

Table 12: Calculated solubility parameters with various methods 

 



78 

 

An example calculation per the group contribution method of Hofytzer-van Krevelen 

(VK) is displayed in Table 13 for the ibuprofen molecule. 

 

 
Ibuprofen 

Group # Fdi ΣFdi F2
pi ΣF2

pi Ehi ΣEhi molar V 
ƩV/cm3 

mol-1 

CH3 3 420 1260 0 0 0 0 33.5 100.5 

CH2 1 270 270 0 0 0 0 16.1 16.1 

>CH- 2 80 160 0 0 0 0 -1 -2 

COOH 1 530 530 420 176400 10000 10000 28.5 28.5 

phenylene 1 1270 1270 110 12100  0 0 52.4 52.4 

Σ   3490  188500  10000  195.5 

 

𝛿𝑑 = 
∑ 𝐹𝑑𝑖

𝑉
 = 

3490

195.5
= 17.85 

𝛿𝑝 =
√∑ 𝐹𝑝𝑖

2

𝑉
 = 

√188,500

195.5
 = 2.22 

 𝛿ℎ =  √
∑ 𝐸ℎ𝑖

𝑉
=  √

10,000

195.5
 = 7.15 

𝛿𝑡 =  √𝛿𝑑
2 + 𝛿𝑝

2 +  𝛿ℎ
2 = 19.36 

Table 13: Ibuprofen solubility parameter calculation 

 

It is apparent that each type of group contribution method typically gives a similar, yet 

different result. It is commonplace for researchers to use the average total solubility 

parameter value obtained from multiple methods for calculations. Although these in silico 

solubility parameters are useful as a guide, there lacks specificity to differentiate between 

polymer selection in the formulation process. Considering the ‘rule of thumb’ proposed 

independently by Forster and Greenhalgh that two materials with 𝛿𝑡within 7.0 MPa1/2 are 

likely miscible, then these data provide limited predictive guidance for polymer selection. 
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Furthermore, this general guidance does not consider specific interactions between drug-

polymer such as hydrogen bonding, nor the vast differences of molecular weight between 

small molecule drugs and larger polymers.   

The values from each group contribution method and averages are illustrated in Figure 

41: 

 

Figure 42: Solubility parameters from various methods 

Note- methods seen left-right YMB (dark blue), VK (red), Fedors (green), Hoy (purple) methods, and 

average (light blue) 

 

Figure 41 illustrates variability between various group contribution methods, as well as 

similar average values between each drug and HPMC and copovidone polymers 

indicating miscibility. Arabinogalactan is the sole component that is > 7.0 MPa1/2 and 

would be theorized to be immiscible with each of the other materials.  

An alternate method to visualize similarity between drug-polymer is to compare the 

partial Hansen solubility parameters to compare dispersive, polar, and hydrogen bonding 

similarities between compounds in a three-dimensional plot per HSPiP software. Figures 
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42-45 are three-dimensional plots of drug and polymers. Individual sphere radii of 4.0 

MPa1/2 and 2.0 MPa1/2 were selected for drug and polymer, respectively. 

 

Figure 43: Hansen partial solubility parameters for ibuprofen and excipients 

Note - a) ibuprofen, b) copovidone c) HPMC d) AG 

 

Figure 44: Hansen partial solubility parameters for ketoprofen and excipients 

Note - a) ketoprofen, b) copovidone c) HPMC d) AG 
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Figure 45: Hansen partial parameters for nifedipine and excipients 

Note - a) nifedipine, b) copovidone c) HPMC d) AG 

 

Figure 46: Hansen partial parameters for itraconazole and excipeints 

Note - a) itraconazole, b) copovidone c) HPMC d) AG 
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The graphical representations of partial Hansen solubility parameters display ‘likeness’ of 

ibuprofen, ketoprofen, and nifedipine to copovidone and HPMC polymers. 

Arabinogalactan remains most distant from the other molecules, primarily due to the very 

high 𝛿ℎ Hansen hydrogen bonding partial parameter. This high 𝛿ℎ value supports the 

very high aqueous solubility of arabinogalactan due to hydrogen bonding.  

 

2.2.2.7.2 Gibbs Free Energy Diagrams 

 

Flory-Huggins interaction parameters calculated using average total solubility parameters 

displayed in Table 12 and skeletal densities displayed in Table 11 were utilized to plot 

Gibbs free energy of mixing diagrams to predict miscibility of each drug-polymer 

combination per application of the equation and displayed in Figure 46: 

∆𝐺𝑚𝑖𝑥

𝑅𝑇
= 𝑛𝑑𝑟𝑢𝑔Ф𝑑𝑟𝑢𝑔 + 𝑛𝑝𝑜𝑙𝑦 ln Ф𝑝𝑜𝑙𝑦 +  𝑛𝑑𝑟𝑢𝑔 Ф𝑝𝑜𝑙𝑦𝜒    (29) 

 

Where, in this calculation, χ is the FH interaction parameter (non-specific): 

𝜒 =  
𝑉𝑑𝑟𝑢𝑔

𝑅𝑇
(𝛿𝑑𝑟𝑢𝑔 − 𝛿𝑝𝑜𝑙𝑦)

2
        (30) 
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Figure 47: GFE plots for selected drugs and polymers 

Note - a)ibuprofen b)ketoprofen c)itraconazole d)nifedipine and three selected polymers 

The Gibbs Free Energy diagrams predict each of the four model drugs to be miscible with 

HPMC and copovidone in all ratios. Arabinogalactan is predicted to be immiscible with 

ibuprofen, ketoprofen, and nifedipine in all ratios and miscible with itraconazole below a 

volume fraction of approximately 20% drug. It must be noted that the Flory-Huggins 

interaction parameter χ employed in these calculations do not incorporate hydrogen 

bonding or drug-polymer interaction (Anderson, 2018). Chapter 3 of this study focuses 

on understanding the drug-polymer specific interaction parameter which more accurately 

account for these intermolecular forces.  
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CHAPTER 3: MANUFACTURE AND CHARACTERIZATION OF BINARY AND 

TERNARY AMORPHOUS SOLID DISPERSIONS 

 

3.2 Introduction 

 

Various compositions of binary and ternary dispersions of drug-polymer were prepared 

via the spray drying technique for each drug. Binary and ternary dispersions were 

prepared by dissolving the drug and polymer in a common solvent and spray drying with 

a lab-scale Buchi B-290 spray dryer. Various increasing drug loadings were attempted for 

each drug-polymer combination. The Gibbs Free Energy diagrams generated on a 

theoretical basis (Figure 43) suggest drug-polymer miscibility for four drugs with two 

polymers at all volume fractions of drug, and formulations with high drug loading were 

intended to challenge this model. Each composition was tested for thermal and solid-state 

interactions. Modulated DSC was used to measure glass transition temperature, onset 

melting temperature and heat of fusion (if any), and any additional thermal events. Onset 

melting temperature and heat of fusion were used to calculate amorphous content (Eq 15) 

and the Flory-Huggins specific interaction parameter χ2,1 (Eq 14). Solid-state 

characterization of each composition included SEM, XRPD, FTIR, and 1H-NMR for 

selected samples.  

 

3.2 Formulation Matrices for Spray Dried Amorphous Dispersions 

 

3.2.1 Spray Drying 

 

Amorphous solid dispersions were prepared with various levels of drug loading with the 

spray drying method. For binary mixtures, drug and polymer were dissolved in 1:1 v/v 

DCM:MeOH solvent until completely dissolved and spray dried. For ternary mixtures, 



85 

 

drug and polymer were dissolved in solvent, and then arabinogalactan polymer was 

dispersed and homogenized using a Silverson mixer (East Longmeadow, MA). The 

solutions and suspensions were spray dried using a Buchi B-290 spray dryer (Newark, 

DE), using the parameters detailed in Table 14. All spray dried dispersion prototypes 

were dried in a vacuum oven for 24 hours at 40°C to remove residual solvents and stored 

under refrigerated conditions in amber glass vials with desiccant until analysis.  

 

Each of the solutions and suspensions were processed using the below parameters to 

process and collect the spray dried solid dispersions: 

Parameter Value 

Solids content (% w/w) 10.0 

Process gas flow (m3/hr) 38 

Aspirator (%) 100 

Atomization pressure (psi) 30 

Inlet gas temperature  (°C) 45-55 

Outlet gas temperature (°C) 30-35 

Spray rate (g/min.) 9-12 

Table 14: Spray drying process parameters 

 

3.2.2 Thermal Characterization 

 

3.2.2.1 DSC Measurement of Enthalpy, Melting Point Depression, Percent Amorphous 

Content 

 

Differential scanning calorimetry was utilized to characterize the thermal properties of 

each spray dried solid dispersion. The following parameters listed in Table 15 were 

utilized: 
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Parameter Value 

Modulation Temp. Amplitude ± 1.000°C 

Modulation 60 sec 

Ramp Rate 5°C/min. 

Start Temp. 0°C 

Final Temp. 250°C 

Sample size 50-70 mg 

Pan type High volume 

Table 15: mDSC parameters 

 

The %w/w composition, glass transition temperature(s), onset of melting temperature, 

melting point, molar heat of fusion, and percent of solubilized amorphous drug 

(maximum amorphous content) are reported in Tables 16-19 below. The absence of 

melting enthalpy with corresponding molar heat of fusion indicates a sample with one 

phase of amorphous material. 

 

Theoretical glass transition temperatures were calculated using Fox’s Equation (Eq 28). 

The percent of amorphous drug was calculated using the molar heat of vaporization for 

the pure drug substance and solid dispersion sample per Eq (15). 

 

Crystallinity was evaluated with XRPD for each sample. Samples without any distinct 

peaks were categorized as amorphous. Samples with small peaks or slight intensity were 

characterized as slightly crystalline, and samples with diffractograms resembling those of 

the pure crystalline drug substance were characterized as crystalline. 
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3.2.2.2 Ibuprofen Solid Dispersions 

 
IBU AG HPMC 

E3 

HPMC 

K3 

Cop. Tg 

predict 

Tg 

observed 

Tm 

onset 

Tm ΔHm % 

Amorphous 

XPRD 

% w/w °C °C °C °C J/g % category 

100 ---- ---- ---- ---- n/a -45.0 77.5 78.4 132.7 n/a crystalline 

20 ---- 80 ---- ---- 95.2 96.9 ND ND ND 20.0 amorphous 

40 ---- 60 ---- ---- 46.1 ND 59.8 62.3 20.8 24.4 amorphous 

50 ---- 50 ---- ---- 26.2 ND 54.6 69.6 43.6 17.1 amorphous 

70 ---- 30 ---- ---- -7.0 ND 69.9 73.7 65.0 21.0 crystalline 

20 40 40 ---- ---- 69.1 78.1 62.3 72.9 2.2 18.3 amorphous 

20 ---- ---- 80 ---- 95.2 85.0 ND ND ND 20.0 amorphous 

40 ---- ---- 60 ---- 46.1 ND 65.8 68.7 20.9 24.3 amorphous 

50 ---- ---- 50 ---- 26.2 ND 62.8 72.5 32.5 25.5 slight cryst. 

70 ---- ---- 30 ---- -7.0 ND 70.8 74.8 61.1 23.9 crystalline 

20 40 ---- 40 ---- 69.1 75.7 69.3 75.2 0.4 19.7 amorphous 

20 ---- ---- ---- 80 59.2 50.1 ND ND ND 20.0 amorphous 

40 ---- ---- ---- 60 25.1 ND 60.2 75.4 50.8 21.7 amorphous 

20 40 ---- ---- 40 52.7 ND ND ND ND 20.0 amorphous 

20 80 ---- ---- ---- 46.4 55.1 ND ND ND 20.0 amorphous 

ND: not detected 

Table 16: Thermal analysis of ibuprofen SDDs 

Ibuprofen solid dispersions were successfully manufactured between 20-70% drug 

loading for HPMC polymers E3 and K3, 20-40% for copovidone polymer, and with 20% 

drug loading for AG polymer via the spray drying technique. Higher drug loading 

concentrations for copovidone and AG polymers were attempted but were not successful 

due to the physical properties of these powders that led to molten material inside the 

collection cyclone of the spray dryer. The observed molten material is due to the low 

glass transition temperature and melting point of ibuprofen. Solid dispersions with 20% 

drug loading with each polymer all exhibited a single glass transition temperature and 

absence of melting endotherm indicating amorphous material without drug 

recrystallization. The absence of crystalline material for the 20% drug loaded solid 

dispersions was confirmed using SEM imaging. All ternary mixtures exhibited a single 

glass transition temperature indicating a single phase of material, with an amorphous 

state that was not disrupted by addition of arabinogalactan. 
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Formulations with drug loading compositions above 20% displayed melting endotherms 

with melting point depression rank-ordered with melting points closest to those of the 

pure drug substance in the highest drug load concentrations and decreasing with higher 

polymer contents. Onset of melting temperatures and percent amorphous drug were 

utilized in subsequent calculations to calculate specific interaction parameters. The 

ibuprofen:HPMC K3,E3 dispersions with 70% drug load were crystalline, and the 

ibuprofen:HPMC E3 dispersion with 50% drug load was slightly crystalline. This is an 

expected result, as the low glass transition temperature and melting point of ibuprofen 

present challenges to maintain amorphous state at higher drug loading. The samples were 

tested promptly after secondary drying, and the XRPD result confirms that these 

materials either recrystallized during the spray drying or secondary drying processes.  

Crystalline ibuprofen diffractograms were consistent with referenced materials, with 

characteristic peaks at 17.06, 20.43 and 22.65 2-theta (deg). Crystalline ketoprofen 

diffractograms were consistent with referenced materials (Yazdi, 2016), with 

characteristic peaks at 6.49, 18.48 and 22.89 2-theta (deg).  

The XRPD diffractograms displayed in Figure 50 for Ibuprofen:HPMC K3 formulations 

show completely amorphous material for the binary dispersion of 20% ibuprofen:HPMC 

K3 and the ternary dispersion with 20% ibuprofen:HPMC K3:arabinogalactan. The 

binary ibuprofen:HPMC K3 dispersions with 40% and 50% of drug loading have some 

crystallinity corresponding to the peaks present in the pure drug substance.  

 

 



89 

 

 

 

Figure 48:DSC thermograms for IBU and IBU:cop SDDs 

 

Figure 49: DSC thermograms for IBU and IBU:HPMC E3 SDDs 
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Figure 50: DSC thermograms for IBU and IBU:HPMC K3 SDDs 

 

Figure 51: XRPD spectra for IBU and IBU SDDs with 20% drug load 
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Figure 52: XRPD spectra for IBU:HPMC K3 SDDs  

 

 

Figure 53: SEM images for IBU SDDs 

Note - a) IBU:E3 b) IBU:E3:AG c) IBU:K3 d) IBU:K3 e) IBU:Cop f) IBU:Cop:AG SDDs 
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3.2.2.3 Ketoprofen Solid Dispersions 

 

 
ND: not detected 

 
Table 17: Thermal analysis of ketoprofen SDDs 

Ketoprofen solid dispersions were successfully manufactured between 10-70% drug 

loading for HPMC polymers E3 and K3, 10-40% for copovidone polymer, and with 10-

20% drug loading for AG polymer via the spray drying technique. Higher drug loading 

concentrations for copovidone and AG polymers were attempted but were not successful 

due to the physical properties of these powders that led to molten material inside the 

collection cyclone of the spray dryer. This was similar to ibuprofen formulations. Solid 

dispersions with up to 50% drug loading for HPMC E3 and K3 all exhibited a single 

glass transition temperature and absence of melting endotherm indicating amorphous 

material without phase separation. Solid dispersions up to 40% drug loading for 

copovidone formulations exhibited a single glass transition temperature without melting 

endotherm indicating miscibility. All ternary mixtures exhibited a single glass transition 

temperature indicating a single phase of material, with an amorphous state that was not 

disrupted by addition of arabinogalactan. 

KETO AG HPMC E3 HPMC K3 Copovidone Tg predict Tg observed Tm onset Tm ΔHm %  Amorphous XPRD

°C °C °C °C J/g % category

100 ---- ---- ---- ---- n/a -3.9 93.6 97.5 112.8 n/a crystalline

10 ---- 90 ---- ---- 136.7 130.9 ND ND ND 10.0 amorphous

50 ---- 50 ---- ---- 59.4 ND ND ND ND 50.0 amorphous

60 ---- 40 ---- ---- 44.5 ND 82.1 82.3 0.7 59.4 amorphous

70 ---- 30 ---- ---- 30.8 ND 85.6 86.2 17.6 54.4 crystalline

10 45 45 ---- ---- 112.2 105.8 ND ND ND 10.0 amorphous

10 ---- ---- 90 ---- 136.7 137.3 ND ND ND 10.0 amorphous

50 ---- ---- 50 ---- 59.4 64.8 ND ND ND 50.0 amorphous

60 ---- ---- 40 ---- 44.5 46.8 82.5 90.2 4.6 55.9 amorphous

70 ---- ---- 30 ---- 30.8 33.3 84.1 91.5 34.7 39.3 crystalline

10 45 ---- 45 ---- 112.2 111.4 ND ND ND 10.0 amorphous

10 ---- ---- ---- 90 87.8 82.6 ND ND ND 10.0 amorphous

20 ---- ---- ---- 80 74.6 84.6 ND ND ND 20.0 amorphous

30 ---- ---- ---- 70 62.4 81.3 ND ND ND 30.0 amorphous

40 ---- ---- ---- 60 50.9 66.8 ND ND ND 40.0 amorphous

10 45 ---- ---- 45 82.0 86.7 ND ND ND 10.0 amorphous

10 90 ---- ---- ---- 71.0 72.0 ND ND ND 10.0 amorphous

20 80 ---- ---- ---- 60.7 65.7 80.5 86.8 8.4 12.5 amorphous

%  w/w
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Crystalline ketoprofen diffractograms were consistent with referenced materials (Di 

Martino, 2004) with characteristic peaks at 6.49, 18.48 and 22.89 2-theta (deg). The 

XRPD diffractograms displayed in Figure 54 for ketoprofen:HPMC K3 formulations 

show completely amorphous material for the binary dispersions of 20% 

ketoprofen:HPMC K3, 50% ketoprofen:HPMC K3 and the ternary dispersion with 20% 

ketoprofen:HPMC K3:arabinogalactan. The binary ketoprofen:HPMC K3 dispersion with 

70% of drug loading has some crystallinity corresponding to the peaks present in the pure 

drug substance.  

 

Formulations that displayed melting endotherms with melting point depression rank-

ordered with melting points closest to those of the pure drug substance in the highest drug 

load concentrations and decreasing with higher polymer contents. The onset of melting 

temperatures and the percent amorphous drug were utilized in subsequent calculations to 

calculate specific interaction parameters.  
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Figure 54: DSC thermograms for KTO and KTO:AG SDDs 

 

 
Figure 55: DSC thermograms for KTO and KTO:copovidone SDDs 
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Figure 56: DSC thermograms for KTO and KTO:HPMC K3 SDDs 

 

Figure 57: XRPD spectra for KTO and KTO SDDs with 20% drug load 
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Figure 58: XRPD spectra for KTO:HPMC K3 SDDs 

 
Figure 59: SEM images for KTO SDDs 

Note - a)KTO:E3 b)KTO:E3:AG c)KTO:K3 d)KTO:K3 e) KTO:Cop f)KTO:Cop:AG SDDs 
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3.2.2.4 Nifedipine Solid Dispersions 

 
 

 
ND: not detected 

 
Table 18: Thermal analysis of ketoprofen SDDs 

 

Nifedipine solid dispersions were successfully manufactured between 20-80% drug 

loading for each of the four polymers investigated via the spray drying technique. Solid 

dispersions with up to 80% drug loading for HPMC E3, HPMC K3, and copovidone all 

exhibited a single glass transition temperature. Although all compositions displayed a 

single glass transition temperature for the binary mixtures, melting endotherms were 

observed with drug loading of 40% and higher for each polymer indicating a maximum 

amorphous content that may be calculated for each binary combination of amorphous 

drug/polymer in a single phase. The ternary mixture of NIF:HPMC K3:AG exhibited 

three distinct glass transition temperatures, indicating three amorphous phases of 

material. 

 

NIF AG HPMC E3 HPMC K3 Copovidone Tg predict Tg observed Tm onset Tm ΔHm %  Amorphous XPRD

°C °C °C °C J/g % category

100 ---- ---- ---- ---- n/a 44.0 169.4 178.0 115.0 n/a crystalline

20 ---- 80 ---- ---- 132.5 122.8 ND ND ND 20.0 amorphous

40 ---- 60 ---- ---- 106.8 90.3 153.3 164.4 17.5 24.8 amorphous

60 ---- 40 ---- ---- 84.1 92.3 159.9 168.2 21.6 41.3 amorphous

80 ---- 20 ---- ---- 64.0 60.6 165.0 174.8 35.5 49.1 slight cryst.

20 40 40 ---- ---- 108.5 107.9 ND ND ND 20.0 amorphous

20 ---- ---- 80 ---- 132.5 124.6 ND ND ND 20.0 amorphous

40 ---- ---- 60 ---- 106.8 87.0 155.6 165.5 19.3 23.2 amorphous

60 ---- ---- 40 ---- 84.1 88.5 164.2 172.8 26.8 36.7 amorphous

80 ---- ---- 20 ---- 64.0 61.2 167.4 175.9 33.4 51.0 amorphous

20 40 ---- 40 ---- 108.5 55,85,164 153.2 158.7 0.3 19.7 amorphous

20 ---- ---- ---- 80 89.3 78.8 ND ND ND 20.0 amorphous

40 ---- ---- ---- 60 77.4 79.9 ND ND ND 40.0 amorphous

60 ---- ---- ---- 40 66.3 68.7 153.2 160.2 4.2 56.4 amorphous

80 ---- ---- ---- 20 55.8 51.8 158.6 169.5 47.6 38.6 slight cryst.

20 40 ---- ---- 40 83.5 85.9 ND ND ND 20.0 amorphous

20 80 ---- ---- ---- 74.2 ND 153.7 163.6 16.6 5.5 amorphous

80 20 ---- ---- ---- 52.6 ND 168.3 176.4 61.6 26.5 slight cryst.

%  w/w
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Crystalline nifedipine diffractograms were consistent with referenced materials (Huang, 

2011) with characteristic peaks at 8.21, 12.07, 16.39 and 24.72 2-theta (deg). 

 

Figure 60: DSC thermograms for NIF and NIF:AG SDDs 

 

Figure 61: DSC thermograms for NIF and NIF:copovidone SDDs 
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Figure 62: DSC thermograms for NIF and NIF:HPMC K3 SDDs 

 

Figure 63: XRPD spectra for NIF SDDs with 20% drug load 
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Figure 64: XRPD spectra for NIF and NIF SDDs  

 

Figure 65: SEM images for NIF SDDs 

Note - a)NIF:E3 b)NIF:E3:AG c)NIF:K3 d)NIF:K3 e) NIF:Cop f)NIF:Cop:AG SDDs 
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3.2.2.5 Itraconazole Solid Dispersions 

 

 
ND: not detected 

 
Table 19: Thermal analysis of itraconazole SDDs 

 

Itraconazole solid dispersions were successfully manufactured between 20-80% drug 

loading for each of the four polymers investigated via the spray drying technique. Solid 

dispersions with up to 60% drug loading for HPMC E3, HPMC K3, and copovidone all 

exhibited a single glass transition temperature. Although all compositions displayed a 

single glass transition temperature for the binary mixtures, melting endotherms were 

observed with drug loading of 20% and higher for each polymer indicating a maximum 

amorphous content that may be calculated for each binary combination of amorphous 

drug/polymer in a single phase for compositions above 20%. Each sample with a drug 

load of 80% for samples containing HPMC and copovidone displayed multiple glass 

transition temperatures indicating multiple phases of amorphous and crystalline material. 

Binary mixtures of itraconazole and arabinogalactan exhibited multiple glass transition 

ITRA AG HPMC E3 HPMC K3 Copovidone Tg predict Tg observed Tm onset Tm ΔHm %  Amorphous XPRD

°C °C °C °C J/g % category

100 ---- ---- ---- ---- n/a 57.9 57.9 165.2 167.3 91.4 crystalline

20 ---- 80 ---- ---- 136.3 137.5 ND ND ND 20.0 amorphous

40 ---- 60 ---- ---- 113.4 112.2 152.9 159.9 3.4 36.3 amorphous

60 ---- 40 ---- ---- 93.0 86.5 154.5 162.9 8.1 51.2 amorphous

80 ---- 20 ---- ---- 74.6 56, 91, 162 157.7 166.4 22.8 55.1 slight cryst.

20 40 40 ---- ---- 104.3 82.0 ND ND ND 20.0 amorphous

20 ---- ---- 80 ---- 136.3 149.2 ND ND ND 20.0 amorphous

40 ---- ---- 60 ---- 113.4 119.7 154.1 160.2 2.4 37.4 amorphous

60 ---- ---- 40 ---- 93.0 78.4 154.6 162.9 11.8 47.1 amorphous

80 ---- ---- 20 ---- 74.6 61, 86, 119, 166 152.1 165.5 26.6 50.9 amorphous

20 40 ---- 40 ---- 104.3 120.9 ND ND ND 20.0 amorphous

20 ---- ---- ---- 80 92.3 82.0 ND ND ND 20.0 amorphous

40 ---- ---- ---- 60 83.1 88.5 145.1 154.4 0.9 39.0 amorphous

60 ---- ---- ---- 40 74.3 86.5 148.0 159.3 18.4 39.8 amorphous

80 ---- ---- ---- 20 66.0 56, 89.7, 108 156.5 165.6 31.1 46.0 amorphous

20 40 ---- ---- 40 84.4 84.9 142.5 151.9 1.578 18.3 amorphous

20 80 ---- ---- ---- 76.9 72.3 151 160.5 13.7 5.0 amorphous

40 60 ---- ---- ---- 72.0 61.1, 75.6,  86.7 150.6 159.8 27.0 10.5 amorphous

60 40 ---- ---- ---- 67.2 59.2, 74.2, 84.1 150.8 160.3 37.8 18.6 amorphous

80 20 ---- ---- ---- 62.5 56.6, 71.1 155.5 166.4 47.8 27.7 slight cryst.

%  w/w
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temperatures with drug loading above 20%. All ternary mixtures exhibited a single glass 

transition temperature indicating a single phase of material, with an amorphous state that 

was not disrupted by addition of arabinogalactan.  

 

Crystalline itraconazole diffractograms were consistent with referenced materials, with 

characteristic peaks at 14.76, 17.75, 20.65 and 23.74 2-theta (Bhardwaj, 2014).  

 
Figure 66: DSC thermograms for ITRA:AG SDDs 
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Figure 67: DSC thermograms for ITRA and ITRA:copovidone SDDs 

 
Figure 68: DSC thermograms for ITRA and ITRA:HPMC E3 SDD 
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Figure 69: DSC thermograms for ITRA and ITRA:HPMC K3 SDDs 

 
Figure 70: XRPD spectra for ITRA SDDs with 20% drug load 
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Figure 71: XRPD spectra for ITRA:HPMC E3 SDDs 

 

Figure 72: SEM images for ITRA SDDs 

Note - a)ITRA:E3 b)ITRA:E3:AG c)ITRA:K3 d)ITRA:K3 e) ITRA:Cop f) ITRA:Cop:AG SDDs 
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3.2.3 Calculation of Flory-Huggins Specific Interaction Parameters 

 

Data for each substance via pycnometry and DSC determination of enthalpy, onset of 

melting temperature, and drug loading was used to calculate the Flory-Huggins specific 

interaction parameter for each drug-polymer combination per the below equation: 

𝜒2,1 =
(∆𝐻2

𝑓𝑢𝑠𝑒
/𝑅)((1

𝑇𝑚
⁄ )−(1

𝑇⁄ ))−ln(∅2)−(1−∅2)

(1−∅2)2    

Where ∆𝐻2
𝑓𝑢𝑠𝑒

is the experimental heat of fusion of pure drug substance, 𝑇𝑚is the 

experimental melting point of pure drug substance, 𝑇 is onset melting temperature for 

selected amorphous solid dispersion with the volume fraction ∅2. 

 

A 𝜒2,1value of less than 0.5 may indicate miscibility between drug and polymer, and a 

negative 𝜒2,1value suggests a high degree of specific interactions between drug and 

polymer, such as from hydrogen bonding (Lacoulonche, 1998). 
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Drug polymer φ2 χ2,1 
Category 

NIF 

HPMC E3 0.404 -0.175 Strong interaction 

HPMC K3 0.363 0.277 Miscible 

Cop. 0.495 -1.371 Strong interaction 

AG 0.216 0.953 Immiscible 

KTO 

HPMC E3 0.605 -1.433 Strong interaction 

HPMC K3 0.575 -1.175 Strong interaction 

Cop. 0.655 -0.939 Strong interaction 

AG 0.106 1.207 Immiscible 

IBU 

HPMC E3 0.198 -0.106 Strong interaction 

HPMC K3 0.292 -0.215 Strong interaction 

Cop. 0.321 -0.548 Strong interaction 

AG 0.190 1.296 Immiscible 

ITRA 

HPMC E3 0.503 -1.313 Strong interaction 

HPMC K3 0.467 -0.993 Strong interaction 

Cop. 0.334 -0.824 Strong interaction 

AG 0.149 0.524 Miscible 

Table 20: Calculated F-H specific interaction parameters for each SDD type 

The Flory-Huggins specific interaction polymers that have been calculated had results 

within the three categories as unlikely to be miscible (𝜒2,1> 0.5), likely to be miscible           

(0 < 𝜒2,1< 0.5), and high degree of specific interaction (𝜒2,1< 0). 

 

NIF:HPMC E3 and NIF:copovidone are both likely to be miscible with a high degree of 

specific interaction, NIF:HPMC K3 is likely to be miscible, and NIF:AG is immiscible. 

KTO:HPMC E3, KTO:HPMC K3, and KTO:copovidone are both likely to be miscible 

with a high degree of specific interaction, and KTO:AG is likely immiscible. The three 

miscible KTO combinations also had a high volume fraction of drug, indicating a high 

drug loading for these polymers is possible.  
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IBU:HPMC E3, IBU:HPMC K3, and IBU:copovidone are both likely to be miscible with 

a high degree of specific interaction, and KTO:AG is likely immiscible.  

 

ITRA:HPMC E3, ITRA:HPMC K3, and ITRA:copovidone are both likely to be miscible 

with a high degree of specific interaction, and ITRA:AG is likely immiscible, but with a 

value of 0.524 is close to the threshold of 0.5 for this type of categorization. DSC data 

and Gibbs Free Energy plots indicate that ITRA:AG is miscible for low drug loading 

formulations.  

 

These specific interaction parameters are the most relevant indicator to predict 

probability of hydrogen bonding and other favorable interactions between drug and 

polymer in that the volume fraction of amorphous drug in polymer is accounted for, as 

well as thermal properties of the dispersion.   

 

3.2.4 FTIR  

 

Potential solid state interactions between each binary and ternary solid dispersion were 

investigated using FTIR. Spectra of solid dispersions were compared to those of 

individual components and physical mixtures in order to quantify wavelength shifts due 

to hydrogen bonding between drug and polymer. Ibuprofen, excipient, physical mixture, 

and ibuprofen solid dispersions are displayed below in Figures 72-75: 
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Figure 73: FTIR spectra for IBU: HPMC E3 SDD and materials 

 

Figure 74: FTIR spectra for IBU:HPMC K3 SDD and materials 
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Figure 75: FTIR spectra for IBU:copovidone SDD and materials 
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Figure 76: FTIR spectra for IBU:copovidone:AG SDD 

 

The neat crystalline ibuprofen displayed a characteristic shift at wavenumber 1708 cm-1; 

assigned to the carbonyl stretching of self-associated ibuprofen dimers (Ghorab, 2014). 

The spray dried dispersion IBU:HPMC K3 exhibits a shift at wavenumber 1716 cm-1, 

spray dried dispersion IBU: HPMC E3 exhibits an increased shift at wavenumber 1731 

cm-1, and spray dried dispersion IBU:copovidone exhibits a shift at wavenumber 1723 

cm-1, all due to carbonyl stretching of ibuprofen molecule and hydrogen bonding with 

the amide group of copovidone (Ali, 2009, Ziaee, 2017). The binary SDD comprised of 

ibuprofen and arabinogalactan does not differ from the peaks observed in the individual 

components. The three binary shifts indicate disruption of the ibuprofen dimer and 

hydrogen bonding with polymer. The ternary composition containing drug, copovidone, 
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and arabinogalactan exhibits the same carbonyl shift as the binary composition. The 

ternary compositions containing drug, HPMC, arabinogalactan do not exhibit any shift 

and display similar peaks to those of the individual components, indicating that the 

inclusion of arabinogalacatan has distrupted drug:polymer hydrogen bonding and that the 

ibuprofen dimer occurs in these combinations. The ternary dispersion of IBU:cop:AG has 

similar FTIR shifts to the IBU:Cop dispersion, indicating that the arabinogalactan in this 

formulation does not disrupt hydrogen bonding between ibuprofen and copovidone.  

 

Ketoprofen, excipient, physical mixture, and ketoprofen solid dispersions are displayed 

below in Figures 76-78: 

 

Figure 77: FTIR spectra for KTO:HPMC E3 SDD and materials 
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Figure 78: FTIR spectra for KTO:HPMC K3 SDD and materials 
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Figure 79: FTIR spectra for KTO:copovidone SDD and materials 

 

The neat crystalline ketoprofen displayed shifts at 1654 and 1692 cm-1 characteristic of 

the C=O stretching of the carbonyl group and a triplet in the fingerprint region of 704 cm-

1 (Blasi, 2006). Each spray dried sample prepared displayed a doublet in the fingerprint 

region with the absence of the peak at 704 cm-1 indicating the amorphous nature of the 

material (Chan, 2015). The spray dried dispersion KTO:HPMC K3 exhibits a shift at 

wavenumber 1658 cm-1, spray dried dispersion KTO: HPMC E3 exhibits a shift at 

wavenumber 1655 cm-1, and spray dried dispersion KTO:copovidone exhibits a shift at 

wavenumber 1656 cm-1. The three shifts correspond to the carbonyl functional group of 

the ketoprofen molecule, and indication of potential hydrogen bonding with each polymer 

(Chan, 2015). The binary SDD comprised of ketoprofen and arabinogalactan does not 
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differ from the peaks observed in the individual components, and the presence of the 

weak triple peak at 704 cm-1 indicates that the sample has some degree of crystallinity. 

Each ternary composition including drug, polymer, and arabinogalactan exhibits the same 

shift at wavenumber near the corresponding carbonyl wavenumber, indicating that 

inclusion of the arabinogalactan does not inhibit the hydrogen bonding between drug and 

polymer. 

 

Nifedipine, polymer, physical mixture, and nifedipine solid dispersions are displayed 

below in Figures 79-81: 

 

Figure 80: FTIR spectra for NIFLHPMC E3 SDD and materials 
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Figure 81: FTIR spectra for NIF:HPMC K3 SDD and materials 
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Figure 82: FTIR spectra for NIF:copovidone SDD and materials 

 

The neat crystalline nifedipine displayed two bands due to carbonyl groups at 1646 and 

1677 cm-1 and an amine band at 3319 cm-1. The spray dried dispersion NIF:HPMC K3 

exhibits a shift at wavenumber 1680 cm-1 from carbonyl stretching and 3328 cm-1 from 

amine stretching, spray dried dispersion NIF: HPMC E3 exhibits a shift at wavenumber 

1697 cm-1 and 3333 cm-1 from amine stretching, and spray dried dispersion 

NIF:copovidone exhibits a shift at wavenumber 1658 cm-1 and 3295 cm-1 from amide 

stretching (Huang, 2007). The binary SDD comprised of nifedipine and arabinogalactan 

does not differ from the peaks observed in the individual components and thus does not 

exhibit any solid-state interaction. The three shifts correspond to the carbonyl functional 
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group of the nifedipine molecule, and indication of potential hydrogen bonding with each 

polymer. The ternary compositions containing drug, each polymer, and arabinogalactan 

each exhibit the same carbonyl and amine shift as the binary compositions.   

 

Itraconazole, polymer, physical mixture, and itraconazole solid dispersions are displayed 

below in Figures 82-84: 

 

Figure 83: FTIR spectra for ITRA: HPMC E3 SDDS 

      Note – top to bottom: ITRA:HPMC E3 PM, ITRA: HPMC E3 SDD, ITRA:HPMC E3:AG SDD 

 



119 

 

 

Figure 84: FTIR spectra for ITRA: HPMC K3 SDDs  

Note – top to bottom: ITRA:HPMC K3 PM, ITRA: HPMC K3 SDD, ITRA:HPMC K3:AG SDD 
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Figure 85: FTIR spectra for ITRA:copovidone SDDs 

Note- top to bottom: ITRA:copovidone PM, ITRA: copovidone SDD, ITRA:HPMC copovidone:AG SDD 

 

The neat crystalline itraconazole displayed characteristic peaks reported in literature as 

well as the peak at 1697 cm-1 that is attributed to the C=O group of the drug (Radzuan, 

2010). The spray dried dispersion ITRA:HPMC K3 exhibits a shift at wavenumber 1228 

cm-1, spray dried dispersion ITRA: HPMC E3 exhibits shifts at wavenumbers 1227 and 

1701 cm-1, and spray dried dispersion ITRA:copovidone exhibits shifts at wavenumbers 

1229, 1369, and 1730 cm-1.  Spray dried dispersion ITRA: AG exhibits shifts at 

wavenumbers 1227 and 1731 cm-1. The shifts observed around 1226, 1369, and 1730 

cm-1 correspond to the alcohol, alkane, and carbonyl functional groups of the 

itraconazole molecule, respectively. The carbonyl shift is indicative of hydrogen bonding 

between drug and polymer (DiNunzio, 2008). The ternary compositions containing drug, 
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each polymer, and arabinogalactan each exhibit the same shifts as the binary 

compositions, indicating that the arabinogalactan molecule does not disrupt hydrogen 

bonding between drug and the conventional polymer. 

 

3.2.5 1H-NMR 

 

Solution-state 1H-NMR of the individual components, physical mixtures, and spray dried 

dispersions was performed in order to determine whether the drug and polymer(s) interact 

or exhibit binding in solution. Deuterated chloroform with 1 v/v% TMS was utilized in 

order to dissolve the components shortly prior to analysis. 

 

IBU:arabinogalactan spray dried dispersion exhibited three wavenumber shifts; at 7.4ppm 

corresponding to the aromatic ring, at 2.4 ppm corresponding to the H3 proton on the 

skeletal backbone, and at 1.8 ppm corresponding to the H2 proton on the skeletal 

backbone (Al Omari, 2009, Ghorab, 2014). Solution-state interactions were not observed 

between ibuprofen and the HPMC or copovidone polymers.  
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Figure 86: 1H-NMR spectra for ibuprofen and ibuprofen:AG SDD 

 

Figure 87: 1H-NMR spectra for ibuprofen and ibuprofen:AG SDD 
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The physical mixtures and spray dried dispersions of ketoprofen and HPMC E3, K3, and 

copovidone all exhibited the same shifts at 3.8 ppm corresponding to an aliphatic proton 

and at 7.6 ppm corresponding to an aromatic ring (Marconi, 2010).  

 

Figure 88: 1H-NMR spectra of ketoprofen SDDs 

Note - a)HPMC E3 b)ketoprofen c)KTO:HPMC E3 SDD d)KTO:HPMC K3 SDD 
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Figure 89: 1H-NMR spectra of ketoprofen SDDs 

Note - a)ketoprofen b)KTO:HPMC E3 SDD c)KTO:HPMC K3 SDD 

 

The physical mixtures and spray dried dispersions of nifedipine with HPMC E3, K3, and 

copovidone all exhibited the same shift at 5.6 ppm corresponding to the 4-H proton and 

5.8 ppm corresponding to the amine group of the nifedipine molecule (Ghorab, 1991).  
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Figure 90: : 1H-NMR spectra of raw materials and NIF SDDs 

 

The physical mixtures and spray dried dispersions of itraconazole and HPMC E3, K3, 

and copovidone all exhibited a weak shift at 1.6 ppm corresponding to an alkane proton 

(Deshpande, 2018). Due to the weak shift and lack of corroborating literature for that 

particular proton, it is inconclusive as to whether this observation is indicative of 

hydrogen bonding in the solution state. Selected H-NMR profiles are displayed below: 
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Figure 91: 1H-NMR spectra of raw materials and ITRA SDDs 

 

3.3 Discussion 
 

In this study, many spray dried dispersions of varying drug loading, binary/ternary 

compositions, and combinations of drug:polymer were investigated. DSC was utilized to 

verify miscibility with measurement of glass transition temperature(s) and calculate the 

maximum amorphous content in each dispersion formulation. XRPD and SEM were used 

to evaluate amorphous content/crystallinity of each sample.  

 

The FTIR characterization of ibuprofen was indicative of a positive interaction with both 

HPMC and copovidone. FTIR analysis of the binary spray dried formulations confirmed 
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that the dimerization C=O peak prevalent in the crystalline form at 1708cm-1 was 

replaced by a shifted peak at 1728cm-1 that suggests hydrogen bonding between 

IBU:HPMC and IBU:copovidone. A similar phenomenon is reported in literature with 

IBU:poloxamer solid dispersions (Ali, 2009). Such hydrogen bonding interactions are 

favorable for physical stability of the dispersions as well as maintenance of 

supersaturation upon dissolution of the drug product. Ternary ibuprofen spray dried 

dispersions containing arabinogalactan exhibited similar shifts, indicating that 

introduction of arabinogalactan did not disrupt hydrogen bonding between ibuprofen and 

conventional polymer. Solution state interactions were not observed between IBU:HPMC 

or IBU:copovidone, however a strong interaction was observed between 

IBU:arabinogalactan. Shifts at 1.8, 2.4, 3.5, and 7.1 ppm for IBU-arabinogalactan were 

consistent with hydrophobic interactions for ibuprofen: B-cyclodextrin complexes (Al 

Omari, 2009, Ghorab, 2014). These similarities suggest that the arabinogalactan polymer 

may form a tertiary drug-polymer complex perhaps due to coiling.  

 

The FTIR characterization of ketoprofen was, similarly to ibuprofen, indicative of 

hydrogen bonding with HPMC and copovidone. The amorphous form of the spray dried 

samples with these polymers was confirmed with the absence of a triplet peak at 704 cm-1 

that was present in the neat crystalline drug and physical mixtures (Chan, 2015). 

Downshifted peaks were observed in the carbonyl moiety of the amorphous ketoprofen 

molecule as similarly observed in a KTO:copovidone system (Chan, 2015). 1H-NMR 

solution state characterization of ketoprofen SDDs showed an upfield chemical shift in 

the aromatic region of 7.4-7.8 ppm for KTO:HPMC and KTO:copovidone systems. This 
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upfield shift is indicative of a hydrogen bonding, similar to the ‘host-guest’ type shifts 

observed in KTO:βCD complexes (Marconi, 2010). 

 

The FTIR characterization of nifedipine revealed a chemical shift of the ester carbonyl 

group from 1677cm-1 in the neat crystalline to 1697cm-1 in the amorphous dispersions of 

NIF:HPMC E3 and NIF:copovidone. Stretching of the amine groups was observed from 

3319cm-1 in the crystalline to 3333cm-1 in the amorphous NIF:HPMC E3 and 

NIF:copovidone. Both ester carbonyl and amine stretching is indicative of hydrogen 

bonding between the amorphous nifedipine and polymer (Huang, 2007). Solution state 

interaction was observed as a chemical shift of the 4-H nifedipine proton at ~5.6ppm with 

HPMC and copovidone. This interaction has not been cited previously in literature.  

 

The FTIR characterization of neat crystalline itraconazole indicated an intense C=O peak 

at 1696cm-1 which broadened and shifted to ~1731 for amorphous ITRA:HPMC and 

ITRA:copovidone SDDs. The resultant shift and peak broadening are indicative of 

hydrogen bonding (DiNunzio, 2008). Solution state H-NMR of itraconazole formulations 

displayed a shift at approximately 1.55ppm which has not been identified in literature. 

 

Calculated specific interaction parameters indicate interactions between the model drugs 

and polymers. An 𝜒2,1 value below 0.5 is an indicator of miscibility between drug and 

polymer and a negative value indicates a high level of specific interactions such as 

hydrogen bonding (Lacoulonche 1998).  DSC analysis of spray dried dispersions was 

used to calculate the maximum amorphous drug content in each polymer. The enthalpy 
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peak measured and melting point was likewise utilized to calculate the Flory-Huggins 

specific interaction parameter, χ2,1.  

 

Formulations with higher drug loading, although determined to be amorphous via XRPD, 

still displayed melting endotherms, which are indicative of a dispersion of amorphous 

drug rather than a true solid solution. Although a solid solution is ideal from a physical 

stability perspective, practical considerations such as dosage strength and size must be 

evaluated to strike the correct balance for a final dosage form. Due to this compromise, it 

is beneficial to choose an amorphous dispersion incorporating specific interactions with 

drug and polymer, while maximizing drug concentration as much as is practical and 

physically stable. Table 21 illustrates high amorphous content of ketoprofen, nifedipine, 

and itraconazole within HPMC and copovidone. Ibuprofen has lower maximum 

amorphous contents near 20% in each polymer, likely due to the low melting point of the 

drug. Each drug has lower maximum amorphous content in arabinogalactan, as compared 

to the conventional polymers. Negative specific interaction parameters calculated for 

ibuprofen correlate to observed FTIR shifts indicative of hydrogen bonding. Negative 

specific interaction parameters for nifedipine, ketoprofen, and itraconazole dispersions 

correlate to both FTIR and HNMR shifts. An anomaly is the positive specific interaction 

parameter for KTO:copovidone SDD with both FTIR and HNMR shifts observed.  
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Material 

Max. 

Amorphous 

Content 

(%w/w) 

Calculated 

Flory-Huggins 

interaction 

parameter (χ2,1) 

FTIR 

Shift 

H-NMR 

Shift 
Amorphous 

Ibuprofen ----- ----- ----- ----- - 

IBU:HPMC E3 17.1 -0.089 + - + 

IBU:HPMC K3 19.7 -0.174 + - + 

IBU: Cop 21.8 -0.655 + - + 

IBU: AG 20¹ 1.240 - + + 

Ketoprofen ----- ----- ----- ----- - 

KTO: HPMC E3 59.4 -1.460 + + + 

KTO: HPMC K3 55.9 -1.150 + + + 

KTO: Cop 20¹ 0.906 + + + 

KTO: AG 12.5 1.104 - - + 

Nifedipine ----- ----- ----- ----- - 

NIF:HPMC E3 41.3 -0.190 + + + 

NIF:HPMC K3 36.7 0.283 + + + 

NIF: Cop 56.4 -1.638 + + + 

NIF:AG 26.5 0.870 - - - 

Itraconazole ----- ----- ----- ----- - 

ITRA:HPMC E3 51.2 -1.511 + + + 

ITRA:HPMC K3 47.1 -1.114 + + + 

ITRA:Cop 39.8 -1.117 + + + 

ITRA:AG 18.6 0.343 - - + 

    
 

Table 21: Correlations between χ2,1 and SDD properties 

 

The calculated values for both maximum amorphous content, as a volume fraction, and 

the Flory-Huggins specific interaction parameter 𝜒2,1 were plotted and displayed in 

Figure 91. There exists a strong correlation in that drug loading increases as 

𝜒2,1decreases.  
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Figure 92: Relationship between χ2,1 and drug loading for SDDs 

 

The extent of FTIR shift in SDDs are compared to the reference drug were quantified by 

summing the absolute value of differences between the carbonyl, amine, and hydroxyl 

shift wavelengths in SDD and pure drug wavelengths for each composition. This figure 

was plotted against 𝜒2,1and exhibits a loose correlation in that the more negative the 

𝜒2,1 specific parameter the more intense the total FTIR shift. These data are displayed in 

Figure 92. 
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Figure 93: Relationship between χ2,1 and FTIR interactions 

Note - sum of FTIR carbonyl, amine, and hydroxyl shifts for each drug, compiled from SDD 

characterization from each drug:polymer combination 

 

The arabinogalactan polymer, which was undissolved in the spray drying feed solution, 

did not disrupt the hydrogen bonding observed in amorphous ternary dispersions 

observed in many of the amorphous binary dispersions in the solid state. The addition of 

arabinogalactan may be beneficial in dissolution rate enhancement of the solid form due 

its branched structure and swellable characteristics, while the hydrogen bonding between 

drug and conventional polymer is maintained, potentially leading to enhanced stability 

and maintenance of the supersaturated state of drug in solution. Further studies in Chapter 

4 will be completed to evaluate the extent of supersaturation, dissolution rate, and extent 

of precipitation of each binary and ternary amorphous solid dispersion in non-sink 

dissolution media.  
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CHAPTER 4: EQUILIBRIUM SOLUBILITY DETERMINATION, NON-SINK 

DISSOLUTION, AND TEXTURE ANALYSIS OF AMORPHOUS SOLID 

DISPERSIONS 

 

4.1 Introduction 

 

For BCS II type drug substances with high permeability, the absorption rate is dependent 

on the drug dissolution rate. Strategies to improve the drug dissolution rate such as 

particle size reduction increases the surface area term, A whereas high energy 

polymorphs or amorphous forms increase the aqueous solubility, Csat of the Noyes-

Whitney equation: 
d𝑚

d𝑡
=  

𝐷𝐴

ℎ
(C𝑠𝑎𝑡 −  C) 

The increased rate of drug dissolved leads to more drug available for absorption in the GI 

tract in vivo. This study focuses on manufacture of amorphous forms to increase the 

aqueous solubility of each drug. The degree of the increased solubility per the Noyes-

Whitney equation is supersaturation, where the supersaturation ratio is defined as the 

ratio of the observed solution concentration to the crystalline equilibrium solubility 

(Alonzo 2011). These formulations can increase the absorption rate and bioavailability 

(extent of absorption) by creating supersaturation upon contact with the aqueous 

environment of the gastrointestinal tract, either in the stomach or small intestine. When 

supersaturation is created in the stomach, the high drug levels should be maintained 

subsequent to transit to the neutral environment of the small intestine. This produces an 

enhanced driving force for intestinal permeation. Supersaturation is a thermodynamically 

unstable state which results in precipitation, and the cause of precipitation must be 

understood and inhibited as possible (Augustijns 2011). The in-vitro dissolution method 

utilized for screening purposes must be carefully selected and it must be noted that 
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traditional ‘QC’ type methods validated per USP specified volume and potentially 

containing surfactant as required to maintain sink are not sufficient to gauge 

supersaturation and inhibition of precipitation. In this study, non-sink dissolution testing 

in a small volume was employed to evaluate the following: 

-supersaturation in a volume representative to the gastric environment 

-inhibition of precipitation over relevant transit time 

It has been illustrated that rapid dissolution can be accompanied by in vivo absorption if 

supersaturation can be maintained within the absorption window (Augustijins 2011). 

Most amorphous formulations utilize a drug-polymer system. Although the drug-polymer 

interaction in the dry state is immensely important to physical stability and amorphous 

drug loading in polymer, additional factors contribute to the kinetic solubility, dissolution 

rate, degree of supersaturation, and inhibition of precipitation in aqueous media. 

Important factors to the dissolution rate include: the crystallization tendency of the drug 

in aqueous media, the polymer solubility and hydrophilicity of the polymer in the media, 

surface tension, and the polymer dissolution rate (Chen 2014).  In this study, the 

mechanism of polymer swelling and dissolution were also investigated using texture 

analysis and compared to the dissolution rate of selected formulations.   

 

Tables 22-25 illustrate prior work of increased dissolution and/or supersaturation 

attainable for amorphous solid dispersions manufactured in various methods and tested in 

various media and volumes for the selected model drugs. It has been commented that 

there is limited consistency in this field in regards to dissolution testing as a screening 

tool, considering apparatus, volume, media, and the duration of test (Edueng 2017). In 
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this study, each formulation was evaluated for dissolution using the same small volume 

and non-sink method to evaluate dissolution rate, degree of supersaturation and potential 

for subsequent precipitation. 

 

Method of manufacture, drug loading, solubility improvements in relation to neat 

crystalline drug substance for ibuprofen amorphous solid dispersions have been published 

and are cited in Table 22: 

Conjugate Method of 

Manufacture 

Drug 

Loading (%) 

Improvement Reference 

IBU:cycloamylase Spray drying 50 Increased amount dissolved in 900mL water Baek, 2012 

IBU:urea Melt/quench 10 - 50 Increased amount dissolved in 500mL water Chen, 2012 

IBU:HPMC:poloxamer Spray drying 60 - 70 Increased amount dissolved in 900mL water Park, 2009 

IBU: pre-dissolved HPMC Dissolution test 50 Supersaturation in SGF Terebetski, 

2014 

IBU:copovidone:HPMC-P Spray drying 20 – 50 Increased dissolution rate and amount 

dissolved in pH 7.2 phosphate buffer 

Ziaee, 2017 

Table 22: Ibuprofen solid dispersions cited in literature 

 

Method of manufacture, drug loading, solubility improvements in relation to neat 

crystalline drug substance for ketoprofen amorphous solid dispersions have been 

published and are cited in Table 23: 
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Conjugate Method of 

Manufacture 

Drug 

Loading (%) 

Improvement Reference 

KTO:PEG 3000 Solvent 

evaporation 

50 Increased amount dissolved in 150mL water Belyatskava, 

2019 

KTO:PEG 6000 Melt/quench, 

solvent evap. 

10 - 50 Increased dissolution rate and amount 

dissolved in 1000mL water 

Jachowicz, 

2000 

KTO:copovidone Spray drying 30 Increased dissolution rate and amount 

dissolved in 900mL water 

Chan, 2015 

KTO:PVA Spray drying 30 Increased dissolution rate and amount 

dissolved in 900mL water 

Chan, 2015 

KTO:povidone Spray drying, 

electrospray 

20 - 33 Increased dissolution rate and amount 

dissolved in 100mL 0.1N HCl 

Browne, 2012 

Table 23: Ketoprofen solid dispersions cited in literature 

 

Method of manufacture, drug loading, solubility improvements in relation to neat 

crystalline drug substance for nifedipine amorphous solid dispersions have been 

published and are cited in Table 24: 

Conjugate Method of 

Manufacture 

Drug 

Loading (%) 

Improvement Reference 

NIF:HPMC E3 Spray drying 25 - 90 Increased dissolution rate and amount 

dissolved in 40mL of pH 7.4 phosphate buffer 

Ueda, 2018 

NIF: Eudragit S Spray drying 25 - 90 Increased dissolution rate and amount 

dissolved in 40mL of pH 7.4 phosphate buffer 

Ueda, 2018 

NIF:povidone Fusion-solvent 25 Increased dissolution rate and amount 

dissolved in 900mL 0.1N HCl 

Wu, 2012 

NIF: HPMC E5 Fusion 25 Increased dissolution rate and amount 

dissolved in 900mL water 

Suzuki, 1998 

NIF:povidone Fusion 25 Increased dissolution rate and amount 

dissolved in 900mL water 

Suzuki, 1998 

NIF:PVA Fusion 25 Increased dissolution rate and amount 

dissolved in 900mL water 

Suzuki, 1998 

NIF:HPMC-AS HME 30 Increased dissolution rate and amount 

dissolved in 900mL of pH 6.8 phosphate 

buffer 

Sarabu, 2020 

Table 24: Nifedipine solid dispersions cited in literature 
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Method of manufacture, drug loading, solubility improvements in relation to neat 

crystalline drug substance for itraconazole amorphous solid dispersions have been 

published and are cited in Table 25: 

Conjugate Method of 

Manufacture 

Drug 

Loading (%) 

Improvement Reference 

ITRA:povidone Spray drying 90 Inhibition of crystallization as measured by 

dielectric spectroscopy 

Bhardwaj, 

2014 

ITRA:HPMCAS Spray drying 90 Inhibition of crystallization as measured by 

dielectric spectroscopy 

Bhardwaj, 

2014 

ITRA:HPMC  Solvent 

evaporation 

33 - 50 Increased dissolution rate and amount 

dissolved in 900mL 0.1N HCl 

El Margraby, 

2009 

ITRA: HPMC E5 HME 33 Increased dissolution rate and amount 

dissolved in 750mL 0.1N HCl 

Miller, 2008 

ITRA: povidone HME 33 Increased dissolution rate and amount 

dissolved in 750mL 0.1N HCl 

Miller, 2008 

ITRA: HPMC-P HME 33 Increased dissolution rate and amount 

dissolved in 750mL 6.8 phosphate buffer 

Miller, 2008 

ITRA: copovidone Melt/quench 40 Increased dissolution rate and amount 

dissolved in 500mL SGF 

Six, 2004 

ITRA: Eudragit E100 Melt/quench 40 Increased dissolution rate and amount 

dissolved in 500mL SGF 

Six, 2004 

ITRA:Soluplus HME 15 - 40 Increased dissolution rate and amount 

dissolved in 1000mL SGF 

Zhang, 2013 

Table 25: Itraconazole solid dispersions cited in literature 

 

The mechanism of drug release from the dosage form is in the case of amorphous 

dispersions partially dependent on the properties of the polymers that are incorporated. 

Chapters 2 and 3 focused on the drug-polymer solid and solution state interactions, and 

miscibility, which are all critical attributes for an amorphous product. To improve the 

absorption rate in vivo, it is imperative that the amorphous dispersion will dissolve and 

maintain supersaturation. Due to these considerations, a balance must be maintained 

between drug loading, physical stability, and dissolution performance in dosage form 
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formulation selection. In this study, each of the polymers investigated have different 

hydrophilicity, swelling properties, gelling properties, and erosion characteristics after 

hydration. The degree of methoxyl substitution in  the HPMC polymers selected impacts 

the polymer erosion.  HPMC E3 has more rapid swelling and erosion, whereas HPMC K3 

hydrates less rapidly and forms a slowly dissolving gel (Mitchel, 1993). Furthermore, it is 

noted that HPMC 2208 (K grades) are most commonly used for controlled release 

applications, as they produce slower dissolution profiles than other grades of HPMC 

grades (Timmins, 2014). Copovidone and arabinogalactan both swell and dissolve rapidly 

in aqueous media. The branched nature of the arabinogalactan polymer allows for the 

most rapid swelling, faster dissolution rate, and lower viscosity in solution in comparison 

to the other polymers (Thakare, 2013). Arabinogalactan also displays surfactant-like 

properties which may enhance drug dissolution and supersaturation (D’adamo, 1996). 

Copovidone is known to have a low viscosity in solution (Buhler, 2008) and high 

solubility and dissolution rate leading to rapid drug dissolution (Musko, 2001). 

 

4.2 Methods 

 

4.2.1 Equilibrium Solubility Determination 

 

An excess amount of crystalline drug (ibuprofen, ketoprofen, nifedipine, itraconazole) 

was added to 5mL of 0.1N HCl in the absence or presence of an excess amount of each 

polymer of interest. Amorphous spray dried dispersions with an equivalent amount of 

10mg drug were added to 5mL of 0.1N HCl. These mixtures were kept at 37°C in a 5ml 

Eppendorf tube (ThermoFisher, USA) and stirred at 500 rpm for 48 hours. Each sample 

was filtered with an 0.22μm PVDF syringe filter (Pall, USA) and was immediately tested 
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by UV spectrophotometer at the wavelength specified for each drug by the corresponding 

USP dissolution method (ibuprofen: 221nm, ketoprofen:260nm, nifedipine:340nm, 

itraconazole: 255nm) to measure the concentration of drug dissolved. All samples were 

tested in triplicate.  

 

4.2.2 In-vitro dissolution testing 

 

This study employed small volume dissolution testing to evaluate the non-sink 

dissolution of drug and extent and duration of supersaturation. Drug equivalent of 10mg 

was added to 5mL of 0.1N HCl that had been pre-heated to 37°C in a 5mL conical 

Eppendorf tube (ThermoFisher, USA). Three samples per dissolution time-point were 

prepared and analyzed. Each sample container was placed in a ThermoMixer 

Temperature Control Device and mixed at 500RPM with temperature maintained at 

37°C. The entirety of each sample container was filtered with an 0.22μm PVDF syringe 

filter (Pall, USA) and immediately tested by UV spectrophotometer at the wavelength 

specified for each drug by the USP dissolution method (ibuprofen: 221nm, 

ketoprofen:260nm, nifedipine:340nm, itraconazole: 255nm). Time-points for analysis 

were 15, 30, 60, and 120 minutes.  

   

4.2.3 Texture analysis 

 

To evaluate the swelling and erosion properties of spray dried dispersions, tablet 

compacts were prepared and evaluated with a texture analyzer. Ibuprofen SDDs 

containing 20% drug were selected for this study. The compacts were prepared by 

weighing 165mg of SDD powder into an intrinsic dissolution holder with an 8mm bore 
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(ICL, Garfield NJ). Each compact was compressed using the corresponding 8mm anvil 

with a hydraulic tablet press (GlobePharma, New Brunswick, NJ) at 2000 psi of force and 

a dwell time of 2 seconds. This produced a single, flat layer contained within and level 

with the die bore. Each sample was exposed to deionized water maintained at 37°C for 

the predetermined intervals of 30, 60, and 120 minutes. Each soaked sample was lightly 

patted dry to remove excess water and tested immediately with the specified texture 

analysis method below. Textural analysis was performed using a TA.XT2 Texture 

Analyzer equipped with a 5kg load cell and Texture Expert Software (Texture 

Technologies Corp, Hamilton, MA). A force displacement versus distance profile was 

generated using a 3mm flat-tipped probe at a data acquisition rate of 200 points per 

second. The texture analyzer probe was set to a fixed distance above the die and flat 

sample, using the ‘Button’ method of analysis. The distance the probe traveled at a rate of 

0.05 mm/sec from the fixed distance to contact with the sample was recorded. Once a 

trigger force of 0.005 N was detected, the probe advanced into the sample as a rate of 

0.05 mm/sec until a maximum force of 49.03 N (5000 g) was reached. The area under the 

curve for each profile was calculated for the range of 0.05 to 2.00N with the trapezoidal 

rule in Microsoft Excel software. All measurements were carried out in triplicate. 

 

4.2.4 Tablet loss by weight 

 

Tablet compacts were prepared by weighing 165mg of SDD powder into an intrinsic 

dissolution holder with an 8mm bore (ICL, Garfield NJ). Each compact was compressed 

using the corresponding 8mm anvil with a hydraulic tablet press (GlobePharma, New 

Brunswick, NJ) at 2000 psi of force and 2 second dwell time. Each sample was left in the 
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die and exposed to deionized water maintained at 37°C for 2 hours, expelled from the die 

and collected. The soaked tablet was patted dry and placed in a mechanical convection 

oven at 40°C for 48 hours and weighed. The percentage loss was calculated per the below 

equation: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =  
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑓𝑖𝑛𝑎𝑙 

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
 𝑥 100 

Each test was performed in triplicate.  

 

4.3 Results 

 

4.3.1 Equilibrium Solubility Determination 

 

The measured solubilities of each crystalline drug in the absence or presence of excess 

polymer in comparison to amorphous spray dried dispersion in 5ml of 0.1N HCl is 

displayed below in Figures 93-96. 

 

Figure 94: Equilibrium solubilities of IBU formulations 

0.0

0.5

1.0

1.5

2.0

2.5

crystalline HPMC E3 HPMC K3 Copovidone AG

m
g/

m
l d

is
so

lv
ed

 in
 0

.1
N

 H
C

l

Ibuprofen equlibrium solubility

crystalline in polymer SDD



142 

 

 

Figure 95: Equilibrium solubilities of KTO formulations 

 

 

Figure 96: Equilibrium solubilities of NIF formulations 
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Figure 97: Equilibrium solubilities of ITRA formulations 
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amorphous spray dried dispersions correlates with rank ordering of the Flory-Huggins 

interaction parameter as will be detailed later in the discussion section. 

 

4.3.2 Ibuprofen Dissolution 

 

Small volume dissolution testing of crystalline ibuprofen and spray dried dispersions 

containing 20% drug were evaluated using the non-sink dissolution method described in 

section 4.2.2. The dissolution profiles are displayed in Figures 97-99. 

 

Figure 98: IBU:HPMC K3 SDD dissolution profiles 
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Figure 99: IBU:HPMC E3 SDD dissolution profiles 
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Copovidone. Although both HPMC E3 and K3 have the highest amount dissolved, they 

also have a slower dissolution rate as compared to the other polymers. The ibuprofen: 

HPMC: AG ternary dispersions combine both the rapid dissolution rate of the 

arabinogalactan and the higher amount dissolved of the HPMC polymers. The ibuprofen: 

HPMC K3: AG ternary dispersion supersaturates to the highest degree in the first 30 

minutes, followed by precipitation to a similar amount dissolved as the binary ibuprofen: 

HPMC K3 formulation.  

 

4.3.3 Ketoprofen Dissolution 

 

Small volume dissolution testing of crystalline ketoprofen and spray dried dispersions 

containing 20% drug were evaluated using the non-sink dissolution method described in 

section 4.2.2. The dissolution profiles are displayed in Figures 100-102. 

 

Figure 101: KTO:HPMC K3 SDD dissolution profiles 
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Figure 102: KTO:HPMC E3 SDD dissolution profiles 

 

Figure 103: KTO:copovidone SDD dissolution profiles 
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Each of the ketoprofen solid dispersions had increased dissolution rate and amount 

dissolved in comparison to the neat crystalline ketoprofen. Rank ordering of polymer 

functionality in increasing amount dissolved is HPMC K3 > HPMC E3 = AG = 

Copovidone. Although the KTO: HPMC K3 SDD has the highest amount dissolved, it 

also has a slower dissolution rate as compared to the other polymers. The ketoprofen: 

HPMC K3: AG ternary dispersion combines both the rapid dissolution rate of the 

arabinogalactan and the higher amount dissolved of the HPMC K3 polymer. Similarly the 

ketoprofen:HPMC E3: AG SDD has a faster dissolution rate than the ketoprofen:HPMC 

E3 binary SDD and also exhibits a higher amount dissolved at 60 minutes. At the 120 

minute timepoint, some precipitation is observed in the ternary ketoprofen: HPMC E3: 

AG SDD; reaching a similar amount dissolved as the binary SDD. With the exception of 

the ketoprofen: HPMC E3: AG ternary SDD, all other SDDs maintained increased 

amount dissolved for the 120-minute analysis, indicating no precipitation. 

 

4.3.4 Nifedipine Dissolution 

 

Small volume dissolution testing of crystalline nifedipine and spray dried dispersions 

containing 20% drug were evaluated using the non-sink dissolution method described in 

section 4.2.2. The dissolution profiles are displayed in Figures 103-105. 
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Figure 104: NIF:HPMC K3 SDD dissolution profiles 

 

Figure 105: NIF:HPMC E3 SDD dissolution profiles 
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Figure 106: NIF:copovidone SDD dissolution profiles 
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supersaturation in 15 minutes, followed by precipitation to an amount dissolved above 

that of the crystalline drug.  

4.3.5 Itraconazole Dissolution 

 

Small volume dissolution testing of crystalline itraconazole and spray dried dispersions 

containing 20% drug were evaluated using the non-sink dissolution method described in 

section 4.2.2. 

 

Figure 107: ITRA:HPMC K3 SDD dissolution profiles 
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Figure 108: ITRA:HPMC E3 SDD dissolution profiles 

      

Figure 109: ITRA: copovidone SDD dissolution profiles 
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with itraconazole: HPMC: AG had a faster dissolution rate as compared to itraconazole: 

HPMC SDDs. Furthermore, all HPMC based SDDs, binary and ternary, maintained 

supersaturation for the full duration of the experiment. The binary itraconazole: AG SDD 

precipitated between 60 and 120 minutes. The copovidone based SDDs displayed the 

same initial dissolution rate and amount dissolved, however the amount of precipitation 

between 60 and 120 minutes correlates to the concentration of copovidone polymer. The 

binary 20% itraconazole: 80% copovidone SDD maintained supersaturation between 60 

and 120 minutes to a concentration of 0.09 mg/ml, the ternary composition of 20% 

itraconazole: 40% copovidone: 40% arabinogalactan decreased from 0.09 mg/ml at 60 

minutes to 0.07mg/ml at 120 minutes, and the binary SDD with 20% itraconazole: 80% 

arabinogalactan decreased from 0.09mg/ml at 60 minutes to 0.05mg/ml at 120 minutes.  

 

4.3.6 Investigation of Alternate Disintegrants 

 

The arabinogalactan polymer is molecularly dispersed into the ternary amorphous 

dispersion as the result of homogenization, mixing, and spray drying as described 

previously. For comparison, two superdisintegrants, croscarmellose sodium and 

crospovidone, were investigated as physical blends with binary SDDs containing HPMC 

K3 using mortar and pestle for intimate mixing. The purpose of this investigation is to 

verify that the interaction of the arabinogalactan is more complex than a simple mixture 

with a disintegrant. The results of each dissolution experiment are displayed below. The 

dissolution profiles are displayed in Figures 109-112. 
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Figure 110: IBU:HPMC K3 dissolution profiles with alternate disintegrants 

 

 

Figure 111: NIF:HPMC K3 SDD dissolution profiles with alternate disintegrants 
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Figure 112: ITRA:HPMC K3 SDD dissolution profiles with alternate disintegrants 

 

 

Figure 113: KTO:HPMC K3 SDD dissolution profiles with alternate disintegrants 
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spray dried dispersion outperformed the extra-SDD preparations in terms of dissolution 

rate.  

 

4.3.7 Texture Analysis and Tablet Loss by Weight 

 

Compacts of ibuprofen SDD formulations were tested with a texture analyzer in order to 

evaluate the dissolution mechanism of each polymer and polymer combination. 

Formulations were compressed, exposed to media, and tested per the procedures 

described in Section 4.2.3 and 4.2.4. The results of the percent weight tablet loss 

experiment are displayed in Figure 113. 

 

    Figure 114: Percent weight loss of tablets containing IBU SDDs 
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vertical ‘die surface’ line. In the case of erosion of sample within the die cavity, the 

distance traveled by the probe is extended into the die and the initial force recorded is to 

the right of the vertical ‘die surface’ line.  

 

Figure 115: Texture analysis plot for IBU:HPMC K3 SDD soaked tablets 

 

Figure 116: Texture analysis plot for IBU:HPMC K3:AG SDD soaked tablets 
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Figure 117: Texture analysis plot for IBU:HPMC E3 SDD soaked tablets 

 

Figure 118: Texture analysis plot for IBU:HPMC E3:AG SDD soaked tablets 
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Figure 119: Texture analysis plot for IBU:copovidone SDD soaked tablets 

 

Figure 120: Texture analysis plot for IBU:copovidone:AG SDD soaked tablets 

 

0

0.5

1

1.5

2

0 0.5 1 1.5 2

Fo
rc

e 
(N

)

Probe distance (mm)

IBU: Cop: AG

30 min

1 hr

2hr

die surface



160 

 

 

Figure 121: Texture analysis plot for IBU:AG SDD soaked tablets 

 

All six of the formulations investigated swelled outside of the die surface after 30 

minutes of media exposure. After the initial swelling, the erosion of the gel layer was 

dictated by the properties of the polymer(s) present in the spray dried dispersion 

compacts. The ibuprofen:HPMC binary SDD compacts formed a gel which did not erode, 

maintaining the same approximate distance outside of the die over the duration of the 2 

hour experiment. The ibuprofen:copovidone SDD tablet had a lesser amount of initial 

swelling, followed by erosion laterally into the die over time. The ibuprofen:AG SDD 

tablet initially swelled rapidly, then eroded rapidly into the die. The ternary ibuprofen: 

HPMC: AG SDD tablets displayed combined characteristics of the two polymer types, 

with an initial swelling into a partially hydrated gel, followed by rapid erosion into the 

die. An image of an IBU: HPMC K3 tablet compact after 30 minutes of soaking is 

displayed in Figure 121: 
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Figure 122: Photograph of IBU:HPMC K3 tablet compact after soaking 

 

The distance of the gel boundary layer of each prototype, as the distance from the die 

surface is displayed in Figure 122. A positive value represents swelling outside of the die, 

and a negative value as erosion inside of the die.  
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Figure 123: Tablet surface distance in relation to intrinsic dissolution die for soaked SDD tablets 
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Figure 124: Calculated AUC values for IBU SDD soaked tablet samples 
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The AUC areas can be compared over time to illustrate the extent of hydration of each 

sample. The IBU:HPMC K3 AUC value increased over time, indicating that the layer of 

hydrated sample thickened over time as a gel formed. The IBU:copovidone and 

IBU:copovidone:AG samples all had lesser AUC values that the IBU:HPMC K3 sample, 

indicating a thinner layer of hydration in conjunction with erosion of material and release 

from the surface. The IBU:AG sample displayed a steady hydration of sample in 

conjunction with rapid erosion of material. Of greatest interest is the ternary IBU: HPMC 

K3: AG sample which exhibited rapid initial swelling and hydration, followed by a 

thinner hydrated layer in conjunction with tablet erosion over time. The relationships 

among the texture analysis results and dissolution rate measured in the non-sink 

dissolution test will be discussed further. 

 

4.4 Discussion 

 

In this chapter, the equilibrium solubilities of the crystalline drug, crystalline drug with 

dissolved polymer, and amorphous solid dispersions were measured in 0.1N HCl. For 

ibuprofen, each of the crystalline materials had a higher amount dissolved in polymer 

solution as compared to the binary amorphous dispersions. Rank ordering of amount drug 

dissolved for both forms in terms of the polymer used was HPMC E3>HPMC 

K3>copovidone>AG. A correlation between amount dissolved from ibuprofen 

amorphous spray dried dispersion and carbonyl (C=O) shift measured is displayed below 

in Figure 124; illustrating the relationship between solubility and solid state interaction 

such as hydrogen bonding.  
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Figure 125: Amount dissolved of ibuprofen amorphous dispersion in relation to carbonyl FTIR shift 
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Figure 126: Amount dissolved of ketoprofen SDDs in relation to χ2,1 
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drug. Rank ordering of amount drug dissolved for both forms in terms of the polymer 

used was HPMC E3=copovidone>HPMC K3>AG. A correlation between amount 

dissolved of amorphous spray dried nifedipine dispersion and carbonyl (C=O) shift 

measured in nifedipine solid dispersions is displayed below in Figure 126: 

R² = 0.9711

0.00

0.20

0.40

0.60

0.80

1.00

1.20

-1.5 -1 -0.5 0 0.5 1 1.5

m
g/

m
l d

is
so

lv
ed

χ2,1



166 

 

 

Figure 127: Amount dissolved of nifedipine SDD in relation to carbonyl FTIR shift 

 

A correlation between amount dissolved of nifedipine amorphous spray dried dispersion 

and calculated Flory-Huggins specific interaction parameter is displayed below in Figure 

127: 

 

Figure 128: Amount dissolved of nifedipine SDDs in relation to χ2,1 
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For itraconazole, each of the binary amorphous dispersions and crystalline drug samples 

in media with dissolved polymer had a higher equilibrium solubility than the neat 

crystalline drug, with the exception of arabinogalactan. The itraconazole:copovidone 

amorphous dispersion equilibrium solubility had a considerably greater solubility than the 

crystalline drug in the polymer solution. Rank ordering of amount drug dissolved for both 

forms in terms of the polymer used was copovidone>HPMC E3>HPMC K3>AG. A 

correlation between amount dissolved of amorphous spray dried itraconazole dispersion 

and calculated Flory-Huggins specific interaction parameter is displayed below in Figure 

128: 

 

Figure 129: Amount dissolved of itraconazole SDDs in relation to χ2,1 
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standard deviation units from the mean values. As noted previously, a more negative F-H 

Interaction parameter value is favorable.  

 

Figure 130: Normalized plot of equilibrium solubility and F-H specific interaction parameter for SDD samples 
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Figure 131: Normalized plot for equilibrium solubility vs sum of observed FTIR shifts for SDD samples 
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Figure 132: Normalized plot for sum of observed FTIR shifts and F-H specific interaction parameter for SDD 

samples 
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• The binary amorphous dispersions containing ibuprofen and HPMC E3 and 

HPMC K3 have a slower dissolution rate than the corresponding ternary 

dispersions comprised of IBU:HPMC:AG.  

• The ternary amorphous dispersion of IBU:HPMC K3:AG has the highest amount 

dissolved amongst the formulations investigated, which precipitated between 60 

and 120 minutes to the amount of supersaturated drug in the binary IBU:HPMC 

K3 solid dispersion 

• Both binary solid dispersions containing HPMC display maintenance of 

supersaturation for 120 minutes as compared to the crystalline drug. 

The following trends were observed in the non-sink dissolution of ketoprofen binary and 

ternary amorphous dispersions: 

• Each of the binary and ternary amorphous dispersions of ketoprofen had increased 

total amount dissolved as compared to the crystalline drug. A three-fold increase 

was measured for binary and ternary KTO:HPMC dispersions 

• The ternary amorphous dispersions of KTO:HPMC:AG had faster dissolution 

rates than the binary KTO:HPMC solid dispersions. The ternary KTO:HPMC E3: 

AG formulation supersaturated above the corresponding binary solid dispersion 

formulation. The increased dissolution rate and equal or greater amount dissolved 

at 120 minutes of the ternary KTO:HPMC:AG formulations display the benefits 

of both polymers: arabinogalactan to increase dissolution rate, and HPMC to 

maintain supersaturation.  

• The binary and ternary compositions with KTO:copovidone both had increased 

dissolution rate in comparison to the binary KTO:AG solid dispersion 
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The following trends were observed in the non-sink dissolution of nifedipine binary and 

ternary amorphous dispersions: 

• Each of the binary and ternary amorphous dispersions of nifedipine had increased 

total amount dissolved as compared to the crystalline drug. A twenty-fold increase 

was measured for the NIF:HPMC E3:AG dispersion. 

• The ternary amorphous dispersions of NIF:HPMC:AG had faster dissolution rates 

than the binary NIF:HPMC solid dispersions. The ternary NIF:HPMC E3: AG 

formulation supersaturated above the corresponding binary solid dispersion 

formulation for 120 minutes. The increased dissolution rate and equal or greater 

amount dissolved at 120 minutes of the ternary NIF:HPMC E3:AG formulation 

displays the benefits of both polymers: arabinogalactan to increase dissolution 

rate, and HPMC to maintain supersaturation.  

• The binary NIF:AG solid dispersion had very similar initial dissolution rate to the 

ternary NIF:HPMC K3:AG formulation after 15 minutes. After 15 minutes, the 

binary NIF:AG formulation precipitated, whereas the ternary dispersion 

containing HPMC K3 maintained supersaturation for 60 minutes.  

• The binary NIF:AG and NIF:copovidone dispersions behaved similarly with a fast 

initial dissolution rate and supersaturation, followed by precipitation to an 

equilibrium solubility above that of the crystalline drug. 

 

The following trends were observed in the non-sink dissolution of itraconazole binary 

and ternary amorphous dispersions: 
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• Each of the binary and ternary amorphous dispersions of itraconazole had 

increased total amount dissolved than the crystalline drug. A twenty-fold increase 

was measured for multiple solid dispersion combinations. 

• The ternary amorphous dispersions of ITRA:HPMC:AG had faster dissolution 

rates than the binary ITRA:HPMC solid dispersions. The increased dissolution 

rate and equal or greater amount dissolved at 120 minutes of the ternary 

ITRA:HPMC:AG formulations display the benefits of both polymers: 

arabinogalactan to increase dissolution rate, and HPMC to maintain 

supersaturation.  

• The ternary ITRA:Cop:AG dispersion and binary ITRA:AG dispersion precipitate 

between 60 and 120 minutes, whereas the binary ITRA:Cop dispersion maintains 

supersaturation for 120 minutes. 

 

Inclusion of extra-granular superdisintegrant with binary solid dispersions of each 

drug:HPMC K3 dispersion formulation was investigated. The combination of the 

superdisintegrant excipient with each dispersion did not significantly impact the 

dissolution rate of any formulation, with each sample behaving similarly to the binary 

solid dispersions. The conclusion of this experiment is that the intimate inclusion of the 

arabinogalactan as a molecular dispersion with the ternary formulations alters the 

mechanical and dissolution properties of the conventional polymers to increase 

dissolution rate, whereas an external superdisintegrant with swelling properties does not 

have the same effect i.e. the mechanism must be inter-dispersion. 
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To investigate the properties and physical interactions between neat polymers, evaluation 

of the swelling and erosion of tablet compacts containing ibuprofen solid dispersions was 

performed. Binary and ternary ibuprofen solid dispersions with 20% drug load were 

selected in this study. In a simple test to measure the percent loss by weight of tablet after 

soaking, the polymer mechanisms were illustrated. The binary IBU:AG dispersion and 

each ternary composition containing arabinogalactan had a significantly higher percent 

loss than each of the corresponding binary dispersions with conventional polymers. The 

arabinogalactan, molecularly dispersed within the ternary dispersions swells and 

dissolves rapidly, allowing for more rapid disintegration and dissolution of those 

formulations. Further evaluation of tablet compacts with a texture analyzer was 

performed to expand on these data and concepts. 

 

The results of the texture analysis, as force relates to distance traveled, and precise 

distance measurement by the texture analyzer probe were the following: 

• Both binary IBU:HPMC dispersion compacts swelled outside of the die surface 

and remained outside the die, indicating that these formulations hydrated and 

formed a gel layer that did not erode and dissolve within the 2 hour time interval. 

• Both ternary dispersions with HPMC and AG initially swelled rapidly outside of 

the die, then rapidly eroded into the die. 

• The binary dispersion of IBU:AG swelled rapidly outside of the die then rapidly 

eroded, similarly to the IBU:HPMC:AG ternary dispersion formulations. 
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The results of the texture analysis experiment are in line with the dissolution results of 

the ternary drug:HPMC K3:AG and drug:HPMC E3:AG solid dispersions in relation to 

the binary compositions with drug:HPMC K3 and drug:HPMC E3. The addition of the 

molecularly dispersed arabinogalactan into the matrix containing the slowly dissolving 

HPMC polymer disrupts the matrix allowing for more rapid polymer dispersal and 

dissolution of amorphous drug into the dissolution media.  
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CHAPTER 5: CONCLUSIONS 

 

A thorough evaluation of amorphous spray dried solid dispersions of four model drugs 

with three conventional and one novel polymer was completed, using in silico 

calculations, thermal analysis, solid and solution state characterization, non-sink 

dissolution, texture analysis, and other analytical techniques. Many recent studies have 

focused on binary solid dispersions with a primary focus on miscibility, solid state 

interactions, and dissolution. A survey of literature reveals inconsistencies in type/extend 

of theoretical solubility parameter and interaction parameter calculations, evaluation of 

drug loading, extent of solid state and solution state evaluation and interpretation, and in 

vitro dissolution testing methods for this application. A primary focus of this study was to 

correlate the theoretical and experimentally determined Flory-Huggins specific 

interaction parameter with drug loading and observed drug-polymer interactions. A 

second focus of this study was to correlate the non-sink dissolution of the solid 

dispersions to the solid-state interactions and F-H specific interaction parameters. The 

mechanism of the dissolution rates in non-sink media was also studied, investigating the 

mechanical properties of the polymers studied. A novel polymer, arabinogalactan, was 

included in the study due to its desired properties from a dissolution perspective.  

 

In silico solubility parameter calculations were performed for each drug substance and 

polymer, and subsequent Gibbs Free Energy diagrams (Figure 46) indicate that each drug 

substance is thermodynamically favored for both HPMC and copovidone polymers and 

not favored for arabinogalactan with the exception of a <20% drug load for itraconazole.  
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Such theoretical calculations based on group contribution methods of molecules are a 

common screening and rank-ordering tool, however a more thorough data-based 

investigation was performed. 

 

Binary and ternary amorphous dispersions were spray dried for drug-polymer systems 

with multiple drug loads. The following challenges for this type of processing were the  

low melting points of ibuprofen and ketoprofen and the arabinogalactan solvent 

solubility. Solid state characterization was performed on all spray dried dispersions. 

XRPD diffractograms confirmed the amorphous state of the majority of the solid 

dispersions, except crystallinity was observed in some SDDs with high drug loading as 

detailed in Tables 16-19. SEM imaging was utilized to corroborate XRPD results to 

visually confirm amorphous or partially crystalline morphology of spray dried materials. 

Modulated DSC analysis was the primary tool to evaluate maximum amorphous load of 

the binary and ternary dispersions as compared to the calculated theoretical values. 

Binary and ternary amorphous dispersions with 20% ibuprofen and each conventional 

polymer were miscible with a single glass transition temperature. The DSC method did 

not produce clear results for ibuprofen solid dispersions above 20% drug loading. All of 

the binary and ternary ketoprofen solid dispersions displayed single glass transition 

temperatures indicating miscibility of the amorphous dispersions up to 60% drug loading. 

Nifedipine solid dispersions up to 80% drug loading displayed single glass transition 

temperatures and the ternary NIF:HPMC E3: AG and NIF:cop:AG dispersions displayed 

single glass transition temperatures. The NIF:HPMC K3:AG ternary solid dispersion had 

three glass transition temperatures indicating phase separation. Itraconozole binary solid 
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dispersions with each conventional polymer up to 60% drug loading displayed a single 

glass transition temperature indicating miscibility. Each ternary itraconazole solid 

dispersion was miscible as determined by a single glass transition temperature. 

 

In addition to investigating the glass transition temperatures of the solid dispersions, the 

molar heat of fusion of each formulation was measured, if present. This term was used to 

calculate the percentage of amorphous drug held in a single phase within the polymer 

matrix for each system i.e. the maximum amorphous capacity as a volume fraction of 

amorphous drug in each polymer (Table 21). The maximum amorphous content for each 

amorphous drug-polymer dispersion calculated in this manner correlated to the Flory-

Huggins specific interaction parameter, indicating that stronger drug-polymer interactions 

result in higher amorphous drug loading.  

 

Solid state interactions of the binary and ternary dispersions were investigated with FTIR 

and a correlation between extent of hydrogen bonding and F-H specific interaction 

parameter established (Figure 92) in that a more negative F-H specific interaction 

parameter correlates to stronger solid-state interactions between drug and polymer. For 

ibuprofen and ketoprofen, drugs that form dimers in the crystalline form, the drug in the 

amorphous dispersions was hydrogen bonded to polymers as opposed to dimerization. 

This type of drug-polymer interaction is favorable to maintain the physical stability of the 

amorphous form. Ternary solid dispersions containing arabinogalactan displayed similar 

FTIR shifts in carbonyl regions to the corresponding binary dispersions for each drug, 

indicating that the inclusion of arabinogalactan does not negatively impact drug-polymer 
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hydrogen bonding. Solution state interactions between binary dispersions of drug-

polymer were investigated using 1H-NMR. A solution-state interaction was observed 

between ibuprofen-arabinogalactan, which is contradictory to the specific interaction 

parameter rank ordering and observations in the solid state for drug-conventional 

polymer interactions. Each of the other three model drugs had solution-state drug-

polymer interactions for all combinations with a specific interaction parameter <0.5 

which categorized those combinations as miscible or strongly interacting. 

 

The equilibrium solubilities of crystalline drug in 0.1N HCl media with dissolved 

polymer and amorphous solid dispersions in 0.1N HCl media were determined. 0.1N HCl 

was selected as medium due the low solubility of each drug at this pH.  In terms of rank 

ordering for each drug in both experiments, solubility of drug paired with HPMC 

E3>HPMC K3>copovidone>AG. For ibuprofen solid dispersions, there is a correlation 

between amount dissolved of amorphous spray dried dispersions and FTIR carbonyl shift. 

For ketoprofen amorphous dispersions there is a correlation between amount dissolved 

and the Flory-Huggins specific interaction parameter. For nifedipine amorphous solid 

dispersions, there are correlations between amount of amorphous drug dissolved and both 

carbonyl FTIR shift and F-H specific interaction parameter. For itraconazole there is a 

correlation between amount of amorphous drug dissolved and F-H specific interaction 

parameter.  

 

Non-sink dissolution testing of binary and ternary dispersions was utilized to evaluate the 

dissolution rate, extent of supersaturation, and precipitation of amorphous solid 
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dispersions in a small volume of media. Due to the properties of the HPMC polymers, 

binary amorphous dispersions of each drug with both HPMC E3 and HPMC K3 had 

slower dissolution rates than the ternary amorphous dispersions with each drug: HPMC: 

AG. These data confirm that the molecularly dispersed arabinogalactan increases the 

dissolution rate of compositions containing HPMC.  Supersaturation of each drug 

substance as compared to the crystalline form was attained.  

 

Texture analysis performed on compacts of ibuprofen binary and ternary solid 

dispersions that were soaked in aqueous media illustrated the mechanisms of the 

polymers investigated. Binary compacts with HPMC K3 and E3 both swelled and 

remained outside of a die holder due to a gel layer, whereas ternary compacts with 

IBU:HPMC:AG compacts swelled rapidly then eroded within the die holder. The exact 

interaction between the HPMC and arabinogalactan is to be identified, but the inclusion 

of arabinogalactan allows for rapid erosion of the HPMC-based formulations. 

 

In conclusion, the following studies were completed and conclusions made: 

• Extensive solid-state characterization and in silico calculations of all materials 

and combinations was completed. 

• Binary and ternary amorphous solid dispersions of each model drug and polymer 

were manufactured. 

• Each amorphous solid dispersion was characterized to evaluate miscibility and 

amorphous state. Enthalpy data was utilized to calculate Flory-Huggins specific 
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interaction parameters and maximum amorphous content for each drug-polymer 

combination.  

• Extent of solid state FTIR interaction correlates to Flory-Huggins specific 

interaction parameter.  

• Maximum amorphous content correlates to Flory-Huggins specific interaction 

parameter.  

• Solution state characterization of each drug-polymer combination identified 

interactions correlating to Flory-Huggins specific interaction parameter. 

• Supersaturation was achieved in non-sink media for amorphous solid dispersions 

• Ternary amorphous dispersions including drug:HPMC:arabinogalactan had an 

increased dissolution rate as compared to binary amorphous dispersions with 

drug:HPMC. 

• Dissolution rate in non-sink media is dictated by the amorphous state of the drug 

substance and the swelling and/or erodible properties of the polymers 

  

Suggestions for future work 

• Optimized formulation selection based on Flory-Huggins specific interaction 

parameter and drug loading relationship 

• Exploration of HPMC:AG interaction. Ternary DSC data suggests miscibility – 

do they function as a ‘single’ polymer or a sum of the parts 

• Physical stability study on ternary compositions due to hydrophilicity of AG 
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• Investigation of annealing on amorphous state, glass properties, and physical 

stability 

• Further exploration and definition of trends observed between SDD equilibrium 

solubility, solid state interaction, and F-H specific interaction parameter 
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APPENDICES 

 

Appendix A: Abbreviations Used 

 

Ace – Acetone 

AG – Larch arabinogalactan 

AUC – Area under curve 

βCD – Beta-cyclodextrin 

BCS – Biopharmaceutics Classification System 

°C – Degrees Celsius 

CAP – Cellulose acetate phthalate 

Chloroform-d – Deuterated chloroform 

13C-NMR – Carbon nuclear magnetic resonance 

cop. – Copovidone 

DCM – Dichloromethane 

DCS – Developability Classification System 

DSC – Differential scanning calorimetry 

FaSSIF – Simulated fasted intestinal fluid 

FDA – United States Food and Drug Administration 

FeSSIF – Simulated fed intestinal fluid 

FTIR – Fourier transform intrared spectroscopy 

F-H – Flory-Huggins 

g – Gram 

GFE – Gibbs free energy 
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GI – Gastrointestinal 

 

HCH – Heat-cool-heat 

HCl – Hydrochloric acid 

HME – Hot melt extrusion 

1H-NMR – Proton nuclear magnetic resonance 

HPC – Hydroxypropyl cellulose 

HPMC – Hydroxypropyl methylcellulose, Hypromellose 

HPMC-AS – Hypromellose acetate succinate 

HPMC-P – Hypromellose phthalate 

IBU – Ibuprofen 

IGC – Inverse gas chromatography 

IID – Inactive Ingredients Database 

ITRA – Itraconazole 

KTO – Ketoprofen 

kV – killivolt 

J/g – Joules/gram 

JP – Japanese Pharmacopoiea 

L – Liter 

logP – Octanol:water partition coefficient 

m3 – cubic meter 

mA – milliampere 

mDSC – Modulated differential scanning calorimetry 
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MDE – Maximum daily exposure 

MeOH – Methanol 

mg – Milligram 

min. – Minute 

mJ – milliJoule 

mL – milliliter 

MPa – Megapascals 

MW – Molecular weight 

Mz – Mass-to-charge ratio 

N – Newton 

N/A – Not applicable 

NF – National Formulary 

NIF – Nifedipine 

nm – Nanometer 

NMR – Nuclear magnetic resonance 

PDE – Permitted daily exposure 

PEG – Polyethylene glycol 

PhEur – European Pharmacopoiea 

PLM – Polarized light microscopy 

ppm – Parts per million 

psi – Pounds per square inch 

PVA – Polyvinyl alcohol 

PVAP – Polyvinvyl acetate phthalate 
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PVDF – Polyvinylidene Fluoride 

PVP/VA – Copovidone 

QC – Quality control 

rpm – Revolutions per minute 

SDD – Spray dried dispersion 

sec. – Second 

SEM – Scanning electron microscopy 

SGF – Simulated gastric fluid 

SLAD – Solubility limited absorbable dose 

SLS – Sodium lauryl sulfate 

SMEDD – Self-microemulsifying drug delivery system 

ss-NMR – Solid-state nuclear magnetic resonance 

Tg – Glass transition temperature 

Tm – Melting point 

TMS – Tetramethylsilane 

TPGS – Vitamin E polyethylene glycol succinate 

USP – United States Pharmacopoeia 

UV – Ultraviolet 

VK – van Krevelen 

v/v – Volume/volume ratio 

w/w – Weight/weight ratio 

XRPD – X-ray powder diffraction 

YMB – Yamamoto molecular breaking 
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