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Abstract 

Solubility has become an increasing issue for the pharmaceutical industry, as the advances in 

combinatorial chemistry and high throughput screening methods have resulted in an increase in the 

molecular weight and lipophilicity of new chemical entities. There is a constant need for the 

development of formulation strategies to address these challenges for the oral delivery of poorly 

soluble drugs. The supersaturated drug delivery system (SDDS) based on amorphous solid dispersion 

(ASD) is a novel strategy to increase solubility and dissolution of hydrophobic drug compounds in 

order to achieve an improved oral absorption. The kinetic solubility profile of an ASD formulation in 

aqueous environment depends on the buildup and maintenance of supersaturated drug solution, which 

are determined by parameters including drug amorphization state in ASD carrier, drug release from 

the carrier matrix, liquid-liquid phase separation (LLPS) and nucleation of supersaturated drug 

solution, and crystal growth rate of drug molecules. These factors are closely correlated to the solid-

state and in-solution properties of ASD carrier materials. This thesis aims to investigate the effects of 

polymer and lipid materials on the LLPS, recrystallization profile, drug-carrier miscibility and 

dissolution behaviors of two model drugs, indomethacin (IDM) and apixaban (APX), in an effort to 

benefit both the investigation of fundamental mechanisms of drug supersaturation and the 

development of pharmaceutical excipients into ASD carriers. 

Firstly, the LLPS behaviors of both drugs in the presence of polymer and lipid carriers were 

successfully characterized using the double wavelength UV extinction method. The LLPS behaviors 

of both drugs were depended on one or more of the following mechanisms: in-solution hydrogen 

bonding, drug aggregation facilitated by amphiphilic agents, micelle/vesicle incorporation, and 

ionization induced solubility enhancement. Polymer or lipid carrier can modify the LLPS behaviours 

of different drugs in completely different ways depending upon the nature of the drugs. The 

methodology is expected to serve the LLPS investigations of more types of drugs and excipients. Our 

work suggests that the effects of excipients on drug LLPS must be analyzed on a case by case basis, 

given the fact that an ASD carrier can behave markedly differently for different drug compounds. 

Secondly, the supersaturation effects of polymer and lipid ASD carriers on IDM and APX 

under non-sink dissolution conditions were revealed using a solvent-shift method and compared with 

the identified LLPS properties. Results showed that the supersaturation behaviors of both drugs were 

influenced by ASD carriers by mechanisms that include in-solution hydrogen bonding, pH-induced 
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solubility change, solubilization, and reduced crystal growth rate. The recrystallization behaviors of 

both drugs did not necessarily align with the corresponding LLPS results, as LLPS properties were 

considered to influence the early stage of drug recrystallization. By comparing LLPS and 

supersaturation result for certain drug-excipient pairs, we also suggested that the different principles 

of characterization methods may induce variations in the characterization results. Therefore, multiple 

characterization methods should be combined to obtain accurate in-solution properties of drugs and 

excipients. 

Thirdly, we successfully characterized the drug-excipient miscibility for IDM and APX under 

a solid state, aiming to analyze the amorphization and loading state of both drugs in different carriers. 

Meanwhile, the feasibility of using fluorescence techniques to evaluate drug-carrier miscibility was 

testified by various drug-excipient pairs. Spectral parameters including peak shape, peak intensity and 

peak wavelength were used to analyze drug-excipient miscibility and physical state of IDM and APX 

in ASD systems. Distribution of fluorescence intensity and birefringence properties of fluorescence 

microscopy were also used to analyze the drug-excipient miscibility. Our work suggests that the 

fluorescence spectroscopy and fluorescence microscopy must be combined to obtain the accurate 

drug amorphization state in ASD systems, as fluorescence spectroscopy alone may be ineffective in 

identifying the amorphous drug aggregates in ASD systems. The drug amorphization and loading 

states were used to analyze the drug release behavior that was closely associated with supersaturation 

buildup of an ASD formulation.  

Lastly, ASDs for IDM and APX were prepared with polymers, lipids, and their combinations 

as carriers. The dissolution behaviors of prepared samples were tested under non-sink conditions 

where LLPS and recrystallization were expected to occur. The dissolution and supersaturation 

parameters were analyzed based on previously investigated properties including LLPS, solubilization, 

recrystallization, and drug amorphization state. For both IDM and APX, dissolution parameters were 

greatly influenced by carrier type in different manners. A given type of carrier could provide different 

effects when it was used to load different drugs. Preparation methods were found to bring inconsistent 

changes to different formulations. The disintegration, dissolution and dispersion of carrier materials 

were critical factors to determine the expression of carriers’ ability to generate and maintain 

supersaturated drug solutions. The correlations between carriers’ effect on crystalline solubility, 

LLPS, recrystallization, and dissolution parameters could only be established when drug carriers 

could rapidly and completely dissolve or disperse in dissolution media. The methodology and 
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implications provided by this study could be used to investigate the in-solution and physical-state 

properties of more types of poorly soluble drugs and potential ASD carriers, in order to benefit the 

development of ASD formulations. 
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Chapter 1 

Introduction 

1.1 Solubility and dissolution enhancement of poorly water-soluble drugs for 

oral drug delivery 

Oral delivery of drugs is by far the most common and the most preferred method for patients 

to take a prescribed medication [1,2]. In order to be successfully delivered by the oral route a drug 

must have some solubility in aqueous media [3–5]. If one considers that the majority of new 

molecules being developed (either through chemical synthesis or extraction from biological sources) 

as potential drugs have both low solubility and a low degree of permeability across biological 

membranes (a second important requirement that new drugs must possess) understanding the ways in 

which drug solubility can be modified is of critical importance [6,7]. An important starting point for 

such understanding is the Biopharmaceutical Classification System (BCS). 

1.1.1 Biopharmaceutical Classification System 

 The BCS was proposed based on the mechanisms that the oral absorption of a drug in the 

gastrointestinal (GI) tract through passive diffusion is determined by the amount of drug in solution at 

the luminal-epithelial border and the diffusion rate of drug across the intestinal membrane [8,9]. The 

solubility and permeability of a drug are categorized as either high or low by the BCS system (Figure 

1.1) and are constructively used to evaluate the potential of a drug compound to be influenced by 

formulation variables and physiological changes. A compound is considered to have high solubility if 

its largest dose strength can be fully dissolved in 250 mL GI medium from pH 1 to 7. BCS class I and 

III drugs with high solubility are not expected to be sensitive to formulation factors when developing 

immediate-release dosage forms. In contrast, the oral bioavailability of BCS class II and IV drugs 

with low solubility is more likely to be influenced by their physical states that determine the 

dissolution rate. In the pharmaceutical field, BCS provides guidance on the formulation strategies for 

new drug compounds and is used by regulatory agencies to determine whether bioequivalence studies 

or biowaivers are required for new strengths or modified formulations of approved drugs. 

Solubility has become an increasingly important issue for the pharmaceutical industry. The 

advances in combinatorial chemistry and high throughput screening methods have resulted in an 

increase in the molecular weight and lipophilicity of new chemical entities (NCE), as these properties 

are expected to improve drug potency by increasing the drug-receptor interactions [10–12]. Over 40% 
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of the approved drugs and approximately 90% of the pharmaceutical compounds in the development 

pipeline are in the category of BCS class II and IV [13]. Despite the therapeutic potentials of certain 

NCEs, their development into oral drug products, which provide the best patient compliance, can be 

negatively influenced by the poor aqueous solubility associated with their large molecular sizes and 

lipophilic structures.  

 

Figure 1.1. Illustration of Biopharmaceutical Classification System (BCS). Class I drug has a high 

solubility and high permeability; Class II drug has a low solubility and high permeability; Class III 

drug has a high solubility and low permeability; and Class IV drug has a low solubility and low 

permeability [14]. 
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For a poorly water-soluble drug (PWSD) to be absorbed through the oral route and reach the 

blood circulation over its therapeutic threshold concentration, the required dissolution time may 

surpass its retention time in the GI tract. Therefore, an understanding of solubility and dissolution 

characteristics of a PWSD is essential for its formulation development.  

1.1.2 Crystalline solubility and dissolution 

A crystalline solid is characterized with a lattice structure with regular arrangement. 

Crystalline solubility describes an equilibrium between the solid and drug molecules that are in the 

solution phase, representing the concentration in the solution phase whereby the solvent is absent in 

the crystalline phase [15]. The equilibrium is described as [16]: 

ln(xD
WγD

W) =
μD−μ0

RT
 Equation 1.1 

where xD
W is the mole fraction solubility of a crystalline drug (D) in water (W), γD

W is the activity 

coefficient of the drug at water saturation, μD and μ0 are the chemical potentials of the crystalline 

drug and supercooled liquid form of the drug, R is the gas constant, and T is the temperature. In this 

context, the crystalline form of a drug is the most thermodynamically stable form, and its chemical 

potential is equivalent to that of the solute in a saturated solution. To reach this equilibrium, a solid 

crystalline drug undergoes a dissolution process when it is delivered to an aqueous medium. 

Dissolution can be divided into consecutive steps [11,17]. Firstly, the crystalline lattice of the solid 

drug is disrupted into isolated drug molecules, which is an endothermic process that requires the 

crystal packing energy/lattice energy to be overcome. Following this, with the input of cavitation 

energy, the breaking of hydrogen bonding of water enables the formation of cavity to host drug 

molecules. Lastly, favorable interactions form between the solvent and solute to finalize the 

dissolution process. This step is an exothermic process as the solvation energy is released to lower the 

Gibbs free energy of the system in order to reach equilibrium. For PWSDs, the crystal packing energy 

has a larger magnitude than cavitation and solvation energies, serving as the critical determinant of 

solubility and dissolution. The overall rate of these processes is referred to as dissolution rate, which 

can be described by the Whitney-Noyes equation: 

dM

dt
=

DA

h
× (Cs − C) ≈

DACs

h
 Equation 1.2 

where M is the mass of solute, D is the intrinsic diffusion coefficient of solute, A is the surface area 

of solid particle, h is the thickness of the diffusion layer, CS is the equilibrium solubility of the solute, 
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and C is the solute concentration in the dissolution medium. When a drug is delivered orally, h is 

determined by the intrinsic hydrodynamic conditions of the gastrointestinal tract, which generally 

cannot be changed from the formulation perspective [18]. The manipulation of other factors has led to 

the development of various solubility and dissolution enhancing technologies.  

1.1.3 Solubility and dissolution enhancing technologies 

Over the years, a variety of formulation strategies have been designed to improve solubility 

and dissolution to deliver hydrophobic compounds orally. Examples include pH adjustment, prodrug 

design, cocrystal formation, micro/nano pulverization, colloidal system design with surfactant 

micelles or lipid vesicles, cyclodextrin incorporation, drug incorporation into a mesoporous inorganic 

carrier, etc [19–25]. As introduced in the previous section, the Whitney-Noyes equation is the 

scientific foundation for considering most solubility-enhancing technologies that produce solid-state 

products. An increase in surface area (A) is enabled by the size reduction of active pharmaceutical 

ingredient (API) particles using either top-down technologies including ball milling, cryogenic 

grinding, nano-pulverization, or bottom-up generation of smaller crystals of API through technologies 

including supercritical fluid and freeze drying [26–30]. The surface tension of GI media can be 

decreased by the addition of surfactants to a formulation, so that the surface area that is accessible to 

the dissolution media is improved by facilitated wetting. The other major factor, equilibrium 

solubility (CS), can be increased by chemical modifications including salt formation, co-crystals, and 

prodrugs. In the past two decades, there has been rising recognition that decreasing particle size or 

increasing dissolution rate and crystalline solubility are insufficient to achieve desired bioavailability 

for PWSDs. Interests in supersaturated drug delivery systems (SDDS) that are able to maintain a 

supersaturated concentration of drug have increased due to the ability to further improve the solubility 

of PWSD by incorporating amorphous drugs (as opposed to crystalline) which show higher solubility 

and faster dissolution than their crystalline counterparts [31,32]. An SDDS is a thermodynamically 

unstable system that is prone to changes in physical state [15]. An understanding of the scientific 

foundations and implications of SDDS is important for the development of relating formulations. 
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1.2 Theories of supersaturated drug delivery system (SDDS) 

1.2.1 Solubility and dissolution advantages of an amorphous solid 

A solid substance can exist in either a crystalline or an amorphous state. These two forms 

possess the same molecular composition but can show different physiochemical properties such as 

hardness, thermal conductivity, electrical resistivity, etc [33–35]. The pharmaceutical interests in 

amorphous solids focus on their increased solubilities compared with the respective crystalline drugs. 

The lack of crystalline structure or a long-range order of molecular packing of an amorphous drug 

provides higher Gibbs free energy in its delivery form [32]. It requires less energy input to break the 

solid into isolated molecules that can be solvated because the crystal lattice energy is absent.  

 The amorphous solubility of a solid substance is the equilibrium between amorphous solid 

and the liquid phase of its saturated solution, representing the concentration in solution phase 

whereby solvent is absent in amorphous solid phase. The concept is similar to crystalline solubility. 

However, from the thermodynamic perspective, such an equilibrium cannot exist because the 

amorphous form of a solid drug is not the most thermodynamic stable form, and there is a constant 

tendency for it to crystallize until the solution concentration reaches the crystalline solubility [14]. 

Nevertheless, if crystallization is slow, the nonequilibrium amorphous state can become metastable 

from the kinetic perspective. This enables the possibility that an amorphous drug can maintain its 

high Gibbs free energy prior to dissolution. At present, there is no characterization technique to 

directly measure the amorphous solubility of a drug. Amorphous solubility of a solid in water can be 

estimated by different approaches when the crystalline solubility is known [36–39]. The correlation 

between crystalline solubility and amorphous solubility is described in Equation 1.3: 

Ca = Cs × e−I(a) × e
∆G

RT  Equation 1.3 

where Ca is the amorphous solubility of the drug, CS is the crystalline solubility of the drug, -I(a) is 

the activity coefficient of the amorphous drug at equilibrium, ΔG is the difference in the free energy 

of crystalline and amorphous form of the drug, R is the gas constant, and T is the temperature. ∆G is 

calculated based on the experimentally determined heat capacity of the crystal and supercooled liquid. 

-I(a) is determined by the mole fraction of water absorbed by amorphous drug as a function of relative 

humidity [15,40]. The flux across the GI membrane is dependent on the thermodynamic activity of a 



 

6 

solute, so that solutions enabled by the amorphous drug can exhibit improved flux compared to those 

enabled by the solubilized system at the same drug concentration [41,42].  

1.2.2 Supersaturation  

During dissolution of an amorphous solid, the chemical potential of a solute in solution is 

higher than that of a saturated solution. The solution is defined as a supersaturated solution, for which 

the supersaturation degree (S) is described as: 

ln S =
μS−μD

RT
= ln

xS
WγS

W

xD
WγD

W  Equation 1.4 

where μS is the chemical potential of the supersaturated solution, μDis the chemical potential of the 

saturated solution, xS
W is the mole fraction of a drug in the supersaturated solution, γS

W is the activity 

coefficient of the drug in the supersaturated solution, R is the gas constant, and T is the temperature. 

For the practical purpose of pharmaceutical development, it is assumed that γS
W equals to γD

Wfor 

simple aqueous media that do not contain substances with cavity structures like cyclodextrin [15]. In 

these circumstances, S is expressed by the ratio of xS
Wand xD

W, and the supersaturation degree can be 

taken as the ratio of the molar concentrations: 

S =
C

CS
  Equation 1.5 

where C is the molar concentration of the drug in a supersaturated solution and CS is the molar 

concentration of the saturated solution. The supersaturation degree is commonly used to quantify the 

dissolution performance of SDDS formulations and facilitate the design of experiment parameters for 

in vitro dissolution tests [43–45]. 

1.2.3 Crystallization and liquid-liquid phase separation 

A superstrated solution is a thermodynamically unstable system that would precipitate to 

form a saturated solution as a way to lower the Gibbs free energy of the system. The attenuation of 

supersaturation is due to drug crystallization from solution, which involves a nucleation stage and a 

crystal growth stage [46,47]. Firstly, drug molecules in a supersaturated solution aggregate with each 

other when diffusing through the bulk solution under the thermodynamic driving force [48]. The size 

of the formed drug clusters is increased by the addition of drug monomers, leading to the formation of 

nuclei that act as centers of crystallization. A nucleus is understood as the minimum amount of new 
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phase that is capable of existing independently in the original phase. The rate of nucleation (J) is 

expressed by an Arrhenius reaction rate equation: 

J = N0 ∙ v ∙ exp [−
16fγ3v2

3k3T3(ln S)2]  Equation 1.6 

where J is the rate of appearance of nuclei in a given volume, N0 is the number of molecules of 

crystallizing phase in a volume unit, v is the frequency of molecular transport at the nucleus-liquid 

interface, f is nucleation factor, γ is the nucleus-solution interfacial tension, k is the Boltzmann 

constant, T is temperature, and S is supersaturation degree. The equation suggests that the nucleation 

rate increases with higher supersaturation degree, which has a profound impact on the design of 

SDDS, as a high supersaturation degree is desired for better bioavailability [49,50]. The nucleation 

rate can also be influenced by pharmaceutical excipients through the change in solution viscosity and 

therefore molecular transport [51,52]. Surface active agents bring dual effects to the nucleation rate. 

On the one hand, they can solubilize drug molecules and incorporate them into a micelle/vesicle 

phase, decreasing the free drug concentration in the bulk solution phase and therefore the 

supersaturation degree [53,54]. On the other hand, interfacial tension between nucleating clusters and 

the solution phase may be lowered by surfactants to facilitate recrystallization [55–57]. The overall 

influence of surfactants is determined by the competition of reverse effects on supersaturation degree 

and wetting.  

Crystal growth happens immediately after nucleation, resulting from the diffusion of drug 

particles to the surface of nuclei and incorporation into crystal lattice structures [48]. The crystal 

growth rate is expressed by the increase in crystal radius (r) over time, which is calculated by the 

following equation: 

dr

dt
= [DvNA/(r +

D

k
)] ∙ (C − Cs)  Equation 1.7 

where D is the diffusion coefficient of crystalline compound in a given solution, v is the frequency of 

molecular transport at the nucleus-liquid interface, k is the surface integration factor, NA is 

Avogadro’s constant, C is the drug concentration in bulk solution phase, and CS is the equilibrium 

crystalline solubility of the drug. Similar to nucleation, a higher supersaturation degree is associated 

with faster crystal growth. D and v can be altered by the viscosity change in the presence of 

excipients. The surface integration can be modified if there is adsorption between crystal surface and 

excipients. 



 

8 

 Another route for a supersaturated solution to lower the Gibbs free energy is known as liquid-

liquid phase separation (LLPS), which can occur in the absence of recrystallization [58]. Similar to 

the initiation of nucleation, drug molecules in the bulk phase of a supersaturated solution aggregate 

with each other upon diffusion. Before the formation of nuclei (i.e. the minimum amount of new 

phase that is capable of existing independently), the aggregate forms a liquid phase with an uneven 

distribution and fluctuation of solute concentration. The liquid phase then splits into two immiscible 

liquid phases, a water-rich phase and a drug-rich phase, in the absence of formation of solid 

crystalline phase. The LLPS mechanism can be understood by the diagram of mixing free energy 

versus composition of two partially miscible liquids as shown in Figure 1.2 (in this case amorphous 

drug is considered as supercooled liquid) [59]. 

  

Figure 1.2. Gibbs free energy of mixing versus composition diagram for two immiscible liquids. 

Figure adapted from Reference [15], with permission from Elsevier. 

 

Starting from the right side of the x-axis that represents pure water (W), the free energy of 

mixing becomes lower (i.e., ∆G is negative) when the amorphous drug (D) is added to the system 

until reaching the point xWD. This means that the mixing of two phases is thermodynamically favored 

until the drug concentration reaches its miscibility limit in water, which is the amorphous solubility of 
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the drug. Similarly, starting from the left side of the x-axis that represents the pure drug, the mixing is 

also thermodynamically favored until reaching the composition of xDW that corresponds to the 

miscibility of water in the drug. At the compositions of xWD and xDW, the net ∆G is lower than that for 

all other compositions, and these two compositions are referred to as binodal points for mixtures of 

water and amorphous drug. At the binodal points, the chemical potential of all solution components is 

equal in each phase (µD=µW). xWD is the water-rich phase that contains a small amount of drug 

dissolved in water, where the drug concentration equals the amorphous solubility. xDW is the drug-rich 

phase that contains a small amount of water mixed with amorphous drug. A miscibility gap is shown 

between the binodal points. Within this range, the spinodal points x*
WD and x*

DW represent the 

inflection points on the curve of free energy versus composition where ∂2G/∂x2 = 0. Compositions 

between binodal and spinodal points (xWD to x*
WD and xDW to x*

DW) are metastable. Phase separation 

can occur while an energy barrier has to be overcome to form a new phase. Compositions between 

two spinodal points (x*
WD and x*

DW) are unstable, for which phase separation can occur spontaneously 

through spinodal decomposition to produce a water-rich phase and a drug-rich phase to lower the free 

Gibbs energy, and the process is referred to as LLPS. The drug-rich nanodroplets dissolve faster than 

crystalline drugs, attributed to the nanoscale and amorphous properties [42,60,61]. 

1.2.4 Experimental determination of liquid-liquid phase separation 

 The concept of LLPS has been used to understand the formation of amorphous nanoparticles 

in SDDS-enabled drug solutions and investigate the dissolution mechanisms of related formulations. 

There are different techniques that can be used to determine LLPS of supersaturated drug solutions. 

Light scattering is the most commonly used method to analyze the behaviors of supersaturated 

systems undergoing LLPS [62,63]. The solutions at this stage show distinct properties in terms of 

light transmittance and scattering. Ultraviolet (UV)/visible absorbance of a drug at its absorbing 

wavelength shows a change in linearity with regard to drug concentration when LLPS occurs. 

Correspondingly, light scattering can be detected at a non-absorbing wavelength for the drug during 

phase separation. This method is often associated with the solvent shift method, where a drug solution 

in a water-miscible organic solvent is titrated into water. When reaching a certain drug concentration, 

drug-rich nanodroplets form through spinodal decomposition due to the addition of drug solution to 

an unstable region. For ionizable drugs, pH solubilization can be used to create a drug solution with 

high concentration, followed by a constant change in pH to decrease the degree of ionization of the 

drug. The LLPS onset for the drug can be calculated by its solubility at the pH value where light 
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scattering is first detected. A limitation of this method is that the determined LLPS onset of a drug 

might be higher than the theoretical value due to the solubility increase of the drug in the presence of 

the organic solvent.  

 Fluorescence spectroscopy is another widely used technique to determine LLPS [58,64]. A 

fluorescence probe that is sensitive to environmental polarity changes, such as pyrene, can be used to 

characterize drug-rich phases which form when the amorphous solubility of a drug is exceeded. 

Fluorescence probes tend to interact with the drug-rich phase through hydrophobic interactions, and 

therefore their emission spectra change due to the probe preferentially being found in a less polar 

environment. By monitoring the emission spectrum as a function of drug concentration, the LLPS 

onset of the drug can be determined. For fluorescence spectroscopy to be effective it is important that 

drug molecules are not autofluorescent so that the emission spectra of fluorescence probes are not 

convoluted. 

 Ultracentrifugation can also be used to determine LLPS [65]. The separation of two phases by 

ultracentrifugation is based on the different density of two phases. Here it is important that the system 

undergoes minimal change in the physical state during centrifugation, and the centrifugation 

parameters can realize an effective separation, both of which can be compromised in a practical 

manner. An effective ultracentrifugation may require a long time (30-40 min) during which 

supersaturated solutions may evolve resulting in a change in physical state such as crystallization. 

Conversely, drug-containing nanodroplets with a size smaller than 50 nm could stay in the 

supernatant [66–69]. To solve this, a small amount of crystallization inhibitor can be added to 

maintain the physical state of testing samples [15]. Other characterization techniques include nuclear 

magnetic resonance spectroscopy, cryo-transmission, scanning electron microscopy, synchrotron 

radiation, etc [70–73]. 

1.3 Pharmaceutical application of amorphous solid dispersion 

In order to take advantage of amorphous drug and SDDS in oral drug delivery, the 

amorphous solid dispersion (ASD) is the most common type of formulation used to carry amorphous 

drugs and achieve a supersaturated drug solution in GI fluids [74–76]. ASD has been established as a 

platform technology for the formulation of PWSD. 
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1.3.1 Preparation of solid dispersions 

The term “solid dispersion” is defined as a dispersion of a solid drug in a solid matrix carrier 

which can be either a small molecule or a polymeric material. In 1961, the first solid dispersion 

formulation for pharmaceutical use was prepared by dispersing crystalline sulfathiazole into 

crystalline urea as a carrier to form a eutectic mixture as an oral dosage [77]. The formulation 

produced a microcrystalline suspension for sulfathiazole with a faster dissolution rate in water due to 

particle size reduction and facilitated wetting. Other carriers have mainly included sugars such as 

sorbitol and mannitol [78]. This type of SD was prepared using a melting method, whereby drug and 

carrier can crystallize simultaneously during the cooling process if they form a eutectic mixture. For a 

eutectic mixture, the melting point is lower than that for both drug and carrier. If the mixture of drug 

and carrier is not at the eutectic composition, the solid dispersion will be a mixture of micronized 

dispersion and a separated solid phase of drug or carrier. According to the literature, most of the first-

generation solid dispersions studied were in fact not eutectic mixtures [79]. This type of mixture with 

crystalline drug and carrier was considered as the prototype of SD.  

For the second generation of solid dispersions, amorphous polymeric materials were used as 

carrier for hydrophobic active pharmaceutical ingredients (API) [74]. Depending on drug-carrier 

miscibility and physical state of the API in formulation, these solid dispersions can be classified into 

amorphous solid solutions or amorphous solid suspensions. An amorphous solid solution contains 

drug and carrier that are fully miscible with each other and form a homogeneous dispersion. In 

contrast, an amorphous solid suspension contains two phases where the carrier is amorphous, and the 

API disperses in the carrier in a crystalline or partially amorphous state as a result of low miscibility 

between the API and polymeric carriers [80]. The crystallinity of the API is significantly reduced in 

both systems. Upon dissolution, the amorphous drug payload can dissolve in an aqueous environment 

fast and achieve a supersaturated state where the concentration of a drug is higher than its crystalline 

solubility, achieving the desired function of SDDS introduced previously. This type of solid 

dispersion is referred to as amorphous solid dispersions (ASD) and is the most investigated type to 

date. 

Newer generations of solid dispersions have incorporated different types of additives to 

modify drug release rate and supersaturation behaviors. For example, insoluble polymeric materials 

are added to ASDs to adjust the drug release behaviors based on the different drug release 

mechanisms from soluble and insoluble carriers [81,82]. To deal with drug recrystallization during 
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dissolution and under storage copolymer surface active agents and emulsifiers are used either as 

carriers or additives based on drug-excipient interactions within the in-solution state and solid state 

[83–85]. A significant part of current solid dispersion research is focused on the development of 

novel ASD carriers, reducing drug recrystallization in the solid state and during dissolution and 

investigating related fundamental mechanisms. 

1.3.2 Polymer based ASD 

Polymeric materials are the most common type of ASD carriers. Examples of fully synthetic 

polymers are polyvinylpyrrolidone (PVP), poly (ethylene glycol) (PEG), polyvinyl caprolactam-

polyvinyl acetate-polyethylene glycol graft copolymer (Soluplus®, SOL), derivatives of methacrylate 

copolymer (Eudragit® series), etc. Semi-synthetic polymers based on natural materials mainly include 

hydroxypropyl methylcellulose (HPMC), hydroxypropyl methylcellulose acetate succinate 

(HPMCAS), ethyl cellulose (EC), hydroxypropyl cellulose (HPC), chitosan, dextran, alginate, pectin, 

etc. Although other additives may be included in ASD formulations prepared using polymers, ASDs 

are mainly considered as two-component drug-polymer systems where drug-polymer interactions are 

the foundation for the design of ASD products. The understanding of drug-polymer interactions under 

the solid state and in the solution state is essential for the development of ASD formulations. 

1.3.2.1 Drug-polymer interactions in the solid state 

ASDs are mechanistically understood by viewing them as a two-component solution whereby 

drug and polymer serve as solute and solvent, respectively. Such two-component systems can form 

different structures depending on the composition and processing method [86]. When the drug 

loading amount is lower than the equilibrium solubility of the drug in a given polymer, the drug can 

be molecularly dispersed in the polymer matrix to form a thermodynamically stable system, as shown 

in Figure 1.3. 
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Figure 1.3. Different structures of a drug/polymer solid dispersion where hexagonal symbol 

represents drug molecule and curvy line represents polymer chain. (A) Drug is molecularly dispersed 

in polymer matrix; (B) Drug recrystallization occurs in solid dispersion; (C) Amorphous drug-rich 

domains mix with polymer matrix. Figure adapted from Reference [86], with permission from 

Elsevier. 

 

For most drug-polymer pairs a thermodynamically stable state can only be achieved at low 

drug loading or high temperature due to low drug solubility in polymers [87]. When the drug loading 

exceeds its solubility in a polymer, temperature must be utilized to produce ASDs with molecularly 

dispersed drug. Upon cooling, the matrix system becomes a supersaturated system that is prone to 

phase separation. Drug-rich domains, where the drug may still exist in an amorphous state, can exist 

with molecularly miscible domains of drug and polymer. The amorphous drug-rich domains can 

further transform into the crystalline state, and the ASD becomes a semi-crystalline dispersion 

system. Phase separation and recrystallization are inevitable and irreversible during storage because 

of the thermodynamic driving force, compromising the solubility and dissolution enhancement of 

ASDs [88]. With this said, a thermokinetic stability can be achieved by prolonging the drug 

recrystallization process through the rational selection of polymeric carriers to restrict the molecular 
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mobility of an ASD, so that drug recrystallization can be effectively inhibited over the storage 

timescale of the product [15]. Stabilization is enabled by drug-polymer intermolecular interactions 

including hydrogen bonding, halogen bonding, Van der Waals forces, etc [89,90]. These interactions 

can be estimated using solubility parameters or experimentally determined by solid-state analytical 

techniques such as nuclear magnetic resonance, differential scanning calorimetry, Fourier transform 

infrared spectroscopy, etc [91–93]. The drug-polymer miscibility can be explained by the Flory 

Huggins theory and calculated using the following equation: 

∆GM

RT
= ndruglnΦdrug + npolymerlnΦpolymer + ndrugΦpolymerΧ  Equation 1.8 

where ∆GM is the free energy of mixing drug and polymer, n is the moles of drug or polymer, Φ is the 

volume fraction of drug or polymer, R is the ideal gas constant, and T is temperature. Χ represents the 

miscibility level of the drug-polymer system. Χ is experimentally determined by the melting point 

depression method, in which the melting point of a crystalline drug decreases due to interactions with 

polymer. Χ is then used to determine the stable, metastable, and unstable regions by generating 

spinodal and binodal points on the composition diagram. An example is shown in Figure 1.4 [94].  
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Figure 1.4. Phase diagram of a drug-polymer binary system based on Flory Huggins theory. Figure 

adapted from Reference [94], with permission from American Chemical Society. 

 

Above the drug-polymer solubility curve, which is depicted by the X values described in 

Equation 1.8, region A and B represent a zone where drug-polymer compositions are stable. Below 

the drug-polymer solubility curve (i.e. temperature is lower than the equilibrium temperature) regions 

C and D represent the metastable zones where an energy barrier needs to be overcome for the 

initiation of an amorphous-amorphous phase separation. In the metastable region, the drug is 

supersaturated compared to its solubility in the polymer. An effective kinetic barrier can be achieved 

by the appropriate selection of polymer type for the ASD formulations that can slow the phase 

separation process, particularly for region D where the storage temperature is below the glass 
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transition temperature (Tg) for the drug-polymer system. Region E and F are unstable zones where 

recrystallization is thermodynamically favoured, and no energy is required for its development.  

1.3.2.2 Drug release mechanism of ASD 

There are different mechanisms for drug release from polymer based ASDs, depending on the 

physical state of drug and solubility properties of the drug carriers. If ASDs are formulated with 

insoluble carriers, the drug release follows a carrier-controlled mechanism, for which the rate limiting 

step is the diffusion of drug molecules through the polymeric matrix [74,95]. For swellable insoluble 

carriers, the diffusion layer surrounding the surface of the polymer carrier also acts as diffusion 

barrier for drug molecules. A portion of amorphized drug can be entrapped in these diffusion barriers 

with insufficient contact with the dissolution media. The general dissolution of these ASDs often 

shows sustained release profiles with a continuous increase in free drug concentration, which can be 

higher than the drug solubility due to the dissolution of amorphous drug. Without an instant release of 

the amorphous drug the supersaturation degree of the system upon dissolution is low and is associated 

with a weaker tendency for drug nucleation and recrystallization.  

If drug carriers are soluble, the drug release mechanism can also be carrier-controlled due to 

the formation of a concentrated gel layer of drug carrier during dissolution, and the viscosity of this 

layer is high enough to act as a diffusion barrier for drug diffusion [96,97]. In this regard, the 

diffusion of the gel layer into the bulk solution phase is the rate-limiting step for the overall drug 

release rate. If drug carriers can dissolve instantly in water, the drug release profile follows a drug-

controlled mechanism where drug molecules freely interact with dissolution media, and the overall 

drug release rate will depend on the physical properties of drug payloads (amorphization degree and 

amorphous solubility) [95,98]. Given a successful preparation of an ASD formulation where a large 

portion of drug is amorphous, the dissolution behavior can show a fast buildup to high degrees of 

supersaturation followed by a decrease in drug concentration (I.e. “desupersaturation”) due to 

nucleation and recrystallization. This type of dissolution behaviour is widely described as a “spring 

and parachute” profile (Figure 1.5), where the parameters of a spring stage (Tmax and Cmax) are 

determined by the dissolution of amorphous drug, and parachute characteristics are determined by the 

intrinsic recrystallization rate of drug, in-solution interactions between drug and polymer that 

influence nucleation and/or recrystallization, and the solubilization effect on drug carriers on the 
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crystalline solubility of drug [99–101]. This type of ASD has been widely developed for PWSDs to 

take the advantage of enhanced solubility in oral drug delivery.  

Figure 1.5. Spring and parachute concept to achieve high drug concentration for ASD during 

dissolution. 

1.3.2.3 Drug-polymer interactions during dissolution 

The mechanisms of how polymers maintain supersaturated drug solutions have been 

extensively investigated but have not reached a consensus so far. Hydrogen bonding and hydrophobic 

interactions have been commonly recognized as the main in-solution interactions between drug and 

polymer. For instance, the inhibiting effect of HPMC on drug nucleation had a positive correlation to 

the number of hydrogen bond receptors that a given drug possesses [102–104]. Nucleation was 

inhibited as nucleation energy is increased by the hydrogen bonding between drug and polymer [105–

107]. The adsorption of polymer on the surface of drug clusters could prolong the process of both 

nucleation and crystal growth. This phenomenon is more effective when ASD carriers with lower 

hydrophilicity are used, as the adsorption between drug molecules and these materials are favoured by 

hydrophobic interactions. Other factors including steric hindrance, polymer rigidity and distribution 
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of functional groups also influence drug-polymer interactions and therefore overall drug release 

behaviors [108,109].  

1.3.3 Lipid based ASD 

Lipid based formulations (LBF) correspond to a wide range of formulations, either liquid or 

solid, that are composed of lipids, surfactants, cosolvents and drugs [110]. In the context of ASD, we 

focus on LBF formulations using lipid materials as solid carriers for amorphous PWSDs, comparable 

to the two-component drug-carrier system described above for polymeric ASD. Lipid-based ASDs 

have been less investigated in spite of the fact that lipid materials are widely used for other purposes 

in the pharmaceutical industry including as diluents, lubricants, emulsifiers and solubilizers [111–

113]. Most lipid materials used as ASD carrier are modified long-chain fatty acids having amphiphilic 

structures, such as PEGylated stearate and glycerol stearate. They share the same mechanisms with 

polymeric ASDs in terms of drug loading, enabled by the solid-state hydrogen bonding and Van der 

Waals forces [114,115]. The phase transition temperature of a formulation is determined by the drug-

lipid composition [116,117].  

Phospholipid is another type of lipid carrier that can be used to formulate ASD, where these 

formulations may exist in a semi-solid status due to the low phase transition temperatures of 

phospholipids. Phospholipid based ASDs are also referred to as drug-phospholipid complexes (DPC), 

initially developed and patented as Phytosome® by an Italian pharmaceutical company for enhancing 

permeability of hydrophilic natural polyphenol compounds [118]. Phospholipids have structures that 

are similar to the lipid composition of the intestinal cell membrane, making them highly compatible 

with the human gastrointestinal environment and capable of incorporating into cell membrane to 

replace cellular phospholipids without damaging the cellular lipid bilayer [119,120]. Therefore drugs 

incorporated in DPCs can be effectively transported upon the absorption of phospholipids by the gut. 

The DPC drug delivery platform was also used to improve the dissolution profiles of PWSDs due to 

the surfactant-like properties of amphiphilic phospholipids. DPCs have been successfully applied to 

both synthetic and natural compounds, such as indomethacin, ibuprofen, probucol, celecoxib, 

amphotericin B, curcumin, silybin, rutin, baicalein, etc [121–129].  
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1.3.3.1 Drug-lipid interactions in the solid state 

The major drug-lipid interactions in the solid state have been suggested to be hydrogen 

bonding and Van der Waals forces between drug molecules and both hydrophilic head structures and 

hydrophobic hydrocarbon tails of amphiphilic lipids [114,115]. According to Fourier-transform 

infrared spectroscopy (FTIR) results from different studies, the interactions between drug molecules 

and lipid polar heads are reflected by an intensity change of different functional groups of both drug 

and lipids [128,130]. For example, the infrared signal of the carboxylic monomer of indomethacin is 

reinforced by phospholipid after solvent evaporation preparation, and the hydrogen bonding of 

carboxylic dimer was weakened, both of which suggested the dispersion of IDM in phospholipid with 

reduced self-association of IDM molecules [131]. The stretching vibration signals of the -OH group 

of IDM’s phenolic group, the -CH group on the fatty acid tails of the phospholipids, and the -C=O 

group on the polar head of the phospholipids can be masked by a broad peak observed for 

phospholipid based ASDs for different drugs [132]. NMR has also been used to confirm the 

interactions between drug and lipids. 1H-NMR chemical shift could be observed at the polar head 

group of a phospholipid, where the bands of the quaternary ammonium group and the adjacent 

protons of the choline group showed a broadening and reduced intensity, suggesting the existence of 

solid-state interactions between the drugs and the polar heads of phospholipids [133,134]. The 31P-

NMR revealed an upfield change in the phosphorous chemical shift for the phospholipid after ASD 

preparation [133]. These studies demonstrate that a drug can exist in an amorphous state in lipid 

based ASDs, which can also be characterized using differential scanning calorimetry (DSC) and X-

ray diffractometry (XRD) [124,126] both of which are common analytical methods used in 

pharmaceutical formulation. The elimination of peaks, emergence of new peaks or a change in peak 

shape or onset can be observed for lipid based ASDs compared with individual components. Due to 

the generally low melting point or phase transition temperature of lipid materials (i.e. <100 °C) and 

high melting points of drugs (i.e. > 150 °C), the physical state of a test sample could change during 

the temperature ramp of a DSC experiment. A portion of the drug molecules can be dissolved in the 

melting lipid to decrease the overall crystallinity of sample. To facilitate the analysis of the physical 

state of lipid based ASDs XRD is often used. The physical state of ASD samples remains unchanged 

during an XRD experiment and is described by the characteristics of crystalline peak signals. In our 

study, fluorescence spectroscopy and fluorescence microscopy have been successfully applied to the 

characterization of lipid based ASDs. The molecular miscibility of drug and lipid was reflected by the 
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change in emission spectra of drug molecules due to the varying polarity of their environment. The 

distribution of fluorescence intensity of a lipid based ASD is used as indicator for drug-lipid 

miscibility for fluorescence microscopy method.  

1.3.3.2 Drug-lipid interactions during dissolution 

While investigations into drug release mechanisms for lipid based ASDs are limited, the 

physical state and dispersion/dissolution behavior of lipids in water should be factors that influence 

the drug release mechanism, considering that lipid based ASDs are two-component drug-carrier 

systems with similar drug loading mechanisms to polymer ASDs. Amphiphilic lipids are considered 

as soluble carriers due to their ability to dissolve or disperse in water to form micelle/vesicle 

structures; however, the time required for amphiphilic lipids to completely disperse in water varies 

significantly with lipid type. According to different studies, drug release from phospholipid based 

ASDs can be slowed by the intermolecular complexation of phospholipid in water, even if the drugs 

exist in an amorphous state in the phospholipid carrier [129,135–137]. This mechanism is similar to 

the carrier-controlled mechanism where the drug release rate is controlled by the drug diffusion 

through diffusing barriers. In contrast, according to our results PEG-32 stearate could disperse in 

water instantly upon contacting water, resulting in a rapid drug release associated with high 

supersaturation that is prone to nucleation and recrystallization (see Chapter 5). Here the drug release 

mechanism is similar to the drug-controlled drug release mechanism for polymer based ASDs. Other 

factors including the drug-lipid ratio and preparation method are expected to influence drug release 

through these mechanisms. 

The effect of lipid ASD carriers on drug supersaturation is rarely investigated; the dissolution 

of lipid based ASDs were tested in most studies under sink conditions where supersaturation does not 

occur [121,124,137]. Based on the similarities of amphiphilic lipids to surfactants, dispersed 

amphiphilic lipid carriers may impact drug supersaturation by similar mechanisms. Firstly, 

amphiphilic lipids above their critical micelle concentration can solubilize crystalline drug and 

therefore reduce the possibility for recrystallization by reducing the degree of supersaturation (i.e. 

reducing the concentration of drug in the bulk solution phase). Secondly, the hydrophobic tails of 

lipids can interact with drug molecules through hydrophobic interactions in water, thereby facilitating 

the aggregation of nuclei at the early stage of recrystallization [56]. Lastly, as introduced above, the 

adsorption of excipient on the surface of nuclei and small drug clusters can inhibit nucleation and 
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crystal growth by weakening the interactions between drug molecules. The overall effect of an 

amphiphilic lipid carrier results from the competing contribution of these mechanisms.  

In addition to the small number of studies described above, studies of the effect of lipid 

carriers on the LLPS of a supersaturated drug solution do not seem to be found in the literature 

making it an entirely new area of research in drug delivery formulation science. It is of great interest 

to explore this effect as it is closely linked with nucleation and crystal growth of PWSD in an aqueous 

environment. This will be an important part of this study. 

1.3.3.3 Polymer-lipid combination systems as ASD carriers 

Individual polymers or lipids have been extensively used as ASD carriers, while their 

combination as binary ASD carriers are relatively less investigated. Most studies of ASDs based on a 

polymer-lipid combination directed more towards improving the poor dispersion of lipid material in 

aqueous environment rather than for increasing PWSD supersaturation. For example, Soluplus® was 

used to solidify a phospholipid based ASD for curcumin and improve its dispersibility and drug 

dissolution rate [138]. Similarly, PVP was used to improve the dispersibility and dissolution of a 

phospholipid based ASD for baicalein [129]. Here, the improvement was based on the leveled phase 

transition temperature of the amorphous baicalein formulation due to the introduction of the 

component (i.e. polymers) with a higher glass transition temperature. The intermolecular 

complexation of phospholipid can also be weakened by the addition of polymeric materials. Despite 

the application of polymer-lipid based ASD to improve drug dissolution, effects of these binary 

materials on the supersaturation behaviors of drug molecules are rarely investigated [139]. Their 

effects on the LLPS and drug supersaturation under non-sink dissolution conditions will be explored 

in this study. 

1.3.4 Preparation of ASD 

The preparation methods for ASD formulations can be generally divided into solvent 

methods and melting methods. Solvent-based methods rely on the evaporation of common solvents 

from the solutions of drug and carriers. Practical approaches mainly include the use of a rotary 

evaporator under reduced pressure, spraying drying and freeze drying. For rotary evaporation and 

spray drying, insufficient time is provided for drug recrystallization and crystal growth from the 

solution upon a fast evaporation of organic solvents at high temperature, so that drug can be produced 
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in an amorphous state loaded in carrier materials. For freeze drying, the solvent is removed from the 

frozen solution by sublimation at low temperature and reduced pressure. With drug-polymer 

interactions and restricted molecular mobility under low temperature, the aggregation and 

recrystallization of molecularly dispersed drug molecules in a frozen solution are inhibited during 

preparation. Drugs in the lyophilized ASDs can exist in an amorphous state or a nanocrystal state with 

significantly reduced crystallinity [140,141]. Other solvent-based methods, such as fluidized bed 

methods and or aerosol solvent extraction, are used relatively less often for ASD preparation 

[142,143]. 

 For melting methods, drug and carrier are mixed at elevated temperature above their melting 

point or glass transition temperature, and the temperature is decreased to produce an ASD in which 

the drug exists in an amorphous state. The maintenance of an amorphous drug is based on the drug-

polymer and drug-lipid interactions introduced previously. The most used melting technology is hot 

melt extrusion (HME). For a typical HME process, different compositions are fed into an extruder to 

undergo shearing, heating, plasticizing, and mixing at controlled conditions. The mixtures of drug and 

polymer are shaped by passing through a die opening and prepared as the ASD forms. HME has been 

successfully used to realize the large-scale preparation of ASD without the use of organic solvent 

[144]. 

1.4 Drugs and ASD carriers used in this study 

Two model drugs, indomethacin (IDM) and apixaban (APX), were selected to evaluate the 

effects of different polymers and lipids on the LLPS and supersaturation behaviors of hydrophobic 

drug molecules. They were selected based on different considerations. IDM is a nonsteroidal anti-

inflammatory drug prescribed to reduce pain, swelling and joint stiffness induced by arthritis, gout, or 

bursitis [145]. It is a weak acid drug with a pKa value of 4.5, showing a pH dependent solubility 

profile ranging from 1.15 µg/mL at pH 1.2 to 200 µg/mL at pH 6.8 [95]. Since the largest strength of 

IDM (50 mg for a single dose) cannot fully dissolve in 250 mL of gastrointestinal fluids, IDM is 

classified as a BCS class 2 drug with poor solubility. In the research fields of solubility and 

dissolution enhancement, IDM is a commonly used model to test the dissolution-related properties of 

novel drug carriers and investigate underlying mechanisms [95,139,146–148]. The intrinsic properties 

of IDM and derivative behaviors rendered by different dissolution enhancing technologies are clearly 

revealed. In this regard, novel properties and mechanisms of a formulation revealed by IDM could be 
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used to comprehensively compare with previous studies to obtain accurate evaluation. We proposed 

to use IDM as the first model to test the effects of different polymers, lipids, and their combinations 

on the in-solution and solid-state properties of drug molecules. 

The second drug model, APX, was selected to investigate whether the revealed properties and 

underlying mechanisms for ASD carriers can translate to the formulation of a completely different 

drug compound. APX is a selective inhibitor for blood coagulation factor Xa used in preventing 

stroke and systemic embolism in nonvalvular atrial fibrillation [149]. It has a short history use since 

its first approval was in 2012. APX is a nonionized drug with a pKa of 13.12 and shows an aqueous 

solubility of approximately 40 µg/mL over the physiological pH range [150]. APX is classified as a 

BCS class 3 drug since its largest strength (5 mg) can be fully dissolved in 250 mL gastrointestinal 

fluid. From the BCS classification, one could expect a fast dissolution rate for this type of drug, and 

drug dissolution performance should not be limited by aqueous solubility or physical states such as 

particle size, crystal form, and solubilization state. Instead, APX is characterized with a slow 

dissolution rate in aqueous environments according to different studies [149,151–154]. For the 

commercial solid product of APX (Eliquis®), micronization technology is used to control the size 

with a cut-off of 89 µm for drug particles to facilitate dissolution, and a surface-active agent (sodium 

dodecyl sulfate, SDS) is added to improve the wetting of APX to meet the dissolution requirement 

[150]. Yong’s group has developed co-crystals to improve the dissolution rate and equilibrium 

solubility for APX [152]. Solvate and polymorphic forms of APX were designed to provide APX 

with higher aqueous solubility in different pH conditions [153,155]. Several liquid formulations have 

also been developed by combining co-solvents and surfactants, providing a 10-fold increase in APX 

solubility [156]. In the field of ASD development, APX has been formulated into several polymeric 

carriers to improve dissolution performance [157,158]; however, limited information on fundamental 

aspects of APX ASDs was disclosed in these invention embodiments, such as comparison of drug 

carrier effects on APX dissolution rate, recrystallization behavior of APX under non-sink condition, 

APX physical state in different formulations, etc. At present, no information on the supersaturation 

and LLPS properties of APX is available, both of which are recognized as fundamental data to direct 

the development of ASD forms for poorly water-soluble drugs. Therefore, in this study, LLPS and 

supersaturation properties of APX were investigated in an aqueous environment. The chemical 

structures of IDM and APX are shown in Figure 1.6. 
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Figure 1.6. Chemical structures of indomethacin (left) and apixaban (right). 

 

The selection of polymer and lipid ASD carriers for this study was based on different 

considerations. Firstly, selected drug carriers were expected to present different properties to cover 

general categories of polymer and lipid. For polymeric materials, solubility, dispersibility, and 

ionization ability are important factors to consider, as they have been recognized to influence drug 

dissolution and supersaturation. Solubility, amphiphilicity and swellability are considerations for lipid 

selection. Secondly, it was preferred that the drug carriers had unrevealed supersaturation properties. 

These newly revealed properties are expected to provide a better understanding of available 

pharmaceutical excipient candidates to serve the formulation development work. Lastly, 

considerations were given to excipients that were not conventionally used as ASD drug carriers, so 

that potential new applications can be suggested based on the findings of this study. 

1.4.1 Polymer carriers used in this study 

Poly (vinyl pyrrolidone) (PVP) was selected as soluble and non-ionizable hydrophilic 

polymer. PVP is a linear polymer of 1-vinyl-2-pyrrolidone monomers with varying molecular weight 

from 10,000 to 70,000. It is one of the most utilized polymers in the pharmaceutical industry for the 

use of oral drug delivery [97]. It can be used as binder, film former, suspending agent, emulsion 

stabilizer, etc. As a classic ASD carrier, PVP shows ideal hydrophilicity and fast dissolution in water 

which are favorable for the release and wetting of drug payloads [95]. In the solid state, PVP has been 

observed to complex with hydrophobic drugs thorough various interactions, including hydrogen 

bonding, Van der Waals forces, and electrostatic interactions [159]. The molecular mobility of 
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amorphized drug can be reduced by the interactions with the PVP polymer chain, so that nucleation 

and crystal growth are inhibited to maintain the drug in an amorphous state. The ability of PVP to 

maintain supersaturation of a drug varies when it was used for different drugs, depending on polymer 

grades, polymer-drug matching and preparation method [96,97]. PVP K90 was used in this study. 

Soluplus® (SOL) was selected as amphiphilic copolymer for the study. SOL is a non-

ionizable triblock graft copolymer of polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol 

with a molecular weight range of 90,000 to 140,000 Da. SOL shows bifunctional characteristics as a 

matrix drug carrier and as a solubilizer for aqueous solutions and has been well utilized to formulate 

different hydrophobic drugs into ASDs [160]. Amorphized drugs can be maintained in the polymer 

chain of SOL, and a fast drug release can be achieved due to the fast dispersion of SOL in aqueous 

environment. SOL has also been observed to maintain supersaturation by decreasing the 

recrystallization of a dissolved drug in aqueous media, making it an ideal ASD carrier candidate for 

the formulation development of hydrophobic drugs [95,161]. 

Sodium alginate (SA) was selected as soluble and ionizable hydrophilic polymer. SA is the 

sodium salt of an anionic linear polysaccharide composed of β-(1→4)-linked d-mannuronic acid (M) 

and α-(1→4)-linked l-guluronic (G) residues. SA has been widely used in the food, pharmaceutical, 

bioengineering and textile industries, and is generally recognized as safe (GRAS) by different 

agencies due to its biocompatibility, biodegradability and non-toxic profile [162–166]. In the field of 

oral drug delivery, SA has mainly been used as a hydrogel, thickener, and as a base material for 

micro-/nanoparticles prior to its development as an ASD carrier in 2015 [167–169]. SA-based ASDs 

significantly improved the solubility and dissolution rates of several poorly water-soluble drugs under 

sink conditions, and effectively slowed down drug crystallization during storage [170,171]. When 

physically mixed with SA, several hydrophobic drugs showed an increased solubility and improved 

dissolution due to facilitated wetting induced by SA, making SA a favorable excipient for solid 

pharmaceutical developments [170]. The dissolution performance of SA-based ASDs significantly 

depended on the paring of drug and SA. When the solid-state drug-polymer interactions are weak, SA 

showed minimal effect on the dissolution rates of the drug payload. Several interesting results were 

noticed when viewing these studies in detail. There was no statistical difference in the dissolution 

efficacy between telmisartan-SA ASDs with drug-polymer ratios of 1:5, 1:7 and 1:9 under sink 

conditions, all of which showed significant improvement compared with unformulated telmisartan 

[170]. For the indomethacin-SA and lovastatin-SA systems, no statistically significant difference in 
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dissolution was found between drug-SA ratios from 1:1 to 1:5, all of which showed similar 

improvement for drug materials [171]. It was concluded that the hydrogen bonding interaction 

between drug and SA was an important factor for contributing to the dissolution enhancing ability of 

SA. We noticed that a sink condition with wetting agent (900 mL of 0.05 M pH 6.8 phosphate buffer 

with 0.1% SDS) was used in these studies for assessing the dissolution performances of SA-based 

ASDs, which could be ineffective in differentiating the dissolution behaviors of different ASD 

formulations with supersaturation abilities. Ionization of SA could also be an important mechanism 

for the enhanced dissolution of indomethacin or lovastatin, as these drugs are weak acids whose 

kinetic solubility profiles can benefit from the presence of alkalizers. This effect could be hidden 

when drug dissolution occurs in a buffered condition. The improved kinetic solubility profiles of 

these two drugs could result not only from the dissolution of an amorphous drug (having a high Gibbs 

free energy), but also from increased crystalline solubility. Therefore, in our study, the ionization of 

SA will be examined by comparing the dissolution behaviors of ionizable and non-ionizable drugs in 

the presence of SA under non-sink conditions without buffering agents. In this context, the 

supersaturation properties of SA would benefit the analysis of drug dissolution under non-sink 

conditions.  

Of late, a few studies revealed the supersaturation properties of SA using different drugs 

including indomethacin, lovastatin, itraconazole and chlorthalidone [172,173]. In these cases, all 

drugs showed improved supersaturation to different degrees. Indomethacin and lovastatin had the best 

supersaturation improvement and recrystallization inhibition compared to drug alone. In contrast, the 

ability to maintain the supersaturation of itraconazole was weakened over time with a same amount of 

SA. The supersaturation of chlorthalidone was barely improved by SA and relied on the combination 

of SA and other excipients such as sodium dodecyl sulfate and other hydrophilic polymers. These 

results were in good agreement with previous studies, where the solubility, dissolution rate, and 

supersaturation of weak acid drugs were improved by SA more effectively than weak base drugs. 

Considering these findings and conclusions, SA was selected as a hydrophilic and ionizable polymer 

to test its effect on the supersaturation and LLPS of different types of drugs. 

Ethyl cellulose (EC) was selected as insoluble polymeric carrier for the study. EC is a 

cellulose derivative where hydroxyl groups on the anhydroglucose units are partially replaced with 

ethyl ether groups, with a molecular weight ranging from 24,000 to 75,000. Based on the film 

forming ability and its insoluble nature, major pharmaceutical applications of EC include its use as a 
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coating agent, flavouring fixative, oral film base, and drug carrier for sustained release [174]. EC 

influences drug supersaturation through a different mechanism than that for soluble polymers as it is 

insoluble in water. Amorphized drug formulated with EC has a slow release by diffusing from the EC 

matrix and therefore can be maintained at a slightly higher concentration than the drug solubility. The 

effects of its combination with lipid carriers were of interest for this study. The structures of all 

polymers used in this study are shown in Figure 1.7.  

 

Figure 1.7. Chemical structures of (A) PVP, (B) SA, (C) SOL and (D) EC. 

1.4.2 Lipid carriers used in this study 

 There are different methods for the categorization of lipid materials. For pharmaceutical lipid 

excipients, a classification system was developed to divide lipids (including surfactants) into different 

types based on their interactions with bulk water and at the water-air interface [175,176]. Type I 
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lipids are insoluble and non-swelling in water and include triglycerides, diglycerides, cholesterol and 

long-chain fatty acids. Type II lipids are insoluble and swellable lipids that can aggregate in water 

through the hydrophobic effect to form swollen lipid layer or vesicle structures. Examples include 

phospholipids and 2-monoacylglycerides. Type III lipids are soluble amphiphiles with lyotropic 

mesomorphic behaviors when at a high concentration. These lipids form unstable monolayers at 

water-air interfaces and can form micelles when the concentration is above their critical micelle 

concentration (CMC). Examples include bile salts, saponins, and sodium/potassium salts of long-

chain fatty acids. In this study, one lipid of each type was selected. 

 Glycerol dibehenate, with a commercial name of Compritol® 888 ATO (ATO), was selected 

as type I insoluble and non-swellable lipid. ATO is a mixture of mono-, di-, and triesters of behenic 

acid, with a molecular weight of 1059.8 g/mol and an HLB value of 2. ATO can be used as sustained 

release matrix former and base material for solid lipid nanoparticle and nanostructured lipid carriers, 

taking  advantage of its hydrophobic nature and ability to store drug in its spherical structure [113]. In 

terms of the application for solid dispersion, ATO has been mainly used as inert matrix to sustain the 

release of hydrophilic drugs. It has not been used for the purpose of maintaining supersaturation of 

hydrophobic drugs. Considering that certain insoluble polymeric materials can show a diffusion 

controlled supersaturated dissolution profile when combined with hydrophobic drugs, the ability of 

ATO to achieve a similar effect will be tested in this study. The investigation is expected to support 

the application of ATO as ASD drug carrier. 

 Phospholipid (PL) was selected as type II lipid with insoluble and swellable properties. The 

phospholipid used in this study (Sigma-Aldrich catalog no. P3644) contains 55% type IV-S L-α 

phosphatidylcholine, 25% phosphatidylethanolamine and other phospholipids, with an average 

molecular weight of 776 g/mol. Trace components in phospholipid including triglycerides and 

cholesterol are not routinely quantified. PL has been widely used in the pharmaceutical field as a 

wetting agent, emulsifier, solubilizer, and base material for liposome formation, all of which are 

based on the amphiphilic nature and vesicle forming ability of PL [177]. Like polymeric ASDs, an 

amorphized drug can be complexed with PL to form a lipid-based ASD, also referred to as drug-

phospholipid complex (DPC) and realizes an improved drug dissolution rate. Such effects have been 

validated for DPC formulations of different synthetic drugs and naturally derived active ingredients. 

In spite of these applications, the ability of PL to maintain a supersaturated drug solution has been 

investigated to a negligible degree, creating an opportunity for the study of the fundamental properties 
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of PL important to its use as an ASD carrier able to achieve supersaturation of PWSDs. In this study, 

the effect of PL on the LLPS and supersaturation behaviors of IDM and APX were assessed. 

 PEG-32 stearate, with a commercial name of Gelucire® 48/16 (G48) was selected as a type 3 

lipid being soluble with a defined CMC value. G48 is a non-ionizable PEGylated long chain fatty acid 

with a melting point of 48 °C and an HLB value of 16. G48 is supplied as pellets that rapidly dissolve 

in solution. With a CMC value of 153 ± 31 µg/mL, G48 can form micelle with an average size of 7 

nm in water that can solubilize hydrophobic drugs or serve as an emulsifier for emulsions and self-

emulsifying formulations [178,179]. Similar to SA, G48 has a relatively short history of use as an 

ASD carrier. Several of its fundamental properties including the formation of amorphous mixtures 

with certain drugs, dissolution improvement under sink condition, and the physical state of drugs in 

G48 based solid dispersions have been well investigated [180,181]; however, there is no data 

available that demonstrates its ability to influence supersaturated drug solutions. This makes G48 an 

ideal lipid candidate for this study. The chemical structures of PL, G48 and ATO were shown in 

Figure 1.8. 

 

Figure 1.8. Chemical structures of (A) PL, (B) G48 and (C) ATO. 
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1.5 Project rationale, hypothesis and objectives 

With an increasing number of drug compounds showing poor solubility and slow rates of 

dissolution there is a constant need for the development of formulation strategies able to address these 

challenges for the oral delivery of poorly soluble drugs. ASD formulations are widely used for this 

purpose by achieving a supersaturated solution where drug concentration can exceed the solubility of 

the drug, improving both solubility and dissolution rate of poorly soluble compounds. The kinetic 

solubility profile of an ASD formulation in aqueous environment depends on the buildup and 

maintenance of the supersaturated drug solution, which are determined by parameters including drug 

amorphization state in the ASD carrier, drug release from the carrier matrix, the LLPS and nucleation 

of supersaturated drug solution, and the crystal growth rate of drug molecules. These factors are 

closely correlated to the solid-state and in-solution properties of ASD carrier materials. A deep 

understanding of these properties will benefit both the development of pharmaceutical excipients into 

ASD carriers and the investigation of fundamental mechanisms of drug supersaturation. 

1.5.1 Hypothesis 

 Both solid-state and in-solution behaviors of IDM and APX are influenced by polymer and 

lipid ASD carriers as well as their combinations. The evolution of LLPS of IDM and APX in water 

are affected by ASD carriers in different manners depending on the in-solution properties of carrier 

materials. As a transient state prior to the recrystallization process, the altered LLPS behaviors of 

IDM and APX may or may not determine the overall supersaturation evolution of these drugs over a 

long dissolution time. In a solid state, the application of fluorescence-based techniques for assessing 

drug amorphization state in carriers and drug-carrier miscibility could expand to all selected carrier 

materials, based on the previously developed methodology for IDM ASDs. Given that APX shows 

autofluorescence in solution, it should also occur in a solid state so that fluorescence techniques can 

be used to assess the miscibility between APX and excipients for solid samples. The dissolution and 

supersaturation behaviors of ASDs for IDM and APX prepared with polymer and lipid carriers are 

correlated with these properties.  

1.5.2 Objectives 

 1) Determine the onset and duration of LLPS for IDM and APX in water containing pre-

dissolved ASD carriers. 
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 2) Investigate the recrystallization profiles of supersaturated solutions of IDM and APX 

under non-sink dissolution conditions with pre-dissolved ASD carriers. 

 3) Use fluorescence techniques to assess drug amorphization and drug-carrier miscibility for 

IDM and APX. 

 4) Evaluate dissolution and supersaturation behaviors of ASDs for IDM and APX prepared 

with polymer and lipid carriers under non-sink dissolution conditions. 

 5) Analyze the correlation between LLPS, recrystallization, drug-excipient miscibility and 

dissolution parameters of ASDs for IDM and APX, and analyze the determinant factors for the 

kinetic-solubility profiles of an ASD. 

 For this research, both well utilized and novel characterization methods were used to 

determine different parameters involved in the elucidation of dissolution mechanisms and formulation 

development of ASDs of IDM and APX. Comprehensively comparing these results will help 

understand the role of each parameter in determining different aspects of dissolution behaviors (i.e. 

supersaturation buildup rate, supersaturation maintenance, maximum achievable drug concentration, 

etc.). The applicability of these characterization methods will be demonstrated by the results of 

different drug-excipient pairs and the methods are expected to serve the assessment of novel ASD. 

The revealed mechanisms including LLPS, recrystallization, drug-excipient miscibility, and 

dissolution behaviors of IDM and APX are expected to benefit the formulation development of ASDs 

using polymer and/or lipid carriers. 
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Chapter 2 

Effect of polymers and lipids on the liquid-liquid phase separation 

of IDM and APX 

2.1 Abstract 

 Liquid-liquid phase separation (LLPS) is a transient physical state whereby a supersaturated 

solution splits into two liquid phases to lower the Gibbs free energy of the system without the 

occurrence of recrystallization. The concept of LLPS has been used to understand the formation of 

amorphous nanoparticles in drug solutions enabled by SDDS and direct the development of ASD 

formulations. The purpose of this chapter was to investigate the effect of different drug carriers on the 

LLPS properties of IDM and APX in aqueous media. The characterizations were conducted using a 

double wavelength UV extinction method upon the titration of a stock drug solution in organic 

solvent into aqueous substrate pre-dissolved with ASD carriers. For IDM, the LLPS onset was 

delayed, and the duration was prolonged to different degrees by different ASD carriers with different 

mechanisms. A synergistic effect on the stabilization of LLPS of IDM was observed when PVP and 

PL were co-dissolved. For APX, the LLPS onset could be delayed, maintained, and promoted by 

different ASD carriers. All polymer-lipid combinations showed an averaged effect on the stabilization 

of LLPS of APX with regard to individual carriers. The same carrier compound was able to elicit 

different effects on the LLPS of different drugs, suggesting that the carrier effect on drug LLPS did 

not follow a single mechanism. The LLPS data revealed in this chapter will be used to analyze the 

correlation between LLPS and supersaturation decay profiles of IDM and APX in the presence of 

different ASD carriers. 

2.2 Introduction 

LLPS is a transient physical state for a supersaturated solution to split into a water-rich phase 

and a drug-rich phase without forming a solid crystalline phase [15,42]. The drug concentration of the 

water-rich phase equals the amorphous solubility of the drug, and therefore provides the highest 

solute thermodynamic activity and flux across gastrointestinal membranes that are favorable for the 

oral absorption of poorly water-soluble drugs [42,95]. The drug-rich phase is composed of aggregates 

of amorphous drug. Due to the nanoscopic and amorphous nature, this phase provides a faster 

dissolution rate than the crystalline drug, and rapidly equilibrates in aqueous media to serve as a drug 
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reservoir to replenish the absorbed drug. A stabilized and prolonged LLPS is expected to benefit the 

maintenance of supersaturation achieved by ASD formulations and achieve optimal drug absorption. 

Light scattering is the most common indicator to detect LLPS in a solution. Thomson’s 

methodology to characterize the binodal and spinodal concentrations of protein-water systems using 

light scattering was adapted to evaluate the LLPS behavior of a pharmaceutical compound in aqueous 

media [182]. When the incident light enters a liquid sample, the transmitted light is attenuated due to 

scattering and absorption. At the absorbing wavelength of a completely dissolved substance, the 

extinction is a result of UV absorption of the solute. At a non-absorbing wavelength, without the 

absorbance by a solute, extinction cannot be detected until the light is scattered by the formation of a 

second phase which is not fully miscible with the original phase. The extinction values at both 

wavelengths are obtained for a series of drug solutions with different concentrations that are prepared 

by the constant addition of a stock drug solution in organic solvent into aqueous substrate. This 

approach is convenient and uses common equipment but has a significant limitation of overestimating 

the point of LLPS due to the increasing drug solubility in the presence of organic solvent. 

Fluorescence spectroscopy is an alternative approach to determine LLPS. The change in the emission 

of a fluorescence probe reflects the altered polarity of its environment due to the partitioning of the  

probe into a specific phase [183,184]. A supersaturated solution before LLPS is homogeneous, and 

the probe is dissolved in the aqueous phase with a high polarity. When two phases form through 

LLPS, the hydrophobic probe tends to localize within the drug-rich phase through hydrophobic 

interactions, providing an environment of decreasing polarity for fluorophores. When drug 

recrystallization occurs, fluorescence probes are not incorporated into the crystal lattice of drug 

compounds, partitioning from the drug-rich phase back into to the aqueous phase, which is reflected 

by a change in fluorescence due to the increase in polarity of the aqueous phase. Pyrene is an 

environment sensitive fluorescence probe that is commonly used for this purpose. The ratio of 

intensity of its first and third vibronic fluorescence peaks is used to assess the environment polarity, 

where a larger I1/I3 corresponds to a more polar environment [185]. The limitation of this method is 

that LLPS could be promoted by the presence of the fluorescence probe, as the aggregation of the 

amorphous drug is facilitated by the fluorophores through hydrophobic interactions. The 

autofluorescent properties of drug compounds may also interfere with the probe spectrum. Other 

characterization methods include ultracentrifugation and nuclear magnetic resonance spectroscopy to 

identify the solution properties of distinct phases upon LLPS [58,70].  
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Considering that the autofluorescence properties from IDM and APX may interfere with the 

emission spectra of a probe, and the amphiphilic ASD carriers used to formulate IDM and APX could 

alter the aggregation behavior of a probe, we selected the double wavelength UV extinction method 

to characterize supersaturated drug solutions prepared by the titration of the organic solution of the 

drug into. Effects of different polymer and lipid carriers on the LLPS of IDM and APX were 

revealed. The LLPS behaviors of APX with and without ASD carrier were demonstrated for the first 

time to the best of our knowledge. The information obtained in this study will be used as the basis to 

analyze the ability of these excipients to maintain supersaturated concentrations of IDM and APX. 

2.3 Materials and methods 

2.3.1 Materials 

Indomethacin (IDM, purity > 97.5%) and ethyl cellulose were purchased from Fisher 

Scientific (Hampton, NH, USA). Apixaban (APX, purity > 99%) was purchased from HuiRui 

Chemical Technology Co., Ltd (Shanghai, China). Poly (vinyl pyrrolidone) (PVP) K90 and 

phospholipid were purchased from Sigma-Aldrich (Mississauga, ON. Canada). The phospholipid 

used in this study (Sigma-Aldrich catalog no. P3644) contains 55% phosphatidylcholine, 25% 

phosphatidylethanolamine and other phospholipids, with an average molecular weight of 776 g/mol. 

Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft co-polymer (Soluplus®, SOL) was 

a gift from BASF (Ludwigshafen, Germany). Sodium alginate (CAS number: 9005-38-3) was 

obtained from Acros Organics (USA). PEG-32 stearate (Gelucire® 48/16, G48) and glyceryl behenate 

(Compritol® 888 ATO) were a gift from Gattefosse (Saint-Priest, France). Ethanol and dimethyl 

sulfoxide (DMSO) of high-performance liquid chromatography (HPLC) grade were purchased from 

Fisher Scientific (Hampton, NH, USA). Water used in this study was obtained from a Millipore Milli-

Q system. 

2.3.2 Determination of equilibrium solubility of IDM and APX in water 

The equilibrium solubility (CS) of IDM was determined in pure water using a shake flask 

method. An excess amount (10 mg) of crystalline IDM and 10 mL of pure water were added to a 

sealed conical tube and equilibrated in an incubating microplate shaker (Fisher Scientific, Hampton, 

NH, USA) at 37 ± 0.1 ˚C and 500 rpm for 48 h. The obtained samples were filtered through 0.22 µm 

PES membranes. The concentration of IDM sample was determined by a UV spectrometer based on a 
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Beer-Lambert calibration curve at 318 nm. The same procedure was used for APX, where 278 nm 

was used instead of 318 nm. 

2.3.3 Calculation of dissolution dose and excipient concentration for IDM and APX 

For the LLPS study solutions of ASD carriers of different concentrations were used to 

measure their effects on the phase separation of supersaturated solutions of IDM and APX. The 

concentrations were calculated based on doses of IDM and APX that will be used for dissolution 

tests. For this study, the dissolution and supersaturation behaviors of IDM and APX were evaluated 

under non-sink dissolution conditions corresponding to the finite volume of GI fluid, where 

nucleation and recrystallization happen when a large drug dose is given [95]. The sink index (SI) was 

used to quantify the non-sink degree as described in the following equation: 

SI = CS × V / dose  Equation 2.1 

where CS is the equilibrium solubility of a crystalline drug, V is the volume of dissolution medium, 

and “dose” is the drug amount added to the dissolution medium. The SI value was set to 0.1 for all 

recrystallization and dissolution tests in this study with the exception of the two-stage dissolution 

tests, where the volume of the dissolution medium was changed between the two stages. Using the 

experimentally determined IDM equilibrium solubility (8.1 ± 0.14 µg/mL), an SI of 0.1 translates to a 

single dose of approximately 20.28 mg of IDM for a 250-mL volume of dissolution medium. The 

drug-excipient ratio used in this study was 1:4 for recrystallization tests, dissolution tests, and ASD 

preparations, requiring approximately 81 mg excipient (i.e. 20.28 mg  4 = 81.12 mg) for a 250-mL 

dissolution medium, giving an approximate excipient concentration of 320 µg/mL. For APX (CS = 

36.1 ± 0.5 µg/mL), an SI of 0.1 translates to a single dose of approximately 90 mg for a 250-mL 

volume of dissolution medium. As for IDM a drug-excipient ratio of 1:4 was used for the dissolution 

tests, requiring approximately 360 mg excipient (i.e. 90 mg  4 = 360 mg) for 250-mL of dissolution 

medium, giving an approximate excipient concentration of 1440 µg/mL. In this chapter, 320 µg/mL 

and 1440 µg/mL were used as the lowest and highest concentrations for the excipient solutions that 

were used to determine the LLPS behaviors of supersaturated solutions of IDM and APX. A mid-

level of concentration was set to be 800 µg/mL, corresponding to the amount of excipient in 250-mL 

water when 50 mg drug is dissolved. For the preparation of ASD carrier solutions, a required amount 

of carrier material was added to water in a sealed container and stirred for 12 hours. The obtained 

aqueous media were filtered using a Buchner funnel with filter paper before LLPS experiment. 
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2.3.4 UV double wavelength method to determine liquid-liquid phase separation 

2.3.4.1 Parameter optimization for LLPS experiment 

The LLPS of IDM and APX supersaturated solutions were determined using a UV double-

wavelength extinction method on a SpectraMax M5 plate reader (Molecular Devices, LLC., CA, 

USA). Measurements were conducted for a series of drug solutions prepared by titration of a 

concentrated stock solution (prepared in organic solvent) into water. Parameter optimization was 

conducted to select stirring rate, organic solvent used for the stock solution, stock solution 

concentration and UV wavelength for different drugs based on different considerations.  

The stirring rate was selected based on two considerations. Firstly, a high stirring rate is 

required to achieve a fast distribution of the organic stock solution in aqueous media. Secondly, in a 

practical sense, it is preferred that the stir bar fully immerses in the media under the selected stirring 

rate (i.e. the upper edge of the stir bar should be below the liquid level of the vortex center), in order 

to avoid titration of the organic stock solution directly onto the surface of the stirring bar that could 

result in solvent evaporation due to exposure to air. Therefore, 800 rpm was selected for the LLPS 

experiment. 

The concentration of drug stock solution in organic solvent was determined by two 

considerations. The titration process associated with UV determination is designed to be finished 

within 1 hour, considering that long stirring of a supersaturated solution can result in recrystallization 

before the amorphous solubility can be reached. Additionally, the total volume of organic solvent 

titrated should be less than 5% of the volume so as to minimize changes in the properties of the 

media. Our preliminary results suggested that a stock solution of 5 mg/mL for IDM needed to be 

prepared by dissolving 50 mg IDM in 10 mL of anhydrous ethanol at room temperature. For APX a 

stock solution of 15 mg/mL APX was prepared by dissolving 150 mg of APX in 10 mL of DMSO at 

room temperature.  

The absorbing and non-absorbing wavelengths for IDM were selected as 318 nm (λmax for 

IDM) and 450 nm, respectively. The absorbing and non-absorbing wavelengths for APX were 

selected as 330 nm and 450 nm, respectively. 330 nm was used for APX rather than the λmax of 278 

nm since our preliminary studies showed that UV absorbance of APX at 278 nm ranged from 3.55 to 

3.96 when APX concentration increased from 0 µg/mL to 400 µg/mL, significantly exceeding the 

recommended testing range for UV absorbance of 2.0. The high absorbance value obtained for the 
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blank sample (media alone) was due to the absorbance of the polystyrene microplate at low UV 

ranges (260 nm to 280 nm). Therefore, a wavelength with lower absorbance efficiency for the plate 

background was selected. The absorbance of APX at 330 nm shows linearity with increasing APX 

concentration, following the Beer-Lambert law. 

2.3.4.2 LLPS determination of IDM and APX supersaturated solutions 

50 mL of pure water and excipient solutions of 320 µg/mL, 800 µg/mL, and 1440 µg/mL 

were used as titration substrates and maintained at 37 ± 0.2 ˚C. An IDM stock solution of 5 mg/mL 

was used to titrate the aqueous solution in 50 µL increments under a constant stirring rate of 800 rpm. 

After stirring for 30 s, 100 µL sample was withdrawn and replaced with the same amount of aqueous 

solution to maintain a constant volume. The UV extinction values for the withdrawn sample were 

measured at 318 nm and 450 nm. The LLPS concentration of IDM was calculated by the intersection 

of two trendlines observed in the UV extinction-concentration scatter plots at 450 nm. All 

experiments were repeated for 3 times. For APX as described above a stock solution of 15 mg/mL 

was used, and UV extinction values were measured at 330 nm and 450 nm with all other procedures 

kept the same. 

2.3.5 Surface tension measurement of excipient solutions 

The surface tension of the excipient solutions was tested using the Du Noüy ring method on a 

Lauda TE 3 tensiometer (Lauda, Germany) equipped with a platinum-iridium alloy Du Noüy ring 

with a circumference of 6.001 cm (radius = 0.955 cm). Excipient solutions with different 

concentrations were maintained at 37 ± 0.2 °C by a circulating water bath. The testing ring was 

cleaned and flamed to dry before each measurement. The surface tension of a solution was 

determined by the average result of 3 consecutive measurements with a difference of no greater than 

± 0.1 mN/m. A Harkins-Jordan correction was applied to the surface tension values as recommended 

by the instrument manufacturer. All experiments were conducted in triplicate. 

2.3.6 Viscosity measurement of excipient solutions 

The viscosities of excipient solutions were tested at 37 °C using a capillary method on a m-

VROC viscometer equipped with a circulating water bath. Before testing, excipient solutions were 

freshly prepared and maintained at 37 °C in a water bath. The 1-mL glass syringe used to load the 

samples was kept in an oven at 37 °C before testing. Testing samples were loaded in the glass syringe 
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and introduced into the instrument at a constant rate of 0.5 mL/min for 2.1 seconds (controlled by the 

syringe pump built into the instrument). The viscosity value of each sample was calculated as the 

average result of three consecutive measurements. All experiments were repeated in triplicate. 

2.4 Results 

2.4.1 LLPS of IDM in pure water 

The UV extinctions of IDM in pure water at both the absorbing and non-absorbing 

wavelengths are shown in Figure 2.1. When IDM concentration was gradually increased the UV 

extinction at 318 nm showed a linear increase following the Beer-Lambert law, indicating that IDM 

molecules were in a fully dissolved state. When the IDM concentration reached a certain value, the 

UV signal at 318 nm started to lose its linearity and showed a further increase until crystal 

precipitation was observed. The concentration corresponding to this distinct change corresponds to 

the initiation of LLPS. At the non-absorbing wavelength of 450 nm, the UV extinction intensity 

remained close to the baseline during the titration, which was evidence that the liquid system 

remained a single-phase system and no phase induced light scattering was present. At a critical 

concentration point, the UV signal at 450 nm increased substantially with a continuous increase until 

precipitation was observed. This critical IDM concentration where the UV signals changed 

significantly was taken as the LLPS onset of the IDM supersaturated solutions. The concentration was 

calculated from the intersection of two trendlines before and after the critical concentration. The 

LLPS onset of IDM in pure water was determined to be 46 ± 2 µg/mL. 

2.4.2 Effect of polymers on the LLPS of IDM 

As shown in Figure 2.2, The LLPS behaviors of IDM could be influenced by polymer and/or 

lipid excipients in different manners. In the presence of PVP at concentrations of 320 µg/mL, 800 

µg/mL, and 1440 µg/mL, the LLPS onset of IDM remained constant and equal to 47.6 ± 1.1 µg/mL, 

47.7 ± 1.5 µg/mL, and 48.5 ± 1.6 µg/mL, respectively, which were comparable to the value of 46 ± 2 

µg/mL obtained for pure water (Section 2.4.1). The LLPS onset values did not show any significant 

changes with PVP concentration. 
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Figure 2.1. UV extinctions at different wavelengths for IDM solutions in water. 

 

The amphiphilic polymer SOL showed a significantly delayed effect on the LLPS of IDM. In 

the presence of SOL with lowest concentration (320 µg/mL), no LLPS was observed for IDM within 

the tested drug concentration range of 200 µg/mL. It was noted that the UV extinction of IDM at 450 

nm continuously increased with drug concentration since the starting point, which could be a result of 

drug incorporation into SOL micelles. The ionizable polymer SA effectively delayed the LLPS onset 

for IDM to different degrees, as a function of polymer concentration. With a low concentration (320 

µg/mL), the IDM LLPS concentration was approximately 17.8 times the IDM crystalline solubility 

(8.1 ± 0.14 µg/mL, determined in section 2.3.2). With further increasing SA concentration, no LLPS 

of the IDM supersaturated solution could be observed within the tested range. Finally the LLPS 

behavior of IDM was essentially unchanged in the presence of EC, suggesting that the insoluble 

excipient did not interfere with the phase separation of the dissolved drug.  
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Figure 2.2. UV extinctions at 450 nm for IDM solutions with pre-dissolved (A) PVP, (B) SOL, (C) 

SA and (D) EC of different concentrations. 

2.4.3 Effect of lipids on the LLPS of IDM 

The LLPS onset concentrations for IDM were 72 ± 5 µg/mL, 119 ± 1.5 µg/mL, and 171 ± 8 

µg/mL in the presence of 320 µg/mL, 800 µg/mL, and 1440 µg/mL of PL, respectively (Figure 2.3A 

and Table 2.1). The delayed LLPS onset was correlated with increasing PL concentration. G48 also 

delayed the LLPS of the IDM supersaturated solution as a function of carrier concentration, but with a 

weaker effect than observed for PL (Figure 2.3B and Table 2.1). The CLLPS values of IDM in the 

presence of ATO were comparable with that in pure water, similar to the findings for the insoluble 

polymer EC. The CLLPS values of IDM in the presence of individual polymers and lipids are 

summarized in Table 2.1. A one-way ANOVA test was conducted to compare the differences 

between LLPS values.  
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Figure 2.3. UV extinctions at 450 nm for IDM solutions with pre-dissolved (A) PL, (B) G48 and (C) 

ATO of different concentrations. 

 

Table 2.1. LLPS concentration (CLLPS, µg/mL) of IDM in the presence of different drug carriers. 

Excipient Concentration [E] 

→ 
CLLPS 

([E] = 320 µg/mL) 

CLLPS 

([E] = 800 µg/mL) 

CLLPS 

([E] = 1440 µg/mL) 
Excipient (E)  

PVP 47.6 ± 1.1 47.7 ± 1.5 48.5 ± 1.6 

SOL > 200** > 200** > 200** 

SA 143 ± 3** 184 ± 2** > 200** 

EC 45.2 ± 0.6 44.9 ± 0.8 46 ± 3 

PL 72 ± 5** 119 ± 1.5** 171 ± 8** 
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G48 54.4 ± 0.5** 88 ± 5** 133 ± 2** 

ATO 45.3 ± 1.1 47.2 ± 1.5 44.1 ± 0.4 

Note: CLLPS of IDM in pure water was 46 ± 2 µg/mL. *p < 0.05 and **p < 0.01 between CLLPS values 

of IDM in water and excipient solutions (n=3, mean ± SD). 

2.4.4 Effect of polymer-lipid combinations on the LLPS of IDM 

When PVP and PL were co-dissolved in water with a 1:1 weight ratio, a synergistic effect on 

the stabilization of LLPS of IDM was observed at each tested excipient concentration. CLLPS values of 

IDM were higher than that for PVP or PL alone and showed a positive correlation with PVP-PL 

concentration (Table 2.2). Different from the synergism observed for PVP-PL combination, an 

averaged CLLPS was observed for the PVP-G48 combination at each tested carrier concentration. The 

CLLPS value increased with higher concentrations of PVP-G48. The LLPS onset of IDM in the 

presence of PVP-ATO was essentially unchanged when compared with that for PVP in all determined 

concentrations The CLLPS values of IDM with different combinations of polymer and lipid ASD 

carriers at the concentrations of interest are summarized in Table 2.2. A one-way ANOVA test was 

conducted to compare the differences between LLPS values. 

 

Table 2.2. LLPS concentration (CLLPS, µg/mL) of IDM in the presence of polymer-lipid 

combinations. 

Excipient Concentration [E] 

→ 

CLLPS CLLPS CLLPS 

Excipient (E)  ([E] = 320 µg/mL) ([E] = 800 µg/mL) ([E] = 1440 µg/mL) 

PVP-PL 85.5 ± 1.5** 141 ± 7** > 200** 

PVP-G48 52.2 ± 1.6* 73 ± 4** 92 ± 3** 

PVP-ATO 50.7 ± 1.7 50 ± 3 51 ± 2 

SOL-PL > 200** > 200** > 200** 

SOL-G48 > 200** > 200** > 200** 

SOL-ATO > 200** > 200** > 200** 

SA-PL 112 ± 4** 159 ± 5** > 200** 
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SA-G48 100 ± 0.8** 143 ± 5** 170 ± 10** 

SA-ATO 119 ± 5** 159 ± 0.9** 179 ± 6** 

EC-PL 59 ± 5* 75 ± 3** 105 ± 13** 

EC-G48 49 ± 3* 54 ± 3* 79 ± 4** 

EC-ATO 46 ± 3 47 ± 4 45 ± 2 

Note: CLLPS of IDM in pure water was 46 ± 2 µg/mL. *p < 0.05 and **p < 0.01 between CLLPS values 

of IDM in water and excipient solutions (n=3, mean ± SD). 

 

For SOL-lipid combinations at all concentrations, no LLPS of IDM could be observed within 

the tested range of 200 µg/mL. The effects seen for the individual lipids on the LLPS of IDM (Figure 

2.3) were overweighed by the strong stabilizing effect (i.e. solubilization) of SOL. All combinations 

of SA and lipid demonstrated an averaged effect on the LLPS of IDM compared to SA and the 

individual lipids alone. The CLLPS values showed a positive correlation with carrier concentration for 

all SA-lipid combinations. No synergistic or antagonistic effect on the LLPS of IDM was observed 

for these combinations. The LLPS behaviors of IDM in the presence of EC-lipid combinations were 

governed by the properties of corresponding lipids. For EC-PL and EC-G48 of all concentrations, an 

averaged CLLPS value was observed with regard to EC and individual lipids. For the substrates pre-

treated with EC-ATO, CLLPS values of IDM were essentially the same as that in water.  

2.4.5 LLPS of APX in pure water 

The UV extinctions of APX in pure water at both absorbing and non-absorbing wavelengths 

are shown in Figure 2.4. The UV absorbance at 330 nm showed a linear increase until a break point 

and started to lose its linearity afterwards. At the non-absorbing wavelength of 450 nm, the UV 

extinction remained close to the baseline until reaching a break point and increased substantially 

afterwards. The LLPS onset of APX in pure water was determined to be 291 ± 7 µg/mL. 
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Figure 2.4. UV extinctions at different wavelengths for APX solutions in water. 

2.4.6 Effect of polymers on the LLPS of APX 

The LLPS behavior of APX was influenced by polymer carriers in different manners, as 

shown in Figure 2.5. In the presence of PVP of 320 µg/mL, 800 µg/mL, and 1440 µg/mL, the LLPS 

onset of APX was 397 ± 15 µg/mL, 425 ± 10 µg/mL, and 420 ± 8 µg/mL, respectively, which were 

significantly higher than that in pure water (291 ± 7 µg/mL). No obvious difference was observed for 

PVP solutions at the two higher concentrations from that obtained at 320 µg/mL. SOL had a 

significant stabilizing effect for APX where LLPS could be observed for APX within the tested drug 

concentration range up to 600 µg/mL in the presence of SOL. The absence of distinct LLPS point was 

similar to the case of IDM, while for APX there was no continuous increase in UV extinction with 

regard to drug concentration. SA has a small effect in delaying the LLPS of APX. The CLLPS of APX 

was 313 ± 9 µg/mL, 320 ± 20 µg/mL and 319 ± 4 µg/mL from low to high SA concentration, which 

were comparable between different SA concentrations. This was different from its strong stabilizing 
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effect on supersaturated IDM solutions. The LLPS behavior of APX was essentially unchanged in the 

water substrate pre-treated with EC, again similar to the finding for IDM. 

 

Figure 2.5. UV extinctions at 450 nm for APX solutions with pre-dissolved (A) PVP, (B) SOL, (C) 

SA and (D) EC of different concentrations. 

2.4.7 Effect of lipids on the LLPS of APX 

Significantly different for the IDM/PL system, PL was seen to promote LLPS of APX, as 

shown in Figure 2.6. The LLPS onset concentrations of APX were 272 ± 8 µg/mL, 266 ± 6 µg/mL, 

and 251.0 ± 0.4 µg/mL in the presence of 320 µg/mL, 800 µg/mL, and 1440 µg/mL of PL, 

respectively. If we recall section 2.4.3 LLPS for IDM was delayed by increasing amount of PL. G48 

was also seen to promote LLPS of APX supersaturated solution with a positive correlation with G48 

concentration (Figure 2.6B). The CLLPS was determined to be 270 ± 20 µg/mL, 264 ± 5 µg/mL and 

265 ± 14 µg/mL, respectively (Table 2.3). UV extinctions at 450 nm before LLPS remained close to 
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the baseline without obvious increase. The CLLPS values for APX in the water pre-treated with ATO 

were essentially unchanged from that for pure water. The CLLPS values of APX in the presence of 

individual polymers and lipids were summarized in Table 2.3. A one-way ANOVA test was 

conducted to compare the differences between LLPS values. 

 

Figure 2.6. UV extinctions at 450 nm for APX solutions with pre-dissolved (A) PL, (B) G48 and (C) 

ATO of different concentrations. 
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Table 2.3. LLPS concentration (CLLPS, µg/mL) of APX in the presence of different drug carriers. 

Excipient Concentration [E] 

→ 

CLLPS CLLPS  CLLPS 

Excipient (E)  ([E] = 320 µg/mL) ([E] = 800 µg/mL) ([E] = 1440 µg/mL) 

PVP 397 ± 15** 425 ± 10** 420 ± 8** 

SOL > 600** > 600** > 600** 

SA 313 ± 9 320 ± 20 319 ± 4** 

EC 289 ± 6 289 ± 8 299.0 ± 1.3 

PL 272 ± 8 266 ± 6* 251.0 ± 0.4** 

G48 270 ± 20 264 ± 5* 265 ± 14 

ATO 281 ± 7 294 ± 5 290 ± 13 

Note: CLLPS of APX in pure water was 291 ± 7 µg/mL. *p < 0.05 and **p < 0.01 between CLLPS 

values of APX in water and excipient solutions (n=3, mean ± SD). 

2.4.8 Effect of polymer-lipid combinations on the LLPS of APX 

The combination of PVP and PL had an intermediate (or average) effect on the LLPS of APX 

as compared with individual excipients (Table 2.4). The overall effect of the PVP/PL combination 

appears to be governed by PVP, as CLLPS values were closer to those obtained for PVP alone rather 

than for PL alone. This is in contrast to the synergistic effect observed for the PVP/PL combination 

on the LLPS of IDM. The PVP-G48 showed similar behaviours where the measured CLLPS for APX 

for the PVP/G48 combination was between those for PVP and G48 alone with values being closer to 

those for G48. The LLPS onset of IDM in the presence of PVP-ATO was delayed to a degree similar 

to PVP alone. The addition of insoluble ATO did not bring change to the PVP system that delayed the 

LLPS of APX. 

For SOL-lipid combinations of all concentrations, no LLPS of APX could be observed up to 

600 µg/mL. The strong inhibition of LLPS is comparable to that seen for SOL alone as well as to 

results obtained for IDM (Section 2.4.4).   
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Table 2.4. LLPS concentration (CLLPS, µg/mL) of APX in the presence of polymer-lipid 

combinations. 

Excipient Concentration [E] 

→ 

CLLPS CLLPS  CLLPS 

Excipient (E)  ([E] = 320 µg/mL) ([E] = 800 µg/mL) ([E] = 1440 µg/mL) 

PVP-PL 400 ± 20** 396 ± 13** 416 ± 8** 

PVP-G48 344 ± 13** 336 ± 12** 360 ± 20* 

PVP-ATO 423 ± 7** 411 ± 13** 429 ± 10** 

SOL-PL > 600** > 600** > 600** 

SOL-G48 > 600** > 600** > 600** 

SOL-ATO > 600** > 600** > 600** 

SA-PL 299 ± 6 280 ± 20 281 ± 16 

SA-G48 303 ± 13 312.9 ± 1.2** 312 ± 3 

SA-ATO 306 ± 4* 305.4 ± 0.6* 312 ± 3* 

EC-PL 265 ± 13* 262 ± 5* 272 ± 17 

EC-G48 294 ± 16 282 ± 10 281 ± 5 

EC-ATO 290 ± 6 296 ± 4 293 ± 5 

Note: CLLPS of APX in pure water was 291 ± 7 µg/mL. *p < 0.05 and **p < 0.01 between CLLPS 

values of APX in water and excipient solutions (n=3, mean ± SD). 

 

 Similar effects were observed for both the SA-lipid combinations and the EC-lipid 

combinations, where polymers combined with PL were observed to promote LLPS of APX (i.e. CLLPS 

decreased compared to that for water alone) and only to average the effect for the polymers combined 

with G48.  Values determined for the EC-lipid combinations were comparable to those observed for 

the lipids alone.  Neither EC nor ATO appear to affect the LLPS of APX. 
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2.4.9 Viscosity of solutions of ASD carriers 

The viscosities of solutions of ASD carriers were determined to facilitate the analysis of the 

LLPS mechanism, as shown in Table 2.5. SA was observed to substantially increase the viscosity as 

compared to water alone. PL slightly increased the viscosity from 0.787 ± 0.006 mPa·s for pure water 

to 1.108 ± 0.018 mPa·s with increasing PL concentration. Solutions of the other individual carriers 

had viscosity values that were essentially the same as water. For polymer-lipid combinations 

containing SA and PL viscosities increased to different degrees. Other combinations again had 

viscosities comparable to the viscosity of water. No synergistic or antagonistic effect was observed 

for any combination. 

 

Table 2.5. Viscosity (mPa·s) of ASD carrier solutions of different concentrations. 

Excipient Concentration [E] 

→ 

Viscosity Viscosity  Viscosity 

Excipient (E)  ([E] = 320 µg/mL) ([E] = 800 µg/mL) ([E] = 1440 µg/mL) 

PVP 0.88 ± 0.04* 0.924 ± 0.014** 0.953 ± 0.006** 

SOL 0.877 ± 0.008** 0.785 ± 0.018 0.794 ± 0.014 

SA 2.243 ± 0.010** 3.49 ± 0.05** 5.635 ± 0.007** 

EC 0.764 ± 0.008 0.764 ± 0.016 0.768 ± 0.009 

PL 0.908 ± 0.014** 0.935 ± 0.017** 1.108 ± 0.018** 

G48 0.811 ± 0.019 0.811 ± 0.011 0.800 ± 0.010 

ATO 0.795 ± 0.017 0.78 ± 0.03 0.766 ± 0.010 

PVP-PL 0.85 ± 0.03 0.90 ± 0.02** 1.033 ± 0.018** 

PVP-G48 0.820 ± 0.015* 0.819 ± 0.009* 0.818 ± 0.010* 

PVP-ATO 0.777 ± 0.019 0.876 ± 0.005** 0.860 ± 0.008** 

SOL-PL 0.80 ± 0.06 0.865 ± 0.019** 0.931 ± 0.004** 

SOL-G48 0.862 ± 0.014** 0.928 ± 0.007** 0.801 ± 0.002* 

SOL-ATO 0.86 ± 0.02* 0.799 ± 0.012 0.773 ± 0.016 
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SA-PL 1.77 ± 0.04** 2.465 ± 0.006** 4.05 ± 0.03** 

SA-G48 1.70 ± 0.03** 2.415 ± 0.017** 3.654 ± 0.014** 

SA-ATO 1.74 ± 0.03** 2.33 ± 0.03** 3.435 ± 0.006** 

EC-PL 0.78 ± 0.03 0.812 ± 0.014 0.976 ± 0.010** 

EC-G48 0.79 ± 0.02 0.76 ± 0.03 0.773 ± 0.011 

EC-ATO 0.77 ± 0.02 0.784 ± 0.012 0.792 ± 0.004 

Note: Viscosity of pure water was 0.787 ± 0.006 mPa·s. *p < 0.05 and **p < 0.01 between viscosity 

values of water and excipient solutions (n=3, mean ± SD). 

 

2.4.10 Surface tension of excipient solutions  

The surface tension values of solutions of different ASD carriers were also determined in 

order to aid in the analysis of the LLPS mechanism (Table 2.6). Solutions of the hydrophilic polymer 

PVP at different concentrations showed a reduced surface tension regardless of PVP concentration. 

Solutions of the amphiphilic polymer SOL had a significantly reduced surface tension to 

approximately 43 mN/m. Solutions of the ionizable polymer SA showed a moderate reduction in 

surface tension to 61-62 mN/m. Samples containing the insoluble polymer EC had the same surface 

tension as for water. The amphiphilic lipid PL significantly reduced the surface tension from 36.2 

mN/m to 29.1 mN/m when concentration was increased from 320 µg/mL to 1440 µg/mL. 

Amphiphilic G48 also effectively reduced the surface tension from 37.9 mN/m to 37.2 mN/m when 

concentration increased from 320 µg/mL to 1440 µg/mL. As for EC, the insoluble lipid ATO did not 

change the surface tension from that obtained for pure water. The surface tension values for solutions 

of the polymer-lipid combinations were generally between those for individual polymers and lipids at 

the corresponding concentration. As expected for combinations containing surface-active 

components, the surface tension values were reduced. No synergistic or antagonistic effect on surface 

tension was observed for any polymer-lipid combination. 
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Table 2.6. Surface tension (mN/m) of ASD carrier solutions of different concentrations. 

Excipient Concentration [E] 

→ 

Surface tension Surface tension  Surface tension 

Excipient (E)  ([E] = 320 µg/mL) ([E] = 800 µg/mL) ([E] = 1440 µg/mL) 

PVP 64.0 ± 0.7** 63.6 ± 0.7** 63.5 ± 0.9** 

SOL 43.1 ± 0.4** 43.2 ± 0.6** 42.8 ± 0.3** 

SA 60.85 ± 0.05** 60.3 ± 0.4** 62.0 ± 0.5** 

EC 69.9 ± 0.2 69.5 ± 0.5 71 ± 2 

PL 36.2 ± 0.8** 30.6 ± 0.2** 29.1 ± 0.4** 

G48 37.9 ± 0.5** 36.34 ± 0.11** 37.2 ± 0.3** 

ATO 69.8 ± 0.5 70.4 ± 0.2 69.78 ± 0.10 

PVP-PL 45.30 ± 0.13** 46.3 ± 0.5** 46.3 ± 0.6** 

PVP-G48 38.79 ± 0.08** 39.55 ± 0.18** 38.0 ± 0.5** 

PVP-ATO 63.6 ± 0.7** 62.4 ± 0.3** 63.0 ± 0.7** 

SOL-PL 38.6 ± 0.3** 42.4 ± 0.6** 41.8 ± 0.6** 

SOL-G48 40.1 ± 0.7** 38.9 ± 0.6** 38.7 ± 0.5** 

SOL-ATO 44.2 ± 0.4** 43.4 ± 0.6** 43.4 ± 0.5** 

SA-PL 43.05 ± 0.12** 48.1 ± 0.4** 47.1 ± 0.3** 

SA-G48 40.5 ± 0.5** 40.0 ± 0.7** 38.9 ± 0.4** 

SA-ATO 60.84 ± 0.04** 61.3 ± 0.7** 63.0 ± 1.0** 

EC-PL 36.5 ± 1.0** 30.7 ± 0.6** 29.21 ± 0.10** 

EC-G48 37.25 ± 0.10** 36.27 ± 0.03** 36.48 ± 0.09** 

EC-ATO 68.6 ± 0.9 69.4 ± 0.2 69.77 ± 0.10 

Note: Surface tension of pure water was 69.5 ± 0.4 mN/m. *p < 0.05 and **p < 0.01 between surface 

tension values of water and excipient solutions (n=3, mean ± SD). 
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2.5 Discussion 

 In this chapter we determined that the LLPS behavior of IDM and APX could be influenced 

by polymers and lipids differently depending on the properties of the polymers or lipids themselves 

but also on properties of mixtures of polymer and lipid. Generally, insoluble ASD carriers (EC or 

ATO) did not influence the LLPS of drugs, while soluble polymer or lipid carriers could show effects 

for a given drug that were completely opposite of those observed for another. The combinations of 

polymers and lipids could show either synergistic or an averaged effect on LLPS compared to the 

individual polymer or lipid carrier. The underlying mechanisms for the various observations are 

discussed below. 

2.5.1 Effect of polymers on the LLPS of IDM 

The results showed that the LLPS onset for IDM could be delayed depending upon the 

polymer carrier and its concentration. Soluble polymers, including PVP, SOL and SA, influenced the 

LLPS of IDM in different manners according to different mechanisms. PVP did not result in an 

obvious change to the phase separation onset of IDM, although it has been suggested to improve the 

supersaturation of different hydrophobic drugs (including IDM) by inhibiting drug crystallization 

through the formation of in-solution hydrogen bonding between PVP and a drug according to 

different studies [186–188]. Comparing the experimental observations for this study and previous 

studies, it can be speculated that drug recrystallization was stabilized through slowing crystal growth, 

instead of any effect on LLPS and nucleation. While viscosity has been suggested to slow droplet 

coalescence that leads to phase separation in a liquid environment, the slightly increased viscosity of 

the PVP solutions did not appear to delay or stabilize (i.e. prolong the duration) the LLPS for IDM 

[189–191]. The decreased surface tension of PVP solutions also did not appear to affect the LLPS for 

IDM. It should however be noted that the surface tension characterized in this study describes the 

interfacial tension between a solution and air, which is different from the interfacial tension between 

two liquid phases that are involved in the LLPS. Based on the assumption that the formation of a 

detectable drug-rich amorphous phase in a continuous solution phase would have a phase correlation 

similar to the coalescence of liquid droplets in an air phase, the correlation between solution-air 

surface tension and liquid-liquid interfacial tension can be obtained by Young’s equation: 

γL2 = γL1L2 + γL1 cos θ Equation 2.1 
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where γL1 is the surface tension of liquid L1, γL2 is the surface tension of liquid L2 that is wetted by 

LI, γL1L2 is the interfacial tension between L1 and L2, and θ is the contact angle between L1 and L2.  

Young’s equation requires that the system is at equilibrium, the surface of L2 is planar and no 

chemical reaction occurs between L1 and L2 [192]. For the LLPS theory, the drug-rich phase (L2) is 

treated as a nanosized liquid that exists in a metastable equilibrium with the water-rich phase (L1) for 

a transient period. The contact angle between the drug-rich phase and water-rich phase is close to zero 

given that the two liquid phases are highly miscible during LLPS. The surface tension between L2 

and air is a constant as it is determined by the intrinsic properties of the amorphous drug. Therefore, a 

higher surface tension between air and the excipient solution corresponds to a lower interfacial 

tension between the drug-rich phase and water-rich phase, which facilitates the fusion of drug-rich 

droplets that corresponds to the coalescence of droplets in an water-air system [193]. Given that the 

essentially unchanged CLLPS values of IDM with PVP, the effects of viscosity and surface tension can 

be considered to be weak and the in-solution hydrogen bonding between IDM and PVP should be the 

determinant factor for the LLPS of IDM. 

The strong stabilizing effect of SOL on the LLPS of IDM could be a result of both in-solution 

hydrogen bonding and the ability of SOL to form micelles capable of incorporating IDM molecules. 

Similar to PVP, SOL also is able to take part in hydrogen bonding with hydrophobic drugs, inhibiting 

the molecular mobility and nucleation of drug molecules in an aqueous environment [194,195].  

Amphiphilic SOL can also effectively incorporate drug molecules within micelles if the SOL 

concentration is above its critical micelle concentration of 1.9 µg/mL at 37 °C [161]. In such a 

system, the drug can partition such that a portion of the IDM molecules are found in the micellar 

phase slowing LLPS separation of the drug- and water-rich phases. As previously mentioned, a 

gradual increase in UV extinction at the non-absorbing wavelength 450 nm was observed without a 

distinct breakpoint for samples containing SOL, in contrast to samples containing PVP, where UV 

extinctions remained close to zero. We attribute this behaviour to the presence of SOL micelles since 

the SOL concentration in all cases was more than 150 times its CMC; the increase in extinction with 

increasing IDM concentration resulting from changes in micelle structure as IDM is incorporated into 

the micelles. In such a case there is no formation of a new phase as would occur if LLPS occurred; 

nevertheless light scattering from the solution can detect drug incorporation into the SOL micelles. 

This is confirmed since UV absorbance at 318 nm increases linearly with IDM concentration 

following the Beer-Lambert law during the whole titration process, suggesting that IDM was in a 
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dissolved or solubilized state and did not undergo LLPS hence the observed delay in or lack of LLPS. 

We do not consider the viscosity of SOL solutions as a contributor for the stabilization of LLPS as the 

viscosity values were essentially the same as water. The significantly reduced surface tension, and 

therefore the increased interfacial tension between drug aggregates (if present) and the bulk SOL 

solution, could potentially maintain drug-rich droplets from becoming a bulk liquid phase; however it 

is more likely that drug-rich droplets do not form at these high concentrations of SOL. Previous 

studies demonstrated that the combination of IDM and SA was a successful drug-polymer pair for the 

development of an SA-based ASD [170,171]. Here we considered that it is the pH activity of SA as a 

significant factor for the delayed phase separation of IDM solutions, since IDM is a weak acid drug 

showing pH dependent solubility profiles. By comparing the IDM LLPS onset values with IDM 

crystalline solubilities in the presence of SA at the same concentrations we found that the 

LLPS/solubility ratio remained constant between 2.0 to 2.3. A constant amorphous 

solubility/crystalline solubility ratio would be expected for a drug undergoing pH-induced ionization 

that follows the Henderson-Hasselbalch law where any pH-induced change in amorphous solubility 

or crystalline solubility of the drug would be the same [196,197]. Additionally, the large increase in 

viscosity of SA solutions may also contribute to the stabilization of LLPS. The contributions of pH-

induced ionization and viscosity to the stabilization of LLPS will be further analyzed by examining 

the effect of SA on the LLPS for the non-ionizable drug APX (discussed below); theoretically, the pH 

effect should be weakened or not present for non-ionized APX while the viscosity effect would be 

unchanged. The LLPS of IDM was not influenced by the insoluble polymer EC, as seen by the CLLPS 

values equal to that in pure water. Most EC molecules should be removed from water substrate during 

the preparation of carrier solution due to the low solubility of EC. The remaining EC in water was 

considered to have negligible effect on the phase behavior of dissolved drug. Although an insoluble 

material can have a very limited solubility value in water it can still have a measurable impact on both 

viscosity and surface tension of a solution. For the EC-IDM system viscosity and surface tension 

were determined to be equal to those of water indicating that there is no driving force for EC to 

impact LLPS for IDM. 

2.5.2 Effect of lipids on the LLPS of IDM 

The effects of lipids to stabilize the LLPS of IDM were mainly a result of the amphiphilic 

properties of PL and G48. Like the amphiphilic copolymer SOL, PL and G48 could potentially 

interact with IDM by incorporating IDM in the core of PL or G48 micelles or by facilitating the 



 

55 

aggregation of IDM molecules through in-solution hydrophobic interactions. Since the LLPS of IDM 

was stabilized with PL and G48 and the low surface tension values are consistent with micelle 

formation for both, it is clear that IDM is localized within the micelle phase for both lipids. As seen 

for SOL, small changes in viscosity for the PL and G48 systems are consistent with such a 

mechanism, although solution viscosity was increased slightly more for PL compared to G48, which 

explain the PL having a slightly better ability to stabilize the LLPS of IDM. ATO did not present 

obvious changes to the viscosity, surface tension and LLPS of IDM, as expected given its insoluble 

nature. 

2.5.3 Effect of polymer-lipid combinations on the LLPS of IDM 

The combination of PVP with the different amphiphilic lipids used in our study were 

observed to behave synergistically for PL, while having an intermediate effect for G48 on the LLPS 

of IDM. The UV extinction pattern of IDM did not only show a delayed LLPS onset, but also 

maintained its linearity for a wider concentration range after the occurrence of LLPS by the PVP-PL 

combination, describing a prolonged duration of the LLPS. This could be a result of an improved 

ability of the system to maintain large nanodroplets due to the flexibility of the PL vesicles being able 

to grow and incorporate larger amounts of IDM. A recent study showed that the addition of a polymer 

additive could destabilize the balance of attractive and repulsive forces in multilayered vesicle 

structure and reduce the rigidity of PL vesicles, resulting in an expansion in the vesicle size [198]. For 

PVP-G48, the UV extinction profile of IDM at 450 nm after the LLPS onset did not show prolonged 

duration or improved linearity, indicating that the drug incorporation properties of G48 micelles 

remained unchanged by the addition of PVP, which was different from the case of PVP-PL. The 

average effect of PVP-G48 on the LLPS of IDM was considered to be a result of the smaller amount 

of dissolved G48, as compared with G48 alone. CLLPS values equivalent to those seen for water alone 

indicated that no in-solution interaction occurred for the combination of PVP-ATO. To help confirm 

the hypothesis that the addition of PVP allowed for an increase in PL vesicle size we attempted to 

monitor the change in particle size for the PL and PVP-PL systems upon IDM titration using dynamic 

light scattering (DLS). A high degree of polydispersity was observed for the PL concentrations used 

in this study and useful data could not be obtained. We suspect that when LLPS occurs the sizes of 

drug-rich nanodroplets or PL vesicles could not be distinguished and the aggregates are very 

heterogeneous in size, making it difficult to measure the size change of PL vesicle during LLPS. 

These phenomena were noted for future reference.  
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Similar to the case for SOL alone, LLPS was not observed for IDM in the presence of SOL-

lipid combinations consistent with the incorporation of IDM into mixed SOL-lipid aggregates 

regardless of lipid type. The effects of SA-lipid combinations on the LLPS of IDM were also 

determined by the amount of SA without showing a synergistic or antagonistic effect due to carrier 

combination. The effects of EC-lipid combinations to that observed for the lipids alone but with a 

lesser effect (due to the lesser amount of lipid present in the equivalent mass of 1:1 mixture). 

To help confirm or refute our analysis of the mechanism(s) of LLPS stabilization of IDM for 

the excipients described above, we carried out the same study but replacing IDM with APX which is 

non-ionizable and has a different solution behaviour from IDM. If the ability of the excipients to 

stabilize APX is similar it will serve to help confirm our interpretation presented above. 

2.5.4 Effect of polymers on the LLPS of APX 

 Generally, the LLPS behavior of APX was influenced by polymer carriers but with several 

different observations from those for IDM. Contrary to what was seen for IDM a clear stabilization of 

the LLPS of APX was demonstrated as a function of PVP concentration, which was likely a result of 

strong in-solution hydrogen bonding between APX and PVP. The different effects of PVP on IDM 

and APX demonstrate the importance of understanding the nature of drug-polymer interactions when 

selecting a polymer as an ASD carrier. For SOL, similar to IDM a strong stabilization of LLPS was 

observed for APX, suggesting that specific drug polymer interactions were less important for the 

stabilization of LLPS than the presence of the micelles formed by SOL regardless of the drug. For 

both drugs the absence of LLPS is due to solubilization of the crystalline drug. The possible 

formation of a supersaturated drug solution will be testified in the next chapter. In contrast, the effect 

of ionizable SA on drug LLPS was not the same for IDM and APX. As we expected, the ionization of 

SA and associated pH-modifying effect did not influence non-ionized APX, and therefore the CLLPS of 

APX did not increase as seen for IDM. The increase in CLLPS could be attributed to the weak APX-SA 

interaction and viscosity of SA solution. Insoluble EC did not alter the phase behavior of the solution, 

and therefore the LLPS of APX was essentially unchanged, in agreement with our results for IDM. 

2.5.5 Effect of lipids on the LLPS of APX  

 Interestingly, in the presence of amphiphilic PL and G48, the LLPS of APX was destabilized 

to different degrees, contrary to what was seen for IDM. According to previous analysis, the effect of 
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PL and G48 on drug LLPS was based on the competition of their effects to facilitate drug aggregation 

or incorporate drug into micelle structures. The promotion of the LLPS of APX indicated that the 

ability of the lipid to incorporate APX into the micelles was not effective enough to load the small 

drug aggregates that form through the aggregation of molecularly dissolved drug in solution. For 

recrystallization to occur in a molecularly dissolved solution, where particle size is seen smaller than 

1 nm, a prerequisite is that solute molecules aggregate to form clusters larger than the critical nucleus 

size, which could range from 1 to 5 nm [199,200]. Nuclei and aggregates smaller than the critical 

nucleus size are expected to incorporate into micelles through hydrophobic interactions. APX has a 

larger topological polar surface area (111 Å²) than that for IDM (68.5 Å²), possibly resulting in a less 

effective partitioning in the hydrophobic micelle cores composed of hydrocarbon chains of PL and 

G48. Because of this, the overall process of phase separation could be facilitated. The fact that an 

ASD carrier has such completely different effects on different drugs suggests that the LLPS was not 

influenced by the excipient according to the same mechanism. This suggested a possibility that carrier 

effects could induce different dissolution and supersaturation behaviors of IDM and APX under non-

sink conditions, which will be evaluated in the following chapter. The lack of effect of ATO on the 

LLPS of APX with ATO agreed with observations for IDM and that the insoluble carrier did not 

interfere with solution phase behavior. 

2.5.6 Effect of polymer-lipid combinations on the LLPS of APX  

 PVP-PL did not demonstrate a synergistic effect on the LLPS of APX, as observed for IDM. 

We can examine the PVP-PL/APX system using the mechanism presented above for the PVP-

PL/IDM system. The synergistic effect of PVP-PL on IDM LLPS was based on the incorporation of 

nanodroplets with larger sizes being facilitated by the PVP’s effect on PL vesicles allowing them to 

be more flexible to grow in size. If we consider that the incorporation of APX is less efficient than for 

IDM as described in the previous section, then the effect of PVP making PL vesicles more flexible 

would be less pronounced since the root cause of this effect, the drug incorporation into PL vesicles, 

was less effective in the case of APX. Therefore, the LLPS behaviour of APX is governed by the 

properties of PVP. The same phenomenon was observed for PVP-G48, further suggesting that the 

overall effect of PVP-G48 on the LLPS of APX was determined by the amount of dissolved PVP. For 

PVP-ATO, the averaged effect on the LLPS of APX was determined by the amount of PVP as ATO 

did not interfere with the solution phase behavior. 
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 In the presence of all SOL-lipid combinations, no LLPS of APX could be observed within the 

tested range, corresponding to the strong stabilizing effect of SOL. The observations were also 

aligned with those for IDM, suggesting that the stabilizing effect of SOL was not selective between 

different drugs. The averaged effect on the LLPS of APX provided by SA-lipid combinations 

indicated that the phase behavior was determined by the individual properties of SA and the 

corresponding lipid, without the occurrence of strong SA-lipid interactions that were able to bring 

synergistic or antagonistic change to the system. Due to the inert property of EC in supersaturated 

APX solutions, the LLPS of APX was determined by the properties of corresponding lipid materials. 

This agreed with observations for IDM. 

2.6 Conclusion 

In this chapter, the LLPS behaviors of IDM and APX in the presence of polymer and lipid 

carriers were successfully characterized by the double wavelength UV extinction method. The LLPS 

behaviour of APX was revealed for the first time. The onset and duration of LLPS of both drugs is 

influenced by polymer and lipid carriers in different manners, depending on one or more of 

mechanisms: in-solution hydrogen bonding, drug aggregation facilitated by amphiphilic agents, 

micelle/vesicle incorporation, and ionization induced solubility enhancement. Viscosity and surface 

tension of ASD carrier solutions were characterized and considered as minor determinants for the 

LLPS of IDM and APX. Polymer or lipid carrier can modify LLPS behaviour in completely different 

ways depending upon the nature of the PWSD, in this case IDM or APX. The effects of polymer-lipid 

combinations on the LLPS of both drugs in most cases corresponded to average of the effects of the 

individual carrier compounds. The combination of PVP and PL had a synergistic effect that delayed 

the onset and prolonged the duration of LLPS of IDM by stabilizing large nanodroplets due to the 

ability of PVP to alter the vesicle properties of PL. Whether and how LLPS properties correlate to the 

dissolution and recrystallization behaviors of IDM and APX will be evaluated in the following 

chapters. The methodology is expected to serve the LLPS investigations of more types of drugs and 

excipients. Our work suggests that drug-excipient combinations must be analyzed on a case by case 

basis, given the fact that an ASD carrier can behave markedly differently for different drug 

compounds. 
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Chapter 3 

Effect of polymers and lipids on the stabilization of supersaturated 

solutions of IDM and APX 

3.1 Abstract 

 The supersaturation effect of an ASD carrier in an aqueous environment is expressed by its 

ability to maintain the concentration of a supersaturated drug solution at an improved level and for a 

prolonged period. The purpose of this chapter was to evaluate the supersaturation effects of polymer 

and lipid ASD carriers on IDM and APX under non-sink dissolution conditions using a solvent-shift 

method. The supersaturation behaviors of IDM and APX were analyzed based on the previously 

identified (Chapter 2) LLPS properties. Results showed that the supersaturation behaviors of IDM 

and APX were influenced by individual ASD carriers in different manners by mechanisms that 

include in-solution hydrogen bonding, pH-induced solubility change, solubilization, and reduced 

crystal growth rate. The recrystallization behaviors of IDM and APX did not necessarily align with 

the LLPS results. LLPS properties were considered to influence the early stage of recrystallization 

behaviors of IDM and APX, and the overall recrystallization process was a sum result of LLPS and 

crystal growth rate modified by polymer and lipid carriers. All polymer-lipid combinations showed an 

averaged effect on the supersaturation evolution of IDM and APX, with no evidence of the 

synergistic effect that was observed for LLPS results. The recrystallization results revealed in this 

chapter will be used to analyze the dissolution and supersaturation behaviors of ASDs for IDM and 

APX prepared with different carriers. 

3.2 Introduction 

 The supersaturation properties and precipitation kinetics of a drug in aqueous media are 

important information for the formulation design of ASD based SDDS. The ability of dissolved 

excipients to prevent the precipitation of poorly water-soluble drugs is recognized as a critical factor 

for the supersaturation performance of an ASD. With this effect, the high thermodynamic activity (i.e. 

proportional to the ratio of drug concentration and drug solubility) of supersaturated drug can be 

maintained for a longer time to enhance the absorptive flux across gastrointestinal membrane. The 

solvent-shift or pH-shift method are commonly used to achieve supersaturation in aqueous media for 

the assessment of drug precipitation due to recrystallization. For a typical solvent-shift process, the 
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poorly water-soluble drug is dissolved in a water miscible organic solvent that provides higher 

solubility for the drug. Examples include ethanol, methanol, dimethyl sulfoxide, dimethylformamide, 

polyethylene glycol, etc. The drug solution in organic solvent can be prepared by heating to increase 

drug solubility in order to achieve a high drug concentration required for the experiments. The drug 

solution is then added to water instantly or gradually to induce supersaturation at a desired induction 

rate as a result of solubility difference. As an alternative approach, for the pH-shift method, an 

ionized drug is dissolved in aqueous media with a pH value providing high solubility and then added 

to the dissolution media to initiate supersaturation. 

After the generation of the supersaturated solution, the precipitation kinetics are expressed by 

the decrease in drug concentration over time. At pre-determined time intervals, the drug concentration 

in aqueous media can be determined after the separation of the solid phase, which requires immediate 

filtration or centrifugation of the withdrawn samples. Both methods have limitations that need to be 

considered for our study as amphiphilic carriers that affect drug solubilization/concentration will be 

used. For a supersaturated drug solution sample, in the presence of excipients that can solubilize the 

drug the measured concentration could be higher than the “real supersaturation” defined as the 

amount of molecularly dissolved drug that exceeds the drug solubility. This is because drug loaded 

micelle/vesicle structures enabled by common amphiphilic drug carriers could pass through 

commonly used 0.22 µm syringe filters used for dissolution testing due to their small size relative to 

the filter pore diameter. Ultracentrifugation could be more effective in separating molecularly 

dissolved drug from the micellar complexes; however, several issues must be considered regarding 

application in dissolution testing. An effective ultracentrifugation process capable of sedimenting 

large micelle structures could take 20-30 min or longer, or be completely impractical for micelles 

with a smaller size, such as the 11 nm micelles for the G48 excipient [178]. During centrifugation for 

a long time, drug recrystallization can continue for aliquot samples, and therefore the determined drug 

concentration in supernatant could be lower than that in the original state. In this regard, a small 

amount of polymer could be added to samples upon centrifugation to prevent drug recrystallization. 

However, whether and how these additives interact with drug-loaded micelle/vesicle structures and 

influence the sedimentation efficiency could be a question. Reviewing the suitability of different 

approaches, we selected the solvent-shift method. We conducted a filtration process for all aliquot 

samples using 0.22 µm syringe filters. In this regard, the determined supersaturation degree for a 

sample was seen as “apparent supersaturation” consisting of both molecularly dissolved part and 
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solubilized part provided by amphiphilic drug carriers. The effects of polymers, lipids, and their 

combinations on the supersaturation evolution of IDM and APX were evaluated based on this 

principle. These behaviors were correlated with the revealed LLPS results and used to predict the 

dissolution behaviors of ASDs for IDM and APX formulated with these carriers.   

3.3 Materials and methods 

3.3.1 Materials 

Indomethacin (IDM, purity > 97.5%) and ethyl cellulose were purchased from Fisher 

Scientific (Hampton, NH, USA). Apixaban (APX, purity > 99%) was purchased from HuiRui 

Chemical Technology Co., Ltd (Shanghai, China). Poly (vinylpyrrolidone) (PVP) K90 and 

phospholipid were purchased from Sigma-Aldrich (Mississauga, ON. Canada). The phospholipid 

used in this study (Sigma-Aldrich catalog no. P3644) contains 55% phosphatidylcholine, 25% 

phosphatidylethanolamine and other phospholipids, with an average molecular weight of 776 g/mol. 

Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft co-polymer (Soluplus®, SOL) was 

a gift from BASF (Ludwigshafen, Germany). Sodium alginate (CAS number: 9005-38-3) was 

obtained from Acros Organics (USA). PEG-32 stearate (Gelucire® 48/16, G48) and glyceryl 

behenate (Compritol® 888 ATO) were a gift from Gattefosse (Saint-Priest, France). Ethanol and 

dimethyl sulfoxide (DMSO) of high-performance liquid chromatography (HPLC) grade were 

purchased from Fisher Scientific (Hampton, NH, USA). Water used in this study was obtained from a 

Millipore Milli-Q system. 

3.3.2 Determination of solubilization effect of ASD carriers on crystalline IDM and APX 

The dissolution profiles of crystalline IDM in the presence of ASD carriers were determined 

using a Vision Classic 6 dissolution system (Teledyne Hanson Research, USA) at 37 ± 0.2 ˚C with a 

paddle speed of 150 rpm. 20 mg of crystalline IDM was added to 250 mL of water containing 80 mg 

of pre-dissolved ASD carriers, corresponding to the non-sink condition (SI=0.1) described in the 

previous section. Insoluble ASD carriers were stirred in water for 2 hrs and filtered through a filter 

paper of grade 41. The collected liquids were used as dissolution media. During dissolution, 2 mL of 

samples were withdrawn at predetermined timepoints and replaced by the same amount of dissolution 

medium. Samples were filtered through a 0.22 µm PES syringe filter. The IDM concentration in the 
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filtrate was determined using a UV 2100 spectrometer at 318 nm based on a linear Beer-Lambert 

calibration curve for IDM (r2=0.9991). All experiments were carried out in triplicate. 

For APX, 90 mg of crystalline APX was added to 250 ml water containing 360 mg of pre-

dissolved ASD carriers, corresponding to the SI index of 0.1. Other experimental procedures were the 

same as for IDM. The APX concentration in the filtrate was determined using a UV 2100 

spectrometer at 280 nm based on a linear Beer-Lambert calibration curve for APX (r2=0.9993). All 

experiments were carried out in triplicate. 

3.3.3 Determination of the ability of ASD carriers to maintain supersaturated solutions 

of IDM and APX 

The ability of the ASD carriers to maintain IDM and APX at a supersaturated concentration 

was evaluated by a solvent-shift method under non-sink dissolution condition. For IDM, a highly 

concentrated IDM stock solution of 20 mg/mL was prepared by dissolving 100 mg of crystalline IDM 

in 5 mL of ethanol. 1 mL of IDM stock solution was added as a single dose to 250 mL water 

containing the drug carrier of interest to give an initial concentration of 80 µg/mL IDM (10  IDM 

solubility). 2 mL samples were withdrawn at predetermined timepoints and filtered through a 0.22 µm 

PES syringe filter. The filtrate was properly diluted and processed using the same method as section 

3.3.2. All experiments were run in triplicates. 

For APX, the stock solution of 90 mg/mL was prepared by dissolving 450 mg of crystalline 

APX in 5 mL of DMSO at 90 °C. 1 mL of APX solution was added as a single dose to 250 mL 

dissolution media to initiate a supersaturation of 360 µg/mL. The APX concentration was determined 

by UV at 280 nm. Other procedures were kept the same.  

3.4 Results 

3.4.1 Effect of ASD carriers on the solubilization of crystalline IDM and APX 

The solubilization and supersaturation maintenance effect of different polymers and lipids 

were investigated in this section. Solubilization effects of polymeric carriers for crystalline IDM and 

APX are shown in Figure 3.1. The dissolution rate and concentration of IDM in the presence of PVP 

was essentially the same as for pure IDM. In the presence of SOL, IDM showed a similar dissolution 

rate to pure IDM, with a slightly higher equilibrium concentration of 10.1 ± 0.5 µg/mL at 24 hrs 
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(Figure 3.1A). SA provided a significant improvement in IDM dissolution, achieving a free drug 

concentration of 46.2 ± 0.4 µg/mL within 6 hrs, and an equilibrium concentration of 57.1 ± 0.2 

µg/mL at 24 hrs. The dissolution rate and solubility were not changed by the addition of EC. 

 

Figure 3.1. Dissolution of crystalline (A) IDM and (B) APX in the presence of pre-dissolved polymer 

carriers. 

 

As shown in Figure 3.1B, PVP, SA and EC had minimal effect on the dissolution rate APX, 

with the APX concentrations at each timepoint being the same within experimental error. The 

equilibrium APX concentrations at 24 hr with PVP and EC were 35.8 ± 0.3 µg/mL and 35.3 ± 0.2 

µg/mL, which were essentially the same as APX alone while SA slightly improved the equilibrium 

APX concentration to 38 ± 1 µg/mL. The solubilization effect of SA for weak acid IDM was 

distinctly more obvious than that for non-ionized APX, similar to its different effects on the LLPS of 

both drugs observed in the previous chapter (section 2.4.2 and 2.4.6). In the presence of SOL, both 

dissolution rate and the concentration of APX were increased, which can be attributed to the 

combined effects of increased wetting of APX particles (i.e., reduction in surface or interfacial 

tension) and the formation of micelles. The APX concentration reached 35.9 ± 0.1 µg/mL within 60 

min, and further increased to 49 ± 1 µg/mL at 24 hrs, providing a 40% improvement in APX 

equilibrium concentration. 

 Lipids carriers including PL and G48 provided an improvement in both dissolution rate and 

crystalline solubility for both drugs, as shown in Figure 3.2. PL provided an IDM concentration of 

10.3 ± 0.3 µg/mL at 60 min, which was 1.9-fold as that for IDM alone. The final concentration at 24 

hr plateaued at 12.5 ± 0.4 µg/mL, equal to a 60% increase in solubility. For G48, the IDM 
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concentration was seen to further increase to 11.8 ± 0.2 µg/mL at 60 min, and 14.2 ± 0.2 µg/mL at 24 

hrs. For APX the drug concentration at 24 hr was improved to 62 ± 4 µg/mL and 55 ± 2 µg/mL by PL 

and G48, respectively. In the presence of the insoluble lipid ATO, no change in dissolution was 

observed for both drugs. The concentration levels of IDM and APX dissolution will be used as 

baseline to evaluate the supersaturation performance of corresponding ASD carriers. The free drug 

concentration achieved beyond these measured solubilities (in the presence of pre-dissolved carrier) 

will be seen as a supersaturated concentration enabled by the amorphous solid mixture of drug and 

carrier. 

 

Figure 3.2. Dissolution of crystalline (A) IDM and (B) APX in the presence of pre-dissolved lipid 

carriers. 

 

3.4.2 Effect of ASD carriers on the stability of supersaturated solutions of IDM and 

APX 

The concentration-time profiles for a supersaturated solution of IDM and APX in the 

presence of different pre-dissolved polymer carriers are shown in Figure 3.3. Pure IDM showed a fast 

recrystallization in pure water, decreasing from an IDM concentration from 80.0 µg/mL (10 times the 

IDM solubility in water; used as a “standard” supersaturated concentration) to 11.4 ± 0.4 µg/mL 

within 90 min (Figure 3.3A). After a 24-hr equilibration, the IDM concentration returned to 8.4 ± 0.2 

µg/mL, comparable to the endpoint for the dissolution of crystalline IDM (7.8 ± 0.2 µg/mL, see 

section 3.4.1). This was considered to be the equilibrium concentration of a supersaturated solution of 

IDM under non-sink condition without additives. In the presence of PVP, a slight increase in IDM 

concentration was observed at all time points, also demonstrating a longer equilibration time where 
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IDM concentration decreased from 37 ± 3 µg/mL (at 30 minutes) to 20.5 ± 0.2 µg/mL (at 360 

minutes). As a comparison, drug concentration was 10.0 ± 0.2 µg/mL at 240 min for IDM in the 

absence of added carrier. In the PVP solution IDM concentration gradually decreased to an 

equilibrium concentration of 16.4 ± 0.5 µg/mL at 24 hr, approximately twice the concentration of 8.4 

± 0.2 µg/mL for IDM alone. Complete recrystallization of IDM to the concentration observed for 

water alone was not observed within 24 hrs due to PVP’s ability to act as a solubilizer. 

 

Figure 3.3. Recrystallization of (A) IDM and (B) APX in the presence of pre-dissolved polymer 

carriers.  

 

SOL demonstrated a significant ability to maintain a supersaturated concentration for 

dissolved IDM. The IDM concentration maintained an equilibrium concentration of 67 ± 1 µg/mL at 

24 hrs. The equilibration concentration obtained through the recrystallization process was 

significantly higher than that obtained for the solubilization test with SOL, suggesting that only 

partial recrystallization at 24 hrs. In the presence of SA, IDM also showed a high degree of 

supersaturation over 24 hrs. The IDM concentration was observed to be 67.3 ± 0.3 µg/mL after 24 

hrs, which was slightly higher than the 57.1 ± 0.2 µg/mL for the solubilization test. The difference 

between equilibrium concentrations determined from the solubilization versus recrystallization tests 

describes an incomplete recrystallization of IDM, with the greatest degree of supersaturation observed 

for SOL, with weaker effect observed for SA and PVP. For the insoluble EC, the supersaturation 

profile of IDM was essentially unchanged with an IDM concentration of 8.98 ± 0.15 µg/mL 

(compared to 8.4 ± 0.2 µg/mL obtained in the absence of any carrier), with no significant ability to 

maintain supersaturation for IDM. 
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For APX, in pure water, drug concentration rapidly decreased from the initial concentration 

of 360 µg/mL to 81 ± 4 µg/mL within 120 min followed by a more gradual decrease to 58.5 ± 0.4 

µg/mL at 24 h (Figure 3.3B). The addition of pre-dissolved PVP to the system resulted in APX 

concentrations that were higher than that in pure water at each timepoint. At 90 minutes the APX 

concentration in the PVP solution was 240 ± 30 µg/mL (a 2.0-fold improvement as compared with 

that in pure water). Afterwards, a more rapid decrease in APX concentration was observed, falling 

from 240 ± 30 µg/mL to 75 ± 4 µg/mL at 360 min. This was followed by a gradual decrease to an 

equilibrium concentration of 71 ± 4 µg/mL at 24 hrs, giving a 97% improvement in APX solubility. 

The SOL copolymer was even more effective at maintaining supersaturated APX concentration. The 

APX concentration decreased only gradually from 360 µg/mL to 289 ± 2 µg/mL over a period up to 

24 h, demonstrating a 7-fold improvement in APX solubility. In contrast, neither SA nor EC had any 

significant impact on the recrystallization behavior of APX from a supersaturated solution. 

Lipid carriers influenced IDM supersaturation in different manners based on their individual 

properties, as shown in Figure 3.4A. PL showed a moderate ability to maintain a supersaturated 

concentration of IDM similar to that observed in the previous section for PVP. At each timepoint, the 

IDM concentration was higher than that for IDM alone. A short plateau stage was observed for the 

first 20 min, where the IDM concentration was maintained at a high level of 74 ± 2 µg/mL. After the 

plateau the IDM concentration decreased to 42 ± 1 µg/mL at 60 min, with an equilibrium 

concentration of 19.0 ± 0.4 µg/mL after 24 hrs; this equilibrium concentration is approximately 2.3 

times as the aqueous IDM solubility. This concentration was 50% higher than the crystalline 

solubility of IDM in the presence of a same amount of PL, suggesting that the IDM recrystallization 

process was not completed. 

 



 

67 

 

Figure 3.4. Recrystallization of (A) IDM and (B) APX in the presence of pre-dissolved lipid carriers.  

 

G48 provided a similar degree of stability with respect to maintaining a supersaturated IDM 

concentration as was observed for PL. A large difference in IDM concentration was observed at 60 

min for the G48 vs PL curves, 28 ± 2 µg/mL for the G48 system and 42 ± 1 µg/mL for PL; however, 

the same sharp decrease in concentration was observed between 0 to 60 min. Afterwards, a slow 

continuous concentration loss was observed until reaching 21.0 ± 0.2 µg/mL at 24 hr. Similar to PL 

G48 reached an equilibrium concentration of 21.0 ± 0.2 µg/mL at 24 hr, approximately 220% higher 

than that observed for the solubilization test (Figure 3.2A), indicating that IDM recrystallization was 

not completed after 24 hrs. The insoluble lipid ATO had a negligible effect on IDM recrystallization 

under non-sink conditions, reaching an endpoint concentration that was close to that for the 

solubilization test, suggesting a completed IDM recrystallization. This phenomenon was similar to 

that observed above for the insoluble polymer EC. As shown in Figure 3.4B, the recrystallization 

profiles of APX in the presence of lipid carriers were essentially the same as that in pure water, 

regardless of lipid type where at each timepoint prior to 24 hrs, the APX concentrations were all 

comparable. The improvement in drug equilibrium concentration by PL (45%) and G48 (17%) was 

likely a result of lipid solubilization and incomplete drug recrystallization.  

PVP-lipid combinations, including PVP-PL, PVP-G48 and PVP-ATO, showed an averaged 

effect on the stabilization of an IDM supersaturated solution with the concentration curve lying 

between the curves obtained for PVP and the individual lipids (see Figure 3.5). The APX 

concentrations at 60 min and 24 hrs were summarized in Table 3.1. 
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Table 3.1. IDM and APX concentrations (µg/mL) at different time points with different excipients. 

Drug → IDM APX 

Excipient  60 min 24 hr 60 min 24 hr 

Pure drug 12.4 ± 0.8 8.4 ± 0.2 101 ± 3 58.5 ± 0.4 

PVP 32 ± 2** 16.4 ± 0.5** 279 ± 11** 85.6 ± 1.5** 

SOL 74 ± 2** 66.8 ± 1.2** 328 ± 6** 289 ± 2** 

SA 74 ± 2** 67.3 ± 0.3** 113 ± 10 62.3 ± 1.4* 

EC 13.4 ± 0.2 8.98 ± 0.15* 108 ± 3 57.7 ± 0.8 

PL 42.2 ± 1.3** 20.6 ± 0.8** 113 ± 6 85 ± 6** 

G48 27.5 ± 1.5** 21.0 ± 0.2** 98 ± 8 69 ± 5* 

ATO 11.3 ± 0.5 8.8 ± 0.3 104 ± 6 56.3 ± 1.3 

PVP-PL 30 ± 2** 17.4 ± 0.3** 224 ± 12** 88 ± 5* 

PVP-G48 30.5 ± 0.9** 17.0 ± 0.5** 180 ± 13** 64 ± 3 

PVP-ATO 27.0 ± 1.3** 15.1 ± 0.2** 221 ± 10** 63 ± 3 

SOL-PL 70.7 ± 1.0** 66 ± 2** 322 ± 4** 282 ± 6** 

SOL-G48 69.2 ± 1.1** 64.0 ± 1.0** 323 ± 3** 287 ± 2** 

SOL-ATO 69.7 ± 1.1** 68.8 ± 1.1** 313 ± 4** 276 ± 5** 

SA-PL 71 ± 2** 62.6 ± 1.3** 104 ± 5 72.2 ± 1.4** 

SA-G48 72 ± 2** 64.8 ± 1.6** 108 ± 3 63.7 ± 0.7** 

SA-ATO 74.1 ± 0.8** 66.4 ± 0.4** 108 ± 2* 63 ± 3 

EC-PL 30.4 ± 1.0** 12.1 ± 1.1** 110 ± 3* 62.3 ± 1.5* 

EC-G48 19.2 ± 1.0** 17.4 ± 0.4** 98.6 ± 1.1 63.5 ± 1.4** 

EC-ATO 11.0 ± 0.3 8.6 ± 0.3 101 ± 6 59.3 ± 1.0 

Note: *p < 0.05 and **p < 0.01 between concentrations of IDM/APX in water and excipient solutions 

(n=3, mean ± SD). 
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Figure 3.5. Recrystallization of IDM in the presence of pre-dissolved (A) PVP-PL, (B) PVP-G48 and 

(C) PVP-ATO. 

 

SOL-lipid combinations presented a stabilizing effect for the IDM supersaturated solution 

similar to SOL alone, regardless of lipid type (Figure A-1 in appendix). The strong stabilizing effect 

of SOL on the supersaturated IDM solution was not compromised due to the combination with other 

excipients. SA-lipids combinations also presented a stabilizing effect for IDM supersaturated solution 

similar to SA alone (Figure A-2 in appendix). For all combinations, the IDM concentration was 

effectively maintained over 62.6 ± 1.3 µg/mL for up to 24 hrs. Combinations of EC with lipids 

provided stabilizing effects for IDM supersaturated solutions depending on the lipid type (Figure A-3 

in appendix). For EC-PL and EC-G48, the stabilization of the IDM supersaturated solution was lying 

between EC and the individual lipid, which was determined by the stabilization ability of the lipid 

components. For EC-ATO, the IDM recrystallization profile was essentially the same as IDM alone. 
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For APX, PVP-lipid combinations showed an average effect on its recrystallization profile 

with regard to PVP and individual lipids (Figure 3.5). For PVP-PL, the APX concentration was 

maintained above 325 ± 10 µg/mL within the first 10 min followed by a rapid decrease to 107 ± 4 

µg/mL at 120 min after which the rate of the decrease in APX concentration was approximately 

constant reaching an equilibrium APX concentration at 24 h of 88 ± 5 µg/mL, suggesting a near 

completion of recrystallization of APX. Comparable results were obtained for the PVP-G48 and PVP-

ATO systems, where APX concentrations decreased to 64 ± 3 µg/mL and 63 ± 3 µg/mL, respectively. 

The recrystallization profiles of APX in the presence of SOL-lipid combinations were 

governed by the solubilization abilities of SOL. The APX concentration was effectively maintained 

over 300 µg/mL level for 6 hrs, and the general shape of the concentration-time profiles were 

comparable with that for SOL alone. The equilibrium APX concentrations for SOL-PL, SOL-G48 and 

SOL-ATO at 24 hrs were 282 ± 6 µg/mL, 287 ± 2 µg/mL, and 276 ± 5 µg/mL, respectively (Table 

3.1). SA-lipid combinations generally presented APX recrystallization profiles highly comparable 

with those for individual SA and lipids. No obvious change in APX recrystallization rate or extent 

was induced by the combination of SA with different lipids. The equilibrium APX concentration at 24 

hrs with SA-PL combination was 72.1 ± 0.8 µg/mL, which was lower than the 85 ± 6 µg/mL for 

individual PL. The reduced concentration was corresponding to the decreased PL amount. A similar 

phenomenon was observed for the SA-G48 case; the equilibrium APX concentration was determined 

to be 63.7 ± 0.7 µg/mL as compared with the 69 ± 5 µg/mL for G48 alone. The equilibrium APX 

concentration for APX-SA-ATO was similar to that for APX-SA and APX-ATO. 
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Figure 3.6. Recrystallization of APX in the presence of pre-dissolved (A) PVP-PL, (B) PVP-G48 and 

(C) PVP-ATO.    

3.5 Discussion 

In this section, it was revealed that the stability of supersaturated solutions of IDM and APX 

were influenced by polymer and lipid ASD carriers in different manners and these effects also are 

seen to depend on the properties of the drug compound itself.  

3.5.1 Effects of polymer carriers on the stability of supersaturated solution of IDM and 

APX 

Within the category of polymer ASD carriers, SOL showed the most substantial effect on 

both IDM and APX solutions, which is attributed to an ability to delay the onset of LLPS for both 

drugs. This can be observed from the recrystallization studies where a 6.95-fold improvement was 

achieved for the equilibrium concentration of IDM after a 24-hr recrystallization, and a 3.95-fold 

improvement was achieved for APX. The ability to maintain drug concentration exceeding crystalline 
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solubility by such large amounts indicated that SOL functions by delaying the precipitation of the 

dissolved drug, rather than by enhancing the dissolution of the drug. In the previous chapter (Chapter 

2), we concluded that drug incorporation into SOL micelles was the main contributor for the 

stabilization of LLPS of IDM and APX. Here we see that the solubilization effect of SOL on 

crystalline IDM and APX appears to be weak. The large concentration gap between the solubilization 

and recrystallization endpoints for both IDM and APX (see Figure 3.7) also suggests that drug 

partitioning into a SOL micelle was more effective for the dissolved drug than the crystalline drug. As 

a result, SOL significantly improved the supersaturation of IDM and APX in the absence of obvious 

solubilization effects. These phenomena suggest that SOL could serve as an effective excipient for 

maintaining supersaturation concentrations for the ASD formulations of IDM and APX.  

 

Figure 3.7. Comparison of dissolution and recrystallization profiles for (A) IDM and (B) APX in 

PVP and SOL solutions. 

 

In comparison, PVP was only moderately effective at maintaining supersaturation of IDM, 

but had a strong effect for APX. For the case of IDM, the stabilizing effect of PVP on drug 

supersaturation did not align with its effect on the LLPS of the drug. It was possible for the 

supersaturated IDM solution to undergo a direct recrystallization process without passing the LLPS 

stage. The onset of LLPS for IDM was essentially unchanged by PVP indicating that phase separation 

of the IDM solution was not stabilized, and the formation of small crystalline clusters during LLPS 

experiment (Section 2.4.2) suggested the occurrence of nucleation upon stirring. The improved 

stability of IDM supersaturated solution upon recrystallization was considered as a result of inhibited 

growth rate of small crystals. Hydrogen bonding between IDM and PVP in solution could possibly 
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compete with self-association of IDM molecules during crystal growth process according to previous 

literature [95,201]. The carboxylic acid hydrogen of IDM bonded to the PVP carbonyl group reduces 

the formation of carboxylic dimer of IDM and therefore weakens the IDM aggregation [88]. The PVP 

amides also compete with IDM amides to bond to IDM carboxylic acid to weaken the IDM self-

association. However, this mechanism was not effective enough to maintain the metastable state and 

LLPS of IDM. The slightly increased viscosity of PVP solution may also slow crystal growth. For 

APX, the ability of PVP to strongly stabilize both LLPS and supersaturation of APX that agreed with 

each other. Considering the absence of micelle in the PVP solution and similar viscosity when used 

for different drugs, the strong LLPS inhibition and supersaturation maintaining effect were seen as a 

result of APX-PVP hydrogen bonding. Similar to IDM, the APX amide could possibly bond to the 

PVP carbonyl group to attenuate APX nucleation. Such interaction should be more effective than the 

IDM-PVP interactions in terms of weakening phase separation and nucleation tendency, thereby 

placed different effects on different drugs. The selective interaction of a polymer with different drugs 

could be a determinant for the stabilization of drug supersaturation.  

Similar to PVP, different behaviors were seen for the effect of SA on IDM and APX, where 

the stability of IDM supersaturated solution was significantly improved by SA, but no improvement 

was seen for APX. Given the ionic nature of IDM it is likely that the increased pH of dissolution 

medium induced by the dissolving of SA gives rise to both improved crystalline solubility and the 

large degree of stabilization of supersaturated solutions of IDM. The hydrogen bonding between IDM 

carbonyl group and SA hydroxyl group and alkyl-π interactions between SA methylene group and 

aromatic rings of IDM could also be positive factors for maintaining supersaturation. The alkyl-alkyl 

hydrophobic interactions of methylene of SA and methoxy group of IDM and the repulsive 

interaction between the IDM carboxyl group and SA carboxylate could negatively influence 

supersaturation maintaining. In this regard, the positive interactions between IDM and SA were seen 

to overweigh the negative ones. This can be seen by comparing the gap between recrystallization 

equilibrium and solubility of IDM with different excipients. The observed difference between the 

equilibrium IDM concentrations obtained for the solubilization (57.1 ± 0.2 µg/mL) and 

recrystallization tests (67.3 ± 0.3 µg/mL) in the presence of the same amount of SA was much smaller 

than that for SOL (10.1 ± 0.6 µg/mL vs 66.8 ± 1.2 µg/mL). This meant that a significant portion of 

supersaturated IDM concentration with SA was built upon the increased crystalline solubility, while 

SOL improved IDM supersaturation based on essentially unchanged drug solubility. The 
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solubilization effect of SA should be a result of ionic interaction with IDM, considering the alkaline 

property of SA and weak acid property of IDM. Therefore, the ionic interaction between SA and IDM 

was considered as a major contributor to the highly supersaturated IDM solution. The improvement in 

LLPS onset, crystalline solubility, and supersaturation maintenance for IDM were in agreement with 

each other. Higher concentrations of SA (as compared to those used for IDM) having much greater 

viscosities which in theory could aid in the stabilization of supersaturated solutions were also not 

effective for APX, indicating that viscosity did not contribute significantly to the stability of 

supersaturated IDM or APX solutions. 

EC did not alter the crystalline solubility or stability of supersaturation solutions of IDM and 

APX due to its insoluble nature, consistent with it having no impact on the LLPS of IDM and APX. 

In spite of this observation, several studies have shown that small amounts of drug supersaturation 

could be achieved for EC-based ASD [95,202]. Based on our findings in this section, it is likely that 

this is the result of gradual release of amorphous drug payload, and that any supersaturation seen is 

results from the intrinsic properties of the drug molecules rather than any stabilizing effect from EC. 

3.5.2 Effects of lipid carriers on the stability of supersaturated solution of IDM and 

APX 

  Amphiphilic PL and G48 improved the stability of supersaturated IDM solutions, while they 

showed no effect on the stabilization of APX supersaturated solutions. The increased crystalline 

solubility of IDM (Section 3.4.1) was considered as the first reason for PL and G48’s ability to 

improve IDM supersaturation. The increased crystalline solubility, as expressed by the equilibrium 

IDM concentration from the solubilization test, constantly decreased the supersaturation degree and 

Gibbs free energy of IDM solutions at each timepoint during recrystallization test. Both nucleation 

and crystal growth rate could be slowed by the net decrease in the gap between drug solubility and 

supersaturated concentration. The gap between endpoint concentrations of the solubilization and 

recrystallization tests for G48 was small, suggesting IDM recrystallization is the main mechanism by 

which the solution decreases its free energy. In comparison, the large concentration gap observed for 

PL suggested that an additional contribution arising from the supersaturation of dissolved IDM in 

addition to solubility enhancement gave rise to the stability of the system. This contribution is 

attributed to the stabilized LLPS of IDM by PL. The metastable state was prolonged by PL and solute 

concentration was maintained during the early stage of recrystallization test. Therefore, PL could 
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provide a greater stabilizing effect on IDM supersaturation. In contrary to the obvious improvement 

in IDM supersaturation, when PL and G48 were used to stabilize supersaturated APX solutions, the 

weak ability of these excipients to maintain supersaturation is attributed to their facilitating LLPS. 

Although PL and G48 increased the crystalline solubility of APX, the LLPS state was not stabilized 

and APX recrystallization kinetics were essentially unchanged. The stability of a supersaturated drug 

solution under non-sink condition was observed to rely on the specific drug-lipid interactions and a 

prolonged metastable LLPS state.  

 ATO did not influence the recrystallization rate of IDM or APX due to its insoluble nature 

resulting in negligible to no change in solution properties including drug solubility or recrystallization 

rate. Here it is noted that for an excipient defined as insoluble it may have a reported solubility 

representing the scarce amount that dissolves in water; pharmaceutically this is defined as 1 part of 

solute dissolving in 10,000 or more parts of solvent. Such a minimal amount of a dissolved 

hydrophobic solute could potentially facilitate the aggregation of other solutes through hydrophobic 

interactions; the results in this section indicate that this did not occur in the presence of ATO in 

agreement with the LLPS results in Chapter 2. Therefore, the drug release profile from ATO-based 

ASDs during dissolution is considered as a reflection of the normal drug release behavior and the 

intrinsic recrystallization rate for the drugs themselves. 

3.5.3 Effects of polymer-lipid combinations on the stability of supersaturated solution 

of IDM and APX 

 Generally, the effect of the combination of a polymer and a lipid on the supersaturation 

stability of IDM and APX was observed to be between the effects seen for the corresponding 

individual components. Interestingly, for the PVP-PL combination that had a synergistic effect on the 

LLPS stabilization of IDM, its effect on the stability of an IDM supersaturated solution did not show 

the same synergism. A possible mechanism for this difference could be the removal of nanodroplets 

by filtration during the sample preparation process commonly used for dissolution testing. Reviewing 

the experimental procedures of LLPS determination, the solution properties are reflected by the UV 

absorption and extinction upon titration of drug stock solutions, and no filtration is carried out due to 

the limited size of sample (100 µL) for each UV measurement. The formation of nanodroplets of any 

size will be seen as a change in UV extinction. In comparison, commonly used dissolution test 

protocols are coupled with HPLC-UV quantification methods requiring that samples are in a fully 
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dissolved state. A filtration process with 0.22 µm or 0.45 µm filter membrane is required to treat 

dissolution aliquot samples, meaning that nanodroplets with a size greater than the pore diameter 

could possibly be removed. The major peak size of unfiltered PL vesicles was determined in our work 

to be 886 ± 109 nm according to dynamic light scattering, corresponding to the large size of C18:0 

phospholipid vesicle. After filtration with 0.45 µm PES membrane, the major size of PL was 

determined to be 347 ± 5 nm, corresponding to the size of C16:0 phospholipid vesicle. While the 

vesicles themselves are a dynamic structure such that filtration through a narrow pore size will 

decrease the overall size of vesicles without a net loss of material, it is also possible that, given these 

droplet sizes, a certain amount of vesicles containing drugs could theoretically be removed by the 

filtration step. This would result in the drug concentration determined from dissolution tests would be 

lower than the concentration in the original (unfiltered) solution. In such a case any stabilizing effect 

of PVP-PL on the LLPS of IDM could be masked by this mechanism. Additionally, LLPS was 

considered to influence the early stage of drug recrystallization since it is the step prior to nucleation 

and crystal growth. The later stages of drug recrystallization profile relied more on the inhibition of 

crystal growth and an enhanced crystalline solubility. This could result in recrystallization kinetics for 

PVP, PL and PVP-PL combination that are all comparable. All other PVP-lipid combinations with 

either IDM or APX resulted in effects on recrystallization that were comparable to the effect observed 

for the individual PVP and lipid excipients. 

 SA-lipid combinations presented IDM recrystallization profiles governed by SA, regardless 

of lipid type. This was a result of the strong ability of SA to maintain supersaturation of IDM as a 

result of ionic interactions, even with a decreased amount of SA in the binary SA-lipid carriers. With 

APX, the SA-lipid combinations did not change the drug recrystallization profile due to a lack of 

interaction between the ionic SA and the non-ionic APX. 

Combinations of EC with lipid demonstrated weaker effects on the recrystallization of IDM 

than observed for the lipids alone, likely because of the reduced amount of amphiphilic lipid present 

in the binary EC-lipid mixtures. This observation is consistent with the LLPS results for IDM that 

showed the EC-PL and EC-G48 provided an LLPS stabilization that was an average of the effect 

observed for EC, PL, and G48 alone. The moderate inhibition of IDM recrystallization within first 10 

min could be the result of LLPS stabilization of IDM by EC-PL or EC-G48, with the increased 

recrystallization observed at later times being consistent with this since LLPS stabilization mainly has 

an effect on the early stage of the recrystallization process. EC-lipid combinations did not result in 
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any change to the APX recrystallization profile as no synergistic or antagonistic effect was induced 

by the combinations. 

3.6 Conclusion 

In this chapter, it was observed that polymer and lipid carriers produced different stabilizing 

effects on supersaturated solutions of IDM and APX. These effects were considered to result from 

different mechanisms including in-solution hydrogen bonding, incorporation of drug in excipient 

micelles and pH-induced solubility change. Generally, the supersaturation and recrystallization 

behaviors of IDM and APX were not correlated with their LLPS behaviors in the presence of same 

ASD carriers, as LLPS only influenced the early stage of recrystallization. The overall kinetic 

solubility profiles of IDM and APX were more governed by the inhibition of drug crystallization by 

excipients after the occurrence of LLPS and nucleation, which was determined by the mentioned 

mechanisms. All polymer-lipid combinations showed an averaged effect on the stabilization of 

supersaturated drug solutions for IDM and APX, without generating synergistic or antagonistic 

effects. The previously revealed synergistic effect of PVP-PL combination on the LLPS of IDM 

(Chapter 2) did not convert to better maintained supersaturated concentrations of IDM, as the 

concentration of IDM in separated nanodroplets was not counted as supersaturated concentration 

following the experimental condition of dissolution testing. The information revealed in this chapter 

will be used to facilitate the analysis of dissolution and supersaturation behaviors of ASDs of IDM 

and APX prepared with different carriers.  
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Chapter 4 

Fluorescence techniques to determine drug amorphization and 

miscibility between drug and ASD carriers 

Portions of this chapter have previously been published in the Canadian Journal of Chemistry: 

Huang J, Chen PX, Wettig S. Fluorescence-based techniques to assess the miscibility and physical 

stability of a drug–lipid complex. Canadian Journal of Chemistry. 2019;97(6):496-503. 

 

Experimental studies of this chapter were planned by me in consultation with Dr. Wettig. All 

experiments were carried out by me at the University of Waterloo. I was responsible for data analysis 

of the results and created the initial draft of the manuscript. Dr. Peter X Chen provided assistance in 

the analysis of fluorescence spectra results. Dr. Wettig edited the various drafts of the manuscript and 

contributed to the discussion of the experimental results and to the overall conclusions that resulted. 

 

4.1 Abstract 

The purpose of this chapter was to evaluate the feasibility of using fluorescence-based techniques to 

assess the drug-excipient miscibility for indomethacin (IDM) and apixaban (APX) under solvent-free 

conditions. The miscibility results were used as an indication of the degree of drug amorphization in 

ASD carriers. Thin film ASD systems for IDM and APX with different drug loadings were prepared 

with selected polymer and lipid excipients and characterized by fluorescence spectroscopy and 

fluorescence microscopy based on the autofluorescent properties of the drug molecules. Spectral 

parameters including peak shape, peak intensity and peak wavelength were used to analyze drug-

excipient miscibility and physical state of IDM and APX in ASD systems. Distribution of 

fluorescence intensity and birefringence properties of fluorescence microscopy were also used to 

analyze the drug-excipient miscibility. The miscibility between drug and ASD carriers varied with 

carrier type. Both amorphous-amorphous phase separation and amorphous-crystalline transformation 

could be identified and used to assess the drug amorphization state in an ASD formulation.  
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4.2 Introduction 

 Various techniques have been used to evaluate the drug-excipient miscibility and physical 

state of a drug in an ASD formulation. Differential scanning calorimetry (DSC) and powder X-ray 

diffraction (PXRD) are the most common techniques used to evaluate these properties based on the 

change in thermal profile and diffractogram induced by drug amorphization and loading in ASD 

carriers. For DSC, when the characteristic endothermic peaks of two individual components show 

obvious peak elimination, new peak emergence, change in peak shape, or onset after complexation, 

different levels of miscibility can be concluded. PXRD is used to evaluate the crystallinity of ASD 

formulations based on changes in position and intensity of characteristic peaks that result from the 

crystalline drug.  These techniques have limitations for the characterization of lipid based ASDs. The 

thermal motion of lipids induced by the ramping temperature during DSC characterization may 

change the physiochemical properties of the formulations. Drug payloads can partially dissolve in the 

melting lipids when the temperature reaches the phase transition temperature for lipid that is lower 

than the melting point of loaded drug, thus altering the formulation properties during characterization. 

A disadvantage of the PXRD method is that it may be ineffective to detect the amorphous-amorphous 

separation that occurs in the early stage of phase separation, as no crystallinity is expected for this 

state. Scanning electronic microscopy (SEM) and transmission electronic microscopy (TEM) have 

been employed to evaluate drug-excipient miscibility through visualization and can effectively 

achieve a high spatial resolution; however, these techniques cannot chemically identify different 

phases. Identifying components in different phases by SEM or TEM is often based on the known 

morphology of the component unit(s) (i.e., shape and structure). The identification may be less 

effective if two phases are without highly organized structures or clear shape boundaries such as the 

early stage of amorphous-amorphous separation. Raman spectroscopy is another technique that can be 

used to assess the miscibility between different components and enables the chemical identification of 

different phases, but it often requires long experiment time. Additionally, IR spectroscopy and solid 

state nuclear magnetic resonance spectroscopy have been employed to evaluate the drug-excipient 

miscibility. 

 Fluorescence spectroscopy and fluorescence microscopy have been used for decades with 

great success in many fields across a broad range of physical, chemical, biological, and medical 

sciences. They enable non-destructive characterizations based on the specific localization of 

fluorescent molecules, mainly in solutions. Of late, fluorescence spectroscopy has been employed to 
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characterize the active pharmaceutical ingredients in tablets and distinguish the solid forms (solvate, 

cocrystal, amorphous, and polymorph) of insoluble drugs. These advances allow for new quality 

assessment methods for solid dosage forms whose physiochemical properties are influenced by 

amorphization through pharmaceutical processes, including milling, granulation, compaction, freeze-

drying, etc. More recently, the crystallization of amorphous drug in polymer-based solid dispersions 

has been successfully investigated using solid-state fluorescence techniques.  

 In this chapter, we investigated the feasibility of using fluorescence-based techniques to 

evaluate the drug-excipient miscibility for IDM and APX with various excipients including lipid 

carriers. Previous studies have demonstrated that APX has detectable fluorescence intensity in 

aqueous media and so we also sought to expand the application of fluorescence spectroscopy and 

fluorescence microscopy techniques to the miscibility assessment of APX solid formulations based on 

the hypothesis that APX was autofluorescent under a solid state. The proposed methods are expected 

to distinguish between two types of phase separation, namely amorphous-amorphous separation and 

amorphous-crystalline transformation, for accurately evaluating the drug amorphization and drug 

loading in ASD carriers. Crystal shape can be a factor that identifies different phases. The chemical 

identification of different domains is also based on their different fluorescence behaviors, including 

peak position for fluorescence spectroscopy and fluorescence intensity distribution for fluorescence 

microscopy, that correspond to the varying fluorophore property in different chemical environments. 

Fluorescence-based techniques are expected to combine with conventional techniques to provide 

more accurate information about drug-excipient compatibility, benefiting both quality assessment and 

formulation design. 

4.3 Materials and methods 

4.3.1 Materials 

Indomethacin (IDM, purity > 97.5%), ethanol (HPLC grade), methanol (HPLC grade), ethyl 

acetate (HPLC grade) and ethyl cellulose were purchased from Fisher Scientific (Hampton, NH, 

USA). Apixaban (APX, purity > 99%) was purchased from HuiRui Chemical Technology Co., Ltd 

(Shanghai, China). Poly (vinylpyrrolidone) (PVP) K90 and phospholipid were purchased from 

Sigma-Aldrich (Mississauga, ON. Canada). The phospholipid used in this study (Sigma-Aldrich 

catalog no. P3644) contains 55% phosphatidylcholine, 25% phosphatidylethanolamine and other 

phospholipids, with an average molecular weight of 776 g/mol. Polyvinyl caprolactam-polyvinyl 
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acetate-polyethylene glycol graft co-polymer (Soluplus®, SOL) was a gift from BASF 

(Ludwigshafen, Germany). Sodium alginate (CAS number: 9005-38-3) was obtained from Acros 

Organics (USA). PEG-32 stearate (Gelucire® 48/16, G48) and glyceryl behenate (Compritol® 888 

ATO) were a gift from Gattefosse (Saint-Priest, France). Water used in this study was obtained from 

a Millipore Milli-Q system. 

4.3.2 Preparation of drug-ASD carrier thin film samples  

Thin films of drug and ASD carriers were prepared using a drop casting method. IDM and the 

excipient of interest were dissolved in organic solvents at different weight ratios (0:10, 1:9, 2:8, 3:7, 

4:6, 5:5, 6:4, 7:3, 8:2, 9:1, 10:0) to produce a solution with a total concentration of 10 mg/mL. 

Ethanol was used to dissolve IDM with PVP, SOL, EC, PC, and G48. SA does not dissolve in ethanol 

or other organic solvents commonly used for ASD preparation, as such the prepared samples were 

suspensions where IDM fully dissolved, and SA existed as solid particles suspended in the solvent. 

Ethyl acetate at 90C was used to dissolve the IDM/ATO samples. Other than those containing SA, 

all samples were determined to be fully dissolved state based upon visual inspection. The same 

weight ratios were used to prepare APX samples, but at a total concentration of 1 mg/mL due to the 

low solubility of APX in the organic solvent. DMSO can provide a solubility of more than 10 mg/mL 

for APX; however, it is not suitable for the drop casting method due to a slow evaporation rate. 

Methanol was used to prepare APX stock solutions with carriers including PVP, SOL, SA, EC, PC, 

and G48 and a binary solvent of methanol: ethyl acetate (1:1 v/v) was used to dissolve APX with 

ATO at 90 C.  

4.3.3 Methodology development for fluorescence spectroscopy 

The objective of fluorescence spectroscopy in this study is as a means to evaluate the polarity 

of the environment of the drug payload in an ASD thin film using characteristics of the emission 

peaks. The emission peak wavelength of a fluorescent substance is a constant value regardless of the 

excitation wavelength applied; however, drugs formulated in ASD films can exist in both crystalline 

and/or amorphous states, which can have different emission peaks. Although the emission peak 

wavelengths for crystalline and amorphous drug do not vary with excitation wavelength, the 

separation of these signals relies on the selection of a suitable excitation wavelength due to possible 

overlap of the signal components. According to our preliminary experiments, the emission signal in a 

spectrum can be affected by different phenomena including 2nd order transmission, Raman signal and 
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sample thickness. These parameters are rarely investigated in related studies and need to be optimized 

for the fluorescence spectra experiment for IDM and APX.  

320 nm, 335 nm, and 355 nm were used as excitation wavelengths to obtain the emission 

spectra of crystalline IDM and IDM-PL (10% w/w) on a SpectraMax M5 plate reader (Molecular 

Devices, LLC., USA). Fluorescence emission signal was recorded from 250 nm to 850 nm with a step 

size of 1 nm. The emission spectra of blank 96-well plate under these same excitation conditions were 

measured as a baseline. During our preliminary experiments, we also found that the thickness of the 

sample could influence the emission spectrum of the tested drug by altering the baseline signal. This 

effect was also observed for non-fluorescent materials, and therefore it was accounted for by 

including 60, 120, or 180 μL of pure water added to the blank plate and the fluorescence emission 

spectra were recorded from 420 nm to 700 nm with λex =355 nm. 

4.3.4 Fluorescence spectroscopy to determine drug-ASD carrier miscibility 

Samples for fluorescence spectroscopy were prepared by dropping 60 µL of the solution of 

interest into a well of a 96-well plate and left to dry under ambient conditions for 8 h. Samples were 

further dried overnight in a vacuum oven at room temperature to remove any residual solvent. The 

emission spectra of IDM-ASD carrier thin films were recorded over the range of 420-600 nm, with an 

excitation wavelength of 355 nm and a step size of 1 nm. The emission spectra of APX-ASD carrier 

thin films were recorded over the range of 400-508 nm with an excitation wavelength of 280 nm and 

a step size of 1 nm. 

4.3.5 Fluorescence microscopy to determine drug-ASD carrier miscibility  

For fluorescence microscopy measurements, 10 µL of the solution of interest was dropped 

onto a glass slide cover and left to dry under ambient condition for 8 h. Samples were further dried 

overnight in a vacuum oven at room temperature to remove any residual solvent.  

The miscibility and phase separation of IDM and APX thin films were assessed using an 

EVOS fluorescence microscope. IDM films were assessed on an Alexa 488 GFP (green fluorescent 

protein) channel, and APX films were assessed on a DAPI (4′,6-diamidino-2-phenylindole) channel 

based on the emission spectra obtained in the fluorescence spectroscopy studies described above. All 

samples were assessed on day 0, day 7, day 14, and day 21 after preparation. The thin films were 

stored under vacuum at 40 C when not being measured. 
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4.4 Results 

4.4.1 Illustration of baseline signal components of an emission spectrum 

An emission scan (250 nm to 850 nm) of a blank plate with an excitation wavelength of 355 

nm is shown in Figure 4.1. The large peak at 355 nm corresponds to the excitation signal that is 

coupled with a 2nd emission signal at 710 nm due to the 2nd order transmission of the excitation 

signal. As shown in Figure 4.1 (B), an asymmetric shape is observed for the excitation peak, and the 

tailing signal extended to 480 nm region resulting from the overlap of the Raman diffusion and 

excitation signals. The wavelength relationship between excitation, Raman diffusion, and 2nd order 

emission is shown in Figure 4.2 [203].  

 

Figure 4.1. Excitation and emission signal of a blank 96-well plate in (A) full scale and (B) zoom-in 

view. 
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Figure 4.2. Wavelength relationship between excitation, Rayleigh scattering, Raman diffusion and 

second-order emission. 

 

Our preliminary measurements showed that the emission peak for crystalline IDM occurs at 

460 nm with the blue shoulder of the emission peak beginning between 430 nm to 440 nm. The 

emission peak of amorphous IDM occurs at 508 nm. In order to observe the changes in emission 

associated with different degrees of amorphization of the drug, it is necessary to select an excitation 

wavelength where its Raman diffusion signal has minimal overlap with the blue shoulder (430 nm) of 

the drug emission peak. Similarly, the blue shoulder of the 2nd emission peak should have minimal 

overlap with the emission peak of amorphous IDM (508 nm). For excitation wavelengths of 320 nm, 

335 nm and 355 nm, the 2nd order emission peak wavelengths were 640 nm, 670 nm, and 710 nm, 

respectively. The Raman signal moved with the excitation wavelength and overlapped with the 

excitation signal in different amounts, as shown in Figure 4.3. Based on the desired minimal signal 

overlapping, 355 nm was selected as excitation wavelength and emission spectra were obtained from 

420 nm to 600 nm. 
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Figure 4.3. Excitation and emission signal of a blank 96-well plate with different excitation 

wavelengths (λex). 

 

After optimizing the excitation wavelength, we noticed that a thicker sample gave rise to a 

higher fluorescence intensity at 420 nm, and the blue shoulder of the 2nd emission peak observed at 

lower wavelengths with higher intensities. The emission spectra of volumes of water (corresponding 

to different thicknesses of sample) are shown in Figure 4.4. The observed emission peaks could result 

from the trace amount of organic impurities and/or the formation of reactive oxygen species, 

particularly hydroxyl radicals, when water is exposed to ultraviolet excitation during measurement 

[204]. Water samples had an obviously higher fluorescence intensity compared to the blank plate. 120 

μL and 180 μL samples showed similar profiles, which might be the limit of thickness influence. The 

thickness effect brought certain considerations for the spectra processing method used in our study. 

Variation of the drug-excipient weight ratio can result in thin films of different thickness since the 

two components of the mixture will have different contributions to the overall film thickness due to 

different packing densities. Therefore, the subtraction of the emission spectrum obtained for the pure 

excipient (which should not emit in our experimental emission range) from that obtained for the 

sample could give rise to an experimental artifact at different drug excipient ratios. As a result, the 

blank plate signal was subtracted from the fluorescence spectra obtained in this study. 
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Figure 4.4. Emission signal of water samples with an excitation wavelength of 355 nm. 

 

 Based on these considerations, the fluorescence spectra of IDM samples were measured from 

420 nm to 600 nm with an excitation wavelength of 355 nm. The fluorescence spectra of APX 

samples were measured from 400 nm to 510 nm with an excitation wavelength of 280 nm. A step size 

of 1 nm was used for both drugs. All spectra were subtracted with blank plate signal that was obtained 

for the corresponding excitation wavelength. 

4.4.2 IDM amorphization and miscibility between IDM and ASD carriers 

The change in the local polarity of a fluorescent probe is reflected by the change in its 

emission spectra, and this characteristic is used in this chapter to evaluate the extent of amorphization 

and the drug-excipient miscibility of IDM ASD systems. As shown in Figure 4.5, the spectrum of 

pure crystalline IDM has an emission peak at 464 nm, while amorphous IDM (loaded in SOL carrier) 

has an emission peak wavelength at 508 nm, red-shifted relative to pure IDM. The emission peak of 

464 nm is an intrinsic characteristic of crystalline IDM, and the red shift of the emission profile can 

be explained by the polarity difference between the two samples. Crystalline IDM corresponds to a 

homogeneous drug-rich phase in which all IDM probes share a polarity environment consisting of the 

same IDM molecules. In contrast, for an IDM ASD sample with low drug loading, IDM is expected 

to uniformly disperse in the drug carrier to form a homogeneous solid solution, in which IDM is 

surrounded predominantly by excipient molecules; i.e., IDM in an amorphous phase. The local 
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environment of IDM is considered less polar in a crystalline phase, while the polarity of the IDM-

excipient mixture is larger due to the hydrophilicity of the drug carrier structures and of IDM in its 

amorphous state. The results confirmed that the emission signal of IDM is sensitive to the local 

environment and IDM could be used as a probe to assess the phase distribution of IDM ASDs without 

the addition of another fluorescence probe. 

 

Figure 4.5. Fluorescence emission spectra of crystalline IDM and 10% (w/w) IDM-SOL ASD with 

an excitation wavelength of 355 nm.  

 

(a) IDM-PVP miscibility 

The fluorescence spectra of IDM-PVP films showed a large emission peak in the region of 

508 nm for the drug loading amounts of 10% to 90% (Figure 4.6). The overall fluorescence intensity 

of a sample was proportional to the drug content. Additionally, beginning at drug loading amounts of 

50% a tiny separation in emission peak was observed between the 470 nm and 510 nm region.  
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Figure 4.6. Fluorescence emission spectra of IDM-PVP ASDs. Percentage refers to drug loading 

degree (w/w). 

 

Fluorescence imaging results were used to facilitate the analysis of drug-excipient miscibility 

(see Figure 4.7). For IDM-PVP with 10% and 20% (w/w) drug loading, a homogeneous fluorescence 

was observed from the prepared samples. For samples with a drug loading from 30% to 50%, non-

homogeneous fluorescence was revealed by the appearance of small round-shape regions. These 

regions presented similar fluorescence intensity to the bright background and showed distinguishable 

edges with lower fluorescence intensity. With a further increasing drug loading, the density of these 

non-homogeneous fluorescent regions increases, corresponding to a larger amount of immiscible 

IDM content. The immiscible regions showed clear boundaries and embedded domains with lower 

fluorescence intensity; however, no needle-shaped domains corresponding to crystalline IDM could 

be observed for samples exhibiting the immiscible phases. 
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Figure 4.7. Fluorescence images of IDM-PVP ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

After storage at 40 °C for 1 week, the sample with 10% drug loading still showed a 

homogeneous fluorescence distribution as initial measured; however the non-homogenous 

fluorescence patterns attributed to immiscibility were now observed at 20% drug loading instead of at 

30% as initially measured. Again, no crystalline characteristics could be observed in any of the 

samples. After 2 weeks, the 10% drug loading sample also started to exhibit the bright dots associated 

with immiscibility describing the development of amorphous-amorphous phase separation as a 

function of time. Samples that initially showed immiscibility continued to remain in an amorphous-

amorphous phase separated state without developing obvious crystalline domains. The IDM-PVP 

miscibility was weakened by increasing drug content and storage time. Additional figures for the 1, 2, 

and 3 week images are provided in Figure B-1 to B-3 in Appendix. 
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(b) IDM-SOL miscibility 

IDM-SOL showed increased fluorescence intensity for samples with higher drug loading, but 

the fluorescence intensities for drug loading over 40% became more similar, as shown in Figure 4.8. 

Fluorescence spectra for all samples showed the broad peak centered in the 508 nm region 

characteristic of amorphous IDM, as obtained for IDM-PVP. IDM-SOL films with 10% to 30% drug 

loading were again observed to be homogeneous in nature (see Figure 4.9). An increasing amount of 

immiscible domain could be observed beginning with the 40% sample, with similar fluorescence 

intensity to the homogeneous background. At 50%, the immiscible domains began to show a 

nonhomogeneous fluorescence distribution and birefringence properties. In contrast to the IDM-PVP 

system the miscibility for all samples was compromised under the accelerated storage condition of 40 

°C. After storage for 1 week, tiny separations could be observed for samples with low drug loading of 

10% and 20% in contrast to IDM-PVP where the 10% was unchanged after 1 week. Other samples 

showed an increase in both density and size of immiscible domains. All samples showed a further 

development in phase separation after heating for 2 weeks. After 3 weeks, the 80% drug loaded 

sample showed not only amorphous domains, but the first observation of separated clusters with a 

needle shape that is characteristic of IDM crystal formation (see Figure 4.10). Figures for the 1 and 2 

week samples stored at 40oC are provided in Figure B-4 to B-5 in Appendix. 

 

Figure 4.8. Fluorescence emission spectra of IDM-SOL ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.9. Fluorescence images of IDM-SOL ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 
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Figure 4.10. Fluorescence images of IDM-SOL ASDs after 3-week heating. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(c) IDM-SA miscibility 

The fluorescence spectra obtained for the IDM-SA ASD system exhibited a shoulder peak at 

approximately 464 nm that increased with increasing drug loading, markedly different from spectra 

obtained for IDM-PVP and IDM-SOL (Figure 4.11 vs Figures 4.6 and 4.7). All samples continued to 

have the broad emission peak at 508 nm characteristic of amorphous IDM. Possible reasons for the 

appearance of the shoulder at 464 nm will be discussed later in the chapter. 

Fluorescence microscopy results showed immiscibility for all IDM-SA samples (Figure 

4.12). Immiscible domains could be observed for samples starting with 10% drug loading, showing 

both birefringence characteristics for crystalline clusters and halo shapes for amorphous-amorphous 

phase separation. The phase separation and recrystallization of IDM-SA samples developed 

continuously under the accelerated storage condition. After heating for 3 weeks, the immiscible 
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domains showed a significantly higher fluorescence as compared to the homogenous background. 

Figures for the 1, 2, and 3 week samples at 40oC are provided in Figure B-6 to B-8 in Appendix. 

 

Figure 4.11. Fluorescence emission spectra of IDM-SA ASDs. Percentage refers to drug loading 

degree (w/w). 

 



 

94 

 

Figure 4.12. Fluorescence images of IDM-SA ASDs. Percentage refers to drug loading degree (w/w). 

Scale bar is 100 µm. 

 

(d) IDM-EC miscibility 

As seen for the IDM-PVP samples the spectra for IDM-EC samples generally showed an 

increase in fluorescence intensity with increasing drug loading (Figure 4.13) with a broad emission 

peak at 508 nm again consistent with IDM being in an amorphous state. A slight peak separation in 

emission spectra could be observed for samples with drug loading more than 70%, corresponding to a 

non-homogeneous distribution of IDM molecules in these ASD samples. 
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Figure 4.13. Fluorescence emission spectra of IDM-EC ASDs after preparation. Percentage refers to 

drug loading degree (w/w). 

 

Interestingly in contrast to the fluorescence spectra an amorphous-amorphous phase 

separation was observed for all samples based upon the fluorescence imaging results (see Figure 

4.14). Immiscible domains could be observed that had higher fluorescence intensity compared to the 

background, suggesting an increased concentration of IDM within these domains. The amorphous-

amorphous phase separation became more obvious with increasing drug amount. Starting with 30% 

drug loading, birefringence properties could be observed for some of these domains, indicating the 

crystalline nature of these domains. The size, density, and birefringence properties of these domains 

did not exhibit any obvious change over 3 weeks when stored at 40 oC. Images for the 1, 2, and 3 

week samples are provided in Figure B-9 to B-11 in Appendix. 
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Figure 4.14. Fluorescence images of IDM-EC ASDs. Percentage refers to drug loading degree (w/w). 

Scale bar is 100 µm. 

 

 (e) IDM-PL miscibility 

As shown in Figure 4.15, spectra obtained for the IDM-PL samples showed a different 

fluorescence emission as compared to the IDM-polymer samples. For samples with a drug loading of 

10% and 20%, the expected broad single emission peak was observed at 508 nm. Starting at 30% 

drug loading, a second peak became clear at 464 nm that exhibited a blue shift with increasing drug 

concentration. As expected, the intensity of fluorescence emission increased as the drug concentration 

increased. Possible reasons for the appearance of the shoulder at 464 nm will be discussed in Section 

4.5.2. 
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Figure 4.15. Fluorescence emission spectra of IDM-PL ASDs after preparation. Percentage refers to 

drug loading degree (w/w). 

 

 Figure 4.16 shows the fluorescence microscopy results obtained for the IDM-PL samples. At 

low drug concentrations of 10% and 20% a homogeneous fluorescence background was observed.  

For samples with drug concentrations of 30% to 60%, immiscible domains became more obvious, 

increasing in both number and size. These domains showed a greater fluorescence intensity along the 

edge of the domain and lower intensity for inner regions, again different from the domains observed 

for the IDM-polymer systems. At 70% drug loading, phase separation was obvious and isolated 

domains were observed with crystalline characteristics, including birefringence and needle-like shape. 

Phase transitions of the immiscible domains were observed to occur during storage at 40oC. After 1 

week, 10% and 20% IDM-PL samples remained as a homogeneous film with uniform fluorescence 

intensity. The immiscible domains in the 30% IDM sample began to exhibit crystalline 

characteristics, suggesting a transition from an amorphous to a crystalline state (see Figure 4.17); 

these crystalline structures became more obvious for samples with higher drug loadings. After 2 

weeks, the 10% and 20% IDM samples also began to show immiscible regions with non-

homogeneous fluorescence intensity. Crystalline clusters could be observed for samples with drug 

loading of 30% and higher. After 3 weeks the crystalline features could be seen in the 20% IDM-PL 
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sample. The amorphous-crystalline transformation gradually developed during storage under heating, 

compromising the miscibility between IDM and PL. Figures for week 2 and week 3 samples are 

provided in Figure B-12 to B-13 in Appendix. 

 

 

Figure 4.16. Fluorescence images of IDM-PL ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 
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Figure 4.17. Fluorescence images of IDM-PL ASDs after 1-week heating. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(f) IDM-G48 miscibility 

The fluorescence spectra of IDM-G48 films varied significantly with IDM drug loading, as 

presented in Figure 4.18. 10% and 20% drug loading samples showed a generally low fluorescence 

intensity with the peak intensity in the 508 nm region. Starting at an IDM drug loading of 30% a 

strong emission peak at 464 nm was observed, and its fluorescence intensity was significantly higher 

than that at 508 nm seen in all other IDM samples characteristic of amorphous IDM. The overall 

fluorescence intensity increased with increased drug concentration. 
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Figure 4.18. Fluorescence emission spectra of IDM-G48 ASDs. Percentage refers to drug loading 

degree (w/w). 

 

Figure 4.19 shows the fluorescence microscopy images for the IDM-G48 samples. Again at 

an IDM concentration of 30% large immiscible and separated domains could be observed.  

Interestingly, the contrast between immiscible domains were lower than those for previously 

discussed systems (i.e. the fluorescence intensities of immiscible domains were similar to 

background). For samples with drug loadings of 40% to 80%, immiscible domains showed more 

obvious birefringence properties and clear fan-like crystal growth shape (Figure 4.20). 90% sample 

showed a high density of immiscible domains which mixed more uniformly, with less obvious fan-

like crystalline features. After storage at 40 °C for 1 week, the 20% sample now showed the 

appearance of immiscible crystalline domains while samples with IDM concentrations of 30% and 

higher exhibited long needle-like crystals with increased numbers. After heating for 3 weeks, the 

appearance of the IDM-G48 samples were similar to those for week 2. Figures for week 2 and week 3 

are provided in Figure B-14 to B-15 in the Appendix. 
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Figure 4.19. Fluorescence images of IDM-G48 ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 
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Figure 4.20. Fluorescence images of IDM-G48 ASDs after 1-week heating. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(g) IDM-ATO miscibility 

IDM-ATO films had the characteristic peak at 508 nm for amorphous IDM (Figure 4.21). 

When IDM content did not exceed 70%, the fluorescence spectrum showed a single a single broad 

peak without any obvious shoulder peak. For samples of 80% and 90% IDM a shoulder peak at lower 

wavelength was clearly evident. 
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Figure 4.21. Fluorescence emission spectra of IDM-ATO ASDs. Percentage refers to drug loading 

degree (w/w). 

 

The fluorescence microscopy results for IDM-ATO samples showed that phase separation 

occurred in the samples at all drug loadings (Figure 4.22). Immiscible domains were observed to fill a 

large portion of the viewing field. For samples with 10% to 70 % IDM loading, separated domains 

were characterized with lower fluorescence intensity for inner structures and higher fluorescence 

intensity for boundaries. For 80% and 90% IDM loaded samples, the inner structures of the 

immiscible domains increased in fluorescence intensity. After storage at 40 oC for 1 week, samples at 

higher IDM concentrations had an increasing number of immiscible domains with increased 

fluorescence intensity for inner structures, in contrast to initial observations (Figure 4.23 as compared 

to Figure 4.22). This phenomenon was especially obvious for 70% to 90% IDM samples where 

significantly higher fluorescence intensity was observed for the inner structures. After 3 weeks the 

images remained similar to those obtained at week 1. Figures for week 2 and week 3 are provided in 

Figure B-16 to B-17 in Appendix. 



 

104 

 

Figure 4.22. Fluorescence images of IDM-ATO ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 
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Figure 4.23. Fluorescence images of IDM-ATO ASDs after 1-week heating. Percentage refers to 

drug loading degree (w/w). Scale bar is 100 µm. 

 

4.4.3 APX amorphization and miscibility between APX and ASD carriers 

As shown in Figure 4.24, the spectrum of pure crystalline APX has an emission peak at 416 

nm, while amorphous APX loaded in the PVP carrier has an emission peak at 460 nm, red-shifted 

compared to that for pure APX. The emission peak of 416 nm is an intrinsic characteristic of 

crystalline APX, and the red shift of the emission profile can be explained by the polarity difference 

between the two samples. For an APX ASD sample with low drug loading, APX is expected to 

uniformly disperse in the drug carrier to form a homogeneous solid solution, in which APX is 

surrounded predominantly by excipient molecules (i.e. APX is in an amorphous state). The results 

confirmed that the emission signal of APX is sensitive to the local environment and APX could be 

used as a probe to assess the phase distribution of APX ASDs without the addition of another 

fluorescence probe.  
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Figure 4.24. Fluorescence emission spectra of crystalline APX and 10% (w/w) APX-PVP ASD with 

an excitation wavelength of 280 nm.  

 

(a) APX-PVP miscibility 

The fluorescence spectra of APX-PVP films showed a large emission peak in the region of 

465 nm for the drug loading amounts of 10% to 90% (Figure 4.25). A peak separation could be 

observed for all samples in the 416 nm region. The overall fluorescence intensity of a sample was 

disproportionate to the drug content.  
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Figure 4.25. Fluorescence emission spectra of APX-PVP ASDs. Percentage refers to drug loading 

degree (w/w). 

 

According to fluorescence microscopy results, 10% drug loading APX-PVP showed a 

homogeneous fluorescence in most of the viewed regions (see Figure 4.26). Only scarce immiscible 

domains with higher fluorescence were observed. No birefringence properties were presented for 

these regions. For the samples with 20% to 80% drug loading, separated domains were observed with 

high fluorescence intensity and halo characteristic without presenting crystalline shape or 

birefringence property. The density of these non-homogeneous fluorescent regions increases, 

corresponding to a larger amount of immiscible APX content. Birefringence property corresponding 

to crystalline APX was observed for the 90% loading sample.  

After storage at 40 °C for 1 week, the sample with 10% drug loading sample started to show 

an increasing amount of immiscible regions with higher fluorescence intensity than background, 

while still without birefringent property. For samples with drug loading from 20% to 40%, the 

immiscible patterns showed aggregations with irregular shapes without crystalline characteristics. 

Starting the drug loading of 50%, several immiscible regions could be observed with birefringent 

property, describing the amorphous-crystalline transformation as a function of time. After storage for 

2 weeks, birefringence property was observed at 30% drug loading instead of 90% as initially 



 

108 

measured. The separated domains with different physical states could be observed for some samples, 

such as for the 50% and 60% drug loading samples (see Figure 4.27 for comparison). After heating 

for 3 weeks, the samples with 10% and 20% drug loading remained in their amorphous-amorphous 

separation state, while other samples showed increasing amounts of crystalline domains to different 

degrees. Additional figures for week 1 and week 3 were provided in Figure B-18 to B-19 in 

Appendix. 

 

 

Figure 4.26. Fluorescence images of APX-PVP ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 
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Figure 4.27. Fluorescence images of APX-PVP ASDs after 2-week heating. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(b) APX-SOL miscibility 

The fluorescence spectra of APX-SOL films showed a large emission peak in the region of 

465 nm for the drug loading amounts of 10% to 90% (Figure 4.28). No obvious peak separation was 

observed for all samples. The overall fluorescence intensity of a sample showed a general decreasing 

trend with regard to drug content. APX-SOL films with 10% to 30% drug loading showed a highly 

homogeneous fluorescence intensity, with only scarce bright dots observed in the viewing field. 

Staring with 40% drug loading, there was an increase in the number of immiscible regions with 

higher fluorescence intensity than the surrounding environments for all samples (Figure 4.29). After 

storage under 40 °C for 1 week, phase separation was observed for all samples from 10% to 90% 

drug loading. The density of immiscible regions further increased with heating time for 2 weeks, 

describing a further development of phase separation. Samples with drug loading not less than 60% 
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started to present trace birefringent properties, which is a characteristic of the formation of crystalline 

APX. After storage for 3 weeks, phase separation became more obvious, and birefringent properties 

for crystalline clusters could be observed for samples with drug loading not less than 30%. Figures 

were provided in Figure B-20 to B-22 in Appendix. 

 

 

Figure 4.28. Fluorescence emission spectra of APX-SOL ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.29. Fluorescence images of APX-SOL ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(c) APX-SA miscibility 

The fluorescence spectra of APX-SA samples showed a large emission peak in the region of 

465 nm for the drug loading amounts of 10% to 90% (Figure 4.30). No obvious peak separation was 

observed for all samples. The fluorescence intensity of a sample overall decreased with drug content. 

APX-SA samples of all drug loadings showed immiscible domains without birefringent property in 

the fluorescence images after preparation (Figure 4.31). APX was concentrated in these regions as 

suggested by the significantly higher fluorescence intensity. After storage for 1 week, no amorphous-

crystalline transformation for these domains were observed. After heating for 2 weeks, birefringent 

property was observed for samples with drug loading at 60%, describing an amorphous-crystalline 

transformation for APX. The fluorescence properties for all samples did not present further change 

after heating for 3 weeks. Figures were provided in Figure B-23 to B-25 in Appendix. 
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Figure 4.30. Fluorescence emission spectra of APX-SA ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.31. Fluorescence images of APX-SA ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(d) APX-EC miscibility 

The fluorescence spectra of APX-EC films showed a large emission peak in the region of 465 

nm for all drug loadings (Figure 4.32). No obvious peak separation was observed. The fluorescence 

intensity of a sample overall decreased with drug content. A homogeneous fluorescence intensity for 

APX-EC system could only be maintained when the drug loading was 10% (Figure 4.33). With a 

higher drug loading, the system showed immiscible regions with higher fluorescence intensity free of 

birefringent property, suggesting the amorphous nature of isolated regions. After storage under 

heating for 3 weeks, immiscible domains could be observed for all samples without birefringent 

property, similar to the initial findings. Figures were provided in Figure B-26 to B-28 in Appendix. 
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Figure 4.32. Fluorescence emission spectra of APX-EC ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.33. Fluorescence images of APX-EC ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

 (e) APX-PL miscibility 

The fluorescence spectra of APX-PL films showed a large emission peak in the region of 465 

nm with a tiny peak separation in the 420 nm region for all drug loadings (Figure 4.34). The 

fluorescence intensity of a sample was not proportional to drug content. 10% APX-PL showed 

scattered immiscible domains with higher fluorescence intensity than background, suggesting an 

increased concentration of APX in these domains (Figure 4.35). Samples with drug loading not less 

than 20% showed either increased amount or size in immiscible regions. No crystalline characteristics 

were observed for all samples. After storage with heating for 1 week, no change was observed for all 

samples in terms of amorphous-crystalline transformation. After 2 weeks, 60% to 90% APX-PL 

started to present birefringent regions, suggesting the occurrence of recrystallization of APX under 

solid state. Other samples remained in an amorphous state with phase separation. After 3 weeks, 
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samples showed similar profiles to those for 2 weeks without further recrystallization or crystal 

growth. Figures were provided in Figure B-29 to B-31 in Appendix. 

 

 

Figure 4.34. Fluorescence emission spectra of APX-PL ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.35. Fluorescence images of APX-PL ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

(f) APX-G48 miscibility 

The fluorescence spectra of APX-G48 samples showed a large emission peak in the region of 

465 nm with a tiny peak separation at 420 nm region for all drug loadings (Figure 4.36). The 

fluorescence intensity of a sample was not proportional to drug content.  

Immiscibility could be observed for samples with a drug loading starting at 10%. The 

separated domains showed higher fluorescence intensity due to the concentration of APX molecules. 

20% to 40% drug loading samples showed similarly immiscible patterns with increasing density and 

size of APX clusters and presented non-crystalline characteristics. Starting with a drug loading of 

50%, crystalline APX was observed as seen by the defined edges and birefringence properties (Figure 

4.37). After storing under heating for 1 week, amorphous-crystalline transformation was observed for 

all samples (see Figure 4.38 for comparison). Crystalline domains were observed with clearer edge 
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and birefringent properties. The density of crystal aggregations increased with drug loading degree. 

After 2 weeks and 3 weeks, all samples showed separated crystalline and amorphous phases similar to 

week 2 (figures provided in Figure B-32 to B-33 in Appendix). 

 

Figure 4.36. Fluorescence emission spectra of APX-G48 ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.37. Fluorescence images of APX-G48 ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 
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Figure 4.38. Fluorescence images of APX-G48 ASDs after 1-week heating. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

 (g) APX-ATO miscibility 

The fluorescence spectra of APX-ATO samples showed a large emission peak in the region 

of 465 nm with an obvious peak separation in the 420 nm region for all drug loadings (Figure 4.39). 

The fluorescence intensity of a sample was not proportional to drug content. APX-ATO samples with 

all drug loading degrees showed a poor drug-excipient miscibility with a significant number of 

separated domains (Figure 4.40). The sample with 10% drug loading showed an amorphous-

amorphous phase separation where both amorphous drug with high fluorescence intensity and ATO 

domains with lower fluorescence intensity were observed to mix with each other. No birefringence 

property was observed for this sample. Samples with a drug loading from 20% to 90% showed 

significant phase separation where several immiscible domains were observed with birefringence 

property, suggesting the occurrence of APX recrystallization after ASD preparation. After heating for 
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different time periods, most of the separated domains for all samples showed halo property with 

higher fluorescence intensity. Certain regions could be observed with birefringence properties. 

Figures were provided in Figure B-34 to B-36 in Appendix. 

 

Figure 4.39. Fluorescence emission spectra of APX-ATO ASDs. Percentage refers to drug loading 

degree (w/w). 
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Figure 4.40. Fluorescence images of APX-ATO ASDs after preparation. Percentage refers to drug 

loading degree (w/w). Scale bar is 100 µm. 

 

4.5 Discussion 

4.5.1 Fluorescence emission spectra 

Comprehensively viewing the fluorescence spectra for different drug-excipient systems, we 

consider the different parameters that are useful for analysis when using fluorescence methods to 

assess drug-excipient miscibility and drug amorphization for an ASD system. The wavelength of the 

emission peak maximum intensity is the first and most common parameter to consider as it can be 

used to indicate the local polarity of the fluorescent drug molecules. For IDM samples, the existence 

of an amorphous drug was reflected by the 508 nm peak. Phase separation and/or recrystallization 

were indicated by the shoulder peak close to the 460 nm region. For the APX samples, amorphous 
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drug and phase separation were indicated by the 460 nm peak and the 416 nm peak, respectively. The 

wavelengths were used to indicate the local polarity of drug molecules in different states. 

The second parameter is the overall intensity of the fluorescence emission spectrum. In the 

case of IDM, the overall intensity of IDM-excipient samples generally increased with increased drug 

loading, except for the IDM-SA system. Comparing different APX systems, while all samples used 

the same drug-excipient ratio system as the case of IDM, they showed arbitrary change in 

fluorescence intensities which could be a sign of fluorescence quenching. Detailed discussions will be 

provided later.  

A third parameter is the overall shape of fluorescence spectrum. A flat curve shape of the 

emission peak means that no obvious overlap occurs between the interested peak and other peaks, and 

most drug molecules in this sample share a similar polarity environment. As introduced, the polarity 

environment of IDM is determined by the crystallinity of other surrounding IDM molecules. 

Therefore a flat curve shape indicates that drug molecules are either in amorphous or crystalline state 

(depending on peak wavelength), instead of being a mixture of amorphous and crystalline domains 

with detectable difference in fluorescence shape. IDM-PVP, IDM-SOL, IDM-SA and IDM-EC 

showed this type of spectra with a broad single peak at 508 nm, suggesting that most IDM molecules 

were located in a high-polarity environment due to the surrounding of amorphous IDM. In contrast, 

IDM-PL showed a main peak at 508 nm associated with divided peaks at different wavelengths, 

suggesting two environments with distinctly different polarities. Fluorescence microscopy results for 

IDM-PL clearly showed large amounts of phase separation for samples with high drug loading, which 

agreed with the fluorescence spectra results that showed peak separation. Therefore, the peak 

separation in the emission spectra was considered to be an indication of poor miscibility and high 

degrees of phase separation as seen for IDM-PL and IDM-ATO systems [135,205]. This type of 

profile was also seen for IDM-G48 system where samples with high drug loading showed a fixed 

peak at 460 nm with high intensity, indicating that a large portion of IDM was in a crystalline state. 

Different shapes for emission peaks could also be observed for ASD systems containing APX, and no 

correlation between the general fluorescence intensity and drug loading was observed. In this regard, 

the emission spectra for ASD systems of IDM and APX will be analyzed based on peak shape, peak 

wavelength, relative intensity of different peaks, and corresponding information provided by 

fluorescence microscopy.  
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4.5.2 Drug amorphization and drug-excipient miscibility for IDM 

(a) IDM-PVP miscibility 

The increasing fluorescence intensity as a function of drug loading suggested that there was 

no obvious fluorescence quenching due to the increasing amount of IDM, which can be obtained by 

analyzing the fluorescence quenching mechanism. Fluorescence quenching can occur when the 

distance between fluorescent molecules was less than a critical value (i.e. several nanometers, 

depending on the properties of fluorescent molecules) [206–208]. Following this mechanism an IDM 

solution showed a much lower fluorescence intensity than solid IDM, as the molecule distance in a 

solution is less than 2 nm [205,209]. IDM was in a finely dispersed state in the PVP carrier whereby 

the fluorescence efficiency was not limited by close contact due to aggregation. With drug loading of 

10% and 20%, IDM showed a high miscibility with PVP as indicated by the single emission peak at 

508 nm and homogeneous fluorescence distribution of fluorescence images. The homogeneous 

fluorescence distribution of these samples suggested a uniform dispersion of IDM in an amorphous 

state through-out the PVP carrier. The emission spectra indicated phase separation of IDM from PVP 

beginning at an IDM concentration of 40% while fluorescence microscopy showed evidence of phase 

separation beginning for concentrations of 30%, From the fluorescence spectra, the slight peak 

separation between 460 nm and 508 nm region indicated that a portion of IDM molecules dispersed in 

an environment with smaller polarity. According to fluorescence microscopy, immiscible dots 

presented a similar fluorescence intensity to the bright background and were without needle shape or 

birefringence properties for crystalline IDM, suggesting that these regions were mostly amorphous in 

nature [205]. For 60% to 90% drug loading samples, the reduced uniformity of fluorescence intensity 

and birefringence properties were possibly due to the partial recrystallization of IDM. Upon heating, 

samples with lower drug loading started to gain these characteristics, describing the recrystallization 

evolution for IDM. While the investigation of long-term stability of ASD systems was beyond the 

scope of this study, the change in sample appearances upon heating could help us better identify the 

physical state of separated domains. The inhibited amorphous-crystalline transformation of IDM 

could be a result of solid-state hydrogen-bonding and Van der Waals force between IDM and 

polymeric chains of PVP [147,205]. Based on the experimental observations, the 20% drug loading 

IDM-PVP that we used for dissolution studies likely corresponds to an amorphous solid dispersion as 

theorized. The amorphous nature of IDM in IDM-PVP sample was expected to improve the 

dissolution and supersaturation buildup rate for IDM. 
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(b) IDM-SOL miscibility 

The fluorescence spectroscopy results indicated that IDM-SOL with a drug loading of 10% to 

30% had a high-degree of molecular miscibility supported by the fluorescence imaging results. 

Amorphous IDM dispersed uniformly throughout the SOL carrier. While samples with higher drug 

loadings also showed a main peak in the 508 nm region with negligible peak separation, immiscibility 

could be clearly observed by fluorescence spectroscopy results. Immiscibility was also inferred from 

the irregular change in fluorescence spectroscopy intensity starting at 40% drug loading. It is possible 

that fluorescence quenching could be induced between fluorescent molecules with a distance less than 

30 nm. In the ASD drug aggregates could form if the drug content exceeds the loading capacity of the 

carrier material and these aggregates would be expected to contain a significant amount of amorphous 

drug.  The distance between chromophores of a drug in its crystalline form depends on the crystalline 

lattice composed of fixed lengths and angles of lattice edges, whereas for a drug in its amorphous 

form, the distance between chromophores is no longer restricted because of the absence of the crystal 

lattice.  As such it is possible that the overall emission efficiency of a drug could be attenuated by 

self-quenching if the distances in the amorphous drug are short enough to allow for such quenching.  

The high fluorescence density and weak birefringence properties of separated domains for immiscible 

IDM-SOL samples indicate that these domains are mostly amorphous IDM. These systems were 

considered to undergo amorphous-amorphous phase separation without obvious recrystallization, 

corresponding to the fluorescence spectra with single emission peak at 508 nm [205]. From this case, 

it was found that samples with amorphous-amorphous separation may still show single emission peak 

whereby peak divergence was not obvious. Therefore, a single emission peak does not necessarily 

mean a good miscibility between drug and excipient. Fluorescence microscopy results should be 

combined to accurately analyze the miscibility between IDM and polymer. 

(c) IDM-SA miscibility 

The changes in fluorescence emission intensity from IDM in the IDM-SA system (Figure 

4.11) clearly suggest that there is increased quenching of the emission with increasing IDM 

concentration for IDM concentrations greater than 40%. The FM images also show the presents of 

phase separation and aggregation which indicates that the decrease in emission intensity is the result 

of IDM aggregation - most likely through self-quenching. Reviewing the solvent evaporation and film 

casting method used to prepare solid dispersions, a good solvent is often selected to dissolve the drug 
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and carrier to form a molecular solution so that both components can co-precipitate from solution to 

enable strong drug-excipient interactions such as hydrogen bonding and Van der Waals force. For the 

IDM-SA samples, IDM could not finely disperse in the SA carrier due to SA’s insolubility in organic 

solvents and therefore showed an asynchronous precipitation behavior. Such preparation method 

would result in a weak solid-state interaction between IDM and SA. A large amount of IDM 

molecules was expected to adsorb onto the surface of SA and existed in the form of aggregates. The 

concentrated fluorescence intensity and weak birefringence properties of immiscible domains of 

IDM-SA suggested that most drug aggregates existed in an amorphous state. This being said, trace 

crystallinity of IDM was suggested by the existence of regions with birefringence properties for all 

samples. By comparing the fluorescence images of IDM-SA at day 0 and week 3, it was suggested 

that the drug domains at the early stage were governed by the amorphous feature. Comprehensively 

correlating these analyses, the IDM-SA was considered as a biphase ASD system composed of 

aggregates of amorphous IDM and small amount of crystalline IDM. The spectral properties were 

governed by the dominant amount of amorphous IDM, with weak expressions of crystalline 

properties at 464 nm region. The crystalline properties of IDM-SA samples were more effectively 

revealed by the fluorescence microscopy. The 20% IDM-SA that we used for other sections was 

considered a semi-crystalline ASD with weak crystallinity. Such property will be taken into 

consideration when analyzing the dissolution behaviors and supersaturation properties of IDM-SA 

ASD in the following chapter. 

(d) IDM-EC miscibility 

The IDM-EC series showed a fluorescence spectroscopy profile similar to that for IDM-PVP 

and IDM-SOL system. No severe fluorescence quenching was suggested by the monotonic increase 

in fluorescence intensity as a function of drug loading, except for the 90% drug loading sample. This 

corresponded to the few immiscible domains revealed by fluorescence microscopy. The major 

emission peak at 508 nm governed by amorphous IDM suggested a high-degree of miscibility 

between IDM and EC. The slight peak divergence in the 490 nm region depicted a slight 

immiscibility, matching the conclusions reached by fluorescence imaging. The small number of 

immiscible domains were with birefringence properties, suggesting the existence of crystalline IDM 

clusters. But this did not bring obvious peak divergence for the fluorescence spectra, possibly due to 

the different sensitivities of the two techniques. The maintained fluorescence microscopy properties 

under heating suggested an effective maintenance of amorphous IDM due to restricted molecular 
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mobility provided by EC polymer chain. EC has been recognized as an effective ASD carrier to load 

amorphous drug through the formation of hydrogen bonding between drug molecules and the 

cellulose hydroxyl groups. The 20% IDM-EC formulation that we use is expected to release the drug 

in the amorphous state. Its dissolution and supersaturation behaviors are established based on the 

successful amorphization and loading of IDM. 

(e) IDM-PL miscibility 

The fluorescence emission spectrum for IDM-PL mixtures was highly dependent on drug 

loading. The single emission peak centered at 508 nm for the 10% and 20% IDM samples suggested 

that the fluorescent probes in each sample share a local environment with uniform polarity, indicating 

that IDM molecules homogeneously dispersed in the phospholipid carrier. The homogeneous 

distribution of fluorescence across the entire viewing field in fluorescence microscopy images for the 

10% and 20% IDM-PL samples support this conclusion. A high miscibility resulting from the strong 

molecular interactions between drug and excipient was suggested for these samples [87,210,211]. The 

appearance of the second peak at shorter wavelengths observed first at 30% IDM loading is a sign of 

a non-homogeneous distribution of IDM molecules within the PL carrier. The main emission peak 

remains fixed at 508 nm indicating that a large amount of IDM remains in an amorphous state as 

previously discussed for the IDM-polymer systems. The continuous blue shift of the secondary peak 

as a function of increasing IDM concentration indicated a gradual change in the polarity of the 

environment that the IDM molecules experience, most likely due to the mixing of IDM molecules in 

different states. The distribution of intensities observed across the immiscible domains suggests that 

IDM molecules are clustered at the interface between the miscible and immiscible domains and 

excluded from the interior when the drug content exceeds the drug loading capacity of PL. As 

introduced, the environmental polarity of a drug molecule in an ASD is determined by the physical 

state of other drug molecules surrounding it. The polarity of an IDM molecule in an immiscible 

region is provided by the mixture of IDM (either amorphous or crystalline) and PL, which is lower 

than that in a fine dispersion provided by pure amorphous IDM molecules [205,212]. Therefore, for 

the immiscible domains observed by fluorescence imaging, a significant amount of IDM molecules 

should locate in an environment with reduced polarity provided by the mixture of PL and IDM. 

Accordingly, a shoulder peak with smaller wavelength was observed for the fluorescence spectra of 

these samples. With a further increasing drug loading, certain immiscible regions showed crystalline 

properties, whereby certain IDM molecules shared a local environment with lower polarity as they 
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were surrounded by crystalline IDM which has lower polarity than amorphous IDM. This explained 

the further decreased wavelength of shoulder peaks for samples with higher drug loadings due to the 

increasing crystallization. Lastly, the overall fluorescence intensity level showed a constant increase 

as a function of IDM amount without severe fluorescence quenching. Given the fact that IDM 

aggregates in both amorphous and crystalline states were clearly observed, the correlation between 

fluorescence quenching and drug aggregation should be summarized as follow: the quenching of 

fluorescence intensity indicates the existence of drug aggregates, but the absence of fluorescence 

quenching cannot rule out the possibility of drug aggregation. The 20% IDM-PL that we used for 

other sections was considered with good IDM amorphization and high IDM-PL miscibility. An 

illustration of immiscible profiles of IDM-PL was shown in Figure 4.41. 

 

 

Figure 4.41. Schematic illustration and fluorescence imaging of IDM-PL in different states: (A) IDM 

uniformly disperses in PL carrier in an amorphous state; (B) small amount of amorphous IDM 

aggregates in PL carrier; (C) large amount of amorphous IDM aggregate into drug clusters; and (D) 

mixtures of amorphous and crystalline IDM aggregate into drug clusters. 
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(f) IDM-G48 miscibility 

Generally, the IDM-G48 system presented a different way to express drug-excipient 

immiscibility. For the 10% and 20% drug loading samples, the fluorescence intensity at the 508 nm 

region was significantly lower than that for other systems as seen by the flat shape of the fluorescence 

spectra. The homogeneous fluorescence distribution was confirmed by the results of fluorescence 

microscopy. When drug loading exceeded 20%, a major emission peak was observed in the 464 nm 

region that represented crystalline IDM, masking the peak shape at 508 nm that represented 

amorphous IDM. No gradual change in wavelength was observed for the emission peak at 464 nm 

region, suggesting that the local polarity conditions of IDM molecules in these samples were highly 

comparable with that for crystalline IDM. Accordingly, the fluorescence microscopy results clearly 

showed the existence of immiscible domains with low fluorescence intensity and low contrast with 

regard to background. The low fluorescence intensity observed by microscopy corresponded to the 

low fluorescence intensity of 508 nm peak in the fluorescence spectra. The GFP channel of a 

fluorescence microscope optimally detects emission at 508 nm, and emission signal with smaller 

wavelengths could show a reduced contrast with regard to background due to attenuated fluorescence 

efficiency. This intensity attenuation mechanism was different from the fluorescence quenching 

induced by drug aggregation. Needle shape and birefringence properties could be observed for 

samples with drug loading larger than 20%, suggesting the presence of crystalline IDM in G48 

carrier, corresponding to the pronounced 464 nm emission signal in fluorescence spectra. IDM-G48 

samples upon heating did not gain fluorescence intensity or contrast, suggesting that the physical 

states of these samples were comparable with their earlier stages (i.e. crystalline state). The 20% 

IDM-G48 that we used for other sections was considered as an amorphous formulation after its 

preparation. 

(g) IDM-ATO miscibility 

For IDM-ATO, a single emission peak at 508 nm was observed for samples with drug 

loading from 10% to 70%, seemingly suggesting a miscibility between IDM and ATO for these 

samples. However, immiscible domains could be clearly visualized for these samples by fluorescence 

microscopy, contradicting the spectroscopy results. We think that the crystalline nature and poor film 

forming ability of ATO could be a reason for this deviation. For a fluorescence spectrum, ATO is not 

autofluorescent and emission signal is merely generated by the IDM molecules of different states. The 
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addition of ATO to drug molecules will not change the emission peak of IDM, supposed that IDM 

exists in the amorphous state. For fluorescence imaging, it is possible for the non-fluorescent 

crystalline ATO to be expressed as immiscible domains if certain amount of IDM, either crystalline 

or amorphous, is adsorbing on the surface of ATO. The immiscible regions for the samples with 10% 

to 60% drug loading had edges with higher fluorescence intensity and core areas with lower 

fluorescence intensity, suggesting that the large portion of these domains were nonfluorescent ATO 

carrier, and IDM aggregated at the boundaries of these regions. This profile was similar to the phase 

separation profile of IDM-PL with high drug loading, whereby inner structures of immiscible 

domains were nonfluorescent PL. The separation of amorphous IDM may not present a divergence in 

emission spectra due to the similar polarity environment of IDM molecules, as discussed before. In 

contrast, 70% to 90% drug loading samples presented a higher fluorescence intensity and 

birefringence properties for the core areas of immiscible domains, suggesting that these domains 

contained more drug aggregates. The drug aggregates were identified as crystal based on the 

birefringence properties observed, corresponding to the blue-shifted emission peak in the 

fluorescence spectra. The heating-induced change in appearance of IDM-ATO samples also 

supported this conclusion. The exhibition of high fluorescence intensity in the core areas of separated 

domains started to occur for samples with lower drug loadings after heating for different time periods, 

describing the aggregation of both amorphous and crystalline IDM.  

From the case of IDM-ATO, it was seen that a single large emission peak at 508 nm region 

did not necessarily indicate a good miscibility between IDM and ATO. The separated amorphous 

drug may not bring change to the wavelength and integrated shape of the main emission peak. The 

fluorescence distribution of immiscible domains could be different for different IDM-carrier systems. 

Fluorescence spectroscopy and microscopy need to be combined to accurately assess the physical 

state of IDM-ATO. 

 The miscibility between IDM and polymers or lipids under solid state was characterized by 

fluorescence spectra and fluorescence microscopy methods. The spectral parameters including peak 

shape, peak wavelength, and general intensity could vary for different systems. The individual 

properties of an ASD carrier, such as crystallinity and film forming ability, need to be considered 

when interpreting the IDM fluorescence spectra results, for without such considerations the spectra 

results could be misleading due to the different ways of expression for immiscibility. Fluorescence 

spectroscopy and fluorescence microscopy are suggested to be conducted simultaneously to assess the 
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miscibility between IDM and ASD carriers. Comparisons between samples with different drug 

loadings are suggested, since viewing the spectrum for specific samples may be insufficient to obtain 

an accurate assessment.  

4.5.3 Drug amorphization and drug-excipient miscibility for APX 

 Most APX-polymer and APX-lipid systems presented a similar type of fluorescence spectra 

with regard to drug loading. The presence of a large emission peak at 460 nm region for all samples 

could be due to the existence of a large amount of amorphous APX in the corresponding 

formulations. This suggested that APX recrystallization under solid state was slow, even without 

effective recrystallization inhibition effect provided by the ASD carriers after phase separation. For 

APX-PVP, fluorescence microscopy revealed the phase separation of APX for samples with drug 

loading more than 20%, but this did not bring obvious change to the spectral properties of different 

samples. Besides, most separated APX domains were with condensed fluorescence intensity free from 

birefringence properties, indicating that most of these aggregates were amorphous APX, which 

contributed to the high intensity of 460 nm emission peak. Similar indications could be obtained for 

other systems including APX-SOL, APX-SA, APX-EC, APX-PL and APX-G48. APX-EC was the 

only system showing a different type of fluorescence spectra, whereby the shape of the 420 nm 

emission peak was more obvious. For the 10% drug loading sample, the fluorescence intensity of the 

420 nm peak was higher than that for the 460 nm peak, which could indicate that 10% APX-ATO was 

with poorer miscibility between APX and ATO following the previously summarized rule. However, 

we do not think that APX-ATO with a lower drug loading should provide a microenvironment with 

lower polarity as a larger ratio of carrier and drug amount should be with better loading ability for 

amorphous drug. The higher fluorescence intensity of 420 nm peak should be a result of higher 

fluorescence efficiently of crystalline APX than amorphous APX. As discussed, fluorescence 

quenching could occur due to drug amorphization and shortened distance between chromophores. The 

amount-normalized fluorescence efficiency of recrystallized APX could be higher than that for the 

large amount of amorphous APX in the 10% drug loading sample, and therefore the 420 nm peak 

could be more obvious. With a higher drug loading, the increasing amount of APX mainly existed in 

an amorphous state that contributed to the fluorescence intensity of the 460 nm peak. The 420 nm 

low-polarity peak did not effectively gain intensity since redundant APX did not effectively 

recrystallize according to the microscopy results. The fluorescence microscopy results for all APX-

ATO samples revealed that only a small number of immiscible domains were with birefringence 
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property, and most regions were with non-crystalline optic properties. Given the dominant amount of 

amorphous APX, the higher fluorescence intensity at 420 nm was considered as result of higher 

fluorescence efficiency of crystalline APX. For the fluorescence spectra of APX-carrier systems, the 

dominant intensity and integrated shape of 460 nm emission peak were attributed to the existence of 

amorphous APX, but did not indicate a good APX-carrier miscibility. 

 Given the similarity in spectral characteristics of different systems, fluorescence microscopy 

results should be used to facilitate the analysis of the APX physical state. A uniform distribution of 

fluorescence density was a straightforward indicator for good APX-carrier miscibility, which aligned 

with the assessment principle for IDM systems. The birefringence property of a separated domain was 

an indicator for the crystalline nature of this region. The shape also needed to be considered to 

accurately evaluate the physical state of these immiscible domains. Taking the 20% APX-PVP at day 

0 as example, the immiscible domains showed a stripe shape of crystalline substance with regularity 

of edges and a nonbirefringent property for amorphous material. Based on both shape and optic 

properties, we think this domain was composed of both crystalline and amorphous APX, which was 

also corresponding to the peak divergence of fluorescence spectrum. As shown in Figure 4.42, the 

90% APX-PVP at week 1 was an example simultaneously showing fiber-like crystal shape (right 

part), birefringent property (right part), nonbirefringent property (middle large domain), and more 

homogeneous dispersion of APX molecules (left part), describing the different evolution stages for 

phase separation and recrystallization of APX. Similar phenomena could be also seen from the 

previously shown Figure 4.27. 
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Figure 4.42. Fluorescence image of 90% APX-PVP after 1-week heating. 

 

The 50% APX-G48 at day 0 showed spiky aggregates with condensed fluorescence intensity 

in their core areas and slight birefringent properties for their edges. We considered that this was 

another type of amorphous-crystalline mixture of APX, for which the shape was determined by the 

spatial arrangements of different drug carriers. The 90% APX-G48 at day 0 was an example 

simultaneously presenting flocculent aggregates with birefringent properties and non-birefringent 

aggregates with less regularity in shape. After heating for different times, spiky and flocculent 

aggregates with birefringence properties became obvious for samples with lower drug loading. This 

comparison suggested that these morphology and optic properties were indicators for an advanced 

development stage of phase separation and transformation. By assessing the initial states of APX 

samples with these principles, the 20% APX-SOL that we used for other experiments was considered 

to be a high-degree amorphous formulation with good drug-polymer miscibility. Other APX 

formulations with 20% drug loading should contain mostly amorphous APX and small amount of 

crystalline APX. 

4.6 Conclusion 

 In this chapter, fluorescence spectroscopy and fluorescence microscopy were successfully 

used to characterize the drug amorphization and drug-carrier miscibility for IDM and APX with 
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optimized experimental parameters. The solid-state fluorescence properties of APX dispersed in ASD 

carriers were revealed for the first time. Results showed that IDM and APX had varied miscibility 

levels with different polymer and lipid carriers. Immiscibility could be expressed as the separation of 

amorphous drug aggregates and/or recrystallized drug ASD carriers. The interpretations of 

fluorescence spectroscopy characteristics could be different based on the phenomena of different 

systems. The divergence in fluorescence spectra indicated an immiscibility between drug and carrier, 

but a single emission peak did not guarantee a good drug-carrier miscibility. Immiscible samples with 

amorphous drug aggregates may still present a single emission peak with negligible peak divergence. 

The overall intensity of a fluorescence spectrum could be attenuated by fluorescence quenching due 

to drug aggregation. The distribution of fluorescence density for fluorescence microscopy was a more 

effective criterion for the assessment of drug-carrier miscibility. The shape and birefringence 

properties of immiscible domains were also used to assess the physical state of drugs. The 20% drug 

loading IDM-PVP, IDM-SOL, IDM-PL and IDM-G48 used for future experiments were considered 

as amorphous formulations with uniform dispersion of IDM molecules, and the 20% IDM-SA, IDM-

EC, and IDM-ATO were considered as amorphous formulations with the separation of amorphous 

IDM aggregates and trace amounts of crystalline IDM. The 20% drug loading APX-SOL was 

considered as amorphous formulation with uniform dispersion of APX molecules, while others were 

considered as amorphous formulations with amorphous APX aggregates. The drug amorphization 

state and drug-carrier miscibility revealed in this chapter will be used to analyze the dissolution and 

supersaturation properties of ASDs for IDM and APX prepared with different carriers that will be 

studied in following chapters. The presented methodology and assessment disciplines are expected to 

expand the application of fluorescence-bases techniques to the assessment of drug-excipient 

miscibility for more drugs and ASD carriers. 
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Chapter 5 

Dissolution of IDM ASDs and APX ASDs prepared with polymer and 

lipid carriers 

5.1 Abstract 

 In this chapter, ASDs for IDM and APX were prepared with polymers, lipids, and their 

combinations as carrier using both the solvent evaporation method and freeze-drying method. The 

physical state of IDM and APX was evaluated by differential scanning calorimetry and powder X-ray 

diffraction. The dissolution behaviors of the prepared samples were tested under non-sink conditions 

where LLPS and recrystallization were expected to occur for the released drug. The freeze-dried 

ASDs for IDM and APX were also assessed under two-stage dissolution conditions simulating the 

condition for the drug to transit from the gastric to intestinal environment. The dissolution and 

supersaturation parameters were analyzed based on previously investigated properties of carrier 

materials on the stabilization of LLPS and recrystallization results. For both IDM and APX, it was 

found that the dissolution parameters were greatly influenced by the carrier type in different manners. 

A given type of carrier could provide different effects when it was used to load different drugs. 

Preparation methods were found to induce inconsistent changes to different formulations. The 

disintegration, dissolution and dispersion of carrier materials were critical factors to assess the 

carriers’ ability to generate and maintain supersaturated drug solutions. The correlations between 

carriers’ effect on crystalline solubility, LLPS, recrystallization, and dissolution parameters could 

only be established when drug carriers could rapidly and completely dissolve or disperse in the 

dissolution media. The varied effects of polymer-lipid combination on the supersaturation evolution 

of drugs were based on the adjustment of solubility of carrier materials and therefore the in-solution 

properties of ASD carriers. To conclude, the effects of carrier materials on the amorphization, LLPS 

and recrystallization behaviors of PWSDs could effectively facilitate the analysis of supersaturation 

behaviors of ASD formulations and provide constructive directions to formulation adjustments. These 

properties could not be quantitatively correlated due to different solubility/dispersibility of carrier 

materials.  
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5.2 Introduction 

 Dissolution and drug release are important factors to evaluate the performance of an ASD 

formulation for both development and regulation purposes. Dissolution tests are commonly conducted 

on a dissolution apparatus where the volume of the dissolution media can be adjusted to provide both 

sink and non-sink conditions to assess different aspects of dissolution parameters. In chapter 3, we 

obtained the dissolution profiles of crystalline IDM and APX in the presence of different drug 

carriers, and concentration-time profiles of supersaturated IDM and APX solutions upon 

recrystallization under non-sink conditions on the basis of completely dissolved drug carriers. In this 

chapter, the dissolution profile of an ASD formulation will be seen as an overall result of drug 

amorphization during preparation, drug release from ASD carrier, solubilization effect of drug carrier 

on crystalline drug, and the evolution of supersaturated drug solution enabled by dissolved 

amorphous drug. A significant portion of analysis in this chapter will be based on the dissolution or 

dispersion of drug carriers, as it determines the drug release from drug carrier and associated 

supersaturation induction rate and evolution. The suitability of most commonly used drug release 

models for assessing the dissolution/dispersion of drug carriers for our experiment was reviewed. 

 1. The zero-order release kinetic refers to a process of constant drug release of a formulation 

that is controlled by the gradual drug release from the carrier material without being influenced by 

solute concentration [213]. It can be expressed as Equation 5.1: 

F = F0 + K0 ∙ t  Equation 5.1 

where F is the amount of dissolved drug at a given time, F0 is the initial amount of drug in solution, 

K0 is the zero-order release constant, and t is time. This model describes the controlled release profile 

of a drug for which dosage form is a hindrance for dissolution. In the context of our experiment, the 

zero-order release profile within a period of time will indicate that the drug carrier is not instantly 

dissolved or dispersed in the dissolution media to release the amorphous drug.  

2. The first-order release kinetic describes the situation where drug release is dependent on 

solute concentration, which is expressed by Equation 5.2 [213]: 

log Ct = log C0 − k1 ∙ t/2.303  Equation 5.2 

where Ct is the drug concentration at a given time, C0 is the initial drug concentration, k1 is the first-

order drug release constant, and t is time. The equation proposes a first-order dependence on the 
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concentration gradient between the bulk solution phase and static diffusion layer next to solid surface. 

This model is used to describe the release of water-soluble drugs from porous matrices. For our 

application, a first-order release profile indicates that drug release is less restricted by the reservoir 

effect of the drug carriers. 

 3. The Higuchi model is a mathematical model proposed in 1963 to describe drug release 

from a matrix system, which is commonly used to study the release behaviors of poorly water-soluble 

drugs from solid and semi-solid matrices [214]. The model is expressed by Equation 5.3: 

Q = A ∙ [D ∙ (2C − Cs) ∙ Cs ∙ t]1/2 Equation 5.3 

Where Q is the amount of dissolved drug at a given time, A is the surface area of formulation, D is 

the diffusivity of the drug molecules, C is the initial concentration of drug, Cs is the equilibrium 

solubility of drug, and t is time. The simplified Higuchi model is expressed by Equation 5.4: 

Q = KH ∙ t1/2  Equation 5.4 

where KH is the Higuchi dissolution constant. This model is widely used to describe the drug release 

profile from the insoluble matrix, and therefore reflects the slow dissolution of carrier material.  

4. The Hixson-Crowell cube root law was proposed to describe the dissolution rate of a drug 

that is normalized with the decrease in the surface area of solid carrier as a function of time, which is 

expressed by Equation 5.5 [215]: 

Qt
1/3 = Q0

1/3 − KHC ∙ t Equation 5.5 

where Qt is the remaining weight of solid formulation at a given time, Q0 is the initial weight of the 

solid formulation, KHC is the dissolution rate constant, and t is time. This model is established based 

on the correlation that the surface area of a solid formulation with a uniform particle size decreases as 

the two-third power of its weight. The application of this model is claimed to be suitable for 

monodispersed solid materials for which all units have identical properties including size, shape, and 

surface characteristics. However, according to our experimental observations, several ASD 

formulations prepared by either the solvent evaporation method or the freeze-drying method showed 

different properties including particle aggregation and floating issue in the dissolution media. 

Therefore, drug release from different formulations will not depend on the uniform decrease in 

formulation size. This model will not be used to analyze the dissolution properties of drug carriers. 
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 5. The Korsmeyer-Peppas model was proposed in 1983 to describe drug release from a 

polymeric system prepared with swelling or non-swelling material. The model is expressed by 

Equation 5.6 [216]: 

Mt

Ma
= K ∙ tn  Equation 5.6 

Where Mt/Ma is the fraction of drug released at a given time, K is the dissolution rate constant, t is 

time, and n is the release exponent which can be effectively used to indicate the drug release 

mechanism through the polymer system. When the n value is not larger than 0.5, drug release follows 

a diffusion mechanism from the non-swellable matrix. When the n value is between 0.5 and 1.0, drug 

release is based on both diffusion and erosion of the polymer materials. The n value of 1.0 describes a 

zero-order release mechanism. The n value over 1.0 indicates that the drug release is governed by the 

erosion of polymer materials. However, linear regression using this model could not be conducted for 

dissolution data with the concentration decline profile. For several ASD formulations, the maximum 

drug concentration could be achieved within 5 min, generating insufficient amount of data points for 

regression analysis. As a result, this model is not suitable for the analysis of early stage of 

supersaturation buildup, thus it was not used in this study. 

 In this chapter, the dissolution and supersaturation properties of ASDs for IDM and APX will 

be correlated to the solid-state properties of loaded drugs, dissolution or dispersion of carriers, 

solubilization effect of carriers, and supersaturation maintaining effect of carriers. Model fitting of 

dissolution data within a specific period of time will be conducted to facilitate the analysis of 

dissolution or dispersion of drug carriers.  

5.3 Materials and methods 

5.3.1 Materials 

Indomethacin (IDM, purity > 97.5%), ethyl cellulose and sodium dodecyl sulfate were 

purchased from Fisher Scientific (Hampton, NH, USA). Apixaban (APX, purity > 99%) was 

purchased from HuiRui Chemical Technology Co., Ltd (Shanghai, China). Poly (vinylpyrrolidone) 

(PVP) K90 and phospholipid were purchased from Sigma-Aldrich (Mississauga, ON. Canada). The 

phospholipid used in this study (Sigma-Aldrich catalog no. P3644) contains 55% 

phosphatidylcholine, 25% phosphatidylethanolamine and other phospholipids, with an average 



 

139 

molecular weight of 776 g/mol. Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft 

co-polymer (Soluplus®, SOL) was a gift from BASF (Ludwigshafen, Germany). Sodium alginate 

(CAS number: 9005-38-3) was obtained from Acros Organics (USA). PEG-32 stearate (Gelucire® 

48/16, G48) and glyceryl behenate (Compritol® 888 ATO) were a gift from Gattefosse (Saint-Priest, 

France). Methanol, acetonitrile, and dimethyl sulfoxide (DMSO) of high-performance liquid 

chromatography (HPLC) grade, and tert-butanol (99%) were purchased from Fisher Scientific 

(Hampton, NH, USA). Anhydrous citric acid and sodium phosphate dibasic of ACS grade were 

purchased from VWR International (Radnor, PA, USA). Water used in this study was obtained from a 

Millipore Milli-Q system. 

5.3.2 Preparation of ASDs for IDM and APX 

5.3.2.1 Solvent evaporation method to prepare ASDs 

 IDM ASDs with a drug loading of 20% were firstly prepared by a solvent evaporation 

method. 450 mg IDM and 1800 mg of ASD carrier were added to 90 mL ethanol and stirred at 90 ˚C 

for 2 h. For IDM-ATO and IDM-polymer-ATO preparations, 90 mL ethyl acetate was used as 

solvent. The solvent was removed using a rotary evaporator under reduced pressure at 50 ˚C. The 

obtained samples were further dried in a vacuum oven at 40 ˚C overnight. The samples were removed 

from the round bottom flask and ground manually for 1 min using a pestle and mortar. The obtained 

powders were kept at 4 ˚C before further use.  

For the preparation of APX ASDs, 400 mg of APX and 1600 mg of ASD carrier were added 

to 150 mL methanol and stirred at 90 ˚C for 2 h. For the preparation of APX-ATO and APX-polymer-

ATO formulations, 225 mL methanol: ethyl acetate (3:1 v/v) binary solvent was used. Other 

procedures were kept the same. 

For all experiments, ASD powder samples were not processed through sieves to control 

particle size, as some samples could not pass through sieve due to their specific physical properties 

(i.e. G48 based ASDs adhered to sieve pore due to wax-like property, PL based ASDs were in a semi-

solid state with intermolecular complexation, etc). The effect of solid state of ASD powders will be 

taken into consideration for the analysis of dissolution data. 
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5.3.2.2 Freeze drying method to prepare ASDs 

IDM ASDs with a drug loading of 20% were also prepared by a freeze-drying method. 200 

mg of IDM and 800 mg of ASD carrier were added to 60 mL of tert-butanol and stirred at 70 ˚C for 2 

h. The solution was then transferred to conical tubes and kept in a -80 ˚C freezer for 24 h. The frozen 

samples were lyophilized using a FreeZone Plus 2.5 freeze dryer (Labconco, MO, USA) at -85 ˚C 

under a reduced pressure of 0.090 mbar for 48 h. The obtained ASD powders were stored at 4 ˚C 

before further experiments. 

For the preparation of APX ASDs, 350 mg of APX and 1400 mg of ASD carrier were added 

to 160 mL of a tert-butanol: methanol (7:1 v/v) binary solvent and stirred at 70 ˚C for 2 h. For APX-

PVP, the solvent was 170 mL of tert-butanol: methanol: water (7:1:0.5 v/v) ternary solvent. The small 

quantity of water was added to reduce the swelling and improve the dissolution of PVP. Other 

procedures were kept the same. All samples were stored at 4 ˚C before further experiments. 

5.3.3 Differential scanning calorimetry (DSC) for ASD samples  

Thermograms of ASDs for IDM and APX were obtained using a Q2000 differential scanning 

calorimeter (TA Instruments, DE, USA). Approximately 5 mg of IDM sample was sealed in an 

aluminum pan and heated from 30 ˚C to 200 ˚C with a heating rate of 10 ˚C/min. The temperature 

range was 30 ˚C to 300 ˚C for APX samples. A nitrogen flow rate of 50 mL/min was maintained 

throughout the measurements.  

5.3.4 Powder X-ray diffraction (PXRD) for ASD samples  

 X-ray diffraction patterns of ASDs for IDM and APX were obtained on a MiniFlex II X-ray 

diffractometer (Rigaku Corporation, Tokyo, Japan) using Copper K-α radiation at 30 kV and 40 mA. 

Diffractograms were recorded over a 2θ angle from 3° to 40° with a scanning rate of 2° per minute 

and a 0.05° step size for all samples.  

5.3.5 In vitro dissolution study of ASDs for IDM and APX 

5.3.5.1 Dissolution of IDM ASDs and APX ASDs in pure water 

 To investigate the dissolution behaviors of ASDs induced by their intrinsic properties, water 

without any buffer was initially used as dissolution medium. An SI index of 0.1 was used to select the 

dose for dissolution tests, corresponding to the previous supersaturation assessment for ASD carriers. 
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For the IDM section, ASD samples equivalent to 20 mg of IDM were added to 250 mL water 

maintained at 37 °C with a stirring rate of 150 rpm. The dose was 10 times IDM solubility in a 250-

mL dissolution medium. At predetermined time intervals, a 2 mL sample was withdrawn, and a same 

amount of water was replenished. The samples were filtered through a 0.22 µm PES syringe filter. 

IDM concentration was determined by a UV spectrometer based on a Beer-Lambert calibration curve 

at 318 nm. For the APX ASD samples, an amount equivalent to 90 mg of APX was added to 250 mL 

of water to initiate dissolution testing. Other procedures were kept the same. The APX concentration 

was determined using a UV spectrometer based on a Beer-Lambert calibration curve at 278 nm. The 

dissolution tests were run for IDM ASDs and APX ASDs prepared by both the solvent evaporation 

method and the freeze-drying method.  

5.3.5.2 Two-stage dissolution of freeze-dried IDM ASDs and APX ASDs 

 A two-stage dissolution condition was used to assess the dissolution behaviors of lyophilized 

IDM ASDs in two consecutive dissolution conditions which correspond to the pH environment of 

different gastrointestinal compartments. Generally, a change of pH from 2.2 to 5.0 is used to mimic 

the pH shift from the gastric environment to the upper intestine, and the change of pH from 2.2 to 6.8 

was used for transition from the gastric to the main intestinal compartment. In our study, the range of 

pH 2.2 to pH 5.0 was selected as testing condition considering the pH-dependent solubility of IDM 

and the practical volume of dissolution medium. In pH 6.8 phosphate buffer, the IDM solubility 

shows a high solubility of 800.7 µg/mL at 37 °C, translating to a maximum dissolvable dose of 400 

mg in a 500-mL dissolution medium. This would require a large dose of 4 g of IDM for the SI = 0.1 

condition. Therefore, the 500-mL dissolution medium with a pH of 6.8 was a sink condition, which 

was a favorable condition, for the 20 mg IDM dose used in previous sections. No supersaturation or 

drug recrystallization was expected under such circumstance, and the dissolution behaviors of 

different formulations could not be correlated with the previously revealed supersaturation ability of 

polymer and lipid materials. In contrast, a pH of 5.0 is closer to the pKa of IDM and provides lower 

solubility, so that the condition is seen with higher non-sink degree suitable for the assessment of 

IDM supersaturation. Therefore, we selected pH 2.2 and pH 5.0 as two phases for the dissolution of 

IDM ASDs. 

Dissolution media were prepared according to McIlvaine buffer compositions with 

modification [217]. The pH 2.2 McIlvaine buffer (referred to as stock A) was prepared by mixing 0.1 
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M citric acid solution and 0.2 M disodium phosphate solution with a volume ratio of 49:1. The 0.2 M 

disodium phosphate solution was referred as to stock B. For the acidic stage, 250 mL of stock A was 

used initially as the dissolution medium. Samples equivalent to 20 mg IDM were added to the 

dissolution media and stirred at 37 °C with a paddle speed of 75 rpm. At predetermined time 

intervals, 2 mL samples were withdrawn and replaced with the same volume of stock A. Filtered 

aliquots were diluted as required before ultra-performance liquid chromatography (UPLC) 

determination of IDM concentrations. At 60 min, 250 mL of stock B was added to stock A to achieve 

a 500-mL dissolution medium with a pH of 5.0. The dissolution parameters and sample processing 

method were kept the same. 

For the APX section, dissolution buffers were also designed to correspond to available 

studies according to McIlvaine buffer compositions with modification. An alkaline buffer solution 

was prepared by dissolving 19.58 g of disodium phosphate, 18.46 g of sodium hydroxide, and 1.38 g 

of sodium dodecyl sulfate (SDS) in 2000 mL of water, referred to as stock C. ASD samples 

equivalent to 90 mg of APX was added to 250 mL of stock A to initiate dissolution at pH 2.2 with a 

paddle speed of 75 rpm at 37 ˚C. At 60 min, 650 mL of stock C was added to the dissolution vessel to 

initiate dissolution at pH 6.8. After mixing, the dissolution medium was a 0.05 M phosphate pH 6.8 

buffer with 0.05% SDS, similar to compositions commonly used for dissolution media of APX 

products in previous studies [150,218]. 2 mL of sample was withdrawn at the predetermined time 

intervals and a same amount of dissolution medium was replenished. The APX concentration was 

determined using the UPLC method described in section 5.3.6. 

5.3.6 UPLC method 

 The samples withdrawn from the dissolution vessels were filtered through a 0.22 µm PES 

syringe filter. Samples from the pH 2.2 stage were diluted with methanol to prevent drug 

recrystallization. Samples from the pH 6.8 stage were diluted with water to prevent the 

recrystallization of buffer salts. UPLC methods were developed to determine the concentration of the 

IDM and APX samples withdrawn from complexed media. All experiments were conducted on a 

Waters Acquity H plus UPLC system equipped with a quaternary pump, a diode-array detector, a 

degasser, and an autosampler. The separation was conducted on a BEH C18 column (1.7 µm, 2.1 × 50 

mm) with a C18 VanGuard Pre-column (1.7 µm, 2.1 × 5 mm) both maintained at 40 ˚C. For IDM, the 

mobile phase consisted of 50% water and 50% acetonitrile (v/v). The injection volume was 10 µL and 
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the flow rate was 0.5 mL/min. The UV signal was collected over the 210 nm to 400 nm range and 

peaks were integrated at 318 nm by the Empower 3 software. The UPLC peak area was recorded for 

IDM solutions of 0.625 µg/mL to 20.0 µg/mL generated from a serial dilution. For APX, the mobile 

phase consisted of 60% water and 40% acetonitrile (v/v) with 0.1% triethylamine. The column 

temperature was maintained at 40 °C. The injection volume was 10 µL and the flow rate was 0.2 

mL/min. The UV signal was collected over the 210 nm to 400 nm range and peaks were integrated at 

280 nm by the Empower 3 software. The UPLC peak area was recorded for IDM solutions of 2.50 

µg/mL to 30.0 µg/mL. 

 The accuracy of the UPLC method was assessed by a repeated injection of samples with 

known concentrations. IDM and APX solutions of different concentrations were injected for 3 times 

to record UPLC peaks areas. The recovery rates for these injections were calculated with regard to 

known concentrations. The precision was assessed by repeated injection of samples with known 

concentrations both intraday and interday. 

5.4 Results 

5.4.1 DSC  

5.4.1.1 DSC thermograms of IDM ASDs 

 The DSC thermograms obtained for IDM and each ASD carrier were shown in Figure 5.1A. 

IDM showed a distinct melting peak at 160.9 °C, which is the characteristic of the IDM γ form. G48 

and ATO showed a melting peak at 45.6 °C and 71.6 °C, respectively, describing the crystalline 

nature for these lipid carriers. PL exhibited endothermic signals at 175 °C, corresponding to the gel-

to-liquid crystalline phase transitions of the hydrocarbon tails of PL [219]. Other carriers did not 

show any significant thermal behavior within the tested range consistent with their amorphous nature. 

PVP and SOL exhibited a broad endothermic curve at 120 °C and 70 °C, respectively, corresponding 

to their glass transition temperatures [220,221]. SA presented a wide endothermic curve at 170 °C, 

which was due to gelatinization and loss of non-freezing bond water [222]. EC presented a broad 

endothermic signal at 180 °C corresponding to its softening point [223]. The thermograms of solvent-

based IDM ASDs based on PVP, SOL and EC were generally featureless suggesting that IDM existed 

in an amorphous state that was finely dispersed in ASD carriers (Figure 5.1B). A broad endothermic 

peak was seen for the IDM-PVP dispersion, with the peak position shifted to a lower temperature 
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(compared to PVP alone) due to the plasticizing effect provided by IDM. For IDM-SA, a tiny 

divergence in DSC curve without obvious peak shape was observed at 150 °C, which could possibly 

result from the trace crystalline IDM left in the formulation. The reduced peak intensity and changed 

peak position were indicators of drug amorphization molecular interactions between IDM and SA. 

For IDM-PL, the physical state of IDM could not be accurately analyzed due to the overlap of 

endothermic signals of the PL and IDM melting point from 155 °C to 175 °C. For IDM-G48, the 

shifted position and divergence of the G48 melting peak suggested the existence of strong interactions 

between IDM and G48 molecules. Although the melting peak of crystalline IDM at 160.9 °C 

disappeared for IDM-G48, it did not rule out the possibility that some crystalline IDM dissolved in 

the molten G48 carrier during measurement. This consideration also applied to IDM-ATO, whereby 

the melting point of the ATO carrier was lower than IDM. Nevertheless, for IDM-ATO, immiscible 

peaks at 130 °C and 152 °C were observed, suggesting the existence of remaining crystalline IDM in 

formulations. PXRD results need to be used to confirm whether crystalline IDM existed in IDM-PL 

and IDM-G48. 

 

 

Figure 5.1. DSC thermograms of (A) ASD carriers, (B) solvent-based IDM ASDs and (C) freeze-

dried IDM ASDs. 

 

The thermograms of freeze-dried IDM ASDs were shown in Figure 5.1C. IDM existed in an 

amorphous state in all polymer-based formulations as revealed by the featureless thermograms. For 
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IDM-PL, small peaks could be observed at 160 °C region, which was lower than the characteristic 

phase transition region of PL. The peak intensity was significantly lower than the melting peak of 

IDM. While suggesting a good miscibility between IDM and PL after the freeze drying process, these 

indicators could not accurately confirm the crystallinity of IDM due to the overlapping signals of 

IDM melting and PL phase transition. For IDM-G48 and IDM-ATO, the physical state of IDM could 

not be obtained due to the presence of lipid melting at low temperatures, similar to the findings of 

solvent-based ASDs. PXRD results will be used to facilitate the analysis. 

 For solvent-based IDM ASDs prepared with polymer-lipid combinations, all samples did not 

show the characteristic melting peak of crystalline IDM at 160.9 °C (Figure C-1 in Appendix). Only 

endothermic signals of lipid components could be observed. The phase transition signal of the PL tail 

was not observed for samples using polymer-PL as binary carriers, suggesting a good miscibility 

between PL and these polymers. IDM-PVP-PL, IDM-SOL-PL and IDM-EC-PL showed an 

amorphous characteristic. As just mentioned, the physical state of IDM in formulations containing 

G48 and ATO could not be accurately determined due to the presence of melting behaviors of these 

formulations before the melting point of IDM. PXRD results will be used to analyze these samples. 

 Freeze-dried samples based on polymer-lipid combination carriers including PVP-PL, SOL-

PL SA-PL and EC-PL showed featureless thermograms, indicating that IDM existed in an amorphous 

state finely dispersed in ASD carriers (Figure C-2 in Appendix). Other samples showed certain 

miscibility between different components as seen by the changed peak position, peak divergence and 

reduced intensity of lipid components. The physical state of IDM in these formulations will be 

analyzed based on the PXRD results considering the lipid melting at low temperatures.  

5.4.1.2 DSC thermograms of APX ASDs 

 The thermograms of solvent-based APX ASDs and individual carriers were compared in 

Figure 5.2. Crystalline APX showed a distinct melting peak at 237 °C consistent with the 

characteristic of APX N-1 form [152]. Compared to the thermal properties between 30 °C and 200 °C 

revealed in the previous section, PVP, SOL, G48 and ATO did not show additional characteristic 

from 200 °C to 300 °C (Figure 5.2A). The exothermic signal of SA in the 230 °C to 270 °C region 

corresponded to the thermal decomposition of SA [222]. The wide endothermic peak at 235 °C for 

EC was a melting peak consistent with the semi-crystalline nature of EC [224]. The large 

endothermic signal at 265 °C for PL was a result of thermal decomposition [225]. APX-PVP and 



 

146 

APX-SOL presented thermograms similar to individual polymers, without characteristic of crystalline 

APX. APX-EC, APX-PL and APX-ATO showed a small endothermic peak at 237 °C, suggesting the 

existence of crystalline of APX in these formulations. The shapes of thermal signal for the 

decomposition of SA and the melting behavior of G48 were changed after the preparation of solid 

dispersions, which were due to the miscibility and strong interactions between APX and these 

carriers. Despite this, the physical state of APX-SA and APX-G48 will be further assessed by PXRD 

due to the overlapping of APX melting peak and SA decomposition signals, and melting of G48 at 

low temperature. 

 

 

Figure 5.2. DSC thermograms of (A) ASD carriers, (B) solvent-based APX ASDs and (C) freeze-

dried APX ASDs. 

 

The thermograms of freeze-dried APX-ASDs were shown in Figure 5.2C. APX-PVP and 

APX-SOL presented a featureless thermogram that described their amorphous property. Crystallinity 

was confirmed by the small sharp endothermic peak at 237 °C for APX-EC. The physical state of 

other formulations will be confirmed by PXRD results due to signal overlap or lipid melting. 

 Solvent-based APX ASDs prepared with polymer-lipid combinations showed different 

miscibility levels according to the DSC results. APX-PVP-PL and APX-PVP-G48 showed a high-

degree of miscibility between APX and carrier materials, without presenting the phase transition of 

PL or the melting of G48 (Figure C-3 in Appendix). The characteristic crystalline peak of APX at 237 
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°C was not observed, suggesting that APX existed in an amorphous state in these formulations. APX-

SOL-PL was also considered as an amorphous formulation as seen by its featureless thermogram. In 

contrast, APX-SA-PL and APX-SA-ATO showed a distinct melting peak for APX, suggesting the 

existence of crystalline APX in these formulations. APX-SA-G48 presented a modified profile of SA 

decomposition, suggesting the existence of interactions between APX and binary carrier, but the 

physical state of APX needs to be confirmed by PXRD to rule out the possibility that crystalline APX 

is dissolved in molten G48. The small crystalline peak for APX could be observed for the 

thermograms of APX-EC-PL, APX-EC-G48 and APX-EC-ATO at 237 °C, confirming that a small 

amount of APX was loaded in the formulations in a crystalline state. 

 The thermograms of freeze-dried APX ASDs based on polymer-lipid combinations generally 

showed reduced characteristics of lipid components, resulting from the miscibility of formulation 

components after the freeze drying process (Figure C-4 in Appendix). APX-PVP-PL, APX-SOL-PL 

showed an amorphous profile. Crystallinity with reduced degree for APX was characterized for APX-

SA-ATO, APX-EC-PL, APX-EC-G48 and APX-EC-ATO, suggesting the existence of crystalline 

APX in formulations due to recrystallization during or after sample preparation. The physical states of 

other formulations will be further assessed by PXRD due to signal overlap and lipid melting. 

5.4.2 PXRD 

5.4.2.1 PXRD diffractograms of IDM ASDs 

 PXRD diffractograms of IDM ASDs were obtained to further verify the physical state of 

IDM in the formulations, as shown in Figure 5.3. Pure IDM showed a high-degree of crystallinity as 

characterized by the sharp peaks at 11.96°, 17.32°, 19.92°, 22.12°, 24.32°, 26.92°, 27.80°, and 29.68°, 

associated with numerous small peaks. PVP, SOL, SA and PL showed an amorphous halo band over 

the investigated 2θ range, corresponding to their non-crystalline nature and consistent with the above 

DSC results (Figure 5.3A). EC showed a small peak at 11.94° consistent with its semi-crystalline 

nature, corresponding to the DSC results. Lipid G48 showed sharp peaks at 19.60° and 23.70°, and 

ATO showed sharp peaks at 21.62° and 23.94°, corresponding to their crystalline nature. The 

diffractograms of solvent-based IDM ASDs prepared with PVP, SOL, SA, EC and PL were 

essentially the same as individual carriers, suggesting that IDM was existing in an amorphous state in 

the formulations (Figure 5.3B). IDM-G48 showed peaks at 19.60° and 23.72° corresponding to the 

crystal property of G48 carrier with reduced intensity, and no characteristic peaks for IDM could be 
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observed. This suggested that the IDM loaded in the formulation was in an amorphous state, 

facilitating the analysis based on DSC thermograms. For IDM-ATO, a small peak was observed at 

19.58°, additional to the characteristic peaks of ATO. A halo band was observed at 10° to 17° region, 

which did not align with the intrinsic property of ATO. The divided peak was mainly considered as 

an expression of a change in property of ATO carrier upon interacting with amorphous IDM. The 

characteristic crystalline peaks for IDM were not observed. IDM loaded in the ATO carrier was 

considered to exist in a mostly amorphous state. The diffractograms of freeze-dried IDM ASDs were 

shown in Figure 5.3C. All samples showed a high-degree of amorphous character whereby the 

observed peaks were assigned to the properties of the lipid carriers. 

 

 

Figure 5.3. PXRD diffractograms of (A) ASD carriers, (B) solvent-based IDM ASDs and (C) freeze-

dried IDM ASDs. 

  

The diffractograms for solvent-based and freeze-dried IDM ASDs based on all polymer-lipid 

combinations showed an amorphous feature for loaded drug, whereby the observed peaks could be 

assigned to the properties of the lipid carriers (Figure C-5 and Figure C-6 in Appendix). The PXRD 

results further confirmed the physical state of IDM in ASD formulations on the basis of DSC results. 
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5.4.2.2 PXRD diffractograms of APX ASDs 

 The PXRD diffractograms of solvent-based and freeze-dried APX ASDs were shown in 

Figure 5.4. Pure APX showed a high-degree of crystallinity characterized with sharp peaks at 8.56°, 

12.80°, 13.90°, 16.96° 18.40°, 19.60°, 21.60°, 21.90°, and 22.20°, associated with numerous small 

peaks. Solvent-based APX ASDs prepared with PVP, SOL, SA, EC and PL showed an amorphous 

diffractogram without sharp peaks (Figure 5.4B). For APX-G48, the large peak at 19.36° and 20.52° 

were consistent with the crystalline peak of the G48 carrier. The small peaks in the region of 11° to 

17.5° with noticeable intensity suggested the existence of crystalline APX in APX-G48. No obvious 

crystallinity could be obtained from the diffractogram of IDM-ATO, but a halo band was observed 

from 10° to 17° which was different from the intrinsic property of ATO. This was considered as a 

sign of trace APX crystallinity as suggested by the above DSC result. The diffractograms of freeze-

dried APX ASDs showed crystallinity to different degrees as shown in Figure 5.4C. APX-PVP, APX-

EC and APX-ATO showed a high-degree of amorphous character as seen by the absence of 

characteristic crystalline peaks of APX. APX-SOL and APX-SA exhibited non-smooth 

diffractograms while without peaks with integrated shapes. This suggested that crystalline APX 

existed in the formulations in small amounts. APX-PL and APX-G48 showed more obvious 

diffraction peaks over the tested range, indicating that a significant portion of APX existed in a 

crystalline state after freeze drying process. Solvent-based samples prepared with PVP-lipid, SOL-

lipid and EC-lipid combinations showed a high-degree of amorphous feature where small peaks were 

assigned to the characteristics of individual carriers (Figure C-7 in Appendix). Samples prepared with 

SA-lipid combinations presented non-smooth diffractograms with characteristics of crystalline APX. 

Freeze-dried samples prepared with polymer-lipid combinations including PVP-PL, PVP-G48, PVP-

ATO, SOL-PL, SOL-G48, SA-PL, EC-PL and EC-G48 exhibited an amorphous feature whereby 

observed peaks could be assigned to the properties of the carrier materials (Figure C-8 in Appendix). 

Other freeze-dried samples showed small peaks consistent with the characteristic of crystalline APX, 

suggesting the existence of a significant amount of crystalline drug in the formulations.  
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Figure 5.4. PXRD diffractograms of (A) ASD carriers, (B) solvent-based APX ASDs and (C) freeze-

dried APX ASDs. 

 

5.4.3 In vitro dissolution of IDM ASDs 

5.4.3.1 Dissolution of solvent-based IDM ASDs in pure water 

 The dissolution profiles of IDM ASDs were characterized under non-sink conditions. The 

effects of polymer and lipid carriers on the dissolution behaviors of IDM were revealed, and the 

polymer-lipid combination effects will be analyzed according to properties of individual carriers. The 

dissolution behaviors were correlated with the effects of ASD carriers on the amorphization, LLPS, 

solubilization, and supersaturation of IDM that were investigated in previous chapters.  

5.4.3.1.1 Dissolution of solvent-based IDM ASDs prepared with individual carriers 

 Figure 5.5 presents the dissolution profiles for IDM alone and for IDM formulated with 

individual polymer and lipid carriers. IDM alone showed a slow dissolution rate reaching an 

equilibrium IDM concentration of 7.8 ± 0.2 µg/mL after 24 hrs. The combination of IDM with SOL 

gave essentially the same dissolution profile (blue curve in Figure 5.5A) as IDM alone, reaching an 

equilibrium concentration of 10.3 ± 0.3 µg/mL after 24 hrs. The combination of IDM with PVP or 

with SA both gave an improvement in the dissolution profile, i.e. a more rapid dissolution, or in the 

equilibrium concentration. The profile obtained for the IDM-SA combination did not display any 

marked changes in concentration upon reaching a plateau of approximately 55 µg/mL or nearly 7 
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times the IDM solubility, indicating that recrystallization of IDM was prevented.  PVP was also able 

to increase the solubility of IDM by approximately 4 times; however, the decrease in IDM 

concentration observed after approximately 250 minutes indicates that recrystallization was only 

delayed rather than prevented.  EC was observed to inhibit the dissolution of IDM as a result of its 

own insoluble nature. 

 

Figure 5.5. Dissolution of solvent-based IDM ASDs prepared with (A) polymer and (B) lipid carriers 

in water.  

 

 The dissolution profiles of IDM ASDs prepared by different lipids are shown in Figure 5.5B. 

IDM-PL generated a highly supersaturated state for IDM followed by slow concentration loss. The 

drug concentration continuously increased to its peak of 41 ± 4 µg/mL at 120 min due to facilitated 

wetting and release of amorphous IDM with higher Gibbs free energy. Afterwards, a slight drop of 

IDM concentration was observed due to recrystallization, reducing drug concentration to the endpoint 

concentration of 21 ± 2 µg/mL at 24 hrs. IDM-G48 showed a fast buildup of IDM supersaturation, 

reaching a peak concentration of 29.2 ± 0.7 µg/mL within a short dissolution time of 5 min. A fast 

decline in free drug concentration occurred immediately after the supersaturation buildup. IDM 

concentration decreased to an equilibrium of 17.8 ± 0.3 µg/mL after 24 hrs, which was slightly higher 

than the value (14.2 ± 0.2 µg/mL) for the solubilization test. IDM-ATO provided a dissolution profile 

which was highly comparable with pure IDM. The slightly higher endpoint concentration than pure 

IDM was a result of constant release of amorphous IDM with higher equilibrium solubility. 

5.4.3.1.2 Dissolution of solvent-based IDM ASDs prepared with polymer-lipid 

combinations 



 

152 

 Resulting from the individual effects of polymer and lipid, the dissolution behavior of IDM 

was altered by the combination of polymer and lipid as ASD carrier. The major changes were 

reflected by the drug release rate at the initial stage, maximum achievable concentration, and 

maintaining of supersaturation. As shown in Figure 5.6, IDM-PVP-PL showed a faster dissolution 

rate at the early stage of dissolution as compared with IDM-PVP and IDM-PL, achieving an IDM 

concentration of 47.1 ± 0.5 µg/mL at 60 min. Drug concentration was maintained at this plateau until 

120 min, after which IDM concentration gradually decreased to 34 ± 3 µg/mL at 6 hrs due to slow 

recrystallization. The endpoint concentration at 24 hrs was 19.5 ± 0.6 µg/mL, which was similar to 

the values for IDM-PVP and IDM-PL. From the first 120-min dissolution data (Table 5.1) it could be 

seen that the dissolution of IDM-PVP-PL was less fitted to the Higuchi model that describes drug 

release from insoluble matrix, as compared with IDM-PVP and IDM-PL.  

 

 

Figure 5.6. Dissolution of solvent-based IDM ASDs prepared with (A) PVP-PL, (B) PVP-G48 and 

(C) PVP-ATO carriers in water. 
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Table 5.1. Linear regression results of solvent-based IDM ASDs fitted to different dissolution 

models. 

Dissolution model → Zero order First order Higuchi model 

ASD name  r2 K0 r2 K1 r2 KH 

IDM-PVP 0.971 0.898 0.990 0.006 0.887 7.773 

IDM-SOL 0.709 1.055 0.984 0.028 0.950 9.666 

IDM-SA -1.255 1.244 0.982 0.177 0.293 12.414 

IDM-EC 0.831 0.956 0.954 0.016 0.979 8.619 

IDM-PL 0.891 1.017 0.972 0.013 0.895 8.977 

IDM-G48 -2.948 0.927 0.861 3.933 -1.143 9.873 

IDM-ATO 0.669 1.019 0.957 0.026 0.995 9.372 

IDM-PVP-PL -0.841 1.243 0.995 0.117 0.476 12.329 

IDM-PVP-G48 -1.762 0.518 0.397 0.606 -0.850 5.869 

IDM-PVP-ATO -0.623 1.125 0.945 0.078 0.485 11.234 

IDM-SOL-PL 0.561 1.115 0.987 0.036 0.918 10.376 

IDM-SOL-G48 -0.528 1.231 0.994 0.093 0.615 12.101 

IDM-SOL-ATO 0.684 1.070 0.988 0.030 0.948 9.835 

IDM-SA-PL 0.852 1.012 0.964 0.016 0.890 8.995 

IDM-SA-G48 -0.133 1.214 0.995 0.073 0.732 11.799 

IDM-SA-ATO 0.116 1.131 0.978 0.060 0.872 10.804 

IDM-EC-PL 0.007 1.131 0.986 0.070 0.829 10.853 

IDM-EC-G48 -1.655 1.251 0.997 0.214 0.052 12.660 

IDM-EC-ATO 0.896 0.917 0.989 0.012 0.969 8.178 

 

IDM-PVP-G48 showed a fast buildup of IDM supersaturation, reaching a peak concentration 

of 42 ± 4 µg/mL at 10 min. The Tmax was larger than that for IDM-G48, while the maximum 
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achievable concentration was effectively higher. Immediately after reaching peak concentration, a 

sharp decline in drug concentration to 16.3 ± 0.5 µg/mL was observed within 60 min, followed by a 

continuous decrease to 11.8 ± 0.5 µg/mL after 24-hr dissolution. The general supersaturation degree 

was between those for IDM-PVP and IDM-G48. The dissolution behavior showed minimal 

correlation with zero-order and Higuchi model, describing the free release of IDM from the 

formulation. IDM-PVP-ATO provided a different type of dissolution profile for IDM compared with 

those for IDM-PVP and IDM-ATO. A synergistic effect on IDM dissolution was observed for the 

early stage due to facilitated disintegration by ATO. Drug concentration reached its peak of 38.8 ± 1.0 

µg/mL at 45 min, which was effectively faster than IDM-PVP. The maximum achievable 

concentration was slightly lower than that for IDM-PVP, which was possibly due to weakened 

supersaturation maintenance ability of the formulation with reduced amount of PVP. A faster 

recrystallization rate, as compared with IDM-PVP, was observed after the buildup of maximum 

supersaturation at 45 min. The dissolution profile was only fitted to the first order profile whereby 

drug release was limited by solute concentration, without being restricted by carrier dissolution. 

 IDM-SOL-PL presented an averaged dissolution profile between that for IDM-SOL and 

IDM-PL in terms of dissolution rate and supersaturation degree (Figure C-9 in Appendix). No decline 

in drug concentration was observed along the investigated timescale, which should be an overall 

result of low supersaturation degree achieved and SOL’s ability to maintain IDM supersaturation. The 

averaged effect brought by the SOL-PL combination was different from the synergistic effect for the 

PVP-PL combination, suggesting a difference in disintegration when PL was added to different 

polymers. The first 120-min dissolution behaviors of SOL-PL showed good fitting with both the first-

order model and the Higuchi model, indicating that drug release from binary carrier matrix could be a 

rate limiting factor for IDM dissolution. IDM-SOL-G48 also provided an averaged dissolution profile 

for IDM dissolution as compared with those for IDM-SOL and IDM-G48. Noticeably, the 

supersaturation degree of IDM after 45 min was higher than that for IDM ASDs prepared by 

individual polymer or lipid, and no concentration decline was observed due to recrystallization. These 

phenomena suggested that the supersaturation maintaining ability of formulation was enhanced by the 

dissolution of the SOL carrier due to facilitated disintegration induced by G48. The dissolution data 

of IDM-SOL-G48 was better fitted with the first-order model, and its correlation with Higuchi model 

was between those for IDM-SOL and IDM-G48. IDM-SOL-ATO showed a slightly improved 

dissolution profile over IDM-SOL and IDM-ATO in terms of dissolution rate and supersaturation 
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degree, which should be the result of facilitated disintegration of formulation that led to better release 

of stored amorphous drug. The maintenance of a higher supersaturation degree was also benefited 

from the dissolution of the SOL carrier. The dissolution behavior of IDM-SOL-ATO showed high 

similarity to both first order and Higuchi model. 

 IDM-SA-lipid samples showed averaged dissolution profiles for IDM as compared with 

IDM-SA and IDM-lipid (Figure C-10 in Appendix). This was mainly a result of the modified 

crystalline solubility of IDM in the presence of different amounts of SA. The dissolution behavior of 

IDM-SA-PL showed good correlation with the first order and the Higuchi model, which was similar 

to IDM-PL instead of IDM-SA. The linear regression results of IDM-SA-G48 were more similar to 

IDM-SA than IDM-G48, indicating that the release of IDM was less free than IDM-G48. The 

dissolution data of IDM-SA-ATO was more similar to IDM-ATO instead of IDM-SA. 

 IDM-EC-lipid samples also showed averaged dissolution profiles for IDM as compared with 

IDM-EC and IDM-lipid (Figure C-11 in Appendix). No drug concentration loss was observed due to 

the slow and gradual release of amorphous IDM. The first 120-min fitting results of IDM-EC-PL 

were similar to both IDM-EC and IDM-PL. IDM-EC-G48 showed a poor correlation with the zero 

order and Higuchi model. IDM-EC-ATO showed a dissolution profile more similar to IDM-EC than 

IDM-ATO as suggested by the linear regression results. 

5.4.3.2 Dissolution of freeze-dried IDM ASDs in pure water 

5.4.3.2.1 Dissolution of freeze-dried IDM ASDs prepared with individual carriers 

 As shown in Figure 5.7A, IDM-PVP showed a typical “spring and parachute” profile where 

drug concentration increased to the peak of 46.1 ± 1.0 µg/mL at 60 min, followed by a slow 

concentration decline to 40.0 ± 1.0 µg/mL after 6 hrs due to IDM recrystallization inhibited by the 

dissolved PVP. The dissolution rate was significantly faster than the solvent-based IDM-PVP at the 

early stage, possibly due to the reduced particle size for lyophilized powder. The peak IDM 

concentration was slightly higher than that for solvent-based IDM-PVP, suggesting that the 

supersaturation potential of IDM-PVP was benefited from the reduced particle size and faster 

dissolution of carrier material. The endpoint IDM concentration at 24 hrs was 28.2 ± 0.8 µg/mL, 

which was similar to that for solvent-based IDM-PVP due to drug recrystallization over long time. 
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Figure 5.7. Dissolution of freeze-dried IDM ASDs prepared with (A) polymer and (B) lipid carriers 

in water. 

 

 IDM-SOL improved both dissolution rate and supersaturation degree as compared with pure 

IDM and solvent-based IDM-SOL. The drug concentration reached 10.2 ± 0.2 µg/mL within 60 min, 

which provided a 90% improvement for solvent-based IDM-SOL due to faster dissolution of the 

formulation with reduced particle size. With the low supersaturation degree achieved, no drug 

concentration loss was observed. IDM-SA showed an effective drug dissolution rate and 

supersaturation maintenance due to the improvement in IDM solubility. IDM-EC showed a slightly 

faster dissolution rate and higher concentration at each timepoint than its solvent-based counterpart, 

while the overall dissolution was still slower than IDM alone due to the sustained release effect.  

 The freeze-dried IDM ASDs based on lipid carriers show a faster dissolution rate than their 

solvent-based counterparts, associated with different supersaturation evolution profiles after 

achieving IDM supersaturation (see Figure 5.7B). IDM-PL achieved a peak IDM concentration of 

55.7 ± 1.6 µg/mL within 120 min. The maximum supersaturation degree was higher than that for 

solvent-based IDM-PL, and the time required to achieve this state was 60 min shorter. Afterwards, 

IDM supersaturation remained at this level until 120 min, and showed a concentration decline to 32.8 

± 1.1 µg/mL at 360 min due to recrystallization. The freeze-dried IDM-G48 sample showed a 

dissolution profile similar to its solvent-based counterpart. A fast buildup of supersaturation to 36 ± 3 

µg/mL was observed within 10 min, which was 33% higher than that for solvent-based IDM-G48 due 

to the more effective wetting of the G48 carrier. Due to the generation of high-degree supersaturation 

and poor supersaturation maintaining effect of G48, IDM concentration showed a fast drop to 23.6 ± 
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0.06 µg/mL within 45 min, and constantly decreased to 20.3 ± 0.3 µg/mL after dissolution for 24 hrs. 

The recrystallization profile was highly comparable with solvent-based IDM-G48, suggesting that no 

change in supersaturation maintaining ability was induced by the different preparation method. The 

freeze-dried IDM-ATO presented a dissolution profile with similar shape to its solvent-based 

counterpart, while with a higher IDM concentration at each timepoint due to the faster release of 

amorphous IDM from a formulation with smaller particle size and larger surface area.  

5.4.3.2.2 Dissolution of freeze-dried IDM ASDs prepared with polymer-lipid 

combination carriers 

 The dissolution and supersaturation parameters including dissolution rate, maximum 

achievable concentration, supersaturation maintenance and equilibrium concentration were altered in 

different manners due to the combination of polymer and lipid carrier. Freeze-dried IDM-PVP-PL 

achieved a higher degree of drug supersaturation within a shorter time as compared with IDM-PVP 

and IDM-PL (Figure 5.8). The endpoint IDM concentration was determined to be 30.9 ± 1.8 µg/mL, 

which was slightly higher than the values for IDM-PVP and IDM-PL. The dissolution data of IDM-

PVP-PL were poorly fitted with the Higuchi model as compared with IDM-PVP and IDM-PL, as 

indicated in Table 5.2. 
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Figure 5.8. Dissolution of freeze-dried IDM ASDs prepared with (A) PVP-PL, (B) PVP-G48 and (C) 

PVP-ATO carriers in water. 

 

Table 5.2. Linear regression results of freeze-dried IDM ASDs fitted to different dissolution models. 

Dissolution model → Zero order First order Higuchi model 

ASD name  r2 K0 r2 K1 r2 KH 

IDM-PVP -0.461 1.209 0.995 0.088 0.634 11.874 

IDM-SOL -0.404 1.233 0.986 0.090 0.620 12.119 

IDM-SA -1.927 1.257 0.989 0.346 -0.102 12.717 

IDM-EC 0.206 1.150 0.975 0.051 0.899 10.936 

IDM-PL 0.476 1.171 0.973 0.037 0.874 10.984 

IDM-G48 -1.966 0.868 0.769 0.301 -0.491 9.082 

IDM-ATO 0.604 1.062 0.973 0.030 0.982 9.835 
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IDM-PVP-PL -0.362 1.205 0.979 0.084 0.605 11.882 

IDM-PVP-G48 -1.774 0.746 0.647 0.317 -0.506 7.881 

IDM-PVP-ATO -0.420 1.193 0.992 0.084 0.620 11.744 

IDM-SOL-PL -0.493 1.171 0.972 0.110 0.647 11.433 

IDM-SOL-G48 -1.580 1.213 0.986 0.192 0.044 12.317 

IDM-SOL-ATO 0.647 1.056 0.993 0.031 0.960 9.750 

IDM-SA-PL -0.418 1.175 0.977 0.095 0.679 11.462 

IDM-SA-G48 -0.779 1.228 0.984 0.121 0.523 12.125 

IDM-SA-ATO -0.293 1.201 0.982 0.081 0.726 11.682 

IDM-EC-PL 0.214 1.130 0.972 0.054 0.894 10.740 

IDM-EC-G48 -0.817 1.233 0.991 0.113 0.491 12.209 

IDM-EC-ATO -0.439 1.088 0.903 0.134 0.658 10.544 

 

 For IDM-PVP-G48, a synergistic effect in supersaturation buildup was observed as compared 

with IDM-PVP and IDM-G48. A highly supersaturated state of 47 ± 4 µg/mL was effectively 

achieved within 10 min, followed by an immediate drug concentration loss due to IDM 

recrystallization with insufficient supersaturation maintaining the effect rendered by the PVP-PL 

binary carrier. The IDM concentration after the occurrence of recrystallization was noticeably higher 

than that for IDM-G48 at each timepoint, attributed to the slightly improved supersaturation 

maintaining effect provided by PVP. The endpoint IDM concentration was between the values for 

IDM-PVP and IDM-G48. The linear regression results of IDM-PVP-G48 were similar to those for 

IDM-G48, with poor similarity to IDM-PVP. The fitting to the first order model showed a low r2 

value, suggesting that that drug release was not completed. IDM-PVP-ATO presented a dissolution 

profile similar to IDM-PVP in terms of dissolution rate, supersaturation degree and supersaturation 

maintenance. The slightly improved Cmax could be due to the facilitated disintegration of PVP, and the 

moderate supersaturation maintaining effect was attributed to PVP in the binary carrier. The 

dissolution rate and supersaturation degree of freeze-dried IDM-PVP-ATO were both lower than its 

solvent-based counterpart. The dissolution data of IDM-PVP-ATO yielded a poorer fit with the 

Higuchi model as compared with IDM-PVP and IDM-ATO. 
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The freeze-dried IDM ASDs based on SOL-lipid combination also showed adjusted 

dissolution and supersaturation parameters including dissolution rate, supersaturation degree and 

supersaturation maintaining effect (Figure C-12 in Appendix). IDM-SOL-PL showed a faster 

dissolution rate than IDM-SOL and IDM-PL at the early stage, achieving an IDM concentration of 

28.6 ± 0.4 µg/mL within 20 min. Afterwards, the drug concentration accumulation was less effective, 

whereby IDM concentration gradually increased to 36.0 ± 1.0 µg/mL at 6 hrs. No decline in IDM 

concentration was observed due to the slow rate of supersaturation generation. The endpoint IDM 

concentration was higher than the values for IDM-SOL and IDM-PL. This could be a result of 

improved IDM supersaturation due to the increasing amount of dissolved SOL from the binary 

carrier. The dissolution rate and supersaturation degree of freeze-dried IDM-SOL-PL were both 

higher than the solvent-based ASD. The linear regression results were similar to IDM-SOL. IDM-

SOL-G48 also showed an averaged dissolution profile between IDM-SOL and IDM-G48, with an 

effectively stabilized supersaturation. The improved equilibrium concentration could be a result of 

stabilized supersaturation with facilitated dissolution of the SOL carrier. The linear regression results 

showed a decrease in Higuchi similarity with regard to IDM-SOL. IDM-SOL-ATO showed a faster 

dissolution rate than IDM-SOL and IDM-ATO without changing the profile shape. This phenomenon 

was similar to the profile of solvent-based IDM-SOL-ATO. No loss in drug concentration was 

observed. The dissolution data of IDM-SOL-ATO showed a high-degree of similarity to first-order 

and Higuchi model. 

 IDM-SA-PL, IDM-SA-G48 and IDM-SA-ATO did not change dissolution profile as compared 

with IDM-SA (see Figure C-13 in Appendix). The averaged supersaturation degree was to the 

decreased amount of SA that improved the solubility of crystalline IDM. No supersaturation prone to 

recrystallization was observed, masking the characteristics of IDM-PL and IDM-G48. Compared to 

its solvent-based counterpart, freeze-dried IDM-SA-PL presented a faster dissolution due to smaller 

particle size, while with a similar equilibrium IDM concentration determined by the alkalizing effect 

of SA. The dissolution profiles were similar for freeze-dried and solvent-based IDM-SA-G48, 

suggesting that particle size and disintegration were not limiting factors for dissolution. The overall 

supersaturation degree of IDM-SA-ATO was lower than its solvent-based counterpart, which could 

be a result of less effective drug amorphization and drug loading provided by the freeze-drying 

process. The dissolution data of IDM-SA-PL was similar to IDM-PL, but with a decreased r2 value 

for the Higuchi model. IDM-SA-G48 showed an increase in the r2 value for the Higuchi model, 
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suggesting an overall slower drug release than IDM-SA and IDM-G48. The first 120-min dissolution 

efficiency of IDM-SA-ATO was more similar to IDM-ATO than IDM-SA, indicative of a certain rate 

limiting effect brought by added ATO. Detailed analysis will be discussed in section 5.5.3.2.  

 IDM-EC-PL showed an altered dissolution profile that was different from both IDM-EC and 

IDM-PL, as shown in Figure C-14 in Appendix. The drug concentration effectively increased to its 

plateau of 35.0 ± 0.5 µg/mL within 120 min, followed by a continuous increase to its equilibrium of 

36.7 ± 0.6 µg/mL at 24 hrs. The achieved IDM supersaturation was effectively maintained due to the 

slow supersaturation generation rate and constant release of amorphous IDM from the EC matrix. The 

overall supersaturation for this formulation was obviously higher than its solvent-based counterpart. 

The dissolution efficiency of first 120-min did not present obvious change with regard to IDM-EC 

and IDM-PL, as seen by the similar linear regression results. IDM-EC-G48 showed a first-order 

dissolution profile whereby drug concentration presented a gradual increase without concentration 

loss, masking the characteristic of IDM-G48. The equilibrium was higher than those for IDM-EC and 

IDM-G48, which could be a collaborative result of constant release of amorphous drug from EC 

matrix and maintained supersaturation with slow supersaturation induction rate. The Higuchi 

similarity of dissolution profile for IDM-EC-G48 was between those for IDM-EC and IDM-G48. 

IDM-EC-ATO showed a dissolution rate that was averaged between IDM-EC and IDM-ATO. In 

contrast to the solvent-based IDM-EC-ATO, the dissolution profile of the lyophilized sample was 

more governed by ATO, instead of EC. The Higuchi r2 value for IDM-EC-ATO was lower than both 

IDM-EC and IDM-ATO, describing a slightly faster dissolution at the early stage. 

5.4.3.3 Two-stage dissolution of freeze-dried IDM ASDs 

5.4.3.3.1 Two-stage dissolution of freeze-dried IDM ASDs prepared with individual 

carriers 

The concentration-time profiles of pure IDM and lyophilized ASDs formulated with polymer 

carriers were shown in Figure 5.9A. Pure IDM showed a slow dissolution within the acid stage, 

reaching a concentration of 1.20 ± 0.06 µg/mL at 60 min. After entering the pH 5.0 stage, which was 

favourable for IDM ionization and solubility, a larger IDM concentration was observed from 1.72 ± 

0.07 µg/mL at 75 min to 9.0 ± 0.4 µg/mL at 6 hr. Ionization is expected for IDM in this environment 

as the pH was higher than the IDM pKa, so that the dissolution rate and equilibrium concentration of 

IDM were both improved. IDM-PVP provided a faster dissolution rate and supersaturated 
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concentration for IDM during acid stage, while not showing a typical “spring and parachute” profile, 

which was different from its behavior in pure water. After entering pH the 5.0 stage, IDM-PVP 

showed a continuous drug release and reached a peak concentration of 17.7 ± 0.3 µg/mL at 120 min 

upon further drug release from the formulation reservoir. Following, a slight concentration decay was 

observed, dropping to 16.5 ± 0.4 µg/mL for 6 hr and 13.8 ± 0.5 µg/mL for 24 hr. This behavior was 

similar to the slow desupersaturation observed for IDM-PVP in pure water due to IDM 

recrystallization. The endpoint IDM concentration was slightly higher than that for IDM alone, 

suggesting the existence of a low degree of supersaturation over a long time. 

 

 

Figure 5.9. Two-stage dissolution of freeze-dried IDM ASDs prepared with (A) polymer and (B) 

lipid carriers. 

 

IDM-SOL showed a slow dissolution rate in the acid stage similar to IDM alone, achieving 

an IDM concentration of 1.89 ± 0.07 µg/mL after a dissolution for 60 min. This behavior was similar 

to its behavior in pure water due to the formation of a SOL gel layer that increased the diffusion 

distance of IDM. After entering the pH 5.0 stage, IDM concentration increased more quickly than 

pure IDM, increasing from 4.61 ± 0.06 µg/mL to 12.7 ± 0.8 µg/mL from 75 min to 24 hrs. No 

obvious concentration decline was observed with low supersaturation degree achieved. IDM-SA 

presented a faster dissolution rate in the acid stage due to the increased ionization of IDM due to SA’s 

alkalizing effect on the microenvironment of drug. The improvement in IDM dissolution was not as 

effective as that in pure water possibly because the alkalizing effect of SA was weakened in 

dissolution media with certain buffering capacity. When entering the pH 5.0 stage, the IDM 
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dissolution was further improved by the constant release from formulation. The dissolution efficiency 

was lower than that in pure water by a same mechanism of medium buffering capacity. No decline in 

drug concentration could be observed within the tested time range, corresponding to the 

supersaturation maintaining effect of SA on IDM. IDM-EC showed a typical diffusion-controlled 

dissolution profile resulting from the insolubility of drug carrier. The IDM concentrations at each 

timepoints in both stages were lower than those for IDM alone, similar to its behavior in pure water. 

The lyophilized IDM-EC existed in a sponge-like physical state with a poor wetting ability when 

exposed to the dissolution medium. The slow dissolution rate in both stages was a sum effect of high-

degree IDM-EC complexation and poor wettability of the formulation. 

As shown in Figure 5.9B, IDM-PL showed an effectively improved dissolution rate for IDM 

during the acid stage, achieving an IDM concentration of 3.12 ± 0.14 µg/mL at 60 min, which was 

2.6-fold larger than that for pure IDM. However, the dissolution improvement was different from that 

for IDM-PL in pure water, where a fast buildup of highly supersaturated state was achieved within 60 

min. The main reason for this deviation should be the protonation and electrostatic effect of PL under 

acid conditions which induced intermolecular complexation to delay drug release. After entering the 

pH 5.0 stage, where PL protonation was weakened by the increased pH, IDM concentration saw a 

burst increase to 15.5 ± 1.1 µg/mL at 75 min. This suggested that a significant part of IDM payload 

could enter water once the self-complexation of PL was weakened. Following, IDM concentration 

was effectively maintained over 20.4 ± 0.6 µg/mL for 24 hrs, which was 1.8-fold as that for pure 

IDM.  

IDM-G48 presented a sharp increase in IDM concentration for the first 10 min in the acid 

stage and reached a peak at 22.1 ± 0.8 µg/mL that was approximately 30-fold higher than that for 

IDM alone. The effective improvement was aligned with the behavior of lyophilized IDM-G48 in 

pure water. Before stock B was added to initiate the second phase at 60 min, the IDM concentration 

was maintained at 19.4 ± 0.8 µg/mL, indicating the evolution of IDM recrystallization but to a lower 

extent than that in pure water. After entering pH 5.0 stage, the IDM concentration further increased 

from 11.1 ± 1.5 µg/mL at 75 min to 14.0 ± 0.7 µg/mL after dissolution for 24 hrs. The supersaturation 

maintenance ability of G48 was stronger at pH 5.0 than that in pure water due to lower non-sink 

degree achieved. IDM-ATO provided an effectively improved dissolution enhancement for IDM 

during acid stage, reaching a drug concentration of 4.6 ± 0.2 µg/mL at 60 min. Interestingly, as an 

insoluble lipid carrier, ATO provided a better dissolution enhancement than PL. This comparison was 
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different from the scenario in pure water. After entering the pH 5.0 stage, the increase in drug 

concentration remained constant, gradually reaching its plateau of 15.5 ± 0.11 µg/mL at 4 hrs and an 

endpoint concentration of 16.0 ± 0.2 µg/mL after dissolution for 24 hrs. The dissolution behaviors of 

IDM-ATO were similar in different stages and were comparable with that in pure water. 

5.4.3.3.2 Two-stage dissolution of freeze-dried IDM ASDs prepared with polymer/lipid 

combinations 

  The dissolution behaviors of freeze-dried IDM ASDs could be altered by the combination of 

polymer and lipid carriers in different manners. PVP-PL provided a significantly synergistic effect in 

IDM dissolution in the acid stage, whereby drug concentration was higher than that for IDM alone at 

each timepoint (see Figure 5.10).  

 

 

Figure 5.10. Two-stage dissolution of freeze-dried IDM ASDs prepared with (A) PVP-PL, (B) PVP-

G48 and (C) PVP-ATO. 
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The IDM concentration effectively increased to its peak of 30 ± 3 µg/mL at 45 min, followed 

by a concentration decline to 21 ± 2 µg/mL at 60 min. After entering the pH 5.0 stage, a burst release 

was observed to achieve a peak IDM concentration of 41 ± 3 µg/mL at 75 min, followed by a gradual 

concentration loss to 17.1 ± 1.0 µg/mL after dissolution for 24 hrs. As shown in Table 5.3, IDM-PVP-

PL showed a decrease in r2 value for both the zero order and the Higuchi model, as compared with 

IDM-PVP and IDM-PL. This suggested a decreased restriction of drug release from the binary 

carrier. The synergistic effect of IDM-PVP-PL was in good agreement with its behavior in pure 

water. 

IDM-PVP-G48 showed fast dissolution in the acid stage similar to the behavior of IDM-G48, 

achieving a drug concentration of 39.6 ± 1.1 µg/mL within 20 min. However, the drug concentration 

presented a fast decline after this timepoint, reducing to 19.9 ± 1.0 µg/mL at the end of the acid stage. 

After entering the pH 5.0 stage, the drug concentration presented another increasing period and 

leveled the drug concentration to 29.5 ± 1.2 µg/mL at 90 min. Again, IDM concentration decreased 

and returned to 19.8 ± 1.2 µg/mL at 6 hrs. The endpoint concentration was maintained at 13.4 ± 0.2 

µg/mL. IDM-PVP-G48 showed a poor correlation with the Higuchi model, similar to IDM-G48, 

describing a free drug release process. IDM-PVP-ATO showed a synergistic effect on IDM 

dissolution during both stages. Drug concentration effectively increased to its peak of 20.6 ± 1.3 

µg/mL at 45 min, followed by a concentration loss to 19.8 ±1.4 µg/mL at 60 min. The IDM 

concentration was significantly higher than those for both IDM-PVP and IDM-ATO at each 

timepoint.  

 

Table 5.3. Linear regression results of two-stage dissolution of freeze-dried IDM ASDs fitted to 

different dissolution models. 

Dissolution model → Zero order First order Higuchi model 

ASD name  r2 K0 r2 K1 r2 KH 

IDM-PVP 0.981 1.575 0.981 0.025 0.775 9.772 

IDM-SOL -0.113 1.982 0.826 0.069 0.921 13.354 
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IDM-SA 0.762 1.710 0.874 0.027 0.884 11.141 

IDM-EC -165.082 2.348 0.476 0.505 -60.173 16.876 

IDM-PL 0.628 1.995 0.989 0.043 0.987 13.199 

IDM-G48 -4.006 2.176 0.692 0.185 -0.864 15.572 

IDM-ATO 0.947 1.799 0.961 0.009 0.829 11.385 

IDM-PVP-PL 0.178 1.884 0.800 0.066 0.622 12.781 

IDM-PVP-G48 -2.159 1.507 0.393 0.173 -0.613 11.145 

IDM-PVP-ATO 0.711 2.051 0.945 0.038 0.856 13.438 

IDM-SOL-PL 0.368 2.161 0.949 0.059 0.856 14.485 

IDM-SOL-G48 -0.065 2.252 0.889 0.081 0.677 15.364 

IDM-SOL-ATO 0.668 2.123 0.951 0.041 0.867 13.970 

IDM-SA-PL 0.728 1.975 0.956 0.038 0.905 12.956 

IDM-SA-G48 -0.062 2.226 0.841 0.082 0.635 15.193 

IDM-SA-ATO 0.320 2.013 0.938 0.060 0.841 13.514 

IDM-EC-PL -0.227 2.066 0.915 0.073 0.876 13.995 

IDM-EC-G48 -0.030 2.074 0.846 0.076 0.611 14.188 

IDM-EC-ATO -3.682 1.990 0.185 0.258 -0.304 13.715 

 

After entering the pH 5.0 stage, the drug concentration showed another fast increase to its 

peak of 55 ± 4 µg/mL at 75 min, followed by a gradual concentration decline to 33 ± 3 µg/mL after 

dissolution for 24 hrs. The overall dissolution profiles in different pH environments were comparable 

with each other. The similarity between dissolution data of IDM-PVP-ATO and Higuchi model was 

not attenuated due to polymer-lipid combination as seen by the similar r2 values. 

A synergistic effect on IDM dissolution was also observed for IDM-SOL-PL in the acid stage 

as compared with IDM-SOL and IDM-PL (Figure C-15 in Appendix). The concentration of IDM 

reached 8.4 ± 0.3 µg/mL within 60 min, which was effectively higher than that for IDM-SOL and 

IDM-PC. Interestingly, after entering the pH 5.0 stage, the IDM concentration started to show a slow 

increase from 4.1 ± 1.6 µg/mL to 16.3 ± 1.1 µg/mL from 75 min to 24 hrs. The IDM concentrations 
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during this stage were similar to those for IDM-SOL, and were obviously lower than those for IDM-

PL. As suggested by the r2 values for different models, the dissolution of IDM-SOL-PL was still 

restricted by both solute concentration and drug release from the carrier material. The SOL-G48 

combination provided an IDM release profile that was averaged between the profiles of IDM-SOL 

and IDM-G48. During the pH 2.2 stage, the IDM concentration increased to its plateau of 14.3 ± 1.6 

µg/mL at 20 min, and effectively maintained at this level until 60 min. This was different from the 

recrystallization profile observed for IDM-G48. After entering pH 5.0 stage, the IDM concentration 

further increased to 18.9 ± 0.9 µg/mL at 75 min, and effectively maintained at this level thereafter. 

Drug concentrations at all timepoints were between those for IDM-SOL and IDM-G48. The Higuchi 

similarity of IDM-SOL-G48 was between those for IDM-SOL and IDM-G48. IDM-SOL-ATO 

showed an improvement in dissolution rate and extent as compared with IDM-SOL and IDM-ATO. 

During the pH 2.2 stage, IDM concentration increased to its plateau of 4.1 ± 0.5 µg/mL at 30 min, 

and effectively maintained at this level. After entering pH 5.0 stage, IDM concentration continued to 

increase to 26.0 ± 0.5 µg/mL at 120 min, followed by a slow increase to the endpoint concentration of 

29.4 ± 0.2 µg/mL after dissolution for 24 hrs. Drug concentrations were effectively higher than those 

for IDM-ATO over long-time dissolution. The drug release from binary carrier was still a negative 

factor, as suggested by the similar r2 values of Higuchi model for IDM-SOL-ATO, as compared with 

IDM-SOL and IDM-ATO. 

 IDM-SA-PL also provided an obvious synergistic effect on the IDM dissolution at both 

stages with regard to IDM-SA and IDM-PL (Figure C-16 in Appendix). During the pH 2.2 stage, the 

IDM concentration gradually increased to its peak of 10.8 ± 0.3 µg/mL at 60 min. After entering the 

pH 5.0 stage, the drug concentration showed a more gradual increase as compared with IDM-PL. The 

drug concentration increased from 15.8 ± 0.3 µg/mL to 30 ± 7 µg/mL from 75 min to 24 hrs. The first 

60-min drug release restriction was not obviously improved by the binary carrier, as seen by the large 

Higuchi r2 value similar to those for IDM-SA and IDM-PL. IDM-SA-G48 showed a generally 

averaged dissolution profile with regard to IDM-SA and IDM-G48. During the pH 2.2 stage, the IDM 

concentration showed a gradual increase to its peak of 19.1 ± 0.7 µg/mL at 45 min, followed by a 

slight decrease to 18.5 ± 0.5 µg/mL at 60 min. During this stage, IDM concentrations were between 

those for IDM-SA and G48. A different drug dissolution shape was observed thereafter. No further 

increase in IDM concentration was observed during pH 5.0 stage, describing a high-degree 

completion for drug dissolution. Drug concentration maintained in a narrow range of 13.0 ± 0.3 
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µg/mL to 14.2 ± 1.0 µg/mL from 75 min to 6 hrs. The endpoint drug concentration at 24 hrs was 

determined to be 16.6 ± 0.6 µg/mL, which was lower than the values for IDM-SA and IDM-G48. 

IDM-SA-G48 showed a slightly improved drug release from ASD carrier as seen by the smaller r2 

value for Higuchi model. IDM-SA-ATO provided a dissolution profile that was highly comparable 

with IDM-ATO, other than the endpoint drug concentration at 24 hrs. During the pH 2.2 stage, drug 

concentration showed a slightly faster increase rate than IDM-SA and IDM-ATO, reaching its peak of 

4.84 ± 0.15 µg/mL at 45 min, followed by a slight decrease to 4.34 ± 0.14 µg/mL at 60 min. Once 

entering pH 5.0 stage, IDM concentration gradually increased from 9.7 ± 0.6 µg/mL to 16.1 ± 0.4 

µg/mL from 75 min to 24 hrs. The endpoint concentration was lower than that for IDM-SA due to the 

reduced amount of SA dissolved. The dissolution at early stage was still limited by the dug release 

from ASD carrier, as seen by the similar r2 values for Higuchi model using both individual and binary 

carrier. 

 IDM-EC-PL provided a synergistic effect on IDM dissolution during acid stage, as shown in 

Figure C-17 in Appendix. IDM concentration reached its peak of 5.9 ± 0.9 µg/mL at 45 min, followed 

by a slight decay to 5.5 ± 0.5 µg/mL at 60 min. IDM concentrations were higher than those for IDM-

PL and IDM-EC, and a slight “spring and parachute” profile was generated by the combination of PL 

and EC. After entering the pH 5.0 stage, a drastic increase in IDM concentration to 9.7 ± 0.7 µg/mL 

was induced by the change in dissolution condition. Afterwards, IDM concentration maintained 

within the range of 6.7 ± 0.6 µg/mL to 8.2 ± 1.5 µg/mL from 90 min to 360 min. The endpoint IDM 

concentration was determined to be 11.5 ± 1.6 µg/mL at 24 hrs, which was between the values for 

IDM-EC and IDM-PL. The concentration level from 6 hrs was similar to that for IDM alone, without 

generating a supersaturated state. The carrier-controlled drug release profile was weaker than that for 

IDM-PL, as seen in Table 5.3. IDM-EC-G48 showed a dissolution profile that was the average of the 

dissolution profiles of IDM-EC and IDM-G48 in both dissolution stages. During the pH 2.2 stage, the 

Tmax was longer than that for IDM-G48. Once entering the pH 5.0 stage, the IDM concentration 

maintained in the range of 10.6 ± 0.6 µg/mL and 11.0 ± 0.5 µg/mL from 75 min to 6 hrs. At each 

timepoint, IDM concentration was between those for IDM-EC and IDM-PL. As suggested by the 

linear regression result, binary carrier was more of a limiting factor for drug release than G48 alone. 

IDM-EC-ATO showed an averaged dissolution profile between IDM-EC and IDM-ATO. During the 

pH 2.2 stage, IDM concentration slowly increased to 1.13 ± 0.14 µg/mL at 60 min, which was 

essentially the same as that for pure IDM and IDM-EC. When entering pH 5.0 stage, drug 
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concentration gradually increased to 8.8 ± 0.8 µg/mL after 6 hrs, with a faster increasing rate than 

pure IDM and IDM-EC. The endpoint concentration at 24 hrs was determined to be 13.4 ± 1.5 µg/mL 

upon the continuous release of loaded amorphous IDM. The dissolution profile of IDM-EC-ATO did 

not correspond to the tested models. 

5.4.4 In vitro dissolution of APX ASDs 

5.4.4.1 Dissolution of solvent-based APX ASDs in pure water 

 The dissolution profiles of APX ASDs were characterized under non-sink conditions. Effects 

of polymer and lipid carriers on the dissolution and supersaturation behaviors of APX were 

determined, and the effects of polymer-lipid combinations will be analyzed according to the 

properties of individual carriers. The dissolution behaviors will be correlated with the effects of ASD 

carriers on the amorphization, LLPS, solubilization, and supersaturation of APX that were 

investigated in previous chapters. Besides, the effect of an ASD carrier on the supersaturation 

properties of IDM and APX will be compared to correlate with the previously hypothesized 

mechanisms. 

5.4.4.1.1 Dissolution of solvent-based APX ASDs prepared with individual carriers 

 As shown in Figure 5.11A, APX ASDs based on individual polymer carriers showed different 

dissolution results, ranging from a highly supersaturated profile to a sustained-release profile.  

 

 

Figure 5.11. Dissolution of solvent-based APX ASDs prepared with (A) polymer and (B) lipid 

carriers in water. 
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Pure APX presented a slow dissolution rate, reaching 29.4 ± 0.2 µg/mL within 60 min, and 

gradually increased to its equilibrium of 34.8 ± 0.7 µg/mL after dissolution for 24 hrs. APX-PVP 

provided a significant improvement in both dissolution rate and extent for APX, and generated a 

“spring and parachute” profile where a slight drug concentration loss followed the achievement of a 

peak drug concentration. APX concentration effectively accumulated to its peak concentration of 134 

± 13 µg/mL at 20 min, which was 5.9 times that for APX alone. Afterwards, APX concentration 

slightly decreased to 117 ± 8 µg/mL at 60 min, and gradually reduced to its endpoint concentration of 

100 ± 6 µg/mL at 24 hrs due to APX recrystallization. 

 APX-SOL showed an even faster drug release profile and higher supersaturation degree than 

APX-PVP. The system achieved a peak APX concentration of 208 ± 12 µg/mL at 30 min, followed 

by a slight concentration decline to 184 ± 4 µg/mL at 90 min. The APX concentration level was 

effectively maintained at this level for 6 hrs. The endpoint APX concentration at 24 hrs was 146 ± 3 

µg/mL, which was still significantly higher than APX solubility. As a comparison, APX-SA showed a 

less effective improvement in dissolution rate and extent for APX, while without presenting 

concentration loss. The endpoint concentration at 24 hrs was determined to be 57.2 ± 1.0 µg/mL, 

which was 64% higher than pure APX. APX-EC showed a typical sustained release profile where 

drug concentration at each timepoint was lower than pure APX. The free drug concentration reached 

5.6 ± 0.3 µg/mL within 60 min, which was approximately 19% of that for APX alone. The endpoint 

concentration increased to 24.3 ± 0.4 µg/mL upon the sustained release of APX, which was still lower 

than that for APX alone. 

 As shown in Figure 5.11B, APX-PL generated a highly supersaturated state followed by a 

sharp decline in APX concentration. The drug concentration reached 169 ± 8 µg/mL within a short 

time of 5 min, and then dropped to 67 ± 6 µg/mL after 120 min. Afterwards, APX concentration saw 

a more gradual decrease to its equilibrium of 63.7 ± 1.4 µg/mL after dissolution for 24 hrs. The 

supersaturation maintaining effect was weaker than that presented by polymer-based APX ASDs 

including APX-PVP and APX-SOL. APX-G48 also showed a fast buildup of APX supersaturation, 

while with a larger Tmax and a lower Cmax as compared with APX-PL. The formulation reached its 

peak concentration of 138 ± 6 µg/mL after dissolution for 10 min. Afterwards, a concentration 

decline to 93 ± 3 µg/mL was observed within 60 min, followed by a more gradual decrease to the 

equilibrium of 74.5 ± 1.3 µg/mL after dissolution for 24 hrs. The supersaturation maintaining effect 
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on APX concentration was more effective than that for APX-PL. APX-ATO provided a first-order 

dissolution enhancing profile for APX whereby no drug concentration decline was observed. The 

APX concentration slowly increased to 44.7 ± 1.4 µg/mL at 60 min, and gradually increased to 51.7 ± 

1.2 µg/mL after dissolution for 24 hrs. The achieved drug concentration was effectively higher than 

pure APX. 

5.4.4.1.2 Dissolution of solvent-based APX ASDs prepared with polymer-lipid 

combination carriers 

 The dissolution and supersaturation behaviors of APX were adjusted by the combination of 

polymer and lipid as ASD carrier. The changes were reflected by the dissolution parameters including 

Tmax, Cmax, maintaining of supersaturation degree, and general shape of concentration-time profile. 

APX-PVP-PL showed a fast supersaturation buildup rate which was similar to the behavior of APX-

PL, and a supersaturation maintaining behavior similar to APX-PVP (see Figure 5.12). 
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Figure 5.12. Dissolution of solvent-based APX ASDs prepared with (A) PVP-PL, (B) PVP-G48 and 

(C) PVP-ATO carriers in water. 

 

No plateau was observed after the observation of Cmax. A drug concentration decline to 101 ± 

4 µg/mL was observed within 120 min upon APX recrystallization. APX concentration further 

decreased to its equilibrium of 84 ± 5 µg/mL after dissolution for 24 hrs, which was between the 

values for APX-PVP and APX-PL. The general desupersaturation rate was also sitting between those 

for APX-PVP and APX-PL. As shown in Table 5.4, the dissolution profile of APX-PVP-PL could not 

be fitted with the Higuchi model, suggesting that drug release from carrier was not a negative factor 

for dissolution. 

APX-PVP-G48 showed a supersaturation buildup rate that was comparable with APX-PVP 

and APX-G48. The desupersaturation rate was more governed by the behaviors of APX-PVP than 

APX-G48. A mild concentration loss from the Cmax to 101 ± 1.7 µg/mL was presented until 24 hrs. 

The low r2 value for the Higuchi model suggested that drug release from carrier matrix was not a rate 
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limiting factor for APX dissolution. APX-PVP-ATO showed an averaged effect on the 

supersaturation degree of APX due to the combination of two carriers. At 20 min, APX concentration 

reached its peak of 107 ± 1.9 µg/mL, which was lower than that for APX-PVP. Drug concentration at 

each timepoint afterwards was lower than that for APX-PVP. The low r2 value for Higuchi model 

suggested that drug release from carrier matrix was not a rate limiting factor for APX dissolution. 

APX-SOL-PL and APX-SOL-G48 presented dissolution and supersaturation properties highly similar 

to APX-SOL (Figure C-18 in Appendix). 

 

Table 5.4. Linear regression results of solvent-based APX ASDs fitted to different dissolution 

models. 

Dissolution model → Zero order First order Higuchi model 

ASD name  r2 K0 r2 K1 r2 KH 

APX-PVP -2.703 1.108 0.971 0.56 -0.686 11.567 

APX-SOL -0.717 1.152 0.980 0.103 0.460 11.481 

APX-SA -0.864 1.220 0.979 0.133 0.486 12.059 

APX-EC 0.639 0.946 0.852 0.023 0.954 8.679 

APX-PL -2.124 0.577 0.476 3.729 -1.114 6.432 

APX-G48 -2.959 0.879 0.771 3.423 -1.250 9.601 

APX-ATO -0.461 1.237 0.980 0.098 0.587 12.181 

APX-PVP-PL -2.923 0.897 0.826 2.974 -1.108 9.660 

APX-PVP-G48 -2.639 1.201 0.989 0.565 -0.621 12.461 

APX-PVP-ATO -2.624 1.204 0.993 0.607 -0.606 12.476 

APX-SOL-PL -2.454 1.253 0.999 0.541 -0.468 12.887 

APX-SOL-G48 -0.693 1.225 0.982 0.109 0.555 12.078 

APX-SOL-ATO 0.344 1.106 0.984 0.045 0.935 10.438 

APX-SA-PL -2.797 1.113 0.966 4.273 -0.838 11.587 

APX-SA-G48 -2.185 1.210 0.987 0.293 -0.311 12.437 

APX-SA-ATO -0.737 1.218 0.970 0.121 0.548 11.989 
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APX-EC-PL 0.129 1.113 0.968 0.058 0.882 10.612 

APX-EC-G48 0.409 1.125 0.992 0.043 0.928 10.588 

APX-EC-ATO 0.471 1.093 0.995 0.039 0.947 10.242 

 

The overall supersaturation degrees were higher than that for APX-PL and APX-G48. The 

low r2 value of APX-SOL-PL for the Higuchi model suggested that drug release from carrier matrix 

was not a rate limiting factor for APX dissolution. The large r2 value of APX-SOL-G48 for the 

Higuchi model suggested that drug release from carrier matrix was still a rate limiting factor for APX 

dissolution. APX-SOL-ATO also showed an averaged supersaturation profile in terms of 

supersaturation degree with regard to APX-SOL and APX-ATO. The shape of supersaturation profile 

was more comparable with APX-ATO than APX-SOL, as seen by the absence of concentration loss 

pattern. The large r2 value for the Higuchi model suggested that drug release from carrier matrix was 

a rate limiting factor for APX dissolution. 

 APX-SA-PL showed an averaged supersaturation profile with regard to APX-SA and APX-

PL, whereby a fast supersaturation buildup was followed by a concentration decline pattern, and the 

general supersaturation degree was between those for APX-SA and APX-PL (Figure C-19 in 

Appendix). The weakened desupersaturation kinetic was a result of slow buildup of lower 

supersaturation. The low r2 value for the Higuchi model suggested that drug release from carrier 

matrix was not a rate limiting factor for APX dissolution. APX-SA-G48 and APX-SA-ATO also 

showed an averaged dissolution profile with regard to the IDM-SA and IDM-lipid samples, while no 

drug decline profile was observed. The general supersaturation pattern was similar to that for APX-

SA. The low r2 value of APX-SA-G48 for the Higuchi model suggested that drug release from carrier 

matrix was not a rate limiting factor for APX dissolution. The similar Higuchi r2 value of APX-SA-

ATO to that for APX-SA suggested that the drug release efficiency was not obviously improved by 

the addition of ATO. 

 APX-EC-PL showed a typical sustained release profile similar to IDM-EC, with a slower 

drug release rate than APX alone and no concentration decline process was observed (Figure C-20 in 

Appendix). The endpoint APX concentration was 36.3 ± 1.5 µg/mL at 24 hrs, which was similar to 

the crystalline solubility of APX. The dissolution characteristic of APX-PL was significantly masked. 

APX-EC-G48 and APX-EC-ATO both showed an averaged dissolution profile between APX-EC and 
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APX-lipid samples before 24 hrs due to the modified drug release from matrix carriers. The 

equilibrium APX concentration at 24 hrs was improved in both cases, which was likely a result of 

constant release of amorphous APX. For all APX ASDs based on EC-lipid combinations, the drug 

release efficiency from carrier matrices were governed by the characteristics of EC, as suggested by 

the similarly large r2 values for Higuchi model.  

5.4.4.2 Dissolution of freeze-dried APX ASDs in pure water 

 The dissolution and supersaturation characteristics of freeze-dried APX ASDs were 

characterized under non-sink conditions in pure water. Effects of polymer and lipid carriers on the 

supersaturation parameters of APX were characterized, and the effects of polymer-lipid combinations 

will be analyzed according to the properties of individual carriers. The supersaturation properties will 

be correlated with the effects of ASD carriers on the amorphization, LLPS, solubilization, and 

supersaturation of APX that were investigated in previous chapters. Comparisons will be conducted 

between the behaviors of solvent-based and freeze-dried APX ASDs. 

5.4.4.2.1 Dissolution of freeze-dried APX ASDs prepared with individual carriers 

 In general, freeze-dried APX ASDs based on individual polymer carriers showed different 

dissolution results, ranging from a highly supersaturated profile with obvious “spring and parachute” 

characteristic to sustained-release profile, as shown in Figure 5.13. The dissolution and 

supersaturation properties of a composition could be different from those for its solvent-based 

counterpart. APX-PVP provided an obvious improvement in both dissolution rate and extent for 

APX, achieving a drug concentration of 59.9 ± 1.5 µg/mL within 30 min, followed by a gradually 

slow decrease to its endpoint concentration of 51.9 ± 1.7 µg/mL. The achieved supersaturation degree 

was considerably lower compared with its solvent-based counterpart. 
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Figure 5.13. Dissolution of freeze-dried APX ASDs prepared with (A) polymer and (B) lipid carriers 

in water. 

 

 APX-SOL showed a significantly enhanced supersaturation buildup rate associated with 

obvious concentration loss upon drug recrystallization. The system achieved a peak APX 

concentration of 153.7 ± 1.6 µg/mL at 30 min, followed by a gradual concentration decline to the 

endpoint concentration of 120 ± 5 µg/mL. The overall supersaturation degree was much higher than 

that for APX-PVP, while was noticeably lower than the solvent-based APX-SOL. APX-SA showed a 

similar dissolution profile to APX-PVP, with a lower supersaturation degree achieved. APX 

concentration reached its plateau of 40.7 ± 1.4 µg/mL at 20 min, and effectively maintained at this 

level for 24 hrs. The general supersaturation degree was similar to that for solvent-based APX-SA. 

APX-EC showed a typical sustained release profile where drug concentration at each timepoint was 

lower than pure APX. The free drug concentration reached 13.1 ± 0.3 µg/mL within 60 min, which 

was approximately 45% of that for APX alone. The endpoint concentration increased to 31.4 ± 0.5 

µg/mL upon the sustained release of APX, which was lower than the crystalline solubility of APX. 

The overall drug concentration level was higher than that for the solvent-based APX-EC. 

 The dissolution profiles of freeze-dried APX ASDs prepared with different lipids were shown 

in Figure 5.13B. APX-PL presented a gradual increase in drug concentration to the peak level of 63.4 

± 0.7 µg/mL at 90 min. Afterwards, APX concentration showed a slow decrease to 58.6 ± 0.6 µg/mL 

after 6 hrs. The endpoint concentration was determined to be 68.0 ± 0.9 µg/mL, which was 1.9 times 

as the crystalline solubility of APX. The overall supersaturation degree was lower than the solvent-

based APX-PL. APX-G48 showed a similar supersaturation profile to APX-PL, with a faster 

supersaturation generation rate and a slightly higher supersaturation degree. The formulation reached 
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its plateau concentration of 68.7 ± 0.7 µg/mL after dissolution for 45 min. The endpoint concentration 

at 24 hrs was determined to be 67 ± 3 µg/mL, which was 1.9-fold as APX solubility. The 

supersaturation generation rate and overall concentration level were significantly lower than those for 

the solvent-based APX-G48. Similarly, APX-ATO provided a first-order dissolution enhancing 

profile for APX whereby no drug concentration decline was observed. The APX concentration slowly 

increased to 37.8 ± 0.2 µg/mL at 60 min, and gradually increased to 43.9 ± 0.5 µg/mL after 

dissolution for 24 hrs. The overall drug concentration was lower than that for solvent-based APX-

ATO. 

5.4.4.2.2 Dissolution of freeze-dried APX ASDs prepared with polymer-lipid 

combination carriers 

 The supersaturation evolution of APX could be adjusted by the combination of polymer and 

lipid as binary ASD carriers. The changes were reflected by the dissolution parameters including 

Tmax, Cmax, maintaining of supersaturation degree, and general shape of concentration-time profile. 

  A synergistic effect on the generation of APX superstation could be observed when PVP and 

lipids were combined as binary carrier, as shown in Figure 5.14. For APX-PVP-PL, at 45 min, a high-

degree of supersaturation equal to 79.7 ± 1.2 µg/mL was achieved, which was approximately 30% 

higher than that for APX-PVP and APX-PL. Following, the APX concentration showed a gradual 

decline to the endpoint concentration of 70 ± 2 µg/mL after dissolution for 24 hrs. The overall 

supersaturation level was higher than APX-PVP and APX-PL. A similar phenomenon was observed 

for APX-PVP-G48. The peak drug concentration of 80.9 ± 1.0 µg/mL was observed at 30 min, 

followed by a slow concentration decline. The desupersaturation profile was similar to that for APX-

PVP and APX-G48. The endpoint APX concentration was determined to be 68.6 ± 1.3 µg/mL after 

dissolution for 24 hrs, which was comparable with that for APX-G48. APX-PVP-ATO showed a 

more obvious synergistic effect on the supersaturation generation of APX. The Cmax of 83.0 ± 1.6 

µg/mL was achieved within 45 min, followed by a gradual concentration loss to 62 ± 3 µg/mL after 

dissolution for 24 hrs, which was higher than that for both APX-PVP and APX-ATO. As suggested 

by the r2 values of these formulations fitted to the Higuchi model (Table 5.5), the first 120-min drug 

release efficiency was not limited by the matrices of binary carriers.  
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Figure 5.14. Dissolution of freeze-dried APX ASDs prepared with (A) PVP-PL, (B) PVP-G48 and 

(C) PVP-ATO carriers in water. 

 

Both synergistic effect and averaged effect on the supersaturation evolution of APX were 

induced by different SOL-lipid combinations (Figure C-21 in Appendix). For APX-SOL-PL, drug 

concentration effectively increased to 191 ± 6 µg/mL within 10 min. The supersaturated APX 

solution presented a gradual concentration decline to 148 ± 0.6 µg/mL after dissolution for 24 hrs. 

The endpoint APX concentration was maintained higher than that for APX-SOL and APX-PL. 

Similarly, for APX-SOL-G48, the APX concentration effectively accumulated to the plateau level of 

175 ± 7 µg/mL within 20 min. Afterwards, drug concentration effectively maintained at this level for 

24 hrs with only mild concentration loss observed. As a comparison, APX-SOL-ATO showed an 

averaged supersaturation profile in terms of supersaturation degree with regard to APX-SOL and 

APX-ATO. Within a short time of 20 min, the system reached its Cmax of 62 ± 2 µg/mL, which was 

between the values for APX-SOL and APX-ATO. An obvious concentration loss occurred after 
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reaching the peak concentration, decreasing the free drug concentration to 54 ± 2 µg/mL at 60 min. 

The endpoint APX concentration (52.2 ± 0.2 µg/mL) was approximately 45% higher than the APX 

solubility. As suggested by the r2 values of these formulations fitted to the Higuchi model, the first 

120-min drug release efficiency was not limited by the matrices of binary carriers. 

 The supersaturation properties of freeze-dried APX ASDs prepared with SA-lipid 

combinations were governed by the characteristics of lipid components. For all combinations, the 

concentration-time profile was highly comparable with that for APX-lipid in terms of supersaturation 

buildup rate and supersaturation maintenance (Figure C-22 in Appendix). As suggested by the r2 

values of these formulations fitted to the Higuchi model, the first 120-min drug release efficiency was 

not limited by the matrices of binary carriers of SA-PL and SA-G48. The larger r2 value of APX-EC-

ATO indicated a certain restriction of drug release from binary carrier.  

 

Table 5.5. Linear regression results of freeze-dried APX ASDs fitted to different dissolution models. 

Dissolution model → Zero order First order Higuchi model 

ASD name  r2 K0 r2 K1 r2 KH 

APX-PVP -2.191 1.252 0.998 0.323 -0.277 12.820 

APX-SOL -1.163 1.146 0.985 0.131 0.234 11.612 

APX-SA -1.524 1.261 0.999 0.191 0.130 12.725 

APX-EC 0.904 0.947 0.990 0.014 0.957 8.430 

APX-PL -0.884 1.242 0.992 0.13 0.438 12.347 

APX-G48 -2.330 1.262 0.997 0.538 -0.385 12.909 

APX-ATO -0.301 1.202 0.994 0.085 0.708 11.709 

APX-PVP-PL -1.287 1.199 0.986 0.153 0.210 12.122 

APX-PVP-G48 -2.302 1.217 0.995 0.340 -0.360 12.515 

APX-PVP-ATO -2.117 1.197 0.984 0.269 -0.231 12.302 

APX-SOL-PL -2.075 1.221 0.981 0.269 -0.252 12.533 

APX-SOL-G48 -1.894 1.258 0.999 0.247 -0.093 12.806 
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APX-SOL-ATO -1.317 1.121 0.903 0.167 0.053 11.455 

APX-SA-PL -1.161 1.238 0.984 0.165 0.291 12.382 

APX-SA-G48 -1.893 1.263 0.999 0.263 -0.089 12.826 

APX-SA-ATO -0.800 1.236 0.985 0.123 0.511 12.217 

APX-EC-PL 0.293 1.077 0.968 0.051 0.921 10.188 

APX-EC-G48 0.248 1.172 0.998 0.051 0.880 11.156 

APX-EC-ATO -0.191 1.190 0.980 0.076 0.768 11.526 

 

 APX ASDs prepared with EC-lipid combinations showed an averaged dissolution profile 

with regard to individual behaviors of APX-EC and APX-lipids. All samples showed a slow and 

gradual increase in APX concentration, and the tendency preserved until the end of investigated 

timescale. At each timepoint, APX concentration was between that for ASDs prepared with EC and 

individual lipids (Figure C-23 in Appendix). As suggested by the large r2 values of these formulations 

fitted to the Higuchi model, the first 120-min drug release efficiency was limited by the matrices of 

binary carriers. 

5.4.4.3 Two-stage dissolution of freeze-dried APX ASDs 

5.4.4.3.1 Two-stage dissolution of freeze-dried APX ASDs prepared with individual 

carriers 

As shown in Figure 5.15A, pure APX showed a gradual increase in drug concentration to 

28.4 ± 0.5 µg/mL at 60 min. After entering the pH 6.8 stage, APX concentration showed a continuous 

increase from 20.1 ± 0.4 µg/mL to the endpoint concentration of 29.6 ± 1.1 µg/mL. The apparent 

concentration decrease at 75 min was due to a change in the volume of dissolution media. APX-PVP 

provided a faster dissolution rate and supersaturated degree for APX during the pH 2.2 acid stage, 

while not showing a typical “spring and parachute” profile, which was corresponding to its behavior 

in pure water. The APX concentration gradually increased to 75 ± 2 µg/mL in acid stage within 60 

min. After entering pH 6.8 stage, drug concentration effectively increased from 48.8 ± 1.1 µg/mL at 

75 min to 51.6 ± 1.9 µg/mL at 6 hrs without seeing any obvious concentration decline or further 
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increase. The endpoint concentration at 24 hrs was determined to be 62.1 ± 1.6 µg/mL, which was 

approximately 2.1-fold as that for pure APX. 

 

 

Figure 5.15. Two-stage dissolution of freeze-dried APX ASDs prepared with (A) polymer and (B) 

lipid carriers. 

 

APX-SOL showed an even faster dissolution rate in the acid stage, achieving an APX 

concentration of 126 ± 8 µg/mL after dissolution for 60 min. The supersaturation generation period 

was without concentration decline. After entering the pH 6.8 stage, APX concentration showed a 

continuous increasing tendency from 47 ± 5 µg/mL at 75 min to 59.4 ± 1.0 µg/mL after dissolution 

for 24 hrs. APX-SA presented a slightly faster dissolution rate in acid stage, achieving a drug 

concentration of 50 ± 3 µg/mL at 60 min. When entering the pH 5.0 stage, APX concentration 

showed a constant increase from 29 ± 2 µg/mL to 43 ± 3 µg/mL at the end of dissolution. The general 

concentration-time profile was similar to that in pure water. APX-EC showed a typical diffusion-

controlled dissolution profile. Before 6 hrs, APX concentrations at each timepoints in both stages 

were lower than those for IDM alone, similar to its behavior in pure water. Drug concentration was 

accumulated to 7.4 ± 0.6 µg/mL at 60 min, and further increased to 41 ± 3 µg/mL after dissolution for 

24 hrs. 

The two-stage dissolution results of freeze-dried APX ASDs prepared with lipid carriers were 

shown in Figure 5.15B. APX-PL showed a slight improvement in APX dissolution during acid stage, 

achieving a drug concentration of 37.5 ± 1.8 µg/mL at 60 min. The supersaturation buildup efficiency 

was drastically lower than that in pure water. After entering the pH 6.8 stage, APX concentration 
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showed a more effective increase from 35.4 ± 1.1 µg/mL at 75 min to 65.5 ± 1.3 µg/mL at 24 hrs. 

APX-G48 showed a fast supersaturation buildup rate during acid stage, which was similar to its 

behavior in pure water. Drug concentration accumulated to 78.3 ± 0.4 µg/mL at 20 min, and 

effectively maintained at this level without obvious concentration loss. Once entering pH 6.8 stage, 

APX concentration remained at approximately a 40 µg/mL level for 24 hrs without concentration loss 

or further increase. APX-ATO provided a slight improvement in APX dissolution during acid stage, 

showing a gradual increase in APX concentration to a 42 ± 4 µg/mL at 60 min. Once entering pH 6.8 

stage, APX concentration continuously increased from 26.8 ± 1.9 µg/mL to the endpoint 

concentration of 45 ± 5 µg/mL at 24 hrs. 

5.4.4.3.2 Two-stage dissolution of freeze-dried APX ASDs prepared with polymer-lipid 

combination carriers 

 As seen in Figure 5.16, APX-PVP-PL provided a synergistic effect on the supersaturation 

buildup of APX in the acid stage, achieving its peak concentration of 143 ± 15 µg/mL within 30 min, 

followed by a concentration loss to 128 ± 9 µg/mL after 60 min. The drug release showed a 

completed profile in the acid stage, and the overall drug concentration level was higher than both 

APX-PVP and APX-PL. After entering the pH 6.8 stage, APX concentration slowly increased from 

42 ± 8 µg/mL to its endpoint of 56 ± 3 µg/mL after dissolution for 24 hrs. APX-PVP-G48 and APX-

PVP-ATO also provided a synergistic effect on the supersaturation generation of APX to different 

degrees. APX-PVP-G48 effectively achieved a peak concentration of 97 ± 12 µg/mL within 5 min, 

followed by a slight concentration decline to 87 ± 4 µg/mL at the end of the acid stage. After entering 

the pH 6.8 stage, APX concentration gradually decreased from 50 ± 9 µg/mL to 45 ± 3 µg/mL. APX-

PVP-ATO showed a gradual monotonic increase in APX concentration to 102 ± 2 µg/mL at the end 

of acid stage. After entering the pH 6.8 stage, APX concentration slowly declined from 48.3 ± 1.8 

µg/mL to 40.9 ± 0.4 µg/mL from 75 min to 120 min. Following, APX concentration maintained at 

this level for up to 24 hrs. As suggested by the large r2 values of these formulations fitted to the 

Higuchi model (Table 5.6), the first 60-min drug release efficiency was not limited by the matrices of 

binary carriers. 

 Freeze-dried APX ASDs based on SOL-lipid combinations showed both synergistic effect 

and averaged effect on APX dissolution in the acid stage (Figure C-24 in Appendix). APX-SOL-PL 

presented a rapid increase in drug concentration, reaching 180 ± 20 µg/mL at 20 min, followed by a 
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concentration loss to 146 ± 4 µg/mL at the end of the pH 2.2 stage. After entering pH the 6.8 stage, 

no obvious change in APX concentration was observed. A slight concentration decline to 52 ± 7 

µg/mL was observed for 24 hrs. For APX-SOL-G48, APX concentration showed an even faster 

accumulation to 175 ± 12 µg/mL within 10 min, and maintained at this level until the end of pH 2.2 

stage. Once entering the pH 6.8 stage, APX concentration did not show obvious change. As a 

comparison, APX-SOL-ATO showed an averaged dissolution profile with regard to APX-SOL and 

APX-ATO. A gradual and monotonic increase in drug concentration to 59 ± 3 µg/mL was observed 

during the pH 2.2 stage. Entering the pH 6.8 stage, APX concentration continuously increased from 

37.6 ± 1.5 µg/mL to the endpoint concentration of 50 ± 2 µg/mL after 24 hrs. The endpoint 

concentrations of all samples were similar. As suggested by the large r2 values of these formulations 

fitted to the Higuchi model (Table 5.6), the first 60-min drug release efficiency was not limited by the 

matrices of binary carriers including SOL-PL and SOL-G48. The matrix of SOL-ATO showed a 

restriction to the drug release of APX. 
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Figure 5.16. Two-stage dissolution of freeze-dried APX ASDs prepared with (A) PVP-PL, (B) PVP-

G48 and (C) PVP-ATO. 

 

Figure C-25 in Appendix showed that APX-SA-PL provided a slight improvement in APX 

dissolution with regard to APX-SA and APX-PL. Drug concentration monotonically increased to its 

peak of 63 ± 3 µg/mL at 45 min, followed by a slight concentration decline to 57 ± 2 µg/mL at 60 

min. Drug concentration presented a continuous increase after entering pH 6.8 stage. The endpoint 

concentration was more similar to that for APX-PL than APX-SA. APX-SA-G48 showed a 

supersaturation evolution behavior that was essentially the same as APX-G48, rapidly achieving a 

peak drug concentration of 82 ± 6 µg/mL at 30 min and effectively maintained at this level until the 

end of the pH 2.2 stage. After entering pH 6.8 stage, drug concentration was without obvious further 

increase or concentration decline, which was similar to the behaviors of APX-G48. APX-SA-ATO 

showed a mild synergistic effect on APX dissolution. As suggested by the large r2 values of these 

formulations fitted to the Higuchi model (Table 5.6), the first 60-min drug release efficiency was not 
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limited by the SA-G48 binary carrier. In contrast, APX-SA-PL and APX-SA-ATO showed good 

correlations with the Higuchi model, suggesting that the drug release was hindered to some degree. 

 

Table 5.6. Linear regression results of two-stage dissolution of freeze-dried APX ASDs fitted to 

different dissolution models. 

Dissolution model → Zero order First order Higuchi model 

ASD name  r2 K0 r2 K1 r2 KH 

APX-PVP -17.0 2.300 0.717 0.258 -4.27 16.262 

APX-SOL 0.140 2.060 0.979 0.064 0.959 13.860 

APX-SA -0.881 2.022 0.858 0.102 0.728 13.801 

APX-EC 0.044 2.042 0.860 0.077 0.777 13.803 

APX-PL -0.048 2.100 0.981 0.072 0.920 14.200 

APX-G48 -100.0 2.387 0.988 0.389 -36.0 2.108 

APX-ATO 0.961 1.812 0.981 0.011 0.869 11.524 

APX-PVP-PL -11.1 2.215 0.921 0.210 -2.70 15.777 

APX-PVP-G48 -225 2.188 0.000 3.579 -98.0 16.014 

APX-PVP-ATO -3.893 2.248 0.920 0.160 -0.274 15.754 

APX-SOL-PL -49.525 2.166 0.430 0.403 -19.657 15.883 

APX-SOL-G48 -5.354 2.325 0.807 0.190 -1.078 16.520 

APX-SOL-ATO 0.857 1.891 0.995 0.028 0.961 12.301 

APX-SA-PL 0.159 2.006 0.929 0.059 0.908 13.488 

APX-SA-G48 -40.010 2.312 0.812 0.318 -12.769 16.548 

APX-SA-ATO -0.338 1.961 0.815 0.085 0.845 13.271 

APX-EC-PL -162.335 2.249 0.000 3.079 -68.924 16.482 

APX-EC-G48 0.326 2.059 0.923 0.053 0.947 13.763 

APX-EC-ATO 0.701 2.004 0.995 0.040 0.956 13.196 
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 As shown in Figure C-26 in Appendix, APX-EC-PL showed a strong synergistic effect on the 

release of APX as compared with APX-EC and APX-PL. Drug concentration effectively increased to 

the plateau level of 100 ± 9 µg/mL within 5 min and maintained at this level until 45 min. A 

concentration loss to 90 ± 5 µg/mL was observed at the end of the pH 2.2 stage. For the first 15 min 

at the pH 6.8 stage, APX concentration further decreased from 46.6 ± 1.1 µg/mL to 41 ± 4 µg/mL. 

Afterwards, drug concentration maintained at this steady level until 24 hrs. In contrast, APX-EC-G48 

and APX-EC-ATO presented an averaged dissolution profile with regard to APX-EC and APX-lipids. 

According to the r2 values of different formulations, EC-PL did not show a correlation with the tested 

models. EC-G48 and EC-ATO carriers showed a restriction for drug release at the early stage. 

5.5 Discussion 

5.5.1 Dissolution of solvent-based IDM ASDs and APX ASDs in pure water 

5.5.1.1 Effect of individual polymer and lipid carriers on the dissolution of solvent-

based IDM ASDs and APX ASDs 

Overviewing the dissolution results obtained with IDM ASDs and APX ASDs prepared with 

individual polymers and lipids, supersaturation parameters including Tmax, Cmax, supersaturation 

degree, and supersaturation maintaining behaviors varied with carrier type, and a carrier could have 

different effects on the dissolution of both drugs. IDM-PVP and APX-PVP both generated a “spring 

and parachute” dissolution profile for which supersaturation was compromised by drug 

recrystallization after the achievement of peak concentration, while IDM-PVP had a larger Tmax than 

APX-PVP. The achievement of a high-degree of supersaturation for both cases was due to the release 

of amorphous IDM or APX loaded in PVP carrier as found by fluorescence techniques, DSC and 

PXRD. The larger Tmax for IDM-PVP had two reasons. The first reason was that IDM-PVP had a 

slower disintegration than APX-PVP, which can be seen by the comparison of linear regression 

results with different dissolution models. The second reason was that APX-PVP had a fast drug 

release due to the amorphous APX domains that were immiscible with PVP carrier, so that their 

release was not restricted by the polymeric carrier. This was in agreement with the characterization 

results obtained by fluorescence, DSC and PXRD. The presented stabilizing effect of PVP on IDM 

and APX solution agreed with PVP’s moderate ability to inhibit the recrystallization of both drugs as 

revealed by the solvent-shift experiment. Considering that PVP did not obviously improve the LLPS 



 

187 

stability of IDM (see result in Section 2.4.2), the supersaturation maintaining effect for IDM-PVP 

formulation was considered as a result of inhibited crystal growth induced by dissolved PVP. As a 

comparison, the maintained APX supersaturation was a result of both delayed LLPS and crystal 

growth (see result of in Section 2.5.4 and Section 3.4.2) The expression of in-solution properties of 

PVP was based on the fast dissolution of the PVP carrier.    

The use of SOL as ASD carrier suggested that drug release profile could be drastically 

different for different drugs. The slow dissolution of IDM-SOL could be contradicting to the common 

notion that SOL is an amphiphilic copolymer ASD carrier that facilitates drug dissolution. Although 

SOL has the good water solubility and dispersibility, gelation can occur at the surface of SOL 

formulations when SOL content is high in a formulation, especially with a high temperature 

[226,227]. The solution-gel transition of SOL is effectively facilitated by a temperature over 35 °C, 

which is close to the 37 °C commonly used for dissolution test that mimics body temperature [228]. 

According to different studies, a negative correlation between drug release rate and SOL content was 

observed using different preparation methods including freeze-drying, spray-drying, and powder 

homogenization [226,227]. The gelation of part of SOL molecules could delay the drug release by 

forming a physical barrier. In this regard, drug release should follow the diffusion-controlled 

mechanism which applies to insoluble carriers. The inhibition effect of dissolved SOL on the LLPS 

(Section 2.5.4) and recrystallization (Section 3.4.2) of IDM can be compromised if SOL cannot fully 

dissolve in water. The dissolution potential of amorphous IDM loaded in SOL was also masked by 

SOL gelation and slow dissolution. As a comparison, at room temperature, Dajun’s study showed that 

a “spring and parachute” profile could be generated by IDM-SOL (20% w/w) in aqueous media under 

a non-sink condition with SI = 0.1, where the formulation and SI index were the same as this study 

[95]. The comparison suggested the important effect of temperature. Besides, due to the changing 

IDM solubility at different pH conditions, identical SI index and drug-excipient ratio require different 

drug dose and excipient amount for different dissolution media of a same volume. For Dajun’s study, 

the experimental parameters required less than 10 mg SOL in a 250-mL dissolution medium with a 

pH of 1.2, which was less than the 80 mg of SOL for a 250-mL pure water dissolution medium. The 

larger amount of SOL is a negative factor for IDM dissolution at 37 °C as more SOL molecules could 

be trapped in the gel structure at the formulation surface. For another scenario in Dajun’s study where 

the same formulation dissolved in the pH 7.4 buffer under a same non-sink level, an even larger 

amount of SOL was used, but a profile with a high-degree of supersaturation followed by drug 
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recrystallization could still be achieved at room temperature. This suggests that temperature is a more 

important factor to determine the release of IDM from SOL carrier. The first-order dissolution profile 

with a low drug concentration observed for solvent-based IDM-SOL suggested that the benefits of 

drug amorphization and supersaturation ability of SOL were completely masked by the gelation of 

SOL. 

As a comparison, the drug release profile of APX-SOL was not negatively influenced by the 

gelation of SOL. This was likely due to the fast release of amorphous APX domains that were not 

fully miscible with SOL carrier as shown in Section 4.4.3. The gelled part of SOL should still occur 

as it was mainly controlled by temperature, but the amount of dissolvable part was expected to 

increase due to the larger contacting area of powder in dissolution media. Therefore, the 

supersaturation buildup rate was enhanced by the improved dissolution of SOL carrier. The 

comparison between dissolution of IDM-SOL and APX-SOL leads to the conclusion that a high drug-

excipient miscibility is not necessarily a positive factor for supersaturation buildup.  

For both IDM-SA and APX-SA, the achieved supersaturation levels were similar to the LLPS 

results recrystallization results. The effective expression of the in-solution property of SA suggested 

that drug release from carrier was not a restriction. The ionization effect discussed in Section 3.5.1 

was considered as the core determinant for the more obvious enhancing effect of SA on the 

dissolution of IDM over APX. The solubility change for a drug under the ionization condition 

induced by a carrier should be taken into consideration for the evaluation of its dissolution profile, as 

it could place a more significant dissolution enhancing effect and supersaturation maintaining effect 

over drug amorphization.  

 The sustained release profile for both IDM-EC and APX-EC followed the diffusion-

controlled mechanism due to the insoluble nature of EC. Considering that both IDM and APX existed 

in amorphous states in EC carriers which are supposed to dissolve fast, the slow drug release 

suggested a good drug-polymer miscibility whereby amorphous drug was mostly loaded in the EC 

matrix instead of being adsorbed on the carrier surface, so as to delay drug release. This suggestion 

was in agreement with the fluorescence results in Section 4.4.2 and 4.4.3 that characterized the 

immiscible amorphous domains of IDM and APX. 

 Among all lipids, PL provided the highest supersaturation degree for IDM, which was 

attributed to the good loading capacity of amorphous IDM and fast drug release. However, when 
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comparing with G48, the drug release for IDM-PL at early stage was considered to be hindered by the 

PL carrier to some degree. This could be the result of intermolecular complexation of PL molecules. 

PL is composed of C18:2 phosphatidylcholine and C18:2 phosphatidylethanolamine with a low phase 

transition temperature (Tm) of -57 °C and -40 °C, respectively. PL is difficult to formulate as fine 

powders under room temperature as the low Tm values and amorphous nature lead to sticky powders 

that are difficult to disaggregate [135,229]. Due to the cohesive or agglomerated state of PL, the 

wetting of the IDM-PL formulation can be compromised by the decrease in effective surface area 

contacting the dissolution medium. In this case, the overall drug release rate of IDM could be delayed 

to some extent, although amphiphilic materials were expected to facilitate the wetting and dissolution 

of drug particles. As such it could be understood that dispersed PL could facilitate drug wetting and 

solubilization by lowering interfacial tension, but the time required for PL to disperse in water plays 

an important role in determining overall drug release rate. As a comparison, the fast buildup of APX 

supersaturation indicated that the disintegration of APX-PL was more effective. Two possible 

mechanisms are considered. Firstly, the higher melting point of APX than IDM would make APX-PL 

more easily to be crushed into powder than IDM-PL during ASD preparation, resulting in a better 

disintegration when exposed to dissolution media. Secondly, a larger amount of PL was used in the 

formulation of APX-PL (360 mg, as compared with 80 mg for IDM-PL), so that more PL molecules 

were expected to disperse and release free APX. This mechanism is similar to the case of SOL 

gelation previously discussed. The supersaturated IDM solution was maintained better than APX, 

corresponding to the LLPS (Section 2.4.3 and 2.4.7) and recrystallization results (Section 3.4.2) found 

with the solvent-shift method. The slow supersaturation induction rate of IDM-PL could also be a 

reason for the better maintained supersaturation, as it was associated with lower recrystallization 

tendency. The constant release of amorphous IDM from PL carrier could also contribute to the 

supersaturation maintenance. 

 IDM-G48 and APX-G48 were without disintegration issue, attributed to the wetting and 

dissolution of G48 material. The PEGylated stearate has a large HLB value of 16 and a higher 

melting point of 48 °C than PL [178]. These properties enable the existence of G48 in a solid state 

that can be ground into fine powder and disperse fast when contacting water. The generated 

supersaturated solution of IDM and APX with high supersaturation degree were both vulnerable to 

concentration loss, which could be explained by the fact that G48 had a poor stabilizing effect on the 

recrystallization of both drug solutions. 
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 ATO provided a similar slow release profile for both drugs due to its insoluble nature. 

However, the dissolution rates for both samples were faster than those combined with insoluble 

polymer EC. As revealed by fluorescence, DSC and PXRD, both IDM and APX had a lower 

miscibility with ATO than with EC. The amorphous drug domains immiscible with formulation were 

expected to dissolve faster than those loaded in the EC polymer chain uniformly. Similar to the case 

of IDM-SOL, these dissolution results again suggested that a good drug-excipient miscibility could be 

a negative factor for drug dissolution when carriers were insoluble. The absence of drug concentration 

loss was merely a result of the low drug concentration achieved.  

 From the above discussions it is concluded that the ASD carriers could have different effects 

on IDM and APX. The solubility and dispersibility of a carrier material play an important role in 

determining the kinetic-solubility profile of IDM and APX. For an instantly dissolved carrier the 

supersaturation behavior of loaded drug was highly dependent on the in-solution properties of carrier 

material, including the LLPS and the recrystallization inhibition ability. For an insoluble and slowly 

dissolved carrier drug dissolution was more dependent on the drug-carrier miscibility and drug 

amorphization. A slow dissolution of carrier material will delay or mask the expression of carrier’s 

effect on the supersaturation of IDM. The dissolution profiles of IDM ASDs and APX ASDs in pure 

water were seen as fundamentals for their supersaturation behaviors in more complexed dissolution 

media. The effect of polymer-lipid combinations on the dissolution of both drugs will also be 

analyzed based on the changes in these parameters. 

5.5.1.2 Effect of polymer-lipid combinations on the dissolution of solvent-based IDM 

ASDs 

 The synergistic effect of PVP-PL, PVP-G48 and PVP-ATO on the dissolution rate of IDM 

was considered a result of facilitated disintegration of both carriers. As discussed, PL exists in a semi-

solid state with aggregation due to low Tm values. The intermolecular interactions of PL could be 

weakened by the combination with PVP, and the phase transition temperature of the binary carrier 

could be increased due to the higher glass transition temperature of PVP than PL. Therefore, the 

dissolution rate of IDM was faster than that for IDM-PL. The dissolution rate of IDM was also 

notably faster than that for IDM-PVP, which could possibly be due to weakened swellability of the 

formulation. Although PVP is well recognized as a hydrophilic carrier for increased drug dissolution, 

some opposing effects were reported by different studies [96,97]. A large amount of PVP in a solid 
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formulation, prepared either from a solvent evaporation method or a physical blending method, has 

been found to decrease the dissolution rate of drug payload due to PVP’s swellability and large 

viscosity of the stagnant diffusion layer surrounding drug payload. These effects may hinder the 

release rate of drug payload to some degree, while not providing a slower rate than pure drug. This 

could be the reason for IDM-PVP not to generate a high-degree supersaturation within short time to 

provide a sharp shape on the concentration-time profile like that provided by IDM-G48. Therefore, 

the addition of PL may reduce the close contact of PVP molecules and provide a faster drug 

dissolution than formulation based on PVP alone.  

The r2 and constant values from linear regression results for different ASDs could facilitate 

the analysis on drug release behaviors. The significantly decreased r2 value of IDM-PVP-PL fitted 

with the zero order model suggested that the release of IDM was less at a constant rate hindered by 

carrier. With a similarly high r2 value (i.e. > 0.95) fitted with first order model as compared with 

IDM-PVP and IDM-PL, IDM-PVP-PL had a larger K1 constant which suggested that the drug release 

rate at early stage had a higher rate and was less hindered by the carrier. Here it is suggested that 

constant values of different samples should only be compared when their r2 values are high (i.e. the 

dissolution profiles of all samples had a good fit with a specific model). With a significantly reduced 

r2 values fitted with a dissolution model, the analysis of drug release rate relying on constant values 

could lead to misleading results. The decreased r2 values of IDM-PVP-PL fitted to Higuchi model 

also supported this analysis. According to the discussion of Section 2.5.3 and 3.5.3, although PVP-PL 

combination showed a synergistic effect on the stabilization of LLPS of IDM, it did not provide a 

better inhibition on the overall recrystallization process of IDM solution compared with PL due to the 

fact that stabilized LLPS only induced an effect on the early stage of dissolution, and large 

nanodroplets could be filtered during the preparation of the dissolution samples. Therefore, we 

considered that the improvement in IDM supersaturation before 180 min was simply attributed to the 

dissolution of a larger amount of amorphous IDM instead of any improvement in recrystallization 

inhibition. After this timepoint, the supersaturation profile of IDM-PVP-PL was comparable with 

those for IDM-PVP and IDM-PL, suggesting a similar maintaining effect on IMD supersaturation 

between different carriers. 

As a comparison, the supersaturation generation rate of APX-PVP-PL was highly comparable 

with APX-PL, and the maintaining of supersaturated APX solution was more governed by the 

characteristics of APX-PVP. The r2 value of APX-PVP-PL fitted with first order sat between those 
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for APX-PVP and APX-PL, suggesting an averaged drug release efficiency due to polymer-lipid 

combination. These phenomena suggested that the dissolution/dispersion of carrier materials was less 

of an issue to be solved by the combination of polymer and lipid, which was different from the 

observations for IDM-PVP-PL. As just discussed, the supersaturation profile of the drug is an 

expression of the in-solution properties of carrier material for a fast-disintegration formulation. In this 

case, the maintenance of APX concentration was based on dissolved PVP, which agreed with its 

ability to stabilize LLPS and inhibit the recrystallization of APX. 

 For IDM-PVP-G48, the fast release of IDM from G48 carrier was not compromised by the 

addition of PVP, and the peak concentration could benefit from the slowed recrystallization of IDM 

with co-dissolved PVP. The dissolution profile of IDM-PVP-G48 were poorly fitted with the first 

order and the Higuchi model, suggesting the drug release was not hindered by PVP-G48 carrier. This 

was an example where polymer and lipid carriers improved the weakness of each other (i.e. slow 

dissolution for PVP and poor supersaturation maintaining ability of G48). This effect was not 

maintained for a long time due to the smaller amount of PVP in IDM-PVP-G48 as compared with 

IDM-PVP. The general concentration loss profile was similar to that for IDM-G48, suggesting that 

IDM-PVP-G48 had difficulty maintaining the IDM supersaturation. The combination of PVP and 

G48 did not change the supersaturation buildup rate of APX since neither APX-PVP nor APX-G48 

had disintegration issue. This was also seen by the similar r2 values and K1 constants of APX-PVP 

and APX-PVP-G48. The only difference induced by the combination was the compromised 

supersaturation maintaining ability of the formulation due to the smaller amount of PVP contained. In 

this case we again obtained that the dissolution and supersaturation behavior of a slow-disintegrating 

formulation could be effectively adjusted by the combination with disintegration facilitating material 

through the better expression of in-solution properties of carrier materials. The fact that PVP-ATO 

binary carrier significantly improved the dissolution rate of IDM at early stage but basically did not 

change that for APX could be explained by the same mechanism. The supersaturation profile of APX-

PVP-ATO was less governed by the characteristics of APX-PVP, which was a result of relatively 

poor drug loading ability of ATO in the binary carrier. The more gradual supersaturation buildup and 

lower supersaturation achieved by APX-PVP-ATO than APX-PVP was associated with lower 

recrystallization tendency. 

 The combination of SOL-PL and SOL-G48 provided an averaged dissolution rate without the 

concentration loss characteristics of IDM-PVP and IDM-G48. The drug release behaviors of IDM-
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SOL-PL and IDM-SOL-G48 at the early stage were considered to be more similar to IDM-SOL than 

IDM-lipids, as seen by the r2 values and constants of IDM-SOL-PL and IDM-SOL-G48 fitted with 

the first order model that were similar to IDM-SOL. The r2 values of IDM-SOL-PL and IDM-SOL-

G48 were more similar to that of IDM-SOL than IDM-lipids for the Higuchi model. These results 

suggested a restricted drug release due to SOL’s gelation, while the maximum achievable drug 

concentration was improved by the addition of lipid materials. The dissolution models of IDM-SOL-

PL and IDM-SOL-G48 were more similar to IDM-SOL than IDM-lipids, masking the 

recrystallization characteristics of IDM-lipids. Since the in-solution properties (i.e. inhibited LLPS 

and recrystallization for IDM) of SOL was not expressed due to its insolubility, the absence of 

recrystallization was a result of slow supersaturation generation with low recrystallization tendency. 

As a comparison, the combinations of SOL-PL and SOL-G48 provided comparable dissolution 

profiles to APX-SOL, suggesting a dominant characteristics of APX-SOL. As previously discussed, 

the dissolved amount of SOL carrier was larger from APX-SOL than IDM-SOL, and therefore the in-

solution properties of SOL could be expressed better. The maintenance of a higher drug concentration 

for APX-SOL-PL and APX-SOL-G48 than APX-lipids also indicated that the system benefited from 

the recrystallization inhibiting effect of dissolved SOL. The SOL-ATO combination did not bring an 

obvious change to the dissolution model of IDM with regard to IDM-SOL and IDM-ATO, whereby 

the slightly higher supersaturation could be a result of fast release of amorphous IDM domains that 

were not fully miscible with formulation. For APX, the supersaturation degree was obviously 

compromised by replacement of SOL carrier (with both supersaturation generating and maintaining 

ability) with insoluble ATO. As mentioned, the disintegration-facilitating effect of ATO would be 

useless when the disintegration of the formulation was not a significant rate-limiting factor. 

 The SA-lipid combinations provided dissolution profiles that sat between IDM-SA and IDM-

lipids.  The achieved supersaturation levels were due to the strong alkalizing effect of SA that 

increased IDM solubility, which overweighed the effects of lipid materials. This effect was 

fundamental for the improvement in crystalline solubility, LLPS stability and supersaturation 

maintenance of IDM in the water phase. The dissolution rate of IDM-SA-G48 was notably faster than 

IDM-SA-PL and IDM-SA-ATO before 180 min due to the fast dissolution of G48 carrier. The 

aggregation of PL did not only delay the drug release from binary carrier, but also slowed the 

dissolution of SA by which the pH increase effect was delayed. As such the supersaturation buildup 

of IDM could be less effective than other combinations. The combination of ATO to the formulation 
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could lower the drug-carrier miscibility as indicated by fluorescence, DSC and PXRD. Therefore, the 

dissolution of IDM-SA-ATO showed a more gradual drug release than IDM-SA. When used to 

formulate APX, SA-PL and SA-G48 both provided an averaged effect on the supersaturation profile 

of APX, which was simply a result of decreasing amount of PL and G48 in formulation. The pH-

modifying effect of added SA did not influence the dissolution of nonionized APX corresponding to 

the LLPS and recrystallization result. By comparing the dissolution of IDM and APX with SA-lipid 

combinations it was concluded that the effect of ionized carriers was highly dependent on the 

ionization properties of loaded drugs.  

 All EC-lipid combinations provided an averaged dissolution profiles for both IDM and APX. 

The achieved supersaturation was maintained by slow supersaturation induction rate and constant 

release of IDM from EC matrix. The delayed effect on the release of IDM and APX induced by 

insoluble EC matrix was weakened by the addition of dissolvable and dispersible materials. The 

effects of adding lipid materials to insoluble polymer carrier were considered universal for both drugs 

through the adjustment of dispersibility of formulations. IDM-EC-PL showed a large r2 value similar 

to IDM-EC and IDM-PL (i.e. >0.95) fitted with the first order model, and with an increased K1 

constant. The drug release from EC-PL carrier still followed the first order characteristics but was less 

hindered by carrier matrix. Here it should be noted that the increased K1 constant described a faster 

drug release of a sample to reach its own maximum drug concentration within an investigated time 

range, but this did not mean the supersaturation degree achieved by it was higher. The reason for 

IDM-EC-PL to have a larger K1 constant within 120 min was that its maximum achievable 

supersaturation level was much lower than IDM-PL. Therefore, linear regression results of r2 value 

different constants should be combined with the absolute concentrations of a dissolution profile to 

accurately analyze the drug release behaviors of a sample. 

 In this section, we found that the change in the dissolution and supersaturation profiles of 

IDM induced by polymer-lipid combinations were mainly a result of facilitated disintegration, 

through which the in-solution properties of carrier materials could be expressed better. For 

formulations prepared by soluble carriers, the adjustment of supersaturation parameters of a drug 

through the addition of other carrier materials is based on the comprehensive expressions of in-

solution properties of both carriers. By these mechanisms, the polymer-lipid combination effect on 

APX dissolution could be different from that for IDM, whereby the root cause was that individual 

carriers behaved differently for both drugs. The correlation between LLPS, recrystallization result and 
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dissolution behaviors could only be established for formulations which dissolved instantly. The solid-

state characterizations helped us confirm that drug release hindrance for some formulations was 

controlled by carrier dissolution, excluding the possibility of a failed drug amorphization for ASD 

preparation. Lastly, it is recalled that the particle size of several formulations could not be reduced by 

passing through sieves due to their physical states that prevent their disaggregation. The dissolution 

results of freeze-dried IDM ASDs will be compared to analyze this factor.  

5.5.2 Dissolution of freeze-dried IDM ASDs and APX ASDs in pure water 

5.5.2.1 Effect of individual polymer and lipid carriers on the dissolution of freeze-dried 

IDM ASDs 

The freeze-dried IDM ASDs based on most individual carriers provided a faster dissolution 

and supersaturation buildup rate than their corresponding solvent-based counterpart attributed to the 

improved wetting of formulations with smaller particle size and larger surface area. IDM-PVP stilled 

showed a “spring and parachute” profile based on the mechanism that supersaturation induction was 

faster while recrystallization inhibiting effect was not improved. The maximum supersaturation 

degree did not present any obvious change. This can be understood as that freeze-dried IDM-PVP 

provided a similar peak concentration in a more efficient manner, supporting the previous speculation 

that drug release from PVP carrier was hindered to some degree. For IDM-SOL, for which drug 

release was delayed by the gelation of carrier material, the lyophilized sample provided a faster 

dissolution and higher drug concentration. Gelation should still occur for both in-solution SOL 

molecules and for those on the surface of formulation by absorbing water. We hypothesized that 

gelation of in-solution SOL molecules did not negatively affect the drug release as this activity 

happened after the drug release process. The negative effect on drug release should be due to the 

gelation of SOL molecules on the surface of formulation, so that drugs at inner locations were less 

exposed to water due to the creation of this diffusion barrier. The gelation was not weakened for 

lyophilized sample, but an increasing portion of gelation process happened in solution phase due to 

faster dissolution of smaller SOL particles. This relieved the hindrance for drug release, but was not 

effective enough to achieve a high supersaturation degree as compared with other ASDs. The drug 

loaded in freeze-dried IDM-SOL was in an amorphous state as revealed by different characterization 

techniques, further justifying that slow drug release was not a result of failed drug amorphization.  
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As a comparison, freeze-dried APX-PVP and APX-SOL showed an obviously lower 

supersaturation degree than their solvent-based counterparts, which could be explained by two 

mechanisms. Firstly, the amorphization and drug loading process of APX could be less complete than 

solvent evaporation method due to drug precipitation during the pre-freezing process before freeze 

drying. The solubility of APX in organic solvents was highly dependent on temperature, and this was 

the reason that a high temperature of 90 °C was used to prepare solutions of APX and carriers. 

However, when samples were cooled in freezer, which was inevitable for freeze dry process, organic 

solutions containing APX and carriers could undergo drug precipitation with decreasing temperature. 

A part of APX would exist in a sedimentation state in a solution before the freeze-drying process. The 

obtained freeze-dried sample was expected to contain two solid phases, one of which was solid 

dispersion of APX in carrier material, and the other was a pure APX phase originated from 

precipitated part. The pure APX phase could exist in an amorphous form or nanocrystal form, 

considering that freeze-dried APX ASDs showed significantly reduced crystallinity as revealed by the 

DSC and PXRD (Section 5.4.1.2 and 5.4.2.2). Therefore, the overall supersaturation generation rate 

of freeze-dried APX ASDs could be compromised. Secondly, freeze-dried APX ASDs based on 

polymers, excluding SA, showed a physical state of porous scaffold that could float on dissolution 

media for a longer time than their solvent-based counterparts. Consequently, the supersaturation 

generation rate could be attenuated by the poorer wettability of these formulations. The effect of the 

first mechanism was considered to be dominant, since the freeze-dried IDM ASDs shared the latter 

mechanism but did not show attenuation in supersaturation generation. The better supersaturation 

maintaining behaviors of APX-PVP and APX-SOL than their solvent-based counterparts were a 

result of slower supersaturation induction rate. 

For lyophilized IDM-SA, the reduced particle size only improved the dissolution rate of IDM 

at the early stage, but did not change the maximum achievable drug concentration and 

recrystallization inhibiting profile as these factors were determined by the absolute amount of SA in 

dissolution medium. For APX, unlike the significantly compromised dissolution efficiency for APX-

PVP and APX-SOL induced by freeze-drying, the freeze-dried APX-SA showed a less influenced 

supersaturation generation rate. SA was insoluble in organic solvent and existed in a separated phase 

when using both preparation methods. Besides, different from the porous scaffold for APX-PVP and 

APX-SOL, freeze-dried APX-SA existed in a fine powder state without floating issue. As a result, the 

APX-SA yielded similar supersaturation profiles with different preparation methods. 
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The freeze-dried IDM-EC did not improve the dissolution rate of IDM, and no 

supersaturation was generated within 24 hrs, suggesting that particle size was not a limiting factor for 

the dissolution behavior of IDM-EC. Both formulations followed the diffusion-controlled drug 

release mechanism. In contrast, APX-EC presented a higher drug concentration than its solvent-based 

counterpart. For an ASD formulation prepared with insoluble polymer which followed a diffusion-

controlled drug release mechanism, the precipitation of APX from organic solution could be a 

favorable factor as this part of drug could dissolve faster without being hindered by diffusion barrier 

of the EC matrix. This being said, the overall lower APX concentration than pure APX indicated that 

most APX molecules were loaded in the EC matrix. The achieved concentration was not a 

supersaturated state with regard to APX solubility. From this case it was observed that a poor 

solubility of drug in organic solvent used for ASD preparation could be a positive factor for drug 

dissolution.  

The freeze-dried IDM ASDs prepared by lipid carriers showed a similar improvement in IDM 

supersaturation to polymer-based samples, whereby the maximum achievable concentration was 

improved by the freeze drying process for all samples. As discussed, the drug release efficiency from 

PL was limited by the aggregation of PL into large particles, which was a result of the reduced 

particle size. The reduced particle size also improved the supersaturation degree of IDM-G48 and 

IDM-ATO. After achieving peak drug concentration, the faster recrystallization rate of IDM-PL and 

IDM-G48, as compared with their solvent-based counterparts, could be a result of the higher 

recrystallization tendency associated with a higher supersaturation extent. The similar equilibrium 

concentrations for IDM-PL and IDM-G48 samples prepared with different methods were dependent 

on PL amount that determined the crystalline solubility of IDM, without being affected by preparation 

method. With a faster dissolution of PL and G48 carriers, the supersaturation parameters of IDM-PL 

and IDM-G48 corresponded to the LLPS and supersaturation results. The overall concentration-time 

profile of IDM-ATO was governed by the insolubility of ATO, which overweighed the effect of 

particle size.  

As a comparison, the freeze-dried APX-PL and APX-G48 showed a lower supersaturation 

degree than corresponding solvent-based counterpart, which was also a result of APX sedimentation 

during freezing, as discussed for the polymer case. Here it is observed that a preparation method 

could have different effects on the supersaturation behavior of different drugs. The effective 

maintaining of supersaturated APX solution in these cases was considered to be the result of slow 
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supersaturation induction rate instead of a change in the recrystallization inhibiting ability of carriers. 

Unlike APX-PL and APX-G48, the dissolution profile of APX-ATO was less influenced by the freeze 

dry process as samples from both methods had poor drug-excipient miscibility. The dissolution of 

APX-ATO samples both follow the diffusion-controlled mechanism. 

In this section, we observed that IDM ASDs and APX ASDs with individual carriers could be 

influenced by preparation methods in different manners. The reduced particle size affected 

supersaturation evolution by influencing peak concentration and Tmax. Similar to the discussion of 

solvent-based samples, the dissolution and supersaturation characteristics of freeze-dried samples 

could be explained by the LLPS and recrystallization results revealed by solvent-shift experiment, but 

the change in excipient properties (mainly precipitation during freeze drying process) should be 

considered when analyzing dissolution profiles. The analysis of dissolution behaviors of freeze-dried 

ASDs prepared by polymer-lipid combinations will be based on the behaviors of individual material 

based ASDs prepared by the same method. 

5.5.2.2 Effect of polymer-lipid combinations on the dissolution of freeze-dried IDM 

ASDs 

 The freeze-dried IDM-PVP-PL and IDM-PVP-G48 showed an obvious synergistic effect on 

early-stage dissolution rate and supersaturation degree, which was similar to the observation for 

solvent-based formulations, due to the improved disintegration of carrier material. IDM-PVP-PL 

showed similar r2 values to IDM-PVP fitted with all tested models, suggesting a similar drug release 

behavior of IDM at the early dissolution stage. For the first order model, the K1 constant of IDM-

PVP-PL was slightly lower than that for IDM-PVP, describing a slower drug release for IDM-PVP-

PL to achieve its maximum drug concentration within this range, which was a result of the higher 

maximum concentration that can be achieved by IDM-PVP-PL than IDM-PVP. The combination of 

PVP-PL was not a hindrance of drug release overall. IDM-PVP-G48 showed poor correlations with 

all tested models, indicating that drug release was not hindered by the combination of PVP and G48. 

Sharing a same mechanism, however, freeze-dried IDM-PVP-ATO showed a less effective 

synergistic effect. This could be explained by the different effects of insoluble lipid ATO on the 

formulations with different integration issues. For solvent-based samples, whereby IDM-PVP showed 

a large Tmax value of 4 hrs due to disintegration issue, the buildup of drug supersaturation at early 

stage took the advantage of the facilitated disintegration observed with added ATO. Here it is recalled 
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that ATO itself did not provide an effective enhancement in drug dissolution, and the faster 

dissolution observed for solvent-based IDM-PVP-ATO was resulted from the earlier release of 

amorphous IDM stored in PVP carrier. As a comparison, for freeze-dried samples, the disintegration 

issue of IDM-PVP itself was relieved by the reduced particle size, allowing the release of amorphous 

IDM in a timely manner. Therefore, the addition of ATO could not further improve this parameter as 

significantly as in the case of solvent-based samples. 

 The synergistic effect on the supersaturation generation of APX-PVP-PL should be attributed 

to facilitated wetting. The insufficient wetting of PVP-based formulation due to the floating issue 

could be improved by the addition of PL, so that amorphous APX loaded in binary carrier could be 

released faster. APX-PVP-PL only showed a good correlation with the first order model, with a K1 

constant that averaged between APX-PVP and APX-PL. APX-PVP-PL took slightly longer time than 

APX-PVP to reach its own maximum concentration, which was due to the higher concentration level 

achieved by APX-PVP-PL, similar to the discussion in section 5.5.1.2. The observed drug 

concentration decline was due to APX recrystallization in the presence of weakened supersaturation 

maintaining effect when PVP amount was decreased in formulation. Nevertheless, the extent of 

desupersaturation was not increased significantly since Cmax was not improved much, so that the 

recrystallization tendency of supersaturated APX solution should remain close to that for APX-PVP 

and APX-PL. This mechanism was believed to apply to APX-PVP-G48 and APX-PVP-ATO as well, 

as these lipid materials were expected to attenuate the highly organized porous structure of 

lyophilized powder created by PVP. 

 The averaged dissolution profiles of freeze-dried IDM-SOL-PL and IDM-SOL-G48 sitting 

between those for IDM-SOL and IDM-lipids shared a same mechanism of adjusted disintegration of 

SOL as discussed for solvent-based samples (section 5.5.1.2). The slightly synergistic effect of IDM-

SOL-ATO was also aligned with its solvent-based counterpart, suggesting that the supersaturation 

adjustment mechanisms were not influenced by the parameters associated with preparation method 

(i.e. formulation particle size and floating issue for light scaffold). The facilitated disintegration effect 

of SOL-PL and SOL-G48 was more effective when formulating APX, which aligned with the 

comparison result between solvent-based IDM and APX samples. The combination of ATO with 

SOL showed an averaged supersaturation degree which was significantly lower than that for APX-

SOL. The positive effect of facilitated wetting on supersaturation induction was overwhelmed by the 

negative effect of reduced amount of SOL carrier which showed better loading capacity for 
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amorphous APX. The decreasing amount of finely dispersed amorphous APX was likely to attenuate 

the supersaturation generation ability of the formulation. The negative effect of SOL-ATO carrier on 

APX dissolution was different from the synergistic effect brought by PVP-ATO carrier, although 

SOL and PVP were both soluble carriers in these dissolution scenarios. A plausible explanation could 

be obtained by analyzing the Cmax achieved by individual carriers, whereby APX-PVP achieved a 

lower Cmax (approximately 60 µg/mL) than that for APX-SOL (150 µg/mL). Indeed, the different 

intrinsic properties and abilities of two polymers should be the reason. But another way to describe 

this phenomenon was that a part of PVP carrier did not contribute to the generation of APX 

supersaturation. When the idle (i.e. ineffective in generating drug supersaturation) part of a carrier 

was replaced by another material that improved the disadvantageous factor (i.e. floating issue) of the 

whole formulation, the supersaturation generation efficiency of new system could be benefited. 

Following this mechanism, the supersaturation generation efficiency could be sacrificed by the 

replacement of SOL carrier with ATO, as the idle fraction of SOL was less than that for PVP in APX-

PVP formulation as suggested by the comparison of Cmax values. In this regard, the addition of ATO 

to polymer as a binary carrier could bring different effects to the supersaturation evolution of freeze-

dried APX ASDs. 

SA-lipid combinations also provided similar changes to the IDM ASD systems prepared by 

both methods. The dissolution and supersaturation profile of freeze-dried IDM-SA-PL were more 

governed by IDM-SA characteristics compared with the solvent-based case, as the aggregation issue 

of PL-containing formulation was weakened by the freeze dry process. The averaged supersaturation 

degrees of APX-SA-lipid formulations were considered as result of reduced amount of lipid carrier 

which had better supersaturation buildup efficiency. This also explained the similar behaviors of 

APX-SA-ATO to APX-SA and APX-ATO, as ATO did not provided a superior supersaturation 

ability over SA. The effective maintaining of APX supersaturation was due to the slow 

supersaturation induction rate associated with weak recrystallization tendency, since all involved 

carriers had poor supersaturation maintaining abilities. The effect of SA-lipid combinations on the 

supersaturation of both drugs were considered similar. 

Freeze dried IDM-EC-PL and IDM-EC-G48 also exhibited changes similar to the IDM ASD 

systems comparable with solvent-based formulations. However, IDM-EC-ATO presented a 

dissolution profile similar to IDM-ATO, with a faster dissolution rate than IDM-EC, which was 

contrary to the observations for solvent-based sample set. The K1 constant of APX-EC-ATO was 
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similar to APX-ATO and significantly higher than APX-EC. The faster release of IDM could be a 

result of compromised miscibility between ATO and EC carrier for freeze drying method. For the 

freeze-drying process, the drug solution was left to freeze for 24 hrs. During the cooling process, a 

part of ATO could precipitate before the solution was completely frozen as the solubility of ATO in 

organic solvent became significantly lower with decreasing temperature. After the freeze-drying 

process, this part of ATO was expected to be less miscible with EC and a portion of amorphous IDM 

adsorbed on the ATO surface could be more readily dissolved. This is different from the rotary 

evaporator based solvent evaporating process whereby all compositions precipitate together to form a 

highly miscible formulation. As such, freeze-dried IDM-EC-ATO provided a slightly faster 

dissolution rate. Above mechanisms could also be used to explain the averaged dissolution profiles of 

APX-EC-lipid combinations. The diffusion-controlled dissolution of EC matrix was weakened by the 

addition of lipid materials. 

 In this section, most freeze-dried IDM ASDs and APX-ASDs based on polymer-lipid 

combinations affected the dissolution and supersaturation behaviors of drug in a manner similar to 

what was found for solvent-based ASDs. Several compositions behaved differently when prepared by 

different methods. The adjustments in dissolution supersaturation parameters of IDM and APX were 

dependent on the changed dissolution of ASD carrier. It is believed that LLPS and solvent-shift 

recrystallization results should be qualitatively used to analyze dissolution behaviors of ASD 

formulations. Quantitative correlations between these in-solution properties and drug dissolution 

results could be inaccurate due to the varied dissolution rates of drug carriers. 

5.5.3 Two-stage dissolution of freeze-dried IDM ASDs and APX ASDs. 

5.5.3.1 Effect of polymer and lipid carriers on the dissolution of freeze-dried IDM 

ASDs and APX-ASDs 

For IDM-PVP, the significant improvement in IDM dissolution rate in both phases resulted 

from the dissolution of amorphous drug loaded in PVP carrier. These behaviors were considered to 

inherit from the properties of IDM-PVP in pure water without being affected much by pH. The 

absence of a “spring and parachute” profile in the acid stage was considered to be a result of 

incomplete supersaturation evolution before the occurrence of net concentration loss, as IDM-PVP 

achieved its peak concentration at 60 min in pure water. After entering the pH 5.0 stage, the 
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maintaining of IDM supersaturation was a result of PVP’s moderate ability to inhibit recrystallization, 

similar to the phenomenon in pure water. 

 For APX ASDs, the first phenomenon we noticed was that pure APX showed a higher 

solubility in acidic environment than in alkaline pH. The APX concentration achieved within 60 min 

in the pH 2.2 stage (28.41 ± 0.51 µg/mL) was only slightly lower than that achieved within 24 hrs in 

the pH 6.8 stage (29.58 ± 1.05 µg/mL). The equilibrium solubility in the alkaline stage was also lower 

than that of 34.79 ± 0.71 µg/mL in pure water. APX is commonly recognized as a non-ionizable 

compound with a pKa value of 13.12 and its solubility is expected to be unchanged at physiological 

pH range. However, different studies have found that APX solubility in acidic environment was 

higher than that in alkaline environment. A possible mechanism is that the weak interactions between 

the amine group of APX and protons in acid environment slightly improves the hydration and 

solubility of APX. This type of interaction is unstable and can be reversed by the increased pH, so 

that APX exhibited a solubility reduction in pH 6.8 medium. The further increase in APX 

concentration during pH 6.8 stage indicated that drug release was not completed in previous stage, 

and the non-sink level was relieved by the increasing amount of dissolution volume, so that drug 

release process could occur more effectively. The dissolution behavior and supersaturation profile of 

APX-PVP in acid stage was similar to those in pure water, suggesting that pH was not a major 

influencing factor for the performance of APX-PVP. The slightly higher concentration level could be 

a result of solubility change induced by pH as just discussed. Drug release process was incomplete in 

acid stage as suggested by the further increase in APX concentration in pH 6.8 stage. The overall 

APX concentration higher than APX alone was a combination of the effects induced by the constant 

drug release and supersaturation maintaining effect of dissolved PVP. The supersaturation evolution 

parameters were in good agreement with previously revealed properties of APX-PVP in pure water 

(Section 5.4.4.1.1). 

The slow dissolution rates of IDM-SOL in both the pH 2.2 and pH 5.0 stages agreed with its 

performance in pure water, resulting from the delayed drug release due to SOL gelation. No change 

was observed with different pH conditions. The supersaturation performance was improved in the pH 

5.0 stage, which was due to the increased volume dissolution medium. No concentration decline was 

observed in both phases, resulting from the low supersaturation degree achieved and supersaturation 

maintenance effect provided by dissolved part of SOL. 
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 As a comparison, the supersaturation buildup efficiency of APX-SOL during the acid stage 

was significantly lower than that in pure water, whereby the “spring and parachute” profile changed 

to a monotonic increase profile. Considering that an acid environment improved APX solubility, the 

slow APX dissolution should be due to the lower paddle speed used for the experiments in this 

section. APX-SOL, which had superior supersaturation generation effect in pure water over APX-

PVP, should be more vulnerable to the decreasing paddle speed as supersaturation buildup relies 

strongly on the disintegration of formulation. The drug release process was considered to be more 

complete than APX-PVP due to the following reason. The theoretical APX concentration at the 

moment of 60 min after the volume change of dissolution medium was calculated to be 20.76 µg/mL. 

A significant increase to 48.83 µg/mL was effectively achieved in the first 15-min dissolution in the 

pH 6.8 stage. In contrast, the APX concentration was 46.63 µg/mL at 75 min for APX-SOL, 

compared with the theoretical value of 35.08 µg/mL after the change in dissolution volume. A larger 

amount of APX was released from APX-PVP system than APX-SOL upon the attenuation of non-

sink level. In pH 6.8 stage, APX concentrations were comparable for two cases, which should be 

attributed to the supersaturation maintaining abilities of two polymers and low supersaturation degree 

achieved. Based on the comparison between APX-PVP and APX-SOL, the more favorable 

dissolution condition of pH 6.8 stage was suggested to be less effective in discriminating APX ASD 

formulations.  

IDM-SA showed a gradual increase in IDM concentration in the pH 2.2 stage and provided 

an incomplete drug dissolution within 60 min, which was obviously different from its behavior in 

pure water. Considering the enhanced dissolution of IDM by SA upon increasing the pH of the 

solution, this effect could be weakened by the buffering capacity of dissolution medium. Therefore, 

the supersaturation ability of SA determined in pure water could not be maintained in acidic buffer. 

The further increasing IDM concentration at pH 5.0 stage was due to the continuous dissolution of SA 

and leveled IDM solubility. The achieved drug concentration could be effectively kept from 

recrystallization due to the constantly improved crystalline solubility of IDM. These phenomena 

further supported the pH-modifying mechanism for SA-induced supersaturation. The gradual 

dissolution of APX-SA in both phases was corresponding to its behavior in pure water, without 

showing any change related to pH conditions.  

Both IDM-EC and APX-EC showed a slower dissolution rate than pure drug in both stages 

due to the high-degree of diffusion-controlled drug release pattern from insoluble carrier. Regardless 
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of pH, the drug-EC miscibility and poor wetting of EC carrier (i.e. floating issue after freeze drying 

process) delayed the release of IDM and APX payload. This was also indicated by the incomplete 

drug release after 24 h for both cases. 

IDM-PL showed a drastic change in dissolution and supersaturation behaviors in the pH 2.2 

stage compared with those in pure water. The slow drug release was due to the facilitated aggregation 

of PL with strong intermolecular interactions in a more acidic environment. When the pH is close to 

the first pK value of PL, intermolecular acid-anion complexation could occur through strong 

hydrogen bonding between the protonated phosphatidic acid (P-OH) and deprotonated phosphatidic 

acid (P-O-) groups [135,230]. The two major components of PL, phosphatidylcholine and 

phosphatidylethanolamine, have pKa values of 1.7 and 1.1, respectively, which are close to the 

environment pH of 2.2. Therefore, the aggregation of PL induced by intermolecular complexation 

was more favoured in lower pH. The previously revealed behaviors of PL in water phase, including 

supersaturation buildup and recrystallization inhibition, were not maintained in acid stage due to this 

change. Again, this was an illustration that the in-solution properties of an ASD carrier were masked 

if it could not rapidly dissolve in water. Nevertheless, the dissolution rate of IDM-PL was still faster 

than that for pure IDM, attributed to the dissolution of certain amount of amorphous IDM. The 

aggregation issue was relieved when entering the following phase with a higher pH, which was 

responsible for the fast release for the first 15 min in the pH 5.0 stage. However, it was noted that the 

achieved supersaturation at pH 5.0 stage was not with a high degree that was prone to 

recrystallization, which was different from the observation in pure water. This could be explained by 

the assumption that facilitated de-aggregation of PL by leveled pH was a gradual process with a 

starting state of large agglomeration. The recovered drug release from this state was expected to be 

slower than the case of IDM-PL dissolution in pure water, whereby the starting state was lyophilized 

powder with small particle size that was more readily dispersible. As a result, the supersaturation 

induction rate was low. The improved dissolution rate and extent of IDM in pH 5.0 environment were 

seen an overall effect of recovered drug release from PL carrier, supersaturation maintenance effect of 

dispersed PL, and solubilization effect of PL. Compared with pH 2.2 stage, the kinetic profile of 

IDM-PL at pH 5.0 stage was in more agreement with the PL performance in pure water. These 

mechanisms also applied to APX-PL. 

Driven by the fast erosion and dispersion of G48 in aqueous environment, IDM-G48 and 

APX-G48 saw the similarly instant drug release in the pH 2.2 stage. The drug release performance of 
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nonionized G48 was not influenced by pH condition. Considering that G48 had poor supersaturation 

maintaining ability for both drugs, the steadier concentration level at pH 5.0 stage for both cases 

suggested that drug concentration reached an equilibrium between drug dissolution and 

recrystallization. 

IDM-ATO provided a more effective dissolution enhancement than IDM-PL in the acid 

stage, which was different from the comparison in pure water. As discussed, although PL showed an 

improvement in IDM dissolution in the acid stage, drug release was still delayed by PL complexation. 

In comparison, the amorphous drug adsorbed on the surface of ATO was expected to dissolve fast 

once contacting water. This being said, there was still a significant portion of amorphous IDM that 

were loaded in ATO matrix, and the release of this part of drug should still be slow, following the 

diffusion-controlled mechanism. As an overall result, the dissolution of IDM-ATO was only slightly 

faster than IDM-PL in acid stage. At pH 5.0 stage, IDM-ATO showed a gradual increase in IDM 

concentration with a profile similar to previous stage, restating that its drug release mechanism was 

not influenced by pH. This also indicated that drug release was not completed in previous section. 

The achieved supersaturation was attributed to the constant dissolution of amorphous IDM. As a 

comparison, APX-ATO gave essentially same dissolution profile as APX-PL in acid stage. Although 

PL remained aggregated in this case, the larger amount of drug dose would result in a release of more 

drug from a formulation with poor dispersibility. In this regard drug release from immiscible domains 

of APX-ATO was not faster than APX-PL. Through the comprehensive comparison it is again 

suggested that the absolute amount of excipient could behave differently for different drug 

formulations with a same SI index.  

To summarize, some freeze-dried IDM ASDs and APX ASDs based on individual polymers 

and lipids showed different dissolution and supersaturation behaviors in two-stage dissolution 

condition than in water. The deviations were resulted from the altered dissolution properties of carrier 

materials under different pH conditions. A carrier could have different effects on both drugs just as 

their behaviors in pure water. This emphasized our previous conclusion that the expression of 

carriers’ ability to stabilize LLPS and drug supersaturation relies on their fast and through dissolution. 

The dissolution of carrier is one factor altered by polymer-lipid combinations to adjust the 

supersaturation characteristics of IDM. 
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5.5.3.2 Effect of polymer-lipid combinations on the dissolution of freeze-dried IDM 

ASDs 

All PVP-lipid combinations showed a synergistic effect on IDM dissolution with regard to 

IDM-PVP and IDM-lipids due to the facilitated dissolution of drug carrier. The mixing of PVP and 

PL could weaken both swelling of PVP and aggregation of PL. The decreased r2 values fitted with 

both the first order model and the Higuchi model suggested a less hindered drug release from the 

carrier. The concentration decline observed after 45 min suggested that the supersaturation buildup 

rate was enhanced to an extent that could not be effectively maintained. The sudden increase in drug 

concentration after entering the pH 5.0 stage suggested that the dissolution/dispersion of PVP-PL 

matrix was significantly facilitated by the increased pH and larger volume of dissolution medium. In 

both pH conditions, the combination of PVP and PL effectively changed the IDM release mechanism 

from diffusion-controlled profile to dissolution-controlled profile. These mechanisms also applied to 

APX-PVP-PL. 

In contrast, a severer decrease in supersaturation was observed for IDM-PVP-G48 in the acid 

stage due to the higher supersaturation degree achieved and reduced amount of PVP in formulation 

which could inhibit recrystallization. After entering the pH 5.0 stage, drug concentration saw another 

increase trend until 90 min, followed by drug recrystallization until reaching steady state, describing a 

similar drug release mechanism in both phases. The concentration level at pH 5.0 stage was not 

improved due to the reduced amount of G48 with solubilization effect and PVP with supersaturation 

maintaining effect. As a comparison for APX-PVP-G48, the synergistic effect on supersaturation 

buildup was less effective, associated with a mild desupersaturation. 

PVP-ATO provided an effective synergistic effect on the supersaturation generation of both 

IDM and APX, with a same mechanism as discussed for the PVP-PL combination. It was noted that 

the supersaturation enhancement of IDM-PVP-ATO under the pH 2.2 dissolution condition was more 

effective than that in pure water. Considering that the dissolve state of PVP and ATO was not 

influenced by the lower pH, and the volume of dissolution medium was smaller than that for pure 

water experiment, the disintegration and dissolution of binary carrier should not be improved by this 

condition. Therefore, the apparently higher supersaturation ability achieved in pH 2.2 stage should be 

mainly a result of larger mathematical ratio between achieved supersaturation over the smaller IDM 

solubility in acid environment. No pH-induced enhancement in carrier dissolution was considered for 
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IDM-PVP-ATO. No pH-induced change was considered for APX-PVP-ATO either given the similar 

degree of enhancement in supersaturation level in both dissolution tests. 

The significantly enhanced supersaturation performance of freeze-dried IDM-SOL-PL in the 

pH 2.2 stage was also due to the facilitated disintegration of the binary carrier. As discussed, drug 

release was delayed by SOL by a mechanism of surface gel formation regardless of pH condition. The 

insertion of SOL and PC with each other may improve the wetting and disintegration of drug carrier 

by weakening the molecular interaction between individual materials. This phenomenon was different 

from its behavior in pure water, where the SOL-PL combination provided an averaged effect on IDM 

dissolution, because in pure water the problems induced by PL protonation and aggregation were 

much weaker. The facilitated disintegration effect was less effective in pH 5.5 stage as the 

aggregation issue of PL was reduced, and therefore the supersaturation properties were more 

governed by dispersed PL. These mechanisms also applied to APX-SOL-PL to provide a similar 

supersaturation enhancing profile. 

For IDM-SOL-G48, the averaged effect on supersaturation generation in the acid stage was 

due to the high drug release efficiency of G48 carrier. The combination could not provide a faster 

supersaturation buildup than the sample with pure G48 carrier due to the gelation of SOL. The further 

increasing drug concentration at the early stage of pH 5.0 suggested that drug release was not 

completed in pH 2.2 stage, which was in good agreement with the dissolution profile in the pH 2.2 

stage without desupersaturation. The maintenance of high supersaturation degree was considered to 

benefit from the dissolved SOL in formulation, given that G48 had a poor supersaturation ability for 

APX. The mechanisms also applied to APX-SOL-G48, whereby the only difference was that APX-

SOL-G48 showed a more completed drug release in pH 2.2 stage, as seen by the essentially 

unchanged drug concentration for pH 5.0 stage. 

IDM-SOL-ATO also benefited from the facilitated wetting mechanism, In contrast, this did 

not apply to APX-SOL-ATO which showed an averaged dissolution profile. The positive effect of 

improved wetting should be overweighed by the compromised drug loading effect due to reduced 

amount SOL. SOL’s ability to stabilize LLPS and APX recrystallization could be a contributor, but 

the maintaining of a supersaturated APX solution during the pH 6.8 stage should be mainly due to the 

low supersaturation degree as this supersaturation level could also be maintained by other carriers 

with poor stabilization effect. 
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The facilitated disintegration also benefited the dissolution of IDM-SA-PL and APX-SA-PL, 

whereby the self-association of PL was reduced by the added SA. IDM-SA-G48 provided a more 

stabilized supersaturation generation without drug recrystallization, while compromising the 

maximum achievable concentration due to the decreased amount of G48 content. The endpoint drug 

concentration level was also determined by the absolute amount of SA in formulation. As a 

comparison, the combination with SA did not bring much change to the dissolution behavior of APX-

G48, due to the strong supersaturation generation ability of G48 material and the weak effect of SA 

on the dissolution of APX. The slight promoting effect of IDM-SA-ATO on the buildup of IDM 

supersaturation was governed by the behavior of IDM-ATO, which was different from the 

observation for pure water test. This was a result of less dominant pH modifying effect of SA in acid 

stage than in water due to the buffer capacity. As for ATO, its supersaturation ability was testified to 

maintain in different pH conditions due to its nonionized property and the dissolution of IDM 

adsorbed on the ATO surface, thereby governing the supersaturation behavior of IDM-SA-ATO. For 

APX, without being influenced by SA, the combination of SA with ATO provided an advantage of 

facilitated disintegration by ATO. 

IDM-EC-PL presented a synergistic improvement in IDM supersaturation degree at pH 2.2 

stage followed by an averaged effect at pH 5.0 stage. The improvement was due to the attenuated 

self-association of PL and the floating issue of freeze-dried EC, and the averaged effect in the pH 5.0 

stage was due to the recovered PL dispersion, so that supersaturation extent was proportional to the 

PL amount. The previously revealed supersaturation behaviors of IDM-EC-PL in pure water agreed 

with the observations in the pH 5.0 stage, while not for the pH 2.2 stage, restating the importance of 

dissolution/dispersion state of a carrier when determining drug supersaturation. The dissolution 

behaviors of APX-EC-PL aligned with these mechanisms. The averaged profiles of IDM-EC-G48 and 

APX-EC-G48 were a result of same mechanisms. But in these cases the supersaturation generation 

rates could not surpass pure G48 based formulations given the instant dissolution of G48 carrier and 

fast drug release. The averaged dissolution profile for IDM-EC-ATO and APX-EC-ATO were 

considered to share the same mechanism without being influenced by pH change, corresponding to 

their behaviors in pure water. The combination with insoluble lipid weakened the diffusion-controlled 

matrix of insoluble polymer EC. 
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5.6 Conclusion 

 In this chapter, we investigated the correlation between dissolution parameters of an ASD, the 

effect of drug amorphization within an ASD carrier, the effect of the carrier on LLPS of the drug, and 

the effect of the carrier on the recrystallization of supersaturated drug solutions. These properties 

were found to be highly dependent on the type of ASD carrier used in the formulation. For soluble 

carriers, both IDM and APX benefited from the rapid release of amorphous drug from carrier leading 

to supersaturated concentrations, while the ability to maintain the supersaturated concentration was 

determined by the effect that each carrier had on the recrystallization of each dissolved drug. For the 

case of insoluble carriers, drug release was dependent on the dissolution of the amorphous drug 

adsorbed on the surface of the carrier particles and the constant release of drug from within the carrier 

matrix through a diffusion process. For insoluble carriers, the induction of a supersaturated solution 

was dependent upon the rate of diffusion of the drug from the carrier matrix and therefore is a slow 

process. In such a case there is only a weak recrystallization tendency thus stabilizing the 

supersaturated condition. While some polymer and lipid carriers are well known for their 

classification as soluble or amphiphilic materials, other solution processes such as gelation, 

intermolecular complexation, poor wettability (related to preparation method), and pH-induced 

property changes could modify the ability of the material in its ability to solubilize a particular drug 

molecule. The expression of in-solution properties of these carriers were delayed or masked to 

different degrees during dissolution, and supersaturation evolution of ASD formulations based on 

these materials varied between dissolution-controlled and diffusion-controlled mechanisms. The 

polymer-lipid combinations resulted in either a synergistic or averaged effect on the supersaturation 

of IDM and APX depending upon the specific combination and inherent properties of each carrier.   
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Chapter 6 

Conclusions and future directions 

6.1 Summary of results 

 In this study, several in-solution and solid-state properties of polymer and lipid ASD carriers 

were studied. The effect of ASD carriers on LLPS, recrystallization, drug amorphization and 

dissolution behaviors of IDM and APX were investigated. In chapter 2, the LLPS behaviors of IDM 

and APX in aqueous solution in the presence of ASD carriers were characterized using the double 

wavelength UV extinction method. The onset and duration of LLPS for IDM and APX were 

influenced by ASD carriers in different manners a result of in-solution hydrogen bonding, drug 

partitioning into carrier aggregates such as micelles/vesicles, drug aggregation induced by the 

hydrophobic effect, and pH induced solubility change(s). For IDM, the combination of PVP-PL gave 

rise to a synergistic stabilization of LLPS as a result of the enhanced ability to incorporate separated 

nanodroplets of IDM due to the reduced rigidity and increased size of PL vesicle during LLPS. All 

polymer-lipid combinations showed an averaged effect on the stabilization of LLPS for both IDM and 

APX. 

 In chapter 3, whether and how LLPS behaviors of IDM and APX in the presence of different 

ASD carriers could transfer to increased stability of drug supersaturation were tested using 

recrystallization tests under non-sink dissolution conditions. In general, the recrystallization 

behaviour of IDM and APX were different in the presence of different ASD carriers. The LLPS and 

recrystallization behaviors of a drug did not necessarily align with each other due to the fact that the 

LLPS mechanism mainly affects the early stage of drug recrystallization. The different experimental 

parameters for LLPS determination and for the recrystallization tests are also responsible for the 

deviation between these results. The LLPS and recrystallization results were used to analyze the 

behaviors of supersaturated drug solutions enabled by ASD dissolution.  

 In chapter 4, the feasibility of using fluorescence spectroscopy and fluorescence microscopy 

to evaluate the drug-carrier miscibility and drug amorphization were successfully investigated. 

Several fundamental aspects of fluorescence spectroscopy involved in the parameter optimization and 

analysis of the emission signal, including the effect of Raman signal, 2nd emission peak and sample 

thickness, were clarified. The characterization results showed that these techniques could be used for 
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all drug-carrier systems to assess the physical state of IDM and APX using different indicators. IDM 

and APX showed different degrees of miscibility with different ASD carriers. Different systems could 

have different ways to express drug-carrier miscibility and drug amorphization. The single peak shape 

in a spectrum could be a false negative indicator leading to a decision to exclude drug-carrier 

immiscibility. Samples undergoing amorphous-amorphous phase separation and trace crystallization 

may still show a single emission peak without obvious peak-shift due to the dominant intensity 

induced by an amorphous drug. A reduced overall intensity for emission spectra was considered to 

result from drug aggregation. Fluorescence intensity distribution and the identification of 

birefringence properties for fluorescence microscopy were more effective and accurate in confirming 

phase separation of an ASD system. The assessment principles obtained from pilot studies were 

optimized. The drug-carrier miscibility information was used to facilitate the analysis of drug release 

from ASD carriers. 

 In chapter 5, dissolution and supersaturation behaviors of IDM and APX prepared with 

polymer, lipid and binary carriers with different preparation methods were tested under different 

dissolution conditions. The dissolution characteristics of an ASD formulation were seen as a 

comprehensive expression of supersaturation buildup, maintenance, and attenuation that are 

determined by drug amorphization degree, drug release profile, and effect of carrier on the LLPS and 

recrystallization of dissolved drug. Our results suggested that correlations between these factors could 

be established when the drug carrier showed a fast and completed dissolution, emphasizing the 

importance of dissolution state of drug carriers. Such correlations were disconnected when an ASD 

carrier could not dissolve or disperse instantly, so that the in-solution properties of the carrier could 

not present effectively. The combinations of polymer and lipid changed the dissolution and 

supersaturation profiles of IDM and APX by adjusting the dissolution or dispersion of carrier 

materials and the associated supersaturation maintaining ability depending on the dispersing state of 

carriers. Overall, the results of all chapters explored the in-solution and solid-state properties of 

polymer and lipid carriers, and analyzed their roles in determining the dissolution and supersaturation 

properties of ASD formulations for IDM and APX prepared by them. The corresponding 

characterization methods were optimized, and their effects on the expression of experimental results 

were analyzed.  
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6.2 Significance of the study 

 With the percentage of insoluble drug compounds in the development pipeline showing a 

continuous increase, formulation scientists are tasked with designing formulation approaches to 

effectively deliver these compounds through oral administration which requires some level of 

solubility for a drug. Most ways in which solubility of a drug can be improved are established on the 

theoretical basis of the Whitney-Noyes equation through a reduction in drug particle size or by 

increasing the aqueous solubility of the drug using cosolvents and/or surfactants. The formation of 

ASDs is another tool that can enhance solubility and dissolution of poorly water-soluble drugs, doing 

so by achieving a supersaturated drug concentration in the gut with improved thermodynamic activity 

and flux across gastrointestinal membranes. The development of ASD formulations relies on the 

fundamental investigations into the properties of supersaturated drug solution, carrier functions and 

drug-carrier interactions, as these factors play a critical role in achieving and maintaining drug 

supersaturation. This study investigated the solid-state and in-solution properties of several polymer 

and lipid materials, as well as their combinations, and tested their behaviors as ASD carriers for 

model drug IDM and APX. For several materials, the properties mentioned above were firstly 

revealed in this study. The supersaturated properties of APX were also firstly reported in this study.  

 For chapter 2, LLPS is a relatively new mechanism to describe the metastable transient state 

of a drug before recrystallization, facilitating the analysis of drug recrystallization behavior during 

ASD dissolution. It is of great interest to characterize this behavior for a drug in the presence of 

different carrier materials, as such information could serve as fundamentals to direct the design of 

ASD formulations. For this study, the fact that LLPS of both IDM and APX were influenced by 

polymer and lipid carriers in different manners was within expectation. And the phenomena that a 

carrier could place different effects when used for different drugs suggested the necessity of 

evaluating LLPS for a specific drug-carrier pair for the development of ASD. Besides, the 

combinations of polymer and lipid could provide both synergistic and averaged effect on the 

stabilization of LLPS, suggesting that the suitability of an excipient for the use as LLPS stabilizer will 

depend on the specific drug-excipient interactions which are not universal. By conducting this series 

of experiment using a well-known drug model IDM, the obtained results could be used to correlate 

with the results of previous studies using IDM as model drug, benefiting the understanding of a 

carrier’s properties. For example, that PVP not stabilizing the LLPS of IDM indicated that the 

moderate stabilizing effect of PVP on IDM supersaturation was a result of slowed crystal growth. The 
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strong stabilizing effect of SOL suggested that delayed nucleation was a significant contributor for 

SOL’s ability to maintain IDM supersaturation. The investigation of novel carriers with few 

supersaturation studies, including SA, EC, PL, G48, and ATO, will enable comparisons between 

these carriers with well-known ones. For the second model drug APX, which is without LLPS or 

supersaturation data, the LLPS behaviors of APX in the presence of different carriers provided pilot 

information for its development as ASD formulations. 

 For chapter 3, the recrystallization kinetics of IDM and APX under non-sink condition were 

measured, in order to see whether and how the changed LLPS behaviors correlate to supersaturation 

evolution of drugs. In general, these behaviors did not necessarily align with each other, for which the 

deviations were considered to result from different reasons. As mentioned above, the first reason was 

that LLPS mainly placed effect on the early stage of recrystallization. PVP and PL are two types of 

example to illustrate this mechanism: PVP did not stabilize the LLPS of IDM but stabilized the 

recrystallization of drug; PL stabilized the LLPS of IDM, but could not stabilize the recrystallization 

of IDM on a long timescale. These comparisons supported the established theory of LLPS 

mechanism. Secondly, the deviation between LLPS and recrystallization kinetics of a sample could 

result from the different experimental parameters of our studies, which is considered to be a limitation 

of the study. This can be explained by the working principles of experimental approaches. LLPS is 

detected based on the formation of a new phase that can cause light scattering, which means that no 

substance should be removed from the liquid system before characterization. In contrast, the common 

techniques (UV and HPLC) to determine the concentration of a liquid sample require that the system 

is in a fully dissolved state, which can only be realized by filtration or ultracentrifugation. This will 

result in a loss of both drug-rich nanodroplets and carrier micelle/vesicle with a size larger than pore 

diameter due to retention. The ability of a carrier (PL and PVP-PL) to incorporate and stabilize drug-

rich droplets can be masked in recrystallization test accordingly. This deviation is unlikely to be 

solved by adjusting experimental conditions as the working mechanism for each experiment cannot 

be changed. More types of experiment design would be needed to address this challenge. This study 

suggested that special considerations should be given to solutions containing micelle/vesicle 

structures larger than 200 nm when analyzing the LLPS and recrystallization results of supersaturated 

drug solutions. Overall, chapter 2 and 3 provided detailed views of LLPS and recrystallization 

behaviors of IDM and APX in the presence of different ASD carriers. The supersaturation properties 

for carriers including SA, PL, G48 and ATO, were revealed to fill the blank areas of these materials. 
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 For chapter 4, the design of fluorescence spectroscopy and fluorescence microscopy was 

inspired by several pilot studies using these techniques to assess the physical state and drug-carrier 

miscibility with commonly used polymers. When using these methods to assess more types of drug-

carrier systems, it was found that the interpretations of fluorescence spectroscopy signals should be 

different in order for spectroscopy and microscopy results to align. In this context, fluorescence 

imaging results were considered to be more effective and accurate in terms of confirming phase 

separation. Based on the results obtained in this chapter, assessment disciplines obtained from 

previous studies were supplemented with better accuracy. The methodology was validated to be able 

to assess drug-excipient miscibility for more types of ASD carriers, and the results can be used to 

facilitate the analysis of drug release behaviors of ASD formulations. 

 For chapter 5, it was found that the expression of both solid-state and in-solution properties of 

carriers during ASD dissolution was highly dependent on the dissolution of carrier materials. Without 

a fast and complete dissolution of carrier materials, the correlations between the above properties 

could not be established. On that note, “medium soluble” and “medium insoluble” were considered to 

be effective terms to describe the disintegration and dissolution characteristics of ASD carriers, as the 

direction of simplified categorization of carriers could be insufficient when they are used in different 

media. Materials that are well categorized as “hydrophilic” or “amphiphilic” could show poor 

dispersibility and dissolution in specific dissolution media. For example, while being commonly used 

as dissolution enhancing carrier, SOL showed a slow dissolution and poor drug release of IDM in 

pure water at 37 °C due to gelation. Although PL could load amorphous IDM and APX effectively 

and provided solubilization effect by its amphiphilicity, the buildup of drug supersaturation of PL-

based ASD could be slow since a long time was required for PL to finely disperse in water due to 

intermolecular complexation. By analyzing the correlations between LLPS, recrystallization, drug 

amorphization and dissolution behaviors of different ASD formulations, this study stated the critical 

role of carrier dissolution, as it was seen as the prerequisite for the expression of solid-state and in-

solution properties of carrier materials. As a limitation, the investigations into drug-carrier ratio, SI 

index, and supersaturation induction rate were not included in this study. These parameters could act 

as variables to influence the kinetic solubility profiles of ASD formulations and examine the 

discussed mechanisms in a more comprehensive way. 

 Overall, this study provided detailed characterizations of solid-state and in-solution properties 

for several polymer and lipid ASD carriers. For several carriers and APX, the LLPS, recrystallization, 



 

215 

and non-sink dissolution behaviors were revealed for the first time. The obtained results and 

implications could serve as fundamental information to benefit the development of ASD 

formulations. The employed characterization methods and assessment disciplines were optimized and 

expected to serve the investigation of more types of drugs and ASD carriers. 

6.3 Future directions 

 Based on the fact that an ASD carrier could have different effects on the LLPS of different 

drugs, it is suggested that the methodology is used for more types of carrier materials and drugs to 

validate the proposed mechanisms underlying the non-universal effects. For the proposed mechanism 

of the synergistic effect of PVP-PL (i.e. the ability of PL to incorporate nanodroplets is enhanced by 

PVP), different PVP-PL ratios could be used to test the correlation between LLPS and 

recrystallization results. Temperature could also be an interesting factor to investigate, as SOL and PL 

exhibit different micelle/vesicle size with varying temperatures. The effect of micelle size on the 

stabilization of drug-rich nanodroplets could be better characterized with more experiments. As 

discussed, filtration of aliquot dissolution samples was another factor responsible for the deviation 

between LLPS and recrystallization results. To validate this speculation, a series of experiments could 

be designed using different grades of PL and membrane filters with different pore sizes (i.e. 0.22 µm, 

0.45 µm and 0.80 µm) for the processing of dissolution samples. There are reasons to expect different 

concentrations of a same sample set determined by different filters if incorporated nanodroplets can 

pass through to different degrees. These efforts could benefit the development of ASD products using 

amphiphilic materials as carriers. 

 The effect of drug-carrier ratio and dose on the dissolution and supersaturation properties of 

IDM and APX could be of interest since these factors have been suggested to influence drug 

supersaturation. As implied by this study, the change in absolute amount of ASD carrier, which is 

associated with the change in drug-carrier ratio and dose, should be a consideration when analyzing 

the dissolution behaviors of ASDs. The rate and extent of dissolution of carrier material could be a 

significant determinant for the ASD dissolution. Especially for APX, the detailed investigations into 

these factors will greatly benefit the formulation process. 

 Fluorescence techniques are expected to serve the miscibility assessment for more drugs and 

carriers given the provided parameter optimization method and assessment disciplines. The identified 

amorphous-amorphous phase separation could facilitate the analysis of DSC and PXRD results and 
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used to explain the drug release behaviors of ASDs. The comprehensive research methodology of this 

study is expected to be used for the investigation of properties of more types of drug-carrier system 

and benefit the development of ASD formulations. 
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Appendix 

 

Figure A-1. Recrystallization of IDM in the presence of pre-dissolved (A) SOL-PL, (B) SOL-G48 and (C) SOL-ATO.  

 

 

Figure A-2. Recrystallization of IDM in the presence of pre-dissolved (A) SA-PL, (B) SA-G48 and (C) SA-ATO. 
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Figure A-3. Recrystallization of IDM in the presence of pre-dissolved (A) EC-PL, (B) EC-G48 and (C) EC-ATO.  

 

 

Figure B-1. Fluorescence images of IDM-PVP ASDs after storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-2. Fluorescence images of IDM-PVP ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-3. Fluorescence images of IDM-PVP ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-4. Fluorescence images of IDM-SOL ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-5. Fluorescence images of IDM-SOL ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-6. Fluorescence images of IDM-SA ASDs storage for 1-week at 40 °C. Percentage refers to drug loading degree 

(w/w). Scale bar is 100 µm. 

 

 

Figure B-7. Fluorescence images of IDM-SA ASDs storage for 2-week at 40 °C. Percentage refers to drug loading degree 

(w/w). Scale bar is 100 µm. 
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Figure B-8. Fluorescence images of IDM-SA ASDs storage for 3-week at 40 °C. Percentage refers to drug loading degree 

(w/w). Scale bar is 100 µm. 

 

 

Figure B-9. Fluorescence images of IDM-EC ASDs storage for 1-week at 40 °C. Percentage refers to drug loading degree 

(w/w). Scale bar is 100 µm. 
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Figure B-10. Fluorescence images of IDM-EC ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-11. Fluorescence images of IDM-EC ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-12. Fluorescence images of IDM-PL ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-13. Fluorescence images of IDM-PL ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-14. Fluorescence images of IDM-G48 ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-15. Fluorescence images of IDM-G48 ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-16. Fluorescence images of IDM-ATO ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-17. Fluorescence images of IDM-ATO ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-18. Fluorescence images of APX-PVP ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-19. Fluorescence images of APX-PVP ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-20. Fluorescence images of APX-SOL ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-21. Fluorescence images of APX-SOL ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-22. Fluorescence images of APX-SOL ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-23. Fluorescence images of APX-SA ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-24. Fluorescence images of APX-SA ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-25. Fluorescence images of APX-SA ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-26. Fluorescence images of APX-EC ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-27. Fluorescence images of APX-EC ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-28. Fluorescence images of APX-EC ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-29. Fluorescence images of APX-PL ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-30. Fluorescence images of APX-PL ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-31. Fluorescence images of APX-PL ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-32. Fluorescence images of APX-G48 ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-33. Fluorescence images of APX-G48 ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-34. Fluorescence images of APX-ATO ASDs storage for 1-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure B-35. Fluorescence images of APX-ATO ASDs storage for 2-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 
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Figure B-36. Fluorescence images of APX-ATO ASDs storage for 3-week at 40 °C. Percentage refers to drug loading 

degree (w/w). Scale bar is 100 µm. 

 

 

Figure C-1. DSC thermograms of solvent-based IDM ASDs prepared with polymer-lipid combination carriers. 



 

253 

 

Figure C-2. DSC thermograms of freeze-dried IDM ASDs prepared with polymer-lipid combination carriers. 

 

 

Figure C-3. DSC thermograms of solvent-based APX ASDs prepared with polymer-lipid combination carriers. 
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Figure C-4. DSC thermograms of freeze-dried APX ASDs prepared with polymer-lipid combination carriers. 

 

 

Figure C-5. PXRD diffractograms of solvent-based IDM ASDs prepared with polymer-lipid combination carriers. 
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Figure C-6. PXRD diffractograms of freeze-dried IDM ASDs prepared with polymer-lipid combination carriers. 

 

 

Figure C-7. PXRD diffractograms of solvent-based APX ASDs prepared with polymer-lipid combination carriers. 
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Figure C-8. PXRD diffractograms of freeze-dried APX ASDs prepared with polymer-lipid combination carriers. 

 

 

Figure C-9. Dissolution of solvent-based IDM ASDs prepared with (A) SOL-PL, (B) SOL-G48 and (C)  

SOL-ATO carriers in water. 



 

257 

 

Figure C-10. Dissolution of solvent-based IDM ASDs prepared with (A) SA-PL, (B) SA-G48 and (C) SA-ATO carriers 

in water. 

 

 

Figure C-11. Dissolution of solvent-based IDM ASDs prepared with (A) EC-PL, (B) EC-G48 and (C) EC-ATO carriers 

in water. 
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Figure C-12. Dissolution of freeze-dried IDM ASDs prepared with (A) SOL-PL, (B) SOL-G48 and (C) SOL-ATO 

carriers in water. 

 

 

Figure C-13. Dissolution of freeze-dried IDM ASDs prepared with (A) SA-PL, (B) SA-G48 and (C) SA-ATO carriers in 

water. 
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Figure C-14. Dissolution of freeze-dried IDM ASDs prepared with (A) EC-PL, (B) EC-G48 and (C) EC-ATO carriers in 

water. 

 

 

Figure C-15. Two-stage dissolution of freeze-dried IDM ASDs prepared with (A) SOL-PL, (B) SOL-G48 and (C) SOL-

ATO. 
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Figure C-16. Two-stage dissolution of freeze-dried IDM ASDs prepared with (A) SA-PL, (B) SA-G48 and (C) SA-ATO. 

 

 

Figure C-17. Two-stage dissolution of freeze-dried IDM ASDs prepared with (A) EC-PL, (B) EC-G48 and (C) EC-ATO. 
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Figure C-18. Dissolution of solvent-based APX ASDs prepared with (A) SOL-PL, (B) SOL-G48 and (C) SOL-ATO 

carriers in water. 

 

 

Figure C-19. Dissolution of solvent-based APX ASDs prepared with (A) SA-PL, (B) SA-G48 and (C) SA-ATO carriers 

in water. 
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Figure C-20. Dissolution of solvent-based APX ASDs prepared with (A) EC-PL, (B) EC-G48 and (C) EC-ATO carriers 

in water. 

 

 

Figure C-21. Dissolution of freeze-dried APX ASDs prepared with (A) SOL-PL, (B) SOL-G48 and (C) SOL-ATO 

carriers in water. 
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Figure C-22. Dissolution of freeze-dried APX ASDs prepared with (A) SA-PL, (B) SA-G48 and (C) SA-ATO carriers in 

water. 

 

 

Figure C-23. Dissolution of freeze-dried APX ASDs prepared with (A) EC-PL, (B) EC-G48 and (C) EC-ATO carriers in 

water. 
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Figure C-24. Two-stage dissolution of freeze-dried APX ASDs prepared with (A) SOL-PL, (B) SOL-G48 and (C) SOL-

ATO. 

 

 

Figure C-25. Two-stage dissolution of freeze-dried APX ASDs prepared with (A) SA-PL, (B) SA-G48 and (C) SA-ATO. 



 

265 

 

Figure C-26. Two-stage dissolution of freeze-dried APX ASDs prepared with (A) EC-PL, (B) EC-G48 and (C) EC-ATO. 

 

 


