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ABSTRACT 

Supersaturating drug delivery systems are an attractive solubility enabling formulation 

strategy for poorly soluble drugs due to their potential to significantly enhance solubility and hence, 

bioavailability. Compendial dissolution testing is commonly used a surrogate for assessing the 

bioavailability of enabling formulations. However, it increasingly fails to accurately predict in vivo 

performance due its closed-compartment characteristics and the lack of absorptive sink conditions. 

In vivo, drug is continually removed due to absorption across the gastrointestinal membrane, which 

impacts the luminal concentration profile, which in turn affects the dissolution kinetics of any 

undissolved material, as well as crystallization kinetics from supersaturated solutions. Thus, it is 

critical to develop an improved methodology that better mimics in vivo conditions. An enhanced 

approach integrates dissolution and absorption measurements. However, currently-used two-

compartment absorptive apparatuses, employing a flat-sheet membrane are limited, in particular 

by the small membrane surface area that restricts the mass transfer, resulting in unrealistic 

experimental timeframes. This greatly impacts the suitability of such systems as a formulation 

development tool. The goal of this research is two-fold. First, to develop and test a high surface 

area, flow-through, absorptive dissolution testing apparatus, designed to provide in vivo relevant 

information about formulation performance in biologically relevant time frames. Second, to use 

this apparatus to obtain mechanistic insight into physical phenomenon occurring during 

formulation dissolution. Herein, the design and construction of a coupled dissolution-absorption 

apparatus using a hollow fiber membrane module to simulate the absorption process is described. 

The hollow fiber membrane offers a large membrane surface area, improving the mass transfer 

rates significantly. Following the development of a robust apparatus, its application as a 

formulation development tool was evaluated in subsequent studies. The dissolution-absorption 

studies were carried out for supersaturated solutions generated via anti-solvent addition, pH-shift 

and by dissolution of amorphous formulations. The research demonstrates the potential of the 

apparatus to capture subtle differences between formulations, providing insight into the role of 

physical processes such as supersaturation, crystallization kinetics and liquid-liquid phase 

separation on the absorption kinetics. The study also explores dissolution-absorption performance 

of amorphous solid dispersions (ASDs) and the influence of resultant solution phase behavior on 

the absorption profile. Residual crystalline content in ASDs is a great concern from a physical 
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stability and dissolution performance perspective as it can promote secondary nucleation or seed 

crystal growth. Therefore, the risk of drug crystallization during dissolution of ASDs containing 

some residual crystals was assessed using absorptive dissolution measurements and compared to 

outcomes observed using closed-compartment dissolution testing. Mesoporous silica-based 

formulations are another type of amorphous formulations that are gaining increased interest due to 

higher physical stability and rapid release of the amorphous drug. However, their application may 

be limited by incomplete drug release resulting from the adsorption tendency of the drug onto the 

silica surface. Thus, the performance of mesoporous silica-based formulations was also evaluated 

in the absorptive dissolution testing apparatus to determine the impact of physiological conditions 

such as gastrointestinal pH and simultaneous membrane absorption on the adsorption kinetics 

during formulation dissolution. Overall, the aim of this research was to demonstrate the potential 

of the novel in vitro methodology and highlight the significance of a dynamic absorptive 

dissolution environment to enable better assessment of complex enabling formulations. In vivo, 

there are multiple physical processes occurring in the gastrointestinal lumen and the kinetics of 

these processes strongly depend on the absorption kinetics and vice-a-versa. Thus, using this novel 

tool, the interplay between solution phase behavior and the likely impacts on bioavailability of 

supersaturating drug delivery systems can be better elucidated. This approach and apparatus is 

anticipated to be of great utility to the pharmaceutical industry to make informed decisions with 

respect to formulation optimization. 
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 INTRODUCTION 

1.1 Research Significance, Specific Aims and Hypotheses 

Oral administration is the most common route of drug administration, wherein the drug is 

first dissolved in the gastrointestinal fluids and then is absorbed across the gastrointestinal 

membrane to reach the systemic circulation. The compendial dissolution test, defined by the 

United States Pharmacopeia (USP), simulates the formulation dissolution process and is an 

important formulation development tool for oral formulations.1 Along with its application to 

understand the physicochemical properties of drug substance, as well as product attributes, its link 

to drug absorption and hence, bioavailability has been increasingly explored.2–4 However, with the 

rise in the number of poorly water soluble drugs in the drug discovery pipeline over the past two 

decades, the optimization of drug delivery systems using solubility enabling formulation strategies 

has become increasingly important.5,6 These formulation strategies are extremely complex and 

sensitive to the dissolution environment. Interestingly, even though formulation science has 

evolved over the past few decades, standard (i.e. closed compartment) dissolution testing is still 

widely used to assess formulation performance. For increasingly complex formulations containing 

poorly soluble drugs, it is often difficult, if not impossible, to predict in vivo performance from 

such measurements.2 Thus, obtaining meaningful dissolution data for better prediction of drug 

product performance is imperative to optimize pharmaceutical formulation development and there 

is a substantial need for improving release testing methodology.  

 

Over the past few years, several designs have been proposed to overcome known 

challenges of dissolution testing with respect to hydrodynamics, fluid volume, environment pH, 

gastric emptying and fluid composition (i.e. use of biorelevant fluids).2,7–9 Although these 

developments include modifications to the dissolution conditions, they do not incorporate an 

absorptive sink environment. The presence of an absorptive compartment in dissolution studies is 

important for testing solubility enhancing formulations, particularly those that supersaturate and 

potentially undergo precipitation during gastrointestinal (GI) transit. This is because the mass 

transport rate of drug from the dissolution compartment into the receiver compartment not only 

provides information about the solution thermodynamics, but as the drug is continuously removed, 
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it will also impact the supersaturation profile, which in turn will impact dissolution kinetics of any 

undissolved material, as well as crystallization kinetics.  

 

Therefore, the goal of this research was to develop a dissolution methodology that can 

incorporate absorption in combination with dissolution, to provide in vivo-relevant information 

about formulation performance, and enable better discrimination between complex formulations 

based on differences in mass transport profiles and total amount of drug transferred, relating these 

factors to different solution phase behaviors. The first aim of this study was to design and 

construct a large membrane surface area, flow-through absorptive dissolution testing 

apparatus to achieve faster and substantial membrane mass transfer in order to study 

formulation performance over biorelevant time frames. The central component of the 

apparatus is a hollow fiber membrane to simulate the absorption process. The large surface area of 

the membrane increases the rate of mass transfer while the flow-through operation of the apparatus 

offer potentially more in vivo-relevant conditions. It was hypothesized that faster mass transfer in 

the hollow fiber membrane-based apparatus as compared to conventional side-by-side diffusion 

apparatus would provide superior prediction of formulation performance.  

  

Supersaturated solutions impart higher membrane flux, particularly when the system does 

not undergo crystallization over biorelevant time frames, due to the higher thermodynamic activity 

of the drug species.5,10,11 A highly supersaturated solution of a hydrophobic compound may 

undergo liquid-liquid phase separation (LLPS), when the solute concentration exceeds the 

amorphous solubility of the drug in the aqueous medium, leading to the formation of drug-rich 

nanoparticulate species.12–15 In the absence of crystallization, these drug-rich nanodroplets can 

serve as a drug reservoir, replenishing drug to the aqueous phase from which absorption across the 

membrane occurs, until the drug-rich phase ultimately depletes.10 The drug-rich phase can be 

obtained by instantaneous addition of concentrated stock solution of the drug into the aqueous 

medium or by dissolution of amorphous solid dispersions (ASDs). The second aim of this study 

was to evaluate the absorption behavior of solutions undergoing LLPS using the new 

absorptive dissolution testing apparatus and assess enhancement in absorption due to 

dissolution of amorphous solid dispersions. It was hypothesized that the formation of a drug-

rich phase via LLPS would result in higher mass transport across the membrane due to the 
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reservoir effect of the drug-rich nanodroplets and enhanced absorption would be observed for 

ASDs undergoing LLPS upon dissolution.  

 

Amorphous solid dispersions often improve the oral bioavailability of poorly soluble drugs. 

However, drug crystallization may occur either during manufacturing or storage, particularly at 

elevated temperature and humidity.16–19 The resultant residual crystallinity would be anticipated 

to diminish the solubility and bioavailability advantage offered by these formulations. Therefore, 

accurate in vitro evaluation of such formulations is of paramount importance at several levels of 

drug product development such as bioavailability assessment, process development, process 

validation, quality control or bioequivalence testing. Compendial dissolution testing, due its 

closed-compartmental setup, large dissolution volume and lack of absorptive sink conditions, has 

poor discriminatory power to assess complex formulations. Therefore, the aim of this study was 

to utilize the apparatus developed herein to study the dissolution and absorption behavior of 

amorphous formulation with varied amounts of residual crystallinity, using different 

volumes of dissolution fluid. Residual crystalline content is expected to seed crystal growth from 

the supersaturated solution. It was hypothesized that simultaneous absorption of drug across the 

membrane would lower the supersaturation in the dissolution compartment, thereby reducing the 

risk of crystallization of drug in a crystal seeded environment.  

 

Amorphous formulations are attractive formulation strategies to improve bioavailability of 

poorly soluble drug compounds. One such strategy includes mesoporous silica-based drug delivery 

systems wherein the drug compound is encapsulated into the silica pores. The large specific surface 

area of silica offers high drug loading20,21  and due to confinement of drug molecules in the 

nanopores, drug exists in the amorphous state, providing solubility and bioavailability 

advantages.22–26 Although mesoporous silica-based formulations offer better physical stability, 

dissolution often results in incomplete drug release.27 Therefore, the next aim of this study was 

to understand the potential reason for incomplete drug release from silica formulations and 

the impact of absorptive dissolution measurements on drug release profile. It was 

hypothesized that incomplete release of drug was due to adsorption of the drug molecule onto the 

silica surface. As a result, the dissolution performance of mesoporous silica-based formulations 

may be enhanced in the presence of an absorptive compartment as the simultaneous removal of 
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drug across the membrane would alter the adsorption kinetics of the drug-silica system due to a 

reduction in the solution concentration.  

 

The performance of mesoporous silica-based drug delivery systems is dependent upon the 

strength and type of interactions that exists between drug molecules and silica in the solid and 

solution state.28–30 The surface chemistry of silica is very complex. The silica surface has isolated 

silanol groups that typically interact with functional groups of drug molecules via hydrogen 

bonding or electrostatic interactions. When suspended in aqueous medium, surface silanols 

protonate or deprotonate, and exist in a positive, negative or neutral charged state, depending upon 

the pH of the solution. As drug-silica interactions and drug solubility are important driving forces 

for drug release and drug adsorption, both processes can be controlled by the solution pH, 

particularly for ionizable poorly soluble drugs as pH alters drug ionization and solubility. The aim 

of this study was to evaluate the effect of solution pH on the adsorption tendency of weakly 

basic drugs onto the silica surface, as well as the dissolution of drug-loaded mesoporous silica 

formulations, at different physiologically relevant pH values to assess formulation 

performance during gastrointestinal transit. It was hypothesized that weakly basic drugs that 

are ionized at intestinal pH conditions will result in poor drug release due to electrostatic 

interactions between the positively charged drug molecule and the negatively charged silica 

surface, and hence suboptimal drug release may occur. 

1.2  Dissolution Testing 

For oral solid dosage forms, the dissolution profile is an important in vitro characteristic of 

a formulation under development. Dissolution testing is widely used to obtain several types of 

information during drug product development process such as selecting appropriate excipients or 

a suitable solid form of the compound for the desired dissolution profile.4 Hence, it is typically 

used to understand the physicochemical properties of a drug substance and the drug product 

attributes.2 Dissolution testing plays an important role in determining whether the dosage will 

dissolve in the patient’s gastrointestinal tract. Even if the solid form disintegrates immediately, it 

is the dissolution rate of the solids that will ultimately determine the amount of drug available for 

absorption.1 As a quality control test, dissolution testing confirms batch-to-batch reproducibility, 

that manufacturing procedures are followed for a given batch, and a consistent product 
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performance throughout the shelf-life.  Dissolution testing typically provides quality assurance and 

is critical in determining the effects of processing parameters on stability and bioavailability. 

Hence, it is an important part of the approval process for a new solid oral dosage. With the FDA’s 

specification to minimize bioavailability testing in humans, clinical scientists place increasing 

reliance on in vitro dissolution testing in combination with mathematical modeling to predict in 

vivo performance. Physiological conditions such as fluid volume, media composition, 

hydrodynamics and transit time can have significant influence on the rate of dissolution and 

concentration of drug available for absorption.4 Hence, if the tests are not performed under 

appropriate conditions, the in vitro predictions will be inaccurate, potentially delaying the 

development process. It is, therefore, imperative to develop an in vitro dissolution test that can 

mimic gastrointestinal conditions and give the desired information in a relevant time frame.  

1.2.1  Dissolution-Solubility Relationships 

1.2.1a. Solubility 

Attaining the equilibrium solubility of an organic solute following dissolution of the solid 

depends on a series of events. The first step includes breakage of solute-solute bonds, the strength 

of which depends on the extent of attractive forces in the solids. These are typically higher for 

electrolytes than for nonelectrolytes, and for crystalline solids than for amorphous solids. This is 

followed by the formation of a void in the solvent to accommodate a solute molecule. The solute 

molecule then enters the solvent void. Thus, the extent of solubility depends upon how 

energetically favorable these processes are.31 In terms of a crystalline solid, the solubility is the 

concentration of the solute in the solution in equilibrium with the solid.32 Crystalline solubility is 

given by equation 1.1: 

ln(𝑥𝑐𝛾𝑐) =
𝜇𝑐 − 𝜇0

𝑅𝑇
 

(1.1) 

 

where 𝑥𝑐 is the mole fraction solubility of crystalline drug, 𝛾𝑐 is the activity coefficient of the drug 

at saturation, R is universal gas constant, (𝜇𝑐 − 𝜇0) is the difference in the chemical potential 

between crystal and the standard state (supercooled or pure liquid) at temperature, T. The process 

of breaking of crystal lattice is considered analogous to the melting of crystal and hence, solubility 

𝑋 follows a van’t Hoff type equation, 
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ln 𝑋 =
∆𝐻𝑓

𝑅
[

1

𝑇𝑚
−

1

𝑇
] 

(1.2) 

 

where ∆𝐻𝑓 is the heat of fusion and 𝑇𝑚 is the melting temperature. The above equation is the ideal 

solubility where the mixing of solute and solvent molecules results in no net energy change, and 

the activity coefficient is unity. However, in the case of non-ideal solution behavior, equation 1.2 

becomes as follows, 

 

ln 𝑋 =
∆𝐻𝑓

𝑅
[

1

𝑇𝑚
−

1

𝑇
] − ln 𝛾 

(1.3) 

 

The activity coefficient can be given by regular solution theory and is a function of the difference 

in the solubility parameter of solvent (𝛿1) and solute (𝛿2), the molar volume of the solvent (𝑉1) 

and the volume fraction of the solute (𝜑2) as shown below, 

 

log 𝛾 = 
𝑉1𝜑2

2

2.303 𝑅𝑇
(𝛿1 − 𝛿2)2 

(1.4) 

 

The thermodynamic driving factors of solubility for a particular compound can be 

determined from the above equations.6 Hence, the solubility of a poorly soluble drug can be limited 

either by the strength of the crystal lattice, or unfavorable solute-solvent interactions, or both. 

Compounds that are hydrophobic show poor solubility in water. If these compounds have strong 

intermolecular forces, they will be poorly soluble in both aqueous and non-aqueous solvents, 

whereas if they are limited only by poor affinity to water, they can be soluble in non-aqueous 

solvents.  

1.2.1b. Dissolution Rate 

The rate of dissolution of a drug is defined in terms of the change in concentration of 

dissolved drug, dc, in a specific time interval dt. The first introduction of the dissolution rate was 

in the seminal work by Noyes and Whitney in 1897, wherein the dissolution of a solute from the 

solid is based on a simple process of diffusion.33 The rate of dissolution of a substance is given as 

follows:  
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𝑑𝐶

𝑑𝑡
= 𝑘(𝐶𝑠 − 𝐶) 

(1.5) 

 

where 𝑘 is a constant, 𝐶𝑠 is the saturation solubility, and 𝐶 is the instantaneous concentration at 

time, t. The dissolution is governed by diffusion of molecules across a thin diffusion layer formed 

on the solid surface into the bulk aqueous phase, shown in Figure 1.1.  

 

 

Figure 1.1: Graphical representation of dissolution mechanism. 

 

Equation 1.5 was further modified by Nernst-Brunner based on the diffusion layer model and 

Fick’s second law to incorporate specific relations between the constants involved as follows: 

  

𝑑𝐶

𝑑𝑡
=

𝐷𝑆

𝑉ℎ
(𝐶𝑠 − 𝐶) 

(1.6) 

 

where D is the diffusion coefficient, S is surface area of the solid, h is the thickness of the diffusion 

layer and V is the volume of the dissolution medium.34  

  

In relation to the prediction of oral absorption, the solubility of the compound in bulk 

solution, Cs, determines two characteristics of the dissolution profile (1) the slope of the dissolution 

profile (D.S.Cs /h) (2) the plateau concentration, which indirectly determines oral absorption.35 

Therefore, the rate at which drug is released into the aqueous media and the equilibrium solubility 

are critical, as the time available for dissolution and absorption is limited in the GI tract.6,36 Both 

solubility and dissolution rate can be increased by reducing intermolecular forces in solid-state, 
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increasing the strength of solute-solvent interactions in solution or increasing the surface area of 

the solid available for dissolution. 

1.2.2  Types of dissolution testing apparatus 

1.2.2a. USP 1/2 Apparatus 

The conventional dissolution testing setup, USP 1/2 systems, are simple paddle/ basket 

systems providing a well-stirred, medium-rich environment for evaluating disintegration and 

dissolution of solid dosage forms.1 The apparatus is used for all types of oral solid dosage. The 

basket is useful when the dissolution test includes a change of media from gastric to intestinal fluid. 

However, changing the media is difficult and this lack in flexibility may result in poor prediction 

for drugs undergoing changes in solution concentration with change in location in the GI tract.7 

Considering body temperature, dissolution tests are typically carried out at 37 C. The fluid volume 

used in the apparatus ranges from 500-1000 mL, a volume corresponding to the fed state of 

stomach. The large volume of fluid also helps sink conditions to be incorporated during testing. 

The hydrodynamics in the dissolution vessel are controlled by paddle rpm. However, these 

hydrodynamics do not mimic GI conditions due to inherent variability and formation of dead zones 

in the dissolution vessel.  

  

Due to certain limitations of the USP 1/2 apparatus, such as poor hydrodynamics, lack of 

flexibility of fluid compositions and high fluid volumes, dissolution testing may be 

unrepresentative of true in vivo performance. Several designs have been proposed to overcome 

challenges suffered by compendial dissolution testing methods. 

1.2.2b. Reciprocating Cylinder 

The reciprocating cylinder apparatus is similar to a disintegration tester with an open 

cylinder containing the solid dosage form placed in a vessel that is maintained at 37 C. The 

cylinder is moved up and down at a speed that can generate in vivo-relevant hydrodynamics. The 

mesh at the bottom of the cylinder also controls the hydrodynamics. The main advantage of the 

reciprocating cylinder over the basket/paddle method is the flexibility to study dissolution in 

different media and the absence of hydrodynamic dead zones. However, the operating volume is 

low and hence it is difficult to maintain sink conditions in this apparatus.7 
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1.2.2c. Flow-through cell, USP 4 

The Pharmacopeia has standardized a flow-through cell for studying dissolution of solids. 

It consists of a reservoir with dissolution media maintained at 37 C. The dissolution media is 

continuously circulated either in open or closed loop using a pump. The cell has a filter system 

that prevents escape of undissolved particles from the top and bottom of the cell which is filled 

with glass beads.37 A tablet holder is used to hold the tablet in the center of the apparatus. The flow 

profiles generated in the apparatus are more uniform compared to other USP apparatus. The flow-

through operation of the apparatus allows flexibility in controlling hydrodynamics, maintaining 

sink conditions and mimicking change in fluid compositions during GI transit.7 It is attractive tool 

for testing dissolution of poorly soluble drug compounds. 

1.2.2d. Artificial Stomach Duodenal Model 

Compendial dissolution techniques have been modified to accommodate certain 

physiological conditions that mimic the GI tract, however, due to methodology constraints, it is 

difficult to predict physical processes during dissolution such as crystallization or supersaturation 

occurring due to changes in media and pH during the transit. To overcome these limitations, 

several non-compendial dissolution methodologies have been proposed. The most in vivo-relevant 

is the artificial stomach duodenal model.38 The apparatus consists of two compartments, 

mimicking stomach and duodenum. Gastric emptying is incorporated by controlling the rate of 

transfer of solution from the stomach compartment to the duodenal chamber, where the pH of the 

media is at the intestinal pH. The concentration of drug in the duodenum chamber is correlated to 

in vivo bioavailability. However, the bioavailability predicted by this apparatus may not be well 

correlated with in vivo performance if it is permeability-limited or the formulation is a controlled-

release type with some residence time in lower gastrointestinal region.2 

1.2.3  Failure of In Vivo Prediction by Dissolution Testing 

 Solubility is key to dissolution and bioavailability. A significant increase in the number of 

candidates exhibiting poor water solubility in past two decades has resulted in the evolution of 

several solubility enhancing formulation strategies. The most common approaches used in 

marketed products include cosolvents, salts, polymorphs, co-crystals, surfactants, cyclodextrins, 

particle size reduction, lipid-based systems, and amorphous solid dispersions.6 These strategies 
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result in enhanced solution concentration in two ways: by creating supersaturated solutions or by 

adding components that solubilize the drug.5 Formulation strategies such as addition of surfactants 

or cyclodextrins solubilize the drug by partitioning of drug in micellar structure or formation of 

inclusion complexes. A large increase in the solubility however impacts the free concentration of 

the drug in the solution and hence, the thermodynamic activity of the drug. This may result in the 

decrease in amount of drug available for absorption and reduce bioavailability.39 If these 

formulations are studied using dissolution testing to assess the in vivo performance, the results may 

not correlate with the in vivo data. This is because enhanced solubility in the presence of additives 

does not necessarily increase the free drug concentration. Miller et al.40  demonstrated the effect 

of surfactant on the permeability of progesterone. With an increase in sodium lauryl sulfate and 

sodium taurocholate concentration beyond the critical micelle concentration, a decrease in 

permeability of progesterone in a single-pass rat jejunal perfusion model was observed. Thus, in 

addition to dissolution testing, formulations containing solubility-enhancing additives should be 

tested for apparent permeability changes and flux. 

 

Formulation strategies such as amorphous solid dispersions, on the other hand, generate 

supersaturated solutions, where the thermodynamic activity of solute exceeds that of the crystalline 

drug. Hence, these strategies enhance the free drug available in the solution. However, 

supersaturation is thermodynamically metastable and system is susceptible to crystallization in 

order to lower the free energy of the system. Dissolution testing in a well-stirred, simple, one-

compartment apparatus often fails to predict in vivo performance of supersaturating formulations 

as it is does not reflect the impact of physical processes such as crystallization, true supersaturation 

or phase separations occurring during dissolution of supersaturating formulations. DiNunzio et 

al.41 studied the dissolution performance of Sporanox and amorphous solid dispersions (ASD) of 

itraconazole with cellulose acetate phthalate (CAP). The in vitro dissolution studies showed that 

ASDs with CAP dissolved more slowly as compared to Sporanox pellets, indicating Sporanox was 

a better formulation, since drug release was faster. However, in vivo plasma concentration showed 

higher Cmax and area under the curve (AUC) for ASDs with CAP. Hence, the conclusions drawn 

from in vitro studies did not correlate with the in vivo results. In addition to poor correlation of the 

dissolution profile and the in vivo concentration profile, supersaturated solutions undergo 

crystallization, the kinetics of which can be altered by subsequent removal of drug from the 
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dissolution compartment due to simultaneous absorption. Bevernage et al.42 demonstrated that 

precipitation of drug from a supersaturated solution was less extensive when dissolution studies 

were carried out in the presence of an absorptive compartment. 

 

 The evaluation of dissolution and mass transfer to estimate overall drug absorption can 

provide formulation scientists with better sensitivity of the product performance to formulation 

changes.43 Hence, considering the limitations of dissolution testing to predict the performance of 

solubility enhancing formulations, it is important to consider mass transfer or flux measurements 

to discriminate between formulations and improve understanding of the true bioavailability 

advantage from such formulations. 

1.3  Mass Transfer Measurements 

1.3.1  Membrane Mass Transport 

The mass transport per unit surface area of a membrane has two principle components: 

convection, transport by bulk motion and diffusion, transport by molecular displacement. Herein, 

only diffusive mass transport is discussed. 

1.3.1a. Diffusion 

Any perturbations in temperature or concentration of a chemical species results in a 

gradient that tends to disappear over time. The spontaneous dissipation of such gradients is by 

movement of energy, mass and momentum from a region of higher concentration to lower 

concentration, generally known as diffusion, and is characterized by small-scale molecular 

displacements.44 The diffusion process is defined using Fick’s first law,  

 

𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
 

(1.7) 

 

where 𝐽 is mass flux or the rate of mass transfer per unit area, 𝐷 is the diffusion coefficient, and 

dC/dx is the gradient in the concentration in a direction, 𝑥. The diffusivity or diffusion coefficient 

of a molecule in a liquid is dependent on the hydrodynamic force acting on the molecule and is 

given by Stokes-Einstein equation,  
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𝐷 =
𝑘𝑇

6𝜋𝜂𝑟
 

(1.8) 

 

where k is the Boltzmann constant, T is temperature, 𝜂 is dynamic viscosity and r is radius of the 

molecule. 

 

Thermodynamically, diffusion occurs so as to minimize the free energy of the system and 

as free energy is a function of chemical potential, the gradient in the chemical potential is the true 

driving force for diffusion. The chemical potential (𝜇𝑖) is given as, 

 

𝜇𝑖 = 𝜇𝑖
𝑜 + 𝑅𝑇 ln 𝑎𝑖 (1.9) 

 

where 𝜇𝑖
𝑜  is reference chemical potential and 𝑎𝑖  is activity of the species, such that 𝑎𝑖 = 𝑐𝑖  𝛾𝑖 . 

Hence diffusive flux is given as, 

𝐽 = −𝐷 (1 +
𝜕 ln 𝛾

𝜕 ln 𝐶
) ∇𝐶 

(1.10) 

 

The diffusion coefficient is affected by solution non-ideality. 

In terms of general conservation equations, the steady-state diffusion is given by Fick’s 

second law where the change in concentration over time in one dimension is given by the change 

in flux across the diffusion barrier: 

 

𝜕𝐶

𝜕𝑡
= −

𝜕𝐽

𝜕𝑥
   or   

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 (1.11) 

 

1.3.1b. Steady State Diffusion in Thin Films and Membrane Barrier 

A typical mass transfer across a membrane includes an aqueous barrier in addition to the 

membrane barrier, as shown in Figure 1.2.45 The solutions on both sides of the membrane become 

less and less stirred as they approach the membrane surface. 
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Figure 1.2: Schematic of diffusion barriers in membrane mass transport. Region I and III represent 

aqueous diffusion layer and Region II represent membrane. 

 

The mass balance across the aqueous diffusion layer is given by, 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = (𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛)𝑖𝑛 − (𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛)𝑜𝑢𝑡    (1.12) 

At steady state, the accumulation is 0, hence in a small element of thickness ∆𝑧 , 

0 = 𝐴 (𝐽𝑧 − 𝐽𝑧+∆𝑧)           (1.13) 

Using Fick’s first law and gradient of flux across the thin film, at steady state, 

0 = −𝐷
𝑑2𝐶

𝑑𝑧2             (1.14) 

Boundary conditions can be defined,  

𝑧 = 0, 𝐶 = 𝐶𝑏1 𝑎𝑛𝑑 𝑧 = ℎ1, 𝐶 = 𝐶𝑠1   

Solving equation 1.14 and substituting boundary conditions,  

𝐶 = 𝐶𝑏1 + (𝐶𝑠1 − 𝐶𝑏1)𝑧/ℎ1         (1.15) 

And flux is given by, 

𝐽𝐼 =
𝐷

ℎ1
(𝐶𝑏1 − 𝐶𝑠1)           (1.16) 

Similarly, the flux across region III can be written as, 

𝐽𝐼𝐼𝐼 =
𝐷

ℎ3
(𝐶𝑠2 − 𝐶𝑏2)           (1.17) 

The steady state flux across the membrane is determined similarly using mass balance across the 

membrane and is given by, 

𝐽𝐼𝐼 =
𝐾𝐷𝑚

ℎ2
(𝐶𝑠1 − 𝐶𝑠2)           (1.18) 
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The overall flux across the membrane is typically written in terms of overall or effective 

permeability 𝑃𝑒𝑓𝑓 , 

𝐽 = 𝑃𝑒𝑓𝑓  (𝐶𝑏1 − 𝐶𝑏2)           (1.19) 

such that, 

1

𝑃𝑒𝑓𝑓
=

1

𝑃𝐼
+

1

𝑃𝐼𝐼
+

1

𝑃𝐼𝐼𝐼
           (1.20) 

where 𝑃𝐼 =
𝐷

ℎ1
, 𝑃𝐼𝐼 =

𝐾𝐷𝑚

ℎ2
 and 𝑃𝐼𝐼𝐼 =

𝐷

ℎ3
  and the mass transport barriers are treated as resistance in 

series. 

1.3.2  Dissolution-Absorption Studies of Pharmaceutical Formulations 

The importance of mass transfer studies to determine true drug concentration and in turn, 

bioavailability is reasonably well established. One of the simplest approaches to incorporate 

absorption measurements during dissolution studies is biphasic dissolution testing. An organic 

layer is added to the aqueous medium and drug dissolved in the aqueous medium partitions into 

the organic layer at the top.46 A biphasic test offers three main advantages. There is no 

accumulation of drug in the aqueous phase, the free drug concentration can be measured by 

evaluating the concentration in the organic phase and reduced analytical challenges due to the 

formation of a solution free of undissolved solids. Gao et al.47,48 incorporated biphasic dissolution 

with the USP IV apparatus for evaluating the performance of poorly soluble drug compounds. 

They illustrated the importance of an absorptive compartment in evaluating supersaturation 

generated during dissolution, obtaining a better discrimination between formulations. A lower 

supersaturation was generated for formulations due to simultaneous partitioning of drug into the 

organic layer and these results correlated well with in vivo performance. Frank et al.49 included a 

pH-shift into the biphasic dissolution test leading to improved prediction of formulation 

performance as compared to single phase dissolution. Although the biphasic system provided 

interesting findings, the use of organic solvent and the lack of a physical barrier between the two 

phases limits its applicability. Solvent volatility, emulsion formation with surfactant-enriched 

biorelevant media or blocking of sampling lines due to viscous solvents are some of the issues that 

have been reported for the biphasic system.46 
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An alternative approach to performing dissolution-absorption measurements is the use of 

a two-compartment system separated by a membrane barrier, wherein drug present in the donor 

compartment diffuses across the membrane into a receiver compartment. Several studies have been 

performed to develop an in vitro methodology using dissolution-permeation systems and to 

correlate the results with in vivo performance. Ginski and Polli43 were one of the first to develop a 

dissolution/Caco-2 system to predict formulation performance. They evaluated fast and slow 

dissolving immediate release formulations and correlated the performance with the clinical data. 

Since then several modifications have been made to the membrane, fluid composition or 

configuration of the apparatus. Kataoka et al.50,51 carried out simultaneous dissolution and 

absorption studies of solid oral dosage forms in a side-by-side diffusion cell with a Caco-2 

monolayer mounted in between, to predict oral absorption. They also studied the rate-limiting step 

in oral absorption and distinguished formulations based on dissolution, solubility or permeability 

limited.52,53 Motz et al.54 demonstrated use of a flow-through diffusion cell to study permeation of 

drug dissolved from tablets across a Caco-2 monolayer. A double artificial membrane permeability 

assay was also developed to incorporate an intracellular compartment in absorption measurements 

while maintaining the appropriate pH in apical, intracellular and basolateral compartments.55  

 

Some absorption studies have been performed using artificial membranes as well. The most 

standard membrane model is the parallel artificial membrane permeability assay (PAMPA) 

wherein the setup consists of 96-well microtiter plate containing hydrophobic filters that are 

saturated with a lecithin – organic solvent mixtures.56,57 A number of studies have demonstrated 

the use of artificial membranes to study membrane flux and to evaluate formulation performance 

of poorly soluble drug compounds.10,11,58,59 

1.3.3  Limitations of Conventional Mass Transport Apparatuses  

The currently used in vitro apparatuses to determine the mass transport of poorly water-

soluble drugs, however, have certain limitations which impact their usefulness for absorptive 

dissolution testing. The most important limitation is the small surface area of the membrane 

available for absorption in a typical side-by-side setup. The small surface area results in slower 

mass transfer and a long experimental duration to obtain significant information about formulation 

performance. The small volumes of the apparatus result in analytical detection limits, particularly 
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for poorly soluble drugs and concentration measurements in the receiver compartment. The poor 

hydrodynamics in most of the mass transport apparatuses increase the unstirred water layer barrier 

adjacent to the membrane surface. This aqueous layer can further slow the mass transfer if the drug 

compound is lipophilic. Moreover, the small volumes of the apparatus can result in non-sink 

conditions in the receiver compartment and this may result in back diffusion of drug molecule into 

the donor compartment. Poorly soluble compounds have a high tendency to generate non-sink 

conditions during mass transfer measurements. The conventional apparatuses also fail to capture 

the pH dynamics in the GI tract as experiments have to be carried out at fixed pH. This is an 

important consideration while studying performance of weakly basic drugs. All of these limitations 

can alter the rate of mass transfer and also impact the dissolution rate in an in vitro setup, resulting 

in failure in the prediction of in vivo performance. 

1.4  Hollow Fiber Membranes 

1.4.1  Configuration and Properties 

A typical hollow fiber membrane module is shown in Figure 1.3. A single module contains 

a bundle of hollow fibers which are encapsulated at each end forming tubesheets. This allows 

direct flow of fluids in and out of the lumen of the fibers. A circumferential header adjacent to the 

tubesheets allows flow of fluid on the outer or shell side. The module is geometrically similar to a 

shell-and-tube heat exchanger.60 

 

Figure 1.3: A hollow fiber membrane module offering surface area of 100 cm2. 

 

The hollow fiber membrane design has widespread application for separation processes in 

liquids such as liquid-liquid extraction or dialysis. The membrane module is easy to manufacture, 

and its compactness and reliable performance makes it advantageous over other membrane 

configurations. Moreover, a large surface area of the membrane is available due to the presence of 
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several membrane fibers in a single module.61 Several varieties of hollow fiber membranes with 

different membrane materials, pore size distribution and surface area are available. The membrane 

material properties and device dimensions play an important role in mass transfer efficiency of the 

module and hence, selection of the appropriate module lies in its application.62 The membrane 

material that can be used for studying absorption of a pharmaceutical drug should be hydrophilic 

in nature such that it is wetted by the aqueous media used in the study. A priori prediction of the 

material selection is difficult due to adsorption of drug on the membrane. The pore size distribution 

in the membrane should be such that pore size is able to exclude suspended particles in the fluids. 

Moreover, the pore size distribution is the determining factor in mass transport mechanism. The 

mass transport across membranes with smaller pore size is typically diffusion-controlled, while 

membranes with larger pore size will have significant contribution of both convection and 

diffusion. For this particular application, membranes with a pore size lower than 20 nm were 

chosen to study diffusive flux across the membrane. There is a lower limit to the number of fibers 

in a single module and the diameter and thickness of the individual fibers. Selection of the module 

should also consider the overall surface area and thickness of the fibers to achieve the desirable 

rate of mass transfer. The flow of fluids inside the lumen of fibers and in the shell-side of the 

module can be co-current or countercurrent depending upon uniformity of the flow in the channels 

and overall mass transfer performance. Flow of fluids in the hollow fiber membrane allows design 

of a flow-through setup, thus providing an important advantage over other configurations. 

1.4.2  Hollow Fiber Membranes to Simulate Intestinal Absorption  

A hollow fiber membrane module was first used to simulate intestinal absorption in a multi-

compartmental, dynamic, computer-controlled model of human upper gastrointestinal tract (TIM-

1) to assess the amount of digested food or drug substance available for absorption.63 

Hydrodynamics in this apparatus are controlled by altering the water pressure on the flexible 

membranes containing luminal contents, thus mimicking mixing created in in vivo. However, most 

of the studies using TIM-1 have been reported for digestion and bioaccessibility of nutritional 

compounds, with only limited data available for evaluating drug product performance.2,7 Blanquet 

et al.64 studied the impact of transit time and food effect on oral absorption and the results were 

consistent with the in vivo data. However, the complexity of the apparatus and lengthy 

experimental setup time are important limitations of using this system for evaluating drug 



 

 

36 

performance.2 Another study developed a dissolution-absorption setup, simulating dissolution in 

the USP 2 apparatus and absorption in a hollow fiber membrane, to assess oral absorption of 

theophylline.65 However, the authors did not thoroughly explore the potential of the membrane 

module for mass transport measurements or as an in vitro tool for formulation development of 

supersaturating dosage forms. 

1.5  Supersaturating Drug Delivery Systems 

1.5.1  Supersaturation 

 A solution is said to be supersaturated when the solution concentration exceeds the 

saturation solubility of the compound. Mathematically, it is expressed as: 

ln 𝑆 =
ln 𝑥𝑆𝛾𝑆

ln 𝑥∗𝛾∗
 

(1.21) 

 

Here 𝑥𝑆  and 𝛾𝑆  are mole fraction solubility and activity coefficient of the solute in the 

supersaturated solution respectively while 𝑥∗ and 𝛾∗  are mole fraction solubility and activity 

coefficient of solute in the saturated solution respectively. For an ideal solution, the activity 

coefficient is unity and supersaturation is typically expressed as a concentration based ratio for 

supersaturated (𝐶 ) and saturated solution (𝐶∗), 

𝑆 =
𝐶

𝐶∗
 

(1.22) 

 

 Supersaturation is also a driving force for crystallization as supersaturated solutions are 

thermodynamically metastable and any system perturbations can lead to desupersaturation, i.e. 

crystallization of drug from the solution.66  

1.5.2  Amorphous Solids and Amorphous Solubility 

An amorphous solid has short-range ordering of molecules, limited to a few neighboring 

molecules.67  However, unlike crystalline solids, it lacks long-range order of the molecular 

packing.68 When a crystalline material is melted and rapidly cooled back to a lower temperature, 

the liquid melt becomes amorphous in nature, losing any long-range ordering.69 The amorphous 

solid has higher free energy, enthalpy, entropy and free volume as compared to its crystalline 



 

 

37 

counterpart and as a result, they are metastable in nature. When a liquid melt is cooled rapidly 

below its melting temperature such that there is no formation of crystal nuclei, the amorphous solid 

formed is referred to as supercooled liquid as it retains equilibrium properties of liquid. The cooling 

of a liquid melt results in the increase in viscosity and decrease in molecular mobility. Thus, below 

a certain temperature, due to increased viscosity, the material deviates from the equilibrium line 

to accommodate for excess free energy and results in the formation of glassy material.68 This 

transition temperature is called as glass transition temperature (Tg). The glass material is 

thermodynamically unstable and hence, susceptible to gradual relaxation over time to a more stable 

solid form. The physical stability of amorphous materials can also be lost due to an increase in the 

molecular mobility at higher temperature and humidity.16 Typically, higher configurational 

entropy and lower free energy difference between amorphous and crystalline state may the reduce 

probability of crystallization of the amorphous solid.69 

Owing to the lack of a crystal lattice and high free energy of amorphous solids, the 

amorphous solubility is higher than the crystalline solubility. The solubility of an amorphous solid 

is the solution concentration achieved due to solid-liquid equilibrium between the amorphous solid 

and a solution phase. The thermodynamic equilibrium between the amorphous solid and an 

aqueous phase is often difficult to achieve as it is thermodynamically unfavorable. Thus, it can be 

achieved only when the crystallization is slow or inhibited for a prolonged time period.5,70 The 

amorphous solubility (𝑋𝑎) is typically expressed in terms of crystalline solubility (𝑋𝑐)and free 

energy difference (∆𝐺) between the two solid states71, 

𝑋𝑎 = exp (
−∆𝐺

𝑅𝑇
) 𝑋𝑐 

(1.23) 

 

where the difference in the free energy is given by the Hoffman equation; 

∆𝐺 =
∆𝐻𝑓(𝑇𝑚 − 𝑇)𝑇

𝑇𝑚
2

 
(1.24) 

 

The water absorption tendency of amorphous solids can alter the activity and free energy 

of the solid. Hence, amorphous solubility prediction involves estimation of the activity of the 

amorphous solute saturated with water (−𝐼(𝑎)) along with experimental crystalline solubility and 

free energy difference between crystalline and amorphous forms72,73, 

𝑋𝑎 = exp[−𝐼(𝑎)] exp (
−∆𝐺

𝑅𝑇
) 𝑋𝑐 

(1.25) 
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The amorphous solubility is also estimated by assuming it to be a supercooled liquid, 

however, only if the glass transition temperature of drug is lower than temperature of interest.5 

1.5.3  Phase Separation in Supersaturated Systems 

 A highly supersaturated solution of a drug compound is thermodynamically metastable and 

prone to crystallization. However, it is observed that sometimes, instead of crystallization, species 

of a second liquid phase are formed in the solution. This phenomenon is called liquid-liquid phase 

separation (LLPS).12 LLPS is observed as a precursor to crystallization and can impact the 

nucleation process by either hindering or accelerating the step.13 It is a metastable zone wherein 

liquid phases exist as solute rich and solute lean. The two liquid phases are in equilibrium with 

each other, hence the solute chemical potential or supersaturation of solute is identical in both 

phases.74  The free energy of mixing (∆𝐺𝑚𝑖𝑥) is a function of the chemical potential of the two 

species. For a drug (D) – water (W) mixture, 

 

∆𝐺𝑚𝑖𝑥 = 𝑥𝐷(𝜇𝐷 − 𝜇𝐷
∗ ) + 𝑥𝑊(𝜇𝑊 − 𝜇𝑊

∗ )        (1.26) 

 

For partially miscible liquids, the free energy of mixing as a function of composition shows 

negative net ∆𝐺𝑚𝑖𝑥 for all mixture compositions as shown in Figure 1.4. However, there exits two 

compositions where the ∆𝐺𝑚𝑖𝑥 is at a minimum, generating a miscibility gap in the free energy 

phase diagram.  

 

Figure 1.4: Free energy of mixing as function of composition of two liquids with a miscibility gap. 

D is drug and W is water.5 
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For a mixture of pure water (W) and amorphous drug (D), the free energy is at a minimum 

for compositions 𝑥𝐷𝑊 and 𝑥𝑊𝐷 . The compositions can be attained by either starting with 

amorphous drug and addition of water or vice-a-versa. At these compositions, the net overall 

∆𝐺𝑚𝑖𝑥 is the lowest and the chemical potential of each species is equal in both the phases. These 

points are called as binodal points. The region below 𝑥𝐷𝑊 or above 𝑥𝑊𝐷 are stable with respect to 

demixing. Any composition between 𝑥𝐷𝑊  and 𝑥𝑊𝐷  is thermodynamically unfavorable and the 

overall free energy can be lowered by phase separation into two liquid phases. Between 𝑥𝐷𝑊 and 

𝑥𝐷𝑊
∗   and 𝑥𝑊𝐷 and 𝑥𝑊𝐷

∗ , the system is metastable such that phase separation will occur if energy 

barrier is overcome. Beyond 𝑥𝐷𝑊
∗  and 𝑥𝑊𝐷

∗  the system is unstable and can undergo spontaneous 

phase separation into two liquid phases of equal chemical potential. These compositions are called 

as spinodal points and phase separation occurs by spinodal decomposition, which is a diffusion-

controlled process.5,75  

 

In an amorphous drug and water mixture, the concentration at which LLPS occurs, has 

been observed to be equal to the amorphous solubility of the drug.10,11,15,76 This relation can be 

explained based on equal activity of species in the two phases. The chemical potential or activity 

of drug is equal in the water-rich phase (W) and the supercooled liquid-rich phase (L), 

ln 𝑥𝐷
𝑊𝛾𝐷

𝑊 = ln 𝑥𝐷
𝐿 𝛾𝐷

𝐿             (1.27) 

 

The amorphous solubility is equal to 𝑥𝐷
𝑊, concentration of drug in water-rich phase.5 

1.5.4  Mass transport advantage of supersaturated systems 

 The mass transport of a drug across the gastrointestinal membrane typically involves 

passive diffusion. As the diffusion process is driven by the chemical potential gradient of the 

species across the barrier, supersaturated systems can show a higher mass transfer as compared to 

saturated systems, thus translating to higher oral bioavailability, particularly for BCS Class II 

compounds. The highest concentration or thermodynamic activity of species in the solution that 

can be achieved is the amorphous solubility. Beyond the amorphous solubility, additional 

supersaturation will result in LLPS and formation of drug-rich and water-rich phases, with 

thermodynamic activity equivalent to the amorphous solubility. In the absence of crystallization, 

a highly supersaturated phase separated systems will maintain the highest solution concentration 
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until the drug-rich nanodroplets are depleted. Hence, during absorption, the drug absorbed from 

the aqueous phase will be replenished by the drug-rich nanodroplets and show highest flux for 

longer periods of time. This effect of nanodroplets replenishing absorbed drug in the aqueous phase 

is termed as the reservoir effect of LLPS, schematically shown in Figure 5. In the presence of 

LLPS, the thermodynamic activity is maintained at the maximum and hence more drug diffuses 

through the membrane. In the absence of LLPS and subsequent crystallization, the thermodynamic 

activity decreases with a subsequent decline in driving force due to absorption and crystallization, 

resulting in less drug transferred. 

 

Figure 1.5: Schematics of passive diffusion across membrane in presence and absence of LLPS in 

supersaturated systems.11 

 

As the membrane flux is proportional to the thermodynamic activity of a species, it is 

expected that constant flux is observed for concentrations above the amorphous solubility, 

undergoing LLPS. The effect was experimentally demonstrated using a side-by-side diffusion cell, 

Figure 6a. The constant driving force for mass transfer across the membrane due to the presence 

of drug-rich nanodroplets was also demonstrated experimentally using a flow-through side-by-

side diffusion cell, Figure 6b. The non-cumulative concentration measurement from the receiver 
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compartment allowed visual representation of the reservoir effect of nanodroplets, until they 

depleted over time. 

   

Figure 1.6: (a) Diffusive flux of nifedipine for concentrations below and above amorphous 

solubility (72 g/mL).11 (b) Receiver concentration profile of clotrimazole for concentrations 

below and above amorphous solubility (7.5 g/mL).10 

1.5.5 Amorphous Solid Dispersions 

Amorphous solid dispersions are an attractive formulation strategy for poorly soluble 

compounds to improve their bioavailability by improving solubility and dissolution rate. An 

amorphous solid dispersion is a multi-component system wherein drug is molecularly dispersed in 

the polymer matrix. They are typically prepared by melt extrusion of drug and polymer mixture or 

dissolution of the mixture in a solvent followed by spray drying or lyophilization.(ref) The 

dispersion of drug in a polymer matrix at a molecular level provides two main advantages from 

the presence of the polymer: (1) inhibiting crystallization of drug in the solid formulation and (2) 

maintaining the supersaturation generated upon dissolution of the amorphous formulation by 

inhibiting crystallization in the aqueous phase.77 The drug-polymer miscibility is critical to the 

development of a stable amorphous solid dispersion. According to the Gordon-Taylor equation, 

the mixing of two materials with different Tgs results in an intermediate value for the Tg of the 

mixture, which in turn would depend on the individual Tg’s, weight fraction of drug and polymer 

and level of interaction between the two components. Thus, mixing low-Tg drug with high-Tg 

polymer results in an amorphous solid dispersion with a Tg that is higher than that of the drug. As 

a result, the presence of the polymer slows down the molecular mobility and crystallization of 

a. 
b. 
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amorphous drug as compared to the amorphous drug alone, improving the physical stability.78 

Strong intermolecular interactions between drug and polymer can also slow down the drug 

molecular mobility. Amorphous solid dispersions may phase separate and undergo crystallization 

over time if the drug loading exceeds the drug-polymer miscibility limit.77 This extent of drug and 

polymer miscibility can be altered by environmental factors such as temperature or moisture. Low 

temperature can result in crystallization due to favorable thermodynamic factors for nucleation, 

while higher temperature can increase the molecular mobility and induce crystallization.16,79 

Additionally, depending upon the phase behavior as a function of temperature, drug and polymer 

can undergo mixing and demixing with changes in the temperature.80 Similar to the temperature 

effect, water absorption by an amorphous solid can result in an increase in molecular mobility due 

to plasticization by water, thus significantly lowering the Tg of the mixture and increasing the 

tendency of the mixture to crystallize or phase separate.81  

 

The bioavailability enhancement offered by amorphous solid dispersions (ASDs) is 

primarily determined by its dissolution performance. Dissolution of ASDs often results in a ‘spring 

and parachute’ effect which is associated with supersaturation generated by dissolution of 

amorphous drug and maintenance of supersaturation by the polymer.82 Thus, ASDs have great 

potential to improve the bioavailability of poorly soluble drugs by generating to higher 

thermodynamic driving force for membrane absorption.5 Based on the properties of ASDs such as 

drug loading and polymer type, dissolution of ASDs can result in the formation of drug-rich 

nanodroplets, further enhancing bioavailability by the reservoir effect of these colloidal species as 

mentioned in the above section.58 Typically, ASDs with low drug loading have been observed to 

undergo LLPS upon dissolution.58,83,84 This is associated with faster, polymer-controlled 

dissolution of the formulation. The high dissolution rate can result in a solution concentration in 

excess of the amorphous solubility followed by precipitation of the excess drug as amorphous 

nanodroplets.85 At higher drug loadings, the drug-rich layer on the surface of ASDs may slow 

down the release due to the poor solubility of the drug.86 The critical drug loading to obtain LLPS 

upon dissolution of ASD varies with drug and polymer type and is hence, an active area of  

research.87 
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1.5.6 Mesoporous silica-based drug delivery systems 

Another type of widely researched amorphous formulation strategy is mesoporous silica-

based formulations. The development of nanostructured materials for biomedical applications 

resulted in the synthesis of mesoporous silica materials and was proposed as a drug delivery system 

for the first time in 2001.88 These materials can be prepared by templating of a silica surface with 

supramolecular assemblies of surfactant.89 Surfactant is later removed by pyrolysis or dissolution 

with suitable solvent resulting in the formation of an ordered pore network, high pore volume and 

high surface area material.88,90 The pore volume can be as high as 1 cm3/g and specific surface area 

is typically in the range of 500-1500 m2/g. These properties make mesoporous silica materials an 

attractive carrier for drug delivery. The most commonly studied mesoporous silica materials 

include MCM-41 and SBA-15, which have a hexagonal pore structure. The typical pore size in 

these materials lies between 2 to 15 nm. SBA-15 also has additional micropores (< 2 nm) which 

are located in the walls between adjacent mesopores and are dead end pores.91 Drug encapsulation 

in the mesopores can result in the formation of a stable amorphous solid if the pore size is smaller 

than the critical nuclei radius required for the crystallization of drug and if the pore filling is 

low.25,92 The amorphization of drug in silica-based formulations can, thus, offer solubility and 

bioavailability advantages.93 Therefore, there is a growing interest in formulating poorly soluble 

drugs using mesoporous silica materials.94  

 

The drug encapsulation in the silica matrix is carried out by immersing silica in a highly 

concentrated solution of drug, therefore the extent of drug loading mainly depends on the 

adsorption tendency of drug.90 Similarly, drug release from the silica matrix is a diffusion-

controlled process and the displacement of drug from the silica surface by competitive adsorption 

of water molecules significantly controls the drug release.93,95 The drug adsorption on silica and 

subsequent release can, thus, be influenced by several factors. For the drug molecule to effectively 

adsorb on the silica surface, the pore size of the material should be considerably larger than the 

molecular size of the drug. The pore size also controls the drug release rate, with faster drug release 

observed for larger pore sizes.88  This is typically attributed to more efficient penetration of water 

molecules or wetting of the formulation to release the drug adsorbed and faster drug diffusion out 

of the pores. As the pore size controls the diffusion of drug molecules, depending on the size of 

the drug molecule, a critical pore size exists below which the drug release would be hindered.93 
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The specific surface area of the silica material can alter the achievable drug loading by improving 

drug adsorption for higher surface area materials. In addition to the pore structure properties, the 

silica surface is rich in silanol groups that allow molecular interactions with the guest molecule, 

promoting drug encapsulation and immobilization of molecules in the pores.29 Hence, drug-silica 

interactions can also alter the drug adsorption tendency and drug release behavior. The drug 

molecules interact with silica surface either via hydrogen bonding or electrostatic interaction, with 

the latter being the stronger interaction. Strong interactions between drug molecules and the silica 

surface have been observed to improve the drug adsorption, thereby enhancing drug loading 

capacity, however, this slows down the drug release significantly.90 Therefore, mesoporous silica 

materials are often functionalized to deliver drug in a sustained-release manner.96,97 Weaker 

molecular interactions typically result in a rapid burst release of the drug.90 Owing to the activity 

of the silica surface, drug release in an in vivo environment can also be altered by gastrointestinal 

pH or fluid components. The pH of the media can modify surface chemistry of silica due to 

deprotonation of silanol groups with the increase in pH.98 This can influence drug-silica 

interactions as well as drug solubility during gastrointestinal transit of the formulation. The 

gastrointestinal fluid components can competitively adsorb onto the silica surface or improve 

wetting of the formulation, thereby improving the drug release. Mesoporous silica-based 

formulations are inherently complex formulations and the impact of pore structure properties and 

experimental conditions on the drug release behavior makes the prediction of formulation 

performance a complex process. 

1.6 Summary  

In conclusion, the membrane mass transport is essentially governed by the thermodynamic 

activity of species in the solution. Therefore, solubility and dissolution rate are important 

descriptors of the rate of mass transfer across the membrane. As a result, solubility enabling 

formulation strategies that undergo supersaturation upon dissolution are increasingly considered 

as a formulation approach to develop poorly soluble drugs. Amorphous solid-based formulations 

are one such approach. This chapter discusses how higher free energy of the amorphous solid 

results in higher solubility and hence, faster dissolution rate. The increase in thermodynamic 

activity due to supersaturation generated upon formulation dissolution enhances the driving force 

for mass transfer, improving the absorption behavior. In addition to supersaturation, dissolution of 
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amorphous solid dispersions also results in liquid-liquid phase separation in the solution, which 

can further improve the bioavailability of drug due to the reservoir effect of drug-rich phase. Since 

the extent of supersaturation generated determines the formulation performance of these complex 

enabling formulations, an accurate assessment of supersaturation is critical. Compendial 

dissolution testing apparatus is typically used for optimization and performance assessment of 

these formulations. The chapter describes several commonly used dissolution methodologies that 

have been developed over several years to additionally incorporate dynamic in vivo environment. 

However, the lack of absorptive sink in these in vitro apparatuses either overestimates or 

underestimates the performance of complex formulations, resulting in poor in vitro-in vivo 

correlations. This is because in the dynamic environment that exists in vivo, drug dissolution is 

accompanied by the simultaneous absorption across gastrointestinal membrane. Since only free, 

molecularly dissolved drug gets transferred across the membrane, the dissolution of enabling 

formulations in the closed-compartmental setup can show concentrations higher than what is truly 

available for the absorption. Similarly, for supersaturated solution, as supersaturation is 

thermodynamically metastable, the drug may crystallize over time and the extent of 

supersaturation observed in vitro may vary with that observed in vivo. Incorporation of an 

absorptive compartment during dissolution test, hence, is an effective approach to better predict 

formulation performance of complex formulations. The absorption measurements can provide 

insights into the amount of drug that is freely available for absorption and can also help in deducing 

the influence of simultaneous absorption process on the solution phase behavior in the lumen. For 

instance, the absorption kinetics can be altered by crystallization of supersaturated solutions or 

liquid-liquid phase separation in highly supersaturated drug solution. At the same time, absorption 

process can reduce the driving force for crystallization by the continuous removal of drug and 

lowering of the supersaturation. Dissolution rate may also vary in the presence of absorptive sink 

as the depletion of drug due to absorption can alter the driving force for dissolution. Hence, 

assessing the absorption behavior of a formulation and obtaining insights into the complex 

interplay between different solution phase behavior and absorption kinetics is pivotal. However, 

this is a great challenge with existing mass transport apparatuses due several limitations discussed 

in this chapter, most importantly slow mass transfer rates due to small membrane surface area. 

Slow mass transfer results in unrealistic experimental time frames and inefficient removal of drug, 

as a result these apparatuses are not capable of simulating the intestinal absorption process. 
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Therefore, this research utilizes hollow fiber membrane module, with large membrane surface area, 

to simulate the absorption process. The goal of the study is to understand the dissolution and 

membrane mass transport of supersaturating drug delivery systems using the dynamic in vitro 

setup developed herein.  
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 ABSORPTIVE DISSOLUTION TESTING OF 

SUPERSATURATING SYSTEMS: IMPACT OF ABSORPTIVE SINK 

CONDITIONS ON SOLUTION PHASE BEHAVIOR AND MASS 

TRANSPORT 

Reprinted with permission from Mol. Pharmaceutics 2017, 14, 11, 4052-4063. Copyright © 

2017, American Chemical Society 

2.1 Abstract 

One of the most commonly used formulation development tools is dissolution testing. However, 

for solubility enhancing formulations, a simple closed compartment conventional dissolution 

apparatus operating under sink conditions often fails to predict oral bioavailability and differentiate 

between formulations. Hence, increasing attention is being paid to combined dissolution-

absorption testing. The currently available mass transport apparatuses, however, have certain 

limitations, the most important being the small membrane surface area which results in slow mass 

transfer. In this study, a novel high surface area, flow through absorptive dissolution testing 

apparatus was developed and tested on weakly basic model drug, nevirapine. Following 

optimization of the experimental parameters, the mass transfer attained for a nevirapine solution 

was 30 times higher in 60 min as compared to a side-by-side diffusion cell. To further evaluate the 

system, nevirapine powder and commercial tablets were first dissolved at an acidic pH, followed 

by pH increase, creating a supersaturated solution. Detailed information related to the extent of 

supersaturation achieved in crystallizing and non-crystallizing systems could be obtained from the 

combined dissolution-mass transport measurements. Differences in donor cell compartment 

concentration-time profiles were noted for absorptive versus closed compartment conditions. It is 

anticipated that this approach could be a promising tool to identify solubility enabling formulations 

which perform optimally in vivo. 

 

  



 

 

48 

2.2 Introduction 

Dissolution testing of drug products is an important formulation performance assessment 

tool for orally administered drug products and is used for understanding physicochemical 

properties of the drug substance and drug product attributes.2,3 Ideally, it can also be used as an 

alternative to in vivo testing, or to provide discrimination between formulations that have 

potentially different in vivo performance.3,4,7,43 The optimization of drug delivery systems, i.e., 

forms and formulations, has become increasingly important over the past two decades, as the 

number of poorly water soluble drugs in drug discovery pipelines has increased to more than 40%.5 

In order to improve solubility and bioavailability of these compounds, formulation scientists have 

employed different approaches including complexation, micellization, cocrystals and amorphous 

solid dispersions.82,99 As many of these enabling formulations are complex in terms of performance 

prediction, conventional dissolution testing methods are still widely used to assess developmental 

formulations and often fail to predict in vivo performance.2 The simple basket/paddle USP I/II 

apparatus is a one-compartment, closed environment setup with a defined volume and lacks 

absorptive sink conditions, biorelevant fluid volumes and hydrodynamics. Obtaining meaningful 

dissolution data for better prediction of product performance is imperative to optimize 

pharmaceutical formulation development and hence there is a substantial need for and interest in 

improving release testing.  

 

Over the past few years, several designs have been proposed to overcome challenges with 

compendial dissolution testing. The United States Pharmacopeia has standardized the 

reciprocating cylinder (USP 3) and flow through cell (USP 4) for dissolution testing in order to 

incorporate in vivo relevant hydrodynamics.7 To better consider in vivo physiological conditions, 

biorelevant media were first introduced in 1998.100 Since then several dissolution studies have 

been carried out in biorelevant media designed to mimic the fasted and fed states and the data used 

to improve predictions of in vivo oral absorption.8,101 The aforementioned dissolution apparatuses, 

however, do not capture the complexity of the luminal environment. Moreover, certain drug 

formulations, particularly complex enabling formulations used for poorly water soluble 

compounds, tend to result in supersaturation and precipitation during gastrointestinal transit and it 

is difficult to predict the extent of these events in vivo using compendial dissolution methods.7 

Consequently, several multicompartment dissolution models including the artificial stomach 
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duodenal model102, the transfer model9 and the gastrointestinal simulator103 have been developed 

to mimic gastric emptying and the change in the environment upon entering the intestinal 

compartment. 

 

Although numerous developments and modifications have been applied to conventional 

dissolution methodology, they do not incorporate absorptive sink conditions. The presence of an 

absorptive compartment in dissolution studies is particularly important for formulations that 

supersaturate and potentially undergo precipitation during GI transit. This is because the mass 

transport rate of drug from the dissolution compartment into the receiver compartment not only 

provides information about the solution thermodynamics, but as drug is continuously removed, it 

will also impact the supersaturation profile, which in turn will impact dissolution kinetics of any 

undissolved material, as well as crystallization kinetics. Bevernage et al.42 demonstrated that 

precipitation of drug from a supersaturated solution was less extensive when dissolution studies 

were carried out in the presence of an absorptive compartment. The study also aided in 

understanding the impact of precipitation inhibitors, further illustrating the importance of 

combined dissolution/absorption studies. Therefore, appropriate evaluation of the performance of 

supersaturating formulations in vitro is critical, albeit somewhat complex.5,82,104 Further, it is 

known that solubilizing additives such as surfactants, complexing agents or cosolvents can reduce 

the free drug concentration available for oral absorption; this is not reflected by concentration 

versus time profiles, the typical output of a dissolution experiment, but is seen as a decrease in 

membrane mass transfer rate at a given concentration in an absorptive experiment. Thus, for such 

systems it is imperative to consider membrane mass transfer rate, in combination with dissolution 

testing.39,40 One approach adopted to incorporate an absorptive compartment is the addition of an 

upper organic layer to the aqueous medium that can serve as a reservoir for dissolved drug, with 

this setup termed biphasic dissolution testing.39,40,47,105 Frank et al.49 included a pH-shift into the 

biphasic dissolution test leading to improved prediction of formulation performance as compared 

to single phase dissolution. Although the biphasic system provided interesting findings, the use of 

organic solvent and the lack of a physical barrier between the two phases limits its applicability. 

Solvent volatility, emulsion formation with surfactant-enriched biorelevant media or blocking of 

sampling lines due to viscous solvents are some of the issues that have been reported for the 

biphasic system.46 
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An alternative approach to performing dissolution-absorption measurements is the use of 

a two-compartment system separated by a membrane barrier, wherein drug present in the donor 

compartment diffuses across the membrane into a receiver compartment. In 1999, Ginski and 

Polli43 developed an integrated dissolution/Caco-2 permeation method to study differences 

between various formulations. The in vitro dissolution-absorption results matched with the 

observed clinical data in contrast to the standard in vitro dissolution testing results. Since then 

dissolution-absorption systems have been employed widely to predict in vivo relevant formulation 

performances.50,52,53,106 Kobayashi et al.107 developed a dissolution-absorption assay which 

incorporated drug dissolution and pH changes. A permeability assessment method was also 

developed using a flow through dissolution cell to study the influence of dosage form on the 

permeation process.108 Kataoka et al.51 studied the food effect on oral absorption of poorly soluble 

drug compounds using dissolution-absorption systems and the assay results corresponded well 

with the in vivo observations. A double artificial membrane permeability assay was also developed 

to incorporate an intracellular compartment in absorption measurements.55 

  

The rate of drug absorption across a membrane is evaluated in terms of flux. Typically, 

flux is described as a function of the concentration gradient of the species across the membrane. 

However, from a more fundamental perspective, flux is dependent on the gradient in chemical 

potential, more specifically, thermodynamic activity, of the species across the barrier.44 Twist and 

Zatz109 demonstrated experimentally that a constant flux value was observed for saturated 

solutions in different solvents having different solute concentrations; this is because the 

thermodynamic activity of the solute was constant in all the solvents at saturation. Hence it is 

useful to consider flux in terms of solute activity as given in equation 2.1, 

 

𝐽 =
1

𝐴

𝑑𝑀

𝑑𝑡
=  

𝐷

ℎ𝛾𝑚
∗ 𝑎 

(2.1) 

 

where 𝐽 is the membrane flux, 𝐴 is surface area of the membrane, 𝑑𝑀/𝑑𝑡 is rate of mass transfer, 

𝑎 is the activity of species, 𝐷 is the solute diffusion coefficient, ℎ is the membrane thickness and 

𝛾𝑚is solute activity coefficient in the membrane. 
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The currently used in vitro apparatuses to determine the mass transport of poorly water-

soluble drugs, however, have certain limitations which impact their usefulness for absorptive 

dissolution testing. An important limitation is the small membrane surface area per unit volume. 

As seen from equation 1, the amount of drug transferred across a membrane over a certain period 

of time is the product of diffusive flux and membrane surface area; small membrane surface area 

results in low mass transfer rates. There are several literature reports describing poor prediction or 

long experimental times required to obtain detectable concentration on the receiver side in a 

dissolution/permeation setup due to small membrane surface area.10,110 In addition, the small 

volumes typically used can make it difficult to maintain sink conditions on the receiver side. 

Further, in some systems, a static aqueous boundary layer is formed adjacent to either side of the 

membrane. This aqueous layer, known as the unstirred water layer, acts as an additional barrier to 

the transport of drug across the membrane, particularly for highly lipophilic drug molecules, and 

further slows down the measurements.45 Such experimental conditions and slow flux 

measurements make it difficult to study the performance of complex formulations, especially 

supersaturating formulations.  

 

Considering the increasing demand for enabling formulations of poorly soluble drugs, there 

is a compelling need to develop improved in vitro tools to evaluate and optimize the 

dissolution/absorption behavior of different formulations. The goal of this study was to develop 

and test a high surface area, flow through, absorptive dissolution testing apparatus, designed to 

provide in vivo relevant information about formulation performance. The central component of 

this apparatus is a hollow fiber membrane. Hollow fiber membranes offer a large surface area per 

unit volume of fluid, enabling higher mass transfer in a shorter period of time. Additionally, 

controlled hydrodynamics can be achieved with fluid flowing on both sides of the membrane. This 

allows measurement in a continuous system, potentially more similar to that found in vivo. The 

continuous system also reduces additional diffusion barriers created by an aqueous boundary layer 

adjacent to the membrane surface. The use of a hollow fiber membrane for simulating intestinal 

absorption has been reported previously.64,65 However, previous studies have not explored the 

potential of the membrane module for mass transport measurements or as an in vitro tool for 

formulation development of supersaturating dosage forms. Herein, we have compared the mass 

transfer across a hollow fiber membrane module using fluid flow to that across a flat-sheet 
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membrane in a side-by-side diffusion cell.  The operating parameters of the flow through apparatus 

were optimized and mass transport measurements were combined with dissolution testing. 

Nevirapine, a weakly basic drug with a pKa 2.8 was chosen as the model compound for this 

investigation. It has relatively poor solubility at pH 6.5 and hence supersaturated solutions can be 

readily generated by increasing the pH from a low to a higher value. A comparative study between 

supersaturated nevirapine solutions with differing propensities to crystallize demonstrated that the 

apparatus was robust and very sensitive to the solution phase behavior, providing a greater level 

of information about formulation performance than a simple, closed compartment dissolution 

experiment.  

2.3 Materials 

Nevirapine was purchased from ChemShuttle (Jiangsu, China). This material was 

identified as the anhydrous form by comparing the experimental X-ray powder diffraction pattern 

to the theoretical pattern generated from the nevirapine crystal structure (reference code PABHIJ) 

in the Cambridge Structural Database. Hydroxypropyl methylcellulose acetate succinate MF grade 

(HPMC-AS) was supplied by Shin-Etsu Chemical Co. Ltd. (Tokyo, Japan). 

Polyvinylpyrrolidone/vinyl acetate or Kollidon® VA 64 (PVPVA) was obtained from BASF 

Corporation (Florham Park, NJ). Methanol and dimethyl sulfoxide (DMSO) were purchased from 

Fisher Scientific. Nevirapine tablets (200 mg, Camber Pharmaceuticals, Inc) were purchased from 

the Purdue Pharmacy (West Lafayette, IN). According to the package insert, the tablets also 

contained the following excipients: microcrystalline cellulose, croscarmellose sodium, corn starch, 

povidone, sodium starch glycolate, colloidal silicone dioxide and magnesium stearate.  Tablet and 

powder dissolution was carried out in 0.1 N HCl followed by pH-shift to pH 6.5, achieved by 

addition of an equal volume of 0.17 M Na2HPO4. 50 mM pH 6.5 phosphate buffer was used as the 

aqueous medium in other experiments. All mass transport experiments were carried out at pH 6.5 

because nevirapine is weakly basic drug with pKa of 2.8 and is thus substantially unionized at pH 

6.5.  
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2.4 Methods 

2.4.1 Crystalline Solubility Measurements 

The solubility of anhydrous crystalline nevirapine was measured in 50 mM pH 6.5 

phosphate buffer. An excess of drug was equilibrated in the medium for 48 h at 37 C.  Equilibrated 

samples were then subjected to ultracentrifugation to separate excess solids from the dissolved 

drug using a Sorvall Legend Micro 21 (Thermo Fisher Scientific Inc., MA) at 14800 rpm for 30 

min. The crystal form after slurrying was found to be unchanged based on the X-ray powder 

diffraction pattern. The supernatant was diluted using 50 mM phosphate buffer and absorbance 

was measured using an ultraviolet visible (UV/vis) spectrophotometer (SI Photonics, Tuscon, AZ) 

at 282 nm. Measurements were performed in triplicate. A standard curve was prepared by adding 

different concentrations of methanolic stock solution to 50 mM phosphate buffer. A good linearity 

(r2=0.9997) was observed for the range of concentrations prepared.  

2.4.2 Crystallization Inhibition Studies 

 The nucleation induction time of nevirapine in the presence and absence of dissolved 

polymer was determined using UV-extinction measurements. The crystallization inhibition studies 

were performed for supersaturated solutions of nevirapine (500 µg/mL) with no polymer, 0.05% 

HPMC-AS or 0.1% PVPVA in the solution. The formation of crystals was detected from the 

increase in extinction at 400 nm, using a UV dip probe whereby the measured induction time is 

the sum of the true nucleation induction time and the time required for the crystals to grow to a 

detectable size. 

2.4.3 Diffusion Studies in Side-By-Side Diffusion Cell 

A side-by-side diffusion cell (PermeGear, Inc., Hellertown, PA), shown in Figure 2.1, 

consisting of a donor and a receiver compartment separated by a flat-sheet membrane with a 

surface area of 7.07 cm2 was used to study nevirapine mass transport in a conventional diffusion 

cell. A porous semi-permeable hydrophilic polyethersulfone membrane (ST grade) with 10 kDa 

molecular weight cut-off (MWCO) (Synder Filtration, Inc., Vacaville, CA), corresponding to pore 

size of approximately 2 nm was used. The concentration of drug in the receiver compartment was 

monitored as a function of time using a UV dip probe. 
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Figure 2.1: Schematic of side-by-side diffusion cell experimental setup 

2.4.4 Mass Transport Setup 

The dissolution and mass transport studies were carried using the experimental setup 

shown in Figure 2.2.  

 

Figure 2.2: Schematic of absorptive dissolution testing apparatus 
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The apparatus consists of a donor chamber containing the drug dissolved or suspended in 

the aqueous medium, a hollow fiber membrane module, a buffer reservoir containing the 

absorption medium and a receiver container to collect drug following diffusion across the 

membrane. A polyethersulfone hollow fiber membrane procured from Spectrum Laboratories, Inc. 

(Rancho Dominguez, CA) had a 10 kDa MWCO which corresponds to a pore size of c.a. 2.5 nm. 

The module has a surface area of 115 cm2 containing 36 hollow fibers with dimensions of 0.5 mm 

ID, 0.2 mm thickness and 20 cm length. A two-way peristaltic pump MINIPULS 3 (Gilson Inc., 

Middleton, WI) was used to pump fluid in both of the channels using parallel, co-current flow.  

The fluid from the donor container is pumped through tubing into the inner side of the hollow fiber 

membrane. Simultaneously, buffer solution is pumped from the reservoir on the outer side of the 

hollow fibers. The drug present in the donor fluid diffuses across the membrane into the receiver 

fluid which is collected at the end of the receiver channel into the receiver container. The 

concentration of drug in the receiver fluid was analyzed in-line using a flow-through UV probe 

(SI Photonics, Tuscon, AZ), before it was collected in the receiver container. The donor fluid 

emerging from the membrane module was recycled back to the donor container to enable 

additional diffusion of drug. Flowmeters (Gilmont Instruments, IL) were used to determine any 

fluctuations in the flow rate. The temperature was maintained at 37 C. All of the experimental 

runs were followed by a 50/50 volume % methanol/H2O wash for 30 min. For all the preliminary 

and optimization experiments performed on the apparatus, the donor solution volume was kept 

constant at 50 mL.  

2.4.5 Dissolution and Mass Transport Studies 

The mass transport apparatus for combined dissolution-absorption analysis was used to 

study the performance of various nevirapine systems. Closed compartment dissolution 

experiments were also performed for comparison. Three types of nevirapine samples were 

evaluated, namely crystalline suspension, powder (active pharmaceutical ingredient powder 

dissolved initially at low pH) and tablet (commercial formulation, drug also initially dissolved at 

low pH). The crystalline suspension was prepared by adding an excess of nevirapine powder to 

the aqueous medium at pH 6.5. Dissolution of tablet and powder was performed at 37 °C in 0.1 N 

HCl for 30 min (time required to achieve complete dissolution). Following dissolution, the solution 

pH was adjusted to pH 6.5 by addition of an equal volume of 0.17 M Na2HPO4 such that the final 
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volume was doubled. The adjustment in volume and pH of the medium was performed to achieve 

a known degree of supersaturation. The final volume of the crystalline suspension and powder 

formulation was 100 mL, while in the case of the tablet, it was 400 mL. A higher volume was used 

for the tablet to ensure dissolution of 200 mg of nevirapine in the acidic medium to afford an 

equivalent supersaturation after pH adjustment. The donor solution was stirred at 300 rpm using a 

magnetic stirrer. The crystalline suspension and supersaturated solutions evolved from tablet and 

powder were then evaluated in terms of donor compartment solution concentration-time profiles 

using both a closed compartment setup and the flow through apparatus shown in Figure 1. The 

mass flow of drug across the membrane for the dissolution-absorption system was also determined 

from the receiver compartment concentration profiles as a function of time. Experiments were 

conducted over a period of 4 h. All of the absorption measurements were performed at a flow rate 

of 2 mL/min. The donor solution for both dissolution and dissolution-absorption measurements 

was sampled manually and filtered through 0.45 µm glass fiber filters (Tisch Scientific, OH) and 

the concentration was determined by UV spectrometry. A 10 µm pore size cannula filter (Agilent 

Technologies, Inc., Memphis, TN) was inserted at the inlet of the donor fluid channel to filter out 

solids in the donor solution entering the membrane module. The amount of drug in the receiver 

fluid was analyzed in-line by UV spectrometry using a flow-through UV cell. For the formulations 

where the impact of polymer on supersaturation was evaluated, 0.05% HPMC-AS was pre-

dissolved in the 0.17 M Na2HPO4 solution. 

 

Experimental studies were also carried out to determine differences in crystallization 

propensity during dissolution in the presence and the absence of an absorptive environment. For 

this particular study, experiments were carried out in pH 6.5 phosphate buffer with 0.1% PVPVA 

pre-dissolved in the buffer. The flow rate for these experiments was set to 4 mL/min. A 

supersaturated solution (500 µg/mL) was prepared by addition of the required amount of 

concentrated methanolic stock solution of nevirapine to the buffer. The crystallization tendency of 

the solution was then analyzed with or without absorption measurements using the mass transport 

apparatus for 120 min. 
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2.4.6 Mathematical Model 

The mass transfer in the hollow fiber membrane module includes mass balances across 

several parts of the apparatus. A mathematical model to theoretically predict mass transfer is a 

useful tool for understanding parameters governing these mass balances and for optimization of 

the apparatus. The overall mass transfer in the membrane module was derived based on 

relationships provided in the literature.60,111,112 There are three important mass balances to be 

considered for this setup: for a fiber segment along the length axis of the fiber, across the entire 

module and in the reservoir containing drug, i.e., the donor container. For deriving a mass transfer 

model for the system, we assume that the system is at steady state, no drug is adsorbed onto the 

membrane surface once the steady state is reached and there exists uniform pore size and wetting 

properties across the membrane.  

 

Figure 2.3: Illustration of variables for mass transfer in a hollow fiber membrane 

 

The mass balance across a differential segment 𝑑𝑧  that accounts for a change in 

concentration along the fiber length 𝐿 is given by: 

 

[Accumulation] =  [Flow in − out] + [mass transferred across porous membrane] 

                        0 = 𝑄𝑖𝑛𝑑𝑐𝑖𝑛
𝑧 + 𝐾𝑖𝑛(𝜋𝑑𝑖𝑛𝑁)(𝑐𝑖𝑛

𝑧 − 𝑐𝑖𝑛
𝑧∗)𝑑𝑧                        (2.2) 

 

such that, at 𝑧 = 0, 𝑐𝑖𝑛
𝑧 = 𝑐𝑖𝑛

0  and at 𝑧 = 𝐿, 𝑐𝑖𝑛
𝑧 = 𝑐𝑖𝑛

𝐿 .  
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Here 𝑑𝑖𝑛 is the internal fiber diameter, 𝑁 is the number of fibers, 𝐾𝑖𝑛 is the overall mass transfer 

coefficient, 𝑐𝑖𝑛
𝑧  is the drug concentration inside the fiber at 𝑧 and 𝑐𝑖𝑛

𝑧∗ is the concentration at the 

membrane wall in equilibrium with the outside concentration 𝑐𝑜𝑢𝑡
𝑧  at 𝑧. The overall mass transfer 

coefficient, 𝐾𝑖𝑛 , across a single fiber element is dependent on the individual mass transfer 

coefficients as shown below, 

1

𝐾𝑖𝑛
=

1

𝑘𝑖𝑛
+

1

𝑘𝑚
+

1

𝑘𝑜𝑢𝑡
 

(2.3) 

 

where 𝑘𝑖𝑛,  𝑘𝑚  and 𝑘𝑜𝑢𝑡 are mass transfer coefficients in the aqueous layer on the inside of the 

membrane, across the membrane and in the aqueous layer on the outside of the membrane, 

respectively. The inverse of mass transfer represents resistance. The three resistances for mass 

transfer are in series and hence, the overall resistance to mass transfer is the sum of the individual 

resistances. 

 

As the membrane used in this study is hydrophilic and an aqueous medium is used in both of the 

fluid channels in the system, the medium wets the membrane well and there is no partitioning of 

drug compound in the two fluids. Hence, the concentration 𝑐𝑖𝑛
𝑧∗ simply equals 𝑐𝑜𝑢𝑡

𝑧 . 

 

The overall mass balance across the entire module for length 𝑧 at a given time is, 

𝑄𝑜𝑢𝑡(𝑐𝑜𝑢𝑡
𝑧 − 𝑐𝑜𝑢𝑡

0 ) = 𝑄𝑖𝑛(𝑐𝑖𝑛
0 − 𝑐𝑖𝑛

𝑧 )                                                                                             (2.4) 

 

where 𝑄𝑖𝑛  and 𝑄𝑜𝑢𝑡  are the volumetric flow rate inside the fiber and outside the fiber, respectively. 

In the above equation, as fresh buffer is pumped continuously on the outside of the hollow fiber 

membranes in the shell region, 𝑐𝑜𝑢𝑡
0 = 0. 

 

Therefore, from equation 2.4,  

𝑐𝑜𝑢𝑡
𝑧 =

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡

(𝑐𝑖𝑛
0 − 𝑐𝑖𝑛

𝑧 ) 
(2.5) 

 

Substituting equation 2.5 in equation 2.2, and integrating from 𝑧 = 0 to 𝑧 = 𝐿 gives, 
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𝑐𝑖𝑛
𝐿 =

𝑐𝑖𝑛
0

(1 +
𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
)

(exp (−
𝐾𝑖𝑛𝜋𝑑𝑖𝑛𝑁𝐿

𝑄𝑖𝑛
(1 +

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
) ) +

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
) 

(2.6) 

 

Equation 2.6 provides the concentration of the exit stream from the inside of the membrane, i.e., 

the donor fluid, in a single pass. It is a function of the flow rate, overall mass transfer coefficient 

and membrane module properties. The term 𝜋𝑑𝑖𝑛𝑁𝐿 represents the total surface area available for 

absorption across all the hollow fibers in the module and hence, denoted as ‘𝐴’ in the following 

equations to simplify the expressions. 

 

As the donor concentration is changing with time due to recirculation of unabsorbed drug, mass 

balance in the reservoir with volume 𝑉𝑖𝑛 is considered and given by, 

𝑉𝑖𝑛

𝑑𝑐𝑖𝑛
0

𝑑𝑡
= 𝑄𝑖𝑛(𝑐𝑖𝑛

𝐿 − 𝑐𝑖𝑛
0 ) 

(2.7) 

 

Substituting equation 2.6 in equation 2.7 and integrating from 𝑡 = 0 to 𝑡 = 𝑡 we get,  

 

ln (
𝑐𝑖𝑛

0 (𝑡)

𝑐𝑖𝑛
0 (0)

) =
𝑡. 𝑄𝑖𝑛

𝑉𝑖𝑛 (1 +
𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
)

[exp (−
𝐾𝑖𝑛𝐴

𝑄𝑖𝑛
(1 +

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
) ) − 1] 

(2.8) 

 

or, 

𝑐𝑖𝑛
0 (𝑡) = 𝑐𝑖𝑛

0 (0) exp {
𝑡. 𝑄𝑖𝑛

𝑉𝑖𝑛 (1 +
𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
)

[exp (−
𝐾𝑖𝑛𝐴

𝑄𝑖𝑛
(1 +

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
) ) − 1]} 

(2.9) 

 

The complex equation obtained above is simply the variation in the donor concentration as a 

function of time. The concentration of the receiver channel can be obtained by substituting 

equation 2.9 back into equation 2.5 for 𝑧 = 𝐿. The form of these equations is similar to that 

obtained in the literature.111 

 

In order to obtain the theoretical concentration profile using the expression derived in 

equation 2.9, it is important to know the value of the overall mass transfer coefficient, 𝐾𝑖𝑛 . 

Theoretically, 𝐾𝑖𝑛  is a function of fluid velocities on either side of the membrane surfaces, 
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viscosity of the fluids, diffusion coefficient of the molecule, fiber diameter, membrane material 

properties and length of the membrane module.60 However, to determine 𝐾𝑖𝑛 from first principles, 

a gamut of experimental optimizations and validations is required.  Therefore, in view of the scope 

of this study, 𝐾𝑖𝑛 was obtained by non-linear curve fitting of a range of data sets and then used to 

determine the applicability of the model to the experimental dissolution-absorption results. The 

data obtained from experiments carried out at similar operating conditions, but with different initial 

donor concentration (𝑐𝑖𝑛
0 (0)) above and below the crystalline solubility of nevirapine, was used to 

determine 𝐾𝑖𝑛. As 𝐾𝑖𝑛 is a function of flow rate and membrane properties and not 𝑐𝑖𝑛
0 (0), the value 

should essentially remain constant for experiments carried out at different 𝑐𝑖𝑛
0 (0) values. A mean 

value of 𝐾𝑖𝑛, (9.07 ± 1.06) *10-5 cm/s was obtained from data fitting. The standard deviation in the 

fitted value can be attributed to the somewhat imprecise measurements of flow rate in the fluid 

channels using the employed rotameter: the model was found to be very sensitive to the fluid 

velocity. 

2.5 Results 

2.5.1 Solubility Experiments and Induction Studies 

The crystalline solubility of anhydrous nevirapine in pH 6.5 50 mM phosphate buffer at 

37 °C was found to be 128 µg/mL. Induction time studies were performed to determine the 

effectiveness of selected polymers as crystallization inhibitors. The nucleation induction time for 

nevirapine at 500 μg/mL in the absence of polymer was found to be around 5 min. Given the 

crystalline solubility, this represents a supersaturation ratio (S), defined as the experimental 

concentration/crystalline solubility, of 3.9. In the presence of 0.05% HPMC-AS crystallization was 

inhibited for more than 4h and with 0.1% PVPVA in the medium, crystallization occurred at 

around 60 min.  

2.5.2 Preliminary Studies and Optimization of the Apparatus  

The preliminary results obtained from the new apparatus were compared with the 

experiments carried out using a side-by-side diffusion cell. Nevirapine flux at its crystalline 

solubility in pH 6.5 phosphate buffer at 37 °C was studied in both apparatuses with similar 
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membrane materials. As shown in Table 2.1, the hollow fiber membrane, with 16-fold higher 

surface area, showed a considerably faster mass transfer as compared to the flat-sheet membrane.  

 

Table 2.1: Comparative study of mass transfer across flat-sheet and hollow fiber membrane 

Parameters Flat-sheet 

membrane 

Hollow 

Fiber 

Membrane 

Initial Solution Concentration (μg/mL) 100 100 

Solution Volume (mL) 30.0 50.0 

Surface Area (cm2) 7.07 115 

Volume available for absorption at time t (cm3) 30.0 1.41 

Membrane Thickness (mm) 1.52 0.20 

% of mass transferred in 60 min 1.50 41.5 

 

 Good reproducibility for the flow through apparatus was achieved following optimization 

of the experimental procedures and process parameters. The optimal flow conditions were found 

to be co-current flow with similar flow rates in both fluid channels. The co-current flow resulted 

in minimal flow disturbance and bubble formation, which was caused due to fluid channeling in 

the module. Considering the volume of the membrane module, the operating flow rate (2 mL/min) 

was determined by carrying out experiments for a range of flow rates from 0.5 mL/min to 9 

mL/min. An optimal range of flow rates was observed whereby the mass transfer increased with 

an increase in flow rate due to reduction in aqueous boundary layer and improved sink conditions. 

Beyond a certain flow rate, however, the mass transfer started to decrease due to insufficient 

residence time. The transmembrane pressure gradient in the membrane module was eliminated so 

as to avoid any convective mass transfer across the membrane. With the use of the flow-through 

UV cell, the concentration of drug diffused across the membrane at a certain flow rate was 

measured in-line at every time point generating a non-cumulative concentration profile as shown 

in Figure 2.4. The error bars represent triplicate measurements. 
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Figure 2.4: A typical concentration profile of receiver channel concentration indicating mass 

transfer across a hollow fiber membrane at flow rate of 2 mL/min. 

 

At the operating flow rate, the concentration initially increases reaching a maximum value 

within about 15 minutes, and then slowly declines over the experimental time frame (Figure 2.4). 

The initial increase in the concentration can be attributed to saturation of the membrane with the 

drug to attain a steady state. A maximum is then reached followed by a decline. The decline can 

be attributed to a decrease in the driving force for mass transfer as the donor concentration is 

simultaneously depleted. The total drug diffused across the membrane over a certain time period 

is given by equation 2.10, 

 

𝑀𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑈𝐶𝑡𝑜𝑡𝑎𝑙 ∗ 𝑄𝑜𝑢𝑡                                                                                                            (2.10) 

 

where 𝑀𝑡𝑜𝑡𝑎𝑙 is total mass transferred, 𝐴𝑈𝐶𝑡𝑜𝑡𝑎𝑙  is area under the curve for entire concentration-

time profile and 𝑄𝑜𝑢𝑡  is volumetric flow rate outside the fiber (receiver fluid in this study). To 

verify complete mass balance, the system (including membrane module and tubing) was washed 

with solvent after every experimental run to remove any drug left in the voids of the system or 

adsorbed on the membrane. Further, the total donor concentration and solvent wash concentration 

were determined by UV spectrophotometry. The total receiver concentration was calculated from 

the receiver concentration profile using equation 2.10. Table 2.2 shows a typical mass balance 
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obtained after an experimental run (performed in duplicate) for 60 min starting with 5 mg of drug 

indicating that a complete mass balance can be achieved with this system. 

 

Table 2.2: Mass balance of an experiment carried out with 5 mg of drug added to the donor 

compartment for an experimental run of 60 min. 

 Mass balance (mg) 

Trial 1 Trial 2 

Drug left in donor container 2.09 1.78 

Drug in receiver container 1.89 2.14 

Drug obtained from solvent wash 0.99 1.07 

Total Mass 4.97 4.99 

 

Linearity between the amount of drug transferred and initial drug concentration (or more 

rigorously, the thermodynamic activity of the drug molecule) on the donor side was also evaluated 

for sub and supersaturated solutions. The amount of nevirapine transferred across the membrane 

over 60 min was determined. A linear relationship was observed between Cmax as well as the area 

under the curve (AUC0-60) and the initial drug concentration (Figure 2.5). As observed previously 

for other systems, there was no discontinuity between sub and supersaturated solutions.10,11 Given 

the linear correlation between Cmax and the initial donor concentration, as shown in Figure 2.5, 

these data can serve as a calibration set to determine the degree of saturation or supersaturation in 

an unknown system, as will be discussed in detail in the next section. 

 

Figure 2.5: A linear correlation of maximum initial donor concentration and area under the curve 

observed in the receiver compartment. 



 

 

64 

2.5.3 Dissolution-Absorption Studies 

The optimized mass transport apparatus was assessed for its potential to predict 

formulation performance and help discriminate between different formulations. The three types of 

nevirapine systems considered in this study were evaluated both for dissolution and absorption 

using the aforementioned apparatus. Figure 2.6 shows the concentration in the donor container and 

the receiver channel as a function of time for different systems. The donor profile, Figure 2.6a, 

shows the concentration-time profile for the first 30 min as the tablet dissolves in the acidic 

medium. After 30 minutes, the pH was changed to pH 6.5 and absorption measurements were 

commenced. The concentration profiles after 30 min shows depletion of drug due to mass transfer 

across the membrane and/or crystallization in the donor compartment. The receiver profile in 

Figure 4b shows the concentration of nevirapine that has diffused into the receiver channel during 

absorption measurements. By comparing the donor and receiver concentration profiles, it is 

possible to extract information about the various processes occurring in the dissolution vessel. 

 



 

 

65 

 

Figure 2.6: The donor (a) and receiver (b) concentration of nevirapine formulations during 

combined dissolution/mass transport analysis in the presence and absence of polymer (HPMC-AS) 

pre-dissolved in the solution 

 

The first system evaluated was a control consisting of a crystalline suspension with an 

excess of undissolved drug. This system was only evaluated at pH 6.5. As expected, the donor and 

receiver concentration profiles for this system show constant concentration values over the 

experimental time frame. The concentration in the donor cell corresponds to the crystalline 

solubility of nevirapine while the Cmax for the receiver profile reflects the value found for a solution 

at the crystalline solubility (Figure 2.6).  
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In the case of drug powder dissolution-absorption studies, the solids were completely 

dissolved in the acidic medium and the pH change subsequently led to a supersaturated solution 

(S=3.9). During the absorption measurement, a rapid decrease in drug concentration was noted in 

the donor concentration-time profile, wherein the concentration dropped to the value observed for 

the crystalline suspension. The decline in donor compartment concentration can likely be attributed 

to crystallization, with some contribution from simultaneous absorption across the membrane. The 

donor compartment solution was sampled, and crystals could be seen using a polarized light 

microscope. Concurrently, in the receiver concentration profile, the drug concentration increased 

to a certain Cmax before it rapidly decreased reaching a value closer to that observed for the 

crystalline suspension. The Cmax in this case was found to be approximately 4 times higher than 

that observed for the crystalline suspension. 

 

The complexity of the system was increased by evaluating the absorptive dissolution 

profiles of a commercial nevirapine tablet, using the same two-step dissolution process with pH 

change after 30 minutes. The tablet dissolved completely in the acidic medium, as seen in Figure 

2.6a. Upon pH-shift, the drops in the donor and receiver concentrations with time were analogous 

to those observed for the powder formulation, decreasing until the donor side concentration was 

equivalent to crystalline solubility. However, Cmax was again approximately 4 times higher than 

that observed for crystalline suspension.   

 

Given the rapid crystallization, it was of interest to evaluate the impact of adding a 

crystallization inhibitor. As seen in Figure 2.6a, the presence of 0.05% HPMC-AS pre-dissolved 

in the dissolution medium had a substantial impact on the solution concentrations. With the 

polymer present, the donor drug concentration profile showed a gradual decrease over time as 

opposed to the rapid decline observed for systems without polymer. No crystals could be observed 

in the donor solutions for times of up to 160 min. A correspondingly higher receiver compartment 

Cmax was achieved in the presence of polymer as compared to in the absence of polymer due to 

sustained supersaturation in the former. Tablet and drug powder profiles were again generally 

similar. The slight difference in the magnitude of donor and receiver concentrations generated 

following pH-shift between the powder and tablet can be attributed to the higher amount of drug 
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present in tablet; commercial tablets were used hence the exact mass of drug in the tablet can vary 

whereas the powder sample was accurately weighed. 

2.5.4 Data Modeling 

The mathematical model derived for the mass transport process in a hollow fiber membrane 

illustrates the important operating parameters that govern mass transfer in the system and can help 

select the optimal experimental parameters. The drug concentration in the donor solution is 

changing continuously due to mass transfer and is predicted by the model to deplete exponentially 

with time, with the important variables determining the rate of mass transfer comprising of the 

overall mass transfer coefficient, membrane module properties, volumetric flow rate, total volume 

of the container and the initial donor concentration. The decrease in the receiver concentration is 

coupled to the change in the donor compartment concentration and should also follow an 

exponential decline. Considering the exponential decrease in concentration over time expected 

theoretically, the validity of the model can be evaluated by plotting experimentally-determined 

logarithmic values of the ratio of the donor concentration at time t and initial donor concentration 

as a function of time. A linear correlation of ln (
𝑐𝑖𝑛

0 (𝑡)

𝑐𝑖𝑛
0 (0)

) vs time for an experimental data set, as 

seen in Figure 2.7, provides confidence that the theoretical mass balance model adequately 

describes the experimental observations. 
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Figure 2.7: A linear correlation of ratio of concentrations of donor versus time on a semi-log scale 

for a sample data set indicating an exponential decrease in the donor concentration. 

 

An ideal mass transfer unit operation should show a linear correlation between mass transfer 

coefficient and fluid flow rates.111 Fitting the model to the experimental data obtained for different 

flow rates and plotting the estimated 𝐾𝑖𝑛 against flow rate showed a linear correlation as expected 

(Figure 2.8). This also agrees well with the experimental results observed for different flow rates, 

wherein the total amount of drug transferred over time increases within the range of flow rates 

considered here, further confirming the accuracy of the model to predict mass transfer in the 

apparatus. 
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Figure 2.8: The overall mass transfer coefficient 𝐾𝑖𝑛 as a function of flow rate shows a linear 

correlation. 

 

Having confirmed the apparent validity of the model, donor and receiver concentration 

profiles for dissolution-absorption of powder in the presence of pre-dissolved polymer in solution 

was predicted using the model. A comparison between the experimental data and the 

concentration-time profile predicted by the model is shown in Figure 2.6a and 2.6b (dotted lines). 

Good agreement between the experimental and predicted curves is seen using a 𝐾𝑖𝑛 of 1.08*10-4 

cm/s, which is within the expected range considering the error. The predicted curve is plotted only 

after the system reached steady state as the model is valid only for a steady state process. It should 

be noted that the model can only be used for experiments where no crystallization occurs over the 

experimental time frame. To predict concentration profiles for formulations undergoing 

crystallization, accurate crystallization kinetics need to be included in the model, which is beyond 

the scope of the current study. 

2.5.5 Closed compartment dissolution versus dissolution-absorption 

The concentration time profiles for the tablet in the donor compartment with and without 

absorption were compared and found to be fairly similar both in the presence and absence of a 
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polymer, HPMC-AS. In the absence of polymer, the solution concentration declined rapidly 

(Figure 2.9), while in the presence of HPMC-AS, it remained constant over the duration of the 

experiment for the closed compartment and slowly declined in the absorptive system due to mass 

transfer across the membrane.  

 

Figure 2.9: A comparative plot of donor concentration-time profiles for the tablets in the presence 

(D-A, dissolution-absorption) and absence of absorptive compartment (D, dissolution). Data for 

the suspension is shown for comparison and the polymer used was HPMC-AS.  

 

Thus for these two situations, namely very rapid crystallization and no crystallization, the 

absorptive compartment did not appear to substantially impact the phase behavior of the donor 

solution. To explore a system with a moderate potential to undergo crystallization, PVPVA was 

added to the dissolution medium (based on the induction time data shown above, this polymer has 

some impact on inhibiting nevirapine crystallization) and a supersaturated solution (S=3.9) was 

generated. Figure 2.10a shows a comparison of the donor compartment concentrations as a 

function of time, showing a steeper decline in concentration for absorption relative to closed 

compartment. Figure 2.10b shows a comparison of the total amount of drug remaining in solution 

in the donor container and the amount of drug transferred across the membrane and collected in 

the receiver container as a function of time for the absorptive system relative to the amount of drug 

in solution for the closed system. From this analysis, it is apparent that the total amount of drug 

(donor plus receiver compartment) remains constant for 120 min in the presence of an absorptive 

compartment indicating that no drug is lost through crystallization. On the other hand, in the case 
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of the closed compartment, the total amount of drug decreases after 60 min indicating that 

crystallization of the drug has occurred. Thus, in this case, the crystallization tendency is reduced 

by the presence of an absorptive compartment. 

 

 

 

Figure 2.10: Donor concentration (a) and total amount of drug in donor and receiver (b) in the 

presence and the absence of absorptive environment. 
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2.6 Discussion 

2.6.1 Potential of the New Apparatus for Mass Transport Analysis 

An in vitro tool that provides improved mechanistic understanding of formulation 

dissolution performance, and in vivo relevant discrimination between various enabling 

formulations would be of great utility to formulation scientists. The coupling of an absorptive 

compartment to the dissolution chamber is emerging as an important approach for the evaluation 

of enabling formulations such as those that are anticipated to undergo supersaturation in vivo.7,113 

However, for membrane based systems, a major limitation is the surface area of the membrane 

employed, which being small, limits the extent of possible mass transfer. Consequently, it is not 

possible in many instances to truly couple the processes of dissolution and mass transport in a 

biorelevant manner, since the extent of mass transport is low, which in turn impacts the dissolution 

process. The use of a hollow fiber membrane to study absorption of drug across the membrane is 

an attractive approach because the rate of mass transfer is improved substantially as highlighted 

by the data shown in Table 2.1. These increases are primarily due to the large surface area to 

volume ratio offered by the membrane module. The improved mass transfer can also be attributed 

to smaller membrane thickness and the continuous flow setup that reduces the diffusional barrier 

that can arise from an unstirred water layer formed adjacent to the membrane surface. Finally, the 

continuous flow of fresh buffer on the outer side of the membrane maintains sink condition and 

thus offers a high driving force for the mass transfer. Because the use of hollow fiber membranes 

for evaluation of drug transport is relatively unexplored,64,65 it is important to consider factors that 

impact the observed experimental output.   

 

The non-cumulative concentration profile generated by in-line measurement of 

concentration of drug diffused across the membrane gives a real-time analysis of the rate of 

appearance of drug across the membrane during absorption (Figure 2.4). The exponential decrease 

in the concentration profile following attainment of steady state is well predicted by the theoretical 

model developed (Figure 2.6). Because sink conditions are maintained by supplying a continuous 

flow of fresh buffer, the donor compartment concentration as a function of time dictates the mass 

transport rate (equation 2.5). The concentration-time profile observed in the receiver compartment 

is therefore coupled to the concentration-time profile in the donor compartment and reflects 
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formulation performance including dissolution rate relative to mass transfer rate, crystallization 

events, and degree of supersaturation achieved.  

2.6.2 Formulation Discrimination and Formulation Performance 

The dissolution-absorption analysis of the three types of formulations considered in this 

study reveal that the apparatus can capture differences between formulations, thus providing 

mechanistic understanding of phenomena occurring during dissolution and absorption of the drug. 

An example of the coupling between the dissolution and absorption processes is provided by 

studies on the crystalline suspension. Following attainment of steady state, this system showed a 

constant concentration profile for both the donor and receiver compartment due to the reservoir 

provided by the undissolved excess powder in the solution. Thus, as drug is absorbed across the 

membrane, solid rapidly dissolves to replenish the solution concentration in the donor 

compartment to maintain the equilibrium crystalline solubility. Consequently, the constant 

concentration value observed in the receiver profile following membrane saturation at the Cmax 

agrees well with the Cmax obtained starting from a saturated solution of the drug (Figure 2.5). These 

observations confirm that the receiver profile accurately reflects the donor concentration. Clearly 

the dissolution rate of the crystalline material is rapid relative to the absorption of the drug across 

the membrane and under these experimental conditions, the system is not dissolution rate limited. 

It should be noted that this reservoir effect cannot be as easily observed with a side-by-side 

diffusion cell. 

  

Many weakly basic compounds are expected to undergo supersaturation in vivo when 

transfer from the low pH stomach environment to the higher pH small intestinal compartment 

reduces the extent of ionization of the compound. Thus, two step dissolution tests involving a pH 

change are increasingly being used to evaluate such systems. The supersaturated solutions thus 

generated from nevirapine powder and tablet showed interesting donor and receiver concentration 

profiles. Based on the induction time measurements described above, which were conducted at a 

comparable supersaturation as is generated upon pH change, it is apparent that nevirapine has a 

high tendency to crystallize from supersaturated solutions. Hence, the donor concentration dropped 

to the crystalline solubility and showed a constant value for a certain period of time, indicating 

that crystallized drug provided a reservoir, and then the concentration dropped to below the 
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crystalline solubility. Due to the initial generation of supersaturation following pH-shift, whereby 

a period of about 50 minutes was required for the solution to reach the crystalline solubility, the 

receiver concentration profile showed a higher Cmax as compared to the crystalline suspension. 

However, due to crystallization, the concentration rapidly declined to a value close to that seen for 

the receiver compartment of crystalline suspension system. Subsequently, the concentration 

decreases below this value, indicating that all the crystalline material in the donor compartment 

has dissolved. Both powder and tablet formulations showed similar donor and receiver 

concentration profiles, with differences in the time taken to reach the crystalline solubility. The 

difference was due to the different volumes of donor solution (and therefore total mass of drug) 

used for the two formulations, where a larger volume was used for the tablet formulation. This 

dependence of the rate of mass transfer on the volume of the donor fluid can be explained based 

on the model derived. As seen from equation 2.7, the rate of mass transfer is inversely proportional 

to the volume of the donor compartment. Hence, a longer time was taken for tablet formulation to 

reach the crystalline solubility in the donor compartment and the effect was reflected in the receiver 

concentration profile as well.  

 

Given the similar crystallization rate observed for the tablet and powder, it can be noted 

that the tablet formulation does not include any excipients that reduce the crystallization rate; 

studies show that nevirapine is well absorbed from the commercial formulation.114 In the presence 

of HPMC-AS, based on the induction time studies, both the powder and tablet systems are 

expected to show sustained supersaturation. For the powder formulation, no crystallization was 

observed for 4 h. Thus, the donor and the receiver concentration profile showed a slower decline 

with time and a higher Cmax as compared to when no polymer was present owing to mass loss from 

solution due to crystallization as well as membrane transport in the latter system. Tablet dissolution 

and absorption in the presence of polymer exhibited similar trends in terms of donor and receiver 

concentration profiles as the powder formulation. Additionally, for the tablet, crystallization was 

only inhibited for 120 min. The origin of the difference in crystallization behavior of the powder 

and tablet was not investigated further, but it is speculated that the presence of undissolved 

excipient particles such as microcrystalline cellulose may have played a role.   
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The linear correlation observed between Cmax and the initial donor concentration can be 

used to extrapolate further details about formulation performance based on the observed receiver 

concentration profile. As seen in Figure 2.6b, Cmax observed for powder and tablet formulations in 

the presence and absence of HPMC-AS differ, even though an equivalent supersaturation was 

generated initially in the donor compartment in both cases. This is obviously due to immediate 

crystallization in the donor compartment in the absence of the polymer. The Cmax for the 

crystallizing system provides information about the level of supersaturation in the donor 

compartment when steady state was achieved for the system; this corresponds to the 

supersaturation in the donor compartment at approximately 10-15 minutes post pH change. Thus, 

the supersaturation extrapolated from the receiver compartment information can be considered as 

the maximum effective supersaturation observed for a formulation and can be utilized to 

discriminate between formulations. The effective supersaturations were calculated for the various 

nevirapine formulations evaluated in this study using the Cmax values and the correlation between 

Cmax and concentration (Figure 2.5) and are compared with the maximum supersaturation in the 

donor compartment, which was calculated from the donor concentration observed immediately 

following pH change. As seen from Table 2.3, in the absence of polymer, a lower effective 

supersaturation is observed relative to the initial, maximum supersaturation. In contrast, in the 

presence of polymer, the supersaturation calculated to exist in the donor compartment, based on 

the value of Cmax (receiver compartment) is in good agreement with the expected supersaturation 

based on the donor compartment concentration measurements. The theoretical supersaturation 

values expected in the donor provide a reference to the observed values.  

 

Table 2.3: Theoretical and observed supersaturation ratios (S) for different formulations deduced 

from donor and receiver concentration-time profile 

Formulation Theoretical S  Maximum S 

Observed in 

Donor 

 S Observed at tmax 

in Receiver 

Suspension 1.0 1.07 ± 0.0 1.00 ± 0.03 

Powder 3.9 3.8 ± 0.1 2.8 ± 0.3 

Powder + Polymer 3.9 3.9 ± 0.1 4.10 ± 0.06 

Tablet 3.9 3.8 ± 0.1 2.9 ± 0.3 

Tablet + Polymer 3.9 4.07 ± 0.02 4.0 ± 0.2 
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2.6.3 Importance of Absorptive Dissolution Testing 

Previous studies have highlighted the potential importance of an absorptive compartment.42 

For nevirapine tablets with no polymer additive in the dissolution medium, the concentration-time 

profile for dissolution only was quite similar to that observed for the combined dissolution-

absorption system. This was due to the rapid crystallization of nevirapine in both instances. This 

observation can be rationalized by the high driving force for nucleation that is present immediately 

after the pH increase due to the level of supersaturation generated. Thus, crystallization in the 

donor compartment commences before substantial mass transport can occur, and the presence of 

an absorptive compartment cannot lead to a reduction in the supersaturation, and consequently 

reduce the driving force for nucleation. The profiles, however, are not identical. The dissolution 

only system reaches the crystalline solubility in 140-160 min while this concentration is reached 

in the dissolution-absorption system in 120 min (Figure 2.9). This difference is due to two 

processes contributing to depletion of solution drug concentration in the case of the absorptive 

system, mass transport across the membrane as well as crystallization. In contrast, for the 

dissolution only system, only crystallization can lead to a reduction in donor solution concentration. 

Thus, dissolution tests may overestimate the extent of supersaturation at any given time point. This 

effect can be clearly seen by comparing the corresponding dissolution and dissolution-absorption 

concentration time profiles for tablets in the presence of HPMC-AS (Figure 2.9). For dissolution-

absorption measurements, the donor concentration depletes slowly due to absorption across the 

membrane, providing information about how the absorption driving force changes with time, while 

the dissolution only system shows a constant concentration level over the duration of the 

experiment. Therefore, to better estimate the concentration driving force for oral absorption, 

dissolution testing in the presence of absorptive compartment is likely to be beneficial.  

 

The data presented in Figure 2.10 further highlights the importance of including an 

absorptive compartment in dissolution studies, especially for systems that undergo crystallization 

on a slower timescale, as for the case where PVPVA is used as an inhibitor. Quite different donor 

concentration time profiles are observed with and without an absorptive compartment. Through 

mass balance analysis of the absorptive dissolution data, it becomes apparent that crystallization 

is avoided in this experiment. In contrast, crystallization is observed for the closed compartment 

system after an hour. Thus, the closed compartment overestimates the risk for crystallization, while 
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the absorptive compartment experiment provides a depletion in concentration with time which is 

important to consider when evaluating crystallization risk, and a situation that also occurs in vivo 

in the small intestine. Hence, in agreement with previous observations, it is clear that the presence 

of an absorptive compartment during dissolution studies can alter crystallization kinetics of a 

formulation. This observation is readily rationalized on the basis that the mass transfer of drug 

across the membrane depletes the donor concentration (Figure 2.10a), thus reducing 

supersaturation and in turn the driving force for nucleation and growth.  

 

The approach described herein offers considerable flexibility in experimental design. 

Hollow fibers membranes are available in variety of membrane materials and surface areas, 

enabling different drugs to be evaluated and experimental conditions to be varied to achieve the 

desired absorption rate. While highly lipophilic drugs may pose challenges, both in terms of 

adsorption to certain membrane types and low overall solution concentrations, these obstacles 

should be solvable through appropriate membrane choice and implementation of sensitive 

analytical techniques or addition of solubilizing additives to receiver fluid. Therefore, the mass 

transfer can be studied for variety of compounds, although this approach is likely of greatest 

relevance for drug displaying solubility limited absorption like BCS Class II compounds. Having 

demonstrated the proof of concenpt, future studies will be conducted with different drug 

compounds, membrane types and dissolution media, including biorelevant media.  

2.7 Conclusion 

This study introduces a novel approach to in vitro analysis of formulation performance, 

employing a hollow fiber membrane to study absorption of a drug across a membrane. Preliminary 

observations highlight several advantages of this system. In particular, the large surface area-to-

volume ratio and continuous flow used in the system greatly improves the mass transfer rate, 

enabling coupling of dissolution and absorption, and allowing these processes to be studied over 

relevant timeframes. Dissolution-absorption studies of nevirapine formulations demonstrated the 

utility of including an absorptive compartment to evaluate the supersaturation generated upon pH 

increase and the impact of polymers on formulation performance. Important parameters governing 

the rate of mass transport were elucidated through development of a mathematical model which 

showed a good fit to the experimental observations. Thus, the absorptive-dissolution system can 
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provide additional information about formulation performance not typically realized with 

conventional dissolution testing approaches. Although, the in vivo relevance of the formulation 

performance observed in the apparatus still needs to be tested experimentally, these insights may 

enable better prediction of formulation performance and will allow pharmaceutical scientists to 

make more informed decisions with respect to form and formulation optimization. 
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 INSIGHT INTO AMORPHOUS SOLID DISPERSION 

PERFORMANCE BY COUPLED DISSOLUTION AND MEMBRANE 

MASS TRANSFER MEASUREMENTS.  

Reprinted with permission from Mol. Pharmaceutics 2019, 16, 1, 448-461. Copyright © 2019, 

American Chemical Society 

3.1 Abstract 

The tendency of highly supersaturated solutions of poorly water-soluble drugs to undergo liquid-

liquid phase separation (LLPS) into drug-rich and water-rich phases when the concentration 

exceeds the amorphous solubility, for example, during dissolution of some amorphous solid 

dispersions, is thought to be advantageous from a bioavailability enhancement perspective. 

Recently, we have developed a high surface area, flow-through absorptive dissolution testing 

apparatus that enables fast mass transfer providing more in vivo relevant conditions and time 

frames for formulation testing. Using this apparatus, the absorption behaviors of solutions with 

different extents of supersaturation below and above the amorphous solubility were evaluated. In 

addition, simultaneous dissolution-absorption testing of amorphous solid dispersions (ASDs) with 

varying drug loadings and polymer types was carried out to study and distinguish the absorption 

behavior of ASDs that do or do not undergo LLPS. When compared with closed-compartment 

dissolution testing, a significant influence of the absorptive compartment on the dissolution rate of 

ASDs, particularly at high drug loadings, was observed. The formation of drug-rich nanodroplets, 

generated by both solvent-addition and ASD dissolution, resulted in a higher amount of drug 

transferred across the membrane. Moreover, the mass transfer was further enhanced with 

increasing concentration above the amorphous solubility, thereby showing correlation with an 

increase in the number of drug-rich particles. The importance of including an absorptive 

compartment in dissolution testing is highlighted in this study, enabling coupling of dissolution to 

membrane transport, and providing a more meaningful comparison between different formulations.  

 

3.2 Introduction 

Dissolution performance is an important evaluation in the formulation development of oral 
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solid dosage forms, whereby dissolution is inherently dependent on the compound solubility in the 

dissolution medium.33,34 With many poorly water soluble drug candidates, the problem of low oral 

bioavailability due to insufficient dissolved material is becoming more ubiquitous. In order to 

address this issue, several formulation strategies are commonly employed including the use of 

solubility-enhancing additives or supersaturating formulations.6 Although solubilizing additives 

are promising formulation strategies for increasing the equilibrium concentration of the drug 

compound, it has been reported that they either have no impact or tend to decrease membrane 

transport by lowering the thermodynamic activity of the drug molecule.115,40 On the other hand, 

supersaturating formulations are gaining increased interest as they can generate high intraluminal 

concentrations, significantly higher than the thermodynamic equilibrium solubility and can 

enhance oral absorption.116–119  

 

A solute in a supersaturated solution has a higher thermodynamic activity and chemical 

potential than the thermodynamically stable crystalline form. The driving force for membrane 

transport is the difference in the chemical potential of the species across the membrane.44 Hence, 

supersaturated systems impart higher membrane flux, particularly when the system does not 

undergo crystallization over biorelevant time frames.5,10,11 There are several routes for generating 

a supersaturated solution in vivo including amorphous solids, amorphous solid dispersions, salt 

dissolution, pH change in the gastrointestinal (GI) tract, dissolution of cocrystals, lipid or 

surfactant-based formulations.120 Amorphous solid dispersions (ASDs), containing drug molecules 

dispersed in a polymer matrix, are of great interest due to their ability to generate and maintain 

supersaturation for biologically relevant times, whereby the presence of a suitable polymer reduces 

the risk of crystallization, leading to higher solution concentrations available for 

absorption.58,84,121–123 A highly supersaturated solution of a hydrophobic compound may undergo 

liquid-liquid phase separation (LLPS), leading to the formation of disordered colloidal drug 

aggregates as a precursor to crystallization.12–14 LLPS is observed when the solute concentration 

exceeds the amorphous solubility of the drug in the aqueous medium, and the solution splits into 

two phases, a drug-rich and a water-rich phase.10,11,15,76,85 The concentration of the water-rich phase 

is equal to the amorphous solubility of the compound and the drug-rich phase comprises water-

saturated amorphous compound typically in the form of nanodroplets. The thermodynamic activity 

of the drug is the same in the drug-rich and water-rich phases and hence there is a metastable 
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equilibrium between the two phases with the amorphous solubility being the maximum achievable 

free drug concentration for a particular compound.5,15,75 This metastable equilibrium will be 

maintained until the system overcomes the thermodynamic barrier to crystal nucleation. The 

potential effect of these colloidal aggregates on oral absorption has also been studied recently.11,84 

In vitro studies demonstrated that, in the absence of crystallization, these drug-rich nanodroplets 

acted as a reservoir, replenishing drug to the aqueous phase from which absorption across the 

membrane occurs, until the drug-rich phase was ultimately depleted.10 High flux was observed for 

as long as the supersaturation was maintained at a constant level; the duration of this reservoir 

effect depended on the amount of drug present in the drug-rich phase and its ability to dissolve 

rapidly. Hence, the formation of drug-rich nanodroplets may potentially enhance the oral 

bioavailability of poorly soluble drug compounds. It has also been suggested that drug-rich 

colloids have the potential to reduce the diffusional barrier in the unstirred water layer of the 

intestinal tract, and thus enhance the effective permeability of the compound in vivo.124  

 

The standard United States Pharmacopeia (USP) dissolution apparatus is typically 

employed for testing formulation performance and rank ordering solid forms and formulations. In 

order to develop effective supersaturating formulations, dissolution testing plays a key role as a 

formulation development tool particularly at the early stage. However, standard dissolution testing 

often fails to predict the performance of such complex formulations as it is a closed, one-

compartment setup, and lacks absorptive sink conditions. Hence, there is a substantial need for 

improved release-testing methodology to obtain in vivo relevant dissolution data.125 Numerous 

modifications have been applied to the conventional dissolution apparatus with respect to 

biorelevant fluid or hydrodynamics, however, they still lack the absorptive sink condition.7 The 

presence of an absorptive compartment is particularly important for formulations that undergo 

supersaturation and crystallization. The continuous removal of drug from the dissolution medium 

due to absorption across the membrane can alter both dissolution as well as the crystallization 

kinetics of the drug. Studies have reported that crystallization of drug from a supersaturated 

solution was less extensive when dissolution studies were carried out in combination with 

absorption across a membrane.42,126 Several approaches have incorporated an absorptive 

compartment into dissolution studies.43,50,113,125 The most common approach is to use a two-

compartment system that contains a donor and a receiver compartment separated by a membrane. 
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Dissolution of drug takes place in the donor compartment and drug appearing in the receiver 

compartment is quantified to study the rate of absorption or permeation of the compound. However, 

currently used in vitro mass transport apparatuses have several limitations. The surface area of the 

membrane available for absorption in these apparatuses is small. As the membrane surface area is 

proportional to the rate of mass transfer, slow mass transfer in the system leads to long 

experimental times and potentially poor prediction of formulation performance.10,110 Moreover, 

the small volumes in the receiver compartment can make it difficult to achieve detectable 

concentrations. Further, the presence of an unstirred water layer barrier due to hydrodynamic 

constraints further slows down the rate of mass transfer. 

 

Considering the aforementioned limitations of dissolution testing and mass transport 

measurements, we have developed a novel high surface area, flow-through absorptive dissolution 

testing apparatus. This apparatus utilizes a hollow fiber membrane module to evaluate the 

absorption behavior of a drug that is either pre-dissolved or simultaneously dissolving in the 

dissolution medium. Hollow fiber membranes offer large surface area per unit volume which 

enhance mass transfer rates significantly. The continuous flow of fluids on either side of the 

membrane reduces the unstirred water layer barrier and provides controlled hydrodynamics which 

are potentially more similar to those found in vivo.127–129 Fresh receiver fluid is pumped 

continuously, maintaining sink conditions on the receiver side. Moreover, the flow-through setup 

allows in-line measurement of the receiver concentration, thus providing real time analysis of 

solution behavior during dissolution of formulations. The robustness and sensitivity of the 

apparatus has been described previously.126  

 

The goal of this study was to utilize an in vitro absorptive dissolution testing apparatus to 

understand the dissolution-absorption behavior of supersaturating systems undergoing LLPS with 

the formation of colloidal drug species. The enhanced mass transfer and reservoir effect due to 

drug-rich nanodroplets has been demonstrated previously using a static and a flow-through side-

by-side diffusion cell.10,11 However, in the latter study, the experiments had to be carried out over 

16 h duration in order to study depletion of the drug-rich phase during absorption measurements 

due to slow mass transfer. Clearly, this is longer than the biorelevant intestinal absorption time 

frame of 3 - 4 h. The faster rate of mass transfer in the new apparatus allows understanding of 
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solution phase behavior and drug membrane transport over more relevant time frames.  Atazanavir 

was used as a model drug compound as it is a relatively slow crystallizer130 and by adding sufficient 

amounts of certain polymers, crystallization could be inhibited for more than 4 h. Solutions with 

different extents of supersaturation, generated by the solvent-shift method, were evaluated for their 

absorption behavior for concentrations below and above the amorphous solubility. The drug-rich 

nanodroplets formed at concentrations above the amorphous solubility were characterized in terms 

of number and size. Simultaneous dissolution and absorption measurements were also evaluated 

for a set of ASDs. The drug loading and polymer type can influence the drug release rate, and 

hence solution concentration and phase behavior.86,131 Moreover, the formation of drug-rich 

nanodroplets has been observed during dissolution of some ASDs and a higher diffusive flux was 

noted for these formulations.58,132 Therefore, concurrent dissolution-absorption measurements of 

ASDs were performed herein to understand the influence of formulation variables on dissolution 

rate, speciation and subsequent absorption profiles. A comparative study of closed compartment 

ASD dissolution was also carried out to understand the effect of the absorptive compartment on 

the dissolution rate with differences being observed for some systems.  

3.3 Materials 

Atazanavir (ATZ) was purchased from ChemShuttle (Jiangsu, China). Hydroxypropyl 

methylcellulose (HPMC) and hydroxypropyl methylcellulose acetate succinate (HPMCAS) MF 

grade were supplied by Shin-Etsu Chemical Co. Ltd. (Tokyo, Japan). Polyvinylpyrrolidone/ vinyl 

acetate, also known as Kollidon VA 64 (PVPVA), was obtained from the BASF Corporation 

(Florham Park, NJ). Nile red was purchased from Sigma Aldrich Co. (St. Louis, MO). Methanol 

and dichloromethane were purchased from Fisher Scientific (Pittsburgh, PA). Atazanavir is a 

weakly basic compound with a pKa of 4.52,133 hence all dissolution and mass transport studies 

were carried out in pH 6.8 50 mM phosphate buffer such that ATZ was substantially unionized. 
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3.4 Methods 

3.4.1 Crystalline and amorphous solubility determination 

The crystalline solubility of ATZ in 50 mM phosphate buffer at pH 6.8 was determined by 

equilibrating excess solid drug in the aqueous medium for 48 h at 37 C. The undissolved solids 

were separated by microcentrifugation using a Sorvall Legend Micro 21 (Thermo Fisher Scientific 

Inc., MA) at 14800 rpm (21,100 × g rcf) for 30 min. The supernatant was evaluated for 

concentration using a UV/vis spectrophotometer (SI photonics, Tuscon, AZ) at 278 nm. 

  

The amorphous solubility of ATZ was determined by the UV-extinction method.15 A 

supersaturated solution of atazanavir was generated in 50 mL pH 6.8 phosphate buffer containing 

1 mg/mL pre-dissolved HPMCAS. A methanolic stock solution of ATZ (30 mg/mL) was gradually 

added to the aqueous medium at 37 C using a syringe pump (Harvard Apparatus, Holliston MA) 

at a rate of 40 L/min. The final methanol amount added was approximately 50 - 60 L. 

Supersaturated solutions thus generated were monitored for changes in scattering using a UV/Vis 

spectrophotometer at 400 nm. The concentration where scattering was observed was noted as the 

amorphous solubility and the onset concentration for LLPS. Amorphous solubility was also 

determined using a similar method in the presence of 1.8 mg/mL PVPVA pre-dissolved in buffer. 

3.4.2 Particle size and particle concentration measurement 

The particle size of drug-rich nanodroplets generated due to LLPS was evaluated using 

dynamic light scattering (DLS) using a Nano-Zetasizer (Nano-ZS) from Malvern Instruments 

(Westborough, MA) equipped with dispersion technology software. A backscattering detector was 

used with the scattering light detected at an angle 173. Samples were filtered using 1 or 0.45 m 

glass fiber filters and were filled into disposable plastic cuvettes. The temperature of the sample 

holder was set at 37 C. DLS measurements were carried out for different initial donor 

concentrations above LLPS and also during the absorption measurements to understand 

nanodroplet depletion during the process. 

  

 Particle concentration was evaluated using nanoparticle tracking analysis (NTA) with a 

Nanosight LM10 (Malvern Instruments, Westborough, MA). A green laser with a wavelength of 
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532 nm was used as a light source. The nanodroplets were observed using a microscope with 20 

magnification and a video camera. The particle size is determined by tracking Brownian motion 

of the particles and relating the movement to particle size using the Stokes-Einstein equation. In 

this study, NTA was carried out in fluorescence mode. This is because the buffer containing 1 

mg/mL HPMCAS showed high background noise most likely due to the presence of small polymer 

aggregates at pH 6.8.134,135 The fluorescence mode allows only fluorescent particles to be detected. 

Nile red was used to preferentially stain the drug-rich droplets. Nile red is hydrophobic in nature 

and can be excited at 532 nm. When drug-rich species are formed, nile red partitions into these 

relatively hydrophobic regions. Thus, after application of the spectral filter, only drug-rich 

nanodroplets are illuminated. 1 g/mL of nile red was added to the samples and the samples were 

then injected into the sample holder, which was equilibrated at 37 C. The camera intensity was 

adjusted such that the particles were clearly visible, and the data was captured over a 30 s time 

frame.  

3.4.3 Preparation of amorphous solid dispersions 

 Powdered ASDs of ATZ were prepared with various drug loadings (10, 30, and 50 wt.%,) 

in polymers (HPMCAS, HPMC and PVPVA). Drug and polymer were dissolved in methanol 

(HPMCAS and PVPVA) or 1:1 dichloromethane: methanol (HPMC). Each solution was then 

subjected to rotary evaporation under vacuum using a Buchi Rotavapor-R (New Castle, NJ) 

equipped with a Yamato BM-200 water bath which was maintained at 45 C. Once the solvent 

was evaporated, the ASDs were dried under vacuum for at least 24 h. The dried ASDs were 

reduced to powder by cryo-milling (SPEX Sample Prep Freezer Mill 6775, Metuchen, NJ) and 

stored at 0% RH. 

3.4.4 Fluorescence Spectroscopy 

Atazanavir is an autofluorescent molecule, showing a peak shift and higher peak intensity 

when drug-rich species are formed. Hence, fluorescence spectroscopy was carried out at 

concentrations below and above the amorphous solubility as a means to determine if drug-rich 

nanodroplets were present or absent. An excitation wavelength of 250 nm was used, and the 

emission spectrum was recorded. Atazanavir showed a peak at 329 nm for solutions below the 
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amorphous solubility with a second peak emerging at 369 nm when nanodroplets were formed 

(Figure S1). The change in ratio of the peak intensities at 328 nm and 369 nm was used to evaluate 

formation of nanodroplets above LLPS onset concentration and depletion of nanodroplets during 

the absorption measurement. 

3.4.5 Mass transport experiments 

The mass transport of atazanavir from solutions of different concentrations was studied in 

the absorptive dissolution testing apparatus described previously with minor modifications.126 The 

solutions in the donor and receiver channels were pumped through a cellulosic hollow fiber 

membrane (surface area 100 cm2, pore size 15 nm) using a peristaltic pump in parallel, co-current 

flow. The flow rates in both channels were maintained at 4 mL/min. The receiver concentration 

was measured using a flow-through UV probe (SI Photonics, Tuscon, AZ). The mass transport 

experiments were carried out for concentrations above the crystalline solubility. Hence, 

supersaturated solutions were generated for concentrations below and above the amorphous 

solubility and subsequent mass transport was evaluated to determine the effect of LLPS on receiver 

concentration-time profiles.  The supersaturated solutions were generated by the solvent-shift 

method, adding aliquots of methanolic stock solution of atazanavir (25 mg/mL) to aqueous media. 

The aqueous buffer solution contained pre-dissolved 1 mg/mL HPMCAS. The donor volume was 

50 mL and experiments were carried out at 37 C. All experimental runs were followed by a 50% 

methanol solution wash for 30 min to remove residual drug in the apparatus. The mass balance 

was carried out for the apparatus and approximately 5-10% atazanavir was recovered from the 

solvent wash. 

3.4.6 Dissolution and simultaneous dissolution-mass transport experiments  

The dissolution of ASDs was first studied in a closed compartment setup. Dissolution was 

carried out in 50 mM phosphate buffer, pH 6.8. The dissolution volume was 50 mL for all the 

studies and solution was continuously stirred at 300 rpm at 37 C. The powdered ASDs were 

suspended in the aqueous medium and dissolution was studied for 120 min. The concentration was 

measured by a UV spectrophotometer coupled to a dip probe.  
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For simultaneous dissolution and absorption studies, ASDs were suspended in the donor 

container, and absorption measurements were initiated by turning on the fluid flow. Polyethylene 

cannula filters, 10 m or 70 m pore size (Agilent Technologies, Inc., Memphis, TN), were 

inserted at the entrance of the donor channel tubing to prevent undissolved ASD particles from 

entering the hollow fiber membrane. The dissolution-absorption behavior was studied for 2 h at 

37 C. The donor volume was 50 mL and the final concentration that would be theoretically 

generated upon complete (100%) dissolution of ASDs was 200 g/mL. The concentration in the 

donor container was measured by a UV spectrophotometer, using a dip probe. The receiver 

concentration was measured using a flow-through UV cell. The formation and longevity of the 

drug-rich phase was evaluated using fluorescence spectroscopy, DLS and NTA after filtering the 

sample through 0.45 m or 1 m glass fiber filters. The presence or absence of crystallinity was 

determined using a polarized light microscope (Version 2.3; Nikon Company, Tokyo, Japan). 

3.5 Results 

3.5.1 Solubility Measurements 

The crystalline solubility of atazanavir in pH 6.8 phosphate buffer at 37 C was 5 ( 0.5) 

g/mL. The amorphous solubility, and in turn the LLPS onset concentration, by the UV extinction 

method was found to be 78 ( 5) g/mL. The pKa of atazanavir is 4.42, hence, the solubility values 

are for unionized species.  

3.5.2 Formation of drug-rich nanodroplets 

 A variety of ATZ concentrations, ranging from above the crystal solubility to above the 

amorphous solubility, were generated. For concentrations below the amorphous solubility, the 

solution was a clear, single phase solution. Concentrations above the amorphous solubility led to 

LLPS and formation of drug-rich nanodroplets and solutions were visibly turbid. The generation 

of nanodroplets was confirmed using fluorescence spectroscopy. Figure 3.1 shows the peak 

intensity ratio of the two emission peaks at 329 and 369 nm as a function of concentration. The 

intensity of the peak at 369 nm, which is characteristic of atazanavir in a drug-rich environment136, 

increased with concentration resulting in a higher peak intensity ratio. 
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Figure 3.1. The peak intensity ratio of atazanavir emission peaks at 369 and 329 nm as a function 

of concentration. The horizontal line shows the intensity ratio above which the amorphous 

solubility is exceeded. 

 

The drug-rich nanodroplets were further analyzed for size using DLS for different 

concentrations above the amorphous solubility, with results shown in Table 3.1. The PDI is the 

polydispersity index and indicates the width of particle size distribution. Typically, the lower the 

PDI, the more monodisperse the system. Above a PDI= 0.7, the sample has a broad particle size 

distribution.  

 

Table 3.1: Particle size of ATZ at initial donor concentrations above LLPS. The values in the 

parentheses are standard deviations, n=3. 

Conc. (µg/ml) Average d (nm) PDI Derived count rate (kcps) 

100 210 (10) 0.15 (0.02) 28633 

150 204 (13) 0.13 (0.03) 40219 

200 216 (7) 0.12 (0.02) 77464 

300 211 (4) 0.12 (0.01) 275831 

500 226 (9) 0.08 (0.02) 342132 

  

As observed in Table 3.1, the average size of the nanodroplets did not change with an 

increase in the initial ATZ concentration, and the nanodroplets were monodisperse for all 

concentrations, as indicated by the PDI. Since an increase in the donor concentration above the 



 

 

89 

amorphous solubility generated a similar particle size distribution but higher intensity in 

fluorescence emission, it was intuitive that the number of droplets increased with concentration. 

This was confirmed by measuring particle concentration using NTA. Figure 3.2A shows an 

increase in particle formation with an increase concentration above the amorphous solubility. The 

scattering images shown in Figure 3.2B-D visually confirm the increased particle density at higher 

drug concentrations. The particle concentration for concentrations higher than 150 g/mL was not 

measured as the particle concentration was too high for individual particles to be tracked. 

 

 

 

Figure 3.2. A. Particle formation for different ATZ concentrations at and above the amorphous 

solubility. Images B, C, and D are captured during NTA measurements for 75, 100 and 150 g/mL 

ATZ suspensions, respectively, in fluorescence mode. 

3.5.3 Mass transport of supersaturated solutions 

 Figure 3.3 shows the absorption profile for mass transport measurements carried out for a 

range of ATZ concentrations below and above the amorphous solubility. The mass transport 

studies were conducted for 100 min to obtain sufficient information about mass transfer across the 

membrane. The concentration profile represents the non-cumulative concentration in the receiver 

A. 
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channel. The initial increase in concentration represents the time taken to attain steady state in the 

hollow fiber membrane module (<10 min). With continued mass transfer across the membrane, a 

maximum concentration (Cmax) is achieved, after which time the receiver concentration depletes 

(Figure 3.3) owing to the decrease in the donor concentration. The area under the curve (AUC) at 

a particular flow rate (4 mL/min) indicates the total amount of drug transferred over time. The 

increase in AUC with an increase in the donor concentration indicates a subsequent increase in the 

mass transfer. 

 

Figure 3.3. The receiver concentration profile of ATZ for a range of initial donor concentrations. 

The legend shows the initial ATZ concentration in μg/mL. The horizontal line indicates the Cmax 

observed in the receiver concentration for a donor concentration initially equivalent to the 

amorphous solubility. 

 

Higher Cmax and AUC values were observed, as expected, as the ATZ concentration 

increased. For concentrations below the LLPS concentration, both Cmax and AUC increased with 

an increase in the initial concentration, due to a higher driving force for mass transfer.126 Above 

the amorphous solubility (LLPS onset concentration), the drug-rich phase appears and is in 

metastable equilibrium with the aqueous phase and the thermodynamic activity of the solute is 

constant, meaning that the concentration of the molecularly dissolved drug in the aqueous solution 

is equal to the amorphous solubility.5 If measured in a side-by-side diffusion cell with a similar 

membrane type, the rate of mass transfer would typically reach a single maximum for 

concentrations above the amorphous solubility. However, a plateau in the concentration was not 

observed in the flow-through apparatus. Instead, the receiver concentration continued to increase 
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with increasing donor concentration, with a notable change in slope of the Cmax (or AUC) vs donor 

concentration above the amorphous solubility (Figure 3.4). This shows that there is a difference in 

the mass transfer coefficient in the presence of drug-rich nanodroplets.   

 

Figure 3.4. The Cmax and AUC values plotted with respect to the initial donor concentration. The 

vertical line corresponds to the amorphous solubility. 

3.5.4 Dissolution and absorption behavior of ASDs 

From Figure 3.3, it is obvious that the amount of drug transferred was higher for 

concentrations that exceeded the amorphous solubility. Hence, it was of interest to understand the 

dissolution and absorption performance of different ASDs with dose concentrations above the 

amorphous solubility, focusing on the ability of ASDs with varying drug loadings and formulated 

with different polymers to generate drug-rich nanodroplets and enhance mass transfer. For 

comparison purposes, supersaturated solutions above the amorphous solubility were generated in 

the presence of 1 mg/mL of pre-dissolved polymer, HPMCAS, HPMC or PVPVA, by the solvent 

shift method. The properties of the drug-rich nanodroplets thus generated are reported in Table 3.2. 

The fluorescence ratio was similar for all the solutions, indicating a similar mass of nanodroplets 

generated for each system, however the particle size of the nanodroplets varied with the polymer. 

The presence of HPMCAS and PVPVA yielded particles of size 200-250 nm, while with HPMC, 

slightly larger particles of size 350 nm were generated. For the PVPVA-containing solutions, 
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agglomeration of nanodroplets was observed, where the size and the PDI increased and the derived 

count rate decreased with time (Figure S3.3).  

 

Dissolution profiles of different ASDs, shown by powder diffraction to be X-ray 

amorphous (Figure S3.2), were measured under closed-compartment non-sink conditions, Figure 

3.5. The final dose concentration was 200 g/mL if all of the drug was released, though it should 

be noted that the apparent concentration measured by UV spectroscopy is not quantitative above 

the amorphous solubility (>78 g/mL) as nanodroplets present in the solution can absorb and 

scatter light.137 In the case of HPMCAS-based ASDs, 90:10 ASDs dissolved rapidly resulting in 

the formation of drug-rich nanodroplets and the maximum apparent concentration achieved was 

close to the dose concentration, exceeding the amorphous solubility. Nanodroplet formation was 

confirmed by fluorescence spectroscopy and particle size analysis, the latter which showed 

scattering species with an average size of ~ 300 nm (Table 2). An increase in drug loading (30 and 

50% drug loading) resulted in slower dissolution rate with no drug-rich nanodroplets observed, 

consistent with the observation that the maximum concentration did not exceed the amorphous 

solubility. The decrease in the dissolution rate and maximum solution concentration achieved with 

the increase in drug loading has been observed previously and, in some instances, is thought to 

occur due to formation of a drug-rich layer at the ASD surface which then controls the dissolution. 

84,86,131,132,138 For HPMC-based ASDs, dissolution rates for 10% and 30% drug loadings were 

similar to the corresponding HPMCAS-based ASDs.  Dissolution of PVPVA-based ASDs showed 

similar dissolution trends to HPMCAS-based ASDs for 30% and 50% drug loading, wherein they 

did not undergo LLPS and showed a moderate and slow dissolution rate, respectively. Interestingly, 

the solution concentration observed for the 30 and 10% drug loading ASDs was higher than the 

expected amorphous solubility. Hence the impact of PVPVA on amorphous solubility of 

atazanavir was evaluated.  In the presence of pre-dissolved PVPVA (1.8 mg/mL), the amorphous 

solubility increased to 94 ( 4) g/mL, explaining the plateauing of concentrations at or above ~ 

90 g/mL. In the case of 10% drug loading ASDs, although ASDs dissolved immediately to a 

solution concentration slightly above the amorphous solubility, no nanospecies could be detected; 

the fluorescence spectra did not show the peak at 369 nm (characteristic for solutions containing 

nanodroplets) and no scattering species were observed in DLS measurements, as shown in Table 

3.2.  However, an unfiltered solution showed a peak intensity ratio of 0.89, indicating the presence 
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of a drug-rich hydrophobic environment. Most likely, the nanodroplets formed in the boundary 

layer underwent rapid agglomeration and could therefore not be readily detected.  

 

 

Figure 3.5. Dissolution profiles of different ASDs under closed compartment non-sink dissolution 

conditions. The horizontal line shows the solution concentration equivalent to the amorphous 

solubility. 
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Next, the dissolution behavior of ASDs during simultaneous absorption measurements was 

evaluated (Figure 3.6). Figure 3.6A and 3.6B show donor and receiver concentrations, respectively, 

of HPMCAS-based ASDs during simultaneous dissolution-absorption measurements. In general, 

the dissolution of ASDs followed a similar trend as observed in non-sink dissolution studies. 

However, in contrast to the plateau in solution concentration observed during closed-compartment 

dissolution, the donor concentration profile in dissolution-absorption measurements showed a 

decline in apparent concentration due to simultaneous absorption across the membrane which 

reduced the number of nanodroplets present in the donor compartment.  

 

The high apparent donor concentration was reflected in the receiver concentration profile, 

wherein a higher Cmax was observed which correlated well with the values found in the solvent-

shift experiments (at a comparable concentration) shown in Figure 3.3. Although, the apparent 

donor concentration showed a gradual decline in concentration, the receiver concentration was 

maintained at a high concentration, above the Cmax generated for a solution at a concentration 

equivalent to amorphous solubility (indicated by horizontal line in Figure 3.6), for the duration of 

the experiment, 120 min. This, in part, can be attributed to the nanodroplets replenishing the drug 

lost due to absorption, thereby maintaining the solution concentration at the amorphous solubility.  

In the case of dissolution-absorption of the 30% drug loading system, a relatively slower 

dissolution rate of the ASD was observed, with a maximum concentration slightly lower than the 

amorphous solubility and consequently no LLPS. Due to simultaneous dissolution and absorption, 

the concentrations achieved over time on the donor side were lower than those observed in Figure 

3.5A. The donor concentration was relatively constant beyond 30 min, indicating replenishment 

of drug to the solution by dissolution of residual ASD. The receiver concentration correspondingly 

showed a Cmax lower than the amorphous solubility and concentrations plateaued after 30 min 

reflecting the constant donor concentration. For the 50% drug loading, the drug release was much 

slower, similar to that found in closed compartment dissolution studies. The donor concentration 

achieved the amorphous solubility, however only after 100 min. The gradual increase in 

concentration in the donor container resulted in gradual increase in concentration in the receiver 

channel. Similar profiles were observed for the HPMC dispersions. 
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For PVPVA-based ASD, the 10% drug loading again did not result in the discernable 

formation of drug-rich nanospecies. The donor concentration reached a plateau slightly above 

amorphous solubility as observed in the closed-compartment dissolution, potentially due to the 

presence of some agglomerates, combined with some solubilization by the polymer. Interestingly, 

the receiver concentration profile showed a somewhat lower Cmax value than that observed for 

cellulose-based ASDs with 10% drug loading, however, it was slightly above the concentration 

that was observed for a solution at the amorphous solubility. Most likely, any colloidal species that 

formed in the donor compartment rapidly agglomerated to form micron-sized species and therefore 

did not pass through the filter used prior to taking fluorescence or DLS measurements. The receiver 

concentration remained constant over the duration of the experiment, depicting the reservoir effect 

of the agglomerates. The 30% drug loading showed a similar dissolution profile to the 10% drug 

loading, attaining the maximum concentration in 20 min. However, the maximum concentration 

was close to the experimentally determined amorphous solubility and hence slightly lower than 

that observed for 10% drug loading. Lower donor concentrations were reflected in the receiver 

concentration profiles. The 50% drug loading ASD, showed a gradual release of drug over time, 

whereby the concentration started to drop after 80 min the donor container and hence, in the 

receiver channel (indicated by red arrow). Further investigation revealed that the donor solution 

underwent crystallization at this time point, as confirmed by polarized light microscopic analysis 

of the dissolution medium. Crystallization lowered the donor solution concentration with a 

concurrent decrease in the receiver concentration.  

 

Figure 3.6G compares the amount of drug transferred over 120 min for each formulation, 

calculated by multiplying the area under the curve by the flow rate of the receiver fluid. HPMCAS 

and HPMC-based 10% drug loading systems clearly showed higher amounts of drug transferred 

as compared to other formulations. 50:50 PVPVA:ATZ showed the least amount of drug 

transferred, as the formulation underwent crystallization. The integration approach not only 

enables quantitation of the mass transfer observed for different formulations, but also highlights 

the impact of formulation dissolution rate, nanodroplet formation and crystallization on absorption 

behavior, information that is less readily discernable from the dissolution profiles. 
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Figure 3.6: (A-F) Donor and receiver concentration profiles during the simultaneous dissolution 

and absorption of ATZ ASDs with varying drug loadings and different polymers. The horizontal 

line shows the concentration equivalent to the amorphous solubility in the donor compartment. 

The arrows denote the point at which crystallization was observed in 50:50 PVPVA:ATZ. (G) 

Amount of drug transferred across the membrane in 120 min for different formulations. 
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Table 3.2: Comparison of drug-rich nanodroplet properties generated by the solvent-shift method 

and during non-sink and sink ASD dissolution.  

Formulation I(369)/ I(329)* daverage (nm) PDI 

Diss Diss-

Abs 

Diss Diss-

Abs 

Diss Diss-Abs 

HPMCAS Solvent-shift 1.21 221(12) 0.1(0.01) 

90:10 ASD 1.17 1.19 294(26) 307(28) 0.20(0.06) 0.26(0.05) 

HPMC Solvent-shift 1.24 311(23) 0.07(0) 

90:10 ASD 1.30 1.29 326(34)  317(42) 0.027(0.01) 0.06(0.01) 

PVPVA Solvent-shift 1.25 254(10) 0.1(0.03) 

90:10 ASD 0.26** 0.27** - - - - 

* I(369)/I(329) at amorphous solubility (~ 75 g/mL) is 0.58. All polymers (1 mg/mL) pre-

dissolved for solvent-shift experiments. 

** The values correspond to filtered solution. Unfiltered solution showed values ~ 0.89. 

 

The mass transport behaviors of the colloidal supersaturated solutions generated by the 

solvent-shift method and by dissolution of an ASD were compared to understand the impact of 

different supersaturation routes on the absorption profiles. As seen from Figure 3.7A, the receiver 

concentration profile was similar for both the routes. Fluorescence spectroscopy was employed to 

monitor depletion of nanodroplets during absorption measurements.  The continuous change in 

fluorescence intensity ratio indicated a decrease in the amount of drug in a drug-rich environment, 

consistent with the gradual depletion of nanodroplets as free drug transports across the membrane 

and the nanodroplets dissolve to maintain the concentration at the amorphous solubility. The rate 

of nanodroplet depletion was similar, irrespective of the route of supersaturation.  
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Figure 3.7: (a) Receiver concentration profiles of supersaturated solutions produced by dissolution 

of 90:10 HPMCAS:ATZ and generated by the solvent-shift method. (b) Fluorescence intensity 

ratio at 329 nm and 369 nm is plotted over duration of the mass transport measurements. 

 

To explore the impact of ATZ nanodroplet number generated from ASD dissolution on 

mass transfer and correlate with observations in Figure 3.3, dissolution-absorption measurements 

for 90:10 HPMCAS:ATZ ASDs with different dose concentrations above the amorphous solubility 

were undertaken (Figure 3.8). Although the concentration of molecularly dissolved drug is the 

same for all three dose concentrations, Cmax increased with increase in the dose concentration, 

similar to the supersaturated solutions generated by solvent shift method (Figure 3.3). The 

concentration versus time in the receiver compartment showed a much steeper decline with time 

for the 100 g/mL dose, relative to the 200 and 500 g/mL dose levels. The more sustained 

transport for the higher dose concentrations can be attributed to a greater number of drug-rich 

nanodroplets in these systems, maintaining the free drug solution concentration at the amorphous 

solubility for extended periods of time.  
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Figure 3.8: Donor and receiver concentrations for 90:10 HPMCAS:ATZ with different dose 

concentrations. 

3.6 Discussion 

 It is widely recognized that the amount of drug that is available for permeation across a 

membrane following dissolution from enabling formulations, in particular into complex media, is 

not well described by the drug concentration due to variations in drug speciation. Speciation 

describes the many different environments in which the drug can be present after dissolution, and 

depends on the formulation and media composition. Species include free unionized drug, ionized 

drug, drug in micellar structures, drug complexes, and other colloidal drug species.5 For passive 

diffusion, only free, un-ionized drug permeates through the membrane.  To address these issues, 

dissolution measurements are increasingly being combined with absorption measurements to 

better evaluate the interplay between dissolution rate, solution concentration time profiles and 

amount transferred across a membrane. Given the lack of robustness of cell-based membranes to 

excipients and media components, there is burgeoning interest in developing cell free systems to 

assess both drug permeation and to conduct simultaneous dissolution absorption measurements.139  

A major limitation of currently available systems is the small permeation area relative to the donor 

volume. This is a particular issue for dissolution absorption measurements of poorly water soluble 

compounds whereby, under non-sink conditions, dissolution rate of the dosage form is coupled to 

mass transport rate. For complex systems, many other processes are also linked to the membrane 

mass transport rate, including crystallization kinetics for supersaturated solutions, redissolution of 

precipitated material, drug diffusion out of micelles, and dissociation of complexes. Therefore, it 
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is important for the mass transport rate across the membrane to be sufficiently high to deplete the 

donor concentration by an appreciable amount, enabling the impact of these coupled processes to 

be better evaluated. The absorptive dissolution testing approach described herein clearly enables 

such features to be assessed for amorphous solid dispersion formulations over biorelevant 

timeframes, with a high extent of sensitivity, enabling real-time insights into the donor 

compartment solution phase behavior of supersaturated systems and implications for absorption.  

3.6.1 Absorption behavior in the presence of drug-rich nanodroplets in the solution 

The highly supersaturated solutions of ATZ generated in the aqueous buffer showed 

interesting absorption behavior in the new absorptive testing apparatus. The flow-through 

measurements give a non-cumulative concentration profile for drug diffused through the 

membrane module in a single pass, thereby increasing sensitivity to capture solution dynamics in 

the donor container. Consequently, the absorption profiles obtained for different concentrations 

above the amorphous solubility, where drug-rich nanoparticles were present, were unique to this 

experimental setup. The presence of increasing amounts of nanospecies clearly improves the 

overall mass transport of the drug (Figure 3.3). Given that the pore size of the membrane was c.a. 

15 nm and the mean particle size of the drug-rich phase was c.a. 200 nm, the drug-rich nanodroplets 

are not diffusing across the membrane. Interestingly, the slope of Cmax and AUC vs. donor 

concentration (Figure 3.4) changed above the amorphous solubility. A change in the 

proportionality between Cmax or AUC vs. donor concentration above or below the LLPS onset 

concentration for same set of mass transport conditions indicates a change in the mass transfer 

coefficient. Since the free drug solution concentration and the thermodynamic driving force for 

mass transfer is constant above the amorphous solubility, logically, the observed behavior results 

from the increase in the number of amorphous droplets (Figure 3.2), with an increase in the initial 

donor concentration above the LLPS concentration. Given that the colloidal species are more than 

two orders of magnitude larger than molecularly dissolved drugs, increases in overall diffusivity 

based on an additional population of species (i.e. the nanospecies) are expected to be negligible. 

For the flow rates used in the apparatus, the flow in the hollow fiber membrane is laminar. 

Theoretically, laminar flow in tubular geometry results in a parabolic velocity profile with 

maximum flow at the center and zero at the wall with a corresponding bell-shaped concentration 

profile.127,129,140 Possibly, the mass transfer of the colloidal solutions could be enhanced in the 
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presence of nanoparticles in the aqueous boundary layer of the laminar flow due to nanoscale 

convection induced by Brownian motion,141,142 effectively changing the concentration gradient in 

the boundary layer. Alternatively, there could be some extent of dissolution rate limited absorption 

in this experimental set-up whereby more nanodroplets mitigate this to some extent by providing 

a higher surface area.  In order to gain further understanding of the influence of nanodroplets on 

mass transfer rates, a systematic study of the impact of colloidal species on flow properties and 

the concentration gradient in the boundary layer of laminar flow is required. It is also anticipated 

that insight into nanodroplet dissolution may shed light upon the underlying mechanism for the 

mass transfer enhancement above amorphous solubility in the apparatus. Nanodroplet dissolution 

is expected to be extremely rapid, given the high surface area to volume ratio of these species. 

Moreover, the solubility of a solid particle is dependent on the size of the particle, volume of the 

molecule, surface energy of the solid and it increases exponentially as the radius of particle 

decreases, significantly at nanometer scale.143 Although the nanodroplets generated in this study 

are c.a. 200 nm, during their dissolution shrinkage is anticipated,144,145 which may lead to higher 

free drug concentrations when the size approaches a few nanometers. Since the residence time of 

a single pass of the donor solution in a single hollow fiber is approximately 10 s, it is plausible 

that the apparatus is capturing this phenomenon of enhanced solubility due to size reduction upon 

dissolution. Importantly, it is apparent from Figure 3 that the presence of colloidal drug species 

greatly enhances the amount of drug transferred across the membrane in a given time frame. 

Considering similarities between the apparatus and in vivo conditions with respect to the tubular 

geometry and large surface area available for absorption, if this occurs in vivo, (a recent study 

supports that the presence of colloidal species is beneficial for absorption)146 then it is clearly 

important to be able to assess the impact of these colloidal species in vitro in order to select the 

best formulation in terms of optimizing the formation of colloidal species formed.  

3.6.2 ASD formulation, solution phase behavior and impact on absorption 

ASDs are a widely used formulation strategy to improve bioavailability of poorly soluble 

drugs. Dissolution of ASDs typically involves several physical processes including supersaturation, 

liquid-liquid phase separation and crystallization, all of which impact the bioavailability advantage 

of the formulation.5 The supersaturation generated by dissolution of a given ASD is highly 

dependent on, among other factors, the drug loading and polymer type.58,84,138 Herein, we observe 
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very different release for ASDs when these factors were varied, with a more complete picture of 

differences provided by comparing the absorption profiles of the various systems.  

 

Figure3.6 clearly shows the absorption advantage of the low drug-loading ASD 

formulations versus higher drug-loading dispersions. The lower drug loading ASDs dissolved 

rapidly, exceeding the amorphous solubility, and undergoing LLPS to form nanodroplets. The 

presence of nanodroplets resulted in higher amounts transferred to the receiver compartment 

(Figure 3.6G). Although the ASDs dissolved to yield aggregates with a larger size than the 

nanodroplets created by the solvent shift method, these variations did not result in significant 

differences in the absorption behavior of supersaturated solutions generated by the two routes 

(Figure 3.7). Furthermore, the low drug-loading PVPVA dispersions formed agglomerates 

following dissolution, but still resulted in a nearly the same amount of drug transported into the 

receiver compartment as for the low drug loading cellulose-based dispersions, even though this 

would not necessarily be predicted from the dissolution profiles.  Thus, these agglomerated species 

yielded somewhat improved absorption profiles, at least over a 2 hours absorption window, 

although their performance diminished over a longer absorption window (Figure S3.5).   

 

The sensitivity of the apparatus to solution speciation allowed us to further explore the 

phenomena of LLPS following ASD dissolution and the impact of the number of nanospecies on 

mass transfer, in a manner typically not realized in simple low surface area two-compartment mass 

transport measurements.  The Cmax and AUC increased for 90:10 HPMCAS:ATZ ASDs with an 

increase in dose concentration (Figure 3.6). The Cmax can potentially be dependent on the number 

of nanodroplets flowing through the membrane module for dose concentrations above the 

amorphous solubility, which in turn will be dependent on the dose and extent of dissolution of the 

ASD. Thus, formulations undergoing LLPS may enhance absorption behavior not only by 

providing a reservoir and replenishing drug lost due to absorption, but also by contributing to 

enhancements in the mass transfer coefficients. The in vivo relevance of this observation, however, 

needs further investigation.  
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3.6.3 Influence of absorptive compartment on dissolution rate of ASDs 

This study highlights the impact of an absorptive compartment in dissolution testing of 

supersaturating formulations. The absorption measurements resulted in different donor 

concentration profiles as compared to the closed-compartment dissolution testing due to the 

presence of an absorptive sink in the former experiments. As drug is continually removed by 

absorption across the membrane in vivo, the gradually declining drug concentration in the donor 

chamber during the dissolution-absorption measurement is potentially more in vivo relevant as 

compared to simple dissolution profiles. More quantitative information about the true driving force 

for mass transfer thus can be obtained from simultaneous dissolution and absorption measurements. 

The inclusion of the absorption compartment clearly influenced the ASD dissolution rate, in 

particular for the slow releasing formulations, as illustrated in Figure 3.9. All formulations with 

50% drug loading showed higher amounts of drug released when simultaneous dissolution-

absorption measurements were carried out. The lowering of concentration in the donor 

compartment due to removal of drug during absorption promoted greater ASD dissolution relative 

to the closed compartment system, better reflecting the environment expected in vivo. Moreover, 

when the amount of drug released from these ASDs is compared for the various polymers, the 

closed-compartment dissolution showed better performance for HPMC ASDs followed by 

HPMCAS and PVPVA based ASDs, whereas simultaneous measurement showed that all the three 

formulations had similar drug release rate for over the first 60 min (Figure S3.4). 
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Figure 3.9: Comparison between dissolution and dissolution-absorption profile for 50% drug 

loading ASDs. In the presence of an absorptive compartment, the total amount of drug dissolved 

was calculated from the amount of drug present in the donor compartment plus the amount of drug 

that has been transferred into the receiver compartment.  

3.7 Conclusion 

This study was focused on the application of an in vitro absorptive dissolution testing 

apparatus to study the absorption behavior of highly supersaturated solutions including those 

generated by ASD dissolution. Since such highly supersaturated solutions are at high risk of 

undergoing crystallization, it is crucial to study their membrane transport properties over 

biorelevant time frames with an appropriate mass transfer rate of the drug. The high rate of mass 

transfer offered by the hollow fiber absorptive dissolution testing system makes it a suitable tool 

to gain insight into the impact of formulation factors on membrane transport rates. Furthermore, it 

is possible to probe the coupling between formulation dissolution, solution phase behavior, and 
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the amount of drug transferred across the membrane. As expected, mass transfer for supersaturated 

atazanavir solutions was found to increase linearly with increasing supersaturation. Interestingly, 

for concentrations above the amorphous solubility where colloidal drug-rich aggregates were 

formed, further increases in mass transfer was observed. ASDs that dissolved to above the 

amorphous solubility, forming colloidal species, also showed enhanced mass transfer. Of note, 

absorption profiles did not always concur with inferences made about formulation performance 

based on sole consideration of dissolution profiles. In addition, dissolution of more slowly 

dissolving ASDs was promoted by the presence of an absorption compartment, enabling more 

realistic measurement of the dissolution process under non-sink conditions, by coupling it with the 

absorption process. In summary, we believe that the absorptive dissolution testing apparatus is an 

efficient tool that can improve understanding of the dissolution-absorption behavior of complex, 

enabling formulations such as amorphous solid dispersions, providing mechanistic understanding 

of the solution and membrane transport phenomena. 
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 ABSORPTIVE DISSOLUTION TESTING: AN 

IMPROVED APPROACH TO STUDY THE IMPACT OF RESIDUAL 

CRYSTALLINITY ON THE PERFORMANCE OF AMORPHOUS 

FORMULATIONS 

The version of this article is published as Journal of Pharmaceutical Sciences 2020, 109, 3, 

1312-1323. © 2020 American Pharmacists Association® 

4.1 Abstract 

Amorphous solid dispersions typically improve the oral bioavailability of poorly soluble drugs. 

However, residual crystallinity is always a concern, in terms of potential impact on the product 

stability and performance. Consequently, in vitro tools that allow biorelevant assessment of 

residual crystallinity are of interest. The goal of the current study was to employ absorptive 

dissolution testing to evaluate the impact of different levels of crystallinity in an amorphous 

formulation on membrane mass transport kinetics and supersaturation-time profiles. Partial 

crystallinity was induced in commercially available tacrolimus formulations by exposure to 

moderate temperature and high relative humidity. A hollow fiber membrane was coupled to a 

dissolution vessel to create an absorptive dissolution testing apparatus, and concentration-time 

profiles were simultaneously monitored during dissolution (donor compartment) and after 

absorption across the membrane (receiver compartment). The coupled dissolution-absorption 

measurements indicated that residual crystallinity impacted the absorption profiles in a manner 

that depended on the volume of fluid used for the dissolution measurement. A high percentage of 

residual crystallinity hampered the drug release from the formulation. Higher supersaturation in 

non-sink dissolution conditions improved mass transfer rates, however, the presence of seed 

crystals led to rapid desupersaturation. Further systematic studies to delineate the interplay 

between the rate of absorption and desupersaturation revealed that for a given dissolution rate, the 

crystallization rate would supersede the absorption rate only at high supersaturations. Thus, seeds 

have a lower impact on absorption when the overall supersaturation generated is lower. This study 

underscores the importance of considering competing physical processes when evaluating 

amorphous formulations. A further consideration highlighted is that different fluid volumes may 

impact the absorption profile for supersaturating dosage forms. Absorptive dissolution testing 
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appears to be a potentially valuable tool to mechanistically investigate amorphous solid dispersion 

formulation release and phase behavior under more biorelevant conditions. 

4.2 Introduction 

Intestinal drug absorption is a highly complex and dynamic process, strongly influenced 

by the physicochemical properties of the drug and physiological variables in the gastrointestinal 

(GI) tract.147 Typical physiological parameters critical to passive drug absorption include GI fluid 

composition, pH, volume, hydrodynamics, emptying rates and forces, intestinal transit time and 

surface area of the intestinal membrane.148 Amongst these, luminal fluid volume is one of the more 

important parameters as it affects the luminal drug concentration and total amount of drug that can 

be dissolved from the dosage form. Fluid volumes are influenced by several factors such as the 

amount of liquid ingested with the dosage form, gastric emptying rate, intestinal transit time and 

the uptake of fluid across the membrane. Hence, it varies significantly between subjects.148,149 

Recent magnetic resonance imaging (MRI) studies determining luminal fluid volumes have 

reported a range of volumes for the stomach and small intestine. Adult stomach volumes have been 

observed to range between 18 – 54 mL in the fasted state with an increase in fluid volume in the 

fed state.148,150–152 In the small intestine, studies have reported a range from 30 – 420 mL, with an 

average of 100 mL in the fasted state and slightly higher volumes in the fed state.148,153 

Additionally, MRI studies have shown that the fluid content in the lumen is discontinuous, existing 

as multiple fluid pockets with a median pocket volume of 4-12 mL depending upon fed or fasted 

state.153 The luminal drug concentration is a key parameter in dictating the rate of drug absorption, 

whereby the flux across a membrane varies as a function of free unionized drug concentration and 

permeability.45  Consequently, intersubject variability in fluid volume can potentially result in a 

range of drug concentrations in the luminal environment, thereby impacting the rate of absorption 

across the intestinal membrane, and in turn, bioavailability.  

 

Currently, dissolution testing is the primary analytical tool used to predict drug 

concentration-time profiles. Besides being used as a surrogate to predict in vivo performance, the 

dissolution test is also an important tool for process development, process validation, drug product 

development, product quality control and bioequivalence assessment.154 Typically, compendial 

dissolution testing is performed in a large dissolution volume, usually 900 mL, to mimic the in 
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vivo sink environment. Such high fluid volumes are generally effective in determining batch-to-

batch differences or discriminating between simple formulations of highly or moderately soluble 

drug compounds.155 However, the number of poorly soluble drug candidates has increased and 

many of these require complex enabling formulation strategies to overcome solubility limitations 

and improve oral bioavailability.6 Supersaturating drug delivery systems are being increasingly 

employed due to their ability to generate high intraluminal drug concentrations, appreciably higher 

than the equilibrium solubility.116–118,146,156 However, supersaturated solutions are 

thermodynamically metastable and the drug can crystallize. The extent of supersaturation achieved 

in the lumen will depend on a variety of factors, including the amount of drug dosed, the volume 

of fluid present, the solubility of the compound in the local conditions, and the ability of the 

formulation to dissolve to concentrations higher than the equilibrium solubility. Thus, if a 

formulation has a tendency to generate supersaturation in a small volume, high luminal 

concentrations can be expected from the supersaturating drug delivery system in vivo. However, 

the sink conditions employed in compendial dissolution testing do not enable supersaturation and 

subsequent crystallization tendency to be assessed.  Consequently, non-sink dissolution conditions, 

are gaining increased attention for better prediction of supersaturation and crystallization 

kinetics.155  

 

For supersaturating drug delivery systems to contribute to bioavailability enhancement, the 

generated supersaturation has to be maintained for long enough so as to provide an absorption 

advantage.5 Amorphous solid dispersions (ASDs), which are usually molecular level blends of 

drug and polymer, release the drug to achieve concentrations higher than the equilibrium solubility. 

The polymer typically serves as a solution crystallization inhibitor also, maintaining the 

supersaturation, ideally during the absorption window.5,72,82,157 However, since the drug is in the 

amorphous form in the ASD, crystallization may occur over the shelf-life of the product, in 

particular if higher temperatures and relative humidity are encountered. At elevated humidity, the 

water absorbed from the surrounding atmospheric environment decreases the glass transition 

temperature (Tg) of the solid dispersion leading to crystallization due to increased molecular 

mobility of the compound.16 Low levels of crystallinity also can result from the manufacturing 

process itself, either due to incomplete amorphization or partial crystallization caused by selected 

processing conditions such as unoptimized process temperature or slow solvent evaporation 
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rates.17–19,68 The subsequent presence of crystals can lead to further crystallization during storage 

or upon dissolution. The impact of the residual crystallinity on the extent of supersaturation 

generated and the subsequent desupersaturation rate via secondary nucleation and crystal growth 

is expected to depend on seed origin, morphology, and interfacial properties.158 The 

desupersaturation rate will also be impacted by any additives that alter crystallization kinetics. 

Desupersaturation resulting from residual crystallinity can have a negative impact on in vivo 

concentration-time profiles and in turn, bioavailability.155,158,159 However, in vivo studies have 

shown a variable impact of residual crystallinity on absorption.146,160,161 To better predict the 

influence of residual crystallinity on in vivo performance, more discriminatory in vitro assessments 

are needed.  

 

Tacrolimus (TAC), an immunosuppressive agent used in organ transplants, is a poorly 

soluble drug commercially available as amorphous formulations. Currently, in addition to the 

brand formulation, Prograf®, there are several generic versions available as 0.5, 1 and 5 mg 

capsules. Tacrolimus has a narrow therapeutic index and has shown large intersubject variability 

in human pharmacokinetic studies.17,162 Recently, studies were carried out to understand 

differences in brand and generic formulations with respect to non-sink dissolution profiles and 

susceptibility to crystallization under storage conditions.17 One generic product showed a tendency 

to undergo crystallization during open dish storage at various conditions. This prompted further 

studies to determine the impact of crystallinity on the dissolution profiles.159 The presence of 

crystalline drug impacted the level and duration of supersaturation achieved during dissolution. 

 

Ideally, dissolution testing under non-sink conditions should be combined with an 

absorptive compartment to better predict the in vivo performance of supersaturating formulations. 

The absorptive sink can significantly impact the concentration-time profiles achieved during 

dissolution.83,126 Recently, we have developed a high surface area, flow-through absorptive 

dissolution testing apparatus that allows simultaneous measurement of dissolution and membrane 

transport rate.126 The apparatus employs a hollow fiber membrane to provide a large surface area  

allowing rapid mass transfer and thus, dissolution-absorption testing in biorelevant time frames. 

This flow-through apparatus with in-line measurement of drug concentration has proven to be a 

robust and sensitive tool to understand solution phase behavior. The goal of this study was to 
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utilize this system to evaluate the interplay between formulation residual crystallinity and 

dissolution volume on the relative extent and kinetics of absorption. We hypothesize that a lower 

dissolution volume will lead to a higher supersaturation, which in turn will enhance the absorption 

rates.  However, it will also amplify the residual crystallinity-induced desupersaturation tendency 

of the system, potentially lowering the drug available for absorption. Simultaneous dissolution-

absorption measurements were performed for Prograf® and generic tacrolimus (Accord) 

formulations. Due to the susceptibility of Accord formulations to crystallize under stressed storage 

conditions, partial (20, 50 and 100%) crystallinity was introduced by exposure to 40 °C/ 75% RH. 

Prograf does not crystallize under similar storage conditions.17 The dissolution-absorption 

measurements were carried out for three volumes, 240, 100 and 40 mL. The two higher volumes 

were chosen as a typical volume of water taken by a patient (240 mL) and the stomach volume 

after 15 min following ingestion of 240 mL (100 mL).152 These volumes are sink with respect to 

the amorphous solubility of tacrolimus.  The lowest volume, 40 mL, represents a non-sink 

condition with respect to the amorphous solubility and approximates the fasted stomach volume.152  

Based on the absorption profiles obtained, a virtual bioequivalence assessment was performed to 

quantitatively correlate the performance of the brand formulation and the generic formulations 

with varying extents of residual crystallinity. Upon dissolution of formulations in the aqueous 

media, there are two competing processes controlling the drug concentration in the dissolution 

container for the system under consideration, namely absorption and crystal growth (due to the 

presence of residual crystal seeds). A model was developed to demonstrate the interplay between 

absorption and desupersaturation, elucidating the extent of the influence of these physical 

processes on formulation performance. 

4.3 Materials 

Tacrolimus monohydrate was procured from Molcan Corporation (Toronto, Canada). 

Prograf® (manufactured by Astellas Pharma Tech. Co., Ltd., Toyama, Japan) and a generic 

formulation (manufactured for Accord Healthcare Inc., Durham, NC by Intas Pharmaceuticals Ltd., 

Ahmedabad, India) containing 5 mg of tacrolimus were purchased from Purdue University 

Pharmacy (West Lafayette, IN). Hydroxypropyl cellulose (Klucel LF Pharm) (HPC) was 

purchased from Hercules Inc. (Wilmington, DE). Hydroxypropyl methylcellulose (PharmCoat 606) 

(HPMC) was obtained from Shin-Estu Chemicals (Niigata, Japan). HPLC grade acetonitrile and 
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methanol were supplied by Fisher Scientific (Chicago, IL). 5 mM Phosphate buffer, pH 4.5 with 

pre-dissolved 50 µg/mL HPC was used as a dissolution medium, prepared as mentioned in Trasi 

et al.17  

4.4 Methods 

4.4.1 Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) of crystalline tacrolimus monohydrate and contents of 

Prograf and Accord capsules was carried out using a Rigaku Smartlab diffractometer (Rigaku 

Americas, The Woodlands, TX) with a CuK𝛼 radiation source operating at 40 kV and 40 mA. 

Generic capsules were exposed to accelerated stability conditions (40 °C and 75% RH) for a period 

of 2-5 weeks in an open container. The contents of 5 capsules were mixed thoroughly before 

exposure to stress conditions to provide sufficient sample and improve content uniformity with 

respect to crystalline content. These samples were then periodically analyzed by PXRD to 

determine % crystallinity induced over time. Similar crystallization kinetics have been observed 

previously.17,159 The % crystallinity was determined by generating a calibration curve for samples 

(fresh generic capsule contents) with a known amount of added crystalline tacrolimus 

monohydrate. A scan rate of 0.5 °/min with step size of 0.02° was used to scan between 9.5° – 

11.5° 2𝜃. Crystallinity was calculated by taking the ratio of the area under the curve for the peaks 

between 10° - 10.5° and 9.5° - 10.8°, as described by Trasi et al.17  

4.4.2 Scanning Electron Microscopy (SEM) 

Crystalline tacrolimus monohydrate and the water insoluble components (tacrolimus and 

croscarmellose sodium) of a maximally crystallized Accord formulation were analyzed using SEM. 

The maximally crystallized Accord formulation was immersed in 10 mL water for ~5 min to 

dissolve soluble formulation components. The resultant slurry was then filtered and dried prior to 

the analysis with SEM. The crystalline samples were placed on SEM pin mount holders, sputter 

coated with platinum and then imaged with a FEI Nova NanoSEM equipped with an Everhart-

Thornley detector (ETD) and through-the-lens detector (TLD). The SEM was operated at a 5 kV 

accelerating voltage, with 5 mm working distance and beam spot size of 3 nm. 
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4.4.3 Dissolution and absorption measurements  

The dissolution and absorption of Prograf and Accord formulations with 0, 20, 50 and 100% 

crystallinity were characterized simultaneously using a high surface area, flow-through absorptive 

dissolution testing apparatus as described previously with minor modifications.126 Triplicate 

measurements were carried out using three dissolution volumes (240, 100 and 40 mL) for all 

formulations. A crystalline suspension of tacrolimus monohydrate was also evaluated for each 

volume to provide a control. For Prograf and fresh Accord, the capsule contents were added to the 

dissolution media and absorption measurements were initiated by starting fluid flow through the 

hollow fiber membrane. In the case of samples with different crystallinity extents, 132 mg of 

powder was weighed (total amount of powder in one capsule of generic formulation)17 from the 

pooled powder of 5 capsules, and added to the dissolution media.  

 

The absorption or mass transport measurements were carried out across a cellulosic hollow 

fiber membrane (surface area 100 cm2, pore size 15 nm). Fluid was pumped in the donor and 

receiver channels at 2 mL/min using a peristaltic pump in parallel, co-current flow. The receiver 

concentration was measured using an in-line UV flow-through probe (SI Photonics, Tuscon, AZ). 

The donor concentration was measured by high pressure liquid chromatography (HPLC) analysis 

(see below) by periodic manual sampling. The dissolution medium was replenished with an equal 

volume of buffer after every sample acquisition. The samples were filtered using 1 m glass fiber 

filters and diluted with 50:50 v/v acetonitrile:water before the analysis. To prevent any solid 

particles from entering into the hollow fiber membrane module, a 10 m cannula filter was 

attached at the donor tube entrance. The donor and receiver concentrations were studied for 2 h 

and all experiments were carried out at 37 °C. 

 

For dissolution-absorption experiments of supersaturated solutions of TAC, generated by 

the solvent-shift method, supersaturation equivalent to a completely dissolved 5 mg dose in 

dissolution media with different volumes was generated by addition of an appropriate amount of 

a methanolic stock solution (the maximum amount of methanol added was 250 µL). The absorption 

measurements were carried out in a similar way as described above for 4 h. 
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4.4.4 Desupersaturation Measurements 

Desupersaturation rate was measured experimentally for tacrolimus solutions at different 

supersaturations in the presence of crystal seeds. To generate crystal seeds with relevant properties, 

one capsule of the maximally crystallized generic formulation was added to 100 mL of dissolution 

media and equilibrated overnight. The concentration of TAC in the equilibrated solutions was then 

analyzed and the desired supersaturation was generated by addition of a methanolic stock solution 

of TAC (10 mg/mL) to the crystalline suspension. The final methanol amount in the solution 

ranged between 0.2-0.5 v/v% of the total solution volume. The tacrolimus concentration was 

measured using UV spectroscopy (SI Photonics, Tuscon, AZ) as a function of time and the slope 

of concentration vs time profile over the first ~ 40 min was taken as the desupersaturation rate. 

4.4.5 HPLC Analysis 

The concentration of TAC was analyzed by HPLC using Agilent HPLC 1260 Infinity II 

system (Agilent Technologies, Santa Clara) and an Ascentis C8 4.6 mm × 15 cm × 5 m column, 

with a UV detector operating at wavelength 210 nm. Two different pathlengths were used; 60 mm 

was used for concentrations below 1 g/mL, while 10 mm was used for higher concentrations. The 

column temperature was set to 50 °C. The mobile phase was 70:30 v/v acetonitrile: water and a 

flow rate of 0.75 mL/min was used for the analysis. The retention time was 12 min. The sample 

injection volume was 50 L.  

4.5 Results 

4.5.1 Characterization of Residual Crystallinity 

Accord, the generic formulation, has been observed to undergo crystallization over time 

under accelerated storage conditions of 40 °C/ 75% RH.17 The drug potency at these conditions 

has been confirmed, wherein no degradation of tacrolimus was observed.159 Herein, the generic 

capsules were subjected to stress storage conditions to induce 20%, 50% and 100% crystallinity in 

the amorphous formulation. The % crystallinity was quantified with PXRD with the help of a 

standard curve (R2=0.9808) (limit of detection was ~1% and limit of quantification was ~5%). 

Once the desired crystallinity was obtained, samples were removed from the storage conditions 
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and stored at room temperature prior to evaluation. PXRD diffractograms for formulations with 

different extents of crystallinity are shown in Figure 4.1. 

 

 

Figure 4.1: X-ray patterns of crystalline tacrolimus monohydrate, Prograf and generic formulations 

with varying % crystallinity upon storage at 40 °C/ 75% RH. 

 

SEM images (Figure 4.2) show that crystals formed from the generic product were plate-

like and of small size, < 1 µm. The as-received tacrolimus crystals are larger with a somewhat 

similar morphology.   
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Figure 4.2: SEM images of crystalline as-received TAC (A, B, C) and TAC 

crystals/croscarmellose Na obtained after exposure of the generic product to 40 °C/ 75% RH 

followed by washing to remove soluble excipients (D, E, F) at different magnifications. 

4.5.2 Dissolution and Absorption Behavior of Tacrolimus Formulations 

Dissolution-absorption measurements of Prograf and Accord formulations with varying 

extents of residual crystallinity were first carried out with a dissolution volume of 240 mL, 

representing the volume of water typically recommended for clinical testing of oral 

formulations.163 The measurements were carried out simultaneously to simulate the absorption 

environment present in vivo as the drug dissolves and then permeates across the enterocytes. 

Crystalline solubility of TAC at 37 °C in pH 4.5 5 mM phosphate buffer was found to be 2.5 ± 0.4 

µg/mL and amorphous solubility has been reported as ~ 50 µg/mL.162 Considering the dose of 5 

mg, the theoretical maximum donor concentration in 240 mL was ~ 21 µg/mL. Thus, the 

dissolution conditions were sink with respect to the amorphous solubility, but non-sink with 

respect to the crystalline solubility of tacrolimus. Figure 4.3 shows the donor and receiver 

concentration profiles for the different formulations tested, which varied in terms of the extent of 

crystallinity. The donor profile shows the cumulative concentration obtained by manual sampling, 



 

 

116 

while the receiver concentration is a non-cumulative measurement obtained using a flow-through 

UV probe. Hence, the receiver concentration consists of initial data points corresponding to the 

saturation of the membrane and attainment of steady state.126 The subsequent decrease in the donor 

concentration reflects depletion due to absorption. Prograf showed gradual release of tacrolimus 

in the donor compartment (Figure 4.3a) which was reflected in the receiver compartment 

concentration profile. Release was nearly complete after 120 min. In comparison, the fresh generic 

showed rapid release of tacrolimus within 20 min followed by a slow decline in concentration with 

time due to subsequent absorption across the hollow fiber membrane. Correspondingly, the 

receiver concentration profile attained a maximum concentration after 20 min. Due to 

simultaneous absorption, the maximum donor concentration was lower than the theoretical 

maximum concentration of 21 µg/mL. The generic formulation containing 20% drug crystallinity 

showed similar donor and receiver concentration profiles as the fresh generic. However, samples 

containing 50% crystalline content achieved only half of the maximum attainable concentration, 

~ 9 µg/mL. A corresponding low maximum concentration was observed in the receiver 

compartment. Further increase in the extent of crystallinity to 100% led to additional reduction in 

the amount of drug released in the donor compartment and a lower Cmax in the receiver 

compartment, with the profiles comparable to those observed for the crystalline suspension of 

tacrolimus monohydrate.  

 

Figure 4.3: (a) Donor and (b) receiver concentration of tacrolimus brand and generic formulations 

when dissolved in 240 mL. Tacrolimus in the generic formulation underwent crystallization in 

solid-state and the legend reflects formulations with different weight percentage crystallinity. 
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In 100 mL of media, complete drug dissolution from the 5 mg formulation generates a 

donor concentration equal to 50 µg/mL. Hence, the at-sink conditions were maintained with 

respect to the amorphous solubility but are highly non-sink with respect to crystalline solubility. 

Furthermore, complete dissolution of the dose would result in a more supersaturated solution 

relative to the 240 mL volume. For 100 mL volume, similar trends in donor and receiver 

concentration profiles were observed between the different formulations as for 240 mL, although 

the rate and extent of absorption were different (Figure 4.4).  Thus, Prograf had a slow release 

profile while both fresh and 20% crystalline generic showed fast release whereby the impact of the 

crystalline content on the dissolution and absorption profiles was not discernable within 

experimental error. As observed for 240 mL, the donor concentration did not reach the theoretical 

maximum concentration of 50 µg/mL for either Prograf or generic due to drug being removed by 

absorption. This observation highlights how absorption can decrease the extent of supersaturation 

achieved in the donor compartment. 50% and 100% crystalline Accord formulations once again 

resulted in lower concentrations in the donor compartment, which was reflected in the lower extent 

of absorption.  

 

 

Figure 4.4: (a) Donor and (b) receiver concentration of tacrolimus brand and generic formulations 

when dissolved in 100 mL. The legend reflects formulations with different weight percentage 

crystallinity. 
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The final volume evaluated was 40 mL, with results summarized in Figure 4.5. At this 

volume, complete dissolution of the single 5 mg dose would theoretically generate a concentration 

equivalent to 125 µg/mL, thus making the dissolution environment non-sink with respect to both 

the crystalline and amorphous solubility. However, the amorphous solubility is the maximum 

concentration of free drug that can be attained, and increases in concentration above this value 

result in liquid-liquid phase separation (LLPS).5 For these tacrolimus formulations, LLPS is not 

observed and the solid stops dissolving when the amorphous solubility is reached.162 Herein, the 

fresh generic showed a fast drug release, attaining the amorphous solubility in the donor 

compartment, followed by a gradual decrease in both the donor and receiver compartment 

concentrations. For the 20% crystalline generic formulation, a significant decrease in concentration 

was observed in the donor compartment after 30 min, suggesting that crystallization of TAC 

occurred simultaneously with absorption across the membrane. The 50% crystalline formulation 

dissolved to a concentration of approximately half of the amorphous solubility under these highly 

non-sink dissolution conditions. The resultant receiver profile showed a higher Cmax as compared 

to that observed for larger dissolution volumes. Interestingly, the 100% crystalline formulation 

generated a concentration above the crystalline solubility, suggesting either residual amorphous 

content or a defective crystal structure. The extent of absorption was also slightly higher than that 

observed for the crystalline control. 

 

Figure 4.5: (a) Donor and (b) receiver concentration of tacrolimus brand and generic formulations 

when dissolved in 40 mL. 
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4.5.3 Solution crystallization during dissolution-absorption measurements 

To determine the extent of crystallization occurring during dissolution-absorption 

measurements, the total amount of drug in the donor and receiver was calculated to achieve a mass 

balance of the total solution concentration as a function of time. A decrease in the total amount of 

drug dissolved following attainment of the maximum solution concentration indicates 

crystallization in the donor compartment with time. Figure 4.6 shows the results for the different 

formulations for the three dissolution volumes. No change in total concentration with time was 

observed for any formulation in 240 mL or 100 mL. The total amount of drug in the case of fresh 

generic and 20% crystalline formulation was less than 5 mg due to some drug adsorbed onto the 

membrane, drug solution that is retained in the tubing and variability in the drug content across 

different generic capsules. For 40 mL dissolution volume, the amount of drug increased over time 

for fresh generic, indicating continuous release of drug in the non-sink condition. However, the 

total drug amount decreased after 60 min for the 20% crystalline formulation and in the initial 20 

min for 50% and 100% crystalline formulations, indicating that additional crystallization was 

occurring in the dissolution medium. It is important to note that both brand and generic 

formulations contained ~ 5 mg of HPMC.17 In the absence of crystalline seeds, tacrolimus is a 

slow crystallizer and can maintain supersaturation for up to 3 h, and in the presence of HPMC, no 

crystallization was observed for over 6-8 h.162 This explains why there was no crystallization of 

the fresh generic formulation. 
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Figure 4.6: Total amount of drug in the donor and receiver in (a) 240 mL, (b) 100 mL, (c) 40 mL. 

4.5.4 Impact of residual crystallinity on inter and intra-product variability 

The area under the curve (AUC) of the receiver concentration profile can provide a 

quantitative measure of differences in formulation performance,126 and values are presented in 

Figure 7. Overall, AUC decreased with an increase in % crystallinity for the generic formulation 

for all dissolution volumes. The AUC of Prograf was lower than that of fresh generic due to the 

slower release profile of the former system. Interestingly, the magnitude of AUC increased with a 

decrease in dissolution volume, regardless of the extent of crystallinity in the formulations, but 

was constant for the control suspension. 
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Virtual bioequivalence was evaluated for the data obtained in this study using receiver 

AUC as the input metric. According to bioequivalence (BE) criteria, the test-to-reference (T/R) 

ratio with 90% confidence interval (C.I.) for AUC should lie between 80–125 %. Figure 4.7 shows 

the T/R ratio for the different formulations studied and was calculated by taking the natural log of 

AUCtest/AUCref.  For inter-product variability, the generic formulations were considered as the test 

and the reference was Prograf. Intra-product variability was determined by calculating T/R for 

partially crystalline generic formulations (T) with respect to fresh generic Accord (R). For 240 mL, 

when generic formulations were compared with Prograf, T/R for fresh generic exceeded the BE 

criteria. Bioequivalence outcomes for 100 mL dissolution volumes showed BE for fresh generic 

and 20% crystalline sample with respect to Prograf. In contrast, for 40 mL volume, the 20% 

crystalline generic was not bioequivalent with respect to either Prograf or the fresh generic based 

on this in vitro test. 50% and 100% crystalline generic formulations were not equivalent to either 

Prograf or fresh generic for any dissolution volumes considered in this study. Thus, dissolution 

volumes showed a significant impact on BE outcomes for the generic formulation, particularly for 

fresh generic and 20% crystalline generic formulation using this virtual approach. It should be 

noted that the C.I. in this study corresponds to the experimental error from triplicate experiments 

and does not represent the inter-subject variability observed in in vivo BE study. Therefore, we 

only evaluated the mean value of T/R for the BE criteria, which provides a good insight into 

differences in brand and generic formulations taking into account differences in the 

physicochemical properties of the various formulations considered. Intra-subject variability in an 

in vivo BE study is likely to lead to larger C.I. values.  
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Figure 4.7. AUC0-120 of receiver concentration profile in (a) 240 mL, (c) 100 mL, (e) 40 mL. Virtual 

BE for AUC for (b) 240 mL, (d) 100 mL, (f) 40 mL. The data shows reference-to-test and test-to-

test ratio comparing AUC for Prograf and Accord formulations and Accord and crystalline Accord 

formulations respectively. Error bars indicate 90% C.I.  
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4.5.5 Depletion in Solution Concentration Due to Absorption 

Mass transfer is proportional to supersaturation or, in other words, the solute 

thermodynamic activity.11 Hence, to confirm the relationship between mass transfer rates and 

supersaturation, the mass transport of a supersaturated solution of tacrolimus generated by solvent 

addition was evaluated. Figure 4.8 shows the donor and receiver concentration profile when the 

supersaturation ratio (S) equivalent to a 5 mg dose was generated in either 100 (S of 20) or 240 

mL (S of 8) of dissolution medium. Here S is given by the ratio of C/C* where C is the solution 

concentration and C* is the equilibrium or crystalline solubility. For the higher supersaturation 

generated in 100 mL, the donor and receiver concentration profiles showed a steeper decline in the 

concentration with time. On the other hand, a more gradual decline in the concentration for both 

compartments was observed in 240 mL where the supersaturation was lower. It should be noted 

that the decline in concentration in the donor compartment was solely due to absorption across the 

membrane since no crystallization occurred due to the presence of HPMC, which inhibits 

tacrolimus nucleation over the duration of the experiment.17 A quantitative comparison between 

the extent of mass transfer for the two volumes can be seen in Figure 4.8c. It is clear that a higher 

amount of drug was absorbed when a lower volume was used, and hence a higher supersaturation 

was generated. The AUC of receiver profiles shown in Figure 8b when evaluated for 120 min were 

found to be 871  60 µg/mL.min for 100 mL and 488  37 µg/mL.min for 240 mL. These values 

corresponded closely with AUCs observed in Figure 7a and 7b (682  54 µg/mL.min for 100 mL 

and 362  38 µg/mL.min for 240 mL), suggesting little impact of excipients on the dissolution and 

absorption profiles.  
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Figure 4.8: Donor (a) and receiver (b) concentration profiles of supersaturated solution of 

tacrolimus. (c) AUC0-240 of receiver coencentration profile.  

4.5.6 Depletion in Solution Concentration due to Desupersaturation 

Desupersaturation rates were evaluated as a function of supersaturation ratio for seeded 

solutions. Figure 4.9 shows characteristic desupersaturation profiles for a high and medium 

supersaturation level in the presence of seeds crystals. These supersaturation levels correspond to 

a completely dissolved 5 mg dose in 100 and 240 mL, respectively. The crystal seeds were 

introduced into the solution by adding the 100% crystallized generic formulation, thereby 

performing seeded crystallization experiments with similar parameters as for the formulations 

described above, but with a controlled initial supersaturation. Figure 4.9b shows that the 

desupersaturation rate, which is the slope of the concentration-time profile over the initial 60 min, 

was much greater for the higher supersaturation.  
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Figure 4.9: (a) Desupersaturation profile at different levels of supersaturation (b) 

Desupersaturation rate at different level of supersaturation. 

4.6 Discussion 

4.6.1 Predictive Dissolution Testing for Bioavailability and Bioequivalence Assessment 

Dissolution testing guides the decision-making process at several stages of drug product 

development and manufacturing. Consequently, its discriminatory power is crucial.164 However, 

the lack of a dynamic environment, as found in vivo, makes it difficult to assess the 

biopharmaceutical risk of complex formulations, such as those designed to undergo 

supersaturation, using compendial dissolution systems.165,166 An absorptive compartment coupled 

to the dissolution test is particularly crucial for supersaturating formulations to capture competing 

kinetic processes, notably membrane transfer and crystallization kinetics. An absorptive 

compartment also leads to removal of material from the compartment in which the formulation is 

dissolving. In this context, it is additionally important to evaluate dissolution volume, since it will 

impact the extent of supersaturation generated for some systems, specifically low dose 

formulations of poorly soluble compounds. The resultant supersaturation will affect both the 

absorption rate, which depends on the chemical potential gradient across the membrane, as well as 

crystallization kinetics including nucleation and growth rates. Previous studies demonstrated an 

interplay between the extent of the dissolution sink and desupersaturation in a closed-compartment 

setup.155,159 The present study considers the impact of an absorptive sink.  
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The three dissolution volumes investigated herein generate different sink indices (SI) with 

respect to the amorphous solubility of TAC (SI = CsV/Dose where Cs is amorphous solubility and 

V is volume), and all conditions are non-sink with respect to the crystalline solubility. For 240 mL, 

100 mL and 40 mL, the SIs were 2.4, 1 and 0.4, respectively, which corresponds to sink, at-sink 

and non-sink conditions. The corresponding maximum supersaturation ratios were 8 and 20; for 

the lowest volume the maximum supersaturation ratio is limited by the amorphous solubility of 

the drug. For non-sink conditions, only a portion of the dose can dissolve if the dissolution is 

controlled by the amorphous solubility. For sink conditions, the entire dose can dissolve if fully 

amorphous, but any crystalline material will not dissolve unless the SI is ≥ 1 with respect to the 

crystalline solubility.   

 

The slower release profile of Prograf as compared to fresh generic formulation observed 

for all dissolution volumes demonstrated inherent differences in the two formulations. These 

differences were investigated previously and were attributed to variations in manufacturing 

processes of the formulations.17 Prograf is manufactured as an amorphous solid dispersion via 

solvent impregnation of the drug into the polymer.167 In contrast, based on reverse engineering, it 

was concluded that the generic formulation largely exists as amorphous drug deposited as a thin 

layer on excipients, and is physically mixed with the polymer rather than molecularly dispersed.17 

As such, dissolution is fast, but the drug is susceptible to crystallization upon exposure to stress 

storage conditions. In this study, by varying the sink indices, distinct differences in supersaturation 

and absorption profiles between Prograf, fresh generic and partially crystallized generic were 

highlighted. For SI > 1, there was a significant difference between release profiles of Prograf and 

fresh generic as observed in Figure 4.3a, with this difference persisting, but becoming more 

moderate with decreasing volume. These differences in dissolution behavior led to a lower AUC 

for Prograf relative to the fresh generic, and a higher Tmax. In a recent in vivo study in dogs, it was 

noted that the Tmax for Prograf was approximately twice as long as the Tmax for the fresh Accord 

formulation, and the AUC also trended lower.160 Interestingly, the fresh generic did not undergo 

crystallization during dissolution, a different outcome from that observed in a previous study.159 

This can be explained by the lower supersaturation achieved in the donor compartment due to the 

simultaneous absorption of drug across the membrane. This clearly reduces the crystallization 
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tendency and is an important consideration when evaluating formulation robustness to phase 

changes during release testing. 

 

The crystallinity extent of the various Accord formulations had a significant influence on 

the amount of drug released. This is readily explained by the rapid dissolution of the amorphous 

fraction, leading to a supersaturated solution. Consequently, the crystalline content is unable to 

dissolve once saturation is achieved. Thus, the maximum solution concentration generated is 

dependent on the amorphous content of the formulation, as well as the tendency of the crystals to 

grow and consume the solution supersaturation during the dissolution experiment. In terms of the 

extent of absorption, higher residual crystallinity led to reduced membrane transport due to the 

lower supersaturation achieved and subsequently a lower AUC for the receiver compartment. The 

impact of residual crystallinity is more pronounced as the volume is reduced. For instance, the 

desupersaturation tendency of 20% crystalline generic formulation was observed only for SI < 1. 

This can be related back to the fact that the rate and extent of supersaturation generation is 

maximized in the lower volume. This in turn is expected to promote the growth of the crystalline 

fraction, leading to an increased extent of crystallinity during the dissolution-absorption 

experiment, and ultimately reducing the supersaturation.  Therefore, non-sink conditions can 

potentially provide more discrimination between formulations with small amounts of residual 

crystallinity, but observations should clearly be put into perspective relative to expected in vivo 

conditions in terms of minimum and maximum fluid volumes.  

 

The virtual bioequivalence, evaluated from the absorption profiles, showed some 

interesting differences between the formulations, with the volume playing a pivotal role in the 

magnitude of these variations in some instances. The bioequivalence outcomes of fresh generic 

Accord clearly varied with the volume and this formulation failed to be bioequivalent at larger 

volume. Based on the results obtained for the high crystallinity formulations, the importance of 

formulating tacrolimus in the amorphous state is highlighted. The 50 and 100% formulations are 

noticeably not bioequivalent with the fresh generic for any volume based on this in vitro test.  This 

was also the outcome of an in vivo study in dogs.160 Moreover, the absorption of the sample with 

20% crystallinity is consistently lower than the fresh product for all volumes, and the low volume 

test leads to a reduction in the mean value to below the 80% limit. It should be noted, however, 
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that we are not taking into account confidence intervals in this assessment, which would be 

critically important in an in vivo BE study.  Clearly, the ramifications of dissolution testing 

conditions, i.e. absorptive sink and dissolution volume, on virtual bioequivalence outcomes were 

evident in this study. It is apparent that the dissolution volume can have significant impact on the 

bioequivalence outcomes, especially for amorphous formulations with residual crystallinity due to 

variations in the supersaturation generated.  

4.6.2 Interplay between Absorption and Desupersaturation 

This study has highlighted an interesting interplay between supersaturation generated by 

formulation dissolution, absorption rate and desupersaturation at different physiologically relevant 

volumes. After dissolution, the drug concentration-time profile in the donor compartment was 

dominated by two competing processes; absorption and desupersaturation. Desupersaturation 

occurred primarily due to growth of crystal seeds in the donor compartment, derived from the 

formulation, and hence provides information about the crystal growth rate, assuming minimal 

secondary nucleation. The change in the donor concentration due to absorption across the 

membrane can be mathematically expressed as shown in equation 1, whereas desupersaturation or 

crystal growth is given by equation 2.66,126 

 

𝑑𝐶

𝑑𝑡
= 𝐶𝑖𝑛(0). 𝑍. exp (𝑍𝑡) 

such that 𝑍 =  
𝑄𝑖𝑛

𝑉𝑖𝑛(1+
𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
)

[exp (−
𝐾𝑖𝑛𝐴

𝑄𝑖𝑛
(1 +

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡
) ) − 1] 

(4.1) 

 

𝑑𝐶

𝑑𝑡
= 𝑘𝑔𝐴(𝐶𝑖𝑛(0) − 𝐶∗)𝑛 

(4.2) 

 

where 
𝑑𝐶

𝑑𝑡
 is rate of change of concentration in the donor compartment, 𝐶𝑖𝑛(0) is the initial donor 

concentration, 𝐶∗ is the equilibrium solubility, 𝑄𝑖𝑛  and  𝑄𝑜𝑢𝑡  are flow rates inside and outside the 

hollow fiber membrane, 𝑉𝑖𝑛 is the donor volume, 𝐾𝑖𝑛 is the mass transfer coefficient. A is the 

surface area of the membrane in the hollow fiber module in equation 1 and surface area of crystals 

in equation 4.2. 𝑘𝑔 is the growth rate constant and 𝑛 is the growth order. According to equations 

4.1 and 4.2, the absorption and desupersaturation rates are proportional to the concentration, and 
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hence supersaturation (S), albeit to different extents. The concentration depletion in the donor can 

thus be schematically represented as shown in Figure 4.10.  

 

 

Figure 4.10: Schematic of competing physical processes during dissolution and absorption of 

supersaturated drug delivery systems. 

 

To further understand the contribution of each of the physical processes, the rate-

controlling steps were modeled as a function of supersaturation. To determine the absorption rate 

(equation 4.1), the mass transfer coefficient (𝐾𝑖𝑛) was measured by non-linear curve fitting of the 

absorption profiles in Figure 8 and was found to be 1.09×10-4 cm/s. The overall crystal growth 

order 𝑛  (equation 4.2) was determined by performing desupersaturation measurements in the 

presence of seeds for a range of supersaturations. Figure 4.11 shows desupersaturation or crystal 

growth rate plotted as a function of supersaturation on logarithmic scale. The slope of a plot log  

𝑑𝐶

𝑑𝑡
  versus log (S-1) yields n, which was found to ~ 1.7. In the presence of an inhibitory polymer, 

as for these experiments, the crystal growth is integration-controlled due to polymer adsorption on 

the crystal surface, and 𝑛 is typically ~ 2,66,168 in good agreement with our extracted value. The 

growth rate constant (assuming and including constant crystal surface area) was obtained from the 

intercept of the plot in Figure 4.11 and was found to be 1.17×10-4 cm/s.  
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Figure 4.11: Logarithmic plot of desupersaturation rate as function of supersaturation in presence 

of crystal seeds and polymer in the solution. 

 

  Using the extracted constants, 
𝑑𝐶

𝑑𝑡
 as a function of supersaturation was simulated, with 

results shown in Figure 4.12. Absorption is clearly the rate-controlling process at low 

supersaturation, whereas crystal growth with consequent desupersaturation is the predominant 

process at higher supersaturations. It is also apparent that the depletion of concentration over time 

lowers both the absorption and desupersaturation rates as the driving force decreases. It is 

important to note that 
𝑑𝐶

𝑑𝑡
  for absorption is a function of time 𝑡 (equation 4.1). For simulation 

purposes, only the initial time point was considered.  
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Figure 4.12: Simulation of absorption rate and crystal growth rate as a function of solution 

concentration. Equilibrium solubility of TAC considered for above calculations was 2.5 ug/mL.  

 

The theoretical predictions of the relative contribution of absorption and desupersaturation 

to the change in donor concentration helps in explaining our experimental observations in Figures 

4.8 and 4.9, wherein higher supersaturation led to faster membrane mass transfer and faster 

desupersaturation. These relationships also help clarify the observations that crystallization was 

not always observed, even when crystal seeds were present (Figure 4.6). This can be attributed to 

the lower maximum supersaturation generated for the higher volumes, and continual reduction in 

the supersaturation due to simultaneous loss of drug across the membrane, which in turn prevented 

additional crystal growth. In addition to absorption, the presence of a polymer clearly contributed 

to the prevention of desupersaturation in the solution, via poisoning the crystal surface and 

retarding crystal growth.168  However, the high supersaturation generated in the case of the non-

sink condition, combined with dominance of crystal growth in this supersaturation regime explains 

the rapid solution crystallization observed for partially and fully crystallized generic formulations 

(Figure 4.5). This interplay highlights that crystal seeds can have different impacts on absorption 

depending on the supersaturation profile generated following dissolution, which in turn depends 

on the volume of dissolution medium available. Clearly, these relationships are non-trivial to 

deconvolute, and will vary as a function of factors such as drug and formulation but are important 

for understanding what specification should be placed on residual crystalline content. 
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4.6.3 Effect of Fluid Volume on Intersubject Variability 

Inter-subject variability for a given formulation can result from numerous factors that can 

vary such as transit time, GI motility, fluid pH, volume, composition, or drug efflux.148 Herein, we 

demonstrate that fluid volume, in the context of amorphous formulations, could be a critical factor 

to evaluate. The supersaturation generated from amorphous formulations impacts bioavailability 

via the absorption rate, and, for certain drugs such as tacrolimus, the extent of supersaturation 

generated will depend on the fluid volume present in the lumen. Apart from the variability in fluid 

volume due to the amount of fluid ingested between different patients, gastric emptying rate or 

intestinal transit time, water absorption across the intestinal membrane due to luminal osmolality 

can also alter the drug concentration in lumen.149,169 Therefore, absorption profiles could vary 

considerably for a particular drug product if there is a significant difference in fluid volume 

between subjects. Figure 13 compares absorption profiles for tacrolimus for different volumes. We 

suggest that such differences could translate to in vivo scenarios, and could contribute to high inter-

subject variability, a well-known trait of TAC formulations.170 Interestingly, and somewhat 

counterintuitively, higher AUCs are achieved in our in vitro test for the lowest volume.  

 

 

Figure 4.13: Receiver concentration profiles of fresh generic dissolved in different dissolution 

volumes. 
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4.7 Conclusions 

This study demonstrates the importance of a discriminatory in vitro tool to assess factors 

impacting drug release, crystallization and membrane transport kinetics for amorphous 

formulations. The extent of supersaturation generated, and the kinetics of any subsequent solution 

phase transformations are important indicators of likely bioavailability for these formulations. 

Herein, we demonstrate that the risk presented by residual crystallinity needs to be evaluated in 

the context of the dosing conditions, specifically, the volume available for dissolution. Absorptive 

dissolution testing provides an in vitro tool to mechanistically investigate the interplay between 

crystallization kinetics and membrane mass transport as a function of supersaturation over relevant 

timescales. Variations in the dissolution volume provide further insights into the influence of fluid 

volume on the performance of thermodynamically labile systems. Mathematical modeling of 

concentration depletion due to absorption and desupersaturation allowed the individual 

contributions of competing physical processes during dissolution-absorption studies to be 

deconvoluted. Our findings clearly demonstrate that crystallization kinetics dominate drug 

concentration depletion in a seeded environment if supersaturation is significantly high, 

irrespective of a high absorption rate and the presence of an inhibitory polymer. In contrast, at 

lower supersaturation, the presence of seeds has a reduced impact. This newly developed in vitro 

absorptive dissolution testing tool thus appears to be well suited for the evaluation of oral 

formulations with complex phase behavior.  
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 DISSOLUTION OF MESOPOROUS SILICA-BASED 

FORMULATIONS: IMPLICATIONS OF ADSORPTION TENDENCY, 

SUPERSATURATION AND ABSORPTIVE SINK ON DRUG RELEASE 

5.1 Abstract 

Mesoporous silica-based formulations are an alternative amorphous formulation strategy for the 

oral delivery of poorly soluble drugs. These formulations have improved physical stability due to 

drug nanoconfinement, however, their application can be limited by incomplete drug release. 

Adsorption of drug on the silica surface is a dynamic process, whereby absorption of dissolved 

drug across the gastrointestinal membrane can potentially drive additional release from 

mesoporous silica formulations. The goal of this study was to evaluate the adsorption tendency of 

a poorly soluble drug, atazanavir, on the silica surface (SBA-15) and assess the dissolution 

behavior of drug-loaded mesoporous silica-based formulations using a recently developed 

absorptive dissolution testing apparatus. Formulations were prepared with different drug loadings. 

Solid-state characterization using X-ray diffraction, differential scanning calorimetry, 

thermogravimetric analysis and infrared spectroscopy showed that all formulations were 

amorphous. Infrared spectra further suggested intermolecular interactions between silanol groups 

in SBA-15 and carbonyl groups in atazanavir. Differences in the thermal behavior suggested 

differences in the extent of nanoconfinement as a function of drug loading. Coupled dissolution-

absorption studies showed incomplete drug release, which varied with drug loading. Partial release 

for low drug loadings was attributed to drug remaining adsorbed to the silica surface, while the 

increasing hydrophobicity of formulations with increasing drug loading was thought to underpin 

further reductions in drug release. Coupling dissolution to absorption led to almost complete drug 

release over 4 h. Dissolution was further improved when the formulation was dissolved first in  

gastric pH conditions followed by pH-shift to intestinal conditions, highlighting the importance of 

in vitro testing conditions for formulation evaluation.  

5.2 Introduction 

Poor bioavailability of drugs resulting from insufficient concentrations of dissolved drug 

has resulted in the development of several solubility-enabling formulation strategies.6 Typical 
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formulation strategies include nanosizing, co-formulation with solubilizing agents or formulating 

as  higher energy solid forms such as salts, co-crystals or amorphous solids.6 In addition to 

improving the dissolution rate and solubility, generating and maintaining supersaturation can 

provide a higher driving force for membrane transport and significantly enhance the bioavailability 

of poorly soluble compounds.5 One of the common supersaturating delivery systems used for 

commercial formulations is amorphous solid dispersions (ASDs). These formulations generate 

supersaturated solutions upon dissolution due to the higher free energy of amorphous solid and the 

presence of a hydrophilic polymer. Furthermore, the polymer can delay drug crystallization 

enabling supersaturation to be maintained over biorelevant time frames.5,72,82  

 

Mesoporous silica-based drug delivery system (MPS) represent an alternative formulation 

approach to deliver drugs in amorphous form.21,88,90 There have been more than 6000 articles 

published on these drug delivery systems over the past two decades.94 Ordered mesoporous silica 

particles are amorphous materials with a periodic hexagonal arrangement of cylindrical pores of 

2-50 nm with a narrow pore size distribution.171,172 These materials offer a large specific surface 

area, up to 1500 m2/g, which can effectively encapsulate drug molecules.20,21 There are several 

types of mesoporous silica materials typically used for drug delivery application such as MCM-

41, SBA-15, with some differences in the pore geometry and method of preparation.90,173  In these 

systems, drug is loaded into the porous silica material by either solvent impregnation, incipient 

wetting, melt impregnation or supercritical CO2.174,175 The loading of drug into the nanopores 

suppresses drug crystallization. This is due to a confinement effect where the surface energy 

contributions to crystallization are larger (unfavorable) below a critical pore diameter.176 Moreover, 

there may be changes in crystallization kinetics following nanopore confinement,  either resulting 

from a change in the nucleation mechanism or because of interactions of drug immobilized on the 

pore wall surface.22 The extent of amorphization depends on the drug-loading, drug-silica 

interaction, silica pore size and pore geometry.22–26 The drug loading capacity of these delivery 

systems similarly depends on the pore volume, pore diameter, specific surface area, presence of 

silanol groups on the silica surface, functional groups of drug molecule, drug molecule size and 

solvent used for drug loading.173,177,178 The theoretical amount of drug adsorbed onto silica can be 

estimated by evaluating the specific surface area of the silica material, the drug molecular weight 
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and the surface area occupied by a single drug molecule.179 Materials with higher specific surface 

area generally shows higher adsorption capacity, and thus higher drug loading capacity.180  

  

The application of mesoporous silica for drug delivery was introduced in 200188 and 

subsequently multiple studies have explored the potential of these materials for local drug delivery 

for bone tissue repair, cell-specific drug delivery for cancer treatment and as stimuli-responsive 

controlled release delivery systems.90,181,182 Additionally, mesoporous silica materials have been 

explored for oral drug delivery of poorly soluble drugs where the drug is encapsulated as an 

amorphous solid, with good physical stability against crystallization and rapid drug release, 

thereby offering solubility and bioavailability advantages. Itraconazole release in simulated gastric 

fluid was observed to be faster when the drug was incorporated in the mesoporous silica particles 

as compared to crystalline drug.91,175 Similarly, several weakly acidic and basic poorly soluble 

drugs were reported to release rapidly when formulated with MPS.21,183–185 The supersaturation 

generated upon dissolution of an amorphous formulation is critical to its absorption behavior. The 

drug release rate from mesoporous silica particles depends on several factors including the surface 

area, pore size or pore geometry, strength of drug-silica interaction, the extent of water penetration 

into the pores to displace the adsorbed drug, drug solubility and hence dissolution rate in the 

aqueous medium, and diffusion of the dissolved drug into the release medium.173,186,187 Larger pore 

sizes showed slightly faster release as compared to smaller pore size.93,188,189 The drug release is 

observed to be slower for smaller pore size as it restricts the water diffusion into the drug/silica 

matrix.178 Similarly, higher drug loading may slow down the water penetration and thus, the drug 

release rate, as the hydrophobicity of the pores increases with the increase in drug loading.190 

Surface-functionalization of the silica surface also allows control of drug release by altering drug-

silica interactions, a strategy typically used for stimuli-responsive drug release.30,96,182  

 

Dissolution of mesoporous silica-based formulations shows an immediate burst release, 

however, the total percent release is variable. Some studies report complete drug release, , 

particularly when dissolution was carried out under sink conditions.21,174,191,192 On the other hand, 

other studies have shown incomplete drug release, particularly when dissolution generated a 

supersaturated solution. Vallet-Regi et al. in their seminal work of mesoporous silica-based drug 

delivery systems reported incomplete release of itraconazole from MCM-41.88 Similarly, Mellaerts 
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et al. showed that itraconazole release plateaued at 60% when released from ordered mesoporous 

silica.91,175,193 Indomethacin release from MCM-41 and Syloid 244 FP EU in pH 5.5 buffer was 

observed to plateau at 40-80% depending on how the formulations were prepared.194 Recent work 

from our group explored the release of ritonavir from mesoporous silica-based formulation in a 

basic pH environment, under conditions where supersaturation was generated, and noted that only 

50% of drug was released.27 The incomplete release in supersaturated solutions was attributed to 

ritonavir-silica interactions whereby some drug remained adsorbed on the silica surface, even in 

the presence of the bulk aqueous phase.27 The generation of supersaturated solutions from 

amorphous formulations is a highly likely in vivo due to the low GI fluid volume available and 

higher solubility of amorphous solids.195 Clearly, incomplete drug release is not desirable from an 

oral bioavailability perspective, as the extent of supersaturation generated in the solution is critical 

to the mass transport rate. Therefore, a better understanding of MPS formulations is imperative to 

maximize their drug delivery performance.  

 

 In vivo, as the oral formulation undergoes dissolution, there are several physiological 

factors that impact the release of drug from the silica matrix including the pH in the gastrointestinal 

environment, the composition of the gastrointestinal fluid and the fluid volume.196 Another 

important consideration for understanding drug release behavior from the silica matrix is the 

coupling between absorption of dissolved drug across the intestinal membrane and the promotion 

of additional drug release. Drug removal due to absorption decreases the solution concentration in 

the lumen, which in turn may alter the amount of drug adsorbed onto the silica surface based on 

consideration of the adsorption isotherm. In recent studies on flubendazole-loaded mesoporous 

silica formulations, a lack of correlation was observed between in vitro and in vivo results.197 In 

addition to the differences in the composition of in vitro dissolution media and GI fluids, the lack 

of correlation suggests that absorption of drug may have an impact on drug release from these 

formulations. In vitro, mesoporous silica-based drug delivery systems are generally studied using 

single compartment dissolution testing, which lacks an absorptive sink compartment. Thus, it is 

difficult to assess the true performance of these complex formulations using current in vitro 

methods, necessitating a more dynamic in vivo-relevant testing methodology.  
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Recently, we have developed an absorptive dissolution testing apparatus that simulates the 

intestinal absorption process and provides simultaneous measurement of drug release and 

absorption.126 The central component of the apparatus is a hollow fiber membrane that has a large 

surface per unit volume, offering faster mass transfer and absorption measurements in biorelevant 

time frames. The apparatus has shown great sensitivity to phase behavior such as crystallization, 

and its impact on the absorption behavior of formulations.83,126,195 In addition, drug absorption 

promotes the dissolution of slow releasing formulations and also mitigates the risk of 

crystallization in supersaturated drug solutions. Utilizing this apparatus, the goal of this study was 

to evaluate drug release from mesoporous silica-based formulations under absorptive dissolution 

conditions. Atazanavir (ATZ), a poorly water-soluble and lipophilic compound, was used as the 

model drug and SBA-15 was employed as the silica carrier. ATZ was loaded in SBA-15 at varying 

drug loadings to understand the impact of drug loading on the formulation dissolution behavior. 

The solid-state properties of the formulations were evaluated using differential scanning 

calorimetry and X-ray powder diffraction, while infrared spectroscopy was used to probe drug-

silica interactions. The dissolution behavior was evaluated in the presence of absorptive 

compartment, to test the hypothesis that better overall drug release would be observed with drug 

removal from the donor compartment. Finally, the formulation performance of mesoporous silica-

based system was compared with ATZ ASDs using absorptive dissolution testing. 

5.3 Materials 

Atazanavir was purchased from Gojira Fine Chemicals, LLC (Bedford Heights, OH). SBA-

15 with pore size of 7.1 nm and specific surface area of 586 m2/g was purchased from Glantero 

(Cork, Ireland). Hydroxypropyl methylcellulose (PharmCoat 606) (HPMC) was obtained from 

Shin-Estu Chemicals (Niigata, Japan). HPLC grade acetonitrile and methanol were supplied by 

Fisher Scientific (Chicago, IL). Dissolution in acidic medium was carried out in 0.1 N HCl and in 

near-neutral medium using pH 6.8 50 mM phosphate buffer. The dissolution medium contained 

pre-dissolved HPMC at a concentration of 100 µg/mL. pH 6.8 50 mM phosphate buffer was used 

as buffer reservoir for the receiver compartment in the absorption measurements. 
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5.4 Methods 

5.4.1 Drug loading procedure 

Atazanavir was loaded into SBA-15 particles by the incipient wetness impregnation 

method,175 wherein, depending upon the drug-loading, the desired volume of concentrated 

methanolic stock solution (10 – 35  mg/mL) of ATZ was added to SBA-15 and was vigorously 

mixed using a spatula. The sample was dried by storage in an oven at 40 C overnight, followed 

by vacuum drying for 48 h. Samples were prepared at five different drug loadings: 5, 10, 20, 30 

and 50% w/w. The drug content was confirmed by dispersing a known amount of sample in 

methanol under sonication for 30 min. The sample was then centrifuged at 21,1000 × g for 10 min 

and the supernatant was analyzed by HPLC. 

5.4.2 Powder X-ray Diffraction  

Powder X-ray Diffraction (PXRD) of the ATZ-loaded mesoporous silica system was 

carried out using a Rigaku Smartlab diffractometer (Rigaku Americas, The Woodlands, TX) with 

a CuK𝛼 radiation source operating at 40 kV and 40 mA to determine any crystalline content in the 

formulation. A scan rate of 10°/min with a step size of 0.02° was used to scan between 5° – 40° 

2𝜃. All the fresh samples were analyzed after 24 h of storage at 40 °C followed by 48 h storage 

under low pressure. 

5.4.3 Differential Scanning Calorimetry  

Thermal analysis of the ATZ-loaded mesoporous silica formulations was performed in a 

TA Q2000 differential scanning calorimeter (DSC) (TA Instruments, New Castle, DE) to 

determine the thermal events undergone by the formulations. The instrument was calibrated for 

temperature and enthalpy using indium. Nitrogen was purged at 50 mL/min. 2-4 mg of sample was 

weighed into an aluminum Tzero pan. The samples were heated at a rate of 10 °C/ min from 25 to 

210 °C with a modulation amplitude of 1 °C/min every 60 s.  
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5.4.4 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed in a TGA 5500 (TA Instruments, New 

Castle, DE) to determine degradation temperature of ATZ for pure drug and formulations with 

different drug loadings. The samples were placed in the platinum sample pans and were heated to 

600 °C at a heating rate of 10 °C/min. The analysis was performed under nitrogen gas. 

5.4.5 Fourier Transform – Infrared Spectroscopy  

The infrared spectra were collected using a Bruker Vertex 70 Fourier Transform Infrared 

(FT-IR) spectrometer (Bruker Co., Billerica, MA) with a Golden Gate diamond Attenuated Total 

Reflectance (ATR) accessory (Specac Inc., Kent, United Kingdom). The sample was placed in 

contact with the diamond crystal. 128 scans were collected for both the background scan and the 

sample over the scan range of 1000 to 4000 cm-1 with a resolution of 4 cm-1. The data were 

analyzed using OPUS software (Version 7.2, Bruker Optik GmbH).  

5.4.6 Dissolution and Absorption Studies 

The dissolution studies of ATZ-loaded mesoporous silica formulations were carried out in 

a 50 mL aqueous media (either acidic or pH 6.8). The dose concentration was equivalent to the 

amorphous solubility of atazanavir, 75 µg/mL.83 The concentration was determined by periodically 

withdrawing samples from the dissolution vessel and filtering through 1 µm glass fiber filters 

(Macherey-Nagel, Inc., Bethlehem, PA). For two-step dissolution studies, pH adjustments were 

done by addition of concentrated HCl and NaOH solutions following 30 min dissolution in acidic 

medium. 

 

The mass transport studies were carried out in the flow-through, high surface area 

absorptive dissolution testing apparatus described previously.83,126,195 A cellulosic hollow fiber 

membrane module (surface area 100 cm2, pore size 15 nm) was used to simulate the absorption 

process. The receiver fluid was pH 6.8 50 mM phosphate buffer.  The flow rate in the donor and 

receiver channel was maintained at 4 mL/min. The measurements were carried out at 37 °C. The 

receiver concentration was measured in-line using a flow-through UV probe, connected to a UV-

Vis spectrometer (SI Photonics, Tuscon, AZ). The donor volume was 50 mL and a 10 µm cannula 



 

 

141 

filter (Agilent, Santa Clara, CA) was used at the entrance of the donor channel tubing to prevent 

water-insoluble silica particles from entering the hollow fibers. The donor concentration was 

measured by high pressure liquid chromatography (HPLC) following manual periodic sampling 

and filtration through 1 µm glass fiber filters. All measurements were carried out in triplicate. 

5.4.7 Adsorption Isotherm 

To generate an adsorption isotherm for the ATZ – SBA-15 system, a known amount of 

SBA-15 was added to the aqueous media such that SBA-15 concentration was either 300 µg/mL 

or 25 µg/mL. An aliquot of a concentrated methanolic stock solution of ATZ was added to the 

aqueous media containing SBA-15 and the suspension was equilibrated for 2 h (rapid equilibrium 

was observed for the ATZ-silica system) at 37 °C. Adsorption of ATZ was evaluated for a wide 

range of concentrations between its crystalline and amorphous solubility. Hence, the 

concentrations generated were supersaturated with respect to ATZ crystalline solubility. The 

equilibrium achieved in this case was a metastable equilibrium as the solution was 

supersaturated.198 No crystallization was observed over the timeframe of the experiment (0.1 

mg/mL of hydroxypropyl methyl cellulose, was added to prevent crystallization). The amount of 

methanol added was below 0.5% and hence there was no significant contribution of methanol on 

the adsorption. Following equilibration, the samples were filtered through 1 µm glass fiber filters 

and analyzed using HPLC. The amount of ATZ adsorbed was determined by evaluating the 

difference in the concentrations of ATZ initially and after equilibration, and the amount of SBA-

15 used.  

5.4.8 High Pressure Liquid Chromatography  

The concentration of ATZ was analyzed by high pressure liquid chromatography (HPLC) 

using an Agilent HPLC 1260 Infinity II system (Agilent Technologies, Santa Clara) and an Eclipse 

Plus C18 4.6 mm × 30 cm × 5 m column, with a UV detector operating at wavelength 210 nm. 

The calibration curve was generated for the concentration range of 2 to 30 µg/mL. The mobile 

phase was 60:40 v/v acetonitrile: pH 2.5 water (acidified with orthophosphoric acid) and a flow 

rate of 0.7 mL/min was used for the analysis. The run time was 7 min. The sample injection volume 

was 15 L. All the samples were diluted with 50:50 v/v acetonitrile: water prior to the analysis. 
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5.5 Results 

5.5.1 Adsorption Isotherm of Atazanavir 

Prior to evaluating the adsorption tendency of ATZ onto the silica surface, the theoretical 

monolayer layer coverage of ATZ on SBA-15 was determined using the approach described by 

Azais et al.179 The molecular dimensions of ATZ (shown in Figure 5.1) were obtained from 

Cambridge Crystallographic Data Center (CCDC) database as (17.53  14.07  7  Å) (Reference 

code: LISTEP). Assuming the larger dimensions of ATZ are in contact with the SBA-15 pore 

surface and considering the SSA of SBA-15 as 586 m2/g, the theoretical monolayer coverage can 

be estimated as (SSA  mol. weight of drug) /(drug molecular surface area  Avogadro’s number 

NA). Based on this geometric approach, the theoretical monolayer coverage for ATZ was found to 

be 278 mg/g or ~28% w/w.  

 

 

Figure 5.1: Molecular structure of atazanavir. 

 

The adsorption of ATZ onto the silica surface was investigated to understand potential 

correlations between adsorption tendency and drug release during dissolution studies. Figure 5.2 

shows the adsorption isotherm of ATZ. ATZ has crystalline solubility of 5 (± 0.5) µg/mL and 

amorphous solubility of 78 (± 5) µg/mL.83  Based on Figure 5.2a, ATZ showed a non-linear 

adsorption tendency. The overall adsorption of ATZ on the silica surface was significantly lower 

when compared to the theoretically estimated monolayer coverage, with the maximum amount of 

drug adsorbed equivalent to 25 mg/g at the maximum solute thermodynamic activity (i.e. the 

amorphous solubility). The adsorption isotherm showed type II behavior, wherein the amount of 
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ATZ adsorbed increased with an increase in the solution concentration, reaching a plateau and then 

further increasing non-linearly at higher solution concentrations.199 A similar adsorption isotherm 

was also observed for the structural analog, ritonavir.198   

 

 

The experimental data shown in Figure 5.2 was fitted to Brunauer-Emmett-Teller (BET) 

isotherm equation by non-linear least square fitting. The BET equation for adsorption from 

solution is given as follows:200   

 

𝑄𝑎 = 𝑄𝑚

𝐾𝐵𝐸𝑇𝑋

(1 − 𝑋)(1 + (𝐾𝐵𝐸𝑇 − 1)𝑋)
 

(5.1) 

 

where 𝑄𝑎  is the total amount of drug adsorbed (mg/g), 𝑄𝑚 is monolayer coverage, 𝐾𝐵𝐸𝑇 is 

the equilibrium constant of adsorption and desorption and 𝑋  is the ratio of the equilibrium 

concentration to the saturation concentration (Ce/Cs, where Cs is taken as the amorphous solubility). 

From the BET equation, the monolayer coverage (𝑄𝑚) was found to be 4.5 mg/g. This value was 

much lower than estimated theoretical monolayer coverage based on geometric considerations 

(SSA of SBA-15 and molecular dimensions of ATZ). During additional experiments, it was also 

observed that for a given ATZ concentration, the amount of drug adsorbed depended on the amount 

of SBA-15 present. The amount of ATZ adsorbed was significantly higher when low amount of 

SBA-15 (25 µg/mL) was used, although it followed a similar type II adsorption isotherm (Figure 

5.2b). This seemingly counterintuitive observation can be rationalized as follows: Although mg of 

ATZ adsorbed per g of silica was significantly higher for a lower amount of silica, the percentage 

ATZ adsorbed was much lower. This is because the inherent adsorption capacity of silica is a 

constant (and dependent on the surface properties) and and hence a lower number of active sites 

should result in a lower percentage of drug adsorbed. Typically, the percentage of solute adsorbed 

increases with an increase in the amount of adsorbent and eventually attains a plateau, indicating 

the maximum amount of adsorbent required for efficient solute adsorption.201–205 The difference 

in adsorption isotherms observed herein highlights that during the release studies, the amount of 

silica used in the experiment should be considered when correlating  the adsorption tendency to 

rationalize the incomplete drug release. 
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Figure 5.2: Adsorption isotherm of ATZ with (a) 300 µg/mL SBA-15 and (b) 25 µg/mL SBA-15. 

5.5.2 Evaluation of ATZ-loaded mesoporous silica formulations 

Solid-state characterization 

PXRD of ATZ-loaded mesoporous silica systems (ATZ-MPS) are shown in Figure 5.3. 

The halo in the X-ray diffractograms for all the ATZ-MPS formulations suggested that the drug 

was amorphous following preparation. Following storage in a desiccator at room temperature for 

a week, the 50% drug-loaded ATZ-MPS system showed diffraction, indicating drug crystallization 

(data not shown). All the other ATZ-MPS systems were found to be stable for over 3 months. 

Stability was not evaluated beyond 3 months. 

 

A. B. 
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Figure 5.3: Powder X-ray Diffractograms of ATZ-MPS formulations with varying drug loadings. 

The legend indicates % drug loading. Samples analyzed after 24 h of storage at 40 °C followed by 

48 h storage under low pressure 

 

To further confirm the physical state of ATZ in the mesoporous silica, thermal analysis 

was carried out using DSC. Figure 5.4 shows DSC thermograms of ATZ-MPS formulations 

obtained after single heating cycle. The physical mixture of amorphous ATZ and SBA-15 was first 

assessed to obtain a control dataset. A clear glass transition at 105 C and a melting endotherm at 

208 C were observed. Thus, amorphous ATZ underwent crystallization during heating above Tg, 

although the crystallization exotherm appears broad and not well distinguished from the baseline. 

For 5, 10 and 20% ATZ-MPS formulations, there was no indication of the glass transition or 

melting events in the thermograms. A small glass transition and melting event were observed for 

the 30% drug loading, while a clear Tg at 105 C and melting peak at 208 C was observed for the 

50% ATZ-MPS formulation. The confinement of molecules in nanopores is known to significantly 

alter thermal events such as the glass transition or crystallization.206,207 Therefore, the results 

suggest a difference in the molecular environment in the formulations as a function of drug loading.  
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Figure 5.4: DSC thermograms of ATZ-MPS formulations. The arrow indicates Tg. The legend 

indicates % drug loading. 

 

The drug loading in the mesoporous silica particles was assessed by measuring the 

dissolved content by HPLC. All formulations showed a percent drug loading close to the 

theoretical amount of drug added (data not shown). To further confirm the drug loading, TGA was 

also performed for all the ATZ-MPS formulations prepared (Figure 5.5). Pure ATZ showed 

degradation at 340 C. An initial small drop in weight was observed for SBA-15, which can be 

attributed to the loss of adsorbed water present on the silica surface. The amount of drug loaded in 

the mesoporous silica particles was inferred based on the percent weight loss for the different 

formulations and was similar to the theoretical drug, with a standard deviation of ± 3% from the 

theoretical value. The second derivative of the weight loss profile was evaluated to obtain an 

accurate degradation temperature of ATZ in the formulations. Interestingly, the degradation 

temperature of ATZ-MPS formulations was slightly different from that of pure ATZ and varied 

with  drug loading. A higher degradation temperature was observed for lower drug loadings (5 and 

10%) formulations while an increase in the drug loading led to a decrease in the degradation 

temperature towards that seen for ATZ alone. The 50% ATZ-MPS system exhibited similar 

degradation to that seen for bulk ATZ. The difference in thermal degradation between low and 

high drug loading ATZ-MPS formulations suggested a similar confinement effect as observed in 

DSC studies. 
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Figure 5.5: (a) Weight loss as a function of time and (b) derivative of degradation of ATZ-MPS 

formulations 

Molecular interactions between ATZ and SBA-15 

Molecular interactions between atazanavir and SBA-15 in solid-state were studied using 

infrared spectroscopy. Figure 5.6 shows FT-IR spectra of crystalline ATZ, amorphous ATZ 

(prepared by melt quenching), SBA-15 and ATZ-MPS formulations with different drug loadings. 

Pure crystalline atazanavir shows strong peaks at 3400 and 3350 cm-1 that corresponds to N-H and 

O-H stretching. The peaks appearing in the range of 3000-2800 cm-1 corresponds to aromatic and 

aliphatic C-H stretch. The characteristic peaks at 1707, 1688 and 1670 cm-1 can be attributed to 

C=O stretching and the peak at 1530 cm-1 corresponds to arene C-C stretch. The IR spectra of 

amorphous ATZ showed a significant broadening of peaks in the regions corresponding to N-H, 

O-H and C=O stretching as compared to crystalline solid. In addition to peak broadening, the peak 

at 1707 cm-1 shifted to a higher wavenumber and the peak at 1670 cm-1 shifted to a lower 

wavenumber. This suggested a change in hydrogen bonding in the amorphous form as compared 

to the crystalline solid.208 The IR spectra of pure SBA-15 showed a small peak at 3749 cm-1, 

characteristic of an isolated (i.e. non hydrogen-bonded) silanol group. A strong, broad peak was 

observed at 1000-1300 cm-1 which corresponded to an asymmetric Si-O vibration. The region 3600 

– 3000 cm-1 was characterized by a broad absorption band and overlapped with the N-H and O-H 

stretching in ATZ. 
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ATZ loaded into mesoporous silica in general showed broader peaks as observed for 

amorphous ATZ, consistent with a disordered structure. For low drug loadings, the C=O peak, 

seen at 1707 cm-1 in amorphous ATZ, shifted to a lower wavenumber, while the peak at 1688 cm-

1 was broadened with a loss of intensity. The 50% ATZ-MPS system showed a similar spectrum 

as amorphous ATZ. The peak at 1530 cm-1 which corresponded to aromatic carbon stretch showed 

no peak shift, indicating no interactions of this functional group with the silica surface. Similarly, 

the peaks between 3000 – 2800 cm-1, corresponding to C-H stretch, showed no peak shift. The 

region between 3400 and 3350 cm-1 showed very broad peaks and no conclusions could be drawn 

from this region. The peak at 3749 cm-1, corresponding to isolated silanol in SBA-15, was visible 

in 5% and 10% ATZ-MPS formulations, albeit at low intensity. Further increases in ATZ drug 

loading resulted in the disappearance of the peak, suggesting drug-silanol interactions.  

 

Figure 5.6: FT-IR spectra of crystalline ATZ, amorphous ATZ, SBA-15 and ATZ-MPS systems. 

 

Dissolution and Absorption studies 

Simultaneous dissolution and absorption measurements were carried out in a high surface 

area, flow through absorptive dissolution testing apparatus.126 Figure 5.6 shows dissolution and 

absorption profiles of ATZ-MPS formulations with varying drug loadings. All the formulations 
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were dissolved at a target concentration of 75 µg/mL. Figures 5.7a and 5.7b show donor and 

receiver concentrations respectively. The donor concentration is the cumulative concentration 

profile and the receiver concentration profile is the non-cumulative concentration with initial data 

points corresponding to the period required for membrane saturation. Due to slow dissolution in 

the donor compartment, the maximum in the receiver concentration was not attained until 

significant drug release had occurred in the donor. Figure 5.7c is the total % drug released, which 

was calculated by considering the amount of drug in the donor and the amount of drug transferred 

across the membrane. The 5 and 10% DL ATZ-MPS formulation showed similar release profiles 

(Figure 5.7a), wherein the donor compartment drug concentration reached the maximum value in 

40 min. The subsequent concentration profile showed a slow decline as drug permeated across the 

membrane. Herein, the drug release rate was slower than the drug permeation rate across the 

membrane resulting in a decline in the donor concentration. The total drug release from 5 and 10% 

DL ATZ-MPS formulations was approximately 80% (Figure 5.7c). The 20% drug loading 

formulation showed a slightly slower drug release and a lower concentration in the receiver profiles 

where the total drug release was 66% after 90 min. For these three formulations, 25 – 30% of drug 

was released instantaneously after adding the formulation to the aqueous media. The 30% drug 

loading formulation released only 50% of the drug in 90 min while the 50% DL system reached a 

maximum release of 35% over the same time period. Consequently, the receiver concentrations 

were much lower for the high DL systems than for the low drug loading ATZ-MPS formulations 

and the amount of drug absorbed was approximately halved. The incomplete release observed from 

all systems can likely be partially attributed to the adsorption tendency of ATZ onto the silica 

surface.  
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Figure 5.7: (a) Donor, (b) receiver concentration and (c) total drug release during dissolution and 

absorption studies of ATZ-MPS formulations. The legend indicates % drug loading. 

 

The incomplete release of drug from the silica formulations required further investigation. 

Hence, dissolution of ATZ-MPS formulation was performed with pre-dissolved ATZ in the 

aqueous media, with the aim of understand the driving force for drug release. A closed-

compartment dissolution of the 20% DL ATZ-MPS formulation was studied in the presence of 20 

µg/ml and 40 µg/ml pre-dissolved ATZ in pH 6.8 phosphate buffer as shown in Figure 8. In both 

the cases, an initial burst release was observed as in the above studies. The burst release suggested 

that the pre-dissolved drug did not show net adsorption onto the silica surface. However, the extent 

of initial release decreased with an increase in pre-dissolved ATZ concentration. Comparing the 

dissolution profile in buffer, the presence of pre-dissolved drug suppressed drug release, with 40 

µg/mL pre-dissolved ATZ having a larger impact. However, it is important to note that the final 

total concentration was highest for the case of 40 µg/mL pre-dissolved ATZ. 
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Figure 5.8: Dissolution profile of 20% ATZ-MPS in the presence of pre-dissolved 20 µg/mL and 

40 µg/mL ATZ in pH 6.8 phosphate buffer. The y-axis indicates the concentration in the 

dissolution medium after subtracting the initial pre-dissolved concentration.  

 

Dissolution-absorption measurements were also performed over a longer duration. The 

continuous removal of drug due to absorption across the membrane should deplete the solution 

concentration in the donor and result in further release of drug from the formulation. Figure 5.9 

shows donor and receiver concentrations of the 20% DL ATZ-MPS formulation for dissolution-

absorption measurements over 240 min. As shown in Figure 5.9a, the donor concentration reached 

a maximum value and declined with time due to subsequent membrane transport. As a result, the 

maximum concentration in the receiver profile (Figure 5.9b) was followed by a gradual decline in 

the concentration. Evaluating the total drug release over 240 min, the drug was released constantly 

during the simultaneous dissolution-absorption measurements, reaching almost 90%. In 

comparison, for closed-compartment dissolution, only 40% drug was released, with a plateau 

reached after 60 min (as shown in Figure 5.9c). These observations suggest that removal of drug 

due to permeation across the membrane promotes additional drug release from the MPS.  
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Figure 5.9: (a) Donor, (b) receiver and (c) total drug release during dissolution-absorption 

measurements over 240 min.  

 

Next, two-step dissolution studies involving a pH shift were conducted. 20% DL ATZ-

MPS was first exposed to an acidic medium for 30 min, followed by pH shift to pH 6.8 with 

initiation of absorption measurements (Figure 5.10). Dissolution in the acidic medium resulted in 

almost 80% drug release in 30 min. This was significantly higher than the release extent observed 

for pH 6.8 and can be attributed to the higher solubility of the weakly basic ATZ at a lower pH. 

Upon pH shift, the donor concentration declined over time owing to simultaneous absorption 

across the membrane, however, there was only a small extent of additional release. The higher 

overall concentration in the donor compartment increased the amount of drug reaching the receiver 

A. 

C. 
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compartment (relative to pH 6.8 only, Figure 5.7). Clearly, the greater extent of supersaturation 

generated in the intestinal compartment for the two-step dissolution has a notable impact on the 

absorption behavior, shown by comparing receiver concentrations of single-step and two-step 

studies in Figure 5.10c. 

 

   

 

Figure 5.10: (a) Donor concentration, total % drug release, (b) receiver concentration of 20% ATZ-

MPS in two-step dissolution-absorption and (c) Receiver concentration profile in single-step and 

two-step dissolution absorption studies of 20% ATZ-MPS formulation. 

 

 The performance of the ATZ-MPS formulation was also compared with that of an ATZ 

amorphous solid dispersion to provide a direct comparison of two types of amorphous formulation, 

using a drug loading of 10% in for both formulations and a dose concentration of 200 µg/mL. The 

dose concentration exceeds the amorphous solubility, and hence formulations can potentially 

C. 
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undergo liquid-liquid phase separation (LLPS), as observed previously for the 10% drug loaded 

HPMC dispersion of ATZ.83 As shown in Figure 5.11, the donor concentration for the MPS 

formulation plateaued at a concentration considerably below the amorphous solubility. In contrast, 

the ASD dissolved to a concentration higher than the amorphous solubility and underwent LLPS 

(this was also observed visually since the ASD dissolved to form a turbid solution).  The ASD 

formulation provided substantially enhanced absorption relative to the MPS system.  

 

 

Figure 5.11: (a) Donor and (b) receiver concentration profile of 10% ATZ-MPS and 10% HPMC 

based ASD formulations. 

5.6 Discussion 

5.6.1 Nanoconfinement effect in solid-state 

Formulating a drug as an amorphous solid is often challenging due to their tendency to 

crystallize.  Crystallization kinetics are highly dependent on the molecular mobility, which in turn 

varies strongly with the storage temperature relative to the glass transition temperature (Tg). The 

molecular mobility in a glassy material is notably reduced below Tg, resulting in a lower 

crystallization tendency.16,79 Increases in molecular mobility occur when the temperature is 

increased or following absorption of water from the surroundings.209 Formulation efforts are 

consequently typically centered around reducing the drug molecular mobility in the amorphous 

system. Mesoporous silica is an attractive delivery carrier for amorphous solids as the drug is 

confined in the nanopores. Confinement can improve stability against crystallization particularly 
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if the pore size is smaller than critical nucleus size.25,92,176  Furthermore, the confinement effect 

can increase the boiling temperature due to capillary condensation and decrease the melting 

temperature due to increase in the surface energy contributions, reducing the thermodynamic 

driving force for phase transformation to the crystal.25,210  

 

In addition to pore size and specific surface area,  intermolecular interactions between silica 

and the drug also play a role in the amorphization of drugs in mesoporous silica materials. Strong 

interactions of drug molecules with the pore walls can hinder the molecular arrangement required 

for crystallization, due to surface immobilization.22,175,211 The silica surface primarily has silanol 

groups (Si-OH), which are important for the adsorption of guest molecules. Because silanols are 

both hydrogen bond donors and acceptors, hydrogen bonding is typically the primary interaction 

mechanism. The surface reactivity is highly dependent on the number and functionalities of the 

silanol groups, with isolated silanols being the most reactive sites for adsorption.212 ATZ has 

several nitrogen lone pairs and carbonyl moieties that serve as potential hydrogen bond acceptors 

(Figure 5.1). The alterations in the C=O peaks of ATZ and disappearance of the isolated silanol 

peak at 3749 cm-1 with increasing drug loading, observed from the FT-IR studies, clearly support 

hydrogen bonding between ATZ and SBA-15 in the MPS formulations. The lack of thermal events 

for the low drug loading ATZ-MPS formulations are also consistent with nanoconfinement and 

drug-pore wall interactions. Nanoconfinement of molecules is known to alter thermal events such 

as Tg and melting temperature,25 or lead to an absence of thermal events.175,213 The thermal 

transitions observed for higher DLs (30 and 50%) can be attributed to overfilling of the pores, with 

some drug residing on the exterior surface of the silica particles.25 This is also consistent with the 

more bulk-like IR spectra observed for these systems. Further evidence of the differences in drug 

molecular environment as a function of drug loading is provided by the TGA observations. The 

nanoconfinement effect is expected to result in a higher activation energy for degradation due to 

the stronger interactions between the drug molecules and the silica surface.214,215 Indeed, higher 

degradation temperatures are observed for the low drug loading formulations (5, 10 and 20%) 

when compared with neat amorphous ATZ.  
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5.6.2 Interplay between adsorption tendency and dissolution behavior 

The utility of an amorphous formulation in oral drug delivery is determined by the extent 

of the solubility and dissolution rate advantages. Mesoporous silica-based ATZ formulations 

dissolved fairly rapidly to concentrations above the crystalline solubility of the drug, generating 

supersaturated solutions. However, the amorphous solubility was not achieved, diminishing the 

potential bioavailability advantage. In particular, the extent of supersaturation was reduced with 

increased drug loading. Typically, incomplete drug release from mesoporous silica-based 

formulations is attributed to drug-silica interactions leading to drug adsorption.97,198 The 

adsorption isotherm for ATZ (Figure 5.2a) provides an indication of the adsorption tendency of 

the drug to MPS in an aqueous environment where the drug is supersaturated. It is apparent that 

the amount of ATZ remaining in the MPS following dissolution was much greater than expected 

based on the adsorption isotherm, especially for higher drug loading formulations. The low extent 

of adsorption in an aqueous environment may be due to competition between the adsorption of 

two species, i.e. drug and water.28,216 As the adsorbent surface is covered initially with the water 

molecules, for drug molecules to adsorb onto the silica surface, displacement of the water 

molecules is an essential step.217 Hence, drug adsorption on the surface is thermodynamically 

favorable only when the increase in the free energy due to displacement of water molecules is 

balanced by the decrease in the free energy due to drug adsorption on the surface. As a result, a 

complete coverage of drug molecules alone on the silica surface is unlikely if the drug is adsorbing 

from the aqueous solution. Therefore, the monolayer coverage observed during drug-silica 

adsorption in aqueous solution does not indicate complete coverage by drug molecules as there are 

likely a large number of water molecules still present on the surface. The interplay between drug 

release and drug adsorption is evident from the dissolution studies that were carried out with pre-

dissolved ATZ in the buffer (Figure 5.8). A decrease in the ATZ concentration released with an 

increase in the amount of pre-dissolved ATZ highlighted the impact of a dynamic equilibrium 

between solution concentration and the drug release. Higher pre-dissolved drug concentration 

resulted in a lower driving force for drug to release from the silica surface. 

 

Poor wetting of the formulations may also contribute to the suboptimal release seen for the 

high drug loading ATZ-MPS formulations.97 This is because the drug release rate is also controlled 

by the transport of water into the pores, which then displaces the drug adsorbed onto the surface, 
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which in turn depends on the balance between the free energy of adsorption and free energy of 

displacement of drug molecules. Drug release from mesoporous silica surface is a diffusion 

controlled process and depends on the rate of diffusion of water into the pores and diffusion of 

desorbed drug molecules out of the pores and into the bulk aqueous media.93,95 As more drug is 

loaded into the mesoporous silica particles, because atazanavir is a hydrophobic molecule, the 

surface will become more hydrophobic due to accumulation of drug in the pores.97,178 Based on 

these consideration, at low drug loadings (5% and 10%), a reduced extent of incomplete release 

can be attributed largely to the drug-silica interactions. However, as the drug loading was increased 

(20-50%), the lower drug release can be attributed in large part to the increased hydrophobicity of 

the formulation, rather than as a result of strong ATZ-SBA-15 interactions. This is consistent with 

the bulk-like behavior observed for higher drug loading MPS formulations in the solid-state 

characterization, indicating overfilling of the pores, and an increased extent of drug-drug 

interactions. Further, the 5% DL ATZ-MPS showed 30% burst release while negligible burst 

release was observed for the 50% DL ATZ-MPS.  

5.6.3 Impact of absorptive sink on drug release 

Incomplete drug release from mesoporous silica-based formulations impacts membrane 

permeation behavior as highlighted by recent mass transport studies on ritonavir-loaded silica 

formulations, wherein the formulation showed a significantly lower mass flow rate across a 

cellulose membrane due to incomplete release when compared with the control maximally 

supersaturated solution.27 Since the dynamic equilibrium between drug adsorbed on the surface 

and drug in the solution is likely to affect the amount of drug released, it was hypothesized that 

absorption of drug across a membrane would improve drug release by continually reducing the 

amount of drug in the donor solution, driving the desorption process. A clear enhancement in the 

extent of drug release was observed under absorptive dissolution conditions over prolonged time 

periods (Figure 5.9). Thus, according to the Le Chatelier’s principle, the removal of drug by 

transport across the membrane, and the subsequent decrease in drug concentration may improve 

the release of drug in the lumen as the equilibrium shifts towards desorption.218 These results 

highlight an important consideration for in vitro testing of mesoporous silica-based formulations. 

An absorptive compartment during dissolution studies can provide more in vivo relevant insights 

into the formulation performance when compared with a conventional closed-compartmental 
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dissolution setup. Figure 9c clearly demonstrates the difference in formulation performance, 

wherein the drug release plateaued at 40% in a closed compartmental dissolution test, relative to 

90% release under absorptive conditions.  

 

Evaluation of pH impact on the release properties is also an important consideration to 

better predict in vivo performance. As a basic compound with a pKa of 4.49, ATZ has significantly 

higher solubility in acidic condition.133 Since silica has isoelectric point at pH 2, in solutions below 

pH 2, silica shows a positive surface charge, with most of the silanol groups being protonated.219 

Thus, the rapid ATZ release in acidic conditions can be attributed to the significantly higher ATZ 

solubility at pH 1 and electrostatic repulsion between positively charged ATZ and positively 

charged silica. This in turn leads to the generation of a high extent of supersaturation when the pH 

is increased to 6.8, where the solubility of the drug is reduced. Indeed, as shown in Figure 10c, the 

supersaturation generated in the two-step dissolution experiment, and consequently the mass 

transfer rate, is much higher than that observed if the dissolution is performed at pH 6.8 (i.e. 1 step 

dissolution).  These studies clearly highlighted gastrointestinal pH as another physiological factor 

impacting drug release from mesoporous silica-based formulations which should be considered 

when designing in vitro dissolution studies.  

5.6.4 Application of mesoporous silica-based drug delivery systems for oral delivery 

Mesoporous silica offers several advantages as a drug delivery system for poorly soluble 

drugs including greater physical stability to drug crystallization, rapid release and generation of 

supersaturation. However, it appears that the extent of supersaturation generated may be limited. 

Thus, similar to ritonavir systems, dissolution of ATZ mesoporous silica-based formulations at a 

dose concentration above the drug amorphous solubility did not result in attainment of the 

amorphous solubility, which marks the maximum supersaturation. This contrasts with other 

amorphous formulations, namely ASDs, which yield a higher supersaturation level following 

dissolution, and consequently a greater extent of drug permeated across a membrane in a given 

time period, as demonstrated in Figure 11. Although drug release from mesoporous silica is 

dynamic and is driven by the removal of drug by transport across the membrane, this is insufficient 

to compensate for the lower extent of supersaturation achieved. However, higher supersaturation 

from ATZ-MPS formulation may be generated by first dissolving in an acidic medium. The pH-
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shift to pH 6.8 renders the solution supersaturated, with the solution concentration plateauing at 

the amorphous solubility whereby the solution may undergo LLPS. Preliminary studies of two-

step dissolution (pH 1 followed by transfer to pH 6.8) were carried out for a 10% ATZ-MPS 

formulation. Upon pH-shift, the solution concentration plateaued at the amorphous solubility, 

although no LLPS formation was observed. Hence, the reservoir effect arising from the presence 

of drug-rich nanodroplets formed via LLPS10,83 may not occur with MPS formulation. 

Nevertheless, atazanavir is typically administered with food.220 Hence, the formulation would not 

be exposed to low gastric pH, and thus the advantage from dissolution at a low pH may not be 

obtained, due to the buffering effect of ingested food. This type of pH-dependent dissolution 

behavior is less of a concern for ASDs where formulations are often designed to release in the 

intestinal environment. 

5.7 Conclusions 

 Atazanavir, present in amorphous form in mesoporous silica, demonstrated a complex 

release behavior, which depends on a number of factors. The extent of release and level of 

supersaturation achieved depended on drug loading, pH, and the presence or absence of an 

absorptive compartment in the dissolution test. Low pH, low drug loading, and the presence of an 

absorptive compartment were found to be favorable for driving drug release of atazanavir from 

mesoporous silica formulation. However, a comparable driving force for membrane transport, i.e. 

the extent of supersaturation that could be generated, could not be achieved when compared to 

alternative amorphous formulations, namely an amorphous solid dispersion. Given the multiple 

factors impacting drug release, design of an appropriate in vitro evaluation methodology is clearly 

critical to better evaluate mesoporous silica-based formulations for oral drug delivery. 
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 INFLUENCE OF ELECTROSTATIC INTERACTION 

BETWEEN DRUG AND SILICA ON DISSOLUTION BEHAVIOR OF 

MESOPOROUS SILICA-BASED ORAL DRUG DELIVERY SYSTEMS 

6.1 Abstract 

Mesoporous silica particles are attractive carriers for poorly soluble drugs whereby confinement 

of drug in the mesopores leads to amorphization and the potential for enhanced oral delivery 

However, interactions between drug molecules and the silica surface can lead to incomplete drug 

release. The strength of the interaction depends on the silica surface chemistry, which varies as a 

function of pH, as well as on drug ionization. Herein, the adsorption and dissolution behavior of 

weakly basic drugs was evaluated as a function of pH to understand the impact of electrostatic 

interactions on the performance of mesoporous silica-based formulations. Higher adsorption was 

noted when the drug interacted with the silica surface via electrostatic interaction versus hydrogen 

bonding. Higher adsorption, in turn, led to a lower extent of drug release. In two-stage release 

studies, for drugs with a pKa close to intestinal pH values, pH-shift from low to higher pH solutions 

resulted in a decrease in solution concentration. Further investigations demonstrated that this was 

due to re-adsorption of drug released in the acidic medium. Two-stage release studies were also 

coupled with the mass transport measurements. Only a slight improvement in drug release due to 

simultaneous absorption across the membrane was observed, suggesting strong drug adsorption to 

the silica surface arising from favorable electrostatic interactions. This study distinctly highlights 

physiological parameters such as solution pH as important considerations in designing mesoporous 

silica-based formulation for poorly soluble drugs. It also underscores the importance of 

incorporating in vivo relevant conditions in in vitro testing to better evaluate these complex 

formulations due to the significant effect of dissolution media on the release behavior. 

6.2 Introduction 

In recent years, interest in supersaturating drug delivery systems as a means to enhance the 

delivery of poorly water-soluble drugs have grown. The supersaturated solution generated by 

dissolution of these formulations leads to a higher driving force for absorption across the 

gastrointestinal membrane, thereby improving the bioavailability of drug.5 Mesoporous silica-
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based drug delivery systems, wherein the drug is encapsulated in mesoporous silica particles, are 

attracting increasing attention in this context.181 Mesoporous silica materials offer a large specific 

surface area, high pore volume and an ordered pore network, making them attractive as a drug 

carrier system. Loading drug into the silica nanopores suppresses drug crystallization due to 

confinement effects,24,25,176 leading to an amorphous formulation with enhanced physical stability 

in particular for pore sizes smaller than the drug critical nucleus size.25,176 The maximum drug 

loading in these formulations depends on the properties of both the drug and the silica material 

including excipient specific surface area, pore diameter, pore volume, interactions between drug 

and silica surface, size of the drug molecule and the solvent used for drug loading.173,177,178 Due to 

their amorphous nature, mesoporous formulations often show dissolution profiles with rapid burst 

release of the drug and generation of a supersaturated solution, leading to improved bioavailability 

relative to crystalline drug.27,184  

 

Drug release from mesoporous silica formulations surface depends on several factors 

including as pore size, pore volume, drug-silica intermolecular interactions, formulation 

hydrophobicity and drug loading.187,190  The strength of the interaction between drug molecules 

and the silica surface is a critical factor impacting both drug loading and release. Silica surfaces 

display complex chemistry and are typically covered by silanol groups which exist as isolated 

silanols (≡Si-OH), vicinal silanols (HO-Si-O-Si-OH) and geminal silanols (=Si(OH)2).28 Silanols 

can serve as both hydrogen bond donors and acceptors. Thus, hydrogen bonding is the most 

common mechanism for interactions with the guest molecule.28,29 As isolated silanols do not 

participate in hydrogen bonding with other silanols, they are the most reactive sites for interaction 

with the drug.29 Depending on solution pH, silanols can show different extents of protonation 

leading to positive, negative or neutral surface charge. The isoelectric point of silica lies around 

pH 2, with positive and negative charges below and above this pH respectively.221 Thus, at certain 

pH conditions, silica and guest molecules can interact via electrostatic interactions. Drugs have 

been shown to interact with the silica surface either through electrostatic interaction or hydrogen 

bonding depending on drug chemistry and pH conditions.30 Strong interactions between drug and 

silica typically result in higher drug loading and sustained drug release. Poor drug-silica 

interactions, on the other hand, lead to lower drug loading and a burst release.97,222 Typically, drug 

loading and drug release are adjusted by functionalization of the silica surface or release kinetics 
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are modulated using environmental stimuli such as pH or temperature.90 Silanol-drug hydrogen 

bonding interactions are relatively weak, hindering attainment of sustained drug release.30 

Consequently, silica surfaces are functionalized by grafting organic silanes to the silanol groups. 

This alters the isoelectric point of the silica material, inducing stronger electrostatic interactions 

between drug molecules and the silica surface or hydrophobicity to the material which results in a 

controlled or site-specific release.90,223 For instance, amine-functionalization of the silica surface 

generally results in isoelectric point around pH 7.97 Hence, these materials can be used to control 

the release of weakly acidic drugs at higher pH conditions due strong electrostatic interactions 

between negatively charged drug and positively charged silica.30,224 Similarly, stimuli-responsive 

drug release utilizes environmental stimuli to release drug at a particular site.96 The most common 

stimuli used to control the release profile is the pH of the environment.225  

 

Clearly, pH is an important factor that can influence the performance, and ultimately the 

oral bioavailability of drugs delivered using mesoporous silica-based formulations (MPS), given 

the variable pH environment of the gastrointestinal tract. Notably, poorly soluble ionizable drugs 

exhibit pH-dependent solubility whereby a change in the ionization and solubility of the drug 

during GI transit can also alter the extent of adsorption to silica. Dissolution studies of ibuprofen 

loaded in mesoporous silica showed slower release in pH 1.2, and improved release at pH 7.4.226 

Ibuprofen is a weakly acidic compound with a pKa of 5.6, and the improved release was attributed 

to the higher solubility at higher pH. Similarly, indomethacin and glibenclamide release from MPS 

formulations was observed to improve upon pH-shift from gastric to intestinal pH conditions. In 

addition to an increase in solubility, rapid drug release at higher pH was attributed to electrostatic 

repulsion between negatively charged drug molecules and the negatively charged silica surface.227 

The pH-sensitive release of drug from mesoporous silica was also employed to achieve colon-

specific drug delivery systems of an anionic drug. Sulfasalazine was loaded into mesoporous silica 

modified with triethylammonium groups. Since modification of the silica surface shifted the 

isoelectric point to pH 7.38, drug release was minimized in gastric conditions while significant 

release was observed at pH 7.4 and pH 8, thus affording drug delivery to the colon.228   

 

Few studies have focused on the pH-dependent adsorption and release of weakly basic 

compounds for mesoporous silica systems. An important consideration for basic drugs is the 
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supersaturation that can be generated upon transit from gastric to intestinal pH conditions which 

results from the higher drug solubility at pH conditions lower than the drug pKa. Supersaturated 

solutions are known to improve membrane absorption due to higher driving force for membrane 

transport.5 However, for MPS formulations, supersaturation can increase the amount of drug 

adsorbed onto the silica surface, thereby lowering the amount of molecularly dissolved drug 

available for membrane absorption.199 The effect of transition from gastric to intestinal pH 

conditions was observed in dissolution studies of itraconazole MPS formulations, wherein the 

itraconazole concentration declined rapidly due to crystallization from the supersaturated solution 

generated upon pH-shift.184 In our recent studies with the weak base, atazanavir, drug release from 

mesoporous silica was improved significantly when dissolution was carried out first in acidic 

conditions prior to pH-shift to intestinal pH. (ref) By adding a polymer to the dissolution medium, 

the supersaturated solution generated upon pH-shift could be maintained for experimental time 

frame and improved in vitro absorption was observed relative to single step dissolution at higher 

pH conditions. The goal of the current study was to further investigate the influence of pH on the 

adsorption and release of poorly soluble weakly basic drugs compounds from mesoporous silica. 

Three weakly basic drugs, atazanavir (pKa 4.49)133, ketoconazole (pKa 2.9 and 6.5)229,230 and 

clozapine (pKa 7.5)231, were evaluated for their adsorption behavior at various physiologically-

relevant gastrointestinal pH values.148 Each drug was loaded in mesoporous silica (SBA-15) at a 

20% (w/w) drug loading (DL) and the release performance was evaluated in different pH 

conditions. Drug release was also evaluated using a two-step dissolution test, simulating gastric to 

intestinal pH transitions in fasted and fed states, in combination with mass transport measurement 

using a recently developed absorptive dissolution testing apparatus. Absorptive dissolution testing 

has been observed to alter the kinetics of competing processes involving mass transfer, such as 

crystallization or adsorption to a surface due to removal of drug via membrane transport.83,195 

Herein, the impact of concurrent absorption across a membrane on drug release extent and kinetics 

was evaluated. 

6.3 Materials 

Atazanavir (ATZ) was purchased from Gojira Fine Chemicals, LLC (Bedford Heights, OH) 

and ketoconazole (KET) and clozapine (CLZ) were obtained from Hawkins, Inc. (Minneapolis, 

MN). SBA-15 with pore size of 7.1 nm and specific surface area of 586 m2/g was purchased from 
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Glantero (Cork, Ireland). Hydroxypropyl methylcellulose (PharmCoat 606) (HPMC) was obtained 

from Shin-Estu Chemicals (Niigata, Japan). HPLC grade acetonitrile and methanol were supplied 

by Fisher Scientific (Chicago, IL). Concentrated HCl, NaOH, buffer salts and triethylamine (TEA) 

were also purchased from Fisher Scientific (Chicago, IL). Aqueous media at four different pH 

values were used and 100 µg/mL HPMC was pre-dissolved to prevent drug crystallization. The 

acidic medium consisted of 0.1 N HCl, 50 mM acetate buffer was used for pH 4.5 and pH 5.5 and 

50 mM phosphate buffer was used for pH 6.8 solutions. 

6.4 Methods 

6.4.1 Drug loading procedure 

Atazanavir, ketoconazole and clozapine were loaded into SBA-15 particles by the incipient 

wetness impregnation method,175 wherein depending upon the drug, the desired volume of 

concentrated methanolic stock solution (20 – 40  mg/mL) was added to SBA-15 such that final 

drug loading was 20%. The addition of stock solution was followed by vigorously mixing using a 

spatula. The samples were dried by storing in an oven at 40 C overnight, followed by storage 

under vacuum for 48 h. The drug content was confirmed by dispersing a known amount of sample 

in methanol under sonication for 30 min. The sample was then centrifuged at 21,1000 × g for 10 

min and the supernatant were analyzed by HPLC. 

6.4.2 Adsorption Isotherms 

Adsorption isotherms for ATZ, KET and CLZ were generated by adding a small aliquot of 

a concentrated methanolic stock solution of each drug to an aqueous solution containing a known 

amount of SBA-15. The suspension was equilibrated for 2 h (rapid equilibrium was observed for 

all systems in the preliminary studies) at 37 °C. The amount of SBA-15 added in the aqueous 

media was equivalent to the amount of silica present after dissolution of 20% DL formulation. 

Adsorption was evaluated for a wide range of drug concentrations, at different solution pH values, 

namely pH 1, 4.5, 5.5 and 6.8. The amount of methanol added was less than 0.5%. Following 

equilibration, the samples were centrifuged in a Sorvall Legend Micro 21 Centrifuge (Thermo 

Scientific, Inc., IL) at 14,800 rpm (21,100 ×g rcf) for 10 min and analyzed by high pressure liquid 
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chromatography as detailed below. The amount of drug adsorbed was determined by evaluating 

the difference in the amount of drug at the initial and equilibrium concentrations.  

6.4.3 Zeta Potential Measurements  

The zeta potential of SBA-15 particles was measured using a Nano-Zetasizer (Malvern 

Instruments, Westborough, MA) for pHs ranging from 1 to 10, using concentrated HCl and NaOH 

solutions to adjust pH. The measurements were carried out at 37 °C using disposable capillary zeta 

cells. 

6.4.4 Dissolution studies 

20% DL mesoporous silica formulations of ATZ, KET and CLZ were analyzed for drug 

release behavior in different media. The target drug concentration was approximately equivalent 

to the amorphous solubility of the free base form of the drug, i.e. 75 µg/mL for ATZ, 50 µg/mL 

for KET and 150 µg/mL for CLZ.83,232 Dissolution studies were performed in 0.1 N HCl, pH 4.5 

50 mM acetate buffer, pH 5.5 50 mM acetate buffer and pH 6.8 50 mM phosphate buffer. Two 

step dissolution tests were carried out by first suspending the formulations in acidic media for 30 

min followed by pH increase to pH 4.5, 5.5 or 6.8, by addition of concentrated NaOH solution, 

and drug release was monitored for an additional 90 min. Two-step dissolution studies were also 

carried out by initial suspension in pH 4.5 media followed by pH shift to 5.5. All the dissolution 

studies were carried out in 50 mL of fluid at 37 °C.  

 

To perform dissolution in the presence of an absorptive compartment, two-step dissolution 

testing was carried out using a previously developed flow-through, high surface area absorptive 

dissolution testing apparatus.126 A cellulosic hollow fiber membrane module (surface area 100 cm2, 

pore size 15 nm) was used to simulate the absorption process. Following dissolution in an acidic 

medium, the absorption measurements were initiated after pH-shift to 6.8. The receiver fluid was 

pH 6.8 50 mM phosphate buffer.  The flow rate in the donor and receiver channel was maintained 

at 4 mL/min. The measurements were carried out at 37 °C. The receiver concentration was 

measured in-line using a flow-through UV probe, connected to a UV-Vis spectrometer (SI 

Photonics, Tuscon, AZ). The donor volume was 50 mL and a 10 µm cannula filter (Agilent, Santa 
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Clara, CA) was used at the entrance of the donor channel tubing to prevent water-insoluble silica 

particles from entering the hollow fibers. The donor concentration was measured by high pressure 

liquid chromatography following periodic sampling and centrifugation. All measurements were 

carried out in triplicate. 

6.4.5 High Pressure Liquid Chromatography  

The drug concentration was analyzed by high pressure liquid chromatography (HPLC) using 

an Agilent HPLC 1260 Infinity II system (Agilent Technologies, Santa Clara) and an Eclipse Plus 

C18 4.6 mm × 30 cm × 5 m column, with a UV detector. ATZ analysis was performed using 

mobile phase of 60:40 v/v acetonitrile: pH 2.5 water (acidified with orthophosphoric acid) and a 

flow rate of 0.7 mL/min with a run time of 7 min. The sample injection volume was 15 L and 

concentrations were detected at 210 nm. For KET, samples from dissolution in acidic medium 

were analyzed using a mobile phase of 50:50 v/v acetonitrile: pH 2.5 water (acidified with 

orthophosphoric acid), a flow rate of 0.7 mL/min and a run time of 6 min. Samples from all other 

pH media were analyzed using a mobile phase of 60:40 v/v acetonitrile: water, a flow rate of 1 

mL/min and a run time of 8 min. The sample injection volume was 20 µL and the UV-detector 

wavelength was set to 230 nm. Similarly, for CLZ, acidic samples were analyzed using a mobile 

phase of 40:60 v/v acetonitrile: pH 2.5 water (acidified with orthophosphoric acid), a flow rate of 

0.7 mL/min and a run time of 7 min while all the other samples were analyzed using a mobile 

phase of 70:30 v/v acetonitrile: water, a flow rate of 1 mL/min and a run time of 7 min. 20 µL 

sample injection volume was used and CLZ concentration was detected at 254 nm. All the samples 

were diluted with 50:50 v/v acetonitrile: water prior to analysis. 

6.5 Results 

6.5.1 Adsorption isotherms as a function of pH 

To investigate drug adsorption at different pHs and the resultant impact on the release 

performance of MPS formulations, weakly basic model compounds with different pKas were 

selected to enable the impact of different types of drug-silica interactions to be evaluated. The 

percent ionization of each drug as a function of pH was determined using the Henderson-
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Hasselbalch equation (Figure 6.1). KET has two pKa values (piperazine nitrogen and imidazole 

nitrogen), while the other drugs have a single pKa.  

 

 

Figure 6.1: The percentage of drug ionized as a function of pH for (a) atazanavir (pKa 4.49), (b) 

ketoconazole (pKa 2.9 and 6.5) and (c) clozapine (pKa 7.3). The molecular structures are shown 

as inserts. 

 

The surface chemistry of SBA-15 in an aqueous environment was probed by determining 

zeta potential as a function of solution pH. As seen in Figure 6.2, SBA-15 showed a small positive 

charge below pH 2. Above pH 2, the silica surface became negatively charged as the silanol groups 

became deprotonated and the electric charge increased with further increase in pH. The isoelectric 

point of SBA-15 was found to be at pH 2, consistent with that reported in the literature. 
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Figure 6.2: The zeta potential of SBA-15 as a function of pH of the aqueous media. 

 

Figure 6.3 shows adsorption isotherms of ATZ, KET and CLZ at four different 

physiologically-relevant pHs. Each drug displayed a distinctive adsorption behavior as a function 

of pH. ATZ showed higher adsorption at pH 1 and 4.5 as compared to pH 5.5. At pH 6.8, the 

amount of ATZ adsorbed decreased by half. In the case of KET, low adsorption was observed at 

pH 1, however, adsorption increased notably at pH 4.5 with further slight increases at pH 5.5 and 

pH 6.8. CLZ, on the other hand, showed no adsorption in acidic media (hence, is not included in 

Figure 6.3) and the adsorption increased substantially from pH 4.5 to pH 6.8.  It was evident that 

the deprotonation of silica and the ionization of the drugs altered the strength of interactions 

between the drug and the silica surface and hence impacted the adsorption tendency. 
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Figure 6.3: Adsorption isotherms of a) ATZ, b) KET and c) CLZ on SBA-15 in aqueous solutions 

of different pH values.  

6.5.2 Dissolution of MPS formulations in different pH environment 

20% DL MPS formulations were confirmed to be amorphous using powder X-ray 

diffraction and confinement effect was observed in differential scanning calorimetry (Figure S6.1 

and S6.2). Figure 6.4 shows the dissolution profile of ATZ, KET and CLZ-loaded MPS 

formulations at various pH conditions, with different release profiles being observed. ATZ-MPS 

formulations showed a burst release in acidic media, releasing 70% of drug immediately. 

Thereafter, no further release was observed over a 60 min period. At pH 4.5, 5.5 and 6.8, a smaller 

extent of burst release (10 – 20%) was observed, followed by gradual drug release which plateaued 

at about 40% release after 60 min. Thus, at higher pHs, ATZ-MPS formulations displayed notably 

lower drug release. KET-MPS systems showed immediate and almost complete release (80-90%) 
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at pH 1 and 4.5. Interestingly, at pH 5.5 and pH 6.8 release was substantially reduced. Dissolution 

of CLZ-MPS showed rapid and complete release at pH 1 and pH 4.5, with a slight reduction at pH 

5.5, and a considerably lowered release at pH 6.8. Clearly, solution pH had a significant impact on 

dissolution behavior. 

 

 

Figure 6.4: Dissolution of 20% drug loaded mesoporous silica particles of (a) atazanavir, (b) 

ketoconazole and (c) clozapine in pH 1, pH 4.5, pH 5.5 and pH 6.8. 

 

Next, two-step release testing was performed wherein the formulations were first 

suspended in acidic medium for 30 min followed by an increase in solution pH, mimicking the pH 

increase experienced during transit from gastric to intestinal conditions (Figure 6.5). In the case of 

ATZ, the formulation showed 70% release at pH 1, (consistent with single step dissolution, Figure 

6.4a). Following pH-shift to 4.5, a small decline in concentration was observed, with total release 

plateauing at 60%. With pH-shift to pH 5.5 and 6.8, no change in the concentration was observed 
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over 120 min. For a fed state pH environment (pH 4.5 with shift to pH 5.5), poor release of ATZ 

was observed, with only a small increase in the release upon pH shift.  Different patterns of release 

behavior were observed for KET and CLZ. KET showed complete release in low pH media, with 

a notable decrease in solution concentration occurring following pH-shift to pH 5.5 or pH 6.8, 

whereby almost 30-35% of dissolved drug was lost from the solution. A similar pattern of 

dissolution behavior was observed for CLZ.  Complete drug release was observed at low pH 

conditions and change to higher pH once again decreased the solution concentration. For example, 

there was an approximately 30% decrease in CLZ concentration upon pH-shift from 1 to 6.8. For 

dissolution studies in a fed-state pH environment, CLZ showed complete release at pH 4.5, with a 

15% reduction in solution concentration when the pH was increased to 5.5. The concentration drop 

upon pH change was certainly of interest and warranted further investigation. 

 

 

Figure 6.5: Two-step dissolution of (a) ATZ-MPS, (b) KET-MPS and (c) CLZ-MPS. The vertical 

line indicates the time of pH-shift. 
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6.5.3 Effect of competing adsorbate species on adsorption and dissolution 

The decrease in KET and CLZ concentration upon pH-shift to higher pH values suggested 

that the drug might be undergoing crystallization. However, X-ray powder diffraction of the 

precipitate obtained at the end of the experiment showed no diffraction peaks (Figure S6.3). An 

alternative explanation for the immediate drop in concentration is re-adsorption of the released 

drug onto the silica surface.27 Drugs typically interact with the silica surface via hydrogen bonding 

or electrostatic interactions.30,90 According to the adsorption isotherms of KET and CLZ at 

different pHs, drug adsorption is favored at higher pH conditions relative to in acidic media. As 

KET and CLZ are weakly basic drugs with pKas of 6.5 and 7.3, respectively, both drugs were 

ionized to some extent in the higher pH dissolution media (i.e. at pH 5.5 and 6.8). Concurrently, 

silanol groups in SBA-15 are deprotonated above pH 2 (Figure 6.2). This suggests that the presence 

of electrostatic interactions between the drug molecules and silica surface for the higher pH 

conditions. To test this hypothesis and further probe the type of drug-silica interaction present, 

adsorption of KET and CLZ was studied in the presence of 50 mM triethylamine (TEA) or 0.5 M 

urea. TEA, being positively charged, was added to serve as a competitive adsorbate, interacting 

via electrostatic interaction with the silica surface, such that TEA would result in a reduction of 

KET or CLZ -silica interaction. Adsorption in the presence of urea was studied to assess the extent 

of competitive adsorption via hydrogen bonding. As observed in Figure 6.6, the amount of KET 

and CLZ adsorbed onto SBA-15 at pH 6.8 reduced drastically in the presence of TEA indicating 

competitive adsorption of TEA on the silica surface. In the presence of urea, on the other hand, 

there was only small reduction in the adsorption of KET while no difference in the amount of drug 

adsorbed was observed for CLZ. 

 

Figure 6.6: Amount of KET and CLZ adsorbed on to SBA-15 at pH 6.8 in the presence of TEA 

and urea. 
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 Two-step dissolution of KET-MPS and CLZ-MPS was carried out in the presence of TEA 

to support the contention that the decrease in solution concentration upon pH increase was due to 

re-adsorption of drug. TEA was added to the aqueous media at the time of pH-shift, i.e., after 30 

min. Figure 6.7a shows that, in contrast to the observation in Figure 6.5b, in the presence of TEA 

and following pH-shift to pH 6.8, KET concentration did not decrease, plateauing at 95% release. 

Similarly, CLZ concentration decreased to a lesser extent in the presence of TEA when compared 

to Figure 5c. The lower extent of solution decrease in the presence of TEA is consistent with a 

lower extent of re-adsorption of KET and CLZ, due to competitive adsorption by TEA.  

 

     

Figure 6.7: Dissolution of (a) KET-MPS and (b) CLZ-MPS in pH 1 and pH 6.8 (in the presence 

of TEA). 

6.5.4 Absorptive Dissolution Testing  

 The pH transition from acidic to higher pH conditions had a notable impact on the solution 

concentrations of KET and CLZ, particularly for pH-shift from pH 1 to pH 6.8. The KET-MPS 

formulation was further studied in an absorptive dissolution testing apparatus to determine if the 

removal of drug by transport across a membrane would promote further release, mitigating the re-

adsorption of drug onto the silica surface. Figure 6.8 shows donor and receiver concentrations from 

dissolution-absorption studies along with the total drug release over the experimental time frame. 

The absorption measurements were commenced after pH-shift. The donor concentration showed 

an abrupt decline in concentration upon pH-shift to pH 6.8, and a further gradual decline in 

concentration, which can be attributed to the simultaneous absorption of drug across the membrane. 
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The receiver concentration showed a maximum value followed by a gradual decline in 

concentration, reciprocating the decreasing donor concentration. When assessing the total drug 

release, the drug release increased only slightly (by 10%) over the 4 h period of absorption 

measurements. This observation suggested that decrease in the solution concentration due to 

simultaneous absorption resulted only in small amount of additional drug release, at least over 

biorelevant time frames. 

 

   

Figure 6.8: (a) Donor, total drug release and (b) receiver concentration of KET-MPS during 

dissolution-absorption measurements with pH-shift from pH 1 to pH 6.8 after 30 min. 

6.6 Discussion 

6.6.1 Interplay between drug-silica interaction and drug release  

 Mesoporous silica is an interesting formulation strategy for poorly soluble drugs 

considering the improved amorphous physical stability arising from confinement in the silica pores, 

the potential for rapid release, and the solubility advantage derived from drug amorphization. 

However, silica is a highly adsorbent material, whereby silanol groups serve as active sites for 

adsorption of guest molecules. The chemistry of adsorption sites varies in an aqueous environment 

due to protonation and deprotonation of silanol groups, as follows:98 

 

≡ 𝑆𝑖𝑂𝐻 → ≡ 𝑆𝑖𝑂− + 𝐻+                                                           (1) 

= 𝑆𝑖(𝑂𝐻)2  → ≡ 𝑆𝑖𝑂2𝐻− +  𝐻+                (2) 
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The first dissociation reaction, associated with isolated silanol groups, occurs above pH 2 and the 

second reaction, associated with geminal silanol groups, occurs at pH > 8.5.233 The negative charge 

observed in the zeta potential measurements of SBA-15 in Figure 6.2 is consistent with the value 

reported in the literature221 and suggests deprotonation of isolated silanol groups above pH 2. 

Below pH 2, the silica surface is slightly positively charged with higher concentration of ≡ 𝑆𝑖𝑂𝐻2
+, 

along with some ≡ 𝑆𝑖𝑂𝐻 and ≡ 𝑆𝑖𝑂− groups. A zeta potential of zero suggests an equal number 

of positively and negatively charged silanol groups, making the surface electrically neutral. At 

higher pH, the silica surface becomes predominantly negatively charged with ≡ 𝑆𝑖𝑂− groups.98 

Hence, the surface chemistry of silica in the presence of water largely depends on the ionization 

state of the silanol groups and is a critical consideration for drug delivery application, in particular 

for ionizable poorly soluble drugs delivered orally. Because the silica surface chemistry is sensitive 

to environmental pH, which in turn impacts drug release, the gastrointestinal pH variation is one 

of the most crucial parameters for MPS formulations. The results obtained herein provide 

considerable insight into the influence of pH variations on the release of weakly basic drugs from 

MPS formulations, and the interplay between release and adsorption to the silica surface 

 

The adsorption isotherm for ATZ showed much higher drug adsorption at a lower pH. ATZ 

with a pKa 4.49, was completely ionized (positively charged) for pH values < pH 3 (Figure 6.1a). 

SBA-15 has net positive charge positive charge below pH 2, although there is some fraction of ≡

𝑆𝑖𝑂− species available. Hence, at lower pH values, ATZ is presumably interacting with silica 

through electrostatic interactions with deprotonated silanol groups. The simultaneous presence of 

some fraction of positively charged ATZ and negatively charged silica species thus explains the 

higher levels of adsorption seen at pH 1 and 4.5.  Adsorption is then decreased with further 

increases in pH as the concentration of ionized ATZ decreases. The variation in the interactions 

between ATZ and silica versus between ATZ and water as a function of pH were reflected in the 

dissolution profiles of the MPS formulation. The rapid burst release of ATZ in acidic condition 

can be attributed to higher solubility of ionized ATZ at pH 1, while the incomplete release is 

explained by the fraction of ATZ that remains adsorbed to the silica surface27 via electrostatic 

interactions. The drug release at pH 4.5, 5.5 and 6.8 was much lower, due to a reduction in the 

extent of ATZ ionization, and the reduced ATZ solubility.234 At higher pH, the hydrophobicity of 

ATZ-MPS formulations is increased. Given that drug release from mesoporous silica particles is 
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essentially a diffusion-controlled process and depends on the diffusion rate of water into the pores 

to displace the drug adsorbed,93 increased formulation hydrophobicity is expected to retard water 

penetration, lowering the drug release. Thus, exposing ATZ-MPS formulations to an acidic 

environment prior to encountering intestinal pH conditions clearly improves the amount of drug 

released, as seen by comparing the single-step dissolution data at pH 4.5, 5.5 and pH 6.8 (Figure 

6.4), to the two-step data (Figure 6.5). Furthermore, pH-shift from acidic to basic condition results 

in supersaturation due to the poor solubility of ATZ above pH 3.234 While fasted state gastric pH 

conditions drive ATZ release from MPS formulations, fed state pH conditions of pH 4.5 show a 

considerable reduction in the amount of drug released. Therefore, based solely on the consideration 

of pH, a negative food effect would be predicted. However, the impact of solubilizing species is 

not considered in this analysis.  

 

The interaction between KET and SBA-15 was clearly visible in the adsorption isotherms 

at pH 4.5, 5.5 and 6.8. Considering the positively charged KET (Figure 6.1b) and negatively 

charged SBA-15 above pH 2, this can be attributed to electrostatic interactions between the two 

species. Increase in pH from pH 4.5 to pH 6.8 showed a slight increase in the amount of KET 

adsorbed, which suggested that the decrease in ionized KET species with an increase in pH was 

balanced by an increase in the number of deprotonated silanol groups. The reduced adsorption of 

KET due to competitive adsorption of TEA onto the silica surface at pH 6.8 confirmed that KET 

primarily interacted with silica via electrostatic interaction between positively charged KET and 

≡ 𝑆𝑖𝑂− groups. Furthermore, the small impact of urea on decreasing KET adsorption suggested 

some extent of hydrogen bonding between uncharged KET and silanol groups in addition to the 

electrostatic interaction. The rapid, complete release of KET during dissolution of the KET-MPS 

formulation in acidic conditions (pH 1 and 4.5, Figure 6.4) can be attributed to the higher KET 

solubility and lower adsorption tendency. On the other hand, the lower drug release of KET-MPS 

in pH 5.5 and pH 6.8 is most likely the result of a higher adsorption tendency, combined with the 

diminishing KET solubility with increasing pH.  The interplay between the tendency of the drug 

to adsorb onto the silica surface and the tendency to interact with the media and dissolve is clearly 

highlighted by the two-step dissolution studies. At low pH, the driving force for dissolution is high 

due to greater solubility at low pH, with little tendency for adsorption. Increasing the pH results in 

a reduced solubility, together with an enhanced adsorption tendency due to change in the silica 
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surface chemistry which leads to strong electrostatic interactions between KET and silica. 

Remarkably, this change in the balance between competing factors leads to drug being re-adsorbed 

from the solution onto the silica surface upon pH increase, with an appreciable 30% drop in the 

solution concentration. Support for the conjecture that the concentration decrease is due to drug 

re-adsorption is provided by the observations that this can be mitigated by addition of the 

competitive adsorbate, TEA (Figure 6.7).  Adsorption of KET to the silica surface at higher pH 

seems to result from a strong interaction given that absorptive dissolution measurements did not 

improve the drug release substantially (Figure 6.8), unlike previous observations. Thus, removal 

of drug due to absorption across the membrane did not drive further desorption of drug from the 

surface and adsorption appears to be at least partially irreversible at high pH. Unlike in ATZ-MPS, 

two-step dissolution using fed state pH conditions showed similar performance as for fasted state 

pH conditions, predicting no food effect on the formulation performance from a pH perspective. 

Clearly, the dissolution profile of KET-MPS formulation underscores the need to probe the effect 

of pH on the solution concentration of a weakly basic drug with a high pKa value. Although 

dissolution under acidic conditions is expected to improve drug release from the MPS formulation, 

the solution concentration may decline upon transfer to intestinal conditions due to re-adsorption 

to the silica surface, which is ultimately expected to reduce the drug bioavailability.  

 

CLZ adsorption onto silica followed a similar trend as KET and seemed to interact primarily 

via electrostatic interactions as the amount of CLZ adsorbed increased at higher pH in Figure 6.3a. 

This is consistent with the ionization of CLZ and deprotonation of SBA-15 as a function of pH. 

Moreover, the reduction in adsorption in the presence of TEA and no change in the presence of 

urea indicated electrostatic interaction as the dominant mechanism for CLZ-silica interaction. A 

negligible adsorption of CLZ in acidic condition can be attributed to the electrostatic repulsion 

between CLZ and silica surface. The trend in the amount of drug release during dissolution studies 

of CLZ-MPS was consistent with the adsorption isotherm for different solution pHs. A complete 

burst release in acidic condition and pH 4.5 can be attributed to the poor adsorption tendency of 

CLZ at low pH combined with a high solubility. Lower release at higher pH suggests poor release 

due to stronger adsorption of ionized CLZ with the increasingly negatively charged silica surface. 

Similar to KET, in two-step dissolution studies CLZ concentration decreased upon pH-shift to 

higher pH, which is attributed the increase in electrostatic interactions between CLZ and silica. 
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Furthermore, the amount of CLZ re-adsorbed was consistent with the trend observed in the 

adsorption isotherms. Again, TEA reduced the amount of CLZ re-adsorbed at high pH, improving 

the overall drug release due to competitive adsorption of positively charge TEA. Thus, CLZ 

provides support for the concept that pH-shift from acidic to intestinal pH conditions may deplete 

the amount of drug available for absorption for weakly basic compounds that show substantial 

ionization at intestinal pH conditions. The impact of re-adsorption on the effectiveness of 

mesoporous silica formulations needs to be evaluated in greater depth in an in vivo context.  

6.6.2 In vivo considerations for MPS formulations 

In vivo studies of mesoporous silica-based formulations have shown improved 

bioavailability for poorly soluble drugs when compared to crystalline formulations. For instance, 

itraconazole-loaded MPS formulation  showed two-fold increase in the area under the curve and a 

two-fold reduction in Tmax in comparison to crystalline itraconazole.91 Similarly, carbamazepine 

and telmisartan bioavailability was improved using MPS formulations as compared to the 

commercially available tablets.235,236 This is expected as the drug in MPS formulations is in an 

amorphous solid form, hence, the formulations are expected to offer a transient solubility and 

dissolution advantage, resulting in improved absorption behavior. However, the dissolution of 

amorphous solids results in generation of supersaturated solution. In such cases, the bioavailability 

is determined by the extent of supersaturation maintained over biorelevant time frames. In vivo 

studies of fenofibrate-loaded MPS formulations showed better performance for more slowly 

releasing drug formulation as compared to faster releasing system.183 This was because the higher 

supersaturation generated in the latter formulation resulted in rapid drug crystallization. Similarly, 

itraconazole-loaded silica formulation underwent a rapid decline in the concentration upon 

gastrointestinal transit due to crystallization of itraconazole.91 Therefore, in order to achieve 

enhanced performance from mesoporous silica-based formulations, it is imperative to maintain 

supersaturation in the solution and this may necessitate addition of a polymer to the formulation 

to inhibit crystallization.193,237 In addition to supersaturation due to gastrointestinal (GI) transit, in 

vivo performance of MPS formulations can be significantly influenced by other physiological 

factors. The pH of the GI tract depends on several variables such as prandial condition, time, meal 

volume, secretion volume and the region of GI tract.148 Gastrointestinal fluid conditions are 

predicted to have an impact on the bioavailability from MPS formulations, as for other 
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formulations, with considerations specific to MPS formulations highlighted by the observations 

noted in this study. MPS specific considerations are predominantly the interplay between 

adsorption to the silica surface versus dissolution into the solution phase. This balance will be 

impacted not only by local pH conditions, but also by the presence of other species that can adsorb 

competitively to the silica surface, namely other positively charged species or biological 

surfactants, and the presence/absence of solubilizing species such as bile salt micelles.27  Thus, 

considering the influence of physiological factors on drug release from mesoporous silica-based 

formulations, it is evident that predicting in vivo formulation performance in an in vitro setting is 

a significant challenge. The influence of various in vivo factors needs to be carefully considered 

to develop MPS formulations with optimal performance.  

6.7 Conclusions 

Herein, the impact of solution pH, drug adsorption extent, drug pKa and the presence or 

absence of an absorptive sink on the release performance of mesoporous silica-based formulations 

of weakly basic drugs was explored. The surface properties of silica in aqueous environment vary 

with the environmental pH and are critical to the release performance of drug-loaded MPS 

formulations. The change in ionization and solubility of ionizable drugs as a function of pH further 

influences drug release. A significant impact of solution pH was observed on both the drug 

adsorption isotherm and the dissolution behavior of MPS formulations. A complex interplay 

between the pH-dependent drug solubility, ionization of drug and silica as a function of pH, 

adsorption extent, and release behavior was observed. Since all the three compounds were weakly 

basic in nature, they primarily interacted with silica via electrostatic interaction. Increases in 

solution pH resulted in an increase in the negative charge of the silica surface and improved 

adsorption of positively charged drugs. Poor drug-silica interaction and higher solubility in acidic 

condition resulted in a complete drug release of all formulations at pH 1. However, re-adsorption 

to the silica material was observed for two compounds upon pH increase, decreasing the free drug 

concentration available for absorption across a membrane. This pattern of behavior has potential 

bioavailability implications for weakly basic drugs formulated using MPS, which would be 

expected to show good release in fasted state gastric conditions but may have reduced availability 

upon transit to intestinal conditions due to enhanced interaction with silica. This study clearly 



 

 

180 

highlights important considerations for in vitro formulation testing and overall formulation 

development of mesoporous silica-based formulations for oral drug delivery applications. 
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 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Research Summary 

This research introduces a novel approach for in vitro measurements of form and 

formulation performance, particularly for poorly soluble drugs. An apparatus that can couple 

dissolution-absorption measurements and provide more in vivo relevant mass transfer rates, can be 

an effective tool at several stages of drug product development including drug design, formulation 

development, process development, process validation, quality control and bioequivalence. In 

chapter 2, the design and working principle of the absorptive dissolution testing apparatus was 

described in detail. The study introduced an application of a hollow fiber membrane, with 16-fold 

higher membrane surface area as compared to the conventional flat-sheet membrane, to simulate 

the absorption process. The preliminary studies showed significant enhancement in the mass 

transfer over conventional apparatuses. A mathematical model was developed to understand the 

important parameters that governs mass transport rates and was validate using experimental results. 

The study successfully evaluated dissolution and absorption of an immediate release formulation 

of nevirapine, elucidating the impact of the extent of supersaturation on absorption profiles. 

Additionally, the apparatus was able to demonstrate subtle differences in the formulations that are 

typically difficult to obtain in traditional dissolution or mass transport apparatuses.  

 

 The robustness and sensitivity of the apparatus evaluated in chapter 2 suggested that the 

apparatus can offer better discrimination between complex enabling formulations and insights into 

the impact of solution phase transformations on the absorption behavior. Therefore, in chapter 3, 

the apparatus was used to assess the absorption behavior of complex highly supersaturated 

solutions of poorly soluble drug. In this study, we successfully demonstrated coupling between 

formulation dissolution, solution phase behavior and absorption. Owing to the high sensitivity of 

the absorption measurements, the apparatus demonstrated improved mass transfer due to the 

formation of drug-rich phase following LLPS in the solution. This was speculated to be due to the 

reservoir effect of drug-rich species and improved concentration gradients in the laminar flow in 

hollow fibers. Enhanced mass transfer was also observed from ASDs undergoing LLPS upon 
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dissolution, providing better discrimination between ASDs based on the drug loading and polymer 

type.  

 

The bioavailability advantage from amorphous formulations can be limited due to the 

presence of residual crystalline content. In chapter 4, we evaluated dissolution and absorption of 

amorphous formulations containing some extent of residual crystallinity, induced in situ by 

exposing formulations to stressed storage conditions. In addition to an absorptive sink, the 

formulations were evaluated with different dissolution volumes to understand the impact of 

supersaturation generated on the formulation performance. Formulations with higher residual 

crystalline content generated lower supersaturation and in turn, showed poorer absorption profiles. 

Larger dissolution volume resulted in lower supersaturation and simultaneous membrane 

absorption further reduced the solution concentration. As a result, no desupersaturation was 

observed. On the other hand, smaller volume and non-sink dissolution conditions resulted in higher 

supersaturation and higher membrane mass transfer. However, the desupersaturation rate 

dominated over absorption rate due to large driving force for drug crystallization. With the help of 

mathematical models, we were able to show the interplay between two competing processes, 

absorption and desupersaturation, on solution concentration as a function of supersaturation. 

 

 In chapter 5, mesoporous silica-based amorphous formulations were evaluated in the 

absorptive dissolution testing apparatus. These formulations are limited by incomplete drug release 

due to interaction between drug and silica surface. The adsorption of drug on the silica surface is 

a dynamic process and simultaneous absorption of drug across the membrane can alter the 

adsorption kinetics due to lowering of the adsorption driving force. Hence, the study focused on 

determining the interplay between drug adsorption kinetics and membrane absorption process on 

the overall drug release. Using the absorptive dissolution measurements, we observed a significant 

improvement in the drug release, thus proving the hypothesis. Additionally, we were able to 

correlate the intermolecular interactions between drug and silica in the formulation to the 

dissolution behavior which varied with drug loading. The study clearly highlighted several factors 

that could impact the performance of mesoporous silica-based formulations such as drug loading, 

drug-silica interactions, solution pH, absorptive sink and therefore, a need for careful design of in 

vitro measurements for formulation assessment. 
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 On the basis of the effect of solution pH observed on the dissolution and absorption 

performance of mesoporous silica formulation in chapter 5, the influence of solution pH on 

mesoporous silica-based formulations of weakly basic compound was further investigated in 

chapter 6. Adsorption tendency of the drug molecules on the silica surface was found to be 

dependent on the solution pH and as a result, dissolution profiles varied with the pH. Consequently, 

a significant difference was observed in the dissolution profile for one-step (dissolution in 

intestinal pH) vs. two-step dissolution (dissolution in gastric and intestinal pH environment). At 

higher pH, the drug adsorption increased significantly for drugs with high pKa, while the drug 

release decreased due to ionization of the drug and protonation/deprotonation of the silica surface. 

The study demonstrated that physiological parameters such as solution pH are important 

considerations in the evaluation of mesoporous silica formulations due to complex surface 

chemistry and reactivity of silica. 

 

 Overall, this dissertation highlights the significance of absorptive sink in the dissolution 

testing of formulations, particularly for poorly soluble drugs. Obtaining meaningful dissolution 

data for better prediction of product performance is imperative to the formulation development. 

Absorption of drug across gastrointestinal membrane can alter and be altered by several competing 

physical processes occurring in the gastrointestinal lumen. The novel methodology developed in 

this research enables thorough investigation of these competing kinetics in a dynamic in vitro 

setting. 

7.2 Recommendations for future work 

This research has provided with an in vitro methodology to better simulate the membrane 

absorption process and clearly highlights the importance of incorporating an absorptive sink in the 

evaluation of dissolution behavior of complex supersaturating formulations.  

 

With a robust mass transport apparatus, the future studies can be focused on combining the 

compendial dissolution apparatus (USP I/II) with the hollow fiber membrane module to assess its 

potential as a biorelevant testing apparatus. Formulation optimization is critical to the 

bioavailability of a drug compound. Hence, such an apparatus with combined dissolution-
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absorption testing can be of great utility at formulation design and development stage for the 

pharmaceutical industry. 

  

In vivo, there are several physical processes such as crystallization, supersaturation, liquid-

liquid phase separation or micellization occurring in the lumen along with the dissolution and 

absorption of drugs. The mathematical model for mass transport in the apparatus developed in this 

work can be combined with the rate of other physical processes to better predict the formulation 

performance. In particular, incorporation of the dissolution rate and crystallization kinetics in the 

mass transfer model can provide a thorough predictive model to assess the performance of a 

supersaturating formulations. Further studies can focus on the development and validation of the 

mathematical models. 

 

This study provides a framework for mass transport studies using hollow fiber membrane 

module. Considering the wide range of surface area and size of the hollow fiber membrane module 

available from the manufactures, the application of the apparatus can be further extended by 

incorporating in vivo relevant absorption rate for a specific drug. The interplay between complex 

solution phase behavior and absorption kinetics can then be studied in the presence of in vivo 

relevant conditions to better optimize the formulation design. 

  

The biorelevant experimental conditions for in vitro dissolution and absorption testing are 

becoming increasingly important for complex formulations. Furthermore, biorelevant media can 

serve as solubilizing agents or crystallization inhibitors, which can in turn alter bioavailability of 

the formulations. Hence, performing coupled dissolution-absorption studies of supersaturating 

formulations using biorelevant media would be worth investigating to improve predictions. 

Absorptive dissolution testing apparatus can also be employed to assess the effect of solubilizing 

agents such as surfactants, cyclodextrins or other excipients such as polymers on the amount of 

free drug available for absorption. These additives can either improve the formulation performance 

by maintaining supersaturation or impair the performance by promoting crystallization or 

solubilization of drugs. 
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 The formation of drug-rich phase upon dissolution of ASDs due to LLPS offers 

bioavailability advantage from these formulations. However, LLPS is typically observed from 

ASDs with low drug loading and there exist a threshold drug loading (also known as congruency 

limit) above which the dissolution of ASDs does not result in LLPS. Absorptive dissolution testing 

of ASDs showed improvement in the dissolution rate of slow releasing formulations in the current 

research. It would be interesting to investigate the congruency limit of ASDs using absorptive 

dissolution testing apparatus. The simultaneous removal of drug due to absorption may improve 

the dissolution rate of ASDs, particularly for slow releasing ASDs, and in turn improve the 

congruency limit of the formulation for LLPS to occur. 
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APPENDIX A 

Supporting Information for Chapter 3 

 

 

Figure S3.1: Fluorescence spectra of ATZ below and above LLPS onset concentration. A.S. refers 

to amorphous solubility. 
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Figure S3.2: Powder X-ray diffraction patterns for ASDs prepared in the study. Powder X-ray 

diffraction was performed on ASDs prepared in this study using Rigaku Smartlab diffractometer 

(Woodlands, Texas). Data was obtained over scan range of 5- 40° 2θ with scan rate 4° 2θ/min 

using CuK𝛼 radiation source operating at 40 kV and 44 mA. 

 

 

Figure S3.3: Particle size measurement using DLS during dissolution-absorption of supersaturated 

solution with initial concentration of 200 µg/mL containing 1 mg/mL PVPVA pre-dissolved in pH 

6.8 buffer. 
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Figure S3.4: Comparison of amount of drug released from 50% drug loading ASDs with different 

polymers in the absence (A) and presence (B) of absorptive compartment. 

 

Longer duration dissolution-absorption experiments of ASDs 

The 10% drug loading ASDs had the most promising dissolution-absorption behavior, as a result 

of their rapid dissolution and formation of drug-rich nanodroplets. Dissolution of ASDs prepared 

with cellulose derivatives showed clear evidence of LLPS, while PVPVA-based ASD resulted in 

agglomerate formation (Figure S4). Agglomeration was supported by fluorescence studies 

whereby the filtered solution showed a peak ratio of 0.27, while an unfiltered solution showed a 

peak intensity ratio of 0.89, indicating the presence of a drug-rich hydrophobic environment. The 

difference in the absorption behavior of these three ASDs was, however, not significant over this 

time period.  Experiments conducted for a longer duration showed donor and receiver 

concentration profiles with increased discrimination between these formulations. In the case of the 

ASDs with cellulose derivatives, the apparent donor concentration declined gradually, eventually 

decreasing to the amorphous solubility of ATZ after c.a. 200 min, indicating depletion of the drug-

rich phase. Since the donor molecularly dissolved drug concentration was equivalent to the 

amorphous solubility up until the nanodroplets depleted, the receiver concentration was also 

maintained above the concentration corresponding to amorphous solubility until 200 min, as 

shown in Figure S6B. In contrast, the 90:10 PVPVA:ATZ ASD, saturated at a concentration 

slightly above the amorphous solubility. The concentration depleted after 150 min. We speculate 

this could be due to decrease in the amount of amorphous agglomerates to replenish the drug lost 
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during absorption at an equivalent rate. The receiver concentration profile for 90:10 PVPVA:ATZ 

reflected this decline in concentration beyond amorphous solubility after 150 min. The difference 

in the AUC of receiver concentration was more obvious in the long duration measurements, with 

HPMCAS and HPMC showing higher AUCs as compared to PVPVA. Therefore, although all the 

three formulations attained similar free drug concentrations, the formation of nanodroplets resulted 

in longer reservoir effect and hence higher AUC as compared to reservoir provided by amorphous 

agglomerated solid, indicating higher amount of mass transfer. 

 

 

 

 

Figure S3.5: Donor and receiver concentration of 10% drug loading ASDs with different polymers 

over a duration of 4 h. 
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Supporting Information for Chapter 6 

 

 

Figure S6.1: Powder X-ray diffraction of 20% KET and CLZ-loaded mesoporous silica 

formulation. 

 

  

 

Figure S6.2: DSC thermograms of (a) KET-MPS and (b) CLZ-MPS formulations. No evidence of 

Tg suggests nanoconfinement of drug in silica pores. 
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Figure S6.3: Powder X-ray diffraction of precipitate collected after two-step dissolution of 20% 

KET and CLZ-loaded mesoporous silica formulation with pH-shift from pH 1 to pH 6.8. 
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