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Abstract 

Title of Dissertation: “In Vitro Dissolution, Supersaturation, and Permeation to Predict In 

Vivo Oral Drug Absorption” 

Asmita Adhikari, Bachelor of Pharmacy, 2016, Doctor of Philosophy, 2022 

Dissertation Directed by: James E. Polli, Ph.D., Professor and Ralph F. Shangraw/Noxell 

Endowed Chair in Industrial Pharmacy and Pharmaceutics, University of Maryland School 

of Pharmacy, Baltimore. 

 

Most new drug candidates are poorly water soluble, and as such have limited absorption 

and bioavailability. The current research focuses on two major aspects of oral drug 

absorption research (i) characterization of spray dried dispersions (SDDs) of a poorly 

soluble drug to elucidate the factors that impact overall formulation performance and 

absorption, and (ii) development and utilization of an in vitro dissolution-permeation 

model to predict in vivo human absorption and performance of various drugs representing 

different Biopharmaceutic Classification System (BCS) classes. 

The first aim was to characterize itraconazole (ITZ) SDDs from three grades (L, M and, 

H) of hydroxypropyl methylcellulose acetate succinate (HPMCAS) polymer based on 

supersaturation kinetics and molecular interactions that contributed to the overall SDD 

performance and drug absorption. A combination of in vitro and solution state drug-

polymer interaction studies was used. Results indicated that a high supersaturating 

concentration, and rate and extent of supersaturation caused the largest increase in 



 

 

absorption. We concluded that such stronger hydrophobic interactions between drug and 

polymer were relative detriment to ITZ absorption for ITZ and HPMCAS SDDs.  

Conventional dissolution testing has been modified in terms of in vitro design and medium 

composition. Biorelevant media closely simulate the composition of human 

gastrointestinal fluids but are challenging to prepare and contain multiple components. The 

second aim was to assess the similarity of dissolution profiles from biorelevant media. 

Results indicated favorable interday repeatability, interanalyst repeatability, and 

interlaboratory reproducibility suggesting this approach could be incorporated into 

clinically relevant dissolution models.  

An in vitro model that can capture the dynamic interplay between dissolution and 

permeation is sought for poorly soluble drugs, with potential to guide the drug development 

process and product life cycle management. The third aim was to characterize and utilize 

a dissolution-hollow fiber membrane (D-HFM) system to correlate in vitro and in vivo 

parameters for several BCS classes drugs. Model predictions and experimental D-HFM 

system studies were performed using drug solutions and drug products. Results indicated 

close agreement between predicted and observed drug permeation profiles, and between 

the D-HFM system derived in vitro and in vivo permeation constants and absorption 

profiles.  
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Chapter 1. Introduction and Research Objectives 
 

Poorly Soluble Drugs 

 

Majority of drugs in company pipeline are poorly water soluble with limited bioavailability (1). 

Oral drug delivery is the most used route of administration due to its simple and painless 

administration, low costs, and high patient acceptability. As such formulators are constantly 

performing research to make the new drug candidates viable for oral formulation development and 

finally bring it in market. Gastrointestinal (GI) tract has a high intestinal surface area and rich 

mucosal vasculature that potentially provides excellent drug absorption and high bioavailability 

(2). However, there are many challenges associated with oral drugs and drug absorption from the 

GI tract is a complex process. It has been previously reported that the GI absorption is influenced 

by physiological factors such as GI motility, pH, efflux transporters, and pre-systemic metabolism; 

extrinsic factors such as food intake and formulation design; and most essentially the 

physicochemical properties of the drug (3). 

The key parameters that impact the oral bioavailability and product development are aqueous 

solubility and intestinal permeability. Biopharmaceutics Classification System (BCS) was 

developed to classify the active pharmaceutical ingredients (APIs) based on their permeability and 

solubility as such class I drugs have high solubility and high permeability, class II drugs have low 

solubility and high permeability, class III drugs have high solubility and low permeability, and 

class IV drugs have low solubility and permeability (4). BCS have been utilized as a criterion for 

biowaivers: for highly permeable and soluble drugs, admission onto the market of immediate 

release oral products of those drugs facilitated by a waiver for in vivo bioequivalence studies (5) 
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BDDCS (Biopharmaceutics Drug Disposition Classification System) were recently introduced and 

are successfully implemented to predict drug-drug interaction (DDIs) with respect to drug 

metabolizing enzymes (DMEs) and transporters. Based on BDDCS, class 1 compounds being both 

highly soluble in the gut and highly permeable, their intestinal permeability and fraction absorbed 

(Fa) are not significantly affected by transporters, possibly due to saturation as such inhibition or 

induction of that transporter in gut will not have any clinically relevant in vivo effect on intestinal 

absorption or metabolism. Class 2 drugs are highly permeable; thus, their Fa is not significantly 

affected by transporters. Since the solubility of class II drugs are low, they are unlikely to saturate 

efflux transporters in the gut leading to inhibition of efflux transporters. This can cause altered 

exposure to DMEs in the gut, higher fraction non-metabolized in the gut (Fg) and higher plasma 

concentration. The inhibition of intestinal uptake transporters is expected to be not relevant for this 

class. For class III and class IV drugs, the intestinal permeability is strongly affected by both uptake 

and efflux transporters as such requires active transport to overcome their poor passive 

permeability. The inhibition or the induction of any intestinal transporter has a potential to cause 

clinically relevant changes in the disposition of poorly metabolized class IV drugs (6, 7). 

More than 40% of the drugs are poorly soluble drugs with low aqueous drug solubility and limited 

bioavailability (8). Several enabling techniques has been developed to improve the oral 

bioavailability of BCS Class II compounds to increase the solubility – dependent bioavailability. 

Formulators have been applying enabling approaches as particle engineering, alterations of the 

API into a salt form, the use of surface-active agents or cosolvents, lipid-based formulation, 

amorphous solid dispersions etc. to enhance solubility and bioavailability. Amorphous solid 
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dispersions (ASDs) are being used with increasing frequency as a potential alternative approach 

for poorly soluble compounds (9-11). 

Amorphous solid dispersions 

 

The crystalline form of a drug has a definite structure, has lower free energy and is extremely 

stable such that it requires greater input of energy for molecules to dissociate and dissolve. In the 

other hand, pure amorphous drugs have very high free energy and extremely instable. Scientists 

have developed a compromise in between as Amorphous Solid Dispersions (ASDs) that are drug 

randomly distributed in drug carriers like polymers. Polymers used for ASDs are generally 

hydrophilic carriers and can be ionic or nonionic in nature. These polymers interact with the poorly 

soluble drugs at the molecular level (12). ASDs have higher free energy and chemical potential 

and intermediate stability as compared to pure crystalline form but lower free energy than pure 

amorphous form that makes them viable for formulation development as such enhance the 

solubility, stability, and bioavailability of poorly soluble compounds. Several techniques produce 

ASDs, such as hot melt extrusion (HME) and spray drying (8). Solvent evaporation method like 

spray drying is the method where the drug and carrier are solubilized in an organic volatile or 

aqueous solvent which is further evaporated to obtain ASDs. Hot-melt extrusion is an example of 

a melting method, which includes extrusion of the premixed drug and polymer at melting 

temperatures and fast rotational speeds. Both spray drying and hot melt extrusion are widely used 

in the pharmaceutical industries for the formulation of ASDs. The pros and cons of these method 

are listed below in Table 1 (2).  
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Table 1 Pros and Cons of different processing technologies. 
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Spray drying is a rapid and continuous process used to make ASDs (13). The schematic of a 

traditional spray dryer is shown in Figure 1. It is performed by pumping a feed solution consisting 

of solvent, drug, and polymer into the drying chamber using a peristaltic pump and atomized using 

a two-fluid spray nozzle. Inside the spray nozzle, the process of atomization takes place. The feed 

solution mixes with spray gas (generally an inert gas when organic solvents are used) and is 

expelled as a spray cone of small droplets (usually <100 µm) into a heated drying chamber. The 

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

to the droplets followed by the evaporation of any remaining solvent and the formation of a solid 

particle. These particles are taken in by an aspirator from the drying chamber into a cyclone, where 

the solid particles are separated from the gas into collector. The remaining gas and vapor are then 

passed through an outlet filter to recover remaining particles and then either expelled from the 

system or recovered with the use of an inert loop when using volatile solvent. The spray dryer can 

either be an open-loop or closed-loop system, depending on the circulation and type of the drying 

gas. In an open loop, air is used as the drying gas and is not re-circulated, which improves the 

drying efficiency. On the other hand, in a closed-loop configuration, the drying gas is inert (e.g. 

nitrogen, used for explosive organic solvents) that is re-circulated throughout the drying chamber. 

Spray drying process parameters like outlet temperature, particle size, product moisture content 

and yield are impacted by aspirator, inlet temperature. Gas flow, solution feed rate, solid 

concentrations, and organic solvent. 
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Figure 1 Schematic of traditional spray dryer. 

 

 

The goal of an amorphous formulation is to sufficiently increase the drug concentration in 

solution for a sufficient time after administration (14). Figure 2 that shows the theoretical 

solution time profiles of a crystalline drug (black, dashed), pure amorphous drug without 

polymer (black), and solid dispersions with two different polymers (polymer A, medium gray 

and polymer B, light gray). The crystalline drug dissolves until the solution concentration 

reaches the thermodynamic solubility of the drug and the concentration remains constant after 

that (black, dashed).  
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Figure 2. Theoretical solution time profiles of a crystalline, amorphous and solid dispersions.  

Crystalline drug (black, dashed), pure amorphous drug without polymer (black), and solid 

dispersions with two different polymers (polymer A, medium gray and polymer B, light gray) are 

shown in the profile below. (12). 

 

 The pure amorphous form initially dissolves more rapidly than the crystalline form and reaches a 

higher concentration. This is termed the “spring” effect and is a direct function of the higher 

apparent solubility of the amorphous form. However, the higher concentration is typically short-

lived due to highly supersaturated solution concentration and therefore precipitation into the 

crystalline form occurs until the concentration equals the solubility of the crystalline form (black). 

Drugs in stabilized amorphous forms may generate a supersaturated solution (sometimes denoted 
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a high kinetic solubility), which is larger than the equilibrium solubility from the crystalline form 

(10, 15). Additionally, this supersaturation is preferentially inhibited by the polymer against rapid 

drug crystallization from the dissolution media (9, 15). SDD strategy entails the amorphous form 

to initially dissolve rapidly, attaining a high supersaturation concentration. This “spring” effect 

reflects this desired contribution of the amorphous, solid-state property of the SDD and the higher 

apparent solubility of the amorphous form (14). However, supersaturation from initial dissolution 

can be transient and followed by a decrease in drug concentration due to drug nucleation and 

crystallization (9, 14, 15). When suitable polymer is introduced as a drug carrier for ASDs, the 

drop in drug concentration may be slowed (denoted “parachute effect”) or even completely 

inhibited due to the polymer. For instance, based on theoretical solution concentration versus time 

profile (figure 2), polymer A exerts a parachute effect while polymer B completely inhibits 

recrystallization and maintains the same degree of supersaturation. This parachute effect is due to 

the polymer inhibiting solution-mediated crystallization of the drug. Dissolution of the polymer 

can promote more rapid dissolution of the drug by helping to liberate drug molecules (or particles), 

increase the drug solubility in the solvent (cosolvency effect), and inhibit direct solid–solid 

crystallization. The parachute effect of the polymer is also due to a combination of mechanisms. 

First, polymers can elevate the equilibrium solubility of the drug (cosolvency effect) and therefore, 

can reduce the degree of supersaturation and hence, the thermodynamic driving force for solution-

mediated crystallization. Secondly, the drug molecules and polymer may form complexes in 

solution via electrostatic bonds, Vander Waals forces, or hydrogen bonding (11). 

Polymer selection is pivotal since it is responsible for helping attain and maintain supersaturation 

for longer period, preventing API from nucleation and crystallization and provide enhanced 
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solubility and bioavailability. In addition to previously mentioned attributes, polymers that have 

tendency to form micellar structures shows better solubilization capacity that would be preferred 

for ASD development (16). However, same polymers may not be an ideal carriers for all the APIs 

due to differences in chemical moieties, physicochemical properties required for specific drug-

polymer interactions and higher and stable supersaturation. So, it is necessary to study and identify 

polymers as carriers for different drugs. 

Hydroxypropyl methylcellulose acetate succinate (HPMCAS)-based SDDs are a potential SDD 

approach (10, 11, 17, 18). HPMCAS is a cellulosic polymer originally developed for enteric 

coating, has become widely used as a polymer carrier for ASDs. HPMCAS consists of a cellulose 

backbone (Figure 3) with four functional groups: methoxy, hydroxypropyl, acetate, and succinate. 

The mass contents of each substituent are provided in Table 2 (19). 

Figure 3. Cellulose backbone of HPMCAS. 

Sites of substitution are (R). R = -H, -CH3, -C(O)CH3, -C(O)CH2CH2CO2H, -[CH2CH(CH3)O]R’ 

, R’ = -H, -CH3, -C(O)CH3, -C(O)CH2CH2CO2H. 
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Table 2. Properties and contents in grades of HPMCAS polymer.  

 

HPMCAS can inhibit drug precipitation from supersaturated solution for several poorly soluble 

model drugs, such as itraconazole, felodipine, loviride, and etravirine, in both compendial media 

and in in vitro fasted state biorelevant media (20, 21). HPMCAS has a high glass transition 

temperature (Tg) and can form drug/polymer colloids when ionized. The best performing ASDs 

of low solubility compounds form several species, including small drug/polymer colloids, 

micelles, and free drug, such that the “apparent drug concentration” is the total drug concentration 

present in these species (22). Micelles and drug/polymer colloids have been found to rapidly 

dissolve to produce free drugs when using dissolution/permeation methods. These apparent drug 

concentrations achieved by various formulations during dissolution were critical in assessing 

formulation performance (23). 
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There is limited understanding of intermolecular interaction of ITZ and HPMCAS in solution, 

despite the wide-spread desire for a “parachute” model for SDD performance (14). To obtain an 

optimal ASD, inhibition of solid-solid and solution mediated crystallizations play a key role. 

However, there is limited understanding how drug polymer interactions play role in the 

performance of ASDs. Saturation transfer difference NMR (STD-NMR) is employed here and is 

based on transfer of magnetization from the large molecule to the small molecule (24).  Figure 4 

shows the cartoon of the STD NMR experiment (25). For a small molecule bound to the large 

molecule, only the signals of the hydrogens that are in close contact to the large molecule (5 Å) 

receives magnetization transfer and appears in the spectra. This method has been extensively used 

to assess intermolecular interactions, including hydrophobic interactions, between ligands and 

proteins (26, 27).  However, the application of STD-NMR to study the interaction of ITZ and 

polymer that can directly impact SDD dissolution performance are new applications of STD-NMR. 

Figure 4. STD-NMR experiment for molecular interaction. 

(A) A long RF pulse (here centered on the methyl groups) selectively saturates the protein, 

equalizing the spin populations and driving the signal to zero. (B) The saturation spreads through 

the protein by spin diffusion. (C) Bound ligand becomes saturated by virtue of being near the 

protein. (D) The ligand dissociates from the protein and a new ligand takes its place. Once bound, 

the new bound ligand is also saturated by the magnetization propagating through the protein. (E) 

The saturation spreads in this manner throughout the ligand pool, both bound and free. An 

equilibrium is established as ligand saturation is lost through T1 relaxation and gained by fresh 

binding to the protein. 
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Conventional dissolution testing 

 

Dissolution involves the detachment of drug molecules from the solid surface and subsequent 

diffusion across the diffusion layer surrounding the solid surface. It is closely related to solubility. 

The relationship of solubility and dissolution rate is described by the Nernst–Brunner/Noyes–

Whitney equation: 

𝑑𝑀

𝑑𝑡
= 𝐴 ∗

𝐷

ℎ
 (𝐶𝑠 − 𝐶𝑡 ) 
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where 
𝑑𝑀

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

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

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

Dissolution testing is an in-vitro study of release profile of drug from a dosage form. For a dosage 

form to be effective, it is necessary that a certain amount of drug is available to be absorbed in the 

body. In vitro dissolution is a tool essential to design a dosage form, assess its stability and study 

the manufacturing aspects. According to the BCS guidelines and FDA, in vitro dissolution testing 

may be a useful tool to forecast the in vivo performance of drug products and potentially reduce 

the number of bioavailability/bioequivalence studies required.  So, dissolution testing is important 

in the drug development process that helps with the formulation comparisons and provide a in vitro 

test that closely reflects in vivo performance. 

For amorphous systems, there is competition between dissolution and crystallization via a solid or 

solution state (15). With the solid state route, when crystallization from the amorphous system 

occurs rapidly upon exposure to the dissolution media relative to the dissolution rate, 

supersaturation will not be observed. However, if crystallization is slow relative to the dissolution 

rate, or does not take place, then any lack of performance of the amorphous material will be a 

result of crystallization from the supersaturated solution in the solution state. Since the 

supersaturated solution is highly unstable and nucleation and crystal growth are occurring during 

dissolution to obtain a stable equilibrium. It is important to have a complete understanding of the 

relative contribution of the solid and solution state route to facilitate an understanding of the 

observed concentration-time profile generated on dissolution of the amorphous solid and 
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stabilization potential of polymers, included as part of the formulation development process. The 

balance in spring and parachute effect must be carefully considered in formulation designs (28).   

Conventional dissolution testing like USP apparatus II with large volume, compendial dissolution 

media and sink conditions (saturation solubility of a drug in the dissolution media is at least three 

times more than the drug concentration) have been long used to differentiate formulations. This 

approach is beneficial for simple formulations, but with the advent of complex enabling 

formulations and technologies like ASDs for poorly soluble drug candidates, conventional 

dissolution testing approaches need modification. Dissolution continues to involve modifications 

in design and medium (29). Modifications in conventional dissolution testing have previously been 

performed in terms of the design and medium used to perform these experiments. Simple one 

compartment, closed environment with no absorptive component and use of buffer media to 

represent the GI tract might not provide better in vivo predictions for complex formulations like 

amorphous solid dispersions. 

Such modifications are often aimed at low solubility drugs, for which the least successful in vivo 

predictions are often reported (30). SDDs that aim to provide for supersaturation can lead to 

precipitation during gastrointestinal transit, making the prediction of SDD performance based on 

compendial dissolution methods especially challenging (31). Small volume dissolution testing, 

membrane flux studies, and various dissolution approaches to incorporate absorption, which can 

benefit additional dissolution, have been devised to screen formulations. Examples include 

dissolution/Caco-2 permeation method, biphasic dissolution, and multicompartmental models (32-

34).  
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Biorelevant dissolution testing  

 

Composition of biorelevant media was first introduced in 1998 by Dressman et al (29). The use of 

biorelevant media over aqueous buffers in in-vitro dissolution testing has grown because this 

method can simulate gastrointestinal conditions that are close to those that exist in human GI 

fluid(29, 35). Biorelevant media contains surfactants as bile salts and phospholipids present in the 

GI. Many studies have demonstrated the advantages of using biorelevant media over compendial 

media for the in vitro studies (36). As demonstrated by the Noyes Whitney equation, the 

dissolution rate is affected by the solubility of drug in the dissolution media. Since the solubility 

of in compendial media and biorelevant media can be different mostly for poorly soluble drugs, 

dissolution rate of the drugs are affected. The biorelevant media simulate the stomach and intestine 

in both fasted and fed state and the compositions of the biorelevant media as in Table 3 below are 

designed to be representative of the physiological conditions of the GI (37). The biorelevant media 

are Fasted state simulated gastric fluid (FaSSGF), Fed state simulated gastric fluid (FeSSGF), 

Fasted state simulated intestinal fluid (FaSSIF) and Fed state simulated intestinal fluid (FeSSIF).  
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Table 3. Composition of biorelevant media. 

 

  

For instance, in weakly acidic drugs like phenytoin for which the fasted gastric condition is the 

least favorable place for weak acids to dissolve, comparison of dissolution profiles obtained in 

blank FaSSIF and FaSSIF and blank FeSSIF and FeSSIF indicated that bile components play a 
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key role in the solubilization of phenytoin (∼36% of drug released in FaSSIF and ∼50% in FeSSIF 

over 4 h) as in Figure 5. FeSSIF significantly increased AUC0–t by ∼45% from the marketed 

preparation. The results from the dissolution studies agreed with data from an in vivo study 

performed in New Zealand white rabbits (38).  

Figure 5. Dissolution profiles of Phenhydan® tablets obtained in compendial and biorelevant 

media.  

 

There are potential advantages of using biorelevant media over simple buffers, including 

throughout the pharmaceutical product development and life-cycle (e.g. formulation viability and 

optimization, registration) (39, 40). Biorelevant media are increasingly being employed as 
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dissolution media in drug development, including in volumes smaller than 900ml that may be more 

physiologic and predictive for adults and pediatric patients, particularly when non sink conditions 

are expected (41-45). The need for various levels of complexity of biorelevant media has been 

proposed in order to choose the appropriate test media during formulation development. However, 

compared to more traditional dissolution media (e.g. buffers, sodium lauryl sulfate-based media), 

biorelevant media are more complex media, with multiple components. Their production has been 

described as challenging as well (46).  

Modifications in in vitro models  

 

Drug dissolution is highly influenced by drug solubility in water and drug permeability in GI 

conditions which in turn affects the rate and extent of oral drug absorption in vivo. In addition, 

intestinal drug absorption in vivo is affected by several factors like pH, GI fluid composition, 

volume, surface area and transit time which makes it difficult to pinpoint a “perfect” in vitro model 

that can mimic in vivo conditions. Even for modified release, submitted IVIVCs are successful in 

NDAs only 40% of the time (30). IVIVC is a predictive mathematical model describing the 

relationship between an in vitro property of a dosage form and a relevant in vivo response. 

Conventional dissolution testing has been used to predict the performance of oral formulations 

along with other complex supersaturating formulations, but it often fails to predict in vivo 

performance. Conventional dissolution testing using one compartment USP II apparatus does not 

consider the continuous drug dissolution and permeation that occurs in vivo which can impact both 

the dissolution and intestinal absorption. Absorption is related to mass transport of drug compound 

from GIT through membranes. The importance of absorption compartment was identified for 
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poorly soluble drug loviride. Small volume dissolution testing, membrane flux studies, and various 

dissolution approaches to incorporate absorption, which can benefit additional dissolution, have 

been devised to screen formulations.  The interplay between absorption and supersaturation in the 

presence and absence of absorptive compartment was investigated. The results suggested that 

incorporation of permeation in vitro precipitation assays were crucial for the efficient development 

of complex supersaturating drug delivery systems drug delivery systems . As such, advancements 

have been made in recent years in the oral drug absorption research to incorporate absorptive 

compartment into the in vitro models to investigate it potential in predicting oral drug absorption 

in vivo (18-25).  

Caco-2 cell monolayers are widely used model of human intestinal permeability that has shown 

good correlations with oral drug absorption from dosage forms in humans (47-49). We previously 

coupled Caco-2 cell monolayers with in vitro dissolution to devise a continuous dissolution-

permeation apparatus (denoted as dissolution/Caco-2 system here) (50). The dissolution/Caco-2 

system represented an experimental approach that combines dissolution and subsequent 

permeation to estimate the relative contributions of dissolution and permeation to overall 

absorption kinetics. The system was able to differentiate formulations and there was agreement 

between observed dissolution absorption in vitro as compared to human pharmacokinetics studies. 

However, a limitation of continuous dissolution permeation apparatus was the relatively low 

absorptive area provided for drug permeation and overly sensitive behavior of Caco-2 cell 

monolayers as permeation rate limited formulations showed similar drug absorption in vivo.  

Animal models like single-pass intestinal perfusion (Colon, Jejunum) in rat-biophysical model 

which are non-human FDA approved methods have been shown to be a reliable and cost-
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effective option for permeability characterization of drugs. Good correlations between the in 

vitro and in vivo models based on intrinsic permeability values were observed in these models 

(51). Caco-2 cell monolayers, and in situ rat intestinal perfusion are the models that are even 

used to investigate the effect of excipients in permeability of drug compounds (52).  

Non-compendial methods were found to be more discriminative to drug formulation differences 

and manufacturing methods than conventional dissolution conditions that can aid the early drug 

product development (53) . Dissolution-permeation setup using pion side by side apparatus is 

widely in vitro to predict in vivo performance in complex formulations, However, an 

overestimation of luminal precipitation was identified and believed to be related to the slow flux 

of the drug across the biomimetic membrane into the acceptor chamber . MacroFLUX and 

BioFLUX apparatus are another novel device that incorporates an absorption compartment into a 

USP II dissolution apparatus like pion side by side apparatus, while changing the working 

volume in the dissolution vessel to 900 mL and 250 ml respectively with same biomimetic 

membrane. These have shown potential to improve IVIVC as well . The in vitro dissolution 

absorption system 2 (IDAS2) was a recent invention that comprised a conventional dissolution 

vessel containing two permeation chambers with Caco-2 cell monolayers mounted with their 

apical side facing the dissolution media. It permitted simultaneous measurement of dissolution 

and permeation of drugs from intact clinical dosage forms. The in vitro results showed a good 

correlation with in vivo human oral pk parameters, thus emphasizing the physiological relevance 

of IDAS2 data in predicting in vivo absorption (54). Several other approaches such as biphasic 

dissolution have been designed to predict formulation performance and oral absorption (33, 55). 

Biphasic system using decanol showed relative promise and seemed to be useful for screening 
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APIs with weak base characteristics and for studying enabling drug formulations in early 

formulation development stages. The modelled AUC and Cmax values for formulations under 

study were within a 25% PE when compared to the observed in vivo clinical values. However, 

small surface area and separation of aqueous/organic interface was a significant issue to 

overcome when aiming to replicate rapid intestinal absorption process. Hate et al. employed a 

hollow fiber membrane (HFM) module, which increased absorptive area and showed promise to 

conduct dissolution-absorption studies to provide in vivo relevant information about formulation 

performance (32). 

Current research  

 

The objective of my thesis research in oral drug absorption is to characterize enabling formulations 

and in vitro dissolution models to predict in vivo absorption of poorly soluble drugs. My research 

aimed to characterize enabling formulations of spray dried dispersions of a model poorly soluble 

drug that impacts the formulation performance and understand the factors contributing that 

contribute to the performance. A better understanding of these factors can help in predicting the 

drug absorption. My research also aimed to investigate modifications in the in vitro dissolution 

model. Dissolution continues to involve modifications in medium composition and in vitro design. 

Modification in medium for dissolution focuses on investigating the biorelevant media for its 

border utilization in the oral drug absorption research. And modification in design focuses on 

developing and characterizing an in vitro dissolution model which might have a potential of 

predicting the in vivo performance of simple dosage forms to complex enabling formulations.  
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The aim of the work described in Chapter 2 was to to characterize enabling formulations to predict 

in vivo absorption of poorly soluble drugs. The characterization of grades of HPMCAS spray dried 

dispersions (SDD) of itraconazole was performed based on supersaturation kinetics and molecular 

interactions impacting formulation performance. Understanding the nature and behavior of solid 

dispersions in solution has promise to allow for in vivo prediction of SDD performance. The 

primary purpose of this study was to investigate the rate and extent of supersaturation and in vitro 

permeation attained by SDD from three grades of HPMCAS, and to investigate underpinning 

molecular interactions between ITZ and HPMCAS. Methods included small volume dissolution, 

solid-state characterization of SDD transformations, drug flux studies from SDDs, and 

stabilization potential assessment of polymer and molecular interactions between drug with 

polymer. There is limited understanding of intermolecular interaction of ITZ and HPMCAS in 

solution, despite wide-spread desire of the “parachute” model for SDD performance (14, 56). The 

aim is to investigate these molecular interactions between drug and various polymer grades in 

solution state using 1D-1 HNMR and STD-NMR and assess molecular interaction contributions 

to understand ITZ supersaturation performance. 

The aim of the work described in Chapter 3 was to investigate the biorelevant media to provide 

understanding of its utilization in oral drug absorption research. The overall objective of the project 

was to assess interday repeatability, interanalyst repeatability, and interlaboratory reproducibility 

of dissolution profiles from biorelevant media, as well as to assess the impacts of medium 

production method and medium volume on dissolution profiles. The project was performed by 

four analysts as such this specific chapter here focus on the studies performed by one of the four 

analysts. Chapter 3 aims to study the within analyst interday repeatability of dissolution profiles 
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from biorelevant media and impact of medium production method within analyst.  Dissolution 

media were prepared by two methods “commercial” and “from scratch” and the dissolution studies 

were performed in 500ml of each of seven media on two days (denoted day 1 and day 2), for each 

ibuprofen and ketoconazole tablets. The seven media were: ‘from scratch’ FaSSGF, FeSSGF, 

FaSSIF-V2, and FeSSIF-V2 media; and commercial FaSSGF, FaSSIF-V2, and FeSSIFV2. ‘From 

scratch’ denotes all medium components were individually sourced and combined. ‘Commercial’ 

denotes the use of lyophilized powders from Biorelevant.com. Containing no sodium taurocholate 

or lecithin, FeSSGF was only made ‘from scratch’, as a commercial powder was not available at 

time of study.  

Chapter 4 and 5 describe the development and characterization of in vitro dissolution models to 

predict in vivo absorption of poorly soluble drugs. The studies focus on devising and characterizing 

a dissolution-permeation apparatus with hollow fiber membrane as the permeation component and 

predict drug permeation for drugs from various BCS classes. Hate et al. employed a hollow fiber 

membrane (HFM) module as an absorptive compartment, with increased absorptive area of 115 

cm2 compared to our previously developed dissolution/Caco-2 system with a surface area of 1 cm2. 

The module showed promise to conduct dissolution-permeation studies of amorphous solid 

dispersions of poorly soluble drug. The module has an advantage of relatively high A/V ratio in a 

continuous dissolution-permeation system.  

Chapter 4 focuses on model development and characterization of D-HFM system. Metoprolol 

tartrate, lamotrigine, piroxicam and ranitidine HCl (BCS class I, II, II, and III, respectively) were 

selected as model drugs to include an array of drugs in various BCS categories. The goals of the 

study were to characterize a dissolution-hollow fiber membrane (D-HFM) system and compare its 
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resulting in vitro drug permeation constants (𝐾𝑝
′ ) to in vivo clinical permeation constants (𝑘𝑝), for 

drugs in various Biopharmaceutics Classification System (BCS) classes. Model predictions for D-

HFM were made based on derived mixing tank (MT) and complete radial (CRM) flow models and 

independent measurement of membrane permeability. Experimental D-HFM studies included 

donor flow rate and donor volume sensitivity studies, and drug permeation profile studies. 

Additionally, for the four drugs, 𝐾𝑝
′  from D-HFM system was compared to (𝑘𝑝) from literature, as 

well as 𝐾𝑝
′  values from side-by-side diffusion cell and dissolution/Caco-2 system.  

Chapter 5 focuses on utilizing the hollow fiber membrane (D-HFM) model to characterize simple 

drug products from various BCS classification. This study was performed in drug products to 

investigate the drug dissolution and permeation from drug tablets and capsules in D-HFM model 

and compare to the in vivo absorption. The similarity of D-HFM system  𝐾𝑝
′  to in vivo 𝑘𝑝 

motivated us to utilize D-HFM system as an experimental approach to incorporate drug permeation 

to an in vitro assessment of in vivo tablet and capsule performance. The objective of this chapter 

was to predict the in vivo human absorption profile and biopharmaceutic performance of five drug 

products using the D-HFM system. Four immediate-release (IR) and one extended-release (ER) 

oral solid dosage form were subjected to the D-HFM system. Tablets and capsule dissolution were 

also measured using USP apparatus II. Drug solutions were also subjected to D-HFM testing. 
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Chapter 2. Characterization of Grades of HPMCAS Spray Dried 

Dispersions of Itraconazole Based on Supersaturation Kinetics and 

Molecular Interactions Impacting Formulation Performance1 
 

Abstract 

The objective was to characterize hydroxypropyl methylcellulose acetate succinate (HMPCAS) 

grades L, M, and H to enhance itraconazole (ITZ) release and permeation from spray dried 

dispersions (SDDs), and to investigate underpinning molecular ITZ-HPMCAS interactions that 

differentiated grade performance. ITZ or its SDDs were subjected to solution stabilization 

assessment, one-dimensional proton nuclear magnetic resonance (NMR) spectroscopy, saturation 

transfer difference NMR studies, small volume dissolution, solid state transformation studies, 

and in vitro dissolution/permeation flux studies. 

Results indicated HPMCAS grade performance was L>M>H in general, although some 

individual studies indicate H as best performing. Grade L exhibited greatest ITZ supersaturation 

concentration, small volume dissolution, and in vitro dissolution/permeation flux. Meanwhile, H 

grade retarded ITZ precipitation to the greatest extent in solution stabilization studies and 

exhibited greater hydrophobic interaction with ITZ in NMR studies. However, this apparent 

advantage of H grade through hydrophobic interactions between drug-polymer appeared to limit 

overall dissolution/permeation performance of SDD. In vitro SDD studies and drug-polymer 

interaction studies provided insight into the performance of HPMCAS grades, as well as the 

 
1 Adhikari A, Polli JE. Characterization of Grades of HPMCAS Spray Dried Dispersions of Itraconazole Based on 

Supersaturation Kinetics and Molecular Interactions Impacting Formulation Performance. Pharm Res. 2020 Sep 

10;37(10):192. doi: 10.1007/s11095-020-02909-6. PMID: 32914239. 
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relative contributions of various mechanisms that polymer can promote ITZ absorption from 

SDD. HPMCAS-L was the best performing grade overall, but not in every test. 

Introduction 

Most drug candidates are poorly water soluble with limited bioavailability  . Formulators have 

applied enabling approaches such as particle engineering, API salt form selection, and surface-

active agents or cosolvents to try to enhance dissolution, solubility, and/or bioavailability. 

Amorphous solid dispersions (ASDs) are being used with increasing frequency as a potential 

alternative approach for poorly soluble compounds (9-11, 17, 57). Several techniques produce 

ASDs, such as hot melt extrusion (HME) and spray drying (21, 56).  ASDs from spray drying are 

denoted spray dried dispersions (SDDs). 

The goal of an amorphous formulation is to sufficiently increase the drug concentration in solution 

for a sufficient time after administration (14). Hydroxypropyl methylcellulose acetate succinate 

(HPMCAS)-based SDDs are a potential SDD approach (10, 11, 17, 18). Drugs in stabilized 

amorphous forms may generate a supersaturated solution (sometimes denoted a high kinetic 

solubility), which is larger than the equilibrium solubility from the crystalline form (10, 15). 

Additionally, this supersaturation is preferentially inhibited by the polymer against rapid drug 

crystallization from the dissolution media (9, 15). 

SDD strategy entails the amorphous form to initially dissolve rapidly, attaining a high 

supersaturation concentration. This “spring” effect reflects this desired contribution of the 

amorphous, solid-state property of the SDD and the higher apparent solubility of the amorphous 

form (14). However, supersaturation from initial dissolution can be transient and followed by a 
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decrease in drug concentration due to drug nucleation and crystallization (9, 14, 15). This drop in 

drug concentration may be slowed (denoted “parachute effect”) or even completely inhibited due 

to the polymer (14). For example, danazol and its precipitation behavior with 53 polymers in 

supersaturated solution revealed effective inhibition with HPMC, PVP, and other polymers (57). 

Understanding the nature and behavior of solid dispersions in solution has promise to allow for in 

vivo prediction of SDD performance. 

Conventional dissolution testing has been used for decades to anticipate formulation performance. 

Dissolution continues to involve modifications in design and medium (29). Such modifications are 

often aimed at low solubility drugs, which often suffer from the least successful in vivo predictions 

(30, 58). SDDs that aim to provide for supersaturation can suffer from precipitation during 

gastrointestinal transit, such that prediction for SDD performance based on compendial dissolution 

methods are especially challenging (31). Small volume dissolution testing, membrane flux studies, 

and various dissolution approaches to incorporate absorption, which can benefit additional 

dissolution, have been devised to screen formulations. Examples include dissolution/Caco-2 

permeation method, biphasic dissolution, and multicompartmental models (32-34).  

HPMCAS can inhibit drug precipitation from supersaturated solution for several poorly soluble 

model drugs, such as itraconazole, felodipine, loviride, and etravirine, in both compendial media 

and in vitro fasted state biorelevant media (20, 21). HPMCAS has a high glass transition 

temperature (Tg) and can form drug/polymer colloids when ionized. The best performing ASDs of 

low solubility compounds form several species, like small drug/polymer colloids, micelles, and 

free drug, such that “apparent drug concentration” is the total drug concentration present in these 
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species (22). The micelles and drug/polymer colloids have been found to rapidly dissolve to 

produce free drug during dissolution/permeation methods. These apparent drug concentrations 

achieved by various formulations during dissolution were critical in assessing formulation 

performance (23). 

Studies here involving SDDs of ITZ and three grades of HPMCAS build on our prior studies of 

these SDDs (59). Prior investigations included solid state nuclear magnetic resonance (SSNMR) 

spectroscopy assessment, which showed all SDDs to lack hydrogen bonding between ITZ and 

HPMCAS in the solid state (59). This lack of hydrogen bonding was observed, even though ITZ 

has proton acceptors and HPMCAS possesses both proton donors and acceptors. Given this 

observation and the “spring and parachute” model for SDD performance, we hypothesized here 

that hydrophobic interaction between ITZ and HPMCAS in the solution state would differentiate 

higher and lower performing HPMCAS grades, where the SDD with the greatest hydrophobic 

interaction will exhibit the highest in vitro dissolution and absorption. 

Saturation transfer difference NMR (STD-NMR) is employed here and is based on transfer of 

magnetization from the large molecule to the small molecule (24). This method has been 

extensively used to assess intermolecular interactions, including hydrophobic interactions, 

between ligand and protein (26, 27). We are unaware of the application of STD-NMR to study the 

interaction of ITZ and polymer that can directly impact SDD dissolution performance. A previous 

study revealed that the hydrophobic interactions of HPMCAS-H with carbamazepine and 

phenytoin was higher compared to L grade, such that H grade had significantly greater inhibitory 
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effect on drug recrystallization in solution (60). Recent studies examined the stabilization potential 

of polymer to retard precipitation to crystalline drug for model drug itraconazole (61).  

The primary purpose of this study was to investigate the rate and extent of supersaturation and in 

vitro permeation attained by SDD from three grades of HPMCAS, and to investigate underpinning 

molecular interactions between ITZ and HPMCAS. Methods included small volume dissolution, 

solid-state characterization of SDD transformations, drug flux studies from SDDs, and 

stabilization potential assessment of polymer and molecular interactions between drug with 

polymer. There is limited understanding of intermolecular interaction of ITZ and HPMCAS in 

solution, despite wide-spread desire of the “parachute” model for SDD performance (14, 17, 56). 

In studying the interactions between HPMCAS and nifedipine or efavirenz in hot melt extruded 

ASD, HPMCAS inhibitory effect on precipitation reflected drug, polymer and its grade, and drug 

dose (62). We aim to investigate these molecular interactions between drug and various polymer 

grades in solution state using 1D-1HNMR and STD-NMR and assess molecular interaction 

contributions to understand ITZ supersaturation performance. 

ITZ was used as a model poorly water-soluble drug. ITZ is a weekly basic (pKa ~3.7), lipophilic 

(log P~5.66) antifungal drug that is practically insoluble in water (11). HPMCAS has a relatively 

Tg of about 120 °C and is generally chemically and physically stable in the amorphous state (17).  

HPMCAS was used as drug carrier to formulate ASDs via spray drying techniques. HPMCAS is 

available in three chemical grades: L, M, and H (Table 5 in Supplementary Material), which vary 

mainly in terms of substitution levels of hydrophobic acetyl and hydrophilic succinoyl groups (19). 
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The acetyl and succinoyl content of HPMCAS and its potential for hydrophobic interactions with 

ITZ and drug colloids with ITZ may impact supersaturation performance. An understanding of 

polymer contributions to drug-polymer interactions, drug supersaturation and reduction in drug 

precipitation rates from SDDs is incomplete. There have been several prior studies to characterize 

in vitro properties of SDD and molecular drug-polymer interactions. Importantly, the present study 

employs in vitro SDD studies (i.e. small volume dissolution, solid state transformation studies, and 

in vitro dissolution/permeation flux studies) and drug-polymer interaction studies (i.e. solution 

stabilization assessment, 1D - 1H NMR, and STD-NMR) to provide insight into the performance 

of various HPMCAS grades, including the relative performance of grades L, M, and H. 

Method and Materials 

Overall Methodology Approach. Studies involved drug-polymer interaction studies, as well as 

SDD studies. Drug-polymer interaction studies achieved ITZ supersaturation, but without ITZ 

SDDs, and methods were solution stabilization assessment, 1D - 1H NMR spectroscopy, and STD-

NMR studies of crystalline ITZ in presence of HPMCAS grades. SDD studies employed SDD of 

ITZ with either L, M, or H grade of HPMCAS, and methods were small volume dissolution, solid 

state transformation studies, and in vitro dissolution/permeation flux. 

Materials. Itraconazole (ITZ) (Figure 6) was purchased from Letco (Letco Medical; Decatur, 

AL). Three grades of hydroxypropyl methylcellulose acetate succinate (HPMCAS) (Figure 35) 

were kindly provided by Ashland (Ashland Global Specialty Chemicals Inc.; Covington, KY). 

HPMCAS is a polymer chain with 2-hydroxypropoxy (-CH2CH(CH3)OH), methoxy (-OCH3), 

acetyl (-COCH3), and succinoyl (-COCH2CH2COOH) functionality. The three grades HPMCAS-
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L, HPMCAS-M, and HPMCAS-H were each granular particle type and differed in the extent of 

acetyl and succinoyl substitution (Table 5). Methanol (MeOH), dimethyl sulfoxide (DMSO), 

dimethyl sulfoxide-d6 (DMSO-d6), dichloromethane (DCM), hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) were purchased from Fischer Scientific (Fischer Scientific; Hampton, NH). 

Potassium phosphate monobasic (KH2PO4), sodium hydroxide pellets (NaOH), sodium chloride 

powder (NaCl), sodium deuteroxide (NaOD), and deuterium oxide (D2O) were purchased from 

Sigma Aldrich (Sigma-Aldrich; St. Louis, MO).  

Figure 6. Itraconazole chemical structure with peak assignment in 1H NMR spectra. 

    

Quantification of ITZ via HPLC. For stabilization studies, solid-state transformation studies, 

and small volume dissolution validation studies, HPLC was employed to determine ITZ 

concentrations using a Waters AcquityH Class UPLC system (Waters Corporation; Milford, MA). 

An isocratic mobile phase employed 75% methanol and 25% buffer solution (0.1% triethylamine 

with pH adjusted to 3.0 with phosphoric acid), with a 2.0 µL injection volume, and a flow rate of 

0.6 mL/ min. A 2.1 x 50 mm ACQUITY BEH C18 1.7 µm UPLC column, heated to 45 °C, was 
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used. The fluorescence detector was set to 250-380 nm(59). Linear calibration curves (r2>0.999) 

were obtained. 

Quantification of ITZ via fiber optic system. For small volume dissolution studies and in vitro 

dissolution/permeation flux studies, ITZ concentration was quantified using an UV-VIS fiber optic 

automated system (MicroDISS Profiler, Pion Inc., Billerica, MA). The standard curve was 

prepared in the same media as samples. Absorbance data of samples and standards were analyzed 

via second derivative spectrum. Spectrum range was 280-285 nm for USP SGF media and 290-

296 nm for USP SIF media. USP SGF media was composed of sodium chloride and hydrochloric 

acid (pH 1.2), per USP, but did not include pepsin. USP SIF media was composed from phosphate 

buffer and sodium hydroxide (pH 6.8), per USP, but did not include pancreatin. USP SIF media 

did not contain bile salts. 

Regarding standard curve, a stock solution of ITZ was prepared in 100% DMSO at concentration 

of 2 µg/ml. A standard curve was prepared by adding different volumes of ITZ DMSO stock 

solution to media which was previously equilibrated with 0.05% (w/v) polymer. Linear calibration 

curves (r2>0.999) were obtained. All the data were analyzed using the software AuPRO 5.5.3 (Pion 

Inc., Billerica, MA). 

Stabilization study: Assessment of HPMCAS to retard ITZ precipitation. In separate studies, 

for each of the three polymer grades, USP SIF media without enzyme was pre-equilibrated with 

either 0.5 mg/ml or 5 mg/ml HPMCAS polymer for 90 min. A stock solution of ITZ (2 mg/ml in 

100% DMSO) was added to USP SIF media at once (i.e. instantaneously) to obtain system 

concentration from 2 – 1000 µg/ml, which contained 0.1% DMSO - 50% DMSO. After 10 sec, 
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samples were withdrawn and subjected to centrifugation (15800g for 1 min). Supernatant (100 µl) 

was diluted with 900 µl of mobile phase (75% MeOH: 25% phosphate buffer), and analyzed via 

HPLC per above. Additionally, as a control, the stock solution of ITZ in DMSO was added to USP 

SIF media without HPMCAS polymer (i.e. 0 mg/ml). This control study was performed to account 

for DMSO effect on ITZ precipitation. The presence of DMSO may perhaps attenuate the impact 

of HPMCAS polymer on ITZ precipitation inhibition. However, as results shown, ITZ 

solubilization was minimal and precipitation was maximal with no pre-dissolved polymer. 

NMR measurements. Experiments were performed using a Varian INOVA 500 MHz NMR 

(Agilent DD2 500 MHz spectrometer; Agilent, Santa Clara, CA). Methanol, DCM, DMSO-d6, and 

D2O were used in preliminary studies to identify solvents and solvent ratios for NMR studies. 

DMSO: phosphate buffer (pH 6.8; with D2O) was selected as solvent system, based on solubility 

studies of itraconazole and HPMCAS. This solvent selected was achieved via visual precipitation 

studies of ITZ and polymer at different concentrations and solvent ratios with an effort to 

incorporate highest possible aqueous component.  Stock solutions (4 mg/ml) of ITZ/DMSO and 

HPMCAS/DMSO were prepared. Phosphate buffer (pH 6.8) was prepared in D2O using potassium 

phosphate monobasic (0.05 M) and pH adjusted with sodium deuteroxide (NaOD). 1:1 weight 

concentration ratio of ITZ:HPMCAS was obtained employing 1.6 mg/ml of each ITZ and 

HPMCAS in 80:20 DMSO: phosphate buffer (pH 6.8; with D2O) at room temperature. 

Additionally, solutions of ITZ without polymer were prepared. 

1D - 1H NMR spectra along with T1 and T2 relaxation times were collected for all samples. 

Saturation transfer difference NMR (STD-NMR) was performed with the on-resonance radiation 



 

34 

 

of acetyl group (2.0 ppm) in HPMCAS, with saturation power 0 and saturation time of 1 sec. As 

control, irradiation of protons was performed off-resonance at 30 ppm. STD spectra represents the 

ITZ region that received saturation via spin diffusion of HPMCAS, or simply ITZ that interacted 

with the polymer in solution. Data was analyzed using VNMRJ 4.2 (Agilent, Santa Clara, CA). 

DMSO-d6 solvent peak was used as a chemical shift reference (2.50 ppm).  

Preparation of ITZ SDDs. SDDs of ITZ were prepared by spray drying, as previously described 

(59). Spray drying solutions were prepared by dissolving ITZ and HPMCAS in 2:1 (w/w) 

dichloromethane: methanol with 20% drug load for each L, M, and H grade. Spray drying was 

performed on Buchi Mini Spray Dryer (BUCHI Corporation; New Castle, DE) with inlet and outlet 

temperature maintained at 100°C and 55°C (range 55-58°C), respectively. Aspirator was set at 

100%, and spray drying solution was pumped at 50% into the atomizer at a rate of 16 g/min. Spray 

drying process parameters (i.e. inlet temperature, percent solids, pump rate, atomizing gas flow 

setting of 40 mm height [i.e. 473 L/hr], aspirator setting) were held constant throughout. SDDs 

were collected and dried for an additional 12 hr at 40 °C and stored in a desiccating cabinet (RH 

< 5%) until further analysis. Physical mixtures (PM) of itraconazole and HPMCAS with same 20% 

drug load were prepared by mixing for 5 min and used as controls in subsequent experiments. To 

assess drug content, 40 mg of SDDs was dissolved in 20 ml of DMSO for 30 min, and samples 

were quantified for ITZ using HPLC. 

SDDs solid state characterization. Samples of ITZ (5-10 mg) were loaded into Tzero pans and 

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

(Tg) of ITZ was measured by heat/cool/heat cycle, heating ITZ to 200°C at 10°C/min, cooling to 
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20°C at 20°C/min, and then reheating to 200°C at 10°C/min. SDDs and ITZ/polymer physical 

mixtures were subjected to DSC characterization by heating to 155 °C at 10°C/min, holding 

isothermal for 5 min, cooling to 40 °C at 10°C/min, equilibrating at 40°C, and then reheating to 

200 °C at 10°C/min. Tg and melting temperature were recorded from the secondary heating cycle. 

Nitrogen gas (50 ml/min) was used as the purge gas. SDD particle size distributions were measured 

in triplicate using a Malvern MasterSizer 2000 laser diffraction particle size analyzer with a 

Scirocco 2000 dry dispersion unit (Malvern analytical; Malvern, UK). Dispersive air pressure was 

set to 1 bar. Measurement and background times were each set to 12 sec. Calculations employed 

the general-purpose model to obtain d10, d50, and d90. 

Small volume dissolution performance of ITZ SDDs. Dissolution of SDDs (n=4) were 

performed at RT and 100 (±3) rpm using µDISS Profiler dissolution apparatus (Pion Inc., Billerica 

MA) in USP SIF media without enzyme. These evaluations were conducted for SDDs from all 

three HPMCAS grades. SDD equivalent to 1.2 (±0.1) mg ITZ were pre-wet in 1 ml media for 

about 1 min, and 10 ml of USP SIF media was the final volume in each vial. The SDD have low 

density, are poorly wetted, and tend to float without pre-wetting (59). Hence, prewetting was 

performed. Physical mixtures of ITZ/HPMCAS were used as controls. 

Additionally, identical studies were performed with pre-dissolved HPMCAS polymer (i.e. 0.5, 1.5, 

or 3 mg/ml polymer pre-dissolved in USP SIF media without enzyme), prior to SDD dissolution 

initiation. As SDDs are potentially enabling of drug solubilization, the impact of pre-dissolved 

polymer in dissolution media was assessed to increase ITZ dissolution profile from SDDs. Since 

FDA Inactive Ingredient Database indicates the highest HPMCAS amount is 560 mg, and 
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assuming 250 ml intestinal fluid, a high HPMCAS reference concentration was computed to be 

2.24 mg/ml (63). 

Validation of fiber optic system to quantify ITZ concentration included comparison of Sporanox 

capsule dissolution from each fiber optic system and HPLC in SGF media without enzyme (64). 

Dissolution from Sporanox capsules (n=6) was performed using USP apparatus 2 with rotation of 

100 rpm at 37 °C (Hanson SR8 PLUS manual dissolution apparatus; Chatsworth, CA). Samples 

were withdrawn at 10, 20, 30, 45, 60 and 90 minutes. Filtered samples were diluted with mobile 

phase and analyzed with HPLC.  ITZ release from Sporanox capsules (n=6) into SGF media 

without enzyme was quantified via UV-VIS fiber optic automated system, per above. Prior to each 

experiment, collection of 100% transmittance and dark spectra was performed for energy 

normalization of all six probes in blank dissolution media. A linear standard curve (5µg/ml - 100 

µg/ml of ITZ) was obtained. Standard curve was prepared by adding different volumes of ITZ 

stock solution to SGF media without enzyme.  

Solid state transformation study and DSC evaluation. Solid state transformation studies were 

performed identically as the above small volume dissolution studies, except SDD concentrations 

were higher and solution volumes were larger. That is, SDDs were exposed to 250ml of USP SIF 

media without enzyme for 5 hr with a view to assess for any solid-state transformation of ITZ (65). 

In particular, solid-state changes over time were assessed to elucidate the crystallization tendency 

of ITZ from SDDs fabricated from HPMCAS-L, HPMCAS-M, and HPMCAS-H. SDDs were 

incubated (0.4 mg of ITZ per ml) in 250 mL USP SIF media without enzyme at RT for 5 hr with 

300 rpm stirring. At 5 hr, the suspension was centrifuged (3220 g for 5 min) to obtain sediment 
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and supernatant. Sediment was subjected to freeze drying and then DSC analysis using the same 

method described above. Supernatant was quantified for ITZ concentration via HPLC. 

Dissolution/permeation flux measurements. ITZ SDDs of each L, M, and H grades were 

subjected to flux measurements using MicroFLUX apparatus (Pion Inc., Billerica MA). SDDs 

were subjected to a dissolution/permeation apparatus, where each donor and receiver 

compartments were 20 ml in volume and were separated by a vertically positioned unit that holds 

a membrane. SDD donor concentration was 0.4 mg of ITZ per ml. Donor fluid was USP SIF media 

without enzyme. Since ITZ is more acid soluble than neutral pH soluble, USP SGF media without 

enzyme was chosen as the fluid in the receiver compartment. The media in donor and receiver 

chambers were maintained at 37 °C and agitated at 150 rpm. pH in donor and receivers were 

unchanged throughout the experiment. 

The side-by-side donor and receiver chambers were separated by a polyvinylidene fluoride 

(PVDF) membrane (1.54 cm2 open area; 0.45 µm pore size; 120 µm thickness; Pion Inc., Billerica, 

MA). The membrane was treated with lipid solution (25 µl of GIT Lipid; Pion Inc., Billerica, MA) 

prior to the use.  

SDD was added to the donor chamber. SDD was not pre-dissolved prior to initiation of flux studies. 

Fiber optic probes quantified ITZ in the receiver chamber, and concentrations were analyzed using 

the second derivative of the UV absorbance in range of 280-285 nm. Standard curves for ITZ in 

USP SGF media without enzyme yielded r2 > 0.999. Analysis also employed blank reference. The 

donor concentration-time profile was not determined due to high interference from undissolved 

ITZ and excipients, and detector saturation. 
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Concentration-time profile in receiver chamber was monitored for over 300 min for each SDD 

(n=4). Flux into receiver was calculated from the equation (1) below: 

𝐽 =
𝑉

𝐴
∗

𝑑𝑐

𝑑𝑡
  (1) 

where V is the receiver volume (20 ml), A is membrane area (1.54 cm2), and 
𝑑𝑐

𝑑𝑡
 (µg/ml*min-1) is 

the slope of the receiver concentration-time profile of ITZ. Initial flux (J50-120min) and late flux 

(J180-300min) employed 50-120 min and 180-300 min data only, respectively, and were calculated 

from linear regressions of respective concentration-time profiles. 

Results 

SDDs solid state characterization. SDDs were fine particles with median particle size (d50) of 

14.76 ± 0.17 µm, 14.10 ± 0.07 µm, and 12.71 ± 0.18 µm for ITZ/HPMCAS-L, ITZ/HPMCAS-M, 

and ITZ/HPMCAS-H, respectively (Table 17). A single Tg was observed in all SDDs, suggesting 

single amorphous phase ranging from 99.21 °C to 101.85 °C (Table 18). Melting endotherm of 

crystalline ITZ at 170.45 °C (Figure 36) was absent in SDDs, suggested no crystalline ITZ in any 

of the three SDDs. 

Stabilization study: Assessment of HPMCAS to retard itraconazole precipitation. Figure 7 

plots dissolved ITZ concentration versus system ITZ concentration, soon after (i.e. 10 sec) addition 

of ITZ to pre-dissolved polymer solution. System ITZ concentration only considers amount of ITZ 

added, regardless whether ITZ was dissolved or not. Dissolved ITZ concentration was measured 

using HPLC after sample preparation involved centrifugation at 15800g, which aimed to include 
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only free drug, micelles, and drug/polymer colloids (i.e. exclude precipitates) (66). In general, 

greater system ITZ concentration yielded higher dissolved ITZ concentration (Figure 7). 

Figure 7. Results of stabilization study of itraconazole and HPMCAS grades in USP SIF media.  

A DMSO stock solution of ITZ was added to USP SIF media (without enzyme) with varying pre-

dissolved HPMCAS concentrations. Panel A and B show impact of 0.5mg/ml of polymer and 5 

mg/ml of polymer pre-dissolved, respectively, compared to no pre-dissolved polymer. Pre-

dissolved HPMCAS grades L, M, and H each retarded ITZ precipitation, relative to no pre-

dissolved polymer. In panel A (0.5 mg/ml of polymer), rank order of grades on stabilizing drug in 

solution was H > M > L. In panel B (5 mg/ml of polymer), rank-order was the same, and each 

provided greater retardation of ITZ precipitation than in panel A. 
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In Figure 7 panel A, the effect of 0.5 mg/ml pre-dissolved HPMCAS grades L, M, and H in USP 

SIF media are shown, compared to no pre-dissolved polymer. H grade retarded ITZ precipitation 

to the greatest extent, followed by M and L, respectively in a rank order of H > M > L. Higher pre-

dissolved polymer concentration (5 mg/ml) impact is shown in Figure 7 panel B. At the higher 

concentration, the three grades performed the same in retarding ITZ precipitation, although 

retarded ITZ to a greater extent than 0.5 mg/ml polymer. With no pre-dissolved polymer, ITZ 

solubilization was minimal, and precipitation was maximal. As noted above, the presence of 

DMSO may have perhaps attenuated the impact of HPMCAS polymer on ITZ precipitation 

inhibition, although this absolute DMSO effect appears minimal since ITZ solubilization was 

minimal with no pre-dissolved polymer. 

These observations agree with previously reported studies, although a different experimental 

approach was used here. It has been previously reported that HPMCAS inhibits crystallization 

tendency from ITZ supersaturated solutions, along with other drugs as carbamazepine and 

phenytoin (18, 61). This inhibition occurs by enhancing kinetic solubility and solution 

thermodynamics. The three HPMCAS grades vary mainly in acetyl (i.e. hydrophobic) and 

succinoyl (i.e. hydrophilic) substitution, with L grade having the highest succinoyl and lowest 

acetyl substitution. H grade possesses the lowest succinoyl and highest acetyl substitution. M grade 

substitutions of acetyl and succinoyl are intermediate. 

Observations suggest polymer hydrophobicity promotes the retardation of ITZ precipitation. H 

grade may provide highest stabilization of ITZ via formation of hydrophobic interactions between 

drug and polymer. However, enhanced dissolution performance of SDDs also requires initial 
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polymer interaction with aqueous medium. Hydrophobic interactions and drug supersaturation 

from SDDs are examined below.  

NMR measurements. 1D - 1H NMR spectra of ITZ alone, as well as ITZ with each HPMCAS-L, 

HPMCAS-M, and HPMCAS-H, are shown in Figure 8. ITZ peaks were seen from 8.4 - 0.2 ppm. 

ITZ aromatic peaks (8.4 – 6.8 ppm; H1 through H10) were found to be crucial in interactions of 

ITZ with HPMCAS. HPMCAS peaks were seen from 1.0 - 4.0 ppm, with acetyl, succinoyl and 

hydroxypropyl peaks denoted in Figure 8. Compared to ITZ alone, the chemical shift in drug and 

polymer mixtures were not significant (i.e. peaks did not move). However, ITZ peaks with 

HPMCAS were broader compared to absence of HPMCAS, particularly in HPMCAS-H than M 

or L (Figure 8). Peak broadening suggests suppression of molecular mobility of ITZ in presence 

of HPMCAS, particularly in HPMCAS-H. 
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Figure 8. 1D - 1H NMR spectra of (A) ITZ, (B) ITZ/HPMCAS-L solution, (C) ITZ/HPMCAS-

M solution, and (D) ITZ/HPMCAS-H solution. 

1H peak assignments for ITZ are shown in Figure 6. ITZ peaks broadened in presence of 

HPMCAS in order of H > M > L, suggesting greater suppression of ITZ molecular mobility in 

solution. 
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T1 and T2 relaxation times of ITZ in presence of HPMCAS-H were shorter than in absence of 

polymer, as well as shorter than with either L or M. Spectra indicate prominent interaction of 

aromatic regions of ITZ (H1 - H10) with HPMCAS-H. Close proximity of ITZ to HPMCAS-H 

allowed transfer of energy from ITZ nuclear spin to neighboring polymer molecule (Figure 37).  

Figure 9 shows the STD-NMR spectra with on-resonance radiation of acetyl group (2.0 ppm) of 

HPMCAS. Spectra further revealed interactions between ITZ and HPMCAS via aromatic regions 

of ITZ (H1 through H10). Spectra shows transfer of magnetization from HPMCAS polymer to 

ITZ. Stronger hydrophobic interaction was evident between HPMCAS-H and ITZ, as compared 

to L and M. Less pronounced hydrophobic interactions were observed in H1 - H7 than H8 - H10, 

based on the relative STD intensity for L and M. As noted above, NMR studies required the use 

of a solvent system that included a substantial non-aqueous component, as expected given the low 

aqueous solubility of ITZ. Studies yielded 80:20:DMSO:phosphate buffer (pH 6.8; with D2O)  as 

the selected solvent system. In 100% DMSO-d6, no ITZ-HPMCAS hydrophobic interactions were 

observed.  Hence, even with the need to include DMSO in the solvent system for NMR studies, 

hydrophobic interaction was evident between HPMCAS and ITZ, particularly for HPMCAS-H 

grade. These NMR results indicate that greatest stabilization of ITZ supersaturation occurred via 

the formation of hydrophobic interactions between drug and polymer. We have previously reported 

that ssNMR revealed no direct evidence of hydrogen bonding between ITZ and HPMCAS (59). 

This prior observation supports liquid state STD-NMR findings here that interactions between ITZ 

and polymer were mostly hydrophobic.  
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Figure 9. STD-NMR spectrum of (A) ITZ/HPMCAS-L (B) ITZ/HPMCAS-M (C) ITZ/HPMCAS-

H solutions. 

1H peak assignments for ITZ are shown in Figure 6. Acetyl region of HPMCAS was irradiated at 

2.0 ppm. Spectra showed hydrophobic interactions between ITZ and HPMCAS in order of H > M 

> L, due to greater polymer acetyl content. (*) denotes higher intensity of hydrophobic interaction. 

 

These NMR findings are consistent with above stabilization study results (Figure 7), where 

addition of ITZ stock solution yielded highest dissolved ITZ in pre-dissolved HPMCAS-H (e.g. 
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compared to L grade). The succinoyl substituent of L grade is fully ionized at pH 6.8, attenuating 

HPMCAS-L interactions with hydrophobic ITZ. In contrast, H grade at pH 6.8 has lower ionized 

succinoyl substituent, allowing greater hydrophobic interactions (18). The relatively hydrophobic 

acetyl groups, which are more abundance in H grade than L and M grade, interacted with ITZ to 

decrease molecular mobility in solution. This is reflected by the strong intensity signal of protons 

H1-6 in STD-NMR. However, the hydrophilic succinoyl substituents, which are more abundance 

in L and M grade, contributed to greater solubilization of drug than hydrophobic interactions 

contributed. ITZ mobility in solution was highest for L and M grades since ITZ binding with 

HPMCAS-L was reduced, due to greater ionized carboxylates.  

These differences in the acetyl and succinoyl substitutions of L, M, and H yielded differences in 

intermolecular interactions between the drug and polymer in solution. STD-NMR studies aided in 

the identification of such interactions and their impacts in stabilization results.  

Small volume dissolution performance of itraconazole spray dried dispersions. The two 

methods provided the same dissolution results based on f2 analysis . Figure 38 shows similar 

dissolution profiles (f2 = 69.8) using HPLC and fiber optic methods. In Figure 10, of the three 

SDDs, SDD ITZ/HPMCAS-L resulted in the highest ITZ supersaturating concentration, (i.e. about 

80 µg/ml ITZ), compared to M (60 µg/ml) and H (7 µg/ml) grades. SDD from L grade provided a 

spring and parachute effect, where a relatively high supersaturation was attained and maintained. 

For SDD from M grade, the spring effect was less prominent, although maintained for about 24 

hr. SDD from H grade yielded the lowest profile. 
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Figure 10. Small volume dissolution results from SDDs without pre-dissolved polymer.  

Concentration-time profiles are shown for ITZ/HPMCAS SDDs in USP SIF media without 

enzyme. Overall, from the first 8 hours, dissolution was greatest from L > M > H, with physical 

mixture (PM) showing the lowest dissolution. 

 

For drug dissolution from an SDD, polymer must interact with aqueous medium. So, in Figure 

10, results indicate SDD with HPMCAS-H yielded lower ITZ supersaturation due to lower 

polymer interact with aqueous medium, and not due to polymer inhibition of ITZ crystallization. 

From ITZ/HPMCAS-H SDD, drug did not appreciably dissolve. For SDDs from L and M grades, 

their lower hydrophobic interactions with ITZ afforded higher drug dissolution but lesser 

stabilization against ITZ precipitation. The role of polymer-water and polymer-drug 

intermolecular interactions is evident for initial dissolution and subsequent retardation of 

precipitation.  

Figure 11 shows small volume dissolution results from SDDs with pre-dissolved polymer. Rank 

order dissolution from ITZ/HPMCAS SDDs was L > M > H, both with and without pre-dissolved 
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polymer (Figures 10 and 11). In Figure 11, ITZ concentration from SDD from L grade reached a 

maximum with addition of 0.5 mg/ml pre-dissolved polymer but did not significantly benefit from 

additional pre-dissolved polymer (panel A). This further addition of HPMCAS-L appears to assist 

solubilization into, or precipitation inhibition from, drug/polymer colloids, via additional 

succinoyl content. The greatest relative benefit of pre-dissolved polymer to increase ITZ 

dissolution was for HPMCAS-H, which showed lowest dissolution with no pre-dissolved polymer. 

As pre-dissolved HPMCAS H increased, dissolution performance increased, reflecting additional 

succinoyl content. 

Figure 11. Small volume dissolution results from SDDs with pre-dissolved polymer.  

Concentration-time profiles are shown for SDD ITZ/HPMCAS-L (panel A), SDD 

ITZ/HPMCAS-M (panel B), and SDD ITZ/HPMCAS-H (panel C) in USP SIF media without 

enzyme. In each panel, 0 mg/ml HPMCAS (○), 0.5 mg/ml HPMCAS (●), 1.5 mg/ml HPMCAS 

(∆) and 3 mg/ml HPMCAS (▲) were evaluated. Dissolution was generally enhanced with higher 

pre-dissolved polymer concentration, particularly for H grade, which was less dissolution-

enhancing than L and M grades from SDDs. 

 



 

48 

 

 

 

HPMCAS-based SDDs form various species such as drug/polymer colloids, micelles and free drug 

when dissolved in aqueous solution. Solubilization of such species results in so-called “apparent 
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concentration” (22, 66). For simplicity, “concentration” is used here. Results here showing a rank 

order for dissolution as L > M > H for ITZ are consistent with prior findings (22, 59, 66). 

Solid state transformation study and DSC evaluation. In Figures 10 and 11, dissolved ITZ 

concentration from L grade SDD, but not from M or H grades, peaked and then declined. Hence, 

SDDs were subjected to 5 hours solid state transformation studies to investigate possible change 

in ITZ solid state during dissolution. After incubation with USP SIF media for 5 hr, DSC was 

performed on sediments, which had been obtained from centrifugation followed by freeze drying 

of sediment samples. Sampling at 5 hr was selected in light of ITZ concentration drop after 5 hr 

from L grade SDD (Figure 12). 

Figure 12. Results of solid-state transformation studies from SDDs.  

Solid-state transformation studies were performed similarly to small volume dissolution studies, 

for 5 hours in USP SIF media without enzyme. In panel A, DSC was performed on sediment of 

centrifuged sample after 5 hr of dissolution, showing crystalline ITZ from SDDs composed of L 

and M, but less than from H grade. In panel B, ITZ concentration in solution (i.e. supernatant) was 

quantified via HPLC, showing L > M > H. In Panel C, as control, DSC was performed on SDD 

that were not subjected to USP SIF media incubation, showing only amorphous ITZ, as expected; 

DSC thermograms (exo up) show (Panel A-C) ITZ/HPMCAS SDDs composed of grades L, M, 

and H, respectively. 
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After media incubation for 5 hr, crystalline ITZ was observed from SDD from L and M grades, 

but not H grade (Figure 12 panel A). Melting endotherm of ITZ from ITZ/HPMCAS-L and 

ITZ/HPMCAS-M SDDs suggested precipitation and crystallization of ITZ, in agreement with 

their dissolution profiles attaining a maximum supersaturating concentration. SDD 

ITZ/HPMCAS-H yielded no ITZ crystallinity in DSC thermogram, in agreement with 

corresponding dissolution profiles showing less ITZ being dissolved and no apparent decline in 

ITZ dissolution concentration. A glass transition was observed from supernatant from 

ITZ/HPMCAS-H SDDs, reflecting ITZ did not substantially dissolve from SDD, and did not 

substantially precipitate from supersaturation.  

Rank order for the ability of HPMCAS-based SDDs to attain and maintain supersaturating ITZ 

concentration in supernatant was L > M > H (Figure 12 panel B). This rank-order perhaps 

anticipates their relative abilities to yield drug for subsequent permeation (see below). Relatively 

little drug was released from ITZ/HPMCAS-H SDD. Meanwhile, large amount of drug was 
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released from ITZ/HPMCAS-L SDD and remained in solution, with some drug precipitating to 

crystalline ITZ. ITZ disposition from ITZ/HPMCAS-M SDD was intermediate. All SDDs 

apparently showed 100% amorphous form of ITZ prior to dissolution studies as in Figure 12 panel 

C, no crystalline ITZ was detected in SDDs before exposure to dissolution media. 

Based on these observations from SDDs dissolution studies and solid changes transformation in 

solution, a qualitative assessment of ITZ disposition from SDDs was concluded (Table 4). Results 

indicate that relatively little drug was released from ITZ/HPMCAS-H SDD, as evident from low 

ITZ dissolution (Figure 10) and no crystalline ITZ formed (Figure 12). However, ITZ/HPMCAS-

L SDD yielded greatest ITZ supersaturation from dissolution studies (Figure 10) and crystalline 

ITZ (Figure 12). Small volume dissolution studies and solid-state transformation studies suggest 

better SDD performance for ITZ flux from L grade than from H grade. 

Table 4. Qualitative assessment of ITZ disposition from SDDs, based on small volume 

dissolution and solid-state transformation studies. 

Relatively minimal drug was released from ITZ/HPMCAS- H SDD, such that minimal drug 

dissolved or precipitated. Large amount of drug was released from ITZ/HPMCAS-L SDD and 

remained in solution, with some drug precipitating. ITZ disposition from ITZ/HPMCAS-M SDD 

was intermediate. 

 

Dissolution/Permeation Flux Measurements. Figure 13 shows flux study results, where drug 

was quantified from reciever compartment. ITZ reciever concentration-time profiles from SDDs 
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provided the anticipated rank order of L > M > H. Using equation (1), SDD ITZ/HPMCAS-L 

showed an initial flux of 0.191 (±0.01) μg/(min*cm2), compared to 0.153 (±0.005) μg/(min*cm2) 

from SDD ITZ/HPMCAS-M, and 0.045 (±0.005) μg/(min*cm2) from SDD ITZ/HPMCAS-H. 

There was a slight decrease in flux after 240 min, consistent with ITZ precipitation during 

dissolution. It has been previously observed that a significant increase in flux was achieved from 

colloid-rich formulations of very low solubility compounds that are aqueous boundary layer ABL- 

limited (22). 

Figure 13. Results from dissolution/permeation flux studies of ITZ SDDs. 

In panel A, concentration-time profiles of ITZ in receiver compartment from each SDD are 

plotted. In panel B, values are plotted for initial flux (black bar; 50-120min) and late flux (white 

bar; 180-300min) from SDDs. In panel C, total cumulative ITZ in the receiver chamber at 240 

min is plotted. Results indicate ITZ flux from SDD into receiver compartment was L > M > H. 

Error bar is SEM.  

 



 

54 

 

 

 



 

55 

 

Flux experiments here were beneficial in rank ordering the formulations based on ITZ accumulated 

into receiver (Figure 13) and agreed with small volume dissolution studies. Small volume 

dissolution appeared to overestimate the performance of SDDs from L grade, since its 

concentration from small volume dissolution was about 2-fold higher than from M-grade SDDs. 

A complicating element of assessing dissolution performance and solid-state transitions in small 

volume dissolution studies from SDDs is the effect of micelles and colloids. However, a membrane 

flux assessment appeared beneficial as the membrane appeared impermeable to micelles, colloids, 

and other bound species. 

Discussion 

Contributors to overall ITZ/HPMCAS performance. ITZ and HPMCAS were selected as a 

model drug-polymer SDD system  (59). ssNMR previously showed ITZ-HPMCAS SDDs to lack 

hydrogen bonding between ITZ and HPMCAS in the solid state (59). Hence, we hypothesized here 

that hydrophobic interaction between ITZ and HPMCAS in the solution state would differentiate 

higher and lower performing HPMCAS grades, where the SDD with the greatest hydrophobic 

interaction will exhibit the highest in vitro dissolution and absorption. 

Three different grades of HPMCAS were evaluated, with L grading being most hydrophilic and H 

grade being most hydrophobic. Results indicated HPMCAS grade performance was L > M > H in 

general, although individual studies sometimes suggest H to be best performing grade. Our 

motivating hypothesis was incorrect, as H grade showed greater hydrophobic interaction with ITZ 

than did grades M and L. In the liquid state, hydrophobicity of H grade promoted retardation of 



 

56 

 

ITZ precipitation and higher stabilization of ITZ due to greater hydrophobic interactions between 

ITZ and H grade. Nevertheless, HPMCAS grade performance was L > M > H. 

Solid-state considerations. The spring and parachute model for SDD performance involves a 

solid-state contribution and a liquid-state contribution, with regards to drug-polymer interactions.  

One solid-state consideration is ability to yield and maintain drug in the amorphous form.  In these 

SDDs composed of a single HPMCAS grade and ITZ at a 20% drug load, each of the three 

HPMCAS grades provided SDDs with ITZ as completely amorphous, as assessed by DSC, as 

previously observed (Figure 12).  

Another solid-state consideration is to leverage the amorphous state of ITZ in the SDD to result in 

relatively rapid drug supersaturation. The crystalline solubility of ITZ has been estimated to be 

<10 ng/mL and the solubility of amorphous solubility of ITZ has been reported to be about 0.1 

μg/mL (22). Observed dissolved ITZ concentrations from SDDs here were about 7-80 μg/mL 

(Figure 10). L grade not only provided rapid supersaturation but maintained ITZ in solution for a 

longer period of time. Observed ITZ crystallization during dissolution was due to higher 

supersaturation from L grade. However, in more hydrophobic H grade SDD, no ITZ crystallization 

was observed due to lower supersaturation.  

Polymer aqueous-state consideration. For amorphous drug to dissolve from an SDD that is 80% 

polymer, the SDD must disintegrate to release drug in solution.  The spring component in the 

spring and parachute model requires both amorphous drug in solid-state, aided by polymer in the 

solid-state, as well as drug release, also aided by polymer. Polymer-aided drug release includes a 

polymer aqueous-state consideration, where SDD dissolution must be rapid by virtue of favorable 
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association between polymer and aqueous media. Furthermore, polymer dissolution via polymer-

solvent interactions allow for subsequent parachute effect. 

Collectively, SDD dissolution study and solid-state transformation study revealed that hydrophilic 

L grade provided a greater and a more rapid supersaturation due to higher polymer interactions 

with aqueous media, although some ITZ precipitated. Higher ITZ dissolution with pre-dissolved 

polymer highlighted dissolved polymer in aqueous media as a contributor to supersaturation. 

Meanwhile, greater HPMCAS hydrophobicity, with reduced polymer-solvent interaction provided 

lower overall ITZ dissolution enhancement from SDD. As such, the rank order L > M > H was 

observed in both dissolution and flux studies. Previous studies of HPMCAS functional groups on 

drug crystallization from supersaturated and on dissolution improvement for carbamazepine and 

nifedipine based on 1D-NMR have similar observations (67). However, for the formulations with 

HPMCAS which form different colloidal species in aqueous media, additional studies here such 

as flux studies, solid state transformation studies of SDD, and STD-NMR were found crucial to 

establish rank order impact (22, 65, 66). HPMCAS-based SDDs form various species such as 

drug/polymer colloids and micelle bound drug that play an important role in achieving and 

maintaining supersaturation and absorption (22). Higher colloidal ITZ concentration from L grade, 

as compared to M and H, provided higher absorptive flux through greater drug concentration in 

donor compartment for longer time. Interestingly, this relative dissolution performance of L > M 

> H grade contrasts with the solution stabilization and drug-polymer molecular interactions. 

Hydrophobicity of H grade promoted retardation of ITZ precipitation and higher stabilization of 

ITZ due to greater hydrophobic interactions between ITZ and H grade. These greater hydrophobic 

interactions provided by H grade may be beneficial for other drugs that are “rapid crystallizers” 
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(68). ITZ is a “slow crystallizer” (68) , such that this potential advantage of H grade was  not 

evident here. Rather, the potential advantage of L grade to rapidly provide high initial ITZ 

supersaturation was the distinguishing characteristic across the HPMCAS grades that impact 

overall SDD performance for enhanced in vitro absorption. 
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Chapter 3. Similarity of Dissolution Profiles from Biorelevant Media: 

Assessment of Interday Repeatability, Interanalyst Repeatability, and 

Interlaboratory Reproducibility Using Ibuprofen and Ketoconazole 

Tablets2 
 

Abstract 

 

Biorelevant media are increasingly being employed as dissolution media in drug development, 

including in smaller volumes than 900ml and under non-sink conditions. The objectives were to 

assess interday repeatability, interanalyst repeatability, and interlaboratory reproducibility of 

dissolution profiles from biorelevant media, as well as to assess the impacts of biorelevant media 

production method and biorelevant medium volume on dissolution profiles. Ibuprofen and 

ketoconazole tablets were subjected to dissolution testing in 500ml, 300ml, and 40ml of fasted 

state simulated gastric fluid (FaSSGF), fed state simulated gastric fluid (FeSSGF), fasted state 

simulated intestinal fluid version 2 (FaSSIF-V2), and fed state simulated intestinal fluid version 2 

(FeSSIF-V2). f2 was used to assess repeatability and reproducibility of dissolution profiles. Results 

indicate favorable interday repeatability (83 of 88 comparisons were similar), favorable 

interanalyst repeatability (19 of 21 comparisons were similar), and favorable interlaboratory 

reproducibility (10 of 14 comparisons were similar) of dissolution profiles from biorelevant media, 

with commercial media showing greater interlaboratory reproducibility than ‘from scratch’ media. 

However, biorelevant medium production had low impact on profiles when one analyst conducted 

all medium preparations and study procedures at one location. Additionally, biorelevant media 

 
2 Jamil R, Xu T, Shah HS, Adhikari A, Sardhara R, Nahar K, Morris KR, Polli JE. Similarity of dissolution profiles 

from biorelevant media: Assessment of interday repeatability, interanalyst repeatability, and interlaboratory 

reproducibility using ibuprofen and ketoconazole tablets. Eur J Pharm Sci. 2021 Jan 1;156:105573. doi: 

10.1016/j.ejps.2020.105573. Epub 2020 Sep 25. PMID: 32987114. 
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detected differences when products were not similar. Overall, biorelevant media showed favorable 

repeatability and reproducibility performance. 

Introduction 

 

Biorelevant media have been devised to mimic the composition of fluids present in the gut in the 

fasted and fed states. Biorelevent media include fasted state simulated gastric fluid (FaSSGF), fed 

state simulated gastric fluid (FeSSGF), fasted state simulated intestinal fluid version 2 (FaSSIF-

V2), and fed state simulated intestinal fluid version 2 (FeSSIF-V2) (69, 70).  

There are potential advantages of using biorelevant media over simple buffers, including 

throughout the pharmaceutical product development and life-cycle (e.g. formulation viability and 

optimization, registration) (37, 39-41, 71). Biorelevant media are increasingly being employed as 

dissolution media in drug development, including in volumes smaller than 900ml that may be more 

physiologic and predictive for adults and pediatric patients, particularly when non-sink conditions 

are expected (42, 44, 45, 72-74) ( Jantratid and Dressman, 2015. The need for different levels of 

complexity of biorelevant media has been proposed in order to choose the appropriate test media 

during formulation development (75). 

However, compared to more traditional dissolution media (e.g. buffers, sodium lauryl sulfate-

based media), biorelevant media are more complex media, with multiple components. Their 

production has been described as challenging (46) ( Jantratid and Dressman, 2015). Broader 

utilization of biorelevant media would require repeatability of results within a laboratory, as well 

as reproducibility across laboratories. 
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Mann et al. assessed, across 16 laboratories, the interlaboratory reproducibility of biorelevant 

dissolution testing (76) . Dissolution focused on two weak acids ibuprofen and zafirlukast and 

various biorelevant media, including a two-stage protocol. A high degree of reproducibility was 

observed. Discussion included a review of prior interlaboratory reproducibility studies, which were 

less focused on biorelevant media. More recently, Berben et al. assessed interlaboratory 

reproducibility of biorelevant media for the challenging compound indinavir (46). Dissolution 

focused on the weak base indinavir sulfate. 

Studies here build on the findings of Mann et al. and Berben et al. by examining other sources of 

variability and additional biorelevant media. Ibuprofen and ketoconazole were selected as 

Biopharmaceutics Classification System (BCS) class 2 drugs with acidic and basic properties, 

respectively. Dissolution profiles of the ibuprofen tablets and ketoconazole tablets in FaSSGF, 

FeSSGF, FaSSIF-V2, and FeSSIF-V2 were measured by four analysts across two locations. 

Several of these media can be made from commercial lyophilized powder or ‘from scratch’. Impact 

of medium production method was also examined. Dissolution was performed in 500ml, as well 

as 300ml and 40ml. 

The objectives were to assess interday repeatability, interanalyst repeatability, and interlaboratory 

reproducibility of dissolution profiles from biorelevant media, as well as to assess the impacts of 

medium production method and medium volume on dissolution profiles. This last objective was 

motivated by increased interest in biorelevant dissolution that employ smaller volumes than 900ml 

and non-sink conditions (42, 45, 72-74).  
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Methods and Materials 

 

Overall study design 

Figure 18 illustrates the scope of biorelevant media (BRM) studies. Four analysts performed 

dissolution studies.  Two were located at University of Maryland, and two were located at Long 

Island University. Hence, analysts 1 and 2 were at location A, while analysts 3 and 4 were at 

location B. Each analyst prepared media and performed dissolution (n=6) in 500ml of each of 

seven media on two days (denoted day 1 and day 2), for each ibuprofen and ketoconazole tablets. 

Figure 14. Illustration of scope of biorelevant media (BRM) studies.   

Variables were analyst, location, occasion (or day), drug, medium, media production method (i.e. 

commercial verses ‘from scratch’), and medium volume. N=6 tablets were subjected to 

dissolution testing on any one occasion (i.e. for an analyst per day, for each unique drug, 

medium, production method, and volume). Each analyst performed dissolution twice (i.e. day 1 

and day 2). For each unique drug, medium, production method, and volume, interday 

repeatability employed f2 calculation of mean profile of 6 tablets versus 6 tablets. Interanalyst 

repeatability employed 12 tablets versus 12 tablets (i.e. data from both days). Comparisons 

across production methods and volumes also employed 12 tablets versus 12 tablets. 

Interlaboratory reproducibility employed 24 tablets (analysts 1 and 2 at location A) versus 24 

tablets (analysts 3 and 4 at location B) for ibuprofen, and employed 12 tablets (analysts 1) versus 

24 tablets (analysts 3 and 4) for ketoconazole. Analyst 2 (at location A) used a different source of 

ketoconazole tablets (i.e. from Taro), as a positive control to assess biorelevant media to detect 

known profile differences. 
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The seven media were: ‘from scratch’ FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 media; and 

commercial FaSSGF, FaSSIF-V2, and FeSSIF-V2. ‘From scratch’ denotes all medium 

components were individually sourced and combined.  ‘Commercial’ denotes the use of 

lyophilized powders from Biorelevant.com. Containing no sodium taurocholate or lecithin, 

FeSSGF was only made ‘from scratch’, as a commercial powder was not available at time of study. 

Additionally, analyst 1 and 3 performed dissolution of ibuprofen and ketoconazole tablets in 300ml 

and 40ml of each of the four ‘from scratch’ media. 

Surface tensions of media were measured using the DuNoüy Ring method (Force Tensiometer K6; 

Kruss, Matthews, NC). The instrument was calibrated with double distilled water, which at 20°C 

has an interfacial tension of 72.8 mN/m. 

Ibuprofen and ketoconazole solubilities in each of the seven media were measured. Equilibrium 

solubilities of ketoconazole and ibuprofen were determined at 37 oC in all seven media (n=3). 

Samples were withdrawn at 24 h after confirming that the final pH matched target pH. Filtered 

samples of the drug in each medium were quantified using HPLC. The target pH for FaSSGF, 

FeSSGF, FaSSIF-V2, and FeSSIF-V2 were 1.6, 5.0, 6.5, and 5.8, respectively. When needed, pH 

was adjusted to target pH and re-equilibrated for 6 hr, which always resulted in target pH. 

Prior to conducting any studies, materials and methods were standardized. In general, all four 

analysts employed the same materials and methods. For example, ibuprofen tablets, Teva 

ketoconazole tablets, sodium taurocholate, and commercial FaSSIF/FeSSIF/FaSSGF, FaSSIF-V2, 

and FeSSIF-V2 powders were purchased and distributed such that both locations used the same 

lots of materials. Other materials (e.g. sodium chloride) did not necessarily have the same lot at 
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both locations. Of note, as a control study, analyst 2 at location A used a different source of 

ketoconazole tablets (i.e. from Taro). Taro product was used as a positive control to assess 

biorelevant media to detect known profile differences. 

Methods were standardized. For example, medium preparation, dissolution testing, sample 

preparation, and HPLC analysis were generally the same. Method differences between locations 

A and B were non-identical USP 2 dissolution testers, manual dissolution sampling at location A 

while an auto-sampler was employed at location B, and non-identical HPLC systems. Prior to 

study experiments, manual and automated sampling were compared using compendial dissolution 

studies, to confirm equivalence of the two approaches. 

Materials 

One source of ibuprofen 200 mg tablets (Major Pharmaceuticals, Livonia, MI) and two sources of 

ketoconazole 200 mg tablets (Teva Generics, Pomona, NY; and Taro, Hawthorne, NY) were 

commercially obtained. FaSSIF/FeSSIF/FaSSGF, FaSSIF-V2, and FeSSIF-V2 powders were 

obtained from Biorelevant.com (London, UK) and used in preparing ‘commercial’ media. In 

preparing ‘from scratch’ media, individual components were commercially obtained. Sodium 

chloride, hydrochloric acid, dichloromethane, porcine pepsin, sodium hydroxide pellets, and 

sodium oleate were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Porcine 

pepsin was lyophilized powder from porcine stomach mucosa from Sigma Chemical Company 

(70). Maleic acid, anhydrous sodium acetate, glacial acetic acid, and 10N sodium hydroxide were 

purchased from VWR Scientific (Radnor, PA). Sodium taurocholate was purchased from Prodotti 

Chimici Alimentari S.P.A. (Basaluzzo, Italy). Lecithin was purchased from Spectrum Chemical 

Mfg. Corp. (New Brunswick, NJ). Parmalat UHT-whole milk 3.5% fat was purchased from 
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Amazon (Seattle, WA). Phosphoric acid for mobile phase pH adjustment was purchased from 

VWR Scientific (Radnor, PA). All solvents including acetonitrile were HPLC grade and were 

obtained from Fisher Scientific (Pittsburgh, PA). 

Preparation of ‘from scratch’ media. 

Four media were made from scratch. ‘From Scratch’ FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-

V2 media were prepared by combining individual components. Table 3 (69, 70),  list the 

compositions of ‘from scratch’ FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2, respectively. 

Pepsin was not in the commercial FaSSGF medium. Procedures for making ‘from scratch’ 

FaSSGF (69, 70), FeSSGF (69), FaSSIF-V2 (69), and FeSSIF-V2 (69) followed the literature. 

Briefly, ‘from scratch’ medium generally involved preparing buffer to a particular pH, adding 

sodium taurocholate, the solvation of lecithin and glyceryl monooleate in dichloromethane (DCM), 

followed by subsequent evaporation of DCM via rotoevaporation and vacuum at 40° C for 15 min 

at 250 mbar. Any additional DCM was removed by stirring the solution for 30 min in the hood 

(77). pH was checked. Deionized water was de-gassed prior to making biorelevant media, using 

the method of Moore(77). For all ‘from scratch’ and commercial media, media was prepared 

separately for each day 1 and day 2, with each analyst preparing their own media. 

Preparation of commercial media. 

Commercial FaSSGF, FaSSIF-V2, and FeSSIF-V2 were prepared by reconstituting lyophilized 

powders in buffers. Commercial FaSSGF, FaSSIF-V2, and FeSSIF-V2 media used 

FaSSIF/FeSSIF/FaSSGF, FaSSIF-V2, and FeSSIF-V2 powders, respectively. Components of 

FaSSIF/FeSSIF/FaSSGF powder are sodium taurocholate and lecithin. Components of FaSSIF-
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V2 powder are sodium taurocholate and lecithin. Components of FeSSIF-V2 powder are sodium 

taurocholate, lecithin, glyceryl monooleate, and sodium oleate. 

Methods followed procedures posted at Biorelevant.com, which are shown in Supplementary 

material. Commercial FaSSGF, FaSSIF-V2, and FeSSIF-V2 also collectively required maleic acid, 

sodium hydroxide pellets, sodium chloride, 1N hydrochloric acid or 1N sodium hydroxide to adjust 

pH, and purified water. Deionized water was de-gassed prior to production of biorelevant media. 

FeSSGF was only made ‘from scratch’ and not made from components from Biorelevant.com. 

Dissolution 

Each vessel assessed dissolution of a single tablet. At each location, 264 ibuprofen tablets and 264 

ketoconazole tablets were subjected to dissolution. Dissolution studies (n=6) were performed on 

ketoconazole 200 mg and ibuprofen 200 mg tablets using USP apparatus 2 at 37°C. Samples were 

obtained at 10, 20, 30, 45, and 60 min at 75 rpm, as well as 75 min (rpm increased from 60-75 min 

to 150 rpm). Paddle speed was increased over the last time interval (e.g. eliminate any coning), as 

previously performed (78). Dissolution volumes were 500ml, 300ml, and 40ml. Samples were 

taken with replacement for the 40ml volume studies since sampling without replacement would 

have otherwise resulted, at 60min sample, in removal of 18.75% of dissolution volume.  Sampling 

without replacement in 300ml and 500ml studies resulted, at 60min sample, in removal of 2.5% 

and 1.5% of volume, respectively. 

Mechanical calibration was performed as per US Food and Drug Administration (FDA) Guidance 

for Industry (79). For 300ml and 500ml dissolution studies, standard 1L USP vessels were used. 

For 40mL dissolution studies, small volume vessels (150mL) with corresponding adapters and 
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mini-paddles (denoted mini-spin paddles) were purchased from Teledyne Hanson Research 

(Chatsworth, CA) and used. 

At location A, a Hanson Virtual Instruments SR8 Plus dissolution tester (Chatsworth, CA) was 

used. Samples (1.5ml) were manually withdrawn at each time point. At location B, two Distek 

Dissolution systems 2100 and 2100B were used, with a Distek Evolution 4300 Auto Sampler 

(1.5ml) withdrawing samples at each time point. 

Filter binding was performed, and drug recovery after filtering was greater than 98%. All samples 

were filtered through a Millipore Millex-HV hydrophilic PVDF 0.45 µm syringe filter at location 

A and through a 10 µm Distek autosampler filter at location B, with the exception of those from 

FeSSGF medium. Samples from FeSSGF medium were filtered through 10 µm Distek autosampler 

filters at both locations. Filtered FeSSGF samples were then mixed in a 1:1 dilution with 

acetonitrile in the case of ketoconazole or 0.1N NaOH in the case of ibuprofen, and then 

centrifuged at 7000 RPM for 10 min (4492 g). The resulting supernatant was then analyzed by 

HPLC. 

HPLC methods were validated for each of the seven biorelevant media in each drug-media 

combination. HPLC method validation was completed according to the FDA Guidance for 

Industry on Analytical Procedures and Methods Validation for Drugs and Biologics(80). 

Validation characteristics included specificity, linearity, accuracy, precision, range, stability, and 

system suitability, and were within the acceptable limits. 

Quantification of ibuprofen employed an Agilent Zorbax SB C-18, 150 mm × 4.6 mm column at 

30°C. The mobile phase comprised of 65% acetonitrile, 35% of 0.1% phosphoric acid in ultrapure 
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water. A flow rate of 1 ml/min and an injection volume of 5 µL were used. The UV absorbance 

was 220 nm. 

Quantification of ketoconazole employed an Agilent Zorbax Eclipse XDB-C18, 150 mm × 4.6 

mm column at 37°C. The mobile phase comprised of 47% acetonitrile, 52.9% of phosphoric acid 

solution adjusted to pH 3.3, and 0.1% triethylamine. A flow rate of 1.2 ml/min and an injection 

volume of 5 µL were used. The UV absorbance was 270 nm. 

Data analysis 

Error bars denote standard error of the mean (SEM), and plotted when visible. Dissolution profiles 

were compared using the similarity factor (f2) (81, 82). 

𝑓2 = 50 ∗ log {[1 +  (
∑(𝐴𝑡 − 𝐵𝑡)2

𝑛
)]

−0.5

∗ 100} 

where f2 is the similarity factor, At is the percent drug dissolved at each time point for one profile, 

and Bt is the percent drug dissolved at each time point for the other profile. Profiles were deemed 

similar if f2 was greater than 50 (83). A 10% difference at all timepoints results in a f2 value of 50 

(81, 82). 

In calculating f2, only one dissolution measurement was allowed after 85% dissolution of both the 

products, per FDA guidance (83). Nevertheless, all plotted dissolution profiles show data from 0 

to 75 min. We understand that there is no scientific consensus on several aspects of performing f2 

profile similarity assessment (84). Resulting dissolution profiles resulted in at least three 

timepoints for all f2 comparisons.  

 



 

69 

 

Results and Discussion 

 

Interday repeatability 

An objective was to assess interday repeatability of dissolution profiles from biorelevant media. 

Four analysts across two locations performed dissolution testing on ibuprofen 200 mg tablets and 

ketoconazole 200 mg tablets, on two separate days.  

In Table 5 for ibuprofen, there was a total of 44 day 1 versus day 2 comparisons.  Of the 44 

comparisons in Table 5, four show dissimilarity (i.e. f2 less than 50). In table 6 for ketoconazole, 

one comparison of the 44 showed dissimilarity. 

Table 5. Interday repeatability in biorelevant media using ibuprofen tablets. 

f2 values are shown for day 1 versus day 2, for ibuprofen 200 mg in biorelevant media at each 

location A and B. All studies used the same ibuprofen tablet product. Analysts 1 and 2 performed 

dissolution at location A. Analysts 3 and 4 performed dissolution at location B. All analysts 

made and used the four media FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 ‘from scratch’, 

well as FaSSGF, FaSSIF-V2, and FeSSIF-V2 from commercial powder, which total seven 

media. In addition to performing dissolution in 500ml, analysts 1 and 3 also performed 

dissolution in 300ml and 40ml in the four ‘from scratch’ media. 

 

Table 6. Interday repeatability in biorelevant media using ketoconazole tablets.  

f2 values are shown for day 1 versus day 2, for ketoconazole 200 mg in biorelevant media at each 

location A and B. The scope of studies for ketoconazole was the same as ibuprofen. However, 

ketoconazole studies employed two different ketoconazole 200 mg tablet products, as a challenge 

for biorelevant media to detect product differences. Analysts 1, 3, and 4 used Teva product. 

Analyst 2 used Taro product. 
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Figure 15 illustrates one dissolution profile comparisons where day 1 and day 2 differed.  In 

Figure 15, f2=48.5 for dissolution profiles of ketoconazole on day 1 and 2 from analyst 4 in 500ml 

in commercial FaSSGF. 

Figure 15. Dissolution profiles of ketoconazole on day 1 and 2 from analyst 4 in 500mL in 

commercial FaSSGF. f2=48.5 (i.e. less than 50), such that profiles were denoted dissimilar.  

Of note, it has been advocated that similarity may be concluded even when f2=48.5 less than 50 

by considering other information (Polli et al., 1997; Bransford et al., 2020; Suarez-Sharp et al., 

2020). 
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Results indicate favorable interday repeatability of dissolution profiles from biorelevant media. 

Eighty-three of the 88 comparisons showed similar profiles. There was no pattern in which 

comparisons were dissimilar (i.e. no propensity for any particular medium to fail), except most 

were with ibuprofen. 

Interanalyst repeatability 

An objective was to assess interanalyst repeatability of dissolution profiles from biorelevant media. 

The term repeatability is sometimes intended to imply comparisons involving the same analyst or 

location, although here interanalyst repeatability focuses on comparison between analyst at the 

same location (i.e. analysts 1 versus 2, and analyst 3 versus 4). 

Table 7 shows f2 values for analyst 1 versus analyst 2 at location A, and analyst 3 versus analyst 

4 at location B, for ibuprofen and ketoconazole tablets. All analysts used the same lot of ibuprofen 

tablets. For ibuprofen, 2 of the 14 comparisons showed dissimilarity. Figure 16 plots the 

dissolution profiles of ibuprofen from analyst 1 and 2 in 500ml in commercial FaSSIF-V2, which 

showed f2=44.4. 

Table 7. Interanalyst repeatability in biorelevant media using ibuprofen and ketoconazole 

tablets.  

Day 1 and 2 profiles were used for each analysis, in comparing between analysts. f2 values are 

shown for analyst 1 versus analyst 2 at location A, and analyst 3 versus analyst 4 at location B, 

for ibuprofen and ketoconazole tablets. All dissolution values were 500ml. All ibuprofen studies 

used the same product. Ketoconazole studies employed two different products, as a challenge for 

biorelevant media to detect product differences. Analysts 1, 3, and 4 used Teva ketoconazole 

product. Analyst 2 used Taro ketoconazole product. Most profile differences were Teva versus 

Taro product (i.e. analyst 1 versus 2 at location A). 
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Figure 16. Dissolution profiles of ibuprofen from analyst 1 and 2 in 500mL in commercial 

FaSSIF-V2. f2=44.4. 

 

All analysts did not use the same lot of ketoconazole tablets. Analysts 1, 3, and 4 used Teva 

ketoconazole tablets.  Analyst 2 used Taro ketoconazole tablets. At location B, all seven 

dissolution profiles were similar across analyst 3 and 4.  Meanwhile, at location A, only four of 
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seven dissolution profiles were similar across analyst 1 and 2, reflecting ability of biorelevant 

media to detect differences in Teva versus Taro products. 

Figure 17 plots the ketoconazole dissolution profiles from analyst 1 (location A Teva product), 

analyst 2 (location A Taro product), and analysts 3 and 4 (location B Teva product) in 500ml in 

commercial FaSSGF. f2=25.4 in the comparison of analyst 1 versus 2 (i.e. Teva versus Taro, both 

at location A). Figures 39 and 40 plots the other two ketoconazole profiles from analysts 1 and 2 

that differed. In all three cases, Taro was slower than Teva, as none of the ketoconazole interday 

comparisons failed for either analyst. 

Figure 17. Dissolution profiles of ketoconazole; Teva versus Tara products. 

 Dissolution from location A Teva product (i.e. analyst 1), location A Taro product (i.e. analyst 2), 

and location B Teva product (i.e. pooled analysts 3 and 4) in 500ml in commercial FaSSGF. 

f2=25.4 in the comparison of Teva at location A versus Taro at location A. 
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Results indicate favorable interanalyst repeatability of dissolution profiles from biorelevant media. 

When the same product was compared, 19 of 21 comparisons showed similar profiles. When the 

products were not the same (i.e. Teva versus Taro ketoconazole), only four of seven were similar. 

Results support that biorelevant media allow for interanalyst repeatability and suggest media can 

identify when products are not identical. Of note, Teva and Taro are bioequivalent(85). 

Interlaboratory reproducibility 

An objective was to assess interlaboratory reproducibility of dissolution profiles from biorelevant 

media. The term reproducibility is sometimes intended to imply comparisons across laboratory 

locations and is used here in that way. 

Table 8 shows f2 values for location A versus location B.  All dissolutions used 500ml. All 

comparison used the same product across laboratories (e.g. only Teva for ketoconazole studies). 

Across both drugs, all six dissolution profiles in commercial media were similar for location A 

versus location B.  Meanwhile, only four of eight dissolution profiles in ‘from scratch’ were similar 

for location A versus location B. Commercial media showing greater interlaboratory 

reproducibility than ‘from scratch’ media. 

Table 8. Interlaboratory reproducibility in biorelevant media using ibuprofen and ketoconazole 

tablets. 

f2 values are shown for location A versus location B, for ibuprofen and ketoconazole tablets. 

Ketoconazole profiles at location A only include Teva tablets, which were also used at location 

B. All dissolutions used 500ml. 
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Figure 18 plots the dissolution profiles of ibuprofen from location A and B in 500ml in ‘from 

scratch’ FeSSGF (panel A) and ‘from scratch’ FeSSIF-V2 (panel B). For FeSSGF, f2=41.6. For 

FeSSIF-V2, f2=45.3. In Fig. 5, gray area denotes an area with absolute 10% deviation from the 

overall mean profile (76). 

 

Figure 18. Dissolution profiles of ibuprofen from location A and B in 500mL in ‘from scratch’ 

FeSSGF (panel A) and ‘from scratch’ FeSSIF-V2 (panel B).  

Location A and B are a mean of each location. In panel A for FeSSGF, f2=41.6 for location A 

versus location B. In panel B for FeSSIF-V2, f2=45.3 for location A versus location B. Measured 

solubilities at the locations did not explain differences in dissolution profiles between locations. 

Gray area denotes an area with absolute 10% deviation from the overall mean profile. 
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It should be noted that assessments of profile similarity can sometimes involving differing 

conclusions. Profiles here were deemed similar if f2 was greater than 50. In Figure 18 panel B, 
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dissolution profiles of ibuprofen in ‘from scratch’ FeSSIF-V2 yielded f2=45.3 for location A versus 

location B, and hence denoted to be dissimilar. We have previously observed bioequivalence in 

spite of f2 < 50 (e.g. f2 = 14.6 for BCS class 1 drug metoprolol, f2 = 18.4 for BCS class 2 drug 

piroxicam, and f2 =32.1 for BCS class 3 drug ranitidine), which were rationalize via rate-limiting 

step and in vitro-in vivo correlation (IVIVC) analyses (49, 82). 

Assessment of interlaboratory reproducibility 

Mann et al. previously reported interlaboratory reproducibility of biorelevant dissolution testing, 

including 16 laboratories that measured ibuprofen testing in commercial FaSSIF [version 1] (76).  

Other drugs and media were also examined, to which the present work is less similar. Mann et al. 

concluded that biorelevant media provided a high degree of interlaboratory reproducibility. Also, 

Berben et al. concluded that FeSSIF provided a high degree of interlaboratory reproducibility 

across four laboratories for the challenging compound indinavir, with less interlaboratory 

reproducibility in FaSSIF where the drug supersaturated and then precipitated. 

Findings here, where drug does not supersaturate, support findings from Mann et al. In the present 

study here, 10 of 14 profile comparisons across the two locations showed profile similarity. 

Interestingly, all six dissolution profiles in commercial media were similar for location A versus 

location B.  Meanwhile, only four of eight dissolution profiles in ‘from scratch’ were similar. 

Results here suggest interlaboratory reproducibility was greater for commercial media than for 

‘from scratch’ media. This observation is consistent with ‘from scratch’ medium preparation 

requiring the weighing and handling of more components, more steps, and the evaporation of 

DCM, compared to the more facile preparation of commercial media. However, this observation 

merits further evaluation. 



 

78 

 

Of note, a similar experiment in Mann et al. and the present work is ibuprofen dissolution in 

FaSSIF. However, the products and FaSSIF medium were not the same (i.e. ibuprofen 200mg 

product from Major Pharmaceuticals in FaSSIF-V2 here, versus Brufen Forte 600mg in FaSSIF 

[version 1] in Mann et al.). Dissolution profiles are very different, where Mann et al. showed 

typically 75% dissolved at 10 min, while profiles here showed about 45% dissolved at 10 min (76). 

This comparison supports the finding above involving Teva versus Taro, that medium provided 

consistent profiles for each product across locations, and also detected differences between two 

different products (i.e. medium was both reproducible and also sensitive to product differences). 

Impact of medium production method 

An objective was to assess impact of biorelevant medium production dissolution profiles. Table 9 

shows f2 values for commercial versus ‘from scratch’ biorelevant media.  For each comparison, 

the same single analyst prepared the two media and conducted the dissolution testing and analysis 

using the two media. 

Table 9. Impact of in biorelevant media production method on dissolution profiles using ibuprofen 

and ketoconazole tablets.  

f2 values are shown for commercial versus ‘from scratch’ biorelevant media. FeSSGF is not 

entered, since it contains no surfactant and was not available commercially (i.e. was only made 

‘from scratch’). All dissolutions used 500ml. 
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Across both drugs, 22 of 24 dissolution profiles were similar for commercial versus ‘from scratch’ 

biorelevant media. Both dissimilarities involved analyst 1 and ketoconazole, but no systematic 

error or root cause was uncovered. Figure 19  plot a dissolution profile comparison where different 

medium production yielded different profiles. In Figure 19, dissolution profiles of ketoconazole 

from analyst 1 in 500ml of commercial and ‘from scratch’ FaSSGF are shown, resulting in f2=48.3. 

Figure 19. Dissolution profiles of ketoconazole from analyst 1 in 500mL of commercial and 

‘from scratch’ FaSSGF. f2=48.3. 
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Results indicate low impact of biorelevant media production method on dissolution profiles, at 

least when one analyst conducts all medium preparations and standardized procedures. This 

finding does not conflict with above finding, where interlaboratory reproducibility was greater for 

commercial media than for ‘from scratch’ media. Rather, these findings reflect interlaboratory 

variability is a significant contributor to overall variability (86). 

Impact of medium volume 

An objective was to assess impact of biorelevant medium volume on dissolution profiles from 

biorelevant media. These studies were motivated by in vivo gastric and intestinal volumes being 

smaller than conventionally employed for in vitro dissolution testing (42, 45, 72-74, 87).  

Additionally, in part because of this smaller volume, there is greater interest in non-sink dissolution 

conditions. These studies were designed to collect observations about the sensitivity of dissolution 

profile to dissolution biorelevant medium volume. 

Table 10 shows f2 values for the comparisons of 500ml versus 300ml, and 500ml versus 40ml. 

Dissolution profiles were the average of analyst 1 and analyst 3, who were the only analysts to 

performing testing in all three volumes. Across both drugs, five of eight dissolution profiles in 

500ml versus 300ml were similar. Meanwhile, only three of eight dissolution profiles in 500ml 

verses 40ml were similar. 

Table 10. Effect of dissolution volume on dissolution profile similarity in biorelevant media.  

f2 values are 500ml versus 300ml, and 500ml versus 40ml, for ibuprofen and ketoconazole tablets. 

f2 values are based on mean profiles from analyst 1 and analyst 3, who were the only analysts to 

performed dissolution in all three volumes. Ketoconazole profiles at location A only include Teva 

tablets, which were also used at location B. 
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Figure 20 exemplifies profiles that differed when volume was decreased. For example, in Figure 

20, dissolution profiles of ketoconazole in 500ml, 300ml, and 40ml of ‘from scratch’ FeSSIF-V2 

exhibited progressively lower percent dissolved values, reflective of drug solubility. f2=35.9 for 

500ml versus 40ml. f2=25.3 for 500ml versus 40ml. As expected, lower volumes generally results 

in lower profiles and greater differences from 500ml profiles. However, when drug was lowly 

dissolved in even 500ml, profiles decreased minimally, such that profiles were not substantially 

different. 
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Figure 20. Dissolution profiles of ketoconazole in 500ml, 300ml, and 40ml of ‘from scratch’ 

FeSSIF-V2. 

f2=35.9 for 500ml versus 40ml. f2=25.3 for 500ml versus 40ml. Profiles are mean from analysts 

1 and 3. The red, blue, and green lines denotes expected terminal percent dissolved in 500ml, 

300ml, and 40ml, respectively, based in observed drug solubility. 

 

Table 11 lists ibuprofen and ketoconazole solubilities in commercial and ‘from scratch’ 

biorelevant media, from location A and B. There was general agreement across locations. Mean 

solubility from location A was 93% of that of location B. The largest relative difference was for 

ketoconazole solubility in ‘from scratch’ FaSSIF-V2, where solubilities differed about 2-fold, 

although there was agreement that solubility for this drug in this media (i.e. about 5-10 µg/ml) was 

lowest of all tests. There was also general agreement between commercial and ‘from scratch’ 

production methods. Mean solubility from commercial media was 96% of that of ‘from scratch’ 

media. 
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Table 11. Solubilities of ibuprofen and ketoconazole in commercial and ‘from scratch’ biorelevant 

media, from location A and B.  

Solubility was measured at 37 oC (n=3). Expected and observed terminal percent dissolved 

involved 500ml volume, with expected terminal percent dissolved being at most 100%. For each 

location, observed terminal percent dissolved is mean percent dissolved from all ibuprofen and 

Teva ketoconazole tablets studies at the location. Mean ± SEM. 
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There was general agreement between expected and terminal percent dissolved in Table 11. The 

largest difference by far was ketoconazole in FeSSGF, which included milk as a component, where 

solubility anticipated about 100% dissolved, yet only about 15% was dissolved (i.e. about a 7-fold 

difference). We have previously attributed the relatively slow diffusion of drug-loaded micelles 

(e.g. sodium lauryl sulfate) as the basis for the 3-fold difference between surfactant-mediated 

solubility enhancement and surfactant-mediated dissolution enhancement (88). Data here support 

that this model at least qualitatively applies to FeSSGF-mediated solubility and dissolution of 

ketoconazole, where lipid colloids from milk may be larger than sodium lauryl sulfate micelles, 

and hence yield an even larger difference than 3-fold between solubility enhancement and 

dissolution enhancement. 

Surface tension 

Overall, biorelevant media showed favorable repeatability and reproducibility performance. There 

was favorable interday repeatability (83 of 88 comparisons were similar), as well as favorable 

interanalyst repeatability (19 of 21 comparisons were similar). Correspondingly, surface tension 

measurements were repeatable (Table 19).  Surface tension was not able to explain when profiles 

differed. There was also favorable interlaboratory reproducibility (10 of 14 comparisons were 

similar) of dissolution profiles from biorelevant media. Commercial media showed greater 

interlaboratory reproducibility than ‘from scratch’ media. Surface tension was not able to explain 

when profiles differed. 
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Chapter 4. Characterization of dissolution-permeation system using 

hollow fiber membrane module and utility to predict in vivo drug 

permeation across BCS classes 
 

Abstract  

A dissolution-permeation system has potential to provide insight into the kinetic contributions of 

dissolution and permeation to overall drug absorption. The goals of the study were to characterize 

a dissolution-hollow fiber membrane (D-HFM) system and compare its resulting in vitro drug 

permeation constants (𝐾𝑝
′ ) to in vivo clinical permeation constants (𝑘𝑝), for drugs in various 

Biopharmaceutics Classification System (BCS) classes. Model predictions for D-HFM were made 

based on derived mixing tank (MT) and complete radial (CRM) flow models and independent 

measurement of membrane permeability. Experimental D-HFM studies included donor flow rate 

and donor volume sensitivity studies, and drug permeation profile studies. Additionally, for the 

four drugs, 𝐾𝑝
′  from D-HFM system was compared to (𝑘𝑝) from literature, as well as 𝐾𝑝

′  values 

from side-by-side diffusion cell and dissolution/Caco-2 system. Results show progressive D-HFM 

system development as a dissolution-permeation tool. Results indicated that D-HFM models using 

MT or CRM provided close agreement between predicted and observed drug permeation profiles. 

Drug permeation in D-HFM system was volume dependent, as predicted. Favorably, more drug 

permeated through the D-HFM system (10-20% in 60 min) compared to side-by-side diffusion cell 

(1%) and dissolution/Caco-2 system (0.1%). 𝐾𝑝
′  from D-HFM system was also closer to in vivo 

𝑘𝑝; the two other in vitro models showed lower 𝐾𝑝
′ . Overall, studies reflect that HFM module has 

potential to incorporate drug permeation into the in vitro assessment of in vivo tablet and capsule 

performance. 
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Introduction 

Dissolution testing of oral solid dosage forms has wide utility in drug development (89). However, 

in vitro dissolution faces challenges to predict in vivo intestinal drug absorption. In vitro-in vivo 

correlation (IVIVC) has a low success rate of about 40%, even for modified release oral solid 

dosage forms (30). Factors complicating drug dissolution are media composition, pH, and volume. 

A further complexity is the dynamics between drug dissolution and drug permeability (Papp), 

particularly for poorly soluble drugs. For poorly soluble drugs with limited solubility in the gut 

lumen, high intestinal Papp can favorably promote dissolution in a dynamic fashion. Solubilized 

drug that rapidly permeates allows for subsequent, additional drug dissolution, leading to higher 

absorption than may be anticipated from conventional dissolution testing (90, 91). Hence, there is 

interest in dissolution that incorporates an absorption component (32, 50, 54, 55, 92, 93).  

Caco-2 cell monolayers are a widely used model of human intestinal Papp (47-49). We previously 

combined dissolution and a Caco-2 membrane to experimentally introduce absorptive 

compartment into dissolution testing (50). This dissolution/Caco-2 system delineated the relative 

contributions of dissolution and permeation to overall absorption kinetics. The system 

differentiated formulations, and there was agreement between observed in vitro and human 

pharmacokinetics results. However, a limitation of this dissolution/Caco-2 was the low absorptive 

area for drug permeation, assuming the focus is final dosage form performance, including absolute 

extent of drug absorption.  

Low absorptive area is a limitation of other systems too, such as MicroFLUX apparatus and 

in vitro dissolution absorption system 2 (51, 54, 55). The human intestinal area-to-volume (A/V) 
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ratio has been estimated to be about 2 cm-1 or 11 cm-1. Polli and Ginski estimated human A/V to 

be 11 cm-1 by considering the small intestine to be a simple smooth cylinder of length 282cm, 

radius of 1.5cm, and volume of 250ml (49). Sugano et al. estimated human A/V to be 2.2 cm-1 by 

examining the relationship of fraction dose absorbed on drug Papp, where Papp was from several 

human jejunal perfusions (94). Mudie et al. estimated human A/V to be 1.9 cm-1 by dividing drug 

absorption rate constant (ka)  from the literature by the drug’s predicted human jejunal Papp (90). 

These estimates are much higher than the A/V ratio of 0.5 cm-1 provided by most in vitro 

dissolution-permeation systems (95). For a system, a low A/V can render drug permeation to be 

rate limiting in overall absorptive flux.  

Biphasic dissolution methods reported improved predictions of in vivo absorption for poorly 

soluble drugs (33, 96-99). Biphasic dissolution has typically involved conventional dissolution 

with an added organic phase such as decanol or octanol. The A/V ratio can vary based on the 

dissolution vessel. In one study, 50% of ritonavir permeated into the organic layer when biphasic 

dissolution was performed for fasted state (98). Such biphasic systems entail organic solvent to be 

equilibrated with aqueous dissolution media phase, potentially disrupting polymers or surfactants 

in the dosage form, leading to reduced release profiles (33, 96, 97). 

Hate et al. employed a hollow fiber membrane (HFM) module as an absorptive compartment, with 

increased absorptive area of 115 cm2 compared to our dissolution/Caco-2 system with a surface 

area of 1 cm2 (32, 93). The module showed promise to conduct dissolution-permeation studies of 

amorphous solid dispersions of poorly soluble drug. The module has an advantage of relatively 
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high A/V ratio in a continuous dissolution-permeation system. The present study further 

investigates this HFM module for use as a permeation component. 

 This dissolution-permeation apparatus is denoted as a dissolution-hollow fiber membrane 

(HFM) system (D-HFM system). The HFM module has 36 parallel tubes inside the module, with 

a total surface area of 115 cm2. The module can employ different flow rates for the donor fluid and 

receiver buffer fluids that flow inside and outside of parallel tubes, respectively. HFM module 

with high surface area for permeation could be a potential approach for performing dissolution 

studies, particularly for poorly soluble drugs with high intestinal permeability that promotes further 

dissolution in a dynamic fashion (32, 93). This success motivated studies here to characterize and 

further develop the D-HFM by evaluating drug solutions from various Biopharmaceutical 

Classification System (BCS) classes whose human in vivo pharmacokinetics has been 

characterized. Such characterization and development aims to support the use of DHFM for more 

complex and more enabled oral formulations. 

 The goals of the study were to characterize a D-HFM system and compare its resulting in 

vitro drug permeation constants (𝐾𝑝
′ ) to in vivo clinical permeation constants (𝑘𝑝), for drugs in 

various BCS classes. Characterization of D-HFM system involved mixing tank (MT) and complete 

radial mixing (CRM) flow model development, independent measurement of the membrane 

permeability (Papp), donor flow rate and donor volume sensitivity studies, and drug permeation 

profile studies at different donor volumes of various BCS class drugs. Results indicate close 

agreement between MT and CRM models, as well as good agreement between predicted and 
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observed drug permeation profiles. Additionally, for the various drugs, D-HFM 𝐾𝑝
′  was more 

similar to 𝑘𝑝  than the 𝐾𝑝
′  from side-by-side diffusion cell and dissolution/Caco-2 system.  

 Method and Materials 

Materials. Metoprolol tartrate, lamotrigine, piroxicam and ranitidine HCl were purchased from 

Sigma Aldrich (Sigma-Aldrich; St. Louis, MO). Methanol, hydrochloric acid, and sodium 

hydroxide were purchased from Fischer Scientific (Fischer Scientific; Hampton, NH). Potassium 

phosphate monobasic, sodium hydroxide pellets, and sodium chloride were purchased from Sigma 

Aldrich (Sigma-Aldrich; St. Louis, MO). The flat sheet polyether sulfone (PES) membrane for 

side-by-side diffusion cell study was purchased from Synderfiltration (Synderfiltration; Vacaville, 

CA). HFM module was purchased from Repligen (Repligen Corp; Marlborough, MA). 

MicroFLUX and Rainbow R6 UV fiber optic system were purchased (Pion Inc., Billerica, MA). 

Overall approach. Figure 21 shows the overall scope of studies. The goals of the study were to 

characterize a D-HFM system and compare its resulting in vitro 𝐾𝑝
′  to in vivo 𝑘𝑝 from various 

BCS class drugs. Metoprolol tartrate, lamotrigine, piroxicam and ranitidine HCl (BCS class I, II, 

II, and III, respectively) were selected as model drugs.  

Figure 21. Experimental studies and model predictions in dissolution-hollow fiber membrane (D-

HFM) system development.  

The D-HFM system was characterized to predict absorption of drugs from various BCS classes 

using mixing tank (MT) and complete radial (CRM) flow models. In panel A, flat sheet membrane 

permeability (Papp) and MT and CRM models yielded equations (2) and (4), respectively. 

Predicted and observed D-HFM performance were compared. In panel B, types of studies are listed 

and included side-by-side diffusion cell study, D-HFM model predictions, D-HFM permeation 

studies, and comparison of observed and predicted D-HFM performance. 
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 Side-by-side diffusion cell studies were performed using MicroFLUX apparatus (Pion Inc., 

Billerica MA) to obtain drug Papp across the flat sheet polyether sulfone (PES) membrane. This 

flat sheet possesses the same composition, thickness, and pore size as the hollow fibers in HFM 

module. Two competing fluid flow models, i.e MT model and CRM models, were derived for D-

HFM system, yielding equations 2 and 4. Model predictions using equation 2 and 4 employed 

Papp from side-by-side diffusion cell studies to predict drug permeation in the D-HFM system. 

Additional model predictions of membrane Papp and drug permeation profile assessed their 

sensitivities to flow rates and donor volumes.  

 Experimentally, permeation studies were conducted using D-HFM system for all four 

model drugs. Figure 22 illustrates components of D-HFM system. Studies included flow rate 

sensitivity using metoprolol tartrate to assess the impact of flow rates on drug permeation and 

select flow rates, for subsequent D-HFM studies using lamotrigine, piroxicam and ranitidine HCl. 

Also, D-HFM permeation studies were conducted at two donor volumes of 100 and 900 ml.  
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 Assessment of D-HFM system performance included comparison of flat sheet and D-HFM 

drug Papp, as well as comparison of observed and predicted percent drug permeations based on 

MT and CRM models. Additionally, in vitro permeation constants (𝐾𝑝
′ ) of each drug from D-HFM 

system, side-by-side diffusion cell, and dissolution/Caco-2 systems were compared to in vivo 

clinical permeation constants (𝑘𝑝). 

Description of dissolution-hollow fiber membrane (D-HFM) system. The D-HFM system was 

constructed as illustrated in Figure 22. A permeation compartment (i.e HFM module) was 

incorporated with USP II in vitro dissolution apparatus (Hanson Research; Chatsworth CA), 

maintained at 37oC.  

Figure 22. Illustration of dissolution-hollow fiber membrane (D-HFM) system.  

Donor chamber was USP vessel that allowed flow of donor fluid into the HFM module. Donor 

fluid in HFM module was recirculated back into donor chamber. In studies here, donor chamber 

contained drug solution, without a dissolution component. Buffer fluid flowed into HFM 

module; permeating drug across HFM was collected into receiver chamber. Donor fluid and 

buffer fluid flow rates (i.e Qin and Qout) were independently controlled. 
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HFM has a relatively large surface area of 115 cm2 via 36 small hollow fiber membranes (i.e., 

parallel tubes, composed of PES). The membrane has a pore size of 0.0025 micron (i.e 10 KDa 

MWCO) with dimensions of 0.5 mm ID, 0.2 mm thickness, and 20 cm length. The fluid from 

donor chamber (i.e., feed) was pumped into the 36 inner tubes of HFM module through tubing at 

a donor fluid flow rate (Qin). Donor chamber was a USP vessel that allowed flow of donor fluid 

into the HFM module. Simultaneously, there was a continuous flow of buffer in the outer sides of 

36 small hollow fiber membranes through tubing at a buffer fluid flow rate (Qout). Qin and Qout 

were controlled independently by a peristaltic pump (Cole Parmer, IL). The pump was calibrated 

to obtain desired Qin and Qout at constant pressure and were monitored throughout the experiment 

using a flow meter. The drug in donor chamber flowed into the parallel tubes in the HFM module, 

permeated across the membrane, and entered the buffer flowing in the outer side of the parallel 

tubes within the module. This buffer was collected in the receiver chamber. The donor fluid 
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flowing out of the module was recycled back to the donor chamber, allowing subsequent re-

circulation of donor fluid that contained the drug that did not permeate. Receiver fluid flowing out 

of the module was not recycled (i.e., not re-circulated). Drug concentrations on the donor and 

receiver chambers were quantified using UV fiber optic system through the experiment. The HFM 

module was washed at the end of each run.  

Drug quantification using UV fiber optic system. UV fiber optic automated system (Pion Inc., 

Billerica MA) was utilized to quantify drug concentrations in donor and receiver chambers. Stock 

solutions of each metoprolol tartrate and ranitidine HCl (1 mg/ml) were prepared in USP SIF media 

(pH 6.8) without enzymes. USP SIF media does not contain bile salts. Similarly, stock solution of 

each piroxicam and lamotrigine (1 mg/ml) were prepared in methanol. The stock solution was then 

added in required amount to the diluent (i.e., USP SIF media) to obtain standard curve. Linear 

standard curves were established with r2 > 0.999. 

Side-by-side diffusion studies. Using MicroFLUX apparatus, side-by-side diffusion cell studies 

were performed for all four drugs solution to obtain drug Papp across flat sheet PES membrane 

(Synderfiltration; Vacaville, CA). This membrane has the MWCO 10KDa, with dimensions of 0.5 

mm ID and 0.2 mm thickness, which is similar to the specifications of membrane in HFM module. 

The MicroFLUX apparatus had donor chamber and receiver chambers that were separated by an 

insertable membrane. The flat sheet PES membrane was cut to size and inset between MicroFLUX 

donor and receiver chambers (surface area 1.54 cm2). Flux was initiated by adding 20 ml of donor 

and receiver fluids to the donor and receiver chamber (37oC, 150 rpm). Drug donor concentration 

was 0.05 mg/ml in 20 ml of USP SIF media without enzymes or bile salts. Studies employed USP 
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SIF media pH 6.8 in both donor and receiver chamber. The drug permeation in receiver chamber 

proceeded for 300 min. Permeability (Papp) was calculated from: 

𝐽 = 𝑃𝑎𝑝𝑝 × 𝐶                                   (1) 

where J is flux, Papp is permeability, and C is the concentration in the donor chamber. Units of 

permeability is length per time (e.g.  cm/s). Flux employed 60-300 min (steady state) data. 

Predictions from mixing tank (MT) and complete radial mixing (CRM) models for D-HFM. 

Two flow models for D-HFM, based on MT and CRM hydrodynamics, respectively, were derived 

and utilized to characterize the HFM module based on simulation studies. Each allowed for donor 

recirculation and/or change in volume. Initial donor mass at time = 0 is denoted as  𝑀𝑖𝑛
𝑡=0. Initial 

donor mass of 5 mg was used in simulation studies. 𝑀𝑖𝑛 is the mass remaining in the donor at time 

t. Surface area of the HFM module (115 cm2) and donor volume at time t are denoted as A and 

𝑉𝑖𝑛
𝑡=0, respectively. 𝑉𝑖𝑛

𝑡=0 were 100 ml and 900 ml for various simulation. 𝑄𝑖𝑛 is the donor fluid 

flow rate into the HFM module that varied from 1 to 32 ml/min.  𝑄𝑜𝑢𝑡  is the donor fluid flow rate 

into the HFM module. The simulation studies were conducted using these parameters and the 

observed flat sheet Papp from side-by-side diffusion cell studies to obtain the predicted drug 

permeation profiles for all four model drugs.  

MT model for D-HFM with recirculation. In the context of drug permeation from a tube with 

recirculation, complete radial and axial mixing were each assumed (i.e. MT flow assumed). Hence, 

all donor solution has the same drug concentration, denoted 𝐶𝑖𝑛 (i.e. 𝐶𝑖𝑛,0= 𝐶𝑖𝑛,𝐿  = 𝐶𝑖𝑛). Mass of 

drug remaining in donor is Min. 
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𝐽 =

𝑑𝑀𝑖𝑛
𝑑𝑡

⁄

𝐴
= 𝑃𝑎𝑝𝑝𝐶𝑖𝑛 

𝑑𝑀𝑖𝑛
𝑑𝑡

⁄ = 𝐴𝑃𝑎𝑝𝑝𝐶𝑖𝑛 = 𝐴𝑃𝑎𝑝𝑝

𝑀𝑖𝑛

𝑉𝑖𝑛
=

𝐴𝑃𝑎𝑝𝑝

𝑉𝑖𝑛
𝑀𝑖𝑛 

                           𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0𝑒

−
𝐴𝑃𝑎𝑝𝑝

𝑉𝑖𝑛
𝑡
                          (2) 

𝐶𝑖𝑛 = 𝐶𝑖𝑛
𝑡=0𝑒

−
𝐴𝑃𝑎𝑝𝑝

𝑉𝑖𝑛
𝑡
 

MT model for D-HFM with recirculation and change in volume. It is assumed that, in addition 

to passive drug permeation across the hollow fiber membrane, drug flux across the membrane can 

also occur via convention (e.g. due to hydrostatic pressure).  𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 is the rate of loss of donor 

volume from donor (i.e. in) into receiver (i.e. out), e.g. due to hydrostatic pressure when 𝑄𝑖𝑛 > 

𝑄𝑜𝑢𝑡.  𝐶𝑙𝑅
𝑙𝑜𝑠𝑠 is the rate of loss of receiver volume from receiver into donor (i.e. out to in), e.g. due 

to hydrostatic pressure when 𝑄𝑖𝑛 < 𝑄𝑜𝑢𝑡. 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠  and 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠 have units of volume per time. As 

results show, 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 > 0 when 𝑄𝑖𝑛 > 𝑄𝑜𝑢𝑡; and 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠  > 0 when 𝑄𝑖𝑛 < 𝑄𝑜𝑢𝑡. Alternatively, a 

negatively valued 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 can be considered when there is hydrostatic movement of receiver buffer 

into donor. 

When 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 > 0, e.g. 𝑄𝑖𝑛 > 𝑄𝑜𝑢𝑡, 

𝐽 =

𝑑𝑀𝑖𝑛
𝑑𝑡

⁄

𝐴
= 𝑃𝑒𝑓𝑓𝐶𝑖𝑛 −

𝐶𝑙𝐷
𝑙𝑜𝑠𝑠

𝐴
𝐶𝑖𝑛 
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𝑑𝑀𝑖𝑛
𝑑𝑡

⁄ = (𝐴𝑃𝑎𝑝𝑝 − 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠)𝐶𝑖𝑛 = (𝐴𝑃𝑎𝑝𝑝 − 𝐶𝑙𝐷

𝑙𝑜𝑠𝑠)
𝑀𝑖𝑛

𝑉𝑖𝑛
 

𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0𝑒

−
(𝐴𝑃𝑎𝑝𝑝−𝐶𝑙𝐷

𝑙𝑜𝑠𝑠)

𝑉𝑖𝑛
𝑡
 

𝑉𝑖𝑛 = 𝑉𝑖𝑛
𝑡=0 − 𝐶𝑙𝐷

𝑙𝑜𝑠𝑠𝑡 

                                                  𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0𝑒

−
(𝐴𝑃𝑎𝑝𝑝−𝐶𝑙𝐷

𝑙𝑜𝑠𝑠)

𝑉𝑖𝑛
𝑡=0−𝐶𝑙𝐷

𝑙𝑜𝑠𝑠𝑡
𝑡

                                (3) 

𝐶𝑖𝑛 = 𝐶𝑖𝑛
𝑡=0𝑒

−
(𝐴𝑃𝑎𝑝𝑝−𝐶𝑙𝐷

𝑙𝑜𝑠𝑠)

𝑉𝑖𝑛
𝑡=0−𝐶𝑙𝐷

𝑙𝑜𝑠𝑠𝑡
𝑡

 

If 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 = 0, equation 2 results, as well as its corresponding equation for concentration. 

Drug donor concentration can be diluted from receiver buffer due to hydrostatic pressure when 

𝑄𝑖𝑛 < 𝑄𝑜𝑢𝑡. Donor volume increases with time: 

𝑉𝑖𝑛 = 𝑉𝑖𝑛
𝑡=0 + 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠𝑡 

𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0𝑒

−
𝐴𝑃𝑎𝑝𝑝

𝑉𝑖𝑛
𝑡=0+𝐶𝑙𝑅

𝑙𝑜𝑠𝑠𝑡
𝑡

 

𝐶𝑖𝑛 = 𝐶𝑖𝑛
𝑡=0𝑒

−
𝐴𝑃𝑎𝑝𝑝

𝑉𝑖𝑛
𝑡=0+𝐶𝑙𝑅

𝑙𝑜𝑠𝑠𝑡
𝑡

 

If 𝐶𝑙𝑅
𝑙𝑜𝑠𝑠 = 0, equation 2 results, as well as its corresponding equation for concentration. 
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Complete radial mixing (CRM) model for D-HFM with recirculation. The complete radial 

mixing (CRM) model for drug absorption from the single-pass perfusion model (e.g. in rat 

intestine) is (52): 

𝐶𝑖𝑛,𝐿 = 𝐶𝑖𝑛,0𝑒
−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛  

This model assumes steady-state and inside flow rate does not vary axially. Hence, Papp can be 

calculated as 

𝑃𝑎𝑝𝑝 = −
𝑄𝑖𝑛

𝐴
𝑙𝑛 (

𝐶𝑖𝑛,𝐿

𝐶𝑖𝑛,0
) 

As noted by Hate et al., if the single-pass perfusion model is re-configured for recirculating 

perfusion (100), with donor volume Vin (i.e. no change in donor volume),  

𝑉𝑖𝑛

𝑑𝐶𝑖𝑛,𝑜

𝑑𝑡
= 𝑄𝑖𝑛(𝐶𝑖𝑛,𝐿 − 𝐶𝑖𝑛,𝑜) 

Substituting, 

𝑉𝑖𝑛

𝑑𝐶𝑖𝑛,𝑜

𝑑𝑡
= 𝑄𝑖𝑛 (𝐶𝑖𝑛,0𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛 − 𝐶𝑖𝑛,𝑜) 

𝑑𝐶𝑖𝑛,0

𝐶𝑖𝑛
=

𝑄𝑖𝑛

𝑉𝑖𝑛
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛 − 1) 

𝐶𝑖𝑛,0 = 𝐶𝑖𝑛,0
𝑡=0 ∙ 𝑒𝑥𝑝 [

𝑄𝑖𝑛𝑡

𝑉𝑖𝑛
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛 − 1)] 
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                                        𝑀𝑖𝑛 = 𝑀𝑖𝑛,0
𝑡=0 ∙ 𝑒𝑥𝑝 [

𝑄𝑖𝑛𝑡

𝑉𝑖𝑛
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛 − 1)]                             (4) 

Of note, eqn 9 in Hate et al. yields the above expression for Cin,0 when Qout is infinite and Papp is 

equal to overall mass transfer coefficient Kin (32). This limiting model equality reflects that eqn 

9 in Hate et al. is like the CRM model eqn 4 here. 

Complete radial mixing (CRM) model for D-HFM with recirculation and approximation for 

volume change. It is assumed that drug flux from inside hollow fiber across membrane and into 

outside of hollow fiber can occur via passive permeation and via convection (e.g. due to hydrostatic 

pressure, resulting in 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 > 0). Donor volume is not diluted from buffer/receiver perfusate (i.e. 

𝐶𝑙𝑅
𝑙𝑜𝑠𝑠 = 0). 

𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 > 0 

𝑉𝑖𝑛 = 𝑉𝑖𝑛
𝑡=0 − 𝐶𝑙𝐷

𝑙𝑜𝑠𝑠𝑡 

The mean flow rate inside the tube is 

𝑄𝑖𝑛
̅̅ ̅̅ =

2𝑄𝑖𝑛 − 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠

2
 

𝐶𝑖𝑛 = 𝐶𝑖𝑛
𝑡=0 ∙ 𝑒𝑥𝑝 [

𝑄𝑖𝑛
̅̅ ̅̅ 𝑡

𝑉𝑖𝑛
𝑡=0 − 𝐶𝑙𝐷

𝑙𝑜𝑠𝑠𝑡
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛̅̅ ̅̅ ̅ − 1)] 

                                   𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0 ∙ 𝑒𝑥𝑝 [

𝑄𝑖𝑛̅̅ ̅̅ ̅𝑡

𝑉𝑖𝑛
𝑡=0−𝐶𝑙𝐷

𝑙𝑜𝑠𝑠𝑡
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛̅̅ ̅̅ ̅̅ − 1)]                       (5) 
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If 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 = 0 but 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠 > 0 due to hydrostatic pressure from buffer/receiver perfusate: 

𝑉𝑖𝑛 = 𝑉𝑖𝑛
𝑡=0(1 + 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠𝑡) 

The mean flow rate inside the tube is 

𝑄𝑖𝑛
̅̅ ̅̅ =

2𝑄𝑖𝑛 + 𝐶𝑙𝑅
𝑙𝑜𝑠𝑠

2
 

𝐶𝑖𝑛 = 𝐶𝑖𝑛
𝑡=0 ∙ 𝑒𝑥𝑝 [

𝑄𝑖𝑛
̅̅ ̅̅ 𝑡

𝑉𝑖𝑛
𝑡=0 + 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠𝑡
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛̅̅ ̅̅ ̅ − 1)] 

𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0 ∙ 𝑒𝑥𝑝 [

𝑄𝑖𝑛
̅̅ ̅̅ 𝑡

𝑉𝑖𝑛
𝑡=0 + 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠𝑡
(𝑒

−𝐴𝑃𝑎𝑝𝑝

𝑄𝑖𝑛̅̅ ̅̅ ̅ − 1)] 

D-HFM permeation study: flow rate and donor volume sensitivity studies. Permeation studies 

of metoprolol tartrate solution were conducted using D-HFM system. These experimental studies 

included flow rate sensitivity study to assess the impact of flow rate on drug permeation at 100 ml 

donor volume. Qin and Qout ranged from 2ml/min to 8ml/min (i.e., Qin = Qout = 2 ml/min; Qin = Qout 

= 8 ml/min; Qin = 2 ml/min and Qout = 8 ml/min; and Qin = 8 ml/min and Qout = 2 ml/min). Drug 

donor concentration was 0.05 mg/ml in 100 ml of USP SIF media without enzymes or bile salts. 

Studies employed USP SIF media pH 6.8 in both donor and receiver chamber. Briefly, as described 

above, the fluid from donor chamber was pumped into the HFM module through tubing at flow 

rate Qin. Simultaneously, receiver buffer was pumped into the HFM module through tubing at flow 

rate Qout. Prior to the start of the study, the receiver chamber volume of 20 ml SIF media was added 
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to sufficiently immerse the fiber optic probes. Flow rate sensitivity studies with metoprolol yielded 

selection of Qin = Qout =2ml/min for subsequent D-HFM permeation studies. 

To assess impact of donor volume, D-HFM permeation studies were performed for metoprolol, 

lamotrigine, ranitidine HCl and piroxicam solutions at Qin=Qout=2ml/min, using 100 ml and 900 

ml donor volumes. The observed drug permeation at 60 and 180 min were compared. In addition 

to yielding drug permeation profile, D-HFM studies yielded drug Papp. Drug Papp across HFM 

module was estimated by fitted equation 2 for MT model and equation 4 for CRM model to 

observed donor mass remaining. 

Comparison of observed and predicted HFM performance. Predicted drug permeation profiles 

for all four model drugs were obtained from MT and CRM models for D-HFM, as described above. 

In each equation 2 and 4, the flat sheet Papp was used as an independent measure of HFM 

permeability. These predicted drug permeations at 60 and 180 were compared to the observed drug 

permeation from D-HFM system. Drug Papp from flat sheet and HFM module were also compared 

and were expected to be similar if developed MT and CRM models were sufficiently accurate of 

D-HFM performance. 

Evaluation of in vitro percent drug permeation and comparison to in vivo 𝑘𝑝. D-HFM system 

was evaluated relative to other in vitro dissolution-permeation systems i.e., dissolution/Caco-2 

system and side-by-side diffusion cell. The evaluation considered two factors: percent drug 

permeation and similarity to in vivo clinical permeation constant (𝑘𝑝). In general, high drug 

permeation was sought. Also, the similarity of each system’s in vitro permeation constants (𝐾𝑝
′ ) to 

𝑘𝑝 was assessed and sought. 𝑘𝑝 for metoprolol tartrate, piroxicam and ranitidine HCl was obtained 
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from literature (49, 82). Lamotrigine 𝑘𝑝 was computed using the same deconvolution-based 

methodology . Lamotrigine dissolution and pharmacokinetic profile were obtained from literature 

. 

There were some experimental differences among the competing permeation systems. D-HFM and 

side-by-side diffusion cell studies employed 0.05 mg/ml donor drug concentration for all four 

drugs. Both employed the same PES polymer membrane material with 0.0025 μm pore size, 

although of course differed in configuration and membrane surface area (i.e., parallel tubes with 

115 cm2 for D-HFM module versus flat sheet membrane with 1.54 cm2 for side-by-side apparatus). 

The initial donor volumes were 100 ml and/or 900 ml in D-HFM permeation studies, and 20 ml in 

side-by-side diffusion studies. 

Dissolution/Caco-2 system was previously performed and reported for three drugs (50). 

Dissolution/Caco-2 system used 0.33 mg/ml for metoprolol tartrate, 1.20 mg/ml for ranitidine HCl, 

and 0.04 mg/ml for piroxicam. Caco-2 cell monolayers employed surface area of 1 cm2. In 

dissolution/Caco-2 system, donor flow rate was 8.3 ml/min, and donor volumes were 300, 500, 

and 250 ml for metoprolol tartrate, piroxicam, and ranitidine HCl,  respectively (50). A/V ratio 

were 0.003 cm-1, 0.002 cm-1, and 0.004 cm-1 for metoprolol tartrate, piroxicam, and ranitidine HCl, 

respectively. Caco-2 permeability measurements of lamotrigine solution were done without 

dissolution component (101). A/V ratio of 0.004 cm-1 (1 cm2 / 250 ml) was used in calculations 

for lamotrigine.  

For each drug, in vitro 𝐾𝑝
′  was calculated for D-HFM system, dissolution/Caco-2 system and side-

by-side diffusion cell using equation 6.   
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𝐾𝑝
′ = (

𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
× 𝑃𝑎𝑝𝑝                                 (6) 

where 𝐾𝑝
′  (hr-1) is in vitro permeation constant, (

𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
 is the ratio of area of membrane A (cm2) 

to donor volume V (ml) in the system i.e., D-HFM system, side-by-side diffusion cell or Caco-2 

monolayer system. Papp (cm/s) is membrane permeability from the in vitro model i.e., D-HFM 

system, side-by-side diffusion cell or Caco-2 monolayer system. 

Results and Discussion 

Side-by-side diffusion cell studies. Table 12 lists the flat sheet membrane (polyether sulfone, 

PES) Papp obtained from side-by-side diffusion cell studies for the four drugs. Flat sheet Papp 

ranged from 35.3 x 10-6 cm/s to 62.6 x 10-6 cm/s. Figure 41 illustrates drug appearance into 

receiver. Drug permeation into receiver chamber was about 3-6% of the donor amount at 180 min. 

This low drug permeation reflects the side-by-side diffusion cell studies with low A/V ratio of 

0.077 cm-1 (1.54 cm2/20 ml). 

Table 12. Side-by-side diffusion cell studies for four model drugs.  

Drug permeability across polyether sulfone (PES) flat sheet membrane was obtained using 

MicroFLUX apparatus. Drug permeation ranged from 3-6% in 180 min. Papp was over the narrow 

range of 35.3 x 10-6 cm/s to 62.6 x 10-6 cm/s for four model drugs. These permeabilities were 

generally the same. Meanwhile, their corresponding range of permeabilities across Caco-2 

monolayer were much wider, and extended lower for ranitidine HCl. Caco-2 Papp values were 

obtained from literature  (49). 
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Drug permeability across flat sheet was generally the same for all four drugs, despite their 

differences in BCS class. This insensitivity reflects the composition and construction of this 

filtration membrane. Meanwhile, in Table 12, Caco-2 monolayer permeabilities discriminated 

BCS class I versus III. Interestingly, for the three highly permeable compounds, flat sheet and 

Caco-2 monolayer permeability were similar and about 50x10-6 cm/s. The largest disparity 

between flat sheet membrane and Caco-2 was the low permeability drug ranitidine HCl, where the 

PES flat membrane did not reflect low permeability.   

Model predictions using MT and CRM flow models for D-HFM. A mathematical model of the 

D-HFM system with recirculation was developed, utilizing each MT and CRM flow models, 

yielding equation 2 for MT model and equation 4 for CRM model. Simulations assume no 

hydrostatic effects (i.e. assume 𝐶𝑙𝐷
𝑙𝑜𝑠𝑠 = 0 and 𝐶𝑙𝑅

𝑙𝑜𝑠𝑠 = 0). Figure 23 shows the predicted drug 

permeation profile for each drug using equation 4. The simulation employed 5 mg donor mass, 

Papp from side-by-side diffusion cell study for each drug (Table 12), area of 115 cm2, donor 
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volume of 100 m, and using Qin = 2 ml/min. In Figure 23, predicted permeation profiles were 

similar, reflecting the similar flat sheet drug Papp. The model predicted a relatively high 

permeation across the D-HFM system, as 40% of initial donor drug mass of 5 mg was predicted 

to permeate in 180 min. Figure 42 shows the predicted drug permeation for each of the four drugs 

using equation 2 for MT flow. Figures 29 and 36 are practically the same, reflecting high similarity 

of MT and CRM flow models for the D-HFM system.  

Figure 23. Predicted drug permeation profile in D-HFM system using CRM model.  

Predictions for the four drugs were similar, reflecting their similar Papp from side-by-side 

diffusion cell studies. The polymer membrane in the D-HFM system and side-by-side diffusion 

cell were the same except in configuration (i.e., hollow fiber versus flat sheet). Total donor drug 

mass was 5 mg, predicting about 40% drug to permeate in 180 min. Predictions employed CRM 

model. Corresponding MT model predictions are plotted in Fig S2 and were practically the same 

here. 
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Additional simulation studies were conducted to evaluate D-HFM system sensitivity to flow rates 

and donor volume. Equations 2 and 4 were applied. The simulation studies employed Qin values 

ranging from 1 to 32 ml/min and donor volumes ranging from 10 to 900 ml. In Figure 24, D-HFM 

Papp in panel A was predicted to be similar at different flow rates in both MT and CRM models. 

Calculated Papp was 62.6 x 10-6 cm/s from both the MT and CRM model. In panel B, models 

predicted that flow rate did not impact the percent drug permeated in 180 min for the MT model, 

but predicted slightly lower drug permeation for CRM model at lower flow rate, consistent with 

theoretical expectation. In panel C, models predicted that donor volume did not impact the 

calculated Papp, 62.6 x 10-6 cm/s. However, in panel D, models predicted donor volume markedly 

decreased the percent drug permeated in 180 min, with slightly lower drug permeation using CRM 

model. For instance, a donor volume of 100 ml was predicted to yield 50% drug permeation into 

receiver in 180 min. Meanwhile, a donor volume of 900 ml was predicted to yield 8% drug 

permeation into receiver in 180 min. Hence, simulations suggest the use of lower donor volumes 

when performing dissolution-permeation studies using D-HFM system. 

Figure 24. Donor flow rate and donor volume sensitivity study using MT and CRM flow in D-

HFM system.  

Impact of donor flow rate (Qin) and donor volume on membrane Papp and percent drug permeated 

were simulated. A set of simulation studies were conducted where Qin values ranged from 1 to 32 

ml/min and donor volumes ranging from 10 to 900 ml. In panel A and B, calculated Papp and 

percent drug permeation were insensitive to flow rates in absence of hydrostatic pressure. In Panel 

C, donor volume did not impact calculated Papp. However, in panel D, higher donor volume 

markedly decreased the percent drug permeated in 180 min. 
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D-HFM permeation study. Experimental studies were performed in D-HFM system for all four 

drugs. In Figure 25, the flow rate sensitivity study using metoprolol tartrate showed the impact of 

Qin and Qout on drug remaining in donor and drug appearance in the receiver. Qin and Qout markedly 

impacted remaining donor mass (panel A) and receiver mass (panel B). Initial donor mass was 5 

mg; Qin and Qout ranged from 2 to 8 ml/min; initial donor volume was 100 ml. In panel A, 

Qin=Qout=2 ml/min showed minimal hydrostatic pressure impact (i.e. showed minimal donor fluid 

volume change). Observed Qin flow rate was 1.92 ml/min and rate of loss of donor fluid was 0.125 

ml/min over the entirety of the Qin=Qout=2ml/min experiment. Qin=Qout=2ml/min yielded over 1.5 
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mg loss from donor by 90 min. In panel B, almost 1.5 mg had been transported to receiver. 

Observed mass balance was 90-94%, where there was drug retained within the HFM module (i.e. 

in donor and receiver fluids within HFM module, which were not readily accessible). At noted 

below, Qin=Qout=2 ml/min was selected for further D-HFM permeation studies.  

Figure 25. Flow rate sensitivity study using metoprolol tartrate in D-HFM system. Qin and Qout 

experimentally impacted donor and receiver drug profiles.  

In panel A, high Qin caused absorptive hydrostatic pressure and rapid decline in donor drug mass 

due to convective transport of donor fluid into receiver. In panel B, receiver drug profile reached 

20.7% drug permeation at 60 min with Qin=Qout=2ml/min, which was selected for further 

study. Initial donor mass was 5 mg. Initial donor volume was 100 ml. Qin and Qout ranged from 

2 to 8 ml/min. For Qin = Qout = 2 ml/min, mass balance was 90-94%, where some drug 

remained in the HFM module (i.e. in donor and receiver solutions within HFM module) and not 

in donor chamber vessel or receiver chamber beaker. 
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Meanwhile, condition Qin = 2 ml/min and Qout =8 ml/min exhibited anti-absorptive hydrostatic 

pressure (i.e. 𝐶𝑙𝑅
𝑙𝑜𝑠𝑠 > 0). For example, at 60 min, donor volume increased from 100 ml to 150 ml. 

Correspondingly, in Fig 5, Qin = 2 ml/min and Qout =8 ml/min resulted in the least drug in the 

receiver chamber. Conversely, when Qin = 8ml/min and Qout = 2 ml/min, the donor fluid in the 
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donor chamber was completely emptied by 80 min, and the receiver chamber accumulated the 

most drug.  Qin=Qout=8ml/min resulted in about 55% of the initial donor mass to be depleted; high 

donor fluid loss of 0.222 ml/min was observed, reflecting impact of absorptive hydrostatic 

pressure.  

Qin=Qout=2 ml/min was selected for further D-HFM permeation studies, including donor volume 

studies. D-HFM permeation studies were performed each at two donor volumes 100 ml and 900 

ml at Qin=Qout=2 ml/min in D-HFM system for all drugs. Initial donor drug mass was 5 mg when 

donor volume was 100 ml. When donor volume was 900ml, initial donor masses were metoprolol 

tartrate 100 mg, lamotrigine 100 mg, ranitidine HCl 150 mg, and piroxicam 20 mg. In Table 13, 

percent drug permeated was higher for 100 ml donor volume than 900 ml donor volume. For 

instance, all four drugs showed percent drug permeation ranging from 10-20% at 60 min and 35-

60% at 180 min in donor volume of 100 ml. Similarly, for donor volume of 900 ml, all four model 

drugs showed percent drug permeation up to only 3% at 60 min and up to only 10% at 180 min. 

The D-HFM system provided high A/V ratio of 1.15 cm-1 for 100 ml donor volume and only 0.128 

cm-1 for 900 ml. This relatively high A/V ratio for D-HFM is reflected in the high drug permeation 

profiles observed in these experimental studies. High drug permeation across drugs (Table 13) 

agreed with the similar and high Papp observed from side-by-side diffusion cell studies (Table 

12). 

Table 13. D-HFM permeation studies for four model drugs.  

Percent drug permeation at Qin=Qout=2ml/min using 100 ml and 900 ml donor volumes was 

assessed. Similar drug permeation was observed for all the model drugs at each specific donor 

volume. Amount drug permeation ranged from 10-20% at 60 min and 35-60% at 180 min for 100 
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ml donor volume. Drug permeation was substantially lower for 900 ml donor volume than for 100 

ml.  

 

Comparison of observed and predicted HFM performance. In Figure 26, there was a close 

agreement between predicted and observed percent drug permeation for all drugs based on MT 

and CRM models. In Figure 26, panel A shows the close agreement in MT predictions, CRM 

predictions, and observed permeation drug permeation at 180 min in 100 ml volume. Drug 

permeation was in the range of 35-60 %. Similar agreement in drug permeation values were seen 

for 60 min (Figure 43 panel A). In Figure 26, panel B shows a close agreement in permeation 

drug permeation at 180 min in 900 ml volume. Drug permeation was in the range of 5-10 %. 

Similar agreement in drug permeation values were seen for 60 min (Figure 43 panel B).   

Figure 26. Comparison of predicted and observed percent drug permeation.  

There was a close agreement between predicted and observed, with about 40-50% of drug 

permeated in 180 min. In Panel A, donor volume was 100 ml, resulting in about 40% drug 

permeation in 180 min. In Panel B, donor volume was 900 ml, resulting in several fold lower 
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predicted and observed percent drug permeation (e.g., about 5-10%) compared to 100 ml 

volume. Predictions used Papp from side-by-side diffusion cell study (i.e. Papp from flat sheet 

membrane) and equation (2) for MT model and equation (4) for CRM model. Figure 37 shows 

results at 60 min. 
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In Figure 27, there was also close agreement between flat sheet Papp and D-HFM system Papp, 

with slightly higher Papp in D-HFM for all drugs. Flat sheet Papp was obtained from side-by-

side diffusion cell study (i.e. MicroFLUX apparatus). D-HFM Papp was experimentally 

determined, i.e. calculated from equation 2 of MT model and equation 4 of CRM model at 

Qin=Qout=2ml/min and Vin = 900 ml.  

Figure 27. Comparison of flat sheet and HFM membrane permeability.  

There was a close agreement in flat sheet and calculated D-HFM system drug permeabilities with 

slightly higher values from D-HFM system. Donor volume was either 100 ml or 900 ml. Flat sheet 

Papp was obtained from side-by-side diffusion studies. Experimentally, D-HFM system employed 

Qin=Qout=2ml/min and permeability was fitted from CRM model equation (4). Figure 44 shows 

similar agreement when D-HFM system used MT flow model (i.e equation 2). 

 

Overall, membrane permeabilities across flat sheet and D-HFM system were comparable, 

reflecting the sameness of their composition and pore size. Similarly, percent drug permeation 
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showed close agreement. Drug permeation was predicted and observed to be volume dependent.  

Similar volume-dependence was made by Hate et.al with higher drug absorption observed at 

lower volumes in 40, 100 and 250 ml for amorphous formulations (93). MT and CRM flow 

models for D-HFM were similar and successfully predicted drug permeation in D-HFM system.  

Evaluation of in vitro percent drug permeation and comparison to in vivo 𝑘𝑝. In Figure 28, 

the drug permeation was much greater in D-HFM system (10-20%) than side-by-side diffusion 

cell (about 1%) and the previously reported dissolution/Caco-2 system (<0.1%) in 60 min. The 

higher drug permeation in D-HFM system is due to its higher A/V ratio, which ranged from 0.128 

cm-1 (900ml) to 1.15 cm-1 (100ml). The A/V ratio is several fold lower in other in vitro models; 

A/V ratio was 0.077 cm-1 for side-by-side diffusion cell and 0.002-0.004 cm-1 for dissolution/Caco-

2 system. 

Figure 28. Comparison of observed drug permeated in 60 min from various in vitro models.  

The percent drug permeated was much greater in D-HFM system (10-20%) than side-by-side 

diffusion cell (about 1%), and the previously reported dissolution/Caco-2 system (<0.1%). The 

A/V ratio for D-HFM system ranged from 0.128 – 1.15 cm-1, depending upon donor volume (i.e. 

1.15/cm when when donor volume was 100ml). A/V ratio from side-by-side diffusion cell and 

dissolution/Caco-2 system was 0.077 cm-1 and 0.002 to 0.004 cm-1, respectively. No lamotrigine 

data for dissolution/Caco-2 system. 



 

114 

 

 

Table 14. compares observed in vivo clinical permeation constant (𝑘𝑝) with in vitro permeation 

constant (𝐾𝑝
′ ) from various in vitro models. 𝑘𝑝 for metoprolol, ranitidine HCl and piroxicam were 

obtained from literature (49).  Lamotrigine 𝑘𝑝 was computed here using the same deconvolution-

based methodology. In vivo 𝑘𝑝 values ranged from 0.225 hr-1 for ranitidine to 9.00 hr-1 for 

piroxicam.  

Table 14. Comparison of observed in vivo clinical permeation constant (𝑘𝑝) with in vitro 

permeation constant (𝐾𝑝
′ ) from various in vitro models. 

𝐾𝑝
′  from D-HFM system provided the greatest agreement with in vivo 𝑘𝑝. Meanwhile, 𝐾𝑝

′  from 

side-by-side diffusion cell and dissolution/Caco-2 were progressively lower. 𝐾𝑝
′   values reflect 

each system’s area/volume (A/V) ratio. 𝐾𝑝
′  from D-HFM varied with donor volume. 
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In vitro 𝐾𝑝
′  from D-HFM system were obtained from the product of observed D-HFM Papp and 

A/V ratio in equation 6. Papp in Figure 27 and were 69.6x10-6 cm/s, 69.8x10-6 cm/s, 45.0x10-6 

cm/s, and 47.7x10-6 cm/s for 100 ml and 71.7x10-6 cm/s, 65.7x10-6 cm/s, 50.2x10-6 cm/s and 

56.8x10-6 cm/s for 900 ml, for metoprolol, lamotrigine, ranitidine, and piroxicam, respectively. 

A/V ratio were 0.128 and 1.15 cm-1 for 900 ml and 100 ml, respectively. Similarly, 𝐾𝑝
′  from side-

by-side diffusion cell were obtained from the product of observed Papp and A/V ratio. Papp are 

reported in Table 12. A/V ratio was 0.077 cm -1. Likewise, 𝐾𝑝
′  for dissolution/Caco-2 was 

calculated from Caco-2 Papp from Table 12 and A/V ratio from 0.002-0.004 cm-1 . 

Dissolution/Caco-2 A/V values reflect experimental volumes of 300, 250 and 500 ml for 

metoprolol, ranitidine and piroxicam, respectively.  
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In Table 14, 𝑘𝑝 was larger than 𝐾𝑝
′  values. That is, in vivo drug permeability rate was faster than 

in vitro drug permeability rate. However, compared to the side-by-side diffusion cell and 

dissolution/Caco-2 system, there was close agreement between 𝑘𝑝 and 𝐾𝑝
′  from D-HFM system 

involving 100 ml donor volume. For the four drugs, 𝐾𝑝
′  ranged from 0.186 to 0.289 hr-1  when 

donor volume was 100 ml and from 0.0231 to 0.0330 hr-1  for 900 ml. 𝐾𝑝
′  from side-side-by 

diffusion cell and dissolution/Caco-2 system were lower. 

Papp from D-HFM system was about 50 x 10-6 cm/s. This Papp across various model drugs reflects 

the composition and pore size of the PES membrane, and insensitivity of D-HFM membrane to 

drug properties that typically impact intestinal permeability (e.g. lipophilicity). As expected, D-

HFM Papp was independent of flow rate. Interestingly, these permeabilities have a modestly 

favorable degree of concordance with drug permeability from human perfusion experiments, as 

discussed below. This degree of concordance aids in 𝐾𝑝
′  from D-HFM to be only several-fold less 

than 𝑘𝑝 from human clinical studies. 

Target ratio of A/V. Studies here indicate D-HFM system Papp to be about 50 x 10-6 cm/s, 

including for metoprolol, ranitidine HCl and piroxicam. The human perfusion Papp of metoprolol, 

ranitidine HCl and piroxicam are 134 x 10-6 cm/s, 27 x 10-6 cm/s, and 665 x 10-6 cm/s, respectively 

(102). Given this modest degree of concordance, we seek here to calculate an in vitro system’s 

target value for A/V: 

(
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
=

𝑘𝑝 

𝑃𝑎𝑝𝑝 𝑠𝑦𝑠𝑡𝑒𝑚
                                 (7) 
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Equation 7 is the same as equation 6, except that equation 7 employs in vivo 𝑘𝑝 rather than in vitro 

𝐾𝑝
′ , and A/V ratio is denoted to be (

𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 rather than the in vitro system’s physical A/V ratio  

That is, equation 6 anticipates the in vitro permeation constant 𝐾𝑝
′  from system area, system 

volume, and system Papp from studies using the system (e.g. D-HFM).  Meanwhile, equation 7 

calculates the target A/V ratio of an in vitro or experimental system that would yield the target in 

vivo clinical permeation constant 𝑘𝑝, given the in vitro system Papp. For any one system, equation 

7 estimates the target A/V ratio of a revised system in order to achieve an in vitro 𝐾𝑝
′ that equals 

the target in vivo 𝑘𝑝. 

The area-to-volume ratio of most dissolution-permeation systems is less than 0.5 cm-1 (95). The 

A/V ratio of D-HFM is 1.15 cm-1, i.e. (
𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
= 1.15 cm-1 for 100ml donor volume.   In vivo 

human A/V ratios have previously been estimated to be 11 cm-1 , 2.2 cm-1 and 1.9 cm-1 (49, 90, 

103). Of course, for an in vitro or experimental system whose Papp matches in vivo human Papp, 

its A/V ratio would be expected to be the same as the in vivo human A/V ratio. 

Table 15 compiles 𝑘𝑝 values for the four study drugs, along with (
𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
 and Papp for human 

jejunal perfusion system, D-HFM system, and Caco-2 monolayer system. (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 is calculated 

for each system. Human jejunal perfusion Papp are from literature (102). D-HFM Papp values are 

from D-HFM system when donor volume was 100 ml, as in Figure 27. Caco-2 Papp are from 

Table 12. In vivo 𝑘𝑝 values are the same as in Table 14. Of note, human jejunal perfusion system 
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is not a dissolution-permeation system but included here since its Papp values are from human 

jejunum. 

Table 15. Estimation of (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
to yield observed in vivo clinical permeation constant 𝑘𝑝.  

Three in vitro or experimental systems were human jejunal perfusion system, D-HFM system, 

and dissolution/Caco-2 system. (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 utilized equation 7 that employed 𝑘𝑝 from in vivo data 

and Papp from the system. (
𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
 for D-HFM and dissolution/Caco-2 utilized physical area 

of the system and in vitro study donor volume.  D-HFM (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 were close to previous A/V 

ratio estimates of 1.9 cm-1 , 2.2 cm-1 and 11 cm-1 for the human small intestine (49, 90, 91). D-

HFM Papp was from 100 ml donor volume study. Caco-2 Papp values were obtained from 

literature  (49). 

 

(
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 for human jejunal perfusion system were 1.3 cm-1, 3.8 cm-1, and 2.3 cm-1 for 

metoprolol, ranitidine, and piroxicam, respectively. Lamotrigine human jejunal permeability was 

not measured. Since Sugano and Mundie et al. employed Papp from these human jejunal 
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permeability studies, values here for human jejunal perfusion (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 are similar to their 1.9 

cm-1and 2.2 cm-1 estimates, including for piroxicam. Of note, piroxicam Papp from human 

jejunal permeability was highest of all study drugs here and corresponded with piroxicam’s high 

𝑘𝑝. 

(
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 for D-HFM system were 2.4 cm-1 , 19.7 cm-1, 1.4 cm-1and 52.5 cm-1 for metoprolol, 

lamotrigine, ranitidine, and piroxicam, respectively, in 100 ml. These values were approximately 

in the range of 1.9 cm-1 to 11 cm-1, except for piroxicam. Piroxicam Papp from human perfusion 

system is over 10-fold larger than from D-HFM system and more consistent with piroxicam’s large 

𝑘𝑝 of 9.00 hr-1.  With a relatively low piroxicam Papp from D-HFM, (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 for D-HFM from 

piroxicam was about 53 cm-1. Given 𝑘𝑝  > 𝐾𝑝
′  for D-HFM system, (

𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 is larger than the 

system’s physical A/V ratio of 1.15 cm-1 using 100 ml donor volume. (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
  results here 

suggest a larger A/V ratio is desirable for a future D-HFM system. An approximately 5-fold 

increase to about 5.75 cm-1 would result in the system’s A/V ratio to be between 1.9 cm-1 to 11 cm-

1. 

Caco-2 monolayer Papp are known to be generally lower than human perfusion Papp, particularly 

for drugs with lower permeability. Hence, in Table 15, (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 for dissolution/Caco-2 system 

are generally larger than from the other two systems, e.g. 15.8 cm-1 for metoprolol and 147.1 cm-1 

for ranitidine.  Also contributing to these larger (
𝐴

𝑉
)

𝑡𝑎𝑟𝑔𝑒𝑡
 values for dissolution/Caco-2 system is 
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that such testing used available plasticware, which have low area (e.g., 1cm2). Of note, lamotrigine 

in Table 15 under dissolution/Caco-2 reflects the simplified traditional Caco-2 study where donor 

was a small volume of drug solution and not a vessel allowing dissolution; hence, values are more 

favorable, although still reflect challenge in utilizing a cell monolayer in a potential dissolution-

permeation system. 
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Chapter 5. Dissolution-Hollow Fiber Membrane (D-HFM) system to 

anticipate biopharmaceutics risk of tablets and capsules. 
 

Abstract 

A dissolution-hollow fiber membrane (HFM) system with relatively high area/volume ratio was 

previously characterized and showed favorably high percent drug absorption. Also, it’s in vitro 

permeation constant (𝐾𝑝
′ ) was close to in vivo human permeation constant (𝐾𝑝). The objective of 

the current study was to predict the in vivo human absorption profile and biopharmaceutic 

performance of five drug products using the D-HFM system. Four immediate-release (IR) and one 

extended-release (ER) solid oral dosage form were subjected to the D-HFM system. Tablets and 

capsule dissolution were also measured using USP apparatus II. Drug solutions were also subjected 

to D-HFM testing. Predicted and observed absorption profiles in D-HFM system showed close 

agreement for each solid oral dosage form. Levy-Polli plots from D-HFM system successfully 

predicted the four IR products to be low biopharmaceutic risk due to permeation rate limited or 

mixed rate dissolution/permeation limited absorption, and successfully predicted metoprolol ER 

product to be high biopharmaceutic risk due to dissolution rate limited absorption. These 

observations showed potential of the in vitro D-HFM system to be utilized in biopharmaceutics 

risk assessment of in vivo tablet and capsule performance. 

Introduction 

Biopharmaceutics links pharmaceutical quality to the patient and assures consistent drug product 

performance (101, 104). High solubility drugs are considered to have relatively low 

biopharmaceutics risk, regarding the impact of dissolution on in vivo performance, provided 

dissolution specifications are met (105). There has long been an interest in developing predictive 
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in vitro dissolution methods that are clinically relevant (32, 54, 55, 95, 97, 99). With predictive 

dissolution, the impact of critical material attributes and critical process parameters on in vivo 

performance can be quantitatively assessed by in vitro dissolution. Such tests provide scientific 

and risk-based knowledge to support patient-centric quality standards (104). The development and 

utilization of clinically relevant in vitro dissolution models can help guide the drug development 

process and product life cycle management to avoid the need for bioequivalence studies in humans 

(106).  

A hollow fiber membrane module was identified to have a higher area/volume ratio and showed 

promise in dissolution absorption studies for amorphous formulations (32, 93). The dissolution-

hollow fiber membrane (D-HFM) system involved a dissolution component and a permeation 

component. Each component has potential to be rate limiting. We characterized the D-HFM system 

using various biopharmaceutics classification system (BCS) drugs that showed a favorably high 

percent drug absorption and possessed an in vitro permeation constant (𝐾𝑝
′ ) that was close to in 

vivo human permeation constant (𝑘𝑝) (chapter 4). The similarity of D-HFM system  𝐾𝑝
′  to in vivo 

𝑘𝑝 motivated studies here to utilize D-HFM system as an experimental approach to incorporate 

drug permeation to an in vitro assessment of in vivo tablet and capsule performance. The objective 

of the current study was to predict the in vivo human absorption profile and biopharmaceutics 

performance of five drug products using the D-HFM system. Four immediate-release (IR) and one 

extended-release (ER) solid oral dosage form were subjected to the D-HFM system. The D-HFM 

system successfully predicted the four IR products to be permeation or mixed 

dissolution/permeation rate limited and metoprolol ER product to be dissolution rate limited. 
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Method and Materials 

Overall approach. Four IR and one ER oral solid dosage forms were subjected to the D-HFM 

system. Additionally, drug solutions were prepared in the same strength as the tablets and capsules 

(i.e., dosage form strength divided by 900ml) and were subjected to D-HFM system testing using 

900ml donor volume. Figure 29 illustrates scope and flow of studies. 

Experimental studies included dissolution testing with USP II dissolution apparatus in United 

States Pharmacopeia (USP) Simulated Intestinal Fluid (SIF) (pH 6.8) for all tablets and capsules. 

Dissolution in USP II apparatus was employed, along with D-HFM system 𝐾𝑝
′ , to predict 

absorption profile in D-HFM system using equation 3 or 8, as shown below. For each product, the 

predicted D-HFM system absorption profile from USP II apparatus was compared to the observed 

D-HFM system absorption profile. 

Favorable prediction led to, for each of the five products, comparing observed D-HFM system 

absorption profiles to observed in vivo absorption profiles.  Finally, for each product, Levy-Polli 

plots were constructed from D-HFM system absorption profiles and in vivo absorption profiles. 

Levy-Polli plots from D-HFM and in vivo were similar, and D-HFM system correctly anticipated 

degree of dissolution contribution to overall drug absorption. 

Figure 29. Scope and flow of studies.  

Conventional USP dissolution was used to predict in vitro D-HFM system absorption, which was 

compared to observed in vitro D-HFM system absorption. In light of favorable predictability, 

observed in vitro D-HFM system absorption was compared to in vivo absorption through both 

fraction absorbed versus time plots, as well as Levy-Polli plots, to examine product 

biopharmaceutics performance. 
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Materials. Metoprolol tartrate, lamotrigine, ranitidine HCl and piroxicam were purchased from 

Sigma Aldrich (Sigma-Aldrich; St. Louis, MO). Laboratory chemicals and buffers were purchased 

from Fischer Scientific (Fischer Scientific; Hampton, NH) and Sigma Aldrich (Sigma-Aldrich; St. 

Louis, MO). HFM module was purchased from Repligen (Repligen Corp; Marlborough, MA). 

Metoprolol tartrate 100 mg tablets, metoprolol succinate 25 mg extended-release tablets, 

lamotrigine 100 mg tablets, and piroxicam 20 mg capsules were obtained commercially. Ranitidine 

HCl 150 mg capsules were prepared, as commercial ranitidine HCl tablets were discontinued. 

Capsule fill was 75% drug and 25% microcrystalline cellulose (see supplement, Figure 45). Drug 

solutions were prepared in light of tablet or capsule strength: metoprolol tartrate 100mg/900ml, 

lamotrigine 100mg/900ml, ranitidine HCl 150mg/900ml, and piroxicam 20mg/900ml. Drug 

solution diluent was USP SIF without enzyme media, which is pH 6.8 and without bile salts. Here, 

USP SIF refers to media without enzyme. 
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Dissolution in USP II apparatus and prediction of D-HFM system absorption profile. Each 

of the four IR and one ER solid dosage forms was subjected to USP II dissolution testing, as well 

as D-HFM system absorption testing. USP II apparatus (SR8PLUS, Hanson Research; Chatsworth 

CA) lacks a permeation component. D-HFM system construction includes USP II apparatus, along 

with a HFM module from Repligen. 

USP II dissolution testing on each IR drug product (n=3) used 900 ml of USP SIF media at 37 oC 

at 100 rpm for 3 hr. Sinkers were used for ranitidine HCl and piroxicam capsules. For metoprolol 

succinate ER tablets, dissolution testing (n=3) used 900 ml of USP SIF media at 37 oC at 50 rpm 

for 24 hr. USP II dissolution testing yielded mass dissolved profile. 

Predicted D-HFM system absorption profile from USP II required parameterization of dissolution 

data from USP II, along with 𝐾𝑝
′  across D-HFM system. USP II dissolution yielded “mass 

dissolved in donor” profile and served as input to predict D-HFM system absorption profile. For 

IR products, first order dissolution constant 𝐾𝑑  was estimated from: 

𝑀𝑖𝑛 = 𝑀0𝑒−𝐾𝑑 𝑡                           (1) 

where Min is the mass remaining, 𝑀0  is dose, 𝐾𝑑 (hr-1) is the first order dissolution rate constant, 

and t is the time. For metoprolol succinate ER tablets, which exhibited a small initial burst, profile 

was fit to:  

𝑀𝑖𝑛 = 𝐴(𝑒−𝐾𝑑1 𝑡) +  (𝑀0  − 𝐴) (𝑒−𝐾𝑑2  𝑡)         (2) 
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where A is the drug mass from burst release, and 𝐾𝑑1 and 𝐾𝑑2 were burst and non-burst first order 

dissolution rate constants (i.e. 𝐾𝑑1 > 𝐾𝑑2 ). For IR products, prediction of D-HFM system 

absorption profiles used: 

𝑀𝑏 = 𝑀0  (1 −  
𝐾𝑝

′  

𝐾𝑝
′   − 𝐾𝑑 

𝑒−𝐾𝑑  𝑡 +   
𝐾𝑑  

𝐾𝑝
′  − 𝐾𝑑 

𝑒− 𝐾𝑝
′   𝑡 )                  (3) 

where 𝑀𝑏 (mg) is the cumulative mass absorbed into the body (i.e. predicted mass absorbed by D-

HFM system) and  𝐾𝑝
′   (hr-1) is the first order permeation constant. On note, the ratio of 𝑀𝑏 versus 

𝑀0  is percent drug permeation into receiver. 

Eqn 3 also employed drug 𝐾𝑝
′  as in vitro permeation constant (hr-1).  𝐾𝑝

′  was obtained from drug 

Papp values from separate and independent D-HFM system drug solution studies. Papp is 

membrane permeability in D-HFM system. Drug D-HFM system Papp were calculated from: 

𝑀𝑖𝑛 = 𝑀𝑖𝑛
𝑡=0𝑒

−
𝐴𝑃𝑎𝑝𝑝

𝑉𝑖𝑛
𝑡
                          (4) 

where 𝑀𝑖𝑛 is the mass remaining in the donor at time t, 𝑀𝑖𝑛
𝑡=0 is initial donor mass, surface area of 

the HFM module (i.e., 115 cm2) and donor volume (i.e., 900 ml) are denoted as A and 𝑉𝑖𝑛 (or 

simply V), respectively. Of note, A/V here is 0.128/cm.  Equation 4 is the same as equation 2 in 

Adhikari et al (chapter 4), and is the MT model for D-HFM system with recirculation. 𝐾𝑝
′  was then 

calculated from: 

𝐾𝑝
′ = (

𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
× 𝑃𝑎𝑝𝑝                                 (5) 
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where (
𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
 is the ratio of area of membrane A to donor volume V in D-HFM system (115 

cm2 / 900 ml). 𝐾𝑝
′  was applied in equation 3 to predict D-HFM system absorption profiles. 

For metoprolol succinate ER tablets, which exhibited a burst and a non-burst dissolution 

component in vitro, prediction employed equations 6 to 8: 

𝑀𝑏𝑢𝑟𝑠𝑡 = 𝑀0  (1 −  
𝐾𝑝

′  

𝐾𝑝
′   − 𝐾𝑑1 

𝑒−𝐾𝑑1  𝑡 +   
𝐾𝑑1  

𝐾𝑝
′  − 𝐾𝑑1 

𝑒−𝐾𝑝
′  𝑡 )                       (6) 

𝑀𝑛𝑜𝑛𝑏𝑢𝑟𝑠𝑡 = 𝑀0  (1 −  
𝐾𝑝

′  

𝐾𝑝
′   − 𝐾𝑑2 

𝑒−𝐾𝑑2  𝑡 +   
𝐾𝑑2 

𝐾𝑝
′  − 𝐾𝑑2 

𝑒− 𝐾𝑝
′   𝑡 )                      (7) 

𝑀𝑏 =  𝑀𝑏𝑢𝑟𝑠𝑡+ 𝑀𝑛𝑜𝑛𝑏𝑢𝑟𝑠𝑡                                                                                 (8) 

where Mburst and Mnonburst are the cumulative mass absorbed into the body (i.e. predicted mass 

absorbed by D-HFM system) from the burst and non-burst components, respectively.  Equations 

4 and 5 were similarly applied to predict D-HFM system absorption profile from metoprolol 

succinate ER tablets. Of note, predictions for metoprolol IR and metoprolol ER employed the same 

HFM Papp value, although drug permeability from lower bowel is lower compared to upper bowel.  

In vivo metoprolol ER involves drug absorption from mostly the lower bowel, unlike metoprolol 

IR where the drug absorption is from the upper bowel.  

Observed D-HFM system absorption profiles and comparison to predictions. The 

biopharmaceutic performance of five drug products and their corresponding drug solutions was 

assessed via D-HFM system testing (chapter 4). Studies were performed in triplicate and employed 

the same dissolution conditions above for traditional USP apparatus without HFM module (i.e., 
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900 ml of USP SIF media at 37oC at 100 rpm for IR products for 4 hr, and 50 rpm for 24 hr for ER 

product). Donor fluid flow rate (Qin) and buffer fluid flow rate (Qout) were 2 ml/min. Prior to start 

of D-HFM system testing of tablet or capsule, the dissolution vessels were filled with media, and 

flow of feed and receiver buffer were initiated to fill HFM module. For tablet or capsule testing, 

10 µm auto sampler filter (Distek; North Brunswick, NJ) was attached to donor chamber feed tube 

to prevent solid particles from entering the HFM module. The donor and receiver concentrations 

were quantified using UV fiber optic system (Pion Inc., Billerica, MA), as previously described 

(Chapter 4). Mass balance was 85-98%. D-HFM system testing yielded “mass dissolved in donor” 

and “absorption profile” in receiver. Observed D-HFM system absorption profiles were compared 

to predicted profiles for D-HFM system from USP II apparatus and D-HFM drug solution 𝐾𝑝
′ . 

Additionally, observed D-HFM system absorption profiles from tablets and capsules were 

compared against their corresponding observed D-HFM system absorption profile from drug 

solution.   

Comparison of D-HFM system absorption profiles to in vivo absorption profiles. In vivo and 

D-HFM system absorption profiles were compared for each metoprolol tartrate 100mg tablets, 

metoprolol succinate 25mg ER tablets, lamotrigine 100mg tablets, ranitidine HCl 150mg capsules, 

and piroxicam 20mg capsules. Deconvolution of the IR pharmacokinetics (PK) profiles of the 

reference Lopressor metoprolol tartrate tablets, Zantac ranitidine HCl tablets, and Feldene 

piroxicam capsules has been previously reported (49, 82).  Of note, in vivo ranitidine employed 

tablets that are no longer commercially available, such that studies here used ranitidine capsules 

that were designed to be biopharmaceutically indistinguishable to reference tablets (see 

supplemental) . The Loo-Reigelman method was used to deconvolute lamotrigine 25mg tablet and 
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metoprolol succinate 25mg ER tablet PK profiles (107, 108). The estimates for lamotrigine and 

metoprolol ER distribution parameters were obtained from literature (108, 109). 

Comparison of Levy-Polli plots from in vivo and in vitro D-HFM system. For each solid 

dosage form, Levy-Polli plots were constructed from in vivo PK data, as well as from D-HFM 

system. A Levy-Polli plot is a Levy plot (i.e. fraction absorbed versus fraction dissolved) that is 

inspected for the relative contributions of dissolution and permeation to overall absorption kinetics 

(49, 110). Comparisons of plots from in vivo PK data and from D-HFM system were conducted 

to assess ability of D-HFM system to anticipate in vivo biopharmaceutic risk. For D-HFM 

trajectories, fraction absorbed is observed permeation data into receiver, normalized for terminal 

fraction drug absorbed into D-HFM system receiver chamber.  For in vivo trajectories, fraction 

absorbed was obtained from deconvolution of PK data, as described above, and has a terminal 

value of unity. 

Fraction dissolved data for in vivo and in vitro Levy-Polli plots were obtained from USP II 

dissolution performed here, using USP SIF media. Fraction absorbed data for in vivo Levy-Polli 

plot is described above (i.e. from prior PK studies). Fraction absorbed data for in vitro Levy-Polli 

plot is described above (i.e. fraction absorbed from D-HFM system studies here). Of note, prior 

Levy-Polli plots of IR products metoprolol tartrate, ranitidine HCl, and piroxicam employed 

dissolution data from USP compendial testing, which provided slightly slower dissolution than 

here, particularly for piroxicam. 



 

130 

 

Results and Discussion 

IR drug product performance in D-HFM system and comparison to USP II. Experimental 

studies were performed for all four IR drug products in D-HFM system. In Figure 30, panel A, B, 

C, and D concern IR solid dosage form and solution of metoprolol tartrate 100mg, lamotrigine 

100mg, ranitidine HCl 150mg, and piroxicam 20mg, respectively. Tablet or capsule was also 

evaluated using USP II dissolution apparatus. Drug solution was evaluated using D-HFM system 

only.  

In Figure 30, for all four IR products, tablet or capsule dissolved nearly completely in 10 min in 

each D-HFM system and in USP II vessel. Profiles were similar for the first 10 min and reflect 

that D-HFM system employs a USP II vessel. After 10 min, mass dissolved in donor in D-HFM 

system declined (closed circle) while USP II did not (open circle), reflecting drug permeation from 

D-HFM system donor chamber. This drug permeation was also evident when drug was dosed as a 

solution in D-HFM system (open triangle). Drug from solution permeated into receiver 

compartment in a manner like that of corresponding tablet or capsule, as a similar decrease in 

donor mass was observed.  

Figure 30. Mass dissolved in donor in USP II vessel and D-HFM system for four IR products and 

their drug solutions.   

Panel A, B, C, and D concern IR solid oral dosage forms of metoprolol tartrate 100mg, lamotrigine 

100mg, ranitidine HCl 150mg, and piroxicam 20mg, respectively, and their corresponding 

solutions. Tablet or capsule was evaluated using USP II dissolution apparatus and D-HFM system. 

Drug solution was evaluated using D-HFM system only. For all USP II studies, drug from tablet 

or capsule dissolved nearly completely in 10 min and did not decline, as USP II lacks permeation 

component (open circle). Likewise, for tablet/capsule in D-HFM system, drug in donor exhibited 

nearly complete dissolution in 10 min, but drug declined due to drug permeation into receiver 

compartment (closed circle). Dissolution was similar in both the USP II and D-HFM system. When 
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drug was dosed as a solution in D-HFM system, drug permeated into receiver compartment (open 

triangle) in a manner like that of corresponding tablet or capsule. 

 

Predicted and observed absorption profiles from IR products in D-HFM system. Figure 31 

plots predicted and observed absorption profiles from D-HFM system for each IR product. Panel 

A, B, C, and D concern IR solid dosage form and solution of metoprolol tartrate 100mg, 

lamotrigine 100mg, ranitidine HCl 150mg, and piroxicam 20mg, respectively. There was a close 

agreement between the predicted and observed absorption profiles. 

Also plotted, for each drug, is absorption profile from drug solution, whose D-HFM system Papp 

was used to predict tablet or capsule absorption profile. For each IR product, observed absorption 
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from IR product was like its absorption profile from solution, reflecting the IR product’s very 

rapid dissolution. 

For each IR product, the predicted absorption profile in the D-HFM system employed equation 3, 

which required parametrization of dissolution (i.e. 𝐾𝑑 ) and permeation (i.e. 𝐾𝑝
′ ). Dissolution data 

of tablets or capsules in USP II apparatus (Figure 30) was used to obtain 𝐾𝑑  in equation 1. 𝐾𝑑  

values were very rapid i.e., 9.8 hr-1, 10.8 hr-1, 8.3 hr-1 and 11.7 hr-1 for metoprolol tartrate, 

lamotrigine, ranitidine HCl, and piroxicam IR formulations, respectively. Prior 𝐾𝑑  values using 

Lopressor and Zantac using compendial media were similar, but 𝐾𝑑  value here for Feldene in 

USP SIF was almost 4-fold faster than Feldene in compendial media (49). 

The predicted absorption profile in the D-HFM system also employed Papp values from D-HFM 

system drug solution studies, which were 62.7 (±2.1) x 10-6 cm/s, 57.9 (±0.6) x 10-6 cm/s, 45.6 

(±2.7) x 10-6 cm/s and 45.4 (±0.1) x 10-6 cm/s for metoprolol tartrate, lamotrigine, ranitidine 

HCl, and piroxicam, respectively. Papp were similar across drugs, as previously described (ref: 

AA). These Papp values yielded, from equation 5, 𝐾𝑝
′  values of 0.0288 hr-1 , 0.0266 hr-1, 0.0210 

hr-1, and, 0.0209 hr-1 for metoprolol tartrate, lamotrigine, ranitidine HCl, and piroxicam, 

respectively. These 𝐾𝑝
′  values are low compared to 𝑘𝑝, in part since donor volume is a large 900 

ml, resulting in a low (
𝐴

𝑉
)

𝑠𝑦𝑠𝑡𝑒𝑚
.  

There was close agreement in Figure 31 between predicted and observed absorption profiles in 

D-HFM system. The mass permeated across D-HFM system for IR products in 240 min were 9.7 

mg, 10.9 mg, 16.9 mg, and 1.8 mg from metoprolol tartrate 100 mg tablet, lamotrigine 100 mg 
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tablet, ranitidine HCl 150 mg capsule, and piroxicam 20 mg capsule, respectively. Hence, the in 

vitro fraction drug permeated across D-HFM system were 9.7%, 10.9%, 11.3%, and 9.0% for 

metoprolol tartrate, lamotrigine, ranitidine HCl, and piroxicam, respectively (open circle).  

Figure 31. Predicted and observed absorption profiles into receiver chamber in D-HFM system.  

Panel A, B, C, and D concern solid oral dosage form and solution of metoprolol tartrate 100mg, 

lamotrigine 100mg, ranitidine HCl 150mg, and piroxicam 20mg, respectively. The predicted 

absorption profile was based on dissolution profile in USP II dissolution testing. This prediction 

employed equation (3). There was close agreement between predicted (dashed line) and observed 

(closed circle) values for drug tablet or capsule. The mass permeated across D-HFM in 240 min 

was 9.7 mg, 10.9 mg, 16.9 mg, and 1.8 mg for metoprolol tartrate, lamotrigine, ranitidine HCl, 

and piroxicam, respectively.  Hence, the in vitro drug fraction permeated across D-HFM was 

9.7%, 10.9%, 11.3%, and 9% for metoprolol tartrate, lamotrigine, ranitidine HCl, and piroxicam, 

respectively. When drug was dosed as a solution in D-HFM, drug permeated into receiver 

(closed circle) in a manner like that of corresponding tablet or capsule. 
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Levy-Polli plots of IR products from in vivo data and in vitro D-HFM system data. In 

Figure 32, for each IR product, Levy-Polli plots are illustrated, for both in vivo and in vitro.  In 

vivo Levy-Polli plot employed deconvoluted PK data for Fa on y-axis, as described above, and 

trajectory terminates to unity. For D-HFM trajectories, fraction absorbed is data from Figure 31, 

normalized for terminal fraction drug absorbed into D-HFM system receiver chamber. For both 

in vivo and in vitro Levy-Polli plots, Fd on x-axis was from in vitro dissolution here in USP SIF 

media. Fraction absorbed is plotted against fraction dissolved, using no transformations or 

correction factors. A priori, a “straight line” relationship or correlation was not sought.  

Figure 32. Levy-Polli plot of tablet or capsule from in vivo clinical study and from in vitro D-

HFM system. 

In vitro D-HFM system matched in vivo. Fd for in vivo and D-HFM trajectories employed USP 

SIF media. Panel A, B, C, and D concern solid dosage form of metoprolol tartrate 100mg, 

lamotrigine 100mg, ranitidine HCl 150mg, and piroxicam 20mg, respectively, and which are 

BCS class I, II, III, and II, respectively. For both in vivo and in vitro, metoprolol tartrate, 

ranitidine HCl, and piroxicam exhibited a reverse L pattern, indicative of permeation rate limited 

absorption and not dissolution rate limited absorption. In panel B, in vitro lamotrigine trajectory 

showed a hockey stick pattern. For in vivo lamotrigine trajectory, discerning between reverse L 

pattern and hockey stick pattern was difficult, since the first observation in the in vivo trajectory 

occurred at 20 min, with trajectory coordinates (Fd=0.909, Fa=0.646), reflecting the rapid in 

vivo absorption of lamotrigine. Regression of equation 9 to lamotrigine in vivo trajectory yielded 

𝛼 = 1.67, indicating mixed dissolution/permeation rate limited absorption. 
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In vitro D-HFM system matched in vivo. Panel A, B, C, and D concern solid dosage form of 

metoprolol tartrate 100mg, lamotrigine 100mg, ranitidine HCl 150mg, and piroxicam 20mg, 

respectively, and which are BCS class I, II, III, and II, respectively. For both in vivo and in vitro, 

metoprolol tartrate, ranitidine, and piroxicam exhibited a reverse L pattern, indicative of 

permeation rate limited absorption and not dissolution rate limited absorption.  

In Figure 32, in vivo Levy-Polli plots of metoprolol tartrate and ranitidine  exhibited “reverse L” 

trajectory shape, as described previously (111). That it, dissolution occurred relatively quickly 

compared to in vivo absorption. Of course, in vitro dissolution is taken as a measure of in vivo 

dissolution (111, 112). Hence, drug absorption from metoprolol tartrate and ranitidine were 
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permeability rate limited, and not dissolution rate limited, by inspection of Figure 32.  Of note, 

prior analysis of in vivo Levy-Polli plots of metoprolol tartrate and ranitidine, as well as 

piroxicam, employed in vitro dissolution Fd from compendial media, and not from USP SIF 

media. For each metoprolol tartrate and ranitidine, in vitro dissolution was similar in compendial 

and USP SIP media and were very rapid. 

In vivo Levy-Polli plot of Feldene (piroxicam) in panel D also exhibited “reverse L” trajectory 

shape. Previously, using the same in vivo data, Feldene exhibited “hockey stick” trajectory 

shape, reflecting mixed dissolution/permeation rate limited absorption (111). The difference is 

that in vitro dissolution here in USP SIF media was about 4-fold faster than prior in vitro 

dissolution in compendial media. This disparity emphasizes the assumption here than in vitro 

dissolution is representative of in vivo dissolution. As discussed below, mixed 

dissolution/permeation rate limited absorption appears to represent low biopharmaceutic risk. 

For the in vivo Levy-Polli plot of lamotrigine in panel B, it was difficult to discern whether the 

lamotrigine trajectory showed a reverse L pattern or a mixed pattern, since the first observation 

occurred at 20 min, with trajectory coordinates (Fd=0.909, Fa=0.646). That is, a large portion of 

both dissolution and absorption occurred very quickly for lamotrigine, reflecting rapid in vivo 

absorption of lamotrigine. As further discussed below, regression of equation 9 to lamotrigine in 

vivo trajectory yielded α = 1.67, indicating mixed dissolution/permeation rate limited absorption. 

Notably, for the four IR products, the in vitro Levy-Polli plots of D-HFM system exhibited 

“reverse L” trajectory shape, including for the two BCS class II drugs lamotrigine and piroxicam.  
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D-HFM system successful predicted the four IR products to be permeation rate limited or mixed 

rate limited, and not dissolution rate limited, and represent low pharmaceutic risk. 

Metoprolol succinate extended release (ER) tablets in D-HFM system. Figure 33 plots results 

from metoprolol succinate 25 mg ER tablet, which was subjected to similar testing and assessment 

that was applied to IR products. In panel A, USP II apparatus dissolution showed nearly complete 

release in 24 hr. Mass in donor chamber from D-HFM system plateaued at 12 hr and beyond, 

reflecting drug permeation into the receiver chamber. An early burst was evident in both profiles.   

In panel B, there was 6.8 mg of metoprolol succinate in receiver compartment at 24 hr. The 

observed mass permeated across D-HFM system for metoprolol succinate 25 mg ER tablet was 

1.2 mg at 4 hr (when 25% dissolved) and 6.8 mg at 24 hr (when 90% dissolved). Hence, the in 

vitro drug fraction permeated across D-HFM system was 19.2% of the dissolved drug at 4 hr and 

30.2% of dissolved drug at 24 hr. 

There was close agreement between the predicted and observed drug in D-HFM system receiver 

chamber. The predicted absorption profile in the D-HFM system employed equations 6-8.  

Dissolution data of tablets in USP II apparatus (panel A) was used to obtain Kd1 and Kd2 in equation 

2.  Kd1 for burst component and Kd2 for non-burst component were 56.1 hr-1 and 0.0779 hr-1, 

respectively. 𝐾𝑝
′  was 0.0288 hr-1, as described above for metoprolol IR tablets. In equation 2, A = 

1.13mg, such that a vast majority of drug (95%) was associated with the non-burst component. 

In panel C, the Levy-Polli plot of in vivo data exhibits a “straight line” or “line of unit” trajectory, 

after an initial “lag”.  The apparent lag reflects in part the rapid dissolution burst. Subsequently, 
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relative to the terminal amount of drug absorbed, there is an equal fraction of drug absorbed as 

drug dissolved. That is, after an initial kinetic lag, drug absorption matches drug dissolution, such 

that absorption is dissolution limited and not permeation limited. This “straight line” trajectory is 

consistent with the controlled release of drug from metoprolol succinate ER tablets. Of note, the 

in vivo absorption of metoprolol ER is nearly complete, such that fraction dose absorbed in vivo 

is 89% . 

Notably, the Levy-Polli plot of D-HFM system also exhibits “straight line” trajectory.  D-HFM 

system successful predicted metoprolol succinate ER tablets to be dissolution rate limited and not 

permeation rate limited and to represent high biopharmaceutic risk from metoprolol succinate 25 

mg ER tablet, which was subjected to similar testing and assessment that was applied to IR 

products. In panel A, USP II apparatus dissolution showed nearly complete release in 24 hr. Mass 

in donor chamber from D-HFM system plateaued at 12 hr and beyond, reflecting drug permeation 

into the receiver chamber. An early burst was evident in both profiles. 

Figure 33. Metoprolol succinate extended release (ER) tablets in D-HFM system. 

In panel A, tablet dissolved NMT 20% in 1 hour and NLT 80% in 24 hours in USP II apparatus. 

Dissolution media was USP SIF. Red lines denote these USP specifications. Dissolved mass in 

D-HFM system donor chamber approximately plateaued, due to simultaneous drug permeation 

into D-HFM system receiver chamber. In panel B, there was a close agreement between the 

predicted and observed amount in D-HFM system receiver chamber. The in vitro drug fraction 

absorbed across D-HFM system was 19.6% of the dissolved drug in 240 min and 30% of the 

dissolved drug in 24 hours. In panel C, in vitro D-HFM system matches in vivo. For both in vivo 

and in vitro, ER metoprolol exhibited a dissolution rate limited absorption. For in vivo and D-
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HFM trajectories, early portion reflects an initial in vitro dissolution burst of the tablet. 
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IVIVC and biopharmaceutics risk. Prior D-HFM system development studies found that HFM 

module could be utilized as an experimental approach to potentially incorporate drug permeation 

to an in vitro assessment of in vivo tablet and capsule performance (AA). Hate et al. have already 

applied HFM module to amorphous solid dispersions dissolution-absorption studies, providing 

insights that motivated studies here, and which focused on other formulation types (32, 93). 

                 Many oral tablet and capsule products are IR or ER in nature. Product understanding 

includes how formulation components and manufacturing equipment and processes impact in vivo 

product performance (113). Biopharmaceutic risk analysis of solid oral dosage forms includes the 

understanding of the sensitivity and robustness of ongoing product equivalence to product 

dissolution (114). Safe space is characterized “boundaries defined by in vitro specifications (i.e., 

dissolution or other relevant drug product quality attributes), within which drug product batches 

are anticipated to be bioequivalent to one another” (106). Safe space denotes formulation and 

process conditions that assure ongoing product quality, while unsafe space may not. 

Biopharmaceutical risk analysis aims to maximize safe space, assure ongoing bioequivalence, and 

identify formulation process conditions that are unsafe. 

                 Levy et al. evaluated the quality of three different aspirin tablet formulations (110). A 

“straight line” correlation was observed between transformed in vitro dissolution data and in vivo 

PK absorption, elucidating the sensitivity of aspirin tablet quality to formulation and dissolution. 

This study was seminal in devising an in vitro dissolution test that correlated in vivo product 

performance, with focus across different formulations of the same drug, where the different 

formulations were concluded to differ in formulation quality. Levy et al. encouraged further 
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refinement of in vitro dissolution testing, including through in vitro-in vivo correction (IVIVC) 

analysis. 

                 IVIVC analysis has further developed. Two competing IVIVC “level A” analyses are 

the USP level A approach and FDA level A approach (92, 115). In deference to the FDA, we have 

previously denoted the FDA and USP approaches to be “level AAA” and “level A”, respectively 

. A fundamental difference between FDA level A IVIVC analysis and USP level A analysis is that 

FDA level A employs a convolution assessment approach (i.e. based on plasma profiles), while 

USP level A employs a deconvolution framework. FDA level A emphasizes predictability analysis 

of plasma profile AUC and Cmax. Meanwhile, USP level A emphasizes a point-to-point 

relationship between in vitro dissolution and deconvoluted PK data. Currently, FDA level A and 

USP level A analyses appear to continue to favor “straight line” relationships between dissolution 

and absorption, i.e., be limited in utility to dissolution rate limited products, such as ER products. 

The FDA IVIVC guidance is entitled “Extended Release Oral Dosage Forms: Development, 

Evaluation, and Application of In Vitro/In Vivo Correlations” . USP general chapter 1088 “In 

Vitro and In Vivo Evaluation of Oral Dosage Forms” indicates that “IVIVC analysis is most 

successful for oral drug products, where compared to in vivo absorption, in vivo dissolution is the 

rate-limiting step for bioavailability” (115). 

                 IVIVC analysis is well known to fail the vast majority of oral products, including the 

majority of modified-release products (30). A major contributing reason is lack of in vitro 

dissolution to mimic in vivo dissolution.  However, another major contributing reason is that in 

vivo absorption is not dissolution rate limited, as acknowledged in USP <1088>, particularly for 
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many IR products (49, 82, 112). As previously shown, USP level A analysis is a limiting case that 

requires dissolution rate limited absorption and cannot be expected to fit biopharmaceutic 

scenarios when dissolution is permeation rate limited, like for many IR products . IR products that 

are not dissolution rate limited (i.e., do not fit USP level A analysis) are not necessarily low-quality 

products with high biopharmaceutic risk. Rather, in fact, products that are permeation rate limited 

have an implicit safe space and potentially wider justifiable dissolution specifications, as 

previously described for metoprolol IR tablets . 

Performance of D-HFM to anticipate biopharmaceutic risk. Relative to USP level A analysis, 

a more general model to examine the relationship between fraction absorbed and fraction dissolved 

is: 

𝐹𝑎 =  
1

𝑓𝑎
 (1 −  

𝛼

𝛼−1
(1 −  𝐹𝑑) +  

1

𝛼−1
(1 −  𝐹𝑑)𝛼 )               (9) 

where 𝐹𝑎 is deconvoluted fraction dose absorbed, 𝐹𝑑 is fraction dissolved, 𝑓𝑎 is terminal fraction 

of dose absorbed, and 𝛼 is the ratio of permeation rate constant to dissolution rate constant. 

Assumptions of equation 9, which is equation 15 in Polli et al., have been previously described . 

Briefly, equation 9 assumes first-order dissolution and first-order permeation. 

                 Equation 9 describes the trajectory of drug absorption in the context of a Levy plot. 

Initially, no drug is dissolved or absorbed. Terminally, a terminal fraction of drug is dissolved, and 

all drug that can be absorbed is absorbed. Between time zero and terminal absorption, fraction 

absorbed increases as drug dissolves, although Fa – Fd relationship can be non-linear depending 

upon 𝛼, i.e., the relative rates of drug permeation and dissolution. 
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𝛼 is a measure of the degree that drug absorption is dissolution rate limited. It reflects 

biopharmaceutic risk since dissolution can cause product failure, including from poor formulation 

control . IR products Lopressor, Zantac and Feldene have previously been characterized to exhibit 

𝛼 of 0.0877, 0.0943 and, 3.40, respectively, from in vivo PK data and compendial dissolution . 

Fitting equation 9 to in vivo lamotrigine Levy-Polli plot using compendial dissolution (Figure 32 

panel B) yielded 𝛼 of 0.922. Fitting equation 9 to metoprolol succinate ER Levy-Polli plot (figure 

33 panel C) yielded 𝛼 of 4.22. 

                For convenience, Figure 34 re-plots a Levy-Polli plot for a range of alpha values . A 

“straight line” relationship presents when about alpha ≥ 5 and indicates dissolution rate limited 

absorption. A “reverse L” relationship presents when about alpha ≤0.2 and indicates permeation 

rate limited absorption. A “hockey stick” relationship presents when alpha is about between 0.2 

and 5 and indicates mixed dissolution/permeation rate limited absorption. 
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Figure 34. Levy-Polli plots.  

The theoretical relationship between Fa and Fd for a range of alpha is replotted here from Polli. 

et.al 1996 . Terminal fraction dose absorbed (fa) is one. “Straight line” relationship appears when 

about alpha ≥ 5 and indicative of dissolution rate limited absorption. “Reverse L” relationship 

appears when about alpha ≤0.2 and indicative of permeation rate limited absorption. “Hockey 

stick” relationship appears when about alpha between 0.2 and 5 and indicative of mixed 

dissolution/permeation rate limited absorption. For real IR data that are not dissolution rate limited, 

early portions of the Fa-Fd trajectories (e.g. <30 min) typically lack data, making it difficult to 

discern between permeation rate limited absorption and mixed rate limited absorption, particularly 

when both dissolution and permeation are rapid (e.g. lamotrigine IR). 

 

                 Inspection of Figure 32 indicates that metoprolol tartrate IR, piroxicam IR, ranitidine 

HCl IR, which are BCS class I, II, and II, respectively, exhibit in vivo “reverse L” trajectories. 

Table 16 lists these visual observations from in vivo Levy-Polli plots, as well as corresponding 

interpretation of permeation rate limited drug absorption. Table 16 also lists those visual 

observations from in vitro D-HFM Levy-Polli plots were “reverse L” trajectories, indicating D-

HFM was able to correctly anticipate the low biopharmaceutic risk from these formulations, 
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including the BCS II drug piroxicam. Separately, for each Lopressor, Zantac, and Feldene, three 

test formations (i.e., fast, medium, and slow) were demonstrated to be bioequivalent to reference, 

indicating low biopharmaceutic risk of these products . Of note, piroxicam has a long elimination 

half-life of 50 hrs, aiding robustness of Cmax to input rate differences. 

 Inspection of Figure 32 panel B indicates that lamotrigine lamotrigine IR, a BCS class II 

drug, exhibits in vivo “hockey stick” trajectory, and hence mixed dissolution/ permeation rate 

limited drug absorption. Mixed rate limited absorption occurs since lamotrigine in vivo absorption 

is very rapid. The first observation in the in vivo trajectory occurred at 20 min, with trajectory 

coordinates (Fd=0.909, Fa=0.646) reflecting the rapid in vivo absorption of lamotrigine, and hence 

difficulty discerning between mixed rate absorption and permeation rate limited absorption. In 

either event, the Levy-Polli plots implicates low biopharmaceutic risk, which is supported by other 

observations. In particular, brand and generic lamotrigine have been shown to be bioequivalence 

in epileptic patients, including patients that were denoted to be “generic brittle” (116). In a similar 

study, generic lamotrigine was bioequivalence to another generic lamotrigine (117). These 

findings addressed risk concerns of epileptologist (118, 119). Also, dissolution and permeation 

studies indicate lamotrigine to exhibit low biopharmaceutic risk (101). Lamotrigine dissolution 

showed >85% dissolved in 15 min in pH 1.2 and 4.0 and > 85% in 30 min. Table 16 lists visual 

observations from in vivo and in vitro Levy-Polli plots and their agreement of low biopharmaceutic 

risk in lamotrigine IR tablets. 

Meanwhile, inspection of Figure 33 panel C indicates the ER product in vivo exhibits a “straight 

line” trajectory after an initial burst in drug release. Interesting, metoprolol was a drug for each an 
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IR (as tartrate salt) and the ER formulation (as succinate salt), and D-HFM system differentiated 

between the two formulations.  

                 Table 16 summarizes the biopharmaceutic risk analysis for the five drug products. The 

D-HFM system Levy-Polli plots visually matched in vivo Levy-Polli plots, regarding shape of 

trajectory and implied 𝛼 (i.e., implied biopharmaceutic risk). Of note, the resulting Levy-Polli 

plots from D-HFM system were only analyzed by inspection, while in vivo Levy-Polli plots were 

subjected to equation 9. It did not seem necessary to subject Levy-Polli plots from D-HFM system 

to equation 9. The sufficiency of inspection of D-HFM system data to assess biopharmaceutic risk 

supports D-HFM system as a potentially viable laboratory tool to understand product performance 

of prototype formulations. 
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Table 16. Concordance of biopharmaceutic risk analysis from in vivo PK and D-HFM system.  

In vitro D-HFM Levy-Polli plot correctly anticipated low biopharmaceutic risk for the four IR 

tablets and capsules and high biopharmaceutic risk for the ER tablet. 

 

 

 

 

 

 

 

 

 

 

 



 

148 

 

Appendix: Chapter 2 
 

Table 17. Ratio of substitution of acetyl, succinoyl, methoxy and hydroxypropoxy content in 

three grades of HPMCAS. 

 

Table 18. Particle size and glass transition temperature of SDDs. Data indicates mean ± SEM 

(n=3) for particle size measurements. 

 

Figure 35. HPMCAS chemical structure.  

HPMCAS is a polymer chain with 2-hydroxypropoxy (-CH2CH(CH3)OH), methoxy (-OCH3), 

acetyl (-COCH3), and succinoyl (-COCH2CH2COOH) functionality. 
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Figure 36. DSC thermogram for crystalline itraconazole (panel A) and physical mixtures (PM) 

of itraconazole and HPMCAS [20% drug load] (panel B).  

Melting endotherm at 170.45 °C corresponded to crystalline itraconazole in both panels A and B. 
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Figure 37. T1 and T2 relaxation time for ITZ, ITZ/HPMCAS–L, ITZ/HPMCAS–M, and 

ITZ/HPMCAS-H solution. Panel A and B show T1 and T2, respectively. 
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Figure 38. Dissolution profile of Sporanox capsule in USP SGF without enzymes (pH 1.2) using 

HPLC and fiber optic probe. Profiles were similar (f2=69.8). 

 

Appendix: Chapter 3 
 

Protocol for making media from Biorelevant.com components. 

Steps for 1 L of FaSSGF media:  

1. Prepare the HCL/NaCl buffer solution: 

a. Dissolve 1.999 g NaCl in 0.9 L of purified water. 

b. Use HCL to adjust to pH 1.6. 

c. Make up to 1 L with purified water at room temperature 

2. Add the FaSSGF powder: 

a. Add 0.060 g FaSSIF, FeSSIF FaSSGF Powder to 0.500 L HCl/NaCl buffer 

solution. 

3. Make up to 1 L with HCl/NaCl buffer solution at room temperature. 
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4. Use FaSSGF media within 48 hours if kept at room temperature or within 24 hours if kept 

at 37°C. 

Steps for 1 L of FaSSIF-V2 media:  

1. Prepare buffer: 

a. Dissolve 1.392 g NaOH (pellets), 2.220 g maleic acid, and 4.010 g NaCl in 0.9 L 

of purified water. 

b. Use either 1 N NaOH or 1 N HCl to adjust to pH 6.5. 

c. Make up to 1 L with purified water at room temperature. 

2. Add the FaSSIF-V2 powder: 

a. Add 1.790 g FaSSIF-V2 Powder to 0.5 L of buffer. 

b. Stir until powder is completely dissolved. 

3. Make up to 1 L with buffer at room temperature. 

4. Let FaSSIF-V2 media stand for 1 hour. 

5. Use FaSSIF-V2 media within 48 hours if kept at room temperature or within 24 hours if 

kept at 37°C. 

Steps for 1 L of FeSSIF-V2 media:  

1. Prepare buffer: 

a. Dissolve 3.270 g NaOH (pellets), 6.390 g maleic acid, and 7.330 g NaCl in 0.90 L 

of purified water. 

b. Use either 1 N NaOH or 1 N HCl to adjust to pH 5.8. 

c. Make up to 1 L with purified water at room temperature. 

2. Add the FeSSIF-V2 powder: 

a. Add 9.760 g FeSSIF-V2 Powder to 0.5 L of buffer. 

b. Stir until powder is completely dissolved. 

3. Make up to 1 L with buffer at room temperature. 

4. Let FeSSIF-V2 media stand for 1 hour. 

5. Use FeSSIF-V2 media within 48 hours if kept at room temperature or within 24 hours if 

kept at 37°C. 
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Table 19. Surface tensions of biorelevant media. 

 

Figure 39. Dissolution profiles of ketoconazole; Teva versus Taro product. 

Dissolution from analyst 1 (location A Teva product), analyst 2 (location A Taro product), and 

analysts 3 and 4 (location B Teva product) in 500 ml in ‘from scratch’ FaSSGF. f2=22.3 in the 

comparison of analyst 1 versus 2 (i.e. Teva versus Taro, both at location A). 
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Figure 40. Dissolution profiles of ketoconazole; Teva versus Taro prodcuts. 

Dissolution from analyst 1 (location A Teva product), analyst 2 (location A Taro product), and 

analysts 3 and 4 (location B Teva product) in 500 ml in ‘from scratch’ FeSSIF-V2. f2=27.0 in the 

comparison of analyst 1 versus 2 (i.e. Teva versus Taro, both at location A). 
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Appendix: Chapter 4 

Figure 41. Drug appearance into receiver from side-by-side diffusion cell study for four model 

drugs. Studies used flat sheet PES membrane. 

 

Figure 42. Predicted drug permeation profile in D-HFM system using MT model.  

Simulations used the MT model (i.e., equation 2) and the observed drug permeability (i.e. flat 

sheet membrane Papp) from side-by-side diffusion cell studies (Table 15). Figure 29 plots 

corresponding predictions from CRM model.  
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Figure 43. Comparison of predicted and observed percent drug permeation based on MT and 

CRM models. 

Comparisons are at 60 min in 100 ml volume (panel A) and 900 ml (panel B) for four model 

drug solutions. Predictions used Papp from side-by-side diffusion cell study. Figure 26 shows 

data for 180 min. 
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Figure 44. Comparison of Papp across flat sheet and HFM membrane at Qin=Qout=2ml/min and 

Vin = 100 ml or 900 ml. D-HFM used MT flow model. This plot for MT model corresponds to 

Figure 27 which employed CRM model. Donor contained drug in solution. 

 

Appendix: Chapter 5 

Preparation of Ranitidine HCl 150mg capsule  

2.7 gm ranitidine HCl and 0.9 gm of microcrystalline cellulose (MCC, Avicel PH 102) was 

manually blended for 5 min. Each capsule was filled by hand with 200mg of blend. Each capsule 

targeted 150 mg ranitidine HCl and 50 mg MCC. Dissolution testing was performed (n=6) using 

USP II apparatus at 50 rpm in 900 ml dearated water (FDA dissolution database 

https://www.accessdata.fda.gov/scripts/cder/dissolution/). Sampling timepoints were 10, 20, 30 

and 45 min. The drug was quantified using a UV fiber optic system. Mean (±SEM) percent drug 

dissolved in 45 min was 101.0 (± 1.0).  
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Figure 45. Percent ranitidine HCL dissolved over 45 minutes in water from 150 mg ranitidine 

capsules. Percent dissolved was 101.0 (± 1.0) in 45 min.  
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Chapter 5. Conclusions 
 

The current thesis focused on two major aspects of oral drug absorption research (i) 

characterization of spray dried dispersion (SDD) of a poorly soluble model drug to understand 

the factors that impact overall formulation performance and absorption, and (ii) development and 

utilization of in vitro dissolution model to predict in vivo human absorption and biopharmaceutic 

performance of various BCS class drugs. 

In chapter 2 SDDs from HPMCAS grades L, M, and H were characterized for ITZ release and 

permeation, as well as for molecular interactions between ITZ and HPMCAS in solution. The 

three grades differ in acetyl and succinoyl substitution and hydrophobicity. SDD from 

HPMCAS-L afforded highest supersaturating concentration and flux, followed by M and H, 

respectively. SDD from HPMCAS-L enhanced ITZ dissolution and permeation to the greatest 

extent, although some crystalline ITZ was resulted. Solution stabilization and STD-NMR studies 

revealed grade H to retard ITZ precipitation to greater extent than M and L, due to greater 

hydrophobic interactions between drug and polymer. However, from an overall SDD 

performance standpoint, high supersaturating concentration for absorption was most beneficial 

for permeation flux, such that the stronger hydrophobic interactions between drug and H grade 

was a relative detriment. In vitro SDD studies and solution NMR drug-polymer studies combined 

to yield an improved understanding of drug supersaturation, drug-polymer interactions, and 

reduction drug precipitation from SDDs, including apparent competing properties in polymer 

grade attributes that impact overall SDD performance for enhanced in vitro absorption. This 
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study employed the weakly basic drug itraconazole, which has lesser propensity to precipitate 

than other drugs, such that finding here may not extrapolate to other drugs. 

In chapter 3 the similarity in dissolution profiles in biorelevant media was successfully assessed 

for two model poorly soluble drug products. The objectives were to assess interday repeatability, 

interanalyst repeatability, and interlaboratory reproducibility of dissolution profiles from 

biorelevant media, as well as to assess the impacts of medium production method and medium 

volume on dissolution profiles. This last objective was motivated by increased interest in 

biorelevant dissolution that employ smaller volumes than 900ml and non-sink conditions (42, 45, 

72-74, 87). f2 was used to assess repeatability and reproducibility. There was favorable interday 

repeatability (83 of 88 comparisons were similar), favorable interanalyst repeatability (19 of 21 

comparisons were similar), and favorable interlaboratory reproducibility (10 of 14 comparisons 

were similar) of dissolution profiles from biorelevant media. Commercial media showed greater 

interlaboratory reproducibility than ‘from scratch’ media. However, biorelevant medium 

production had low impact on profiles when one analyst at one location conducted all methods. 

Also, biorelevant media detected differences when products were not similar. Overall, biorelevant 

media showed favorable repeatability and reproducibility performance. 

In chapter 4 a previously devised dissolution-permeation system using a HFM module was further 

characterized here using various BCS drugs. Characterization involved MT and CRM flow model 

development; independent measurement of the membrane permeability; prediction of drug 

permeation profiles, including donor flow rate and donor volume sensitivity assessment; and drug 

permeation studies of drugs in various BCS classes. Results indicated close agreement between 
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MT and CRM models for D-HFM, as well as good agreement between predicted and observed 

drug permeation from D-HFM. Overall, experimental studies and model prediction were used to 

achieve the D-HFM system development. The advantage of the HFM module was its ability to 

allow high drug permeation, as hypothesized . Also, the D-HFM system was assess for its ability 

to predict in vivo clinical permeation constant 𝑘𝑝 from its in vitro permeation constant 𝐾𝑝
′ . 𝐾𝑝

′  from 

side-by-side diffusion cell and dissolution/Caco-2 were also assessed. 𝐾𝑝
′  values reflect each 

system’s A/V ratio. 𝐾𝑝
′  from D-HFM system provided the greatest agreement with 𝑘𝑝, compared 

to two other in vitro systems. Overall, studies reflected that HFM module could be utilized as an 

experimental approach to potentially incorporate drug permeation to an in vitro assessment of in 

vivo tablet and capsule performance. This effort to integrate dissolution with a drug permeation 

component were motivated to anticipate biopharmaceutic risk of oral products. 

In chapter 5, with its improved A/V ratio, D-HFM system further moved towards the goal to 

anticipate biopharmaceutic risk of oral products. Current study successfully predicted the in vivo 

human absorption profile and biopharmaceutic performance of four IR and one ER drug products 

using the D-HFM system across various BCS classes. Results indicated close agreement in 

predicted and observed absorption profiles in D-HFM system for all five tablets and capsules. The 

D-HFM system showed the ability to differentiate in between IR and ER drug products. In vitro 

D-HFM system that uses hollow fiber membrane module showed promise for its utilization in 

biopharmaceutics risk assessment of in vivo tablet and capsule performance. 

 

 


