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ABSTRACT 

Title of Dissertation: Biorelevant In Vitro Dissolution Models to Evaluate Poorly Soluble 

Drugs 

Raqeeb Jamil, Doctor of Philosophy, 2022 

Dissertation Directed by: James E. Polli, Ph.D., Professor, Pharmaceutical Sciences 

 

Biorelevant media have been devised to mimic the composition of fluids present 

in the stomach and intestine in fasted and fed states. They are increasingly being used in 

pharmaceutical product development and to predict in vivo drug dissolution. Since 

biorelevant media are more complex, their fabrication has been described as challenging 

and much remains to be understood about the mechanisms by which they are able to 

enhance dissolution of poorly soluble drugs. The first aim of this work was to assess the 

repeatability and reproducibility of current biorelevant media and determine the sources 

of variability when biorelevant media are used to perform dissolution across different 

study conditions for two model poorly soluble drugs (i.e., ibuprofen and ketoconazole). 

The effect of volume on small-volume dissolution using biorelevant media was also 

predicted. Results indicated favorable interday repeatability, favorable interanalyst 

repeatability, and favorable interlaboratory reproducibility. Commercial media showed 

greater interlaboratory reproducibility than “from scratch” media. From a nested and then 

crossed statistical analysis of variance (ANOVA), the rank-order importance of sources 

of variation overall were location > operator (nested in location) > day > fabrication 

method > residual. An algorithm to predict the effect of volume on biorelevant media 

dissolution in high, intermediate, and low solubility scenarios proved to be accurate in 13 

of 16 cases.  



 
 

The second aim of this work was to predict dissolution into fasted and fed state 

biorelevant media and further devise a new model to predict the food effects on 

dissolution. Solubility studies, intrinsic dissolution studies, particle size analysis, and 

high-performance liquid chromatography (HPLC) were used to predict dissolution rate as 

well as dissolution and solubility enhancement of three model poorly soluble drugs (i.e., 

griseofulvin, ketoconazole, and ibuprofen) in fasted and fed state gastric and intestinal 

media over their surfactant-free counterparts. Drug dissolution rate into fed state 

biorelevant media was attenuated relative to drug solubility enhancement due to low 

colloid diffusivity. Dissolution enhancement in fasted state media was about as much as 

solubility enhancement due to minimal incorporation of drug into the mixed micelles.  

A model was also devised to predict the food effect on dissolution by considering 

the rate of dissolution in fed state biorelevant media over the rate of dissolution in fasted 

state biorelevant media and the diffusivity of colloids in each. The resulting model 

allowed for the prediction of a food effect on dissolution and agreed with food effects 

observed in vivo for the three model drugs  
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Section I: Introduction and Research Objectives 

 

1.1.1. Drug Dissolution 

When a drug product is administered orally as a solid dosage form, it must 

disintegrate into granules and then further deaggregate into finer particles. The drug must 

then dissolve before it crosses the membranes of the gastrointestinal (GI) tract to be 

absorbed. It is then carried by the mesenteric blood vessels to the portal vein, which 

carries the drug to the liver. Any drug remaining after initial metabolism in the liver then 

reaches the systemic circulation where it is distributed to the rest of the body. In the 

dissolution and absorption process, a fraction of the initial dose is lost. The remaining 

fraction that makes it to the systemic circulation determines a drug’s bioavailability(1,2).  

Drug dissolution can therefore be the rate-limiting step for many drugs, especially 

those which are poorly soluble. Many oral drug delivery technologies strategically 

improve the bioavailability of poorly soluble drugs through improving their dissolution 

performance. Many physiological factors in the GI tract affect drug dissolution including 

the volume and composition of GI fluids, pH, buffer capacity of GI fluids, digestive and 

metabolic enzymes, GI transit time, cellular transporters, and food particles. Drug 

dissolution is also affected by the physicochemical properties of the drug substance itself 

including its aqueous solubility, lipophilicity, pKa, surface area, particle size, 

crystallinity, and stability (3).  

In order to gain a better understanding of how drugs and drug products perform in 

vivo, in vitro drug dissolution models have been developed to mimic the dissolution of 

drugs and dosage forms. The first dissolution experiment was conducted by Noyes and 



2 
 

Whitney in 1897 using benzoic acid and lead chloride. They found that the rate of 

dissolution was proportional to the difference between the observed concentration and the 

saturation solubility. Nernst and Brenner further developed this model to incorporate a 

diffusion layer concept using Fick’s Second Law of Diffusion. This led to the Nernst-

Brenner equation: 

���� = � �ℎ ��	 − �� 

where the rate of dissolution, 
�
�� , is proportional to the difference in the observed 

concentration and the saturation solubility, �� − �, multiplied by the surface area, A, and 

diffusion coefficient, D, of the particle over the thickness of the boundary layer of the 

solvent at the surface of the dissolving particle, h. Scientists began using this equation 

and applying it to study drug dissolution only fifty years ago (4). 

The field of drug dissolution has since evolved and there is now a continuous effort 

to mimic vivo dissolution as accurately as possible. Additionally, dissolution testing is 

used to assess the quality of drug products to the point where drug dissolution is now 

officially required by the Food and Drug Administration (FDA) (5). The United States 

Pharmacopeia (USP) and the National Formulary have added dissolution requirements in 

tablet and capsule monographs in their pharmacopeias.  
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This introduction aims to give the reader the necessary background information to 

appreciate the development of in vitro drug dissolution models using physiologically 

relevant or “biorelevant” media and their utility in predicting the dissolution of poorly 

soluble drugs. The primary drug dissolution apparatus that will be discussed is the USP 

Apparatus II rotating paddle apparatus depicted in Figure 1.1.1. 

Figure 1.1.1. USP Apparatus 2 (paddle method) 

USP Apparatus 2 (paddle method) consists of a coated paddle that minimizes turbulence due to stirring. 

The paddle is attached to a variable-speed motor that rotates at a controlled speed. The entire vessel is 

housed in a constant-temperature water bath maintained at 37°C. Position and alignment of paddle are 

specified by the USP. 

The USP Apparatus II is the most widely used method in dissolution testing and 

was refined by scientists at the FDA. Everything about the USP Apparatus II including 

the dimensions of the paddle, vessel, and shape is closely controlled. The rounds per 

minute (RPM) of the paddle can be varied to create the effect of different hydrodynamic 

conditions. While there is a variety of media from simple buffers to media with surface 



4 
 

active agents that can be used with this apparatus, this dissertation will primarily discuss 

biorelevant media that have been devised to mimic the fluids in the human GI tract.  

1.1.2. Biopharmaceutics Classification System 

The Biopharmaceutical Classification System (BCS) classifies drugs as either high 

or low solubility and high or low permeability. The system applies to immediate-release 

(IR) drug products, which are products that allow for at least 85% of the drug to dissolve 

within the first 15 minutes of a standardized USP dissolution test (6). As per the BCS 

definition, a drug is considered highly soluble when the highest dose of the drug is 

soluble in 250 mL or less of aqueous media within a physiological pH range at 37°C (7). 

Those showing complete intestinal absorption or rapid movement through epithelial 

membranes in vitro are said to be highly permeable (7).  

In the last decade, the BCS system was a major advancement because it allowed the 

anticipation of oral bioavailability. Taking into consideration a drug’s solubility and 

permeability, the BCS classifies drugs into four categories. These categories are depicted 

in Figure 1.1.2. Class I drugs are highly soluble and highly permeable and are unlikely to 

show bioavailability problems when administered as IR products (7). Typically, IR 

dosage forms in BCS Class I are not expected to show bioavailability problems because 

they should be able to rapidly dissolve in the stomach, especially when administered with 

a glass of water (8). In vivo pharmacokinetic studies are then believed to be unnecessary 

because standard dissolution tests can reliably elucidate enough information to accurately 

predict product performance in vivo (8). For Class I drugs, biowaivers can be obtained to 

dismiss the need for official in vivo bioavailability and bioequivalence studies (8).  
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Figure 1.1.2. The Biopharmaceutical Classification System 

 

The Biopharmaceutical Classification System (Amidon et al., 1995) 

BCS Class II drugs, are poorly soluble and highly permeable and can be further 

subdivided into weak acids, weak bases and lipophilic compounds (8). For BCS Class II 

drugs, dissolution is the rate controlling step in drug absorption and is typically slow. 

Since drugs in this class are solubility-limited, their dissolution profiles must be most 

clearly defined and reproducible (7,9). This dissertation employs model drugs that 

represent each subdivision of BCS Class II drugs.  

BCS Class III drugs are highly soluble and poorly permeable and may show 

formulation-dependent differences in their bioavailability/bioequivalence and are 

therefore not eligible for biowaivers. Compounds in this category are permeability-
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limited and have highly variable bioavailability since their absorption is majorly 

dependent on their ability to permeate through the intestinal tract (7).  

Lastly, compounds in BCS Class IV are both poorly soluble and poorly 

permeable. For this reason, compounds in this class are particularly problematic for oral 

drug delivery. However, some Class IV compounds have been “misclassified” based on 

the strict definitions of high solubility and high permeability of BCS (7,8).  

In the past 25 years, there has been an increase in the number of poorly soluble 

drug candidates. Approximately 70-80% of small molecule drug candidates may be 

classified as poorly soluble (i.e. BCS Class II and Class IV drugs)(9,10). Significant 

strides have been made to successfully improve the absorption of Class II and Class IV 

drugs through innovative oral drug delivery technologies. To test such technologies, 

dissolution testing has also been required to evolve as more is learned about the 

composition of human GI fluids and their critical role in the in vivo dissolution of poorly 

soluble drugs.  

1.1.3. Properties of Gastrointestinal Fluids 

There are eight major properties of GI fluids that effect drug dissolution. They are 

pH, buffer capacity, osmolality, surface tension, viscosity, temperature, volume, and the 

composition (3).  

The pH partition hypothesis predicts that the pKa of the drug, the pH of the GI 

fluids and the pH of the blood stream will dictate the solubility of a drug and therefore 

the rate of absorption through the membranes lining the GI tract (1). For example: a weak 

acid would absorb more rapidly from the stomach at pH 1.0 than at pH 8.0. The opposite 
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is true for weak bases. However, acids absorb much faster from the less acidic small 

intestine (pH 6.6 to 7.5) than from the stomach. The pH in the gastrointestinal tract is 

determined by whether it is in the fasted or fed state, the time, amount and kind of food 

present and volume of GI fluids secreted. The pH also varies along the length of the GI 

tract. In the fasted state, the stomach has a pH between 1 and 2 (11–14). After a meal, it 

can then increase to a range of 2.7 to 6.4 (3,14). In the upper small intestine, pH values 

range from 4 to 8 in the fasted state (12,15). The fasted ileum pH is in the range of 6.5 to 

8 (16). In the fed state, the pH in the upper small intestine tends to be in the range of 3 to 

7 but can decrease with time to 4 to 5 (13,14,17). 

The buffer capacity is particularly critical for ionizable drugs. A greater buffer 

capacity will have a greater influence on the pH changes at the surface of the drug. Buffer 

capacity depends on the pH of the fluid, the pKa of the buffer, and the buffer 

concentration (3,18). The buffer capacity of the stomach is 7 mmol L-1 ΔpH-1 in the 

fasted state (13). In the fed state the buffer capacity can increase to 28 mmol L-1 ΔpH-1 

(ref). Values for buffer capacity in the small intestine have been reported to range from 2 

to 13 mmol L-1 ΔpH-1 in the fasted state and about 13 to 30 mmol L-1 ΔpH-1 in the fed 

state (19,20). 

Osmolality can affect drug release from the dosage form (21). The osmolality in 

the fasted stomach ranges from 29 to 276 mOsm/kg (22). In the fed stomach, this can 

increase to 559 mOsm/kg and can vary depending on how long after the meal. In the 

fasted upper small intestine, osmolality can range from 124 to 278 mOsm/kg and 250 to 

367 mOsm/kg in the fed state (17,23).  
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Surface tension affects dissolution by influencing the wetting of the dosage form. 

A higher surface tension can lead to decreased wetting. The surface tension in gastric 

fluids in the fasted state range from 41 to 46 mN/m (13). The surface tension in gastric 

fluids in the fed state range from 30 to 31 mN/m (13). The surface tension in the fasted 

upper small intestine ranges from 28 to 46 mN/m and 27 to 37 mN/m in the fed state. Of 

note, the surface tension of water is 72.1 mN/m (17,20).  

Measured values for viscosity of human GI fluids, especially in the fasted and fed 

state are very limited. The viscosity of GI fluids largely depends on the composition of 

the fluids in the fasted or fed state. After a meal, the viscosity of GI fluids can range from 

10 to 10,000 cP (24,25). The temperature of GI fluids is generally considered to be 37°C.  

The volume of GI fluids affects the amount of drug that can dissolve. If the 

volume of the GI fluids are three to ten times the amount needed for a drug to dissolve 

given its solubility, these are known as “sink conditions”. The volume of GI fluids is 

largely dependent on the amount of liquid that has been ingested, the amount of 

secretions, and the rate of gastric emptying (3). Using MRI, Steingoetter et al., found the 

volume of fasted gastric fluids to be 28 mL (26). They found the volume to be 296 mL 

after ingesting 300 mL of water. These values are averages from a study that measured 

GI fluids in twelve healthy volunteers.  

One of the most significant influences on drug dissolution is the composition of 

GI fluids. GI fluids are complex mixtures of components from many sources throughout 

the GI tract. Stomach fluids are made of saliva, gastric secretions, refluxed liquid from 

the duodenum, and in the fed state, food and ingested liquids (3,27). Major components 

of gastric fluid are hydrogen ions, bile salts, lipase, and pepsin (27). Hydrogen ions 
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determine the pH of gastric fluid and therefore affect the dissolution of ionizable drugs. 

Bile salts can combine with fats to form mixed micelles, which play a significant role in 

enhancing solubility of drugs. Bile salts are surfactants that also decrease the surface 

tension of GI fluids and enhance wetting (28). Lipase can affect drug release through 

excipient interactions. Pepsin can digest proteins and peptides (29).  

Fluid in the upper small intestine is made up of chyme from the stomach, liver 

secretions, pancreatic secretions, and other secretions from the wall of the small intestine. 

The liver secretes bile, which contain bile salts, phospholipids, bicarbonate, and 

cholesterol (30). The purpose of bicarbonate is secreted to neutralize gastric secretion and 

protect the walls of the small intestine from acid-related damage (31). The pancreas also 

secretes bicarbonate and proteases (31,32). GI fluids change drastically upon the 

ingestion of food. Most notably, the pH changes and many secretions are triggered, 

especially in the small intestine. Food can trigger increased bile and pancreatic secretions 

and can also introduce fats. The concentration of bile and phospholipids increase from 2-

10 mM and 0.03-0.6 mM to 0.2-30 mM and 0.8-3 mM in the fasted state to the fed state, 

respectively (17,20,27,33). The change in pH and GI secretions in particular play a 

critical role in the dissolution of poorly soluble drugs. 

The pH, buffer capacity, osmolality, surface tension, viscosity, temperature, 

volume and composition, each affect in vivo solubility and dissolution. This is especially 

so for poorly soluble drugs. To develop a physiologically relevant drug dissolution 

model, each of these properties should be featured in the media used as they would allow 

for the most accurate approximations of solubility and dissolution performance in the 

human body.  
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1.1.4. Biorelevant Media 

Biorelevant or “physiologically relevant” media have been devised taking all the 

above properties into consideration. They have been developed to mimic human GI fluids 

as accurately as possible for the purpose of predicting in vivo drug dissolution. The 

current generation of biorelevant media is not only more physiologically relevant than the 

compendial buffers, but a testament to how much has been learned about human GI 

fluids. The current generation of biorelevant media are 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) (21,34). Their composition and relevant properties are depicted in Table 1.1.1.A 

through D (35). 
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Table 1.1.1. Current generation of biorelevant media 
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Unique to biorelevant media is their ability to specifically mimic both gastric and 

intestinal fluids in both fasted and fed states. The composition of these biorelevant media 

were suggested considering direct comparisons to aspirates of human gastric and 

intestinal fluids. For example: Vertzoni et al. compared the solubility of four poorly 

soluble drugs in human gastric aspirates and different prototypes of simulated gastric 

fluids before arriving at the decision to suggest FaSSGF as the best basis for gastric 

solubility in the fasted state (34).  

While the goal of biorelevant media is to mimic the composition of human GI 

fluids as close as possible, certain simplifications must be made in order to make regular 

fabrication of media feasible and reproducible. To create media with buffer capacities 

and pH that are accurate to human GI fluids is easily achievable. However, human GI 

fluids also contain bile acids and phospholipids. There are a total of ten conjugated and 

unconjugated bile acids in human intestinal fluids (19,36). The bile acid that exists in the 

greatest concentration is taurocholate (17). For ease of fabrication and economically 

practical purposes, FaSSGF, FaSSIF-V2, and FeSSIF-V2 use sodium taurocholate in 

varying concentrations as the representative bile acid.  

The current generation of biorelevant media are frequently used in industrial, 

academic, and government research laboratories. Many studies that use biorelevant media 

to predict in vivo absorption via physiologically based pharmacokinetic (PBPK) models 

have been published (37–40). Other studies have attempted to use biorelevant media to 

elucidate the role of colloid species on drug solubilization, supersaturation, and other in 

vivo physicochemical phenomena that occur during the absorption process (41–43). 

Literature pertaining to the comparison of biorelevant media to human GI fluids have 
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also resulted in prototypes for the next generation of biorelevant media. For example: 

more recently, an advancement in the design of fasted state simulated intestinal fluids, 

FaSSIF-V3, that include a greater diversity of bile acids has been introduced by Fuchs et 

al. (44). Such advancements are an indication that as more is learned about the 

physicochemical processes that drive in vivo drug absorption and more generally, about 

the physiology of the human GI tract, biorelevant media too will continue to evolve to 

become more sophisticated and predictive.  

1.1.5. Current Research 

Some of the most useful applications of biorelevant media include predicting in 

vivo drug solubility and dissolution for formulation development as well as establishing 

accurate in vitro in vivo correlations for poorly soluble drugs. Additionally, parameters 

measured in biorelevant media have been used as initial conditions in many PBPK 

models (45,46). As biorelevant media is used more frequently, efforts have been made to 

also study its reliability for regular use.  

Since biorelevant media are more complex media, with multiple components, 

their production has been described as challenging (47,48). An even broader and more 

universal utilization of biorelevant media would require repeatability of results within a 

laboratory, as well as reproducibility across laboratories. Only one such study by Mann et 

al. has been performed (49). However, there are currently no studies that assess 

variability in biorelevant media dissolution across different study conditions.  

Additionally there are many studies that use biorelevant media in volumes smaller 

than 900 mL in an effort to be more physiologically accurate to the actual volume of 
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fluids in the GI tract and to be predictive for both adult and pediatric patient populations 

(50,51). Smaller volume dissolutions are also performed to simulate non-sink conditions 

(52,53). However, little has been done to assess the similarity of dissolution profiles from 

biorelevant media in large volumes to those in small volumes.   

One of the major purposes biorelevant media were developed was to predict in 

vivo drug dissolution. However, in vitro dissolution in biorelevant media can pose its 

own challenges. Dissolution studies using biorelevant media can be time consuming and 

costly (47,48). Hence, there is a need to quantitatively predict dissolution in biorelevant 

media. This is potentially useful for poorly soluble drugs in the fed state as it is well 

understood that phospholipid-bile salt mixed micelles and fat globules enhance in vivo 

drug dissolution of these drugs, especially. Until the introduction of biorelevant media, 

pharmaceutical surfactants were used with simple buffers as in vitro dissolution media to 

mimic gastrointestinal drug dissolution in the postprandial state (41). For media with 

pharmaceutical surfactants, models have been devised to predict dissolution enhancement 

and dissolution rate using intrinsic dissolution studies and particle size analysis of 

micelles (41,43). However, few efforts have been made to predict dissolution in 

biorelevant media using similar mechanistic based models. 

One of the greatest features of biorelevant media is the ability to mimic GI fluids 

in the fasted and fed state. When combined with sophisticated PBPK or dissolution-

absorption models, parameters measured in biorelevant media have proven to be 

advantageous over simple buffers to aid in predicting in vivo food effects (8). However, 

little has been done to quantitatively predict the food effects on dissolution in biorelevant 

media as a result of mixed micelle and fat globule diffusivity. This requires a quantitative 
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understanding of the role that colloid diffusivity plays in mediating the food effects on 

the solubility enhancement in fed state biorelevant media over fasted state biorelevant 

media. 

1.1.6. Research Objectives 

 The primary objective of this dissertation was to develop biorelevant in vitro drug 

dissolution models for poorly soluble drugs. This was accomplished through two major 

research aims: (1) To establish the repeatability and reproducibility of all current 

biorelevant media and determine the sources of variability when dissolution is performed 

using biorelevant media. A sub-aim was to predict the effect of volume on the similarity 

of small volume biorelevant dissolution profiles to those generated in 500 mL of media. 

Aim (2) was predicting in vitro drug dissolution into fasted and fed biorelevant media 

using a previously derived model. A new model was then devised to predict potential 

food effects on dissolution in biorelevant media.  

Section II investigates the reliability of biorelevant media for use in different 

study conditions. Chapter 2.1 explores the similarity of dissolution profiles from 

biorelevant media by assessing interday repeatability, interanalyst repeatability and 

interlaboratory reproducibility using ibuprofen and ketoconazole as BCS Class II model 

weak acid and weak base drugs, respectively. Dissolution of ibuprofen and ketoconazole 

products were performed in 500 mL of FaSSGF, FeSSGF, FaSSIF-V2 and FeSSIF-V2 

media by two analysts each at two different locations. Each analyst made their own 

media from a commercial powder and “from scratch” and performed dissolution on each 

drug product in each of the media on two different days. f2 was used to assess 

repeatability and reproducibility of dissolution profiles. A hypothesis was that fed state 
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biorelevant media exhibits low interanalyst repeatability and low interlaboratory 

reproducibility. Results indicated favorable interday repeatability, favorable interanalyst 

repeatability, and favorable interlaboratory reproducibility. Commercial media showed 

greater interlaboratory reproducibility than “from scratch” media.  

Chapter 2.2 further explores the sources of variability from studies described in 

Chapter 2.1 using a nested and then crossed ANOVA statistical model. In the ANOVA 

model, analysts were “nested” in their respective locations since each location 

exclusively had two analysts that never interacted with each other across locations. Every 

analyst was “crossed” with media fabrication (commercial vs. “from scratch”) and day 

since each analyst made their own commercial and “from scratch” media and repeated 

dissolution on two separate days for each media. This allowed for the determination of 

variability in the percent dissolved at the 30-minute time point of each dissolution study 

performed. It further allowed for the elucidation of the contributing factors to the total 

variability for each scenario such as location, fabrication method, operator nested in 

location, and day. A hypothesis was that location contributes most to total dissolution 

variability into biorelevant media. From ANOVA, the rank-order importance of sources 

of variation overall were location > operator (nested in sequence) > day > fabrication 

method > residual. Day was a frequent statistically significant contributor, but its 

contribution was generally minor. Fabrication method was occasionally significant, 

although never a majority contributor. 

Chapter 2.3. explores studies described in Chapter 2.1 that were conducted in 

volumes less than 500 mL by two analysts. Due to the growing interest of small volume 

dissolution to predict formulation performance in pediatric populations as well as to study 
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the effects of dissolution in non-sink conditions, dissolution studies were additionally 

performed in 300 mL and 40 mL of biorelevant media. The repeatability of dissolution in 

500 mL, 300 mL and 40 mL over days was also described in Chapter 2.1. Chapter 2.3 

assessed dissolution profile similarity as per the f2 similarity factor between dissolution in 

300 mL or 40 mL and 500 mL volumes. A hypothesis was that profile similarity in 500 

mL is not predictive of profile similarity in smaller volumes. An algorithm in high, 

intermediate, and low solubility scenarios to predict the effect of volume on biorelevant 

media dissolution was suggested. The algorithm was correct 13 out of 16 times. 

 Section III aims to predict in vitro drug dissolution in all four current biorelevant 

media. Balakrishnan et al. devised a model to predict rate of dissolution of drug in media 

containing pharmaceutical surfactants and dissolution enhancement over surfactant-free 

media. They found that media with surfactant only enhanced dissolution about one-third 

as much as it enhanced solubility and that this attenuation of solubility enhancement was 

attributed to low micelle diffusivity.  

Chapter 3.1 investigates the applicability of the model by Balakrishnan et al. to 

milk in FeSSGF media and the multi-component surfactant system of FeSSIF-V2 media. 

Griseofulvin, ibuprofen, and ketoconazole were selected as model BCS Class II neutral, 

weak acid, and weak base compounds. Unique to fed state biorelevant media are the 

complexities that arise from fat globules in FeSSGF and mixed-micellar and colloid 

species in FeSSIF-V2 as opposed to the micellar species formed by pharmaceutical 

surfactants. A combination of solubility studies, intrinsic dissolution studies, particle size 

analysis, and HPLC analysis was used to predict dissolution rate and dissolution and 

solubility enhancement in FeSSGF and FeSSIF-V2 over their surfactant-free 
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counterparts. A hypothesis was that drug dissolution rate into fed state biorelevant media 

is attenuated relative to drug solubility enhancement due to low colloid diffusivity. This 

hypothesis was proven true. This was due to the large particle size of FeSSGF fat 

globules and FeSSIF-V2 mixed micelles.  

Chapter 3.2 investigates the applicability of the Balakrishnan et al. model to the 

surfactant systems of fasted state biorelevant media FaSSGF and FaSSIF-V2. Although 

containing lesser concentrations of surfactants than fed state biorelevant media, fasted 

state biorelevant media still contain multi-component surfactant systems that form mixed 

micelles. Methods and techniques similar to those in chapter 3.1 were used to predict 

dissolution rate and dissolution and solubility enhancement in FaSSGF and FaSSIF-V2 

over their surfactant-free counterparts. A hypothesis was that drug dissolution rate in 

fasted state biorelevant media is attenuated relative to drug solubility enhancement due to 

low mixed micelle diffusivity. Results showed that dissolution enhancement was about as 

much as solubility enhancement even in the presence of large mixed micelles that 

diffused slowly. This is because of minimal incorporation of drug into the mixed 

micelles.  

Chapter 3.3 suggests a model to predict the food effect on dissolution by 

considering the rate of dissolution in fed state biorelevant media over the rate of 

dissolution in fasted state biorelevant media as depicted in in Chapters 3.1 and 3.2. 

Parameters such as viscosity, free drug diffusivity, total drug solubility, fraction of free 

drug in solution, fraction of drug incorporated in mixed micelles or fat globules, and 

mixed micelle or fat globule diffusivity in fasted and fed state biorelevant media were 

used to develop a model that predicts how much low colloid diffusivity attenuates the 
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solubility enhancement of fed state media over fasted state media. A hypothesis was that 

drug dissolution rate enhancement into fed biorelevant media compared to fasted 

biorelevant media was most significantly impacted by drug fraction incorporated into 

colloids in fed state biorelevant media. The resulting model allowed for the prediction of 

a food effect on dissolution. Interestingly, results agreed with food effects observed in 

vivo for griseofulvin, ketoconazole, and ibuprofen even though the objective was not to 

predict in vivo food effect. 
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Section II: Assessment of Repeatability and Reproducibility of Biorelevant Media 

and Identification of Sources of Variability 

 

Chapter 2.1: Similarity of Dissolution Profiles from Biorelevant Media: Assessment 

of Interday Repeatability, Interanalyst Repeatability, and Interlaboratory 

Reproducibility Using Ibuprofen and Ketoconazole Tablets1 

 

2.1.1. Abstract 

 Biorelevant media are increasingly being employed as dissolution media in drug 

development, including in smaller volumes than 900 mL 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 500 mL, 300 mL, and 40 mL 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 

                                                 
1 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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procedures at one location. Additionally, biorelevant media detected differences when 

products were not similar. Overall, biorelevant media showed favorable repeatability and 

reproducibility performance. 

2.1.2. Introduction 

Biorelevant media have been devised to mimic the composition of fluids present 

in the gut in the fasted and fed states. Biorelevant 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) (21,34). 

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) (34,54–57). Biorelevant media are 

increasingly being employed as dissolution media in drug development, including in 

volumes smaller than 900 mL that may be more physiologic and predictive for adults and 

pediatric patients, particularly when non-sink conditions are expected (48,50,53,58–61). 

The need for different levels of complexity of biorelevant media has been proposed in 

order to choose the appropriate test media during formulation development (62). 

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 (47,48). 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 (49). 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 (47). 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 500 mL, as well as 300 mL and 40 mL. 

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 900 mL and non-sink conditions (48,50,53,58–60). 
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2.1.3. Materials and methods 

2.1.3.1. Overall study design 

Figure 2.1.1 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.  

Figure 2.1.1.  Overall study design of BRM study 

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. 

Each analyst prepared media and performed dissolution (n=6) in 500 mL 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 FeSSIF-V2. ‘From 

scratch’ denotes all medium components were individually sourced and combined. 
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‘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 300 mL and 40 mL 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 (63). 

Ibuprofen and ketoconazole solubilities in each of the seven media were 

measured. Equilibrium solubilities of ketoconazole and ibuprofen were determined at 

37°C 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 both locations. Of note, as a 

control study, analyst 2 at location A used a different source of ketoconazole tablets (i.e., 
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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. 

2.1.3.2. 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 (Vertzoni et al., 

2005). 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-



26 
 

whole milk 3.5% fat was purchased from 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). 

2.1.3.3. 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. 

Appendix A Tables S1 (21,34), S2 (21), S3 (21), and S4 (21) list the compositions of 

‘from scratch’ FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2, respectively (see 

Appendix A). Pepsin was not in the commercial FaSSGF medium. Procedures for making 

‘from scratch’ FaSSGF (21,34), FeSSGF (21), FaSSIF-V2 (21), and FeSSIF-V2 (21) 

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 (64). pH was checked. 

Deionized water was de-gassed prior to making biorelevant media, using the method of 

Moore (65). 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. 

2.1.3.4. Preparation of commercial media. 

Commercial FaSSGF, FaSSIF-V2, and FeSSIF-V2 were prepared by 

reconstituting lyophilized powders in buffers. Commercial FaSSGF, FaSSIF-V2, and 
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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-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 

Appendix A. 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. 

2.1.3.5. 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 (66). Dissolution volumes were 500 mL, 300 mL, and 40 mL. Samples were 

taken with replacement for the 40 mL 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 300 mL and 500 mL studies 

resulted, at 60min sample, in removal of 2.5% and 1.5% of volume, respectively. 
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Mechanical calibration was performed as per US Food and Drug Administration 

(FDA) Guidance for Industry (67). For 300 mL and 500 mL dissolution studies, standard 

1L USP vessels were used. For 40 mL dissolution studies, small volume vessels (150 

mL) with corresponding adapters and 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 (1.5 mL) 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 (1.5 mL) 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 (68). Validation characteristics included specificity, linearity, accuracy, 

precision, range, stability, and system suitability, and were within the acceptable limits. 
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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 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. 

2.1.3.6. Data analysis 

Error bars denote standard error of the mean (SEM) and plotted when visible. 

Dissolution profiles were compared using the similarity factor (f2) (69,70). 

�� = 50 ∗ log ��1 +  �∑��� − ����
 !"#$.& ∗ 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 (6). A 10% difference at all 

timepoints results in a f2 value of 50 (69,70). 

In calculating f2, only one dissolution measurement was allowed after 85% 

dissolution of both the products, per FDA guidance (6). Nevertheless, all plotted 

dissolution profiles show data from 0 to 75 min. We understand that there is no scientific 
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consensus on several aspects of performing f2 profile similarity assessment (71). 

Resulting dissolution profiles resulted in at least three timepoints for all f2 comparisons.  

2.1.4. Results and Discussion 

2.1.4.1. 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. Table 

2.1.1 shows, for each analyst, f2 values for day 1 versus day 2 for ibuprofen in each of the 

seven biorelevant media. All analysts used 500 mL. Analysts 1 and 3 also performed 

dissolution in 300 mL and 40 mL in the four ‘from scratch’ media. Table 2.1.2 shows 

corresponding results, using ketoconazole 200 mg tablets.  
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Table 2.1.1 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 

500 mL, analysts 1 and 3 also performed dissolution in 300 mL and 40 mL in the four ‘from scratch’ 

media. 
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 In Table 2.1.1. for ibuprofen, there was a total of 44 day 1 versus day 2 

comparisons. Of the 44 comparisons in Table 2.1.1, four show dissimilarity (i.e., f2 less 

than 50). In Table 2.1.2 for ketoconazole, one comparison of the 44 showed dissimilarity.  

Figure 2.1.2. illustrates one dissolution profile comparisons where day 1 and day 

2 differed. In Figure 2.1.2, f2=48.5 for dissolution profiles of ketoconazole on day 1 and 2 

from analyst 4 in 500 mL in commercial FaSSGF.  

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.  
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Table 2.1.2. 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 2.1.2 Dissolution profiles of ketoconazole on day 1 and day 2 from analyst 4 in 
500 mL of 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). 

 
2.1.4.2. 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 2.1.3. 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 2.1.3. plots the dissolution profiles of ibuprofen from 

analyst 1 and 2 in 500 mL in commercial FaSSIF-V2, which showed f2=44.4.  
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Table 2.1.3. 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 500 mL. 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 2.1.3. Dissolution profiles of ibuprofen from analyst 1 and 2 in 500 mL of 

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 seven dissolution profiles were similar across analyst 1 and 2, reflecting 

ability of biorelevant media to detect differences in Teva versus Taro products.  

Figure 2.1.4. 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 500 mL in commercial FaSSGF. f2=25.4 in the comparison of analyst 1 

versus 2 (i.e., Teva versus Taro, both at location A). Appendix A Figs. S1 and S2 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.  
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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 (72).  

Figure 2.1.4. Dissolution profiles of ketoconazole 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 500 mL in commercial FaSSGF. 

f2=25.4 in the comparison of Teva at location A versus Taro at location A. 

 

2.1.4.3. 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 2.1.4 shows f2 values for location A versus location B. All dissolutions used 



38 
 

500 mL. 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.  

Figure 2.1.5. plots the dissolution profiles of ibuprofen from location A and B in 

500 mL 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. 2.1.5, gray area denotes an area 

with absolute 10% deviation from the overall mean profile (49).  

Table 2.1.4. 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 500 mL. 
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Figure 2.1.5. Dissolution Profiles of Ibuprofen from Location A and B in 500 mL 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 involve 

differing conclusions. Profiles here were deemed similar if f2 was greater than 50. In 

Figure 2.1.5 panel B, 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 (70,73,74).  

2.1.4.3.1. 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] (49). 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 
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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. 

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. 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). 

2.1.4.4. Impact of medium production method 

An objective was to assess impact of biorelevant medium production dissolution 

profiles. Table 2.1.5. 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.  
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Table 2.1.5. 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 500 mL. 
 

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 2.1.6 plot a 

dissolution profile comparison where different medium production yielded different 

profiles. In Figure 2.1.6, dissolution profiles of ketoconazole from analyst 1 in 500 mL of 

commercial and ‘from scratch’ FaSSGF are shown, resulting in f2=48.3. 

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 (75).  
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Figure 2.1.6. Dissolution profiles of ketoconazole from analyst 1 in 500 mL of 
commercial and ‘from scratch’ FaSSGF. 

f2=48.3. 

2.1.4.5. 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 (48,50,53,58–60). 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 2.1.6. shows f2 values for the comparisons of 500 mL versus 300 mL, and 

500 mL versus 40 mL. 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 500 mL versus 300 mL were similar. Meanwhile, only 

three of eight dissolution profiles in 500 mL verses 40 mL were similar.  
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Table 2.1.6. Effect of dissolution volume on dissolution profile similarity in biorelevant 
media. 

f2 values are 500 mL versus 300 mL, and 500 mL versus 40 mL, 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. 

 

Figure 2.1.7 exemplifies profiles that differed when volume was decreased. For 

example, in Figure 2.1.7, dissolution profiles of ketoconazole in 500 mL, 300 mL, and 40 

mL of ‘from scratch’ FeSSIF-V2 exhibited progressively lower percent dissolved values, 

reflective of drug solubility. f2=35.9 for 500 mL versus 40 mL. f2=25.3 for 500 mL versus 

40 mL. As expected, lower volumes generally result in lower profiles and greater 

differences from 500 mL profiles. However, when drug was lowly dissolved in even 500 

mL, profiles decreased minimally, such that profiles were not substantially different.  

  



45 
 

Figure 2.1.7. Dissolution profiles of ketoconazole in 500 mL, 300 mL, and 40 mL of 
‘from scratch’ FeSSIF-V2. 

f2=35.9 for 500 mL versus 40 mL. f2=25.3 for 500 mL versus 40 mL. Profiles are mean from analysts 1 and 

3. The red, blue, and green lines denotes expected terminal percent dissolved in 500 mL, 300 mL, and 40 

mL, respectively, based in observed drug solubility. 

Table 2.1.7. 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 2.1.7. 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 500 

mL 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 a general agreement between expected and terminal dissolved in Table 

2.1.7. 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 (41). 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.  

2.1.4.6. 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 (Appendix A 

Table S5).  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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2.1.5. Conclusions 

Biorelevant media are increasingly being employed as dissolution media in drug 

development, including in smaller volumes than 900 mL and under non-sink conditions. 

Compared to more traditional dissolution media, biorelevant media are more complex, 

and described as challenging to make. Mann et al. assessed the interlaboratory 

reproducibility of biorelevant dissolution testing across 16 laboratories (49). 

Studies here build on the findings of Mann et al. by examining other sources of 

variability and additional biorelevant media. 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 900 mL 

and non-sink conditions (48,50,53,58–60). 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. 
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Chapter 2.2: Sources of Dissolution Variability into Biorelevant Media2 

2.2.1. Abstract 

 

Identifying sources of dissolution variation is often challenging. Biorelevant 

dissolution media are compositionally complex, can require multiple steps to fabricate, 

and are utilized across differing laboratories. The objective was to determine the 

contributions of location, operator, media fabrication method, and day to total dissolution 

variability into biorelevant media. Thirty min dissolution data from a prior report were 

subjected to analysis-of-variable (ANOVA). Results showed that total dissolution 

variance was highest for medium dissolution (versus high or low dissolution). Overall, 

across both ibuprofen and ketoconazole, the rank-order importance of sources of 

variation were location > operator (nested in sequence) > day > fabrication method > 

residual. Location and day were the factors that most frequently were significant sources 

of variability. However, location was generally much more impactful than day, and 

location frequently contributed to the majority of total variance. Day never contributed as 

the majority factor and was generally minor.  Fabrication method was occasionally 

significant, although never a majority contributor. 

2.2.2. Introduction 

 Biorelevant media have been developed to mimic the composition of fluids 

present in the gut in the fasted and fed states and being applied for in vitro dissolution 

testing in formulation development. They are comprised of multiple components, and 

their production has been described as challenging (47,76). Decision trees have been 

                                                 
2 Jamil R, Polli JE. Sources of Dissolution Variability into Biorelevant Media. Manuscript Submitted to 

International Journal of Pharmaceutics. 2022. 
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suggested when in drug development scenarios to employ biorelevant media without 

unnecessary complexity (62). 

Jamil et al. recently found that biorelevant media 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) showed favorable repeatability and reproducibility performance across 

different locations, analysts, days, and media fabrication methods (77). Materials and 

methods were standardized across all study conditions, including procurement of 

materials (e.g., same manufacturers and batches of drugs and key media ingredients) and 

media fabrication methods of media. Results were generally similar to Mann et al. where 

dissolution into fasted biorelevant media across several different laboratories was 

measured (49). Berben et al. also assessed interlaboratory reproducibility of biorelevant 

media for the challenging compound indinavir (47). 

The objective of present study is to determine the contributions of location, 

operator, media fabrication method, and day to total dissolution variability into 

biorelevant media. Data from Jamil et al. were used. The ANOVA approach here was 

generally similar to Gao et al (78). Using a calibrator tablet, Gao et al. performed gauge 

repeatability and reproducibility studies to elucidate sources of variability in dissolution 

testing of USP apparatus 2 into pH 7.4 buffer (78). A three-factor crossed then nested 

ANOVA design was used to assess apparatus, analysts, and sample tablet contributions. 

Sample tablet, apparatus, and analyst contributed about 70%, 25%, and 5% to total 

variance, respectively (78). We are unaware of a similar ANOVA analysis involving 

biorelevant media. 
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Factors evaluated here but not in Gao et al. are location, day, and media 

fabrication of biorelevant media. Data here was the percent dissolved at the 30 min for 

ibuprofen and ketoconazole in each FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2, as 

previously reported (77). A nested and then crossed ANOVA design was used to 

determine the contributions of location, operator (nested in location), media fabrication 

method, and day to total dissolution variability of each ibuprofen and ketoconazole in 

each biorelevant media. 

2.2.3. Materials and Methods 

2.2.3.1. Data  

Thirty min percent ibuprofen and ketoconazole dissolved in 500 mL data were 

previously reported (77). All key materials and methods were standardized. Figure 2.2.1. 

illustrates overall design.  

Figure 2.2.1. Four-factor nested and then crossed ANOVA of dissolution tests in 
biorelevant media. 

Ibuprofen and ketoconazole tablets were each subject to dissolution in 500 mL of FaSSGF, FeSSGF, 

FaSSIF-V2, and FeSSIF-V2 media. Dissolution studies were performed at two locations by two analysts 

exclusively at their respective location. Each analyst fabricated media by using a commercial powder and 

“from scratch” (FeSSGF media was only made “from scratch”). Each analyst performed dissolution twice 

(i.e., day 1 and day 2) in replicates of n=6. 
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Briefly, ibuprofen and ketoconazole tablets were subjected to USP paddle 

dissolution testing in FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2. Dissolution was 

performed at two locations by two analysts exclusively at their respective location. 

Analysts 1 and 2 were nested in location A, and analysts 3 and 4 were nested in location 

B. Each analyst fabricated media by using a commercial powder (FaSSGF, FaSSIF-V2, 

and FeSSIF-V2) and “from scratch” (FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2); 

FeSSGF media was only made “from scratch”. Each analyst performed dissolution in 

media that they fabricated. Each analyst performed dissolution twice (i.e., day 1 and day 

2) in replicates of n=6 dissolution vessels. Hence, fixed factors for the ANOVA design 

were location, operator (nested in location), the source of media (i.e., commercial or 

“from scratch”), and day. Of note, analyst 2 at location A used a different ketoconazole 

tablet (i.e., from Taro); that data is not analyzed here. Hence, Teva ketoconazole 

dissolution only included data from analyst 1 from location A and analysts 3 and 4 from 

location B. 

2.2.3.2. ANOVA 

There were eight drug-media combinations (i.e., two drugs each in four 

biorelevant media). A nested and then crossed ANOVA design in RStudio (version 

1.1.456) with the ‘dplyr’ and ‘lme4’ packages was used to determine the source of 

variability in the 30 min percent dissolved data for each drug-media combination. For 

each drug-media combination, the total variance, VT, in the 30 min data of each drug-

media combination is the sum of variances due to all fixed factors and within vessel 

variability (i.e., residual variance):  

() = (*+,-�.+/ + (0123-�+3:*+,-�.+/ + (5-672�8+� + (9-: + (;2	  (1) 
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The variance of each fixed factor was the mean square for that fixed factor: 

<=5.>2�5-,�+3 = ∑ /?@>̅?#>̅BCD?EF G#H         (2) 

where I̅ was the mean of all dissolution samples, I̅J is the mean of all dissolution samples 

at level j, nj is the number of dissolution samples at level j, and k was the number of 

levels in that fixed factor. For example, for ibuprofen in FeSSIF-V2, VLocation = MSLocation 

= 
/F�>̅F#>̅�CK/C�>̅C#>̅�C

�#H  since k = 2 levels (i.e. location A and B); there were 48 samples at 

each location (i.e. n1 = n2 = 48), location A mean I̅Hwas 92.2%, for location B mean 

I̅�was 94.0%, and the mean of all dissolution samples I̅ was 93.1%. 

For each drug-media combination, the residual variance was the mean square of 

residuals: 

(;2	 = <=;2	 = ∑ ∑ @>L?#>̅?BCM?LEFD?EF /#G ,       (3) 

where, I̅Jis the mean of all dissolution samples at level j, xij is the dissolution sample of 

vessel i in level j, n is the number of all dissolution samples, nj is the number of 

dissolution samples at level j, and k was the sum of degrees of freedom of all fixed 

factors. Of note, for ibuprofen in FeSSIF-V2, there were 96 dissolution samples (i.e., 

n=96) and the sum of degrees of freedom of all fixed factors was 6 (i.e., k=6). A fixed 

factor was statistically significant if p < 0.05. 

Units of dissolution were percent dissolved (%). From eqn 1-3, units of variance were 

%2. Of note from eqn 2 and 3, variance value generally increases with more samples. 
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Relative variance makes effort to normalize for this dependence when assessing sources 

of variation. 

f2 values from Jamil et al. are referenced here at times to give context to some 

dissolution profile comparisons, typically to consider ANOVA-based conclusions. Of 

course, ANOVA-based analysis is fundamentally different than f2 assessment, as 

described previously, and can and do provide differing conclusions (70). 

2.2.4. Results 

2.2.4.1. Overall observations: Extent of dissolution and total variance 

Table 2.2.1 summarizes the significant sources of variability in percent dissolved 

at 30 min for ibuprofen and ketoconazole tablets in biorelevant media, as well as average 

(+/- SD) percent dissolved and total variance (VT). Average percent dissolved was 

sometime over 90% and sometimes under 10%. Here, high dissolution refers to drug-

media pairs where average dissolution at 30 min exceeded 60%, medium dissolution 

refers to dissolution between 25-60%, and low dissolution refers to dissolution was lower 

than 25%. In Table 2.2.1, high dissolution was observed for ibuprofen in FaSSIF-V2 and 

FeSSIF-V2, as well as ketoconazole in FaSSGF. Medium dissolution was observed for 

ibuprofen in FeSSGF and ketoconazole in FeSSIF-V2. Low dissolution was observed for 

ibuprofen in FaSSGF, as well as ketoconazole in FeSSGF and FaSSIF-V2. Hence, there 

were 3, 2, and 3 drug-media combinations that exhibited high, medium, and low extent of 

dissolution at 30 min, respectively.  

 The two drug-media combinations that exhibited medium dissolution provided the 

highest VT. VT for ibuprofen in FeSSGF and ketoconazole in FeSSIF-V2 were 3870%2 

and 3140%2, respectively.  Results here perhaps reflect a general trend that dissolution 



55 
 

profile variability is greatest in the 25-60% dissolved range, where earlier and later times 

are less variable, due to low or insufficient time for dissolution in earlier times, or nearly 

complete dissolution in later times. Interestingly, location was the major contributor to VT 

for these two drug-media combinations (i.e., 72.0% for ibuprofen in FeSSGF, and 58.6% 

for ketoconazole in FeSSIF-V2).  
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Table 2.2.1. Summary of significant sources of variability of percent dissolved at 30 min 
for ibuprofen and ketoconazole tablets in biorelevant media. 

“×” denotes source or factor was significant for any one media (i.e., p<0.05). There were four potential 

sources of variation: location, fabrication method, day, and operator (nested in location). Also tabulated is 

mean percent dissolved value at 30 min, as well as total variance. Dissolution has units of %. Total variance 

has units of %2. Value in parenthesis is relative total variance (i.e., variance attributed to the factor divided 

by total variance, multiplied by 100%). “N/A” denotes ‘not applicable’ since only “from scratch” media 

was used for FeSSGF. Relative total variance of residual also shown.  
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2.2.4.2. Overall observations: Importance of sources of variation 

 From Table 2.2.1. and Figure 2.2.2., it is concluded that the rank-order 

importance of sources of variation overall were location > operator (nested in sequence) 

> day > fabrication method > residual. Location and day were the factors that most 

frequently were significant sources of variability. Across the eight drug-media 

combinations, location was significant five times, and day was significant six times. 

However, location was generally much more impactful than day. For example, for 

ibuprofen in FeSSGF and ketoconazole in FeSSIF-V2 (i.e., the two highest VT scenarios), 

location contributed to most of the variability. Location was also the largest contributor 

for ketoconazole in FaSSIF-V2 and FeSSIF-V2.  
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Figure 2.2.2. Relative contribution of each source of variability to total variance of 
ibuprofen and ketoconazole dissolution at 30 min. 

Panels A and B are ibuprofen and ketoconazole, respectively. For ibuprofen dissolution in FaSSGF (red in 

panel A), location and day were 40.9% and 46.5% of total variance, respectively. For ketoconazole 

dissolution in FaSSGF (red in panel B), location and day were 73.7% and 18.6% of total variance, 

respectively.  
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While day was a frequent statistically significant contributor to VT, its level of 

contribution was generally minor. It never contributed as the majority factor and typically 

contributed less than 25% of VT.  For the two times where it most contributed (i.e., 46.5% 

for ibuprofen in FaSSGF and 33.6% in FeSSGF), percent dissolved, and total variance 

were low. 

Operator (nested in location) was significant three times, although was the factor 

that accounted for over 50% of VT in those three times.  Fabrication method was also 

significant three times (or only twice if ketoconazole in FaSSIF-V2 discounted since only 

1.2% of VT), although never a majority contributor. 

2.2.4.3. Ibuprofen 

For ibuprofen, it is concluded that the rank-order importance of sources of 

variation were location = operator (nested in sequence) > day > fabrication method > 

residual. Figure 2.2.2 (panel A) plots the relative total variability for each of the four 

possible factors. Figure S1 in Appendix B plots VT for ibuprofen in all four media. In 

Table 2.2.1 and Fig 2.2.2, location was the majority contributor to VT for ibuprofen in 

FeSSGF, which exhibited the greatest VT in all studies. Meanwhile, operator (nested in 

sequence) contributed to more than 50% to FaSSIF-V2 and FeSSIF-V2.  In all cases, day 

was a statistically significant but typically modest factor.  Day was the largest contributor 

to FaSSGF, although percent dissolved, and VT were low. Fabrication method was 

generally not important. 

 

A. FaSSGF 

An average (+/-SD) of 9.0% (+/-1.7) was dissolved at 30 min. Figure 2.2.3. plots 

individual dissolution data. For ibuprofen dissolution in FaSSGF, location and day were 
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significant sources of variability (Tables 1). Location and day contributed 40.9% and 

46.5% to VT, respectively. Appendix B Figure S2 is a box plot of significant factors, 

which highlights minimum, 25th percentile, median, 75th percentile, and maximum. 

While medians were about 9% dissolved, location A maximum extended to a much 

higher 18.0% dissolved (by analyst 2 in commercial media on day 2) than location B. 

Lowest dissolution were obtained by analysts 3 at location B in commercial media. 

Interestingly, ibuprofen dissolution in commercial FaSSGF media showed favorable 

interlaboratory reproducibility (f2 = 71.7); and dissolution by analyst 2 also exhibited 

favorable interday repeatability (f2 = 66.5). f2 values less than 50 require a nominal test 

and reference difference of at least about 10% dissolved (70). Such differences were not 

observed here, perhaps in part due to low dissolution. 

For ibuprofen dissolution in FaSSGF, location and day were significant sources of 

variability (Tables 1). Location and day contributed 40.9% and 46.5% to VT, respectively. 

Appendix B Figure S2 is a box plot of significant factors, which highlights minimum, 

25th percentile, median, 75th percentile, and maximum. While medians were about 9% 

dissolved, location A maximum extended to a much higher 18.0% dissolved (by analyst 2 

in commercial media on day 2) than location B. Lowest dissolution were obtained by 

analysts 3 at location B in commercial media. Interestingly, ibuprofen dissolution in 

commercial FaSSGF media showed favorable interlaboratory reproducibility (f2 = 71.7); 

and dissolution by analyst 2 also exhibited favorable interday repeatability (f2 = 66.5). f2 

values less than 50 require a nominal test and reference difference of at least about 10% 

dissolved (70). Such differences were not observed here, perhaps in part due to low 

dissolution.  
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Figure 2.2.3. Ibuprofen percent dissolved in FaSSGF. 

 

Dotted line indicates mean. Mean±SD was 9.0±1.7%. 
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B. FeSSGF 

An average (+/-SD) of 55.0% (+/-12.0) was dissolved at 30 min. FeSSGF media 

was only made “from scratch”. Figure 2.2.4 plots individual dissolution data. Appendix B 

Figure S3 is a box plot of significant factors. For ibuprofen dissolution in FeSSGF, 

location and day were significant sources of variability, contributing 72.0% and 22.6% to 

VT, respectively (Table 2.2.1.). This drug-media combination provided the highest VT. 

The mean difference between locations was 18.2%, which is consistent with lower 

interlaboratory reproducibility (f2 = 41.6). Location A values ranged from 49.7% to 

85.6%, and location B values ranged from only 33.4% to 52.9%. At location A, analysts 

1 and 2 provided higher percent dissolved at 30 min (i.e., 68.8% dissolved and 59.4% 

dissolved), compared to overall average of 55.0%. 

Although there was favorable interday repeatability across all analysts at both 

locations using f2 (f2 > 50), ANOVA detected a statistically significant impact of day, 

which perhaps becomes evident in inspection of Fig 2.2.4.  
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Figure 2.2.4. Ibuprofen percent dissolved in FeSSGF. 

Dotted line indicates mean. Mean±SD was 55.0±12.0%. 
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C. FaSSIF-V2 

An average (+/-SD) of 96.2% (+/-4.0) was dissolved at 30 min. Figure 2.2.5. plots 

individual dissolution data. Appendix B Figure S4 is a box plot of significant factors. For 

ibuprofen dissolution in FaSSIF-V2, operator (nested in location), fabrication method, 

and day were significant sources of variability, contributing 50.9%, 32.4%, and 10.6% to 

VT, respectively (Tables 1). Relative to the mean of all samples (96.2% dissolved), 

Analyst 2 provided the lowest mean and Analyst 1 highest mean (i.e., 93.7% dissolved 

for Analyst 2 and 99.6% dissolved for Analyst 1). Interestingly, there was favorable 

interlaboratory reproducibility in both “from scratch” and commercial media (f2 = 51.8 

and f2 = 50.2, respectively). There was also overall agreement between “from scratch” 

and commercial dissolution profiles across all analysts at all locations (f2 > 50). Also, 

although there was favorable interday repeatability across all analysts at both locations 

using f2 (f2 > 50), ANOVA detected a statistically significant impact of day, although this 

factor was minimal. ANOVA-based analysis has been observed to be more sensitive, and 

perhaps overly sensitive, to dissolution profile differences (70).  
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Figure 2.2.5. Ibuprofen percent dissolved in FaSSIF-V2. 

 

Dotted line indicates mean. Mean±SD was 96.2±4.0%. 
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D. FeSSIF-V2 

An average (+/-SD) of 93.1% (+/-7.3) was dissolved at 30 min. Figure 2.2.6. plots 

individual dissolution data. Appendix B Figure S5 is a box plot of significant factors. For 

ibuprofen dissolution in FaSSIF-V2, operator (nested in location) and day were 

significant sources of variability, contributing 77.6%, and 14.6% to VT, respectively 

(Tables 1). Relative to the mean of all samples (93.1% dissolved), analyst 2 provided the 

lowest mean (i.e., 73.9% dissolved). Also, although there was favorable interday 

repeatability across all analysts at both locations using f2 (f2 > 50), ANOVA detected a 

statistically significant impact of day, although this factor was minimal.  
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Figure 2.2.6. Ibuprofen percent released in FeSSIF-V2. 

Dotted line indicates mean. Mean±SD was 93.1±7.3%. 

  



68 
 

2.2.4.4. Ketoconazole 

For ketoconazole, it is concluded that the rank-order importance of sources of 

variation were location > operator (nested in sequence) = day = fabrication method > 

residual. Figure 2.2.2 (panel B) plots the relative total variability for each of the four 

possible factors. Appendix B Figure S1 plots VT for ketoconazole in all four media. In 

Table 2.2.1. and Figure 2.2.2. (panel B), location was the majority contributor to VT for 

ketoconazole in FaSSGF, FaSSIF-V2, and FeSSIF-V2. Other factors were generally not 

important. Operator (nested in sequence) contributed 60% to FeSSGF, although VT was 

low. At location A, only analyst 1, and not analyst 2, performed ketoconazole testing of 

the Teva product, which is analyzed here. 

A. FaSSGF 

An average (+/-SD) of 92.6% (+/-4.9) was dissolved at 30 min. Figure 2.2.7. plots 

individual dissolution data. Appendix B Figure S6 is a box plot of significant factors. For 

ketoconazole dissolution in FaSSGF, location and day were significant sources of 

variability, contributing 73.7%, and 18.6% to VT, respectively (Tables 1). The mean 

difference between locations was 6.4%; values ranged higher from 89.7% to 104.1% at 

location A and ranged lower from 82.8% to 98.4% at location B. Interestingly, there was 

agreement across locations for commercial media (f2 = 61.2) but not for “from scratch” 

media (f2 = 39.4). ANOVA detected a statistically significant impact of day. There was 

favorable interday repeatability for both commercial media and “from scratch” media for 

all analysts (f2 > 50), except for analyst 4 in commercial media (f2 = 48.5).  
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Figure 2.2.7. Ketoconazole percent dissolved in FaSSGF. 

 

Dotted line indicates mean. Mean±SD was 92.6±4.9%. Note: Only Analysts 1, 3, and 4 used Teva 

ketoconazole product. 
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B. FeSSGF 

An average (+/-SD) of 10.0% (+/-2.8) was dissolved at 30 min. FeSSGF media 

was only made “from scratch”. Figure 2.2.8 plots individual dissolution data. Appendix B 

Figure S7 is a box plot of significant factors. For ketoconazole dissolution in FeSSGF, 

day and operator (nested in location) were significant sources of variability, contributing 

60.0%, and 33.6% to VT, respectively (Table 2.2.1). However, the impact of each factor 

was at most moderate.  
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Figure 2.2.8. Ketoconazole percent dissolved in FeSSGF. 

Dotted line indicates mean. Mean±SD was 10.0±2.8%. 
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C. FaSSIF-V2 

This drug-media pair exhibited the lowest dissolution and least variable 

dissolution. An average (+/-SD) of 2.9% (+/-0.9) was dissolved at 30 min. Figure 2.2.9 

plots individual dissolution data. Appendix B Figure S8 is a box plot of significant 

factors. For ketoconazole dissolution in FaSSIF-V2, location was a significant source of 

variability, contributing 98.2% to VT (Table 2.2.1.). The mean difference between 

locations was 1.7% dissolved; correspondingly, there was favorable interlaboratory 

reproducibility (f2 > 50), since f2 values less than 50 require a nominal test and reference 

difference of at least about 10% dissolved (70). ANOVA detected a statistically 

significant impact of fabrication method, although this factor was minimal. 
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Figure 2.2.9. Ketoconazole percent dissolved in FaSSIF-V2. 

 

Dotted line indicates mean. Mean±SD was 2.9±0.9%. 
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D. FeSSIF-V2 

An average (+/-SD) of 26.3% (+/-9.6) was dissolved at 30 min. Figure 2.2.10. 

plots individual dissolution data. Appendix B Figure S9 is a box plot of significant 

factors. For ketoconazole dissolution in FeSSIF-V2, location and fabrication method 

were significant sources of variability, contributing 58.6% and 36.3% to VT (Table 

2.2.1.). This drug-media combination provided the second highest VT. Dissolution into 

“from scratch” media from analysts 1 at location A was high compared to all other 

dissolutions.  
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Figure 2.2.10. Ketoconazole percent dissolved in FeSSIF-V2. 

 

 

Dotted line indicates mean. Mean±SD was 26.3±9.6%. 
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2.2.5. Discussion 

The objective was to determine the contributions of location, operator, media 

fabrication method, and day to total dissolution variability into biorelevant media. Data 

from Jamil et al. were used. The ANOVA approach was generally similar to Gao et al. 

Gao et al. performed gauge repeatability and reproducibility studies to elucidate sources 

of variability in calibrator tablet dissolution testing of USP apparatus 2 into pH 7.4 buffer 

(78). Variables were apparatus and analysts; residual error was taken as sample tablet 

contribution. Sample tablet, apparatus, and analyst contributed about 70%, 25%, and 5% 

to total variance. Factors evaluated here but not in Gao et al. are location, day, and media 

fabrication of biorelevant media. 

Of note, other studies also employed statistical approaches to elucidate sources of 

dissolution variation. Deng et al. evaluated the impact of dissolution test assembly and 

analyst on the dissolution of USP prednisone tablets, and dissolution test assembly was 

the largest contributor (79). Glasgow et al. conducted a large collaborative study of USP 

prednisone tablets at several laboratory locations; results indicated that the largest source 

of variation in apparatus 2 was location (80). In a follow up study, DeStefano et al. also 

conducted a large collaborative study of USP prednisone tablets at several laboratory 

locations; results indicated that location continued to contribute variation in apparatus 2 

(81).   

2.2.5.1. Comparison of present and prior findings 

Previously, it was found that ibuprofen and ketoconazole dissolution in FaSSGF, 

FeSSGF, FaSSIF-V2, and FeSSIF-V2 media generally showed favorable repeatability 

and reproducibility across locations, analysts, fabrication methods, and day (77). Effort 

was made to standardize materials and procedures. For example, procurement of 
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materials was coordinated (e.g., same manufacturers and batches of drugs and key media 

ingredients such as surfactants and commercial media). Media fabrication methods and 

analytical specifications were standardized. All dissolution apparatus were mechanically 

calibrated. Analysts were trained to use USP apparatus 2. 

An ANOVA-based analysis of this same data here, although focused on 30 min 

data only, is supportive of prior findings which employed f2 to assess profile similarity 

(77). Of course, ANOVA-based analysis is fundamentally different than f2 assessment, as 

described previously, and can and do provide differing conclusions (70). Hence, while 

favorable interlaboratory reproducibility using f2 was previously observed (with 10 of 14 

comparisons were similar), location was the most important sources of variation overall 

from ANOVA-based analysis. 

Interestingly here, the drug-media pairs with the highest total variance were 

ibuprofen in FeSSGF and ketoconazole in FeSSIF-V2. Firstly, these were the only two 

scenarios where medium dissolution was observed (i.e., 25-60% dissolved in 30 min), as 

noted above. Secondly, among the four biorelevant media here, FeSSGF and FeSSIF-V2 

are the more compositional complex media, with presumably greater potential for 

fabrication differences across laboratories. For example, given is nature and number of 

FeSSIF-V2 components, fabrication of FeSSIF-V2 “from scratch” involves solubilizing 

sodium taurocholate in a buffer, solubilizing lecithin and glyceryl monooleate in 

dichloromethane (DCM) and subsequent evaporation of the DCM, and solubilization 

sodium oleate. Meanwhile, FeSSGF is a 1:1 ratio of UHT milk and acetate buffer.  

Compared to FeSSIF-V2, its fabrication is facile, although FeSSGF still represents a 

complex colloidal media. 
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2.2.6. Conclusion 

In conclusion, the rank-order importance of sources of variation overall were 

location > operator (nested in sequence) > day > fabrication method > residual. For 

ibuprofen, rank-order was location = operator (nested in sequence) > day > fabrication 

method > residual. For ketoconazole, rank-order was location > operator (nested in 

sequence) = day = fabrication method > residual. Day was a frequent statistically 

significant contributor, but its contribution was generally minor.  Fabrication method was 

occasionally significant, although never a majority contributor. 
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Chapter 2.3: An Algorithm to Predict the Impact of Volume on the Similarity of 

Dissolution Profiles and Considerations of Pediatric Medication Quality3 

 

2.3.1. Abstract 

 

Purpose: Product bioequivalence in children is typically not assessed via studies 

in children but in adults, implicating the need for biorelevant in vitro dissolution methods 

for pediatric medications, and an understanding of the concordance between dissolution 

profile similarity in adults (i.e., test versus reference) and in vitro dissolution profile 

similarity in children. The objective was to assess the impact of biorelevant media 

volume on in vitro dissolution profile similarity. 

Methods: An algorithm was devised to predict volume effect on profile similarity 

and employed drug solubility and medium volumes. Previously reported solubility and 

dissolution data of ibuprofen and ketoconazole tablets in FaSSGF, FeSSGF, FaSSIF-V2, 

and FeSSIF-V2 biorelevant media was used to assess algorithm predictability. 

Dissolution volumes were 500ml, 300ml, and 40ml. 

Results: The algorithm yielded four categories. High solubility scenario and Low 

solubility scenario predict similar profile across volumes. High solubility but low volume 

scenario and Intermediate solubility scenario predict dissimilar profiles across volumes. 

The algorithm correctly predicted 13 of 16 comparisons. Incorrect predictions were due 

to low colloid diffusivity that slows dissolution compared to what solubility alone 

anticipates. 

Conclusion: The algorithm performed well. Additional studies are needed to 

evaluate the algorithm and assure ongoing pediatric medication quality, including future 

                                                 
3 Polli JE, Jamil R. An Algorithm to Predict the Impact of Volume on the Similarity of Dissolution Profiles 

and Considerations of Pediatric Medication Quality. Manuscript Submitted to Pharmaceutical Research. 

March 2022. 
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greater consideration to colloid diffusivity effects of the differing media, particularly 

media with large colloids that exhibit attenuated dissolution. 

2.3.2. Introduction  

In vitro dissolution is a common product quality test. The standard one-liter 

United States Pharmacopeia (USP) dissolution vessel is very commonly used with 900ml 

or sometimes 500ml of dissolution medium. These volumes perhaps reflect the historical 

tendency to primarily develop medicines for adults, in part since performing clinical 

research in children is historically more challenging than in adults. 

Pediatric drug development laws in the USA, such as the Pediatric Research 

Equity Act (PREA) and Best Pharmaceuticals for Children Act (BPCA), have increased 

the clinical research and labeling of drugs for use in children (82–84). PREA requires a 

pediatric assessment, such that sponsors must assess safety and effectiveness of new 

drugs and biologics in children; PREA applies for an application for a new active 

ingredient, indication, dosage form, dosing regimen, or route of administration. BPCA 

concerns voluntary studies in children that gives financial incentives (e.g., pediatric 

exclusivity) to sponsors who to perform such pediatric studies. Title V of Food and Drug 

Administration (FDA) Safety and Innovation Act (FDASIA) permanently reauthorized 

PREA and BPCA. 

While there are mandates and incentives for pediatric drug development, clinical 

research in children is generally more restrictive than in adults (85). USA Code of 

Federal Regulations Title 45: Public Welfare, part 46 (45CFR 46) concerns protection of 

human subjects in clinical research. There are five subparts to 45CFR 46. Subpart D is 

entitled: “Additional Protections for Children Involved as Subjects in Research.” 
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Research involving greater than minimal risk in children is allowed if the research has the 

prospect of direct benefit to the individual subjects. Of note, bioequivalence (BE) studies 

in heathy volunteers generally involve greater than minimal risk and do not provide direct 

benefit. Under subpart D, research involving greater than minimal risk in children is 

allowed even if there is no prospect of direct benefit to individual subjects, but research 

must likely yield generalizable knowledge about the subject's disorder or condition. 

Hence, product BE in children is typically not assessed via studies in children. 

This situation implicates a significant opportunity for in vitro dissolution in developing 

pediatric medications and in maintaining product quality throughout product lifecycle, 

which can be many decades in duration (86). Interestingly, but perhaps unsurprisingly, 

the concordance between BE in adults and BE in children is not well characterized. 

Likewise, the concordance between in vitro dissolution profile similarity in adults 

and in vitro dissolution profile similarity in children is not well characterized. That is, our 

understanding is incomplete regarding use of dissolution profile similarity of a test and 

reference product in an adult situation (e.g., larger dissolution volume) to assess 

dissolution profile similarity of the test and reference product in a pediatric situation (e.g., 

smaller dissolution volume). Volume is not the only dissolution factor that would likely 

differ between adult and pediatric populations (87–89). Table 2.3.1. illustrates potential 

differences between dissolution profile similarity between larger and smaller volumes.  
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Table 2.3.1. Concordance between dissolution similarity between large and small volume 

Table assumes testing in large volume (e.g., adult situation) aims to predict testing in small volume (e.g., 

pediatric situation). For example, similar dissolution profiles in large volume that incorrectly predict their 

dissimilarity in smaller volume is denoted a false positive. f2 is often used to assess dissolution profile 

similarity of test and reference products. 

Recently, Miao et al. examined the dissolution boundary for maintaining BE 

between the test and reference oseltamivir phosphate drug products in both adults and 

pediatrics using virtual BE studies (90). Virtual BE studies employed physiologically 

based pharmacokinetic absorption models (PBPK AMs). The pediatric PBPK AM was 

derived from the adult PBPK AM by applying physiological parameters that were 

software predicted (e.g., population estimates of age-related physiology module of 

software). Results indicate that a generic product with 10% slower dissolution profile 

than the reference would be in adults but not in children. Rather, BE in adolescents and 0-

2 month neonates required a narrower dissolution boundary: only 6% slower for 

adolescents and only 4% slower for 0-2 month neonates. Results appear to implicate a 

discordance, i.e., that dissolution profile similarity in larger volumes (e.g., adult situation) 

do not assure profile similarity in smaller volumes (e.g., pediatric situation). 

Are profiles that are similar in 500ml still similar in 300ml or 40ml? A basic 

contributor to such similarity questions is the impact of volume on dissolution profile 

similarity. We are unaware of any predictive algorithm to anticipate dissolution profile 

similarity across volumes, which seems necessary to address the larger question about the 

concordance in test and reference product dissolution similarity between larger and 
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smaller volumes (e.g., concordance in dissolution similarity between adult and pediatric 

situations). 

The objective of this study was to assess the impact of biorelevant media volume 

on in vitro dissolution profile similarity. An algorithm was devised to predict volume 

effect on profile similarity and employed two factors: drug solubility and medium 

volumes. The algorithm yielded four categories: High solubility scenario; High solubility 

but low volume scenario; Intermediate solubility scenario; and Low solubility scenario. 

High solubility scenario and Low solubility scenario predict similar dissolution profiles 

between higher and lower volumes. Dissimilar dissolution profiles are predicted for High 

solubility but low volume scenario, and Intermediate solubility scenario. 

Solubility and dissolution data that we previously reported was used to assess 

algorithm predictability (77). Data concerned ibuprofen 200mg and ketoconazole 200mg 

tablets dissolution into 500ml, 300ml, and 40ml of biorelevant media 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). For each drug-medium pair, profile similarity of 300ml versus 

500ml and 40ml versus 500ml were characterized using f2, against which the algorithm 

predictions were assessed. Results indicate 13 of the 16 predictions were correct. The 

three incorrect predictions were attributable to algorithm situations where the relatively 

slow diffusivity of colloids in fed media FeSSGF and FeSSIF-V2 attenuated dissolution. 

Future efforts to predict biorelevant media volume effect on dissolution similarity should 

consider these colloid diffusivity effects. 
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2.3.3. Materials and Methods 

2.3.3.1. Solubility and dissolution data 

 Solubility and dissolution data at 37°C was previously reported (77). Briefly, 

paddle dissolution of ibuprofen 200mg and ketoconazole 200mg tablets was performed in 

500ml, 300ml, and 40ml of FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2. Media was 

made “from scratch” (i.e. not commercial media), as described by Vertzoni et al. and 

Jantratid et al. (21,34). Standard 1L USP vessels were used for 300ml and 500ml studies. 

Small volume vessels (150ml) with corresponding adapters and mini-paddles (denoted 

mini-spin paddles; Teledyne Hanson Research; Chatsworth, CA) were used for 40ml 

dissolution studies. 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). 

 Dissolution profiles from different volumes were compared using the f2 similarity 

factor (91). In calculating f2, only one dissolution measurement was allowed after 85% 

dissolution of both the products, per FDA guidance. Resulting dissolution profiles 

resulted in at least three timepoints for all f2 comparisons. When 85% dissolution was not 

reached, all dissolution measurements up to 60 min were used in calculating f2. 

Nevertheless, all plotted dissolution profiles show data from 0 to 75 min. Observed 

terminal percent dissolved is mean percent dissolved at 60 min. 

2.3.3.2. Algorithm development for predicting dissolution similarity between larger and 

smaller volumes 

Two elements were considered in devising an algorithm to predict the impact of 

volume on the similarity of dissolution profiles of tablet products: drug solubility and 

relative dissolution volumes.  Profile similarity was considered in the context of f2, where 



85 
 

f2 values less than 50 (i.e. dissimilarity) require a nominal test and reference difference of 

at least about 10% dissolved (70). As discussed below, High solubility scenario and Low 

solubility scenario predict similar dissolution profiles between higher and lower volumes; 

High solubility but low volume scenario and Intermediate solubility scenario predict 

dissimilar dissolution profiles. 

A Low solubility scenario was devised, since insufficient solubility in even the 

higher volume can cause very incomplete dissolution, leading to approximately equally 

incomplete (and equally slow) dissolution in lower volumes. 

Two high solubility scenarios were devised. It was held that a sufficient solubility 

in even the lower volume can promote complete dissolution, leading to approximately 

equally complete (and equally rapid) dissolution in higher volumes. However, it was held 

that this potential for similar profiles has a limit with respect to degree of difference 

between the larger and smaller volumes. Hence, two scenarios involving high solubility 

were devised, and differ in extent that smaller volume differs from the larger. High 

solubility scenario requires lower volume ≥ 60% of higher volume (i.e., drug can easily 

dissolve in lower volume, and lower volume is not much smaller than higher volume). 

High solubility but low volume scenario requires lower volume ≤ 10% of higher volume 

(i.e., drug can easily dissolve in lower volume, but lower volume is much smaller than 

higher volume). Of note, this algorithm here does not offer any prediction when drug 

solubility is high and lower volume is between 10% to 60% of higher volume. 

An Intermediate solubility scenario was devised, since insufficient solubility in 

lower volume can cause slower dissolution, particularly when lower volume ≤ 60% of 

higher volume (i.e., drug cannot easily dissolve in lower volume, and lower volume is 
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much smaller than higher volume). Of note, this algorithm here does not offer any 

prediction when drug solubility is not high and lower volume > 60% of higher volume. 

2.3.4. Results and Discussion 

2.3.4.1. Algorithm to predict volume effect of dissolution similarity 

Table 2.3.2. describes the four scenarios of the algorithm to predict the impact of 

volume on the similarity of dissolution profiles. Scenarios are High solubility, High 

solubility but low volume, Intermediate solubility, and Low solubility. Scenario criteria 

are drug solubility in media and relative volume differences between high and low 

volumes. Here, high solubility means drug solubility in low volume is sufficiently high 

such that over 2-fold of drug amount can dissolve in even the lower volume. For 

example, ibuprofen solubility in FeSSIF-V2 was 1.76 mg/ml (77).  Hence, ibuprofen in 

FeSSIF-V2 is high solubility in a lower volume of 300ml since 264% (i.e., over 2-fold) of 

its 200mg tablet strength can potentially dissolve. Meanwhile, for this drug-media 

combination, it is intermediate solubility in a lower volume of 40ml since only 35% (i.e., 

less than 2-fold) of its 200mg tablet strength can potentially dissolve.  
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Table 2.3.2. Algorithm to predict the impact of volume on the similarity of dissolution 
profiles 

The algorithm consists of four scenarios: High solubility, High solubility but low volume, Intermediate 

solubility, and Low solubility. In addition to solubility as a criterion, an additional criterion is volume. High 

solubility scenario and Low solubility scenario predict similar dissolution profiles between higher and 

lower volumes. High solubility but low volume scenario and Intermediate solubility scenario predict 

dissimilar dissolution profiles. Solubility > 2-fold of complete dissolution in even lower volume means that 

drug solubility in low volume is sufficiently high such that over 2-fold of drug amount can dissolve in even 

the lower volume. 
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In Table 2.3.2., Low solubility means solubility ≤ 20% of complete dissolution in 

even high volume. For example, ibuprofen solubility in FaSSGF was 0.065 mg/ml (77). 

Hence, ibuprofen in FaSSGF is low solubility in even higher volume of 500ml since only 

16% of its 200mg tablet strength can potentially dissolve.  

Table 2.3.3. further compares the elements of the four algorithm scenarios. One 

aspect is drug solubility in media. For example, intermediate solubility occurs when 

solubility ≤ 2-fold of complete dissolution in lower volume. The second aspect in Table 

2.3.3 is relative volumes of lower volume versus higher volume. There are three levels of 

relative volumes: lower volume ≥ 60% of higher volume; lower volume ≤ 60% of higher 

volume; and lower volume ≤ 10% of higher volume. There is interplay between the 

solubility and relative volume elements, regarding scenarios that offer and do not offer 

prediction. When solubility not high, Intermediate solubility scenario applies across 

lower volume ≤ 60% of higher volume; otherwise, no prediction is made. When 

solubility high, High solubility scenario applies but requires lower volume ≥ 60% of 

higher volume; otherwise, no prediction is made, except when Lower volume ≤ 10% of 

higher volume (i.e., for High solubility but low volume scenario).  
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Table 2.3.3. Comparison of solubility and volume criteria in algorithm scenarios 

High solubility scenario requires solubility > 2-fold of complete dissolution in even lower volume. 

Intermediate solubility scenario requires solubility ≤ 2-fold of complete dissolution in even lower volume. 

High and Intermediate also differ in relative size of lower volume (i.e., lower volume ≥ 60% of higher 

volume for High, and lower volume ≤ 60% of higher volume for Low). For Intermediate solubility 

scenario, solubility must be higher than the requirement for Low solubility scenario, since Low solubility 

scenario, if applicable, takes precedence over Intermediate solubility scenario (Fig. 2.3.1). 

Figure 2.3.1. illustrates a flow chart of the four algorithm scenarios. Also shown 

are the predictions of the four scenarios (i.e., profile similarity or dissimilarity between 

high and low volumes). The flow chart starts with assessing whether solubility high 

applies (i.e., solubility > 2-fold of complete dissolution in even lower volume) or not. 

Another element is relative volumes. Of note, in Figure 2.3.1., Low solubility scenario, if 

applicable, takes precedence over Intermediate solubility scenario. That is, for 

Intermediate solubility scenario, solubility must be higher than the requirement for Low 

solubility scenario.  

Figure 2.3.1. also illustrates the two situations when no predictions are offered. A 

notable situation is when solubility high and lower volume ≤ 60% of higher volume. As 

result show below, additional experimentation is encouraged to fill this gap.  
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Figure 2.3.1. Decision tree for algorithm scenarios 

 

High solubility scenario and Low solubility scenario each predict dissolution profile similarity across 

dissolution volumes. Intermediate solubility scenario, as well as High solubility but low volume scenario, 

predicts dissolution profile dissimilarity across dissolution volumes. A situation where no prediction is 

made is when solubility ≤ 2-fold of complete dissolution in even lower volume and lower volume is not 

much smaller than higher volume. A second situation where no prediction is made is when solubility > 2-

fold of complete dissolution in even lower volume but lower volume is between 10-60% of higher volume. 
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Also notable, although perhaps less so, is the no prediction situation when 

solubility not high and lower volume ≥ 60% of higher volume. Again, result below 

suggest additional experimentation is needed. 

2.3.4.2. Algorithm classification of several ibuprofen and ketoconazole dissolution 

comparisons 

Table 2.3.4 classifies 16 ibuprofen and ketoconazole dissolution comparisons into 

the algorithm scenarios, where 30ml versus 500ml and 300ml versus 500ml comparisons 

are classified for each media.  
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Table 2.3.4. 40 mL and 300 mL dissolution of each drug-medium pair and resulting 
algorithm scenario 

 

Drug-medium pair listed in rank-order of drug solubility (highest to lowest). Observed terminal percent 

dissolved is mean percent dissolved at 60 min (77). Potential terminal percent dissolved was based on 

solubility of drug in medium, and generally agreed with observed, except for ketoconazole/FeSSGF in 300 

ml. Potential terminal percent dissolved of 200mg dose based on solubility was allowed to calculate in 

excess of 100%. Dissolution involve ibuprofen 200mg or ketoconazole 200mg in 300 ml or 40ml of 

medium. 
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Dissolution of ibuprofen 200mg and ketoconazole 200mg tablets was performed 

in 500ml, 300ml, and 40ml of FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2. Ibuprofen 

solubility in FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 were 64.97 (±0.08), 1181 

(±6), 1566 (±10), and 1760 (±36) µg/ml, respectively. Ketoconazole solubility in 

FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 were 11180 (±350), 557.8 (±61.6), 5.18 

(±0.29), and 192.9 (±4.5) µg/ml, respectively, as previously reported (77). Of note, each 

tablet strength was 200mg. 

Table 2.3.4. drug-medium pairs are listed in order of greatest solubility (highest to 

lowest). For each 40ml and 300ml, listed are observed terminal percent dissolved, as well 

as potential terminal percent dissolved. Observed terminal percent dissolved is mean 

percent dissolved at last timepoint (77). Potential terminal percent dissolved was based 

on solubility of drug in medium. In light of the solubility criterion in the developed 

algorithm, potential terminal percent dissolved of 200mg strength based on solubility was 

allowed to calculate in excess of 100%. For example, ketoconazole in FaSSGF was the 

most soluble (i.e., 11.2 mg/mL), such that its potential terminal percent dissolved was 

224% in 40ml and 1680% in 300ml. Ketoconazole in FaSSGF was solubility high for 

even 40ml (i.e., solubility > 2-fold of complete dissolution in even lower volume). 

However, in Table 2.3.4, ketoconazole in FaSSGF for 40ml versus 500ml is High 

solubility but low volume scenario, since 40ml ≤ 10% of 500ml. Meanwhile, 

ketoconazole in FaSSGF is High solubility scenario, since 300ml ≥ 60% of 500ml. 

In Table 2.3.4., of the eight 300ml versus 500ml comparisons, three are High 

solubility, three are Intermediate solubility, and two are low solubility. Of the eight 40ml 

versus 500ml comparisons, one is High solubility but low volume, five are Intermediate 
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solubility, and two are low solubility. No 40ml versus 500ml comparison fell into High 

solubility scenario, although three 300ml versus 500ml comparisons did. Since Low 

solubility scenario is defined by the potential terminal percent dissolve in higher volume, 

an equal number of 40ml versus 500ml and 300ml versus 500ml comparisons were 

classified as Low solubility scenario. Ibuprofen in FeSSIF-V2 and ibuprofen in FaSSIF-

V2 were High solubility scenario for 300ml versus 500ml but Intermediate solubility 

scenario for 40ml versus 500ml, since drug fell from solubility high in 300ml to not high 

solubility 40ml (i.e., crossed 2-fold cut-off). 

In Table 2.3.4., there was general agreement between observed terminal percent 

dissolved and potential terminal percent dissolved based on solubility. Potential terminal 

percent dissolved was predicted from solubility and volume considerations and allowed 

to exceed 100%. For example, all three High solubility scenarios showed at least 85% 

observed terminal percent dissolved. Even the High solubility but low volume scenario 

showed almost 85% terminal dissolution. All four Low solubility scenarios showed less 

than 10% terminal dissolution. The largest disparity between observed and potential 

terminal dissolution was ketoconazole in FeSSGF, where observed and potential were 

12.7% and 83.7%, respectively. As discussed below, FeSSGF is 50% v/v milk and 

contains large milk fat globules, which diffuse very slowly to attenuate dissolution (92). 

2.3.4.3. Impact of media volume and algorithm performance 

The objective was to assess the impact of biorelevant media volume on in vitro 

dissolution profile similarity. An algorithm was devised to predict volume effect on 

profile similarity and employed drug solubility and medium volumes. High solubility 

scenario and Low solubility scenario predict similar dissolution profiles between higher 
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and lower volumes. High solubility but low volume scenario and Intermediate solubility 

scenario predict dissimilar dissolution profiles. In High solubility scenario, drug can 

easily dissolve in lower volume, and lower volume is not much smaller than higher 

volume. In Low solubility scenario, the vast majority of drug (i.e., at most 20%) cannot 

even dissolve in higher volume. Profile similarity was considered in the context of f2, 

where f2 values less than 50 (i.e. dissimilarity) require a nominal test and reference 

difference of at least about 10% dissolved (70). 

Table 2.3.5. lists observed and predicted effect of volume on profile similarity for 

each drug-medium pair for 40ml versus 500ml and 300ml versus 500ml. Overall, 13 of 

the 16 comparisons were correctly predicted. Two of the three high solubility scenarios 

were correctly predicted.  The one high solubility but low volume scenario was correctly 

predicted. Five of the seven intermediate solubility scenarios were correctly predicted. 

All four low solubility scenarios were correctly predicted.  
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Table 2.3.5. Observed and predicted effect of dissolution volume on dissolution profile 
similarity in biorelevant media 

Observed effect was previously reported, based on f2 (77). Predicted effect here was from algorithm. Drug-

medium pair listed in rank-order of drug solubility (highest to lowest). 
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2.3.4.4. Prediction from low solubility scenario 

As perhaps expected, there was no volume effect on dissolution profile similarity 

when drug was very insoluble. For example, ketoconazole solubility in FaSSIF-V2 was 

0.00518 mg/ml, such that only 1.30% and 0.104% of a 200mg dose can dissolve in 500ml 

and 40 ml respectively. Hence, their dissolution profiles showed very incomplete 

dissolution and were similar, per f2. More generally, if the expected percent dissolved in 

500ml was at most 20%, then the dissolution profile in a smaller volume would be the 

same (i.e., no volume effect). In applying this algorithm, all four comparisons were 

correctly predicted to be same (ibuprofen in FaSSGF and ketoconazole in FaSSIF-V2). 

2.3.4.5. Prediction from high solubility scenario 

In applying this algorithm, two of three comparisons were correctly predicted to 

be same. Ketoconazole in FaSSGF for 500ml versus 300ml, and ibuprofen in FaSSIF-V2 

for 500ml versus 300ml, were correctly predicted to be similar, i.e., no volume effect on 

dissolution profile similarity when drug was high soluble (i.e., solubility > 2-fold of 

complete dissolution in even lower volume) and volumes not too different (i.e. the lower 

volume ≥ 60% of higher volume). For example, ibuprofen solubility in FaSSIF-V2 was 

1.6 mg/ml, such that the equivalent of 235% of the dose could dissolve in the lower 

volume of 300ml. 

Meanwhile, ibuprofen in FeSSIF-V2 for 500ml versus 300ml was incorrectly 

predicted. Figure 2.3.2. plots their dissolution profiles, along with the 40ml profile. 

Although the algorithm prediction for 500ml versus 300ml was under High solubility 

scenario and anticipated similar profiles, observed f2 = 45.8. This unexpected 
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dissimilarity, where 300ml profile was slower than needed to be similar based on 

solubility, appears to be due to dissolution into FeSSIF-V2 being attenuated by relatively 

slow diffusivity of mixed-micelles (92). Briefly, the diameter of drug-loaded mixed 

micelles from FeSSIF-V2 are about 75 nm, causing relatively slow micelle diffusivity, 

such that dissolution into FeSSIF-V2 is attenuated compared to what can be projected 

from solubility in FeSSIF-V2 alone (92). Of note, FeSSIF-V2, as well as FeSSGF, 

contains larger colloids than fasted biorelevant media, and can generally enhance 

solubility more than fasted biorelevant media. Hence, a future algorithm that consider 

biorelevant media may aim to give greater consideration to colloid diffusivity effects than 

provided here, which did not consider colloid effects other than solubilization. Algorithm 

correctly predicted that 500ml versus 40ml was dissimilar (f2 = 10.9) in Table 2.3.5. and 

Figure 2.3.2.  
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Figure 2.3.2. Dissolution profiles of ibuprofen in 500 mL, 300 mL, and 40 mL of 
FeSSIF-V2 

Algorithm prediction for 500 ml versus 300 ml was under High solubility scenario and anticipated similar 

profiles.  However, prediction was incorrect, as observed profiles were dissimilar (f2=45.8), due to 

dissolution into FeSSIF-V2 being attenuated by relatively slow diffusivity of mixed-micelles (92). 

Algorithm correctly predicted that 500 ml versus 40 ml was dissimilar (f2=10.9). The purple line denotes 

expected terminal percent dissolved in 500 ml and 300 ml (100%), based on observed drug solubility; green 

line denotes expected terminal percent dissolved in 40 mL (49.4%). Terminal observed percent dissolved at 

60 min were 97.0%, 86.0%, 31.8% in 500, 300, and 40 ml, respectively. Mean ± SEM. 

2.3.4.6. Prediction from high solubility but low volume scenario 

 In Table 2.3.5., one drug-media pair fell into the High solubility but low volume 

scenario and was correctly predicted. Ketoconazole in 500ml versus 40ml FaSSGF was 

correctly predicted to be dissimilar. Of note, the drug in 500ml versus 300ml FaSSGF 

was correctly predicted to be similar, in context of High solubility scenario. 

2.3.4.7. Prediction from intermediate solubility scenario 

In Table 2.3.5., eight of the 16 drug-media pairs fell into the Intermediate 

solubility scenario, with six correctly predicted to be dissimilar (i.e., ibuprofen in 

FeSSIF-V2, FaSSIF-V2, and FeSSGF for 500mL versus 40mL; ibuprofen in FeSSGF for 

500ml versus 300ml; ketoconazole in FeSSIF-V2 for 500ml versus 40ml; and 
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ketoconazole in FeSSIF-V2 for 500ml versus 300ml). Both comparisons for ketoconazole 

in FeSSGF were incorrect, since profiles were observed to be similar (f2=75.0 for 500ml 

versus 300ml and f2=58.1 for 500ml versus 40ml). 

Figure 2.3.3. Dissolution profiles of ketoconazole in 500 mL, 300 mL, and 40 mL of 
FeSSGF. 

Algorithm predictions for 500 ml versus 40 ml and 500 ml versus 300 ml were under Intermediate 

solubility scenario and anticipated dissimilar profiles.  However, prediction was incorrect, as observed 

profiles were similar (f2=75.0 for 500 ml versus 300 ml, and f2=58.1 for 500 ml versus 40 ml). Observed 

profile similarity was due to the low extent of dissolution (i.e., like Low solubility scenario), where 

terminal dissolution into 500 ml was only 18.9%, in spite of high solubility of ketoconazole in FeSSGF 

(557.8 µg/ml). Dissolution into FeSSGF was markedly attenuated due to the relatively slow diffusivity of 

FeSSGF fat globules (92). The red, blue, and green lines denote expected terminal percent dissolved in 500 

ml (100%), 300 ml (71.6%), and 40 ml (9.54%), respectively, based on observed drug solubility. Terminal 

observed percent dissolved at 60 min are 16.7%, 12.7%, 6.5% in 500, 300, and 40 ml, respectively. Mean ± 

SEM. 

 Figure 2.3.3. plots these incorrectly predicted profiles. Although the profiles in 

lower volumes were predicted to differ from the higher volume profile, observed profiles 

were similar. In particular, the profiles exhibited low extent of dissolution, as if to fall in 

Low solubility scenario. Observed profile similarity was due to the low extent of 

dissolution (i.e., like Low solubility scenario). Terminal dissolution into 500ml was only 

18.9%, in spite of an intermediate solubility of 0.5578 mg/ml ketoconazole in FeSSGF 
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(i.e., potential terminal percent dissolved of 139% based on solubility). Results point to 

dissolution into FeSSGF was markedly attenuated due to the relatively slow diffusivity of 

FeSSGF fat globules (92). The diameter of drug-loaded FeSSGF fat globules are 

approximately 1500 nm, causing relatively very slow colloid diffusivity, such that 

dissolution into FeSSGF is highly attenuated compared to what can be projected from 

solubility in FeSSGF alone (92). Hence, profiles were low and similar per Low solubility 

scenario, rather than higher and dissimilar per Intermediate solubility scenario. 

 This explanation of FeSSGF colloid impact on volume effect of ketoconazole 

profile similarity is supported by the correct prediction of the ketoconazole-FeSSIF-V2 

pair. Figure 3 plots dissolution profile of ketoconazole in FeSSIF-V2. Like ketoconazole-

FeSSGF, ketoconazole-FeSSIF-V2 was classified as Intermediate solubility scenario for 

both 500ml versus 300ml, and 500ml versus 40ml (Table 2.3.4 and 2.3.5). However, 

ketoconazole-FeSSIF-V2 was predicted correctly and did not suffer from apparent Low 

solubility scenario, even though ketoconazole solubility in FeSSIF-V2 was less than in 

FeSSGF. FeSSGF and FeSSIF-V2 are the biorelevant media that are most impacted by 

attenuated dissolution due to low colloid diffusivity. However, FeSSGF is more impacted 

than FeSSIF-V2 (92). FeSSGF colloids are substantially larger that FeSSIF-V2 colloids 

(i.e., 1500 nm versus 75 nm diameter).  Hence, for ketoconazole, FeSSGF and not 

FeSSIF-V2 appeared to function like a Low solubility scenario, in spite of FeSSGF 

providing an almost 2-fold great solubility than FeSSIF-V2. 

2.3.5. Discussion 

2.3.5.1. Need to elucidate the role of volume for pediatric medication quality 
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Ongoing medication quality is required throughout product lifecycle (86). However, 

product BE in children is typically not assessed via studies in children due in part to 

clinical research protections (85). Rather, product BE in adults is employed, although 

computational alternatives have promise (90). A pediatric BCS is not in place (61,93). 

Interestingly, but perhaps unsurprisingly, the concordance between BE in adults 

and BE in children is not well characterized. Likewise, the concordance between in vitro 

dissolution profile similarity in adults and in vitro dissolution profile similarity in 

children is not well characterized, even though the current clinical research protections of 

children implicate a significant opportunity for in vitro dissolution in developing 

pediatric medications and in maintaining product quality throughout product lifecycle. A 

greater sensitivity of pediatric patients than adults to dissolution similarity can occur (90). 

That is, in Table 2.3.1, dissolution similarity in large volume (e.g., adult situation) can 

sometimes be a false positive for dissolution similarity in small volume (e.g., pediatric 

situation). 

2.3.5.2. What volume to use 

The present study focuses on in vitro dissolution volume, although volume is not 

the only dissolution factor that would likely differ between adult and pediatric 

populations (87–89). Dissolution volumes in pediatric research are lower than the more 

routine 900ml and 500ml volumes. For example, Karkossa et al. devised a new pediatric 

two-stage dissolution model, which involved small fluid volumes, physiological 

bicarbonate-based test media, and pH control (94). Phases included stomach (30 min) and 

small intestine (240 min). Gastric test conditions combined 10mL of simulated gastric 



103 
 

residual fluid and 50ml of water. After 30 min, the gastric vessel content was transferred 

into a second vessel, yielding a 110ml total small intestinal volume. 

Gandhi et al considered a pediatric biopharmaceutics classification system (BCS) 

and applied it to five drugs (61). In delineating a boundary for high solubility, a pediatric 

reference volume based on body surface area (BSA) was used, relative to the adult 

reference volume of 250ml in the adult BCS. A BSA-derived pediatric reference volume 

of 34.7, 67.4, 127.6, and 220.3ml was applied for neonates, infants, children, and 

adolescents, respectively. Batchelor also considered a pediatric BCS and used reference 

volumes of 121ml and 25ml for a 10 year old child weighing of 32 kg and younger 

children, respectively (93). 

Even current dissolution research of adult products references volumes less than 

500ml (87). In the adult stomach, the mean residual volume in the stomach after an 

overnight fast was 49mL (95). After drinking 250 mL of water, adult stomach volume is 

242ml and declines rapidly to baseline within about 30-40 min (96). In the adult small 

intestine, mean fluid volume was 105ml, where volume is several small-volume fluid 

pockets over the entire small intestine (97). 

2.3.5.3. Next steps for a predictive algorithm for pediatric medication quality 

An algorithm was devised here to predict volume effect on profile similarity in 

fasted and fed biorelevant media and employed drug solubility and medium volumes. The 

algorithm yielded four categories: High solubility scenario; High solubility but low 

volume scenario; Intermediate solubility scenario; and Low solubility scenario. High 

solubility scenario and Low solubility scenario predict similar dissolution profiles 
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between higher and lower volumes.  High solubility scenario follows the drug being 

easily dissolved in lower volume, and lower volume is not much smaller than higher 

volume. Meanwhile, Low solubility scenario results in very incomplete dissolution in the 

higher volume, leading to approximately equally incomplete (and equally slow) 

dissolution in lower volumes. 

Dissimilar dissolution profiles are predicted for High solubility but low volume 

scenario, and Intermediate solubility scenario. High solubility but low volume scenario 

follows from the drug being easily dissolved in lower volume, and lower volume is much 

smaller than higher volume. Intermediate solubility scenario follows from drug cannot 

easily dissolve in lower volume, and lower volume is much smaller than higher volume. 

Additional studies are needed to evaluate the algorithm, which undoubtedly 

would benefit from additional data-informative re-visitation. Of note, the adult 

biorelevant media FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 were used here. Age-

specific fasted and fed state biorelevant media have been suggested (51). Also, as shown 

in Fig 1 and Table 2.3.3, no prediction is offered for two circumstances. 

The algorithm correctly predicted 13 of 16 comparisons. The three incorrect 

predictions were informative and implicate the need for an algorithm for each biorelevant 

medium, or an algorithm whose boundaries depend upon the biorelevant medium. The 

algorithm employed drug solubility in the medium. However, for drug dissolution into 

surfactant media, drug dissolution enhancement is generally several fold less than 

solubility enhancement (e.g. about 3-fold or less for pharmaceutical surfactants) due to 

drug-loaded colloid exhibiting slower diffusivity than free drug (41). Contributing to this 

difference was colloid size and diffusivity (41). Briefly, the diameter of drug-loaded 
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mixed micelles from FeSSIF-V2 are about 75 nm in diameter, causing relatively slow 

micelle diffusivity, markedly attenuating dissolution rate relative to what solubility alone 

would anticipate (92). Even more impactful is that drug-loaded fat globules from 

FeSSGF, which are about 1500 nm in diameter, causing very slow micelle diffusivity 

(92). 

One incorrect prediction was under High solubility scenario involving ibuprofen 

in FeSSIF-V2 for 500ml versus 300ml (Fig 2.3.2; f2 = 45.8).  A solubility high boundary 

of 3-fold rather than 2-fold (Tables I and II) for FeSSIF-V2 would cause this example to 

be Intermediate solubility scenario and be correctly predicted. 

The two other incorrect predictions were under Intermediate solubility scenario 

involving ketoconazole in FeSSGF (Fig 3; f2 = 75.0 for 500ml versus 300ml, and f2=58.1 

for 500ml versus 40ml). Profiles performed like Low solubility scenario, even though the 

solubility of ketoconazole in FeSSGF (557.8 µg/ml) calculates to a potential terminal 

percent dissolved of 139%, which far exceeds the ≤ 20% of dose can dissolve boundary 

for Low solubility scenario. However, because of the very large size of FeSSGF fat 

globules, FeSSGF attenuated griseofulvin intrinsic dissolution over 100-fold compared to 

its solubility enhancement (92). We had also studied ketoconazole intrinsic dissolution 

into FeSSGF and into buffer; the over 8-fold solubility enhancement afforded by FeSSGF 

was completely attenuated, as there was no dissolution enhancement. A Low solubility 

scenario boundary of ≤ 200% of dose can dissolve (rather than ≤ 20%; Tables 2.3.1 and 

2.3.2) for FeSSGF would cause this example to be Low solubility scenario and be 

correctly predicted.  This change would not have impacted ibuprofen in FeSSGF 

predictions here.  Hence, a different and broader Low solubility scenario boundary for 
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FeSSGF than for FeSSIF-V2 is supported by dissolution theory (92). Results here for 

ketoconazole in FeSSGF and in FeSSIF-V2 also support an algorithm that is gives greater 

consideration to colloid diffusivity effects of the differing media. 

2.3.6. Conclusion 

 The objective was to assess the impact of biorelevant media volume on in vitro 

dissolution profile similarity, with an eye towards developing in vitro dissolution as a tool 

to assure BE in children. An algorithm was devised to predict volume effect on profile 

similarity and employed drug solubility and medium volumes. The algorithm correctly 

predicted 13 of 16 comparisons. Additional studies are needed to evaluate the algorithm 

and assure ongoing pediatric medication quality, including future greater consideration to 

colloid diffusivity effects of the differing media, particularly media with large colloids 

that exhibit attenuated dissolution. 
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Section III: Prediction of In Vitro Drug Dissolution 

 

Chapter 3.1: Prediction of In Vitro Drug Dissolution into Fed state Biorelevant 

Media: Contributions of Solubility Enhancement and Relatively Low Colloid 

Diffusivity4 

 

3.1.1. Abstract 

 A model was previously derived to predict in vitro dissolution of drug into 

surfactant solution and showed good predictability for pharmaceutical surfactants, where 

surfactant-mediated enhanced drug dissolution was several fold less than enhanced 

solubility (about 3-fold or less) due to drug-loaded micelles exhibiting slower diffusivity 

than free drug. The present objective was to quantitatively assess the contributions of 

biorelevant media-mediated solubility and diffusivity on enhanced drug dissolution in 

FeSSGF and FeSSIF-V2. Three poorly water-soluble drugs were subjected to dissolution 

into FeSSGF and FeSSIF-V2, as well as their corresponding “surfactant-free” media.  

Solubility and laser diffraction analysis of drug in FeSSGF and dynamic light-scattering 

studies (DLS) of drug in FeSSIF-V2 were conducted. Results showed drug-saturated 

FeSSGF globules and FeSSIF-V2 mixed micelles were large and slow diffusing 

(diffusivities of about 1×10-9 and 7×10-8 cm2/s, respectively), compared to free drug 

(about 7×10-6 cm2/s) and drug-bound micelles from pharmaceutical surfactants (about 

0.5-1×10-6 cm2/s).  Of the three drugs, griseofulvin exhibited the greatest biorelevant 

media-enhanced solubility and dissolution (652-fold and 6.23-fold respectively in 

FeSSGF, and 190-fold and 12.7-fold respectively in FeSSIF-V2), but slow colloid 

diffusivity markedly attenuated large solubility benefits, particularly in FeSSGF. 

                                                 
4 Jamil R, Polli JE. Prediction of In Vitro Drug Dissolution into Fed state Biorelevant Media: 

Contributions of Solubility Enhancement and Relatively Low Colloid Diffusivity. Manuscript Submitted to 

European Journal of Pharmaceutical Sciences. 2022. 
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3.1.2. Introduction 

 Poorly soluble drugs can exhibit poor bioavailability in the fasted state, but 

improved bioavailability in the fed state. This enhancement is in part due to the increased 

solubilization of drug by the greater concentration of bile in the fed state than fasted state, 

as well as by the macronutrients in food components. Human intestinal fluid in the fed 

state includes various surfactant components (e.g., phospholipids, bile acids) in high 

concentrations, which contribute to the formation of mixed micelles. Similarly, 

macronutrients in food components, particularly fats, can form globules that are larger in 

size than mixed micelles.  

While the existence of phospholipid-bile salt mixed micelles and fat globules to 

sometimes enhance in vivo drug dissolution is well accepted, a predictive and 

quantitative understanding is not well developed. Until the introduction of biorelevant 

media, pharmaceutical surfactants were used – and continue to be used - with simple 

buffers as in vitro dissolution media to mimic gastrointestinal drug dissolution in the 

postprandial state. Common surfactants are organic surfactants [e.g., sodium lauryl 

sulfate (SLS)], in part since they are readily available and relatively facile to incorporate 

during media fabrication. Balakrishnan et al. previously published a model to predict 

surfactant-mediated enhancement of in vitro drug dissolution and employed commonly 

used surfactants SLS, cetyl trimethyl ammonium bromide (CTAB), Tween 80, and 

Cremophor EL (41). Biorelevant media that employs phospholipid-bile salt mixed 

micelles have been devised to better mimic the in vivo gut fluid compositions (21,98,99). 

For example, fed state simulated intestinal fluid version 2 (FeSSIF-V2) mimics fed 

intestinal composition. Also, fed state simulated gastric fluid (FeSSGF) mimics fed 

gastric composition (21). 
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Using pharmaceutical surfactants, Balakrishnan et al. previously showed that 

enhancement in drug dissolution is several fold less than solubility enhancement (e.g., 

about 3-fold or less) due to drug-loaded micelles exhibiting slower diffusivity than free 

drug. Contributing to this difference was micelle size and diffusivity, as well as degree 

that drug was incorporated into micelle (41). There is a gap in knowledge about 

biorelevant media in terms of understanding the potential differences between biorelevant 

media-mediated solubility enhancement and dissolution enhancement. FeSSIF-V2 is 

comprised of sodium taurocholate, lecithin, glyceryl monooleate, and sodium oleate 

forms phospholipid-bile salt mixed micelles. FeSSGF includes milk, which is a colloid 

and contains relatively large fat globules comprised of fatty acids and other components. 

The objective of the present study was to quantitatively assess the contributions of 

biorelevant media-mediated solubility and diffusivity on enhanced drug dissolution in 

FeSSGF and FeSSIF-V2. Griseofulvin, ketoconazole, and ibuprofen were used as model 

neutral, weak base, and weak acid drugs, respectively, with low aqueous solubility. Each 

drug is a Biopharmaceutics Classification System (BCS) class II drug (100–102). 

Griseofulvin and ketoconazole show positive food effects in vivo (103,104). FeSSGF and 

FeSSIF-V2 were chosen as commonly used biorelevant media and for their high 

surfactant and colloid content, respectively. Previous studies show their capability to 

solubilize drug, with less emphasis on their micelle and colloid sizes or component 

diffusion properties. Studies here were also performed to contribute towards improved 

physiologically-based pharmacokinetic (PBPK) model diffusion parameter values, where 

drug dissolution into surfactant is critical. 
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Dissolution here was performed in FeSSGF and FeSSIF-V2, as well as 

corresponding media without surfactant and colloids, using the Wood apparatus. 

Solubility and colloid or micelle diffusivity measurements in FeSSGF and FeSSIF-V2 

employed a previously derived model to predict surfactant-mediated drug dissolution. 

Results indicate good agreement between predicted and observed in vitro drug 

dissolution in FeSSGF and FeSSIF-V2. Compared to pharmaceutical surfactant systems, 

biorelevant media resulted in even larger differences between drug solubility 

enhancement and drug dissolution enhancement, due to the even larger size of the 

FeSSGF and FeSSIF-V2 micelles and colloids. 

3.1.2.1. Theoretical and Prediction Approach 

 A previously developed model for surfactant-mediated drug dissolution using the 

Woods apparatus is used here to predict in vitro drug dissolution into FeSSGF and 

FeSSIF-V2(41). FeSSGF and FeSSIF-V2 differ dramatically in composition from one 

another, as well as from pharmaceutical surfactant media (e.g., SLS). Tables S1-S4 in 

Appendix C lists compositions of FeSSGF and FeSSIF-V2, as well as their corresponding 

“no milk” and “no surfactant” media. 

Figures 1 and 2 illustrate FeSSGF fat globule-facilitated and FeSSIF-V2 mixed 

micelle drug dissolution using the Woods apparatus, respectively. In each media, drug 

reaches saturated solubility at the solid-liquid interface.  
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Figure 3.1.1. Illustration of drug dissolution under Levich conditions in FeSSGF media. 

Diffusing species is free drug (i.e., D with diffusivity DD), along with FeSSGF globule with incorporated 

drug molecules (with diffusivity DD-M). FeSSGF globule is much larger free drug, such that DD-M is much 

smaller than DD. 
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Free drug diffusion (with diffusivity DD) occurs across the stagnant diffusion 

layer into the well-stirred bulk solution. Simultaneously, in Figure 3.1.1. for FeSSGF, fat 

globule is rapidly loaded with drug (i.e., with n drug molecules), and fat globule-

mediated diffusion to bulk occurs in parallel to free drug diffusion to bulk. FeSSGF 

globule is expected to be much larger free drug, such that fat globule diffusivity (DD-M) is 

expected to be substantially slower than free drug diffusivity (DD). Likewise, in Figure 

3.1.2. for FeSSIF-V2, mixed micelle-mediated diffusion to bulk (with n drug molecules 

per micelle) occurs in parallel to free drug diffusion to bulk; FeSSIF-V2 micelle is 

anticipated to be larger in size than free drug, such that mixed micelle diffusivity (DD-M) 

is expected to be substantially slower than free drug diffusivity (DD).  
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Figure 3.1.2. Illustration of drug dissolution under Levich conditions in FeSSIF-V2 
media. 

Like in Figure 3.1.1, diffusing species are free drug and FeSSIF-V2 micelle. FeSSIF-V2 micelle is 

illustrated with drug incorporated into the mixed micelle, and is larger in size than free drug, but smaller in 

size than FeSSGF globule. 
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While FeSSGF, FeSSIF-V2, and pharmaceutical surfactant media differ 

dramatically in composition from one another, and differ in colloidal species (e.g. fat 

globules in FeSSGF, mixed micelles in FeSSIF-V2), the model from Balakrishnan et al. 

was applied here to predict in vitro drug dissolution using the Woods apparatus into 

FeSSGF and FeSSIF-V2 (41). Briefly, the flux of free drug in surfactant-free or colloid-

free media is: 

N9 = 0.62�9�/RS#H/TUH/�V�W        (1) 

where JD is the flux of the dissolving drug, DD is the diffusivity of free drug in the 

stagnant diffusion layer, ν is the kinematic viscosity, ω is the rotational speed of the 

Wood apparatus disk, and [D] is the aqueous drug solubility in micelle-free or colloid 

free media (i.e., free drug solubility). 

The flux of drug-loaded FeSSGF fat globules or FeSSIF-V2 mixed micelles is:  
N9#7 = 0.62�9#7�/R S#H/TUH/�V� − <W      (2) 

where DD-M is the diffusivity of drug-loaded milk fat globules (e.g., FeSSGF) or drug-

loaded mixed micelles (e.g., FeSSIF-V2), and [D-M] is the concentration of drug-loaded 

milk fat globules or mixed micelles. 

Total flux of drug into the bulk solution in biorelevant media (e.g., FeSSGF fat globules 

or FeSSIF-V2 mixed micelles) is: 

N� = N9 +  ∙ N9#7         (3) 

where n is the number of drug molecules per fat globule or mixed micelle. Each drug-

loaded fat globule or drug-loaded mixed micelle contains an average of n number of drug 

molecules. 
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Total flux of drug in biorelevant media can also be written as: 

N� = 0.62S#H/TUH/�@�9�/RV�W +  ∙ �9#7�/R V� − <WB     (4) 

Total drug solubility is: 

V��W = V�W +  ∙ V� − <W        (5) 

where  ∙ V� − <W is the concentration of drug that is FeSSGF fat globule or FeSSIF-V2 

mixed micelle bound. 

The ratio of the concentration of drug that is fat globule or mixed micelle bound to total 

drug solubility is the fat globule or mixed micelle drug fraction, fm. Fraction of drug in 

FeSSGF fat globules or FeSSIF-V2 mixed micelles is: 

�Y =  /∙V9#7W
V9ZW           (6) 

Meanwhile, the fraction of free drug is: 

�[ = V9W
V9ZW          (7) 

Total flux of drug in biorelevant media can also be written as: 

N� = 0.62S#H/TUH/�@�[�9�/R + �Y�9#7�/R BV��W     (8) 

The degree to which colloids or surfactants enhance dissolution, ϕ, can be determined by 

the ratio of flux in biorelevant media, Jt, versus flux in media without surfactant or milk, 

JD. The degree to which biorelevant media enhance dissolution is: 

\ = 1 + [][^ ∙ 9_`a
Cb
9_

Cb          (9) 

Derived previously, equation 9 is applied here as a model to predict the extent that 

FeSSGF fat globules or FeSSIF-V2 mixed micelles enhance drug dissolution. Of note in 
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equation 9, ϕ =1 when fm = 0, indicating no dissolution enhancement by surfactants or 

colloids. 

Equation 9 was applied here for each FeSSGF and FeSSIF-V2.  The parameters fm and ff 

were determined from measuring drug solubility in FeSSGF or FeSSIF-V2 and 

corresponding media without surfactants or colloids. DD was estimated via eqn 1 from 

intrinsic dissolution in media without surfactants or colloids. DD-M was estimated from 

dynamic light-scattering studies of drug in FeSSGF or FeSSIF-V2. 

3.1.3. Materials and Methods 

3.1.3.1. Materials 

Griseofulvin (Alfa Aesar, UK), ketoconazole (Acros Organics, NJ), and ibuprofen 

(Acros Organics, NJ) were commercially obtained. FeSSIF-V2 powders were obtained 

from Biorelevant.com Ltd (London, UK). Parmalat UHT-whole milk 3.5% fat was 

purchased from 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).  

3.1.3.2 Media Fabrication 

FeSSGF and FeSSIF-V2 were fabricated, as previously described (35,77). In 

brief, FeSSGF media involved preparing buffers to a pH of 5.0 and adding UHT-whole 

milk. FeSSIF-V2 media was prepared by reconstitution of lyophilized powder into a 

buffer solution that maintained a pH of 5.8. Additionally, milk-free (i.e., no milk) 

FeSSGF-NM media was also prepared from scratch using the compositions for FeSSGF 

and replacing the milk component with ultrapure water, while maintaining a pH of 5.0. 

Surfactant-free (i.e., no surfactant) FeSSIF-V2-NS media was prepared from scratch 
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using the composition for FeSSIF-V2 but omitting sodium taurocholate, lecithin, glyceryl 

monooleate, and sodium oleate, while maintaining a pH of 5.8. Appendix C Tables S1-S4 

describe the composition of all four media. Final media was degassed using building-

supplied vacuum (65,77). 

3.1.3.3. Drug Solubility and Surface Tension 

Equilibrium solubilities of griseofulvin, ketoconazole, and ibuprofen were 

determined in all four media (i.e., FeSSGF, FeSSGF-NM, FeSSIF-V2, and FeSSIF-V2-

NS). Excess drug in each media was equilibrated with shaking and placed in a heated 

water bath maintained at 37°C. Solubility studies were conducted in triplicate. Samples 

were withdrawn at 24 h after confirming that the final pH matched target pH. Filtered 

samples of the drug in each media were quantified using HPLC. 

Surface tensions were measured at room temperature (RT) using the DuNoüy 

Ring method (Force Tensiometer K6; Kruss, Matthews, NC), as previously performed 

(77). The instrument was calibrated with double distilled water, which at 20°C has an 

interfacial tension of 72.8 mN/m (105). 

3.1.3.4. Kinematic Viscosity 

Prediction of in vitro dissolution flux into FeSSGF and FeSSIF-V2 using eqn 8 

required kinematic viscosity ν. Dynamic viscosity of FeSSGF and FeSSIF-V2 was 

measured using a Discovery HR20 Rheometer (TA Instruments; New Castle, DE). The 

kinematic viscosity of FeSSGF and FeSSIF-V2 were then computed to be 0.0128 cm2/s at 

37°C and 0.00822 cm2/s at 37°C, respectively.  

3.1.3.5. Laser Diffraction Analysis and Dynamic Light Scattering 
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 Diffusivity of drug-loaded colloids in FeSSGF and FeSSIF-V2 were obtained 

from laser diffraction based on the method of Mie Theory and dynamic light scattering 

(DLS) based on the method of cumulants, respectively.  Laser diffraction employed a 

Horiba LA-910 (Horiba Instruments; Irvine, CA). DLS employed a Zetasizer Nano ZSP 

(Malvern Instruments; Westborough, MA). Samples of drug in media were prepared 

based on the shake-flask method, and then set to incubate at 37°C for 24 hr. pH was 

checked. 

For FeSSGF, samples of approximately 1 mL were loaded dropwise into the 

sample chamber using a transfer pipette and an agitation setting of 2 to obtain an 

acceptable obscuration. De-ionized water was used as the diluent in the sample chamber. 

Fixed value and span settings of 1 µm to 20 µm were used in the conditions file. For 

FeSSIF-V2, each sample was centrifuged at 10,000 revolutions per min (RPM) for five 

min at 4°C to obtain drug-loaded colloids. Samples were diluted 10-fold with de-ionized 

water. DLS measurements were performed at 37°C with a refractive index value of 1.330 

and viscosity setting of water (i.e., 0.006922 g/cm∙s or 0.686 cP).  

Diffusivities of drug-loaded fat globules in FeSSGF or mixed micelles in FeSSIF-

V2 were computed using the Stokes-Einstein equation: 

� = Gc)
Tde3          (10) 

where kB is Boltzmann’s Constant, T is the absolute temperature, η is the dynamic 

viscosity of the biorelevant media at 37°C, and r is the hydrodynamic radius. 

3.1.3.6. Intrinsic Dissolution Studies 

Intrinsic dissolution of each drug in each media was performed using the Wood 

apparatus. The Wood apparatus consisted of a traditional dissolution apparatus (Hanson 
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Virtual Instruments SR8 Plus; Chatsworth, CA), with each spindle fitted with a Wood 

apparatus die. Drug (200 mg) was compressed into a circular disc in a Carver press (2000 

psi) such that a constant surface area (0.95 cm2) was exposed to the dissolution medium. 

The dissolution media (500 mL) was identical in composition to the media used in 

solubility studies (i.e., FeSSGF, FeSSGF-NM, FeSSIF-V2, and FeSSIF-V2-NS). Samples 

were withdrawn via a syringe at designated time points without replacement and analyzed 

by HPLC. The effect of surfactants or milk on drug dissolution was evaluated by 

performing intrinsic dissolution studies at 150 RPM at 37°C. 

Intrinsic dissolution studies in FeSSGF-NM and FeSSIF-V2-NS yield free drug 

diffusivity DD. Observed values here were compared against expected values. Friedman 

et al. devised a method to estimate the DD of any drug using its molecular weight and the 

relationship between hydrodynamic radius and molecular weight in the equation f =
gR�7h�

idjklmH Rn
, where r is the hydrodynamic radius, NA is Avogadro’s number, ρ is the 

density of the drug molecule, and MW is the molecular weight (106,107). Substituting 

this equation into the variable for radius in the Stokes-Einstein equation yields �93opq =
�;2[ r 7hst^7h_uvwkxH Rn

, where DDrugA is the free drug diffusivity of drug of interest, DRef is 

the diffusivity of a reference drug with molecular weight MWRef. Diffusivities of 

ketoconazole and ibuprofen were estimated from the diffusivity of griseofulvin. 

3.1.3.7. Qualification of Wood Apparatus 

 Adherence to Levich conditions was assessed by measuring griseofulvin, 

ketoconazole, and ibuprofen dissolution in FeSSGF-NM. Dissolution studies were 
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performed at 50, 100, and 150 RPM at 37°C. Likewise, assessment of Levich conditions 

was also conducted via ibuprofen dissolution at three rotational speeds in FeSSIF-V2-NS. 

3.1.3.8. Quantification of griseofulvin, ketoconazole, and ibuprofen  

HPLC analysis was performed on a Waters HPLC system equipped with an 

autosampler and binary pump (model e2695 separations module), dual absorbance 

detector (model e2489 UV/Vis detector). Quantification of griseofulvin was achieved 

using an Agilent InfinityLab Poroshell 120 EC-C18, 150 mm × 4.6 mm column 

maintained at 30°C. The mobile phase for griseofulvin comprised of 40% acetonitrile, 

and 60% of 0.1% phosphoric acid solution in ultrapure water. A flow rate of 1.0 mL/min 

and an injection volume of 5 µL were used. The UV absorbance detector was set to 230 

nm. Quantification of ketoconazole was achieved using an Agilent Zorbax Eclipse XDB-

C18, 150 mm × 4.6 mm column maintained at 37°C. The mobile phase for ketoconazole 

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 detector was set to 270 nm. Quantification of ibuprofen was 

achieved using an Agilent Zorbax SB C-18, 150 mm × 4.6 mm column maintained at 

30°C. The mobile phase for ibuprofen comprised of 65% acetonitrile, 35% of 0.1% 

phosphoric acid in ultrapure water. A flow rate of 1 mL/min and an injection volume of 5 

µL were used. The UV absorbance detector was set to 220 nm. 

3.1.3.9. Number of Drug Molecules Per Fat Globule in FeSSGF or Mixed Micelle in 

FeSSIF-V2 

 Above methods allow for assessment of the contribution of surfactant-mediated 

dissolution (e.g., role of fat globules for FeSSGF and mixed micelles for FeSSIF-V2). 
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While these biorelevant media are complex physical systems, opportunity was further 

taken here to estimate number of drug molecules per individual colloid (i.e., per fat 

globule or mixed micelle), where n is the number of drug molecules per colloid. Here, a 

mixed micelle is also denoted to be a colloid (108). For each FeSSGF and FeSSIF-V2, a 

simplified model for colloid composition was taken, as was previously performed for 

single-composition pharmaceutical surfactant systems (41).  Of course, FeSSGF and 

FeSSIF-V2 are multi-component colloid systems and generally more complex than 

single-composition pharmaceutical surfactant systems. 

 Appendix C Table S1 lists the composition of FeSSGF. FeSSGF is comprised of 

acetate buffer and ultra-high temperature (UHT) milk in a 1:1 ratio. Milk here contained 

3.25% fat. Hence, 1L of FeSSGF contained approximately 16.82 grams of fat globules, 

assuming a milk density of 1.035 g/cm3. From eqn 5, n∙[D-M] is the concentration of 

drug that is colloid bound and was calculated as the difference between the total and free 

drug solubilities. From this value, the number of globule-entrapped drug molecules in 1L 

of drug-loaded FeSSGF was calculated. Next, the diameter of drug-loaded globules was 

measured by DLS; drug-loaded globule weight was calculated per 1L of FeSSGF, 

assuming a spherical globule and a density of 1g/ mL; and then the number of globules 

per 1L of FeSSGF was estimated, assuming each globule is composed bound drug and 

milk fat (i.e., 16.82 grams of fat per 1 L of FeSSGF). Finally, the number of drug 

molecules per globule (i.e., n) was calculated by dividing the number of globule-

entrapped drug molecules in 1L of drug-loaded FeSSGF by the number of globules per 

1L of FeSSGF. 
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 Similar analysis was performed for FeSSIF-V2. Appendix C Table S2 lists 

FeSSIF-V2 composition. Calculations included the number of micelle-entrapped drug 

molecules in 1L of drug-loaded FeSSIF-V2, drug-loaded micelle weight, number of 

micelles per 1L of FeSSIF-V2, and number of drug molecules per micelle (i.e., n). 

Also, with a view to understand the stoichiometry between drug micellization and 

FeSSIF-V2 composition, “aggregation number” calculations were performed here for 

FeSSIF-V2, like previously described parameter, m, for single-composition 

pharmaceutical surfactant systems (41). This parameter m was previously denoted to be 

the number of surfactant molecules that are incorporated into a drug-loaded micelle. This 

definition is complicated here by FeSSIF-V2 mixed micelles containing several 

surfactant components that differ in numerical count (on average) to the mixed micelle. 

While the composition of individual mixed micelles of FeSSIF-V2 and bile salt-lecithin 

systems in general is not completely understood, it was assumed that all FeSSIF-V2 

surfactant components (i.e., sodium taurocholate, lecithin, glyceryl monooleate, and 

sodium oleate) contribute in a proportional fashion to each micelle. On a molar basis, 

sodium oleate is the least common component in FeSSIF-V2. Hence, a FeSSIF-V2 

micelle subunit was defined as an assembly of FeSSIF-V2 components composed of one 

molecule of sodium oleate and a proportionate number of other FeSSIF-V2 components. 

As discussed below, a FeSSIF-V2 micelle subunit was taken to be the 1 molecule of 

sodium oleate, along with 12.5 molecules of sodium taurocholate, 2.5 molecules of 

lecithin, and 6.25 molecules of glyceryl monooleate. Here, m is denoted to be the number 

of FeSSIF-V2 micelle subunits that are incorporated into a drug-loaded micelle. As 

previously conducted for drug in simple single-composition pharmaceutical surfactant 
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systems, values for n and m are computed here for FeSSIF-V2, with the main intent to 

understand the stoichiometry between drug micellization and FeSSIF-V2 composition, 

relative to more simple systems. As described above, only a value of n, and not m, was 

computed for FeSSGF. 

3.1.4. Results 

3.1.4.1 Woods apparatus 

 Assessment of Levich conditions was conducted by performing drug dissolution 

at three rotational speeds into fed gastric biorelevant media with no milk (i.e., FeSSGF-

NM). Figure 3.1.3 shows the dependence of intrinsic drug dissolution in FeSSGF-NM on 

the square root of the rotational speed. Griseofulvin, ketoconazole, and ibuprofen 

dissolution were linearly dependent on the square root of rotational speed (r2 = 0.97, 0.99, 

and 0.99, respectively). Likewise, Fig. S1 in Appendix C shows the dependence of 

intrinsic dissolution of ibuprofen in FeSSIF-V2-NS (i.e., FeSSIF-V2 but with no 

surfactant components sodium taurocholate, lecithin, glyceryl monooleate, or sodium 

oleate) on the square root of rotational speed. Ibuprofen dissolution was linearly 

dependent on the square root of rotational speed (r2 = 0.96). Results indicate that 

dissolution followed Levich conditions, including diffusion-controlled dissolution. It 

should be noted that the interfacial barrier is also, in general, potentially dissolution-rate 

limiting (109–111). For example, Prakongpan et al. observed cholesterol monohydrate 

dissolution into some bile acid-lecithin systems to be almost completely interfacial 

barrier-controlled and not diffusion-controlled.  
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Figure 3.1.3. Dissolution rate of model drugs in FeSSGF-NM. 

Dissolution rate of (a) griseofulvin, (b) ketoconazole, and (c) ibuprofen in FeSSGF-NM. FeSSGF-NM (pH 

= 5.0) lacked milk, and hence lacked milk fat globules (i.e., “NM” means “no milk”). Dissolution rates 

followed Levich conditions. Free drug diffusivity, D_D, was estimated by nonlinear regression. DD for 

griseofulvin, ketoconazole, and ibuprofen were 5.70 (±1.21)×10-6, 8.80 (±2.34)×10-6, and 6.08 

(±1.08)×10-6 cm2/s, respectively. 
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3.1.4.2. Free Drug Solubility and Free Drug Diffusivity in FeSSGF-NM 

Table 3.1.1. lists the drug solubility of griseofulvin, ketoconazole, and ibuprofen 

solubility in the FeSSGF, FeSSGF-NM, FeSSIF-V2, and FeSSIF-V2-NS. 

Table 3.1.1. Drug solubility in FeSSGF, FeSSGF-NM, FeSSIF-V2, and FeSSIF-V2-NS 
media. 

FeSSGF-NM contained no milk. FeSSIF-V2-NS contained no surfactant components. Solubilities here 

agree with literature solubility values for griseofulvin, ketoconazole(Clarysse et al., 2011; Jamil et al., 

2021), and ibuprofen(Bou-Chacra et al., 2017; Jamil et al., 2021; Levis et al., 2003). 

The aqueous solubilities of griseofulvin, ketoconazole, and ibuprofen in milk-free 

FeSSGF-NM were 0.0306, 0.104, and 1.29 mM, respectively. Their solubilities in 

surfactant-free FeSSIF-V2-NS were 0.0299, 0.0228, and 4.59 mM, respectively. 

Solubility values in FeSSIF-V2-NS and FeSSGF-NM agree with previous reports of 

solubility in surfactant-free media (41,112,113).  

Free griseofulvin, ketoconazole, and ibuprofen diffusivities, DD, were estimated 

by nonlinear regression of eqn 1 onto drug dissolution data in FeSSGF-NM media. Data 

closely fit the Levich equation (r2 = 0.96, 0.95, and 0.97 for griseofulvin, ketoconazole, 

and ibuprofen, respectively). DD in FeSSGF-NM for griseofulvin, ketoconazole, and 
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ibuprofen were 5.70×10-6, 8.80×10-6, and 6.08×10-6 cm2/s, respectively (Figure 3.1.3 and 

Table 3.1.2).  

Table 3.1.2. Diffusivity values in FeSSGF and FeSSIF-V2 

DD was estimated via eqn 1 from intrinsic dissolution in media without surfactants or colloids and was 

about 7×10-6 cm2/s. DD-M was estimated from laser diffraction analysis of drug in FeSSGF or dynamic 

light scattering studies of drug in FeSSIF-V2. The radii of griseofulvin, ketoconazole, and ibuprofen-

saturated FeSSGF from laser diffraction analysis were 1090 (±10), 1330 (±10), and 6250 (±250), 

respectively, such that DD-M of FeSSGF globules was about 1×10-9 cm2/s. The radii of griseofulvin, 

ketoconazole, and ibuprofen-saturated FeSSIF-V2 from DLS were 59.8 (±11.1), 34.2 (±3.7), and 38.1 

(±6.0), respectively, such that DD-M of FeSSIF-V2 mixed micelles was about 7×10-8 cm2/s. For 

griseofulvin, ketoconazole, and ibuprofen, DD / DD-M ratio of drug-loaded FeSSGF globules was 3520, 

6520, and 21300, respectively. For griseofulvin, ketoconazole, and ibuprofen, DD / DD-M ratio of drug-

loaded FeSSIF-V2 mixed micelles was 124, 107, and 80.4, respectively. 

DD values here agree with expected values. From computational chemistry 

molecular volume, Fagerberg et al. computed griseofulvin free drug diffusivity to be 

7.4×10-6 cm2/s (114). de Smidt et al. measured griseofulvin free drug diffusivity to be 

8.00×10-6 cm2/s (115). Based on a griseofulvin’s diffusivity of 8.00×10-6 cm2/s and using 

the method of Friedman, ketoconazole and ibuprofen DD values were estimated to be 

6.98×10-6 and 9.57×10-6 cm2/s, respectively (106,107). DD values here agree with these 

expected values.  

3.1.4.3. Effect of Milk on Drug Solubility in FeSSGF 

Table 3.1.1. also lists the drug solubility in FeSSGF. Figure 3.1.4. illustrates the 

fold enhancement of solubility in FeSSGF over FeSSGF-NM. FeSSGF is comprised of 

acetate buffer and ultra-high temperature (UHT) milk in a 1:1 ratio. Milk is 

compositionally complex. In general, the gross composition of cow’s milk in the U.S. is 

87.7% water, 4.9% lactose, 3.4% fat, 3.3% protein, and 0.7% minerals (116). Milk fat 
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globules are composed primarily of 98% milk lipids (fatty acids and triacylglycerol 

backbones) and cholesteryl-esters, and spherical in shape with a size range of 0.1 – 20 

µm (116). The interfacial membrane composition of the milk fat globule is 

heterogeneous, with significant variability in the ratios and total amount of the principal 

fatty acids that constitute fat globules. 

Figure 3.1.4. Enhancement of drug solubility and dissolution by FeSSGF. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 652 (±27), 8.87 

(±1.70), and 12.0 (±0.7), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 6.23 (±1.50), 1.03 (±0.28), and 1.08 (±0.18), respectively. 

FeSSGF surface tension was 53.1 ± 2.9 mN/m, in agreement with literature value 

of 52.3 mN/m (76). Appendix C Figure S2 is a plot surface tension versus milk 

concentration in buffer (% v/v). In Appendix C Fig. S2, surface tension was unchanged 

from undiluted milk (i.e., 100%) to highly diluted milk (i.e., 1.5%). The surface tension 

of water is 72.8 mN/m at 25°C. The lack of change in surface tension in Appendix C Fig. 

S2 indicates FeSSGF, which is a 1:1 dilution of milk (i.e., 50%), is many fold above the 

apparent CMC of diluted milk. 



128 
 

3.1.4.4. FeSSGF Fat Globule Size and Drug Incorporation 

The average number of drug molecules per fat globule, n, can be estimated from 

solubility studies and the average size of a FeSSGF fat globule. From laser diffraction 

analysis, the diameters of drug-free, griseofulvin, ketoconazole, and ibuprofen-loaded 

FeSSGF fat globules were 1,690 (±20), 2,180 (±20), 2,660 (±10), and 12,500 (±500) nm, 

respectively. Measurements are consistent with milk fat globule diameters varying within 

the range of 0.1-20 µm, with an average size of 3-4 µm (116). In light of drug solubility 

and laser diffraction analysis, the average number of drug molecules per FeSSGF fat 

globule, n, was 2.83×109, 2.95×108, and 4.57×1011 for griseofulvin, ketoconazole, and 

ibuprofen, respectively (Appendix C Table S5). These results reflect that FeSSGF fat 

globules are significantly larger than FeSSIF-V2 mixed micelles, as shown below, and 

can therefore accommodate a far greater number of drug molecules than FeSSIF-V2 

micelles and micelles from pharmaceutical surfactants. For example, there were only 3.30 

griseofulvin molecules per SLS micelle, which were only 3.98 nm in diameter (41). 

Figure 3.1.4. indicates that solubility enhancement was greater for griseofulvin 

than for ketoconazole or ibuprofen. FeSSGF enhanced griseofulvin, ketoconazole, and 

ibuprofen solubility by 652-fold, 8.87-fold, and 12.0-fold, respectively. Among the drug-

loaded fat globules, ibuprofen fat globules were the largest in size (about 13 µm 

diameter). Table 3.1.1. lists the fractions of drug that are free in solution (ff) and fat 

globule-incorporated (fm) in solubility studies in FeSSGF. Over 99% of griseofulvin and 

nearly 90% of ketoconazole and ibuprofen were fat globule-bound. 
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3.1.4.5. A Priori Prediction of FeSSGF Biorelevant Media-Mediated Dissolution 

 Equation 9 was used for the a priori prediction of in vitro dissolution 

enhancement by FeSSGF. Equation 9 requires estimates for ff, fm, DD, and DD-M. DD-M is 

the diffusivity of fat globules that contain drug, and were 1.62×10-9, 1.33×10-9, and 

0.285×10-9 cm2/s, for griseofulvin, ketoconazole, and ibuprofen, respectively, from laser 

diffraction analysis (Table 3.1.2 and Table 3.1.3). The rank order of DD-M was 

griseofulvin > ketoconazole > ibuprofen from fastest to slowest, which is also reflected 

by the size of individual fat globules (i.e., larger particles diffuse more slowly). DD from 

intrinsic dissolution of griseofulvin, ketoconazole, and ibuprofen into FeSSGF-NM 

media were much larger and about 7×10-6 cm2/s, as noted above and in Table 3.1.2. 

FeSSGF globule DD-M of griseofulvin, ketoconazole, and ibuprofen were about 1×10-9 

cm2/s, or about 7,000-fold lower than the diffusivities of free drug (DD). DD-M in FeSSGF 

was also much slower than DD-M measured from griseofulvin in SLS micelles (i.e., 

1.29×10-6 cm2/s) and from hydrocortisone in sodium taurocholate/lecithin micelles (i.e., 

1.38×10-6 cm2/s) (41,117). That is, colloid diffusivity in simulated fed stomach media 

was much slower than micelle diffusivity in a pharmaceutical surfactant system (i.e., 

SLS) and micelle diffusivity in simulated intestinal media, where the simulated intestinal 

media was a mixed micelles system. 

3.1.4.6. Observed FeSSGF Biorelevant Media-Mediated Dissolution and Comparison to 

Predictions 

 Using eqn 9, predictions of the extent of FeSSGF biorelevant media-mediated 

enhancement of dissolution are listed in Table 3.1.3. ff and fm were obtained from 

solubility measurements. DD was obtained from Woods apparatus dissolution into 
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FeSSGF-NM. DD-M was obtained from DLS. Dissolution enhancement was observed 

from in vitro FeSSGF and FeSSGF-NM dissolution studies. Dissolution enhancement, ϕ, 

is the ratio of 
yZy_ (i.e., total flux in FeSSGF versus flux in FeSSGF-NM). 

Table 3.1.3. Diffusivities of drug-free and drug-loaded FeSSGF globules 

Diffusivities of drug-free and drug-loaded FeSSGF globules, and a priori prediction of dissolution fold-

enhancement in FeSSGF. 

With the assumption of diffusion-controlled dissolution, eqn 9 anticipates the 

ability of fat globules in FeSSGF to enhance drug dissolution by enhancing solubility of 

drug by a factor of 
[][^, but attenuated by the slow diffusion of those same drug-loaded fat 

globules by a factor of 
9_`aC/b
9_C/b . For griseofulvin and ibuprofen, where over 90% of drug 

was in fat globules, 
[][^ for ibuprofen was greater than 10, and greater than 600 for 

griseofulvin (Table 3.1.1). However, due to the over 3000-fold difference between DD 

and DD-M for all three drugs, 
9_`aC/b
9_C/b  predicted to attenuate enhanced dissolution rate to be 

only about 2-fold for griseofulvin, and negligible for ketoconazole and ibuprofen. 
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Griseofulvin dissolution was predicted to be enhanced 3.82-fold and observed to 

be 6.23-fold. The slight underprediction in griseofulvin dissolution enhancement in 

FeSSGF was due to the 2-fold underprediction in griseofulvin flux dissolution into 

FeSSGF media, where observed and predicted fluxes were 35.6×10-5 µmol/sec/cm2 and 

18.9×10-5 µmol/sec/cm2, respectively. Meanwhile, predicted and observed free drug flux, 

JD, were very similar (5.49×10-5 and 5.72×10-5 µmol/sec/cm2, respectively). Although 

ketoconazole and ibuprofen are prototypical poorly water-soluble drugs, ketoconazole 

and ibuprofen dissolution enhancements were predicted to be minimal and were minimal; 

their predicted dissolution enhancements were 1.02-fold and 1.01-fold, respectively, 

which agree with the observed dissolution enhancement of 1.03 and 1.08. A 
yZy_ ratio of 

unity indicates no enhancement. 

Figure 3.1.4. illustrates the degree that FeSSGF enhanced griseofulvin, 

ketoconazole, and ibuprofen solubility and dissolution in FeSSGF compared to FeSSGF-

NM. Dissolution enhancement was several fold less than solubility enhancement. For 

example, griseofulvin dissolution was increased only 6.23-fold, even though solubility 

enhancement was over 600-fold.  

Figure 3.1.5. plots predicted and observed dissolution fold-enhancement versus 

observed solubility fold-enhancement.  
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Figure 3.1.5. Plot of predicted and observed dissolution fold-enhancement versus 
observed solubility fold-enhancement of griseofulvin, ketoconazole, and ibuprofen in 

FeSSGF. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 652 (±27), 8.87 

(±1.70), and 12.0 (±0.7), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 6.23 (±1.50), 1.03 (±0.28), and 1.08 (±0.18), respectively. Predicted fold dissolution 

enhancement for griseofulvin, ketoconazole, and ibuprofen were 3.82, 1.02, and 1.01, respectively. 

Equation 9 predicted minimal dissolution enhancement of ketoconazole and 

ibuprofen, in agreement with observed values. Again, eqn 9 was less accurate in 

predicting the degree of dissolution enhancement of griseofulvin. However, compared to 

the observed 600-fold solubility enhancement, eqn 9 did anticipate the low dissolution 

enhancement due to the low diffusivity of FeSSGF fat globules.  

Figure 3.1.6. illustrates a contour plot for the dependence of dissolution 

enhancement, ϕ, of griseofulvin, ketoconazole, and ibuprofen on drug fraction in FeSSGF 

globules, fm. Figure 3.1.6 ranges of fm between 90% and 100%. The three curves 

correspond to griseofulvin, ketoconazole, and ibuprofen, which differed in their DD/DD-M 

ratios (i.e., 3520, 6520, and 21300, respectively). However, all three DD/DD-M ratios are 

large, such that a very high drug solubilization in fat globules (fm = 0.996-0.999) is 

required for even a predicted 2-fold enhancement in dissolution by FeSSGF. Of course, 
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milk or other food lipids in the stomach can cause other physiologic actions associated 

with a food effect (e.g., delayed gastric emptying) and impact in vivo drug dissolution in 

ways not studied here. 

Figure 3.1.6. Contour plot of dependence of griseofulvin, ketoconazole, and ibuprofen 
dissolution enhancement on drug fraction in FeSSGF colloid (fm). 

Values for fm from solubility data were 0.998, 0.887, and 0.917 for griseofulvin, ketoconazole, and 

ibuprofen, respectively. ϕ in eqn 9 is the degree that dissolution is enhanced by milk fat globules in 

FeSSGF. This plot only considers high levels of drug incorporation into colloid (90% < fm < 100%) on the 

x-axis. Each drug differed in their DD / DD-M ratio (i.e., 3520, 6520, and 21300 for griseofulvin, 

ketoconazole, and ibuprofen, respectively), reflecting DD of about 7×10-6 cm2/s and DD-M of FeSSGF 

colloid of about 1×10-9 cm2/s. For even a 2-fold enhancement in dissolution, 99.6% of griseofulvin, 99.8% 

of ketoconazole, and 99.9% of ibuprofen is needed to be incorporated into colloid. 

3.1.4.7. Effect of FeSSIF-V2 on Drug Solubility 

 Table 3.1.1. lists drug solubility in the presence (FeSSIF-V2) and absence 

(FeSSIF-V2-NS) of FeSSIF-V2 surfactant components (i.e., sodium taurocholate, 

lecithin, glyceryl monooleate, and sodium oleate). Figure 3.1.7. illustrates the fold 

enhancement of drug solubility in FeSSIF-V2 over FeSSIF-V2-NS.  
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Surfactant components in FeSSIF-V2 provided a total surfactant concentration of 17.8 

mM. The molar ratio of sodium taurocholate to lecithin in FeSSIF-V2 is 5:1 (Appendix C 

Table S2). 

Figure 3.1.7. Enhancement of drug solubility and dissolution by FeSSIF-V2. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 190.0 (±18.0), 15.9 

(±2.0) and 1.42 (±0.01), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 12.7 (±2.01), 6.02 (±0.90), and 1.72 (±0.15), respectively. 

Appendix C Figure S3 plots surface tension versus the FeSSIF-V2 concentration 

in buffer at 25°C. The far right data point at 17.8 mM [with 34.0 (±0.35) mN/m surface 

tension] is undiluted FeSSIF-V2. Greater dilutions of FeSSIF-V2 are located increasing 

to the left. From Appendix C Fig. S3, the critical micelle concentration (CMC) of diluted 

FeSSIF-V2 was about 0.25 mM. This CMC value is supported by literature. Sodium 

taurocholate (NaTC) is the bile acid component of FeSSIF-V2 and the most abundant 

surface-active component in FeSSIF-V2. CMC values for NaTC-only systems lie in a 

broad range between 1-12 mM, as there is uncertainty about NaTC having a single 

discernible CMC, since increasing NaTC concentration forms aggregates that gradually 
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increase in size (118). Clulow et al. has reported that the CMC of NaTC/lecithin systems 

is about 0.1-0.2 mM, and decreases with higher NaTC/lecithin ratio (119). Gomez et al. 

has corroborated this trend in reporting CMC of 0.6 mM for a NaTC/lecithin system with 

a molar proportion of 4:1 (120). 

3.1.4.8. FeSSIF-V2 Mixed Micelle Size and Drug Incorporation 

The diameters of griseofulvin, ketoconazole, and ibuprofen-loaded mixed 

micelles from DLS were 120 (±22), 68.4 (±7.3), and 76.2 (±11.9), (Appendix C Table 

S6). Literature supports these findings. Ilardia-Arana et al. observed similar sizing (i.e., 

radius of 44.8±8.8 nm) in their four-component media, which included sodium 

glycocholate (10 mM), lecithin (2.47 mM), monooleate (0.67 mM), and oleic acid (2.67 

mM), a similar surfactant system to FeSSIF-V2 (Appendix C Table S1) (121). Reithorst 

et al. found FeSSIF-V2 mixed micelles to vary extensively in the range of 50-200 nm in 

diameter, using cryogenic-electron microscopy and negative stain-transmission electron 

microscopy (98). Clulow et al. found FeSSIF-V2 mixed micelles to be in the range of 35-

72 nm using DLS (119). Elvang et al. used asymmetrical flow field-flow fractionation 

and multiangle laser light scattering and observed FeSSIF-V2 mixed micelles to be 173.2 

nm in diameter (99). They also measured mixed micelles in aspirated fed state human 

intestinal fluid samples to be in the range of 40-287 nm (99). 

Hence, assuming a spherical volume with a density of 1 g/cm3, the average 

number of drug molecules per mixed micelle, n, was estimated to be 292,000, 4,000, and 

30,400 for griseofulvin, ketoconazole, and ibuprofen, respectively (Appendix C Table 

S6). FeSSIF-V2 mixed micelles here are significantly larger than micelles formed by 

pharmaceutical surfactants and accommodated a greater number of drug molecules. De 
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Castro et al. suggested that the mixed micelle interior increases in size when 

incorporating hydrophobic compounds (122). 

The estimation of the aggregation number, m, of mixed micelle subunits is also 

listed in Appendix C Table S6. The aggregation number, m, of surfactant subunits per 

mixed micelle were 51,000, 9550, and 13,200 for griseofulvin, ketoconazole, and 

ibuprofen, respectively (Appendix C Table S7). 

In Figure 3.1.7, FeSSIF-V2 enhanced griseofulvin, ketoconazole, and ibuprofen 

solubility by 190-fold, 15.9-fold, and 1.42-fold, respectively. Solubility enhancement was 

greatest for griseofulvin, in concordance with griseofulvin mixed micelles being the 

largest in size (119.6 nm diameter) and incorporated the greatest number of drug 

molecules (292,000). Table 3.1.1 lists the fractions of drug that are free in solution (ff) 

and mixed micelle-incorporated (fm). The vast majority of griseofulvin and ketoconazole 

were mixed micelle-incorporated (fm = 0.995 and 0.936, respectively). However, this was 

not the case for ibuprofen (fm = 0.296). 

3.1.4.9. A Priori Prediction of FeSSIF-V2 Biorelevant Media-Mediated Dissolution 

 Equation 9 was applied for the a priori prediction of the degree that colloid in 

FeSSIF-V2 would enhances dissolution. ff and fm values from solubility studies are listed 

in Table 3.1.1. DD was from intrinsic dissolution and are listed in Table 3.1.2. Hence, for 

each drug, DD was about 7×10-6 cm2/s. Additionally, intrinsic dissolution of ibuprofen 

into FeSSIF-V2-NS was performed maintaining a pH of 5.8, and a DD under these 

conditions was determined to be 9.65×10-6 cm2/s (Appendix C Figure S1). 

DD-M values were measured from DLS and tabulated in Table 3.1.2 and Table 

3.1.4. The rank order of DD-M was ketoconazole > ibuprofen > griseofulvin from fastest to 
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slowest, although were each about 7×10-8 cm2/s or about 100-fold less than DD. DD-M of 

griseofulvin, ketoconazole, and ibuprofen was about 124-fold, 107-fold, and 80.4-fold 

lower than its corresponding DD, respectively. Interestingly, DD-M of FeSSIF-V2 mixed 

micelles were about 100-fold larger than DD-M of FeSSGF globules, and about 100-fold 

smaller than DD (Table 3.1.2). 

Over 90% of drug was incorporated into FeSSIF-V2 mixed micelles for 

griseofulvin and ketoconazole. fm/ff was more than 10 for ketoconazole, and nearly 200 

for griseofulvin. However, due to the approximately 100-fold difference between DD and 

DD-M for griseofulvin and ketoconazole, dissolution enhancement was predicted to be 

only about 10-fold for griseofulvin and 2-fold for ketoconazole. For ibuprofen, fm/ff was 

0.42 (i.e., only about 30% of drug was incorporated into mixed micelles). The 80.4-fold 

difference between DD and DD-M for ibuprofen lessened an already minimal impact of 

micellar solubilization of ibuprofen, such that dissolution enhancement for ibuprofen was 

predicted to be negligible. 

 From eqn 9, predictions of the extent of FeSSIF-V2 dissolution enhancement 

compared to FeSSIF-V2-NS, or ϕ, are listed in Table 3.1.4. Griseofulvin dissolution was 

predicted to be enhanced 8.62-fold, while ketoconazole and ibuprofen were predicted to 

be enhanced only 1.66-fold and 1.02-fold, respectively. Predicted dissolution 

enhancement followed the same rank order as observed dissolution enhancement. Figure 

3.1.8 plots predicted and observed dissolution enhancement versus observed solubility 

enhancement.  
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Table 3.1.4. Diffusivities of drug-free and drug-loaded FeSSIF-V2 micelles 

Diffusivities of drug-free and drug-loaded FeSSIF-V2 micelles, and a priori prediction of dissolution fold-

enhancement in FeSSIF-V2. 

Figure 3.1.8. Plot of predicted and observed dissolution fold-enhancement versus 
observed solubility fold-enhancement of griseofulvin, ketoconazole, and ibuprofen in 

FeSSIF-V2. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 190.0 (±18.0), 15.9 

(±2.0) and 1.42 (±0.01), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 12.7 (±2.01), 6.02 (±0.90), and 1.72 (±0.15), respectively. Predicted dissolution 

enhancement for griseofulvin, ketoconazole, and ibuprofen were 8.62, 1.66, and 1.02, respectively. 
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ϕ underpredicted dissolution enhancement in each case. However, overall, dissolution 

enhancement in FeSSIF-V2 was well predicted relative to the magnitude of solubility 

enhancement. This overall agreement is further supported by the measured DD-M values 

from DLS here, which were about 7×10-8 cm2/s, and similar to the calculated diffusivity 

values of about 10-7 cm2/s from Shaeiwitz et al. from dissolution studies into fatty acid-

containing micelles, as well as the 5.0×10-7 cm2/s diffusivity value of FaSSIF-V1 from 

DLS (123,124). Of note, DD-M of drug-free micelles here was measured to be 4.92 

(±0.80)×10-8 cm2/s. 

Figure 3.1.9. illustrates a contour plot for the dependence of dissolution 

enhancement, ϕ, on drug fraction in micelles, fm.  
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Figure 3.1.9. Contour plot of dependence of griseofulvin, ketoconazole, and ibuprofen 
dissolution enhancement on drug fraction in FeSSIF-V2 mixed micelles (fm). 

Values for fm from solubility data are 0.995, 0.936, and 0.296 for griseofulvin, ketoconazole, and ibuprofen, 

respectively. ϕ in eqn 9 is the degree that dissolution is enhanced by mixed micelles in FeSSIF-V2. This 

plot only considers high levels of drug incorporation into mixed micelle (95% < fm < 100%) on the x-axis. 

Each drug differed in their DD / DD-M ratio (i.e., 124, 107, and 80.4 for griseofulvin, ketoconazole, and 

ibuprofen, respectively), reflecting DD of about 7×10-6 cm2/s and DD-M of FeSSIF-V2 mixed micelles of 

about 7×10-8 cm2/s. A fm of 99.1% yielded a dissolution enhancement of about 5.4-fold, 5.9-fold, and 6.9-

fold enhancement for griseofulvin, ketoconazole, and ibuprofen, respectively. A fm of 99.9% yielded in a 

dissolution enhancement of about 41.3-fold, 45.4-fold, and 54.6-fold enhancement for griseofulvin, 

ketoconazole, and ibuprofen, respectively. 

fm is plotted for only high level of drug incorporation into micelle, between 95% 

and 100%. Each curve corresponds to griseofulvin, ketoconazole, and ibuprofen, which 

differ in their values of DD/DD-M ratio (i.e., 124, 107, and 80.4, respectively). Since all 

three drugs showed a high DD-M/DD value, a fm value of 99.1% yielded a relatively modest 

dissolution enhancement, i.e., about 5.4-fold, 5.9-fold, and 6.9-fold for griseofulvin, 

ketoconazole, and ibuprofen, respectively. That is, a very high level of drug incorporation 

was needed for each drug to achieve a several fold enhancement in FeSSIF-V2. A fm 

value of 99.9% yielded a 41.3-fold, 45.4-fold, and 54.6-fold dissolution enhancement for 

griseofulvin, ketoconazole, and ibuprofen, respectively. In Figure 3.1.7, FeSSIF-V2 

enhanced griseofulvin, ketoconazole, and ibuprofen solubility by 190-fold, 15.9-fold, and 
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1.42-fold, respectively. Hence, these contour plots of course do not imply that high fm are 

achievable, but rather emphasize that FeSSIF-V2 can have very limited dissolution 

enhancement for some drugs. 

3.1.4.10. Observed FeSSIF-V2 Biorelevant Media-Mediated Dissolution and Comparison 

to Predictions 

 Figure 3.1.7 illustrates the degree that FeSSIF-V2 enhanced griseofulvin, 

ketoconazole, and ibuprofen dissolution. Compared to solubility gains, dissolution was 

not markedly enhanced, with the greatest observed dissolution enhancement being for 

griseofulvin (i.e., 12.7-fold). Previous observations with pharmaceutical surfactants 

showed griseofulvin dissolution enhancement being only about one-third (or less) as 

much as solubility enhancement (41). Findings here employing FeSSIF-V2 showed 

griseofulvin dissolution enhancement was only one-twentieth as much as solubility 

enhancement, far less than one-third, reflecting FeSSIF-V2 mixed micelles to be much 

larger and slower diffusing than SLS and other pharmaceutical surfactant micelles. 

Figure 3.1.8 plots the observed solubility enhancement versus the observed and 

predicted dissolution fold enhancement in FeSSIF-V2. In all cases, eqn 9 predicted minor 

enhancement in drug dissolution by FeSSIF-V2 in comparison to observed solubility 

enhancement. Using eqn 8 to predict flux, predicted flux was slightly less than observed 

flux for each drug, which resulted in ϕ slightly underpredicting observed dissolution 

enhancement. For example, predicted Jt for griseofulvin in FeSSIF-V2 was 4.50×10-4 

µmol/sec/cm2, while observed Jt was 6.87×10-4 µmol/sec/cm2. Predicted and observed JD 

were similar (5.37×10-5 µmol/sec/cm2 and 5.40×10-5 µmol/sec/cm2, respectively). Hence, 

predicted dissolution enhancement of 8.62 was lower than the observed value of 12.7. 
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3.1.5. Discussion 

Dissolution in FeSSGF and FeSSIF-V2indicate good agreement between 

predicted and observed in vitro drug dissolution, using a previously derived model to 

predict surfactant-mediated drug dissolution. Biorelevant media resulted in even larger 

differences between drug solubility enhancement and drug dissolution enhancement, 

compared to pharmaceutical surfactant systems, due to the even larger size of the 

FeSSGF and FeSSIF-V2 micelles and colloids compared to pharmaceutical surfactant 

micelles. 

3.1.5.1. Nature of Biorelevant Media-Mediated Dissolution and In Vitro Dissolution 

Prediction 

 The applicability of eqn 9 to drug dissolution in FeSSGF and FeSSIF-V2 supports 

that the film diffusion model can describe the rate-limiting processes for biorelevant-

media mediated dissolution enhancement. For drug dissolution in surfactant-enhanced 

media that is diffusion-controlled across a stagnant diffusion layer, dissolution is 

controlled by two parallel but independent components: diffusion of free drug across the 

stagnant diffusion layer and diffusion of drug-loaded micelle (or colloid) across the 

stagnant diffusion layer. Figures 3.1.1 and 3.1.2 illustrate such drug dissolution in 

FeSSGF and FeSSIF-V2, respectively. 

Equation 9 considers the benefit of mixed micelle or fat globule solubilization of 

drug (fm/ff) and the attenuation of low mixed micelle or fat globule diffusivity (
9_`aC/b
9_C/b �. 

FeSSIF-V2 mixed micelles and FeSSGF fat globules can often solubilize large amount of 

drug. Here, at least nearly 90% of solubilized drug was mixed micelle or fat globule-

bound resulting in high fm/ff, except for ibuprofen in FeSSIF-V2. It was estimated that 
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about 2.83×109, 2.95×108, and 4.57×1011 molecules of griseofulvin, ketoconazole, and 

ibuprofen were incorporated into individual FeSSGF fat globules, respectively (Appendix 

C Table S5). Likewise, about 292,000, 4000, and 30,400 molecules of griseofulvin, 

ketoconazole, and ibuprofen were incorporated into individuals FeSSIF-V2 mixed 

micelles, respectively (Appendix C Table S6). 

Since FeSSGF fat globules of griseofulvin, ketoconazole, and ibuprofen are 

significantly larger than free drug (Appendix C Table S5), they are about 4,000-fold, 

7,000-fold, and 21,000--fold slower than their corresponding free drug diffusivities 

(Table 3.1.2). This slow diffusivity significantly attenuated the solubility benefit of 

FeSSGF by nearly 300-fold, 8-fold, and 10-fold (Fig. 3.1.4). FeSSIF-V2 mixed micelles 

are about 120-fold and 100-fold slower than free griseofulvin and ketoconazole, 

respectively. The reduced diffusivity of FeSSIF-V2 mixed micelles significantly 

attenuated the solubility benefit by about 20-fold and 10-fold for griseofulvin and 

ketoconazole, respectively (Table 3.1.2). For ibuprofen, dissolution was practically not 

enhanced in FeSSIF-V2 since solubility was minimally enhanced and since its FeSSIF-

V2 mixed micelles are about 80-fold slower than free ibuprofen (Fig. 3.1.7). 

There are notable differing results across the three drugs, which were selected as 

prototypical poorly soluble drugs with differing ionization (i.e., neutral, basic, and 

acidic), with griseofulvin being the most enhanced by each FeSSGF and FeSSIF-V2. In 

particular, griseofulvin solubility was increased about 600-fold and 200-fold in FeSSGF 

and FeSSIF-V2, respectively. However, griseofulvin saturated FeSSGF globules were 

smaller than those of ketoconazole and ibuprofen. Griseofulvin FeSSIF-V2 mixed 

micelles were larger than those of ketoconazole and ibuprofen. Likewise, griseofulvin 
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DD-M values for FeSSGF globules were faster and FeSSIF-V2 mixed micelles were 

slower than those of ketoconazole and ibuprofen. 

In spite of these differences between drugs, several approximations were observed 

across drugs. Not surprisingly, free drug diffusivity DD was about 7×10-6 cm/s. 

Interestingly, DD-M in FeSSGF and FeSSIF-V2 were 7,000-fold and 100-fold smaller than 

DD (i.e., 1×10-9 cm/s and 7×10-8 cm/s, respectively). In light of eqn 9, this 7,000-fold 

smaller DD-M than DD for FeSSGF resulted in a very modest dissolution enhancement of 

about 6-fold for even griseofulvin whose solubility enhancement was over 600-fold; 

dissolution enhancement for ketoconazole and ibuprofen were imperceptible even though 

solubility enhancement was about 10-fold. The 100-fold smaller DD-M than DD for 

FeSSIF-V2 resulted in a modest dissolution enhancement of about 13-fold for 

griseofulvin and 6-fold for ketoconazole, whose solubility enhancement were 190-fold 

and 16-fold, respectively; solubility and dissolution enhancement for ibuprofen were very 

low. 

Previously, in pharmaceutical surfactants SLS, CTAB, Tween 80, and Cremophor 

EL, griseofulvin dissolution enhancement was only about one-third (or less) as much as 

solubility enhancement, depending upon surfactant, whose micelle radii measured from 

1.99 nm in SLS to 6.33 nm in Cremophor EL (41). DD-M range was about 0.5-1×10-6 

cm2/s. While these prior observations perhaps anticipated attenuated dissolution 

enhancement in biorelevant media, observed dissolution enhancement was even lower 

than one-third as much as solubility enhancement. In FeSSGF, only griseofulvin 

displayed dissolution enhancement, which was about 1% that of solubility enhancement. 

In FeSSIF-V2, griseofulvin displayed a dissolution enhancement that was about 7% that 



145 
 

of solubility enhancement, reflecting FeSSIF-V2 mixed micelles size to be in between the 

size of pharmaceutical surfactant micelles and FeSSGF globules. 

3.1.5.2. Oral Absorption PBPK Models with Improved Parameterization 

 In vitro dissolution in biorelevant media aims to be predictive of in vivo drug 

dissolution, through improved design of dissolution test conditions for poorly water-

soluble drugs (i.e., more physiologically relevant composition). Literature pertaining to 

prediction of dissolution largely focus on their predictive nature to in vivo conditions, use 

in formulation development, and impact on subsequent pharmacokinetics. To our 

knowledge, however, very few studies seek to predict in vitro dissolution and dissolution 

enhancement in surfactant-enhanced media and biorelevant media. Balakrishnan et al. 

made predictions of in vitro griseofulvin dissolution into SLS, CTAB, Tween 80, and 

Cremophor EL media (41). Of note, Hintz et al. used a model for polydisperse powder of 

an organic compound to predict in vitro dissolution from a capsule into water (i.e. a 

medium without surfactant or colloids) (125). Mechanistic in vitro dissolution studies to 

date have significantly added to dissolution understanding, but tend not to assess in vitro 

dissolution predictability (43,126,127).  

Interestingly, while in vitro dissolution is infrequently predicted, in vivo oral 

absorption models with a dissolution component are increasingly commonplace. Results 

here have implications for improved mechanistic modeling of in vivo drug absorption, 

particularly when surfactant-mediated dissolution is critical (e.g., poorly soluble drugs). 

Pathak et al. aimed to predict dissolution rates in vivo using the diffusion layer model 

(DLM) (128). The DLM is essentially the same as the familiar diffusion-controlled 

dissolution model found relevant here and emphasizes a stagnant diffusion layer where 



146 
 

dissolution is kinetically controlled by free drug and encapsulated drug diffusion across 

the layer, from the dissolving solid-interface to the bulk solution. Drug solubility, particle 

size, bile-salt micelle partition, and other particle related parameters were considered 

within physiological system parameters that describe the gut luminal environment. These 

include pH, bile-salt concentration, fluid volumes, and transit times to estimate the 

dissolution rate of drug particles within various regions of the gastrointestinal tract. DD 

and DD-M in the applied DLM model were to the order of 10-4 cm2/s and 10-5 cm2/s, 

respectively. These parameter values appear too large. Other literature has reported 

values for DD to be closer to the order of 10-5 cm2/s and DD-M to be closer to the order of 

10-6 cm2/s or 10-7 cm2/s (41–43). The DD and DD-M values presented in this study are in 

more agreement with what has been reported in literature other than Pathak et al. 

Takano et al. have devised a model to simulate the fraction absorbed in humans 

from a mini-scale paddle dissolution test (129). A diffusion component is included in the 

dissolution parameter, z, which is defined as 
R9

l83z, where D is the diffusion coefficient, h 

is the diffusion layer thickness, ρ is the density of the drug, and r0 is the initial particle 

radius. The z parameter is estimated from in vitro dissolution. Studies were completed in 

FaSSIF-V1 and Simulated Intestinal Fluid (Japanese Pharmacopoeia), where FaSSIF-V1 

contained concentrations of NaTC (3 mM) and lecithin (0.75 mM). The Takano et al. 

model does not entail measuring the physical size of diffusing species that may form in 

the postprandial state by bile-salt-lecithin mixed micelles; diffusivity values of bile-salt-

lecithin mixed micelles that may have formed were not described. In the z parameter, 

diffusion of small spherical molecules through the unstirred water layer that was adjacent 
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to the intestinal epithelial membrane employed values on the order of 10-3 cm2/s. This 

parameter value appears too large. 

Okazaki et al. developed a dissolution model for poly-disperse drug particles in 

biorelevant media containing NaTC/lecithin aggregates (130). Varying NaTC and lecithin 

concentrations in ratios that mimicked fasted and fed intestinal biorelevant media were 

used. Of note, FeSSIF-V2 includes sodium oleate and glyceryl monooleate, in addition to 

NaTC and lecithin. Okazaki et al. measured diffusing species and particle size using 

DLS, as conducted here. Their measured particle sizes are smaller than measurements by 

Riethorst et al., and Clulow et al. for mixed micelles in FeSSIF-V2 and human intestinal 

fluid. Okazaki et al. used DD values from the literature that agreed with results here. 

Pepin et al. used PBPK absorption modeling to justify that proposed 

specifications for dissolution and particle size would ensure suitable clinical performance 

of the drug lesinurad by predicting in vivo performance (131). They determined solubility 

in FaSSIF-V1 and FeSSIF-V1 biorelevant media and used this data to perform in silico 

dissolution. In vivo dissolution was parameterized using the poly-disperse dissolution 

model proposed by Okazaki et al. and did not consider the micellar diffusivity of FeSSIF-

V2. While Pepin et al. obtained DD from the Stokes-Einstein equation assuming a 

spherical shape, micelle diffusivity was not considered. 

Cristofoletti et al. applied a simultaneous diffusion and chemical model to 

estimate a product-specific particle size distribution for ibuprofen in an effort to develop 

a PBPK model to waive in vivo bioequivalent studies (46). They used the DLM to 

estimate in vivo dissolution. However, they did not measure diffusing species or 
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dissolution enhancement by biorelevant media over simple buffers in their dissolution 

studies. 

A major application of PBPK modeling is in vivo prediction of oral drug 

absorption and virtual bioequivalence (37–40). Interestingly, very few studies seek to 

predict in vitro dissolution and dissolution enhancement in surfactant-enhanced media 

and biorelevant media, even though in vivo dissolution is presumably more challenging 

to understand and predict than in vitro dissolution. Mechanistic models, such as PBPK 

oral absorption models, require parameter values that reflect the underlying model 

(39,45,132,133). Mechanistic modeling is challenging, in part since an independent 

understanding of underlying phenomena is needed (e.g., physiology, drug release, drug 

absorption), with model parameter values that characterize that independent 

understanding. Diffusivity values here for drug-loaded FeSSGF and FeSSIF-V1 can be 

applied to PBPK oral absorption models to allow for more reliable modeling, as well for 

such modeling to serve as a tool toward a better understanding of oral drug absorption, 

particularly for poorly water-soluble drugs that require food and/or enabled formulations 

for greater bioavailability. 

3.1.6. Conclusions 

The objective of this study was to apply a model for surfactant-mediated 

dissolution to predict the contributions of biorelevant media-mediated solubility and 

mixed micellar or fat globule diffusivity on the ability of FeSSGF and FeSSIF-V2 to 

enhance in vitro drug dissolution. The model was applied to griseofulvin, ketoconazole, 

and ibuprofen. Laser diffraction analysis and DLS were used to measure drug-loaded 

FeSSGF and FeSSIF-V2 diffusivities, respectively. The Wood apparatus was used to 
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measure drug dissolution in FeSSGF and FeSSIF-V2 biorelevant media. FeSSGF and 

FeSSIF-V2 solubility enhancement was the greatest for griseofulvin and the least for 

ibuprofen. Laser diffraction analysis measured drug-loaded FeSSGF and DLS measured 

FeSSIF-V2 diffusivities to be about 1×10-9 cm2/s and 7×10-8 cm2/s, respectively, which 

were slower than the approximate 0.5-1×10-8 cm2/s diffusivities of drug-loaded 

pharmaceutical surfactants. The surfactant-mediated dissolution model accurately 

predicted biorelevant media-mediated in vitro dissolution by considering the combined 

effect of FeSSGF or FeSSIF-V2 enhanced solubility and slow diffusion of drug-loaded 

fat globules or mixed micelles. Previously, in pharmaceutical surfactants, dissolution 

enhancement was observed to be about one-third (or less) the solubility enhancement. 

Here, in biorelevant media, dissolution enhancement was far less than the one-third 

solubility enhancement, reflecting the much larger size of FeSSGF fat globules and 

FeSSIF-V2 mixed micelles, compared to micelles formed by pharmaceutical surfactants. 
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Chapter 3.2: Prediction of In Vitro Drug Dissolution into Fasted state Biorelevant 

Media: Contributions of Solubility Enhancement and Relatively Low Colloid 

Diffusivity5 

 

3.2.1. Abstract 

A previously used model showed good predictability for in vitro drug dissolution 

into FeSSGF and FeSSIF-V2, where biorelevant media-mediated enhanced drug 

dissolution by only about one-tenth as much as it enhanced solubility, due to drug-loaded 

fat globules and mixed micelles exhibiting far slower diffusivity than free drug. The 

present objective was to quantitatively assess the contributions of fasted biorelevant 

media-mediated solubility and diffusivity on enhanced drug dissolution in FaSSGF and 

FaSSIF-V2. Griseofulvin, ketoconazole, and ibuprofen were subjected to dissolution into 

FaSSGF and FaSSIF-V2, as well as their corresponding “surfactant-free” media. 

Solubility and dynamic light-scattering studies (DLS) of drug in FaSSGF and FaSSIF-V2 

were conducted. Results showed that FaSSGF and FaSSIF-V2 mixed micelles were large 

and slowly diffusing (diffusivities about 2×10-8 cm2/s and 12×10-8 cm2/s, respectively), 

compared to free drug (about 7×10-6 cm2/s), although were smaller and more rapidly 

diffusing compared to drug-bound fat globules and mixed micelles from FeSSGF and 

FeSSIF-V2 (about 1×10-9 cm2/s and 7×10-8 cm2/s, respectively). Dissolution 

enhancement in FaSSGF and FaSSIF-V2 was the same as solubility enhancement, which 

was minimal. FaSSGF and FaSSIF-V2 practically did not enhance drug dissolution, since 

solubility was at best minimally increased, but also since micelles were relatively slowly 

diffusing relative to free drug diffusivity. 

                                                 
5 Jamil R, Polli JE. Prediction of In Vitro Drug Dissolution into Fasted state Biorelevant Media: 

Contributions of Solubility Enhancement and Relatively Low Colloid Diffusivity. Manuscript Submitted to 

European Journal of Pharmaceutical Sciences. 2022. 
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3.2.2. Introduction 

 Biorelevant media were devised to compositionally mimic physiological fluids of 

the gastrointestinal tract. In particular, they are advantageous in their ability to mimic 

fluids in the fasted and fed state (34). Biorelevant media to mimic the fasted state include 

fasted state simulated gastric fluid (FaSSGF) and fasted state simulated intestinal fluid 

version 2 (FaSSIF-V2) (21). Due to their inclusion of bile components, dietary lipids, 

lipid digestion products, and osmolality, biorelevant media are considered 

compositionally preferred over compendial media (134). Markopoulos et al. have 

suggested a decision tree to aid in formulation development to enable choice of 

biorelevant media based on the complexity desired (62). 

There is a need for models to predict in vitro drug dissolution into biorelevant 

media, including media with surfactant components. Shono et al. measured celecoxib 

solubility in biorelevant and compendial media and performed dissolution on celecoxib 

capsules using USP apparatus 2 (135). The drug was chemically neutral over the test pH 

range. Results reflect that dissolution rate was attenuated relative to solubility. In 

intestinal media, dissolution into FaSSIF-V2 was practically the same as buffer without 

surfactants, although drug solubility in FaSSIF-V2 was 4.8-fold enhanced. In gastric 

media, drug solubility was unchanged in FaSSGF compared to buffer without surfactants. 

Dissolution was also practically unchanged, where both were less than 0.5% dissolved. 

Using pharmaceutical surfactants, Balakrishnan et al. devised a model for 

surfactant-mediated dissolution and showed that enhancement in drug dissolution from 

micellarization is less than solubility enhancement due to drug-loaded micelles exhibiting 

slower diffusivity than free drug diffusivity (41). Directly contributing to this difference 
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between surfactant-mediated solubility enhancement and surfactant-mediated dissolution 

enhancement was micelle size and diffusivity, as well as degree that drug was 

incorporated into micelle. Using pharmaceutical surfactants, dissolution enhancement 

was only a modest fraction of solubility enhancement (e.g., 20-33%), in part reflecting 

the relatively low pharmaceutical surfactants micelle diffusivity (e.g., 0.5-1 × 10-6 cm2/s) 

compared to free drug diffusivity (e.g., about 7×10-6 cm2/s). 

This model for surfactant-mediated dissolution was recently applied to predict the 

in vitro dissolution of three drugs into fed state simulated gastric fluid (FeSSGF) and fed 

state simulated intestinal fluid version 2 (FeSSIF-V2) (92). FeSSGF composition 

includes milk globules, while FeSSIF-V2 includes mixed micelles. Sodium taurocholate, 

lecithin, glyceryl monooleate, and sodium oleate are FeSSIF-V2 components. FeSSGF 

globules and FeSSIF-V2 mixed micelles were large and slow diffusing (diffusivities of 

about 1x10-9 and 7x10-8 cm2/s, respectively), dramatically attenuating dissolution 

enhancement in spite of high solubility enhancement. For example, in FeSSGF, 

griseofulvin exhibited 652-fold solubility enhancement but only a 6.23-fold dissolution 

enhancement due to very large colloids in FeSSGF. Meanwhile, the drug showed a 190-

fold solubility enhancement in FeSSIF-V2 but only 12.7-fold dissolution enhancement. 

The present study extends this work to FaSSGF and FaSSIF-V2. FaSSGF 

includes a low concentration of surfactant components (i.e., 0.80 mM of sodium 

taurocholate and 0.20 mM of lecithin). FaSSIF-V2 includes a greater but still modest 

concentration of surfactant components (i.e., 3 mM of sodium taurocholate and 0.20 mM 

of lecithin). 
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The objective of the present study was to quantitatively assess the contributions of 

biorelevant media-mediated solubility and diffusivity on enhanced drug dissolution in 

FaSSGF and FaSSIF-V2. Using the Wood apparatus, the poorly water-soluble drugs 

griseofulvin, ketoconazole, and ibuprofen were subjected to dissolution into FaSSGF and 

FaSSIF-V2, as well as their corresponding “surfactant-free” media. Solubility 

measurements using the shake-flask method and micelle diffusivity measurements DLS 

in FaSSGF and FaSSIF-V2 biorelevant media employed a previously derived model to 

predict surfactant-mediated in vitro drug dissolution. Results here indicate minimal to no 

solubility and dissolution enhancement due to FaSSGF and FaSSIF-V2 mixed micelles 

being relatively large and slowly diffusing. There was good agreement between predicted 

and observed dissolution enhancement (i.e., essentially no dissolution enhancement by 

FaSSGF and FaSSIF-V2 sodium taurocholate and lecithin components). 

3.2.2.1. Theoretical and Prediction Approach 

The model from Balakrishnan et al. was applied here to predict in vitro drug 

dissolution of griseofulvin, ketoconazole, and ibuprofen using the Woods apparatus into 

FaSSGF and FaSSIF-V2(41).  This same model was recently applied to these same drugs 

into Fed State Simulated Gastric Fluid (FeSSGF) and Fed State Simulated Intestinal 

Fluid-Version 2 (FeSSIF-V2) (92). Briefly, the flux of free drug in surfactant-free or 

colloid-free media is: 

N9 = 0.62�9�/RS#H/TUH/�V�W        (1) 

where JD is the flux of the dissolving drug, DD is the diffusivity of free drug in the 

stagnant diffusion layer, ν is the kinematic viscosity, ω is the rotational speed of the 
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Wood apparatus disk, and [D] is the aqueous drug solubility in micelle-free or colloid 

free media (i.e., free drug solubility). 

The flux of drug-loaded FaSSGF and FaSSIF-V2 mixed micelles is:  
N9#7 = 0.62�9#7�/R S#H/TUH/�V� − <W      (2) 

where DD-M is the diffusivity of drug-loaded mixed micelles, and [D-M] is the 

concentration of drug-loaded mixed micelles. 

Total flux of drug into the bulk solution in biorelevant media (e.g., FaSSGF and FaSSIF-

V2 mixed micelles) is: 

N� = N9 +  ∙ N9#7 = 0.62S#H/TUH/�@�9�/RV�W +  ∙ �9#7�/R V� − <WB  (4) 

where n is the number of drug molecules per fat globule or mixed micelle. Each drug-

loaded mixed micelle contains an average of n number of drug molecules. 

Total drug solubility is: 

V��W = V�W +  ∙ V� − <W        (5) 

where  ∙ V� − <W is the concentration of drug that is FaSSGF or FaSSIF-V2 mixed 

micelle bound. 

The ratio of the concentration of drug that is mixed micelle bound to total drug solubility 

is the mixed micelle drug fraction, fm. The fraction of free drug, ff, is 1- fm, or the ratio of 

free drug solubility versus total drug solubility. 

Total flux of drug in biorelevant media can also be written as: 

N� = 0.62S#H/TUH/�@�[�9�/R + �Y�9#7�/R BV��W     (6) 
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The degree to which surfactants enhance dissolution, ϕ, can be determined by the ratio of 

flux in biorelevant media, Jt, versus flux in media without surfactants, JD. The degree to 

which biorelevant media enhance dissolution is: 

\ = 1 + [][^ ∙ 9_`a
Cb
9_

Cb          (7) 

Derived previously, equation 7 is applied here as a model to predict the extent that 

FaSSGF or FaSSIF-V2 mixed micelles enhance drug dissolution. 

Each drug-loaded mixed micelle is a multimolecular aggregate composed of m 

mixed micelle subunits. A mixed micelle subunit in FaSSGF contains one lecithin 

molecule, the least common component in a FaSSGF mixed micelle, and correspondingly 

four sodium taurocholate molecules. Meanwhile a mixed micelle subunit in FaSSIF-V2 

contains one lecithin molecule, also the least common component in a FaSSIF-V2 mixed 

micelle, and correspondingly 15 sodium taurocholate molecules. Each mixed micelle is 

assumed to be composed of sodium taurocholate and lecithin, reflecting FaSSGF and 

FaSSIF-V2 composition.  

3.2.3. Materials and Methods 

3.2.3.1 Materials 

Ketoconazole (Acros Organics, NJ), ibuprofen (Acros Organics, NJ), griseofulvin 

(Alfa Aesar, UK) were commercially obtained. FaSSGF and FaSSIF-V2 powders were 

obtained from Biorelevant.com Ltd (London, UK). 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).  

3.2.3.2 Media Fabrication 
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FaSSGF and FaSSIF-V2 were fabricated as previously described(35,77). FaSSGF 

and FaSSIF-V2 media was prepared by reconstitution of a lyophilized powder into a 

buffer solution that maintained a pH of 1.6 for FaSSGF media and pH of 6.5 for FaSSIF-

V2 media. Additionally, surfactant-free (i.e., “no surfactant”) FaSSGF-NS and FaSSIF-

V2-NS media were prepared from scratch using the composition of FaSSGF and FaSSIF-

V2, respectively, but omitting surfactants sodium taurocholate and lecithin while still 

maintaining target pH. Tables S1-S4 in Appendix D describe the composition of all four 

media. Final media was degassed using building-supplied vacuum (65). 

3.2.3.3 Drug Solubility  

Equilibrium drug solubilities were measured in all four media (i.e., FaSSGF, 

FaSSIF-V2, FaSSGF-NS, and FaSSIF-V2-NS). Excess of ibuprofen, ketoconazole, or 

griseofulvin in each media was equilibrated with shaking and placed in a heated water 

bath maintained at 37°C. Solubility studies were conducted in triplicate. Samples were 

withdrawn at 24 h after confirming that the final pH matched target pH. Filtered samples 

of the drug in each media were quantified using HPLC.  

3.2.3.4 Kinematic Viscosity 

Prediction of in vitro dissolution flux into FaSSGF and FaSSIF-V2 using eqn 6 

required kinematic viscosity, v. Dynamic viscosity of FaSSGF and FaSSIF-V2 was 

measured using a Discovery HR20 Rheometer (TA Instruments; New Castle, DE). The 

kinematic viscosity of FaSSGF and FaSSIF-V2 were then computed to be 0.00707 

(±0.00001) cm2/s at 37°C and 0.00724 (±0.00003) cm2/s at 37°C, respectively. 

3.2.3.5. Dynamic Light Scattering 
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 Diffusivity of drug-loaded micelles in FaSSGF and FaSSIF-V2 were measured 

using DLS based on the method of cumulants. DLS employed a Zetasizer Nano ZSP 

(Malvern Instruments; Westborough, MA). Samples of drug in media were prepared 

based on the shake-flask method, and then set to incubate at 37°C for 24 hours. pH was 

checked. Each solution was centrifuged at 10,000 revolutions per min (RPM) for five min 

at 4°C to obtain drug-loaded micelles. Samples were diluted 10-fold with water. DLS 

measurements were performed at 37°C with a refractive index value of 1.330 and 

viscosity setting of water (i.e., 0.006922 g/cm∙s or 0.686 cP). 

Diffusivities of drug-loaded FaSSGF or FaSSIF-V2 were computed using the 

Stokes-Einstein equation � = Gc)
Tde3 where kB is Boltzmann’s Constant, T is the absolute 

temperature, η is the dynamic viscosity of the biorelevant media at 37°C, and r is the 

hydrodynamic radius. 

3.2.3.6. Intrinsic Dissolution Studies 

Intrinsic dissolution of ketoconazole, ibuprofen, and griseofulvin in each FaSSGF, 

FaSSGF-NS, FaSSIF-V2, and FaSSIF-V2-NS was performed at 150 RPM at 37°C using 

the Wood’s apparatus, as previously described (92). The Wood apparatus consisted of a 

traditional dissolution apparatus (Hanson Virtual Instruments SR8 Plus; Chatsworth, 

CA), with each spindle fitted with a Wood apparatus die. Ketoconazole, ibuprofen, or 

griseofulvin (200 mg) was compressed into a circular disc in a Carver press (2000 psi) 

such that a constant surface area (0.95 cm2) was exposed to the dissolution medium. The 

dissolution media (500 mL) was identical in composition to the media used in solubility 

studies. Samples were withdrawn via a syringe at designated time points without 
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replacement over 48 h and analyzed by HPLC. HPLC analysis was conducted as 

previously described (92). 

For the purpose of predicting in vitro dissolution into FaSSGF and FaSSIF-V2, 

the free drug diffusivity, DD, for griseofulvin, ketoconazole, and ibuprofen was 5.70 

(±1.21)×10-6, 8.80 (±2.34)×10-6, and 6.08 (±1.08)×10-6 cm2/s, respectively. These values 

were measured previously in intrinsic dissolution studies in surfactant and colloid-free 

fed state simulated gastric fluid without milk (FeSSGF-NM) (92). 

3.2.3.7. Number of Drug Molecules Per Mixed Micelle in FaSSGF or FaSSIF-V2 

 Griseofulvin, ketoconazole, and ibuprofen dissolution previously showed 

adherence to Levich conditions, including into biorelevant media (92). Hence, solubility 

and DLS data here were applied to estimate the number of drug molecules per mixed-

micelle (i.e. n), as previously described (92). 

 Briefly, for each FaSSGF and FaSSIF-V2, the number of mixed-micelle-

entrapped drug molecules in 1L of drug-loaded mixed-micelle was calculated from 

solubility data. Next, the diameter of drug-loaded mixed-micelle was measured by DLS; 

drug-loaded mixed-micelle weight was calculated per 1L of media, assuming a spherical 

particle and a density of 1g/ mL; and then the number of mixed-micelles per 1L of media 

was estimated, assuming each mixed-micelle is composed of bound drug and surfactant. 

Finally, the number of drug molecules per mixed-micelle (i.e., n) was calculated by 

dividing the number of mixed-micelle-entrapped drug molecules in 1L of drug-loaded 

media by the number of mixed-micelles per 1L of media. 

 Appendix D Table S1 and S2 list the composition of FaSSGF and FaSSIF-V2, 

respectively, with each having sodium taurocholate and lecithin as the surfactant 
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components. There were 0.0541 grams of surfactant per 1 L of FaSSGF (0.0413 g sodium 

taurocholate and 0.0129 g lecithin) and 1.676 grams of surfactant per 1 L of FaSSIF-V2 

(1.547 g sodium taurocholate and 0.129 g lecithin). 

 Also, with a view to understand the stoichiometry between drug micellization and 

FaSSIF-V2 composition, “aggregation number” calculations were performed here for 

FaSSIF-V2, as previously described for FeSSIF-V2 (92). Like FeSSIF-V2, “aggregation 

number” calculations for FaSSIF-V2 complicated here by FaSSIF-V2 mixed micelles 

containing both sodium taurocholate and lecithin surfactant components, in contrast to 

single-composition pharmaceutical surfactant systems (41). Here, it was assumed that all 

FaSSIF-V2 surfactant components (i.e., sodium taurocholate and lecithin) contribute in a 

proportional fashion to each micelle. On a molar basis, lecithin is the least common 

component in FaSSIF-V2. Hence, a FaSSIF-V2 micelle subunit was defined as an 

assembly of FaSSIF-V2 components composed of one molecule of lecithin and a 

proportionate number of sodium taurocholate. As discussed below, a FaSSIF-V2 micelle 

subunit was taken to be the 1 molecule of lecithin, along with 15 molecules of sodium 

taurocholate. Here, “aggregation number” m is denoted to be the number of FaSSIF-V2 

micelle subunits that are incorporated into a drug-loaded micelle. As previously 

conducted for drug in simple single-composition pharmaceutical surfactant systems, 

values for n and m are computed here for FaSSIF-V2, with the main intent to understand 

the stoichiometry between drug micellization and FaSSIF-V2 composition, relative to 

more simple systems.  
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3.2.4. Results 

3.2.4.1 Free Drug Solubility 

Table 3.2.1 lists the drug solubility of griseofulvin, ketoconazole, and ibuprofen 

solubility in the presence (i.e., FaSSGF and FaSSIF-V2) and absence (i.e., FaSSGF-NS 

and FaSSIF-V2-NS) of surfactants.  

Table 3.2.1. Drug solubility in FaSSGF, FaSSGF-NS, FaSSIF-V2, and FaSSIF-V2-NS 
media. 

FaSSGF-NS and FaSSIF-V2-NS lacked surfactant components. Solubilities here agree with literature 

solubility values for griseofulvin13, ketoconazole, and ibuprofen. 

The solubilities of griseofulvin, ketoconazole, and ibuprofen in FaSSGF-NS were 

0.0332, 20.4, and 0.0904 mM, respectively. The aqueous solubilities of griseofulvin, 

ketoconazole, and ibuprofen in FaSSIF-V2-NS were 0.0335, 0.0143, and 2.75 mM, 

respectively. 

3.2.4.2. Effect of Surfactants on Drug Solubility in FaSSGF 

Table 3.2.1. lists griseofulvin, ketoconazole, and ibuprofen solubility in FaSSGF. 

The solubilities of griseofulvin, ketoconazole, and ibuprofen in FaSSGF were 0.0352, 

21.0, and 0.105 mM, respectively, and at best minimally greater than solubility in 
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FaSSGF-NS. In Figure 3.2.1, FaSSGF enhanced griseofulvin, ketoconazole, and 

ibuprofen solubility by 1.06-fold, 1.03-fold, and 1.16-fold, respectively (i.e., at most 

minimally). A fold enhancement of unity is indicative of no enhancement. This very 

small enhancement reflects the low surfactant level in the stomach. FaSSGF contains 

0.080 mM sodium taurocholate and 0.020 mM of lecithin, providing a total surfactant 

concentration of 0.1 mM (Appendix D Table S1). The molar ratio of sodium taurocholate 

to lecithin in FaSSGF is 4:1.  

Figure 3.2.1. Enhancement of drug solubility and dissolution by FaSSGF. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 1.06 (±0.02), 1.03 

(±0.03) and 1.16 (±0.02), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 1.15 (±0.29), 1.08 (±0.13), and 1.05 (±0.29), respectively. 

Table 3.2.1. lists the fractions of drug that are free in solution (ff) and mixed 

micelle-incorporated (fm) in FaSSGF. Minimal amounts of griseofulvin, ketoconazole, 

and ibuprofen were incorporated into mixed-micelle (i.e., fm values of 0.0558, 0.0287, 

and 0.137, respectively).  
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3.2.4.3. FaSSGF Mixed Micelle Size and Drug Incorporation 

The average number of drug molecules per mixed micelle, n, can be estimated 

from solubility studies and the average size of a FaSSGF mixed micelle, as previously 

performed for FeSSIF-V2 (92). The diameter of griseofulvin, ketoconazole, and 

ibuprofen-loaded FaSSGF mixed micelles were 436 (±38), 211 (±62), and 830 (±12) nm, 

respectively. Polydispersity indexes were below 0.3. Klumpp et al. measured the particle 

sizes in FaSSIF-V1, FaSSIF-V2, FaSSIF-V3, and FeSSIF-V1 and found many colloidal 

particle structures, including micelles and unilamellar vesicles(136). However, sizing in 

FaSSGF was not viable, due to the low concentrations of particles, as FaSSGF only 

contains a total surfactant concentration of 0.1 mM(136). 

In Appendix D Table S5, n was 938,000, 4,790,000, and 45,400,000 for 

griseofulvin, ketoconazole, and ibuprofen, respectively. FaSSGF mixed micelles are 

significantly larger than micelles formed by pharmaceutical surfactants, as well as 

FaSSIF-V2 per below, and can therefore accommodated a greater number of drug 

molecules per micelle.  

Estimates of the aggregation number of mixed micelle subunits, m, is also listed 

in Appendix D Table S5, as previously performed for FeSSIF-V2 (92). The aggregation 

number m was 9,660,000, 1,100,000, and 66,600,000 for micelles containing 

griseofulvin, ketoconazole, and ibuprofen, respectively. 

3.2.4.4 Predicted and Observed Drug Dissolution into FaSSGF 

 Equation 6 and 7 allows the a priori prediction of the degree that FaSSGF 

enhance dissolution. Equation 7 assumes Levich hydrodynamic conditions and requires 

estimates for ff, fm, DD, and DD-M. ff and fm values from solubility studies are listed in 
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Table 3.2.1. Previously measured DD from intrinsic dissolution of griseofulvin, 

ketoconazole, and ibuprofen into FeSSGF-NM media were applied and were 5.70×10-6, 

8.80×10-6, and 6.08×10-6 cm2/s, respectively (92). That is, DD was about 7×10-6 cm2/s for 

each drug. DD-M values were measured from DLS and tabulated in Table 3.2.2.  

Table 3.2.2. Diffusivity in FaSSGF and FaSSIF-V2 

DD, for griseofulvin, ketoconazole, and ibuprofen was 5.70×10-6, 8.80×10-6, and 6.08×10-6 cm2/s. (Jamil 

and Polli, 2022). DD-M was estimated from dynamic light-scattering (DLS) studies of drug in FaSSGF or 

FaSSIF-V2. The radii of griseofulvin, ketoconazole, and ibuprofen-saturated FaSSGF from DLS were 218 

(±19), 106 (±31), and 415 (±6) nm, respectively, such that DD-M of FaSSGF mixed micelles was about 

2×10-8 cm2/s. The radii of griseofulvin, ketoconazole, and ibuprofen-saturated FaSSIF-V2 from DLS were 

31.9 (±0.4), 26.8 (±0.2), and 23.6 (±0.9) nm, respectively, such that DD-M of FaSSIF-V2 mixed micelles 

was about 12×10-8 cm2/s. For griseofulvin, ketoconazole, and ibuprofen, DD / DD-M ratio of drug-loaded 

FaSSGF mixed micelles was 381, 250, and 786, respectively. For griseofulvin, ketoconazole, and 

ibuprofen, DD / DD-M ratio of drug-loaded FaSSIF-V2 mixed micelles was 58.0, 75.3, and 45.6, 

respectively. 

DD-M were 1.50×10-8, 3.52×10-8, and 0.773×10-8 cm2/s for griseofulvin, ketoconazole, and 

ibuprofen, respectively. Their rank order was ketoconazole > griseofulvin > ibuprofen, 

although each DD-M was about 2×10-8 cm2/s. DD-M of griseofulvin, ketoconazole, and 

ibuprofen was about 381-fold, 250-fold, and 786-fold lower than its corresponding DD, 

respectively. 

 From equation 7, predictions of dissolution enhancement in FaSSGF, or ϕ, are 

listed in Table 3.2.3.  
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Table 3.2.3. Diffusivities of drug-loaded FaSSGF micelles and FaSSIF-V2 micelles 

Diffusivities of drug-loaded FaSSGF micelles and FaSSIF-V2 micelles, and a priori prediction of 

dissolution fold-enhancement of FaSSGF and FaSSIF-V2. 

Relative to FaSSGF-NS, FaSSGF was predicted to not enhance dissolution of 

griseofulvin, ketoconazole, or ibuprofen (i.e., predicted to be enhanced 1.00-fold). 

Observed dissolution enhancement agreed with predictions. Figure 3.2.2. plots predicted 

and observed dissolution enhancement versus observed solubility enhancement. ϕ 

underpredicted dissolution enhancement in each case, but this underprediction was not 

significant, as even the largest observed dissolution enhancement was only 1.15-fold (for 

griseofulvin). While equation 6 and 7 emphasizes the role of both surfactant-mediated 

solubility and micelle diffusivity in contributing to the degree of overall enhancement in 
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drug dissolution, drug solubilization was sufficiently low to result in at best a low degree 

of dissolution enhancement by FaSSGF.  

 

Figure 3.2.2. Plot of predicted and observed dissolution fold-enhancement versus 
observed solubility fold-enhancement of griseofulvin, ketoconazole, and ibuprofen in 

FaSSGF. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 1.06 (±0.02), 1.03 

(±0.03) and 1.16 (±0.02), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 1.15 (±0.29), 1.08 (±0.13), and 1.05 (±0.29), respectively. Predicted fold dissolution 

enhancement for griseofulvin, ketoconazole, and ibuprofen were 1.00, 1.00, and 1.00, respectively (i.e., no 

notable dissolution enhancement). 

Figure 3.2.3 illustrates a contour plot for the dependence of dissolution 

enhancement, ϕ, on drug fraction in FaSSGF micelles, fm. fm is plotted for only low levels 

of drug incorporation into FaSSGF micelle, between 0% and 20%, since FaSSGF has low 

surfactant concentration. Each curve corresponds to griseofulvin, ketoconazole, and 

ibuprofen, which differ in their values of DD/DD-M (i.e., 351, 250, and 786, respectively). 

Even with solubilization achieving fm value of 0.2, there is not even a 1.01-fold increase 

in dissolution for any of the scenarios. That is, even a low level of drug incorporation into 

FaSSGF micelles – which may be difficult to attain – results in practically no dissolution 

enhancement in FaSSGF. Hence, these contour plots emphasize that FaSSGF, compared 



166 
 

to corresponding media without surfactant, may afford no dissolution enhancement for 

some drugs.  

Figure 3.2.3. Contour plot of dependence of griseofulvin, ketoconazole, and ibuprofen 
dissolution enhancement on drug fraction in micelles (fm) in FaSSGF biorelevant media. 

Values for fm from solubility data are 0.0558, 0.0287, and 0.137 for griseofulvin, ketoconazole, and 

ibuprofen, respectively. From eqn 7, ϕ is the degree that dissolution is enhanced by mixed micelles in 

FaSSGF. This plot only considers low levels of drug incorporation into mixed micelle (0% < fm < 20%) on 

the x-axis. Each drug differed in their ratio of DD-M / DD (i.e., 381, 250, and 786 for griseofulvin, 

ketoconazole, and ibuprofen, respectively). Even when fm achieves 20%, there is less than a 1% 

enhancement in dissolution in FaSSGF due to micelles. 

3.2.4.5. Effect of Surfactants on Drug Solubility in FaSSIF-V2 

Table 3.2.1. lists griseofulvin, ketoconazole, and ibuprofen solubility in FaSSIF-

V2 and were 0.0345, 0.0160, and 2.97 mM, respectively. Compared to FaSSIF-V2-NS, 

FaSSIF-V2 minimally enhanced drug solubility. In Figure 3.2.4., FaSSGF enhanced 

griseofulvin, ketoconazole, and ibuprofen solubility by 1.03-fold, 1.12-fold, and 1.08-

fold, respectively.  
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Figure 3.2.4. Enhancement of drug solubility and dissolution by FaSSIF-V2. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 1.03 (±0.02), 1.12 

(±0.08), and 1.08 (±0.02), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 1.07 (±0.05), 1.07 (±0.11), and 1.17 (±0.06), respectively. 

This very small enhancement reflects the modest surfactant level in the fasted 

intestine. FaSSIF-V2 contains 3 mM sodium taurocholate and 0.2 mM of lecithin, 

providing a total surfactant concentration of 3.2 mM (Appendix D Table S1). The molar 

ratio of sodium taurocholate to lecithin in FaSSIF-V2 is 15:1. In Table 3.2.1, fm in 

FaSSIF-V2 for griseofulvin, ketoconazole, and ibuprofen were generally low like for 

FaSSGF and were 0.0228, 0.105, and 0.0736, respectively. 

3.2.4.6. FaSSIF-V2 Mixed Micelle Size and Drug Incorporation 

Like above for FaSSGF, the average number of drug molecules per mixed 

micelle, n, was estimated. The diameter of griseofulvin, ketoconazole, and ibuprofen-

loaded FaSSGF mixed micelles were 63.8 (±0.8), 53.6 (±0.4), and 47.2 (±2) nm, 

respectively. Polydispersity indexes were below 0.3. Klumpp et al. found FaSSIF-V1 and 

FaSSIF-V2 particle sizes to be approximately 40 nm and 70 nm, respectively (136). 
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Elvang et al. also measured FaSSIF-V1 particle sizes using asymmetrical flow field-flow 

fractionation and found mixed micelles to be in the range of 30-70 nm(99). Additionally, 

Clulow et al. measured FaSSIF-V1 mixed micelles to be approximately 48 nm(119). 

In Appendix D Table S6, n was 48, 49, and 4160 for griseofulvin, ketoconazole, 

and ibuprofen, respectively. FaSSSF-V2 mixed micelles are significantly larger than 

micelles formed by pharmaceutical surfactants and can therefore accommodated a greater 

number of drug molecules per micelle. Estimates of the aggregation number of mixed 

micelle subunits, m, is also listed in Appendix D Table S6. The aggregation number m 

was 9770, 5790, and 3910 for griseofulvin, ketoconazole, and ibuprofen, respectively. 

3.2.4.7. Predicted and Observed Drug Dissolution into FaSSIF-V2 

 Equation 6 and 7 allows the a priori prediction of the degree that micelle species 

in FaSSIF-V2 enhance dissolution. ff and fm values from solubility studies are listed in 

Table 3.2.1. As above, DD for griseofulvin, ketoconazole, and ibuprofen were about 

7×10-6 cm2/s. In Table 3.2.2, DD-M values in FaSSIF-V2 from DLS were 9.82×10-8, 

11.7×10-8, and 13.3×10-8 cm2/s for griseofulvin, ketoconazole, and ibuprofen, 

respectively, or about 12x10-8 cm2/s. DD-M of griseofulvin, ketoconazole, and ibuprofen 

was about 58.0-fold, 75.2-fold, and 45.7-fold lower than its corresponding DD, 

respectively. 

 From equation 7, predictions of dissolution enhancement in FaSSIF-V2 are listed 

in Table 3.2.3. Relative to FaSSIF-V2-NS, FaSSIF-V2 was predicted to essentially not 

enhance dissolution of any of the three drugs (i.e., ϕ predicted to be 1.00 or 1.01). 

Observed dissolution enhancement agreed with predictions. Figure 3.2.5 plots predicted 

and observed dissolution enhancement versus observed solubility enhancement. 
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Figure 3.2.5. Plot of predicted and observed dissolution fold-enhancement versus 

observed solubility fold-enhancement of griseofulvin, ketoconazole, and ibuprofen in 

FaSSIF-V2. 

Observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 1.03 (±0.02), 1.12 

(±0.08), and 1.08 (±0.02), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, 

and ibuprofen were 1.07 (±0.05), 1.07 (±0.11), and 1.17 (±0.06), respectively. Predicted fold dissolution 

enhancement for griseofulvin, ketoconazole, and ibuprofen were 1.00, 1.01, and 1.01, respectively (i.e., no 

notable dissolution enhancement). 

As for FaSSGF, ϕ for FaSSIF-V2 underpredicted dissolution enhancement in each case, 

but this underprediction was not significant, as even the largest observed dissolution 

enhancement was only 1.17-fold (for ibuprofen). While equation 6 and 7 emphasizes the 

role of both surfactant-mediated solubility and micelle diffusivity in contributing to the 

degree of overall enhancement in drug dissolution, drug solubilization was sufficiently 

low to result in at best a low degree of dissolution enhancement by FaSSIF-V2. 

Figure 3.2.6 illustrates a contour plot for the dependence of ϕ on FaSSIF-V2 fm. fm 

is plotted for only low levels of drug incorporation into FaSSIF-V2 micelle, between 0% 

and 20%, given observations here.  
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Figure 3.2.6. Contour plot of dependence of griseofulvin, ketoconazole, and ibuprofen 

dissolution enhancement on drug fraction in micelles (fm) in FaSSIF-V2 biorelevant 

media. 

Values for fm from solubility data are 0.0288, 0.105, and 0.0736 for griseofulvin, ketoconazole, and 

ibuprofen, respectively. From eqn 7, ϕ is the degree that dissolution is enhanced by mixed micelles in 

FaSSIF-V2. This plot only considers low levels of drug incorporation into mixed micelle (0% < fm < 20%) 

on the x-axis. Each drug differed in their ratio of DD-M / DD (i.e., 58.0, 75.3, and 45.6 for griseofulvin, 

ketoconazole, and ibuprofen, respectively).  Even when fm achieves 20%, there is at most a 2% 

enhancement in dissolution from surfactants in FaSSIF-V2. 

Each curve corresponds to griseofulvin, ketoconazole, and ibuprofen, which differ 

in their values of DD/DD-M (i.e., 58.0, 75.2, and 45.7, respectively). Even with 

solubilization achieving fm value of 0.2, there is not even a 1.02-fold increase in 

dissolution for any of the scenarios. Like for FaSSGF, these contour plots emphasize that 

FaSSIF-V2, compared to corresponding media without surfactant, may provide 

essentially no dissolution enhancement for some drugs. 

3.2.5. Discussion 

3.2.5.1. Nature of Fasted Biorelevant Media-Mediated Dissolution and Future Directions 

 The applicability of equation 9 to drug dissolution in FaSSGF and FaSSIF-V2 

suggest that the model and assumptions can accurately predict biorelevant-media 

mediated dissolution enhancement in fasted state gastric and intestinal media (i.e., 
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FaSSGF and FaSSIF-V2) over their non-surfactant counterparts (i.e., FaSSGF-NS and 

FaSSIF-V2-NS). Previously, dissolution into pharmaceutical surfactants and fed state 

biorelevant media increased compared to their surfactant-free counterparts, although not 

as much as solubility increased(41,92). Pharmaceutical surfactants only enhanced drug 

dissolution about one-third (or less), compared to solubility enhancement; dissolution 

enhancement into fed state biorelevant media was often even less efficient [i.e., usually 

only about one-tenth (i.e., 10%) of the solubility enhancement]. Here, FaSSGF and 

FaSSIF-V2 did not practically enhance dissolution over their surfactant-free media, 

although was successfully predicted. 

Equation 9 considers the benefit of mixed micelle solubilization of drug (fm/ff) and 

the attenuation of low mixed micelle diffusivity (
9_`aC/b
9_C/b �. FaSSGF and FaSSIF-V2 mixed 

micelles solubilized minimal amounts of drug. For FaSSGF, at most 14% of solubilized 

drug was mixed-micelle-bound (ibuprofen), resulting in an fm/ff as high as 0.159 (Table 

3.2.3). For FaSSIF-V2, at most 11% of solubilized drug was mixed-micelle-bound 

(ketoconazole), resulting in an fm/ff as high as 0.118 (Table 3.2.3). About 938,000, 

4,790,000, and 45,400,000 molecules of griseofulvin, ketoconazole, and ibuprofen were 

incorporated into individual FaSSGF mixed-micelles, respectively (Table 3.2.2). About 

48, 49, and 4160 molecules of griseofulvin, ketoconazole, and ibuprofen were 

incorporated into individual FaSSIF-V2 mixed micelles, respectively (Table 3.2.3). In 

contrast, about 3.26×1010, 1.33×108, 1.75×109 molecules of griseofulvin, ketoconazole, 

and ibuprofen, respectively, incorporated into individual FeSSGF fat globules; and about 

292,000, 4000, and 30,400 molecules of griseofulvin, ketoconazole, and ibuprofen, 

respectively, incorporated into individual FeSSIF-V2 mixed micelles (92). From values 
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of n for FaSSGF (i.e., about 1-45 million), it may appear that large amount of drug is 

mixed-micelle-bound, but fm reflects otherwise. Rather, these large values mostly reflect 

the large size of FaSSGF micelles. 

3.2.6. Conclusions 

In vitro dissolution in FaSSGF and FaSSIF-V2 aims to be predictive of in vivo 

drug dissolution, in part to improve the design of dissolution test conditions for poorly 

water-soluble drugs through more physiologically relevant composition. Studies here 

employed the Wood apparatus. The surfactant systems in FaSSGF and FaSSIF-V2 did 

not significantly enhance dissolution or solubility. Previously, in pharmaceutical 

surfactants, dissolution enhancement was observed to be about one-third (or less) of 

solubility enhancement. In fed state biorelevant media, dissolution enhancement was 

usually about 10% compared to solubility enhancement. In fasted state biorelevant media 

here, dissolution enhancement was the same as solubility enhancement since there was 

minimal solubility enhancement. 
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Chapter 3.3: Prediction of Food Effect On In Vitro Drug Dissolution Into 

Biorelevant Media: Contributions of Solubility Enhancement and Relatively Low 

Colloid Diffusivity6 

 

3.3.1. Abstract 

 A prior model that showed good predictability for fed state and fasted state 

biorelevant media was extended to predict the degree to which fed state biorelevant 

media (i.e. FeSSGF and FeSSIF-V2) enhanced drug dissolution over fasted state 

biorelevant media (FaSSGF and FaSSIF-V2): \[++� = {^|}ZF/~
{^t�F/~ ∙

�[^,^t�9_C/bK[],^t�9_`a,^t�C/b ��9Z,^t��
�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b ��9Z,^|}Z� where φfood is the degree by which fed state biorelevant 

media enhanced drug dissolution over fasted state biorelevant media, vfast and vfed are the 

kinematic viscosities of fasted and fed biorelevant media, ff,fast and ff,fed are the fraction of 

free drug in fasted and fed biorelevant media, fm,fast and fm,fed are the fraction of drug in 

fasted and fed mixed micelles (or fat globules in FeSSGF), DD is the free drug diffusivity, 

DD-M, fast and DD-M, fed are the fasted and fed mixed micelle (or fat globule) diffusivity, and 

[Dt,fast] and [Dt,fed] are the total drug solubilities in fasted and fed state biorelevant media, 

respectively. Solubility, particle size measurement, and intrinsic dissolution studies were 

performed for model BCS Class II drugs griseofulvin, ketoconazole, and ibuprofen each 

in FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 to compare observed versus predicted 

dissolution enhancement in fed state over fasted state biorelevant media. In-vitro 

dissolution was many fold lower in fed media over fasted media indicating the role of 

micellar and fat-globule diffusivity in attenuating the expected solubility enhancement. 

                                                 
6 Jamil R, Polli JE. Prediction of Food Effect On In Vitro Drug Dissolution Into Biorelevant Media: 

Contributions of Solubility Enhancement and Relatively Low Colloid Diffusivity. Manuscript Submitted to 

European Journal of Pharmaceutical Sciences. 2022. 
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Results of φfood agreed with what was observed and were also corroborated by reported 

food effects in vivo for griseofulvin, ketoconazole, and ibuprofen. However, the utility of 

the presented model is to only predict food effects on in vitro dissolution using 

biorelevant media, and not in vivo food effects. 

3.3.2. Introduction 

 Food effect pharmacokinetic studies are often required since prediction of food 

effect is challenging (ref). In the stomach, food increases pH, pepsin and gastric lipase 

activity, acid secretion, stomach luminal volume, gastric motility, and gastric residence 

time. In the small intestine, food increases luminal bile salt concentrations and pancreatic 

lipase activity, viscosity, and osmolality (137,138). A positive food effect provides a 

greater systemic exposure of the drug in the fed state than fasted state. A negative food 

effect yields a lower systemic exposure in the fed state. 

For orally-administered drugs with low solubility and high intestinal permeability, 

oral absorption can be dissolution rate-limited or even solubility-limited(139). A 

mechanism for food-enhanced bioavailability is drug solubilization by bile and food 

components(140,141). Phospholipid-bile salt mixed micelles that are formed due to 

increased bile secretion in the postprandial state can enhance the absorption of poorly 

soluble drugs(142). Biorelevant media that mimic physiological fluids in the stomach and 

small intestine in the fed and fasted state have been devised and include fasted state 

simulated gastric fluid (FaSSGF), fed state simulated gastric fluid (FeSSGF), fasted state 

simulated intestinal fluid (FaSSIF-V2), and fed state simulated intestinal fluid (FeSSIF-

V2)(21,34). 
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 In a retrospective analysis of 22 drugs and drug candidates that had been 

pharmacokinetically assessed for food effect in humans, Mathias et al. used in vitro 

dissolution testing of drug candidates in FeSSIF-V1 and FeSSIF-V1 to develop a 

predictive pharmacokinetic model(143). A vast majority of study drugs were lowly 

soluble (i.e., BCS class 2 or 4). Interestingly, except for triclabendazole, all drugs show a 

less than 4.5-fold in vitro dissolution enhancement in FeSSIF-V1 compared to FaSSIF-

V2. Among this larger dataset, dissolution profiles for two compounds, BMS-C and 

BMS-P, were shown, and dissolution was more rapid in FeSSIF-V1 and FaSSIF-V1. 

BMS-P solubility was 15-fold higher in FeSSIF-V1 than FaSSIF-V1, and about 4.0-fold 

faster dissolving in FeSSIF-V1 than FaSSIF-V1.  Compared to solubility enhancement in 

fed over fasted media, dissolution enhancement was attenuated to only about 27% (i.e., 4-

fold versus 15-fold) of what solubility alone may predict. 

We previously conducted solubility and dissolution studies of the low solubility 

drugs griseofulvin, ketoconazole, and ibuprofen in FaSSGF, FeSSGF, FaSSIF-V2, and 

FeSSIF-V2 (92,144). Dissolution was conducted using the rotating disk system (i.e. 

Wood’s apparatus), since Levich provided a solution to the convective diffusion problem 

of a rotating disk(145,146). Balakrishnan et al. extended the Levich model of drug 

dissolution to include surfactant-mediated dissolution(41). Our previous studies of low 

solubility drugs in FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 employed this model 

and successfully predicted in vitro drug dissolution into these biorelevant media (92,144). 

Predictions focused on the role – including sometimes limited role – of mixed-micelles 

and milk fat globules in these biorelevant media on any enhanced dissolution, compared 

to corresponding media without mixed-micelles and/or milk. For example, griseofulvin 
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exhibited 190-fold and 12.7-fold enhancement in solubility and dissolution, respectively, 

in FeSSIF-V2 compared to corresponding “surfactant-free” or “no surfactant” FeSSIF-V2 

media (i.e., compared to FeSSIF-V2-NS). 

These studies focused on mechanistic elements of drug dissolution into 

biorelevant media, such as the role of colloid (e.g., mixed micelle) diffusivity and did not 

compare fed versus fasted media results. These studies did not examine biorelevant 

media to anticipate food effect. It should be noted that differences between fed and fast 

media are not only concentrations of surfactants, but also types of surfactants and pH. 

Analysis here examines these prior findings of griseofulvin, ketoconazole, and ibuprofen 

to anticipate enhanced in vitro dissolution in fed and versus fasted media. An immediate 

goal here is not to predict in vivo food effect. Rather, the degree of enhanced in vitro 

dissolution in fed medium versus fasted medium is the focus, with the promise that 

mechanistic prediction of in vivo food effect will benefit by the ability to predict in vitro 

food effect. 

The present study compares fed versus fasted media, where each contains colloid; 

this dissolution enhancement is denoted ϕfood, and attenuation is due to underlying drug 

incorporation into biorelevant media colloid and the relatively slow diffusivities of those 

drug-loaded colloids. 

The objective of the present study is to extend a prior model for dissolution into 

surfactant media to predict food effect on poorly water-soluble drugs. BCS Class II can 

be subdivided into neutral, weak base, and weak acid compounds (8). Griseofulvin, 

ketoconazole, and ibuprofen were used as model drugs to represent each of these 

subdivisions of BCS class II drugs, respectively. Drug dissolution studies were performed 
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in each of the biorelevant media using the Wood apparatus because the hydrodynamics of 

this system are well characterized to allow for the effects of surfactant components in 

biorelevant media to be studied. From solubility studies in all four biorelevant media and 

their respective micelle diffusivity measurements, the extended model predicted the 

degree to which fed media enhanced drug dissolution over fasted media (i.e., the food 

effect on dissolution in the stomach and intestine). In comparing fed versus fasted, in 

vitro dissolution was often many fold lower than may by suggested by solubility alone. A 

dissolution “Attenuation Factor” is discussed, in light of the contributions of solubility 

and colloid diffusivity on the relative dissolution in fed state biorelevant media over 

fasted state biorelevant media (i.e., FeSSGF versus FaSSGF, and FeSSIF-V2 versus 

FaSSIF-V2). The Attenuation Factor was largely dependent on the extent that drug was 

incorporated into fed state colloid (e.g., fat globule in FeSSGF or mixed-micelle in 

FeSSIF-V2). 

3.3.2.1. Dissolution Model Development For Fed Versus Fasted States 

The previously derived model for surfactant-mediated drug dissolution using the 

Wood’s apparatus was used here to predict in vitro drug dissolution(41). In this model, 

total flux of drug in biorelevant media is: 

N� = 0.62S#H/TUH/�@�[�9�/R + �Y�9#7�/R BV��W     (1) 

where Jt is the total flux of dissolving drug, ff is fraction of free drug, fm is fraction of 

drug in biorelevant media colloid (e.g. mixed-micelle, fat globule), DD is the diffusivity 

of free drug in the stagnant diffusion layer, DD-M is the diffusivity of drug-loaded 

biorelevant media colloid, [Dt] is total drug solubility in biorelevant media, ν is the 
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kinematic viscosity, and ω is the rotational speed of the Wood’s apparatus disk (41). Of 

note, ff + fm = 1. 

 For purposes here, with a view to compare dissolution results in fed and fast 

media, this model can be written, for fed and fasted media, as 

N�,[2� = 0.62S[2�#H/TUH/�@�[,[2��9,[2��/R + �Y,[2��9#7,[2��/R B���,[2��   (2) 

N�,[-	� = 0.62S[-	�#H/TUH/�@�[,[-	��9,[-	��/R + �Y,[-	��9#7,[-	��/R B���,[-	��  (3) 

where parameters have the same above meaning, except for their experimental conditions 

(i.e., fed or fasted). For example, for FeSSIF-V2, fm,fed is fraction of drug in FeSSIF-V2 

mixed micelles; DD-M,fed is the diffusivity of drug-loaded FeSSIF-V2 mixed-micelle; and 

[Dt,fed] is total drug solubility in FeSSIF-V2.  

The degree that fed biorelevant media enhances dissolution over fasted 

biorelevant media can be parameterized as the ratio of fed flux versus fasted flux: 

\[++� = yZ,^t�yZ,^|}Z          (4) 

Of note, ϕfood =1 indicates no food effect. ϕfood >1 indicates a positive food effect.   

Substituting eqn 2 and 3 into eq 4, and assuming DD = DD,fed  = DD,fast, yields 

\[++� = {^|}ZF/~
{^t�F/~ ∙ �[^,^t�9_C/bK[],^t�9_`a,^t�C/b ��9Z,^t��

�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b ��9Z,^|}Z�     (5) 

 In prior applications of eqn 1 to pharmaceutical surfactant systems compared to 

buffer, biorelevant fed media compared to buffer, and biorelevant fasted media compared 

to buffer, dissolution enhancement is attenuated by the factor  
9_`a

Cb
9_

Cb   relative to solubility 

enhancement by the colloid system (41,92,144). 
9_`a

Cb
9_

Cb  functioned as an attenuation factor, 
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in that the solubility enhancement afforded by surfactant was not fully manifested as 

enhanced dissolution rate. Rather, compared to solubility enhancement, there was a 

decreased or attenuated dissolution enhancement, and this degree of attenuation was 

predicted by  
9_`a

Cb
9_

Cb . Hence, in those applications, 
9_`a

Cb
9_

Cb  was an “Attenuation Factor”. 

Correspondingly, eqn 5 can be re-written as 

\[++� = {^|}ZF/~
{^t�F/~ ∙ ���� �����  �����f ∙ �9Z,^t��

�9Z,^|}Z�     (6) 

where 

���� �����  �����f = �[^,^t�9_C/bK[],^t�9_`a,^t�C/b �
�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b �.     (7) 

Equation 5 indicates a contribution of relative medium kinematic viscosity, colloid 

incorporation and diffusivity (i.e., attenuation factor), and drug solubilization on in vitro 

dissolution food effect. Assuming fed and fasted kinematic viscosities are similar, or at 

least 
{^|}ZF/~
{^t�F/~  is about unity, eqn 5 simplifies to 

\[++� = �[^,^t�9_C/bK[],^t�9_`a,^t�C/b ��9Z,^t��
�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b ��9Z,^|}Z�      (8) 

or 

\[++� = ���� �����  �����f ∙ �9Z,^t��
�9Z,^|}Z�      (9) 

3.3.3. Materials and Methods  

 Solubility and rotating disk dissolution data in fed and fasted gastric and intestinal 

biorelevant media were previously measured; likewise, in vitro dissolution predictions 
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were previously made (92,144). Contributors to in vitro dissolution predictions were laser 

diffraction measurements and dynamic light scattering (DLS) measurements. 

Viscosity was also previously measured (92,144). Briefly, predictions above use 

kinematic viscosity ν. The kinematic viscosity of FeSSGF, FaSSGF, FeSSIF-V2, and 

FaSSIF-V2 at 37°C were 0.0128 cm2/s, 0.00707 cm2/s, 0.00822 cm2/s, and 0.00724 cm2/s 

respectively. Although eqn 8 and 9, which ignore differences in viscosities, were not used 

here, ignoring 
{^|}ZF/~
{^t�F/~  can be seen to have little impact on results. FeSSGF contains milk 

and exhibited the highest viscosity. 
{^|}ZF/~
{^t�F/~  for gastric and intestinal media is 0.906 and 

0.979, respectively. Ignoring the viscosity differences between FeSSGF and FaSSGF, the 

pair that differed the most in viscosities, would have minimal impact. 

3.3.4. Results 

3.3.4.1. Food Effect in the Stomach 

Table 3.3.1. lists the previously reported solubilities of griseofulvin, ibuprofen, 

and ketoconazole in FeSSGF and FaSSGF, along with ff and fm values (92,144).  
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Table 3.3.1. Drug solubility in biorelevant media 

 

Intestinal media results are also shown and discussed below. Figure 3.3.1. plots 

the fold enhancement of drug solubility in comparing FeSSGF versus FaSSGF. 

Griseofulvin and ibuprofen were many fold more soluble in fed than fasted. Meanwhile, 

ketoconazole is much less soluble in FeSSGF (pH 5.0) than in FaSSGF (pH 1.6), 

reflecting the significant role of ketoconazole’s weakly basic ionization. However, for all 

three drugs, there was relatively low drug incorporation into colloid for FaSSGF (e.g., fm 

< 0.15) and relatively high drug incorporation into colloid for FeSSGF (e.g., fm > 0.85). A 
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major difference between FeSSGF and FaSSGF is the inclusion of milk in FeSSGF, 

although FaSSGF does include low concentrations of sodium taurocholate and lecithin.  

 

Figure 3.3.1. Enhancement of drug solubility and dissolution in FeSSGF over FaSSGF. 

 

pH of FeSSGF and FaSSGF were 5.0 and 1.6, respectively. For FeSSGF over FaSSGF, observed solubility 

enhancement for griseofulvin, ketoconazole, and ibuprofen were 567 (±9), 0.0440 (±0.0081), and 148 

(±10), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, and ibuprofen were 

11.1 (±2.0), 0.00206 (±0.00026), and 10.2 (±2.0), respectively. 

For each drug, there was a large observed difference between relative solubility in 

FeSSGF and FaSSGF and relative in vitro dissolution in FeSSGF and FaSSGF (i.e., 

ϕfood). The food effect for dissolution was much smaller than solubilization. In Figure 

3.3.1., solubility enhancements for griseofulvin and ibuprofen were 567 and 148 for 

FeSSGF over FaSSGF, but dissolution enhancement were only 11.1 and 10.2, 

respectively; dissolution enhancement was only 2% and 7% of solubility enhancement. 

Likewise, for ketoconazole, which is more soluble at low pH than more neutral pH, 

dissolution enhancement was only 5% of solubility enhancement.  
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These modest food effects on in vitro dissolution (i.e., ϕfood) were well predicted. 

That is, the attenuation was well predicted. In Table 3.3.2. and Figure 3.3.2. Plot of 

predicted and observed dissolution enhancement versus observed solubility enhancement 

of griseofulvin, ketoconazole, and ibuprofen for FeSSGF over FaSSGF., there was good 

agreement between observed and predicted dissolution enhancement of FeSSGF over 

FaSSGF, particularly compared to the use of observed solubility enhancement. For 

example, griseofulvin predicted and observed ϕfood were 3.19 and 11.1, compared to 

solubility enhancement of 567. This underprediction of ϕfood for griseofulvin (i.e., 3.19 

versus 11.1) was due to a 2-fold underprediction of observed Jt fed and the 2-fold 

overprediction of observed Jt,fast. Ibuprofen predicted and observed ϕfood were 13.1 and 

10.2, compared to solubility enhancement of 148.  

Table 3.3.2. Diffusivities of free drug and drug-loaded mixed micelles and fat-globules. 

Diffusivities of free drug and drug-loaded mixed micelles and fat-globules, and a priori prediction of 

dissolution enhancement of FeSSGF over FaSSGF. FeSSGF contains milk (i.e., contains fat globules). 
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The two reasons for the modest food effect on in vitro dissolution for the gastric 

condition are largely the same as the attenuated effect in comparing FeSSGF against its 

corresponding media without milk (92). These two reasons are reflected in Attenuation 

Factor (i.e., eqn 7). Table 3.3.2. lists diffusivity values (92,144). FeSSGF globules were 

large and slow diffusing (diffusivities of about 1×10-9 cm2/s,), compared to free drug 

(about 7×10-6 cm2/s). Similarly, FeSSGF globules were large and slow diffusing 

compared to FaSSGF mixed-micelles (about 2×10-8 cm2/s) (144).  

 

Figure 3.3.2. Plot of predicted and observed dissolution enhancement versus observed 
solubility enhancement of griseofulvin, ketoconazole, and ibuprofen for FeSSGF over 

FaSSGF. 

Enhancement is expressed as fold-enhancement of fed over fasted. Observed solubility enhancement for 

griseofulvin, ketoconazole, and ibuprofen were 567 (±9), 0.0440 (±0.0081), and 148 (±10), respectively. 

Observed dissolution enhancement for griseofulvin, ketoconazole, and ibuprofen were 11.1 (±2.0), 0.00206 

(±0.00026), and 10.2 (±2.0), respectively. Predicted fold dissolution enhancement for griseofulvin, 

ketoconazole, and ibuprofen were 3.19, 0.00474, and 13.1, respectively. 

Also, there was relatively low drug incorporation into colloid for FaSSGF (e.g., fm 

< 0.15) and relatively high drug incorporation into colloid for FeSSGF (e.g., fm > 0.85), 

for all three drugs. In FaSSGF, which contains a low number of mixed-micelles from low 

concentrations of sodium taurocholate and lecithin, little drug is incorporated into mixed-
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micelle, which are slowly diffusing. However, in FeSSGF, which is 50% milk, a vast 

majority of drug is incorporated into very slowly diffusing fat globules. Given the very 

high solubilization in fed media, the very large attenuation of a potential positive food 

effect on in vitro dissolution was due to large portions of drug solubilization from 

incorporation into FeSSGF fat droplets, which were very large and slow diffusing 

compared to FaSSGF mixed-micelles. 

3.3.4.2. Food Effect in Intestine Food effect in intestine 

Table 3.3.1. lists the previously reported solubilities of griseofulvin, ibuprofen, 

and ketoconazole in FeSSIF-V2 and FaSSIF-V2, along with ff and fm values (92,144). 

Figure 3.3.3. plots the fold enhancement of drug solubility in comparing FeSSIF-V2 

versus FaSSIF-V2. Griseofulvin and ketoconazole were many fold more soluble in fed 

than fasted. For griseofulvin and ketoconazole, there was relatively low drug 

incorporation into FaSSIF-V2 mixed-micelles (e.g., fm < 0.15) and relatively high drug 

incorporation into FeSSIF-V2 mixed-micelles (e.g., fm > 0.9).  
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Figure 3.3.3. Enhancement of drug solubility and dissolution in FeSSIF-V2 over FaSSIF-

V2. 

pH of FeSSIF-V2 and FaSSIF-V2 were 5.8 and 6.5, respectively. For FeSSIF-V2 over FaSSIF-V2 

observed solubility enhancement for griseofulvin, ketoconazole, and ibuprofen were 165 (±8), 22.7 (±1.6), 

and 2.20 (±0.02), respectively. Observed dissolution enhancement for griseofulvin, ketoconazole, and 

ibuprofen were 11.6 (±0.4), 6.51 (±0.83), and 0.818 (±0.075), respectively. 

A major difference between FeSSIF-V2 versus FaSSIF-V2 is the higher amounts 

of surfactants in FeSSIF-V2 than FaSSIF-V2. FeSSIF-V2 contains 10 mM sodium 

taurocholate and 2 mM lecithin, as well as 5 mM glyceryl monooleate and 0.8 mM 

sodium oleate. Meanwhile, FaSSIF-V2 only 3 mM sodium taurocholate and 0.2 mM 

lecithin as surfactants. Ibuprofen was only about 2-fold more soluble in FeSSIF-V2 (pH 

5.8) than FaSSGF (pH 6.5), reflecting a role of ibuprofen’s weakly acidic ionization. 

Correspondingly, fm for ibuprofen only increased from about 0.07 in FaSSIF-V2 to 0.3 in 

FeSSIF-V2. 

As above for the stomach condition, there was a large observed difference 

between relative solubility in FeSSIF-V2 and FaSSIF-V2 and ϕfood in the intestinal 

condition, particularly for griseofulvin and ketoconazole. The food effect for dissolution 
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was attenuated compared to solubilization. In Fig. 3.3.3, solubility enhancements for 

griseofulvin, ketoconazole, and ibuprofen were 165, 22.7, and 2.20 for FeSSIF-V2 over 

FaSSIF-V2, but dissolution enhancement were only 11.6, 6.51, and 0.818, respectively. 

Dissolution enhancement was only 7% and 29% of solubility enhancement for 

griseofulvin and ketoconazole. Ketoconazole dissolution was not enhanced in FeSSIF-V2 

versus FaSSIF-V2. 

These modest values for ϕfood were well predicted in Table 3.3.3 and Figure 3.3.4. 

There was good agreement between observed and predicted dissolution enhancement of 

FeSSIF-V2 over FaSSIF-V2, particularly compared to observed solubility enhancement 

as a predictor of food effect. For example, griseofulvin predicted and observed ϕfood were 

7.53 and 11.6, compared to solubility enhancement of 165. Ketoconazole predicted and 

observed ϕfood were 2.57 and 6.51, compared to solubility enhancement of 22.7. This 

under-prediction (i.e., 2.57 versus 6.51) was due to a 2-fold underprediction of observed 

Jt fed and a 1.5-fold overprediction of observed Jt,fast.  
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Figure 3.3.4. Plot of predicted and observed dissolution enhancement versus observed 

solubility enhancement of griseofulvin, ketoconazole, and ibuprofen for FeSSIF-V2 over 

FaSSIF-V2. 

Enhancement is expressed as fold-enhancement of fed over fasted. Observed solubility enhancement for 

griseofulvin, ketoconazole, and ibuprofen were 165 (±8), 22.7 (±1.6), and 2.20 (±0.02), respectively. 

Observed dissolution enhancement for griseofulvin, ketoconazole, and ibuprofen were 11.6 (±0.4), 6.51 

(±0.83), and 0.818 (±0.075), respectively. Predicted fold dissolution enhancement for griseofulvin, 

ketoconazole, and ibuprofen were 7.53, 2.57, and 1.66, respectively. 

Agreement between observed and predicted dissolution enhancement reflect 

contributors to Attenuation Factor (i.e., eqn 7). Diffusivity values of drug-loaded mixed 

micelles are noted in Table 3.3.3. (92,144). For intestinal conditions, in vitro dissolution 

was attenuated in comparing FeSSIF-V2 against its corresponding media without 

surfactant (92). FeSSIF-V2 micelles were large and slow diffusing (diffusivities of about 

7×10-8 cm2/s), compared to free drug (about 7×10-6 cm2/s). FaSSIF-V2 micelles were 

about as large and slowly diffusing (about 12×10-8 cm2/s) as FeSSIF-V2 mixed-micelles 

(144). However, importantly, there was relatively low drug incorporation into FaSSIF-V2 

mixed-micelles (e.g., fm < 0.15) and relatively high drug incorporation into FeSSIF-V2 

mixed-micelles (e.g., fm > 0.9).  
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Table 3.3.3. Diffusivities of free drug and drug-loaded mixed micelles 

Diffusivities of free drug and drug-loaded mixed micelles, and a priori prediction of dissolution 

enhancement of FeSSIF-V2 over FaSSIF-V2. 

FaSSIF-V2 contains a modest concentration of sodium taurocholate and lecithin. 

Compared to buffer without sodium taurocholate and lecithin, FaSSIF-V2 practically did 

not enhance drug dissolution, and solubility was at best minimally increased, for these 

three drugs (144). Hence, FeSSIF-V2 was able to exhibit greater drug solubilization than 

FaSSIF-V2 (i.e., fm was greater in FeSSIF-V2 than FaSSIF-V2). 

Interestingly, for largely this same reason, in vitro dissolution food effect (i.e., 

ϕfood) was attenuated compared to solubility enhancement, even in spite of the similarity 

in DD-M,fed and DD-M,fast values (i.e., 7×10-8 cm2/s and 12×10-8 cm2/s, respectively). That is, 

even though FaSSIF-V2 contains mixed-micelles which are about as slow as those in 

FeSSIF-V2, FaSSIF-V2 solubilization here was low, while FeSSIF-V2 solubilization 

here was much higher. The Attenuation Factor 
�[^,^t�9_C/bK[],^t�9_`a,^t�C/b �

�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b � in eqn 5 is 
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much less than unity, not primarily due to differences between DD-M,fed and DD-M,fast 

values, but because of differences between fm,fed and fm,fast values. Of note, DD is about 

7×10-6 cm2/s and about 100-fold larger than either DD-M,fed and DD-M,fast. 

3.3.5. Discussion 

3.3.5.1. In vivo Food Effects of Griseofulvin, Ketoconazole, and Ibuprofen: Comparison 

to In Vitro Dissolution Food Effect 

 The present study concerns in vitro dissolution in fasted and fed media, including 

prediction of food effect in in vitro dissolution (i.e., prediction of ϕfood). Of course, 

underpinning this focus on in vitro dissolution is the promise of in vitro dissolution to 

anticipate in vivo dissolution and subsequent in vivo drug absorption and 

pharmacokinetics. With an eye toward such utility of in vitro dissolution, the in vivo food 

effect of griseofulvin, ketoconazole, and ibuprofen are reviewed and compared to in vitro 

dissolution predictions here. It should be noted that in vivo food effects can also be 

mediated by physicochemical and physiological mechanisms including gastric residence 

time, formulation, powder wetting, and splanchnic blood flow. 

 Overall in vivo, regarding drug exposure, griseofulvin shows a positive food 

effect, ketoconazole shows a minimally positive food effect, and ibuprofen shows no 

food effect. The absorption of griseofulvin is highly variable as 27% to 72% of an oral 

dose is absorbed (147). Griseofulvin has a positive food effect (103). Aoyagi et al. found 

the Cmax of an ultramicrosized formulation of griseofulvin, as well as the microsized 

formulation, to be higher with food than without food(103). Ketoconazole has an oral 

bioavailability between 76% to 81% (148,149). The package insert for ketoconazole 

indicates that the drug is a weak dibasic agent and requires acidity for dissolution and 
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absorption. The package insert permits dosing with or without food. Most literature does 

not describe any food effect on ketoconazole absorption. Daneshmend et al. showed that, 

beyond a delayed Tmax, ketoconazole absorption was not influenced by food (150). 

Meanwhile, Cristofoletti et al. reported that food slightly increases the drug plasma 

profile due to food-mediated drug solubility enhancement (104). The bioavailability of 

ibuprofen is generally greater than 80% (151). Moore et al. reported that food has no 

effect on the any ibuprofen immediate release formulation (152). 

Given that griseofulvin shows a positive food effect, ketoconazole shows a 

minimally positive food effect, and ibuprofen shown no food effect, there was a greater 

concurrence of in vivo food effect with intestinal ϕfood than gastric ϕfood. Observed in vitro 

dissolution enhancement in FeSSIF-V2 over FaSSIF-V2 was 11.6, 6.51, and 0.818 (Table 

3.3.3.). Perhaps explaining dissolution’s false positive food effect for ketoconazole is the 

drug’s high absorption in even the fasted state. 

3.3.5.2. Contributors to the Attenuation of Dissolution Enhancement: General 

Considerations 

We previously developed a model for surfactant-mediated dissolution, as well as 

studied pharmaceutical surfactant and biorelevant media (41,92,144). Compared to their 

surfactant-free buffers, these media generally exhibited much lower dissolution rate 

enhancement than solubility enhancement. Equation 1 predicts dissolution rate into 

surfactant solution under Levich conditions (e.g., using the rotating disk method). The 

relation between dissolution into surfactant and total drug solubility in surfactant is 

modulated by @�[�9�/R + �Y�9#7�/R B, which effectively reduces or attenuates dissolution 
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compared to the often large increase in solubilization by surfactant. As derived 

previously, dividing eqn 1 by dissolution into surfactant-free media yields 

\ = 1 + [][^ ∙ 9_`a
Cb
9_

Cb          (10) 

where ϕ is the fold-enhancement of dissolution rate into surfactant versus surfactant-free 

media(41). Of note, eqn 10 does not require explicit total drug solubilities in surfactant 

and surfactant-free media, since 
[][^ implicates the level of solubility enhancement by 

surfactant. In the comparison of surfactant versus surfactant-free media, the dissolution 

attenuation factor is 
9_`a

Cb
9_

Cb  (Bala). For example, griseofulvin exhibited the greatest 

solubility enhancement by surfactant with an 
[][^ of 652 in FeSSGF but this was 

attenuated by a factor of 0.43% resulting in a predicted dissolution enhancement of 3.82 

(92). 

The present study compares fed versus fasted media, where each contains colloid 

(including for both gastric and intestinal conditions). In eqn 5 above, the dissolution 

enhancement is denoted ϕfood. Compared to solubility enhancement for fed versus fasted, 

attenuation in dissolution rate can be expected and is  
�[^,^t�9_C/bK[],^t�9_`a,^t�C/b �

�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b � in eqn 5 

above. This Attenuation Factor of 
�[^,^t�9_C/bK[],^t�9_`a,^t�C/b �

�[^,^|}Z9_C/bK[],^|}Z9_`a,^|}ZC/b � for fed versus fasted is 

more parameterized than is surfactant versus surfactant-free (i.e. 
9_`a

Cb
9_

Cb ), reflective of its 

greater experimental complexity. Both fed and fasted dissolution are impacted by free 
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drug diffusivity (e.g., DD), as well as diffusivity of drug-loaded colloid (e.g., DD-M). 

However, unlike surfactant versus surfactant-free, the Attenuation Factor for fed versus 

fasted is also impacted by fraction of drug incorporated into colloid (i.e., fm, such as fm,fed 

and fm,fast). Of note, ff = 1 - fm. However, fm,fed and fm,fast are generally independent of one 

another, as discussed below. 

3.3.5.3. Contributors to the Attenuation of Dissolution Enhancement: Fed Versus Fasted 

for Gastric Condition 

 Simulations were performed in order to achieve a general understanding of the 

dependence of Attenuation Factor for fed versus fasted on fm,fed and fm,fast, for each the 

gastric condition and intestinal condition. For the gastric condition, a contour plot was 

devised using typical values of free drug DD, fat globule DD-M,fed in FeSSGF, and mixed-

micelle DD-M,fast in FaSSGF (i.e. 7×10-6, 1×10-9, and 2×10-8 cm2/s, respectively) (92,144). 

fm,fed values were allowed to range from 0.3 to 1, reflecting the observed high levels of 

drug incorporation into FeSSGF fat globules. fm,fast values were allowed to range from 0 

to 0.2, reflecting the observed low levels of drug incorporation into FaSSGF mixed-

micelles. 

 Figure 3.3.5 shows the contour plot of Attenuation Factor for food effect under 

gastric conditions. Plotted are griseofulvin, ketoconazole, and ibuprofen, which exhibited 

high fm,fed in FeSSGF, and hence exhibited marked dissolution attenuation for FeSSGF 

versus FaSSGF. Observed Attenuation Factors for griseofulvin, ketoconazole, and 

ibuprofen were 1%, 12%, and 10%, respectively. That is, there was high attenuation; 

dissolution rate was 1%, 12%, and 10% of solubility enhancement for griseofulvin, 

ketoconazole, and ibuprofen, respectively. However, over the simulated range, less 
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impactful values of Attenuation Factor may be achieved (e.g., even as modest or high as 

85%). 
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Figure 3.3.5. Contour plot of Attenuation Factor for food effect under gastric conditions. 

Attenuation Factor generally can range from zero to unity, per equation 5, although can be expected to be 

even less than 20%. Gastric conditions were simulated using typical values of free drug DD, fat globule DD-

M,fed in FeSSGF, and mixed-micelle DD-M,fast in FaSSGF (i.e., 7×10-6, 1×10-9, and 2×10-8 cm2/s, 

respectively). fm,fed values were allowed to range from 0.3 to 1, reflecting the observed high levels of drug 

incorporation into FeSSGF fat globules. fm,fast values were allowed to range from 0 to 0.2, reflecting the 

observed low levels of drug incorporation into FaSSGF mixed-micelles. Plotted are griseofulvin, 

ketoconazole, and ibuprofen, which exhibited high fm,fed in FeSSGF, and hence exhibited marked 

dissolution attenuation for FeSSGF versus FaSSGF. Observed Attenuation Factors for griseofulvin, 

ketoconazole, and ibuprofen were 1%, 12%, and 10%, respectively. 
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 Most notable about Figure 3.3.5 is the significant impact of fm,fed, as well as the 

low impact of fm,fast. Attenuation Factor dropped with greater drug incorporation into 

FeSSGF fat globule (i.e., with greater fm,fed). Over 85% of each griseofulvin, 

ketoconazole, and ibuprofen was incorporated into FeSSGF fat globule, which has a very 

low diffusivity of 1×10-9 cm2/s. Hence, their Attenuation Factors were about 10% or less. 

Of note, fm,fed for griseofulvin, ketoconazole, and ibuprofen were 0.998, 0.887, 

and 0.917. fm,fasted for griseofulvin, ketoconazole, and ibuprofen were 0.0558, 0.0287, and 

0.137. Hence, there was no rank-order concordance between fm,fed and fm,fasted across the 

drugs. 

3.3.5.4. Contributors to the Attenuation of Dissolution Enhancement: Fed Versus Fasted 

for Intestinal Condition 

 Simulations were similarly conducted for the intestinal condition. A contour plot 

was devised using typical intestinal values of free drug DD, mixed-micelle DD-M,fed in 

FeSSIF-V2, and mixed-micelle DD-M,fast in FaSSIF-V2 (i.e. 7×10-6, 7×10-8, and 1×10-7 

cm2/s, respectively) (92,144). Free drug diffusivity, DD, was the same in gastric and 

intestinal conditions. DD-M,fed in FeSSIF-V2 was 70-fold larger than that for FeSSGF. DD-

M,fast in FaSSIF-V2 was 5-fold larger than that for FaSSGF. Values for fm,fed and fm,fast 

were allowed vary over the same range as for gastric condition (Figure 3.3.5), reflecting 

the observed high levels of drug incorporation into FeSSIF-V2 mixed-micelles and the 

observed low levels of drug incorporation into FaSSIF-V2 mixed-micelles. 

Figure 3.3.6 shows the contour plot of Attenuation Factor for food effect under 

intestinal conditions, which is similar to Fig. 3.3.5 for food effect under gastric 

conditions. Plots differ most when fm,fed is nearly 1, where Attenuation Factor is about 0 
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in gastric media and about 0.05 in intestinal media. Plotted are griseofulvin and 

ketoconazole, which exhibited high fm,fed in FeSSIF-V2, and hence exhibited marked 

dissolution attenuation for FeSSIF-V2 versus FaSSIF-V2. Also plotted is ibuprofen, 

which exhibited lower fm,fed in FeSSIF-V2, and hence exhibited modest dissolution 

attenuation. Observed Attenuation Factors for griseofulvin, ketoconazole, and ibuprofen 

were 5%, 11%, and 77%, respectively.  
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Figure 3.3.6. Contour plot of Attenuation Factor for food effect under intestinal 
conditions. 

Attenuation Factor generally can range from zero to unity, per equation 5. Intestinal conditions were 

simulated using typical values of free drug DD, mixed-micelle DD-M,fed in FeSSIF-V2, and mixed-micelle 

DD-M,fast in FaSSIF-V2 (i.e., 7×10-6, 7×10-8, and 1×10-7 cm2/s, respectively). Values for fm,fed and fm,fast 

were allowed vary of the same range as for gastric condition (Fig. 3.3.5), reflecting the observed high levels 

of drug incorporation into FeSSIF-V2 mixed-micelles and the observed low levels of drug incorporation 

into FaSSIF-V2 mixed-micelles. Plotted are griseofulvin and ketoconazole, which exhibited high fm,fed in 

FeSSIF-V2, and hence exhibited marked dissolution attenuation for FeSSIF-V2 versus FaSSIF-V2. Also 

plotted is ibuprofen, which exhibited lower fm,fed in FeSSIF-V2, and hence exhibited modest dissolution 

attenuation. Observed Attenuation Factors for griseofulvin, ketoconazole, and ibuprofen were 5%, 11%, 

and 77%, respectively.  
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Like for Figure 3.3.5. for gastric conditions, most notable about Figure 3.3.6. for 

intestinal condition is the significant impact of fm,fed. Attenuation Factor dropped with 

greater drug incorporation into FeSSIF-V2 mixed-micelle (i.e., with greater fm,fed). Over 

90% of each griseofulvin and ketoconazole was incorporated into FeSSIF-V2 mixed-

micelle, which has a low diffusivity of 7×10-8 cm2/s. Hence, their Attenuation Factors 

were about 10% or less. Only 30% of ibuprofen was incorporated into FeSSIF-V2 mixed-

micelle, such that Attenuation Factor was about 80% (i.e., dissolution minimally 

attenuated). 

Interestingly, Figure 3.3.5. and Figure 3.3.6. exhibit similar contour planes. This 

similarity is in spite of the differences in colloid diffusivities. Fed and fasted gastric 

colloid diffusivities are 1×10-9 cm2/s and 2×10-8 cm2/s, respectively, and differ 20-fold 

from one another. Fed and fasted intestinal colloid diffusivities are larger than gastric 

values (i.e., 7×10-8 cm2/s and 1×10-7 cm2/s, respectively), and differ minimally from one 

another. Over the range of experimentally relevant conditions, the main determinant of 

Attenuation Factor in each gastric (Figure 3.3.5.) and intestinal (Figure 3.3.6.) conditions 

is fm,fed, due to the wide range of fm,fed values and the large differences between free drug 

DD and DD-M,fed (within each condition). 

Of note in Figure 3.3.6., fm,fed for griseofulvin, ketoconazole, and ibuprofen were 

0.995, 0.936, and 0.296. fm,fast for griseofulvin, ketoconazole, and ibuprofen were 0.0288, 

0.105, and 0.0736. Hence, there was no rank-order concordance between fm,fed and fm,fast 

across the drugs, like for gastric condition. 

The present study extended a prior model for dissolution into surfactant media to 

predict the degree to which fed state biorelevant media enhanced drug dissolution over 
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fasted state biorelevant media (i.e., the food effect on dissolution in the stomach and 

intestine). As expected, in vitro dissolution was many fold lower than would be expected 

by solubility enhancement in fed media over fasted media. A dissolution “Attenuation 

Factor” as the determining component in the presented model, ϕfood, accounts for the role 

of colloid diffusivity in attenuating the otherwise significant solubility enhancement 

observed in fed media over fasted media. While the ability of the ϕfood model to predict 

food effect in vitro was corroborated by what has been observed in vivo for griseofulvin, 

ketoconazole, and ibuprofen, the purpose of the presented studies was not to examine the 

ability of biorelevant media to anticipate in vivo food effect.  
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Section IV: Summary of Research and Future Considerations 

 

 Biorelevant media are increasingly being employed as dissolution media in drug 

development. Objectives in Chapter 2.1 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 on 

dissolution profiles. f2 similarity factor indicated 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 

detected differences when products were not similar. Overall, biorelevant media showed 

favorable repeatability and reproducibility performance. 

 Identifying sources of dissolution variation if often challenging. The objective in 

Chapter 2.2 was to determine the contributions of location, operator, media fabrication 

method, and day to total dissolution variability into biorelevant media. Results showed 

that total dissolution variance was highest for medium dissolution (versus high or low 

dissolution). Overall, across both ibuprofen and ketoconazole, the rank-order importance 

of sources of variation were location > operator (nested in sequence) > day > fabrication 

method > residual.  

 Dissolution studies in volumes less than 900 mL and 500 mL of biorelevant 

media are of interest due to their ability to assess dissolution in pediatric populations 
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Dissolution profile similarity between 500 mL and 300 mL studies and 500- and 40-mL 

studies was assessed using f2 similarity factor. Results allowed for the suggestion of an 

algorithm to predict similarity of dissolution profiles from 40 mL and 300 mL to profiles 

from 500 mL for low, intermediate, and high solubility scenarios. The algorithm was 

correct 13 out of 16 times. 

 While biorelevant media seeks to predict in vivo dissolution, there is also an 

interest to elucidate the contributions of low micellar diffusivity to increased solubility 

enhancement that biorelevant media offers over simple buffers. Additionally, this 

information was used to develop a model to predict dissolution in biorelevant media. The 

contributions of biorelevant media-mediated solubility and diffusivity on enhanced drug 

dissolution in FaSSGF, FeSSGF, FaSSIF-V2 and FeSSIF-V2 were quantitatively 

assessed for the griseofulvin, ketoconazole, and ibuprofen. Results showed that drug-

incorporated FeSSGF globules and FaSSGF, FaSSIF-V2, and FeSSIF-V2 mixed micelles 

were large and slow diffusing (diffusivities of about 1×10-9, 2×10-8, 12×10-8, and 7×10-8 

cm2/s, respectively), compared to free drug (about 7×10-6 cm2/s). Of the three drugs, 

griseofulvin exhibited the greatest biorelevant media-enhanced solubility and dissolution 

(652-fold and 6.23-fold respectively in FeSSGF, and 190-fold and 12.7-fold respectively 

in FeSSIF-V2), but slow colloid diffusivity markedly attenuated large solubility benefits, 

particularly in FeSSGF. Mixed micelles in fasted biorelevant media were smaller and 

more rapidly diffusing compared to fat globules and mixed micelles in FeSSGF and 

FeSSIF-V2. Dissolution enhancement in FaSSGF and FaSSIF-V2 was the same as 

solubility enhancement, which was minimal. 
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 The good predictability of dissolution for fed state and fasted state biorelevant 

media allowed for a new model φfood (eqn. 8, Chapter 3.3) to predict the degree to which 

fed state biorelevant media enhanced drug dissolution over fasted state biorelevant media. 

In-vitro dissolution was many fold lower in fed media over fasted media than solubility 

enhancement indicating the role of micellar and fat-globule diffusivity in attenuating the 

expected solubility enhancement. Predictions of φfood agreed with what was observed and 

were also corroborated by reported food effects in vivo for griseofulvin, ketoconazole, 

and ibuprofen. However, the utility of the model is to only predict food effects on in vitro 

dissolution using biorelevant media, and not in vivo food effects. 
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APPENDIX A: Supporting Information for Chapter 2.1. 

Making media from Biorelevant.com components  

Steps for 1 L of FaSSGF media: (http://biorelevant.com/fassif-fessif-fassgf-dissolution-

media/fasted-fed state-simulated-intestinal-gastric-fluid/how-to-make/)  

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. 
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: (http://biorelevant.com/fassif-v2-dissolution-

medium/fasted state-simulated-intestinal-fluid-version-two/how-to-make/)  

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: (http://biorelevant.com/fessif-V2-dissolution-

medium/fed state-simulated-intestinal-fluid-version-two/how-to-make/) 

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. Use either 1 N NaOH or 1 N HCl to adjust to 
pH 5.8. 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 S1. Composition of FaSSGF. Pepsin was not in the 

commercial FaSSGF medium (i.e., medium made from 

biorelevant.com powder) (Vertzoni et al., 2005; Jantratid et al., 

2008; Klein S. 2010). 

Table S2. Composition of FeSSGF 

(Jantratid et al., 2008; Klein S., 2010) 
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Table S4. Composition of FeSSIF-V2 

(Jantratid et al., 2008; Klein S.; 2010) 

Table S3. Composition of FaSSIF-V2 

(Jantratid et al., 2008; Klein S., 2010) 
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Table S5. Surface tensions of biorelevant media. Literature values are from Jantratid and Dressman, 

2015. 

Fig. S1. Dissolution profiles of ketoconazole 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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Fig. S2. Dissolution profiles of ketoconazole 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 B: Supporting Information for Chapter 2.2. 

 

 

 

 

A B 

Figure S2. Impact of the significant sources location and day on ibuprofen dissolution in FaSSGF. 

Panels A and B plot impact of location and day, respectively. Each box and whisker plots include 

minimum, 25th percentile, median, 75th percentile, and maximum. 

Figure S1. Total variance of ibuprofen dissolution at 30 min across biorelevant media. Total variance 

was calculated to be the sum of the mean squares of location, fabrication method, day, operator nested 

in location, and residuals. Total variance was highest in FeSSGF. Total variance values are 70.8%2, 

3870%2, 407%2, and 1400%2 for FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2, respectively. Mean 

percent dissolved at 30 min was 9.0%, 55.0%, 96.24%, and 93.1% in FaSSGF, FeSSGF, FaSSIF-V2, 

and FeSSIF-V2 media, respectively.  
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A B 

Figure S3. Impact of the significant sources location and day on ibuprofen dissolution in FeSSGF. 

Each box and whisker plots include minimum, 25th percentile, median, 75th percentile, and 

maximum. 
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A B 

C 

Figure S4. Impact of the significant sources fabrication method, day, and operator (nested in 

location) on ibuprofen dissolution in FaSSIF-V2. Panels A, B, and C plot impact of fabrication 

method, day, and operator (nested in location), respectively. Each box and whisker plots include 

minimum, 25th percentile, median, 75th percentile, and maximum. 
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Figure S6. Total variance of ketoconazole dissolution at 30 min across biorelevant media. Total 

variance was calculated to be the sum of the mean squares of location, fabrication method, day, 

operator nested in location, and residuals. Total variance was highest in FeSSIF-V2. Total variance 

values were 880%2, 98.8%2, 46.8%2, and 3140%2 for FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-

V2, respectively. Mean percent dissolved at 30 min was 92.6%, 10.0%, 2.9%, and 26.3% in 

FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 media, respectively. 

A B 

Figure S5. Impact of the significant sources day and operator (nested in location) on ibuprofen 

dissolution in FeSSIF-V2. Panels A and B plot impact of day and operator (nested in location), 

respectively. Each box and whisker plots include minimum, 25th percentile, median, 75th percentile, 

and maximum. 
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A B 

Figure S8. Impact of the significant sources day and operator (nested in location) on ketoconazole 

dissolution in FeSSGF. Panels A and B plot impact of day and operator (nested in location), 

respectively. Each box and whisker plots include minimum, 25th percentile, median, 75th percentile, 

and maximum. 

A B 

Figure S7. Impact of the significant sources location and day on ketoconazole dissolution in 

FaSSGF. Panels A and B plot impact of location and day, respectively. Each box and whisker plots 

include minimum, 25th percentile, median, 75th percentile, and maximum. 
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A B 

Figure S10. Impact of the significant sources location and fabrication method on ketoconazole 

dissolution in FeSSIF-V2. Panels A and B plot impact of location and fabrication method, 

respectively. Each box and whisker plots include minimum, 25th percentile, median, 75th percentile, 

and maximum. 

A B 

Figure S9. Impact of the significant sources location and fabrication method on ketoconazole 

dissolution in FaSSIF-V2. Panels A and B plot impact of location and fabrication method, 

respectively. Each box and whisker plots include minimum, 25th percentile, median, 75th percentile, 

and maximum. 
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Table S3. ANOVA of ibuprofen percent dissolved at 30 min in FaSSIF-V2. Fabrication method, 

day, and operator (nested in location) were statistically significant (i.e., p<0.05).   

Table S2. ANOVA of ibuprofen percent dissolved at 30 min in FeSSGF. Location and day were 

statistically significant (i.e., p<0.05). Fabrication method was not a fixed factor for FeSSGF. 

Table S1. ANOVA of ibuprofen percent dissolved at 30 min in FaSSGF. Location and day were 

statistically significant (i.e., p<0.05).  
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Table S6. ANOVA of ketoconazole n percent dissolved at 30 min in FeSSGF. Day and operator 

(nested in location) were statistically significant (i.e., p<0.05). Fabrication method was not a fixed 

factor for FeSSGF. 

Table S5. ANOVA of ketoconazole percent dissolved at 30 min in FaSSGF. Location and day 

were statistically significant (i.e., p<0.05). 

Table S4. ANOVA of ibuprofen percent dissolved at 30 min in FeSSIF-V2. Day and operator 

(nested in location) were statistically significant (i.e., p<0.05). 
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Table S7. ANOVA of ketoconazole percent dissolved at 30 min in FaSSIF-V2. Location and 

fabrication method were statistically significant (i.e., p<0.05).  

Table S8. ANOVA of ketoconazole percent dissolved at 30 min in FeSSIF-V2. Location and 

fabrication method were statistically significant (i.e., p<0.05).  
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APPENDIX C: Supporting Information for Chapter 3.1. 

 

 

 

 

Figure S2. Surface tension versus milk concentration in buffer.  Surface tension was unchanged from 
undiluted milk (i.e., 100%) to highly diluted milk (i.e., 1.5%). FeSSGF is a 1:1 dilution of milk (i.e., 

50%) in buffer. 

Figure S1. Dissolution rate of ibuprofen in FeSSIF-V2-NS. FeSSIF-V2-NS (pH = 5.8) lacked 
surfactant components (i.e., “NS” means “no surfactant”). Dissolution rates followed idealized Levich 
conditions (i.e., showed linear dependence of dissolution rate on square root of rotational speed). Free 

drug diffusivity, �9, was estimated by nonlinear regression. Ibuprofen DD was 0.965 (±0.063)×10-5 
cm2/s. 
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Table S1. FeSSGF composition. 

Figure S3. Estimation of critical micelle concentration (CMC) of FeSSIF-V2. FeSSIF-V2 CMC was 
determined to be about 0.25 mM from the inflection point on a plot of surface tension versus FeSSIF-
V2 total surfactant concentration. FeSSIF-V2 total surfactant concentration is the sum of 10 mM 
sodium taurocholate, 2 mM lecithin, 5 mM glyceryl monooleate, and 0.8 mM sodium oleate. The far 
right data point at 17.8 mM [with 34.0 (±0.35) mN/m surface tension] is undiluted FeSSIF-V2, as its 

sum of surfactant components is 17.8 mM. 
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Table S4. FeSSIF-V2-NS composition. 

Table S3. FeSSGF-NM composition. 

Table S2. FeSSIF-V2 composition. 
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Table S5. Drug solubility in FeSSGF, globule size, and stoichiometric calculations. Drug solubilities 
are the same as in Table 3.1.1 but shown to assist stoichiometric calculations. Globule diameter was 
measured via laser diffraction particle size analysis and used to estimate globule weigh, assuming 
spherical globule geometry and density of 1 g/cm3. From laser diffraction particle size analysis, the 
radius of drug-free, griseofulvin, ketoconazole, and ibuprofen-loaded fat globules were 845 (±12), 1090 
(±9), 1330 (±7), and 6250 (±270), respectively. 
a n∙[D-M] is the concentration of drug that is globule bound and is calculated as the difference between 
the total and free drug solubilities (i.e., difference between [Dt] and [D]). 
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Table S6. Drug solubility in FeSSIF-V2, micelle size, and stoichiometric calculations. Drug solubilities 
are the same as in Table 3.1.1 but shown to assist stoichiometric calculations. Micelle diameter was 
measured via DLS and used to estimate micelle weight, assuming spherical micelle geometry and 
density of 1 g/cm3. From DLS, the radius of drug-free, griseofulvin, ketoconazole, and ibuprofen-loaded 
mixed micelles were 97.5 (±7), 59.8 (±11.1), 34.2 (±3.7), and 38.1 (±6.0), respectively. 
a n∙[D-M] is the concentration of drug that is micelle bound and is calculated as the difference between 

the total and free drug solubilities (i.e., difference between [Dt] and [D]). 
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Table S7. Estimation of molecular weight (MW) of FeSSIF-V2 micelle subunit.  The FeSSIF-V2 
micelle subunit is defined as an assembly of FeSSIF-V2 components composed of one molecule of 
sodium oleate and a proportionate number of other FeSSIF-V2 components. Sodium oleate is the least 
common component. 
MW of lecithin is taken from soybean lecithin, obtained from: 
National Center for Biotechnology Information (2021). PubChem Compound Summary for CID 
57369748, Lecithin from Soybean. Retrieved December 13, 2021, from 

https://pubchem.ncbi.nlm.nih.gov/compound/Lecithin-from-Soybean. 

Table S8. Prediction of Log D using ChemAxon with Log D plugin. Griseofulvin Log D at pH 6.5 was 

found to be 2.17 (Kishimoto H et al., 2021). Ketoconazole Log D at pH 7.4 was found to be 3.83 

(Andrés et al., 2015). Ibuprofen Log D at pH 6.0 was found to be 2.12 (Shawahna et al., 2011). 

1. Shawahna R, Rahman N. Evaluation of the use of partition coefficients and molecular surface 
properties as predictors of drug absorption: a provisional biopharmaceutical classification of 
the list of national essential medicines of Pakistan. Daru. 2011;19(2):83-99. PMID: 22615645; 
PMCID: PMC3232101. 

2. Kishimoto H, Miyazaki K, Tedzuka H, Ozawa R, Kobayashi H, Shirasaka Y, Inoue K. 
Utilization of Sodium Nitroprusside as an Intestinal Permeation Enhancer for Lipophilic Drug 
Absorption Improvement in the Rat Proximal Intestine. Molecules. 2021 Oct 22;26(21):6396. 
doi: 10.3390/molecules26216396. PMID: 34770805; PMCID: PMC8587071. 

3. Andrés A, Rosés M, Ràfols C, Bosch E, Espinosa S, Segarra V, Huerta JM. Setup and 
validation of shake-flask procedures for the determination of partition coefficients (logD) from 
low drug amounts. Eur J Pharm Sci. 2015 Aug 30;76:181-91. doi: 10.1016/j.ejps.2015.05.008. 
Epub 2015 May 9. PMID: 25968358. 
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APPENDIX D: Supporting Information for Chapter 3.2. 

 

 

 

 
Table S3. FaSSGF-NS composition. 

Table S2. FaSSIF-V2 composition. 

Table S1. FaSSGF composition. 
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Table S4. FaSSIF-V2-NS composition. 
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Table S5. Drug solubility in FaSSGF, micelle size, and stoichiometric calculations. Drug solubilities 
are the same as in Table 3.2.1 but shown to assist stoichiometric calculations. Mixed micelle diameter 
was measured via DLS and used to estimate micelle weigh, assuming spherical micelle geometry and 
density of 1 g/cm3. From DLS, the radius of griseofulvin, ketoconazole, and ibuprofen-loaded micelles 
were 218 (±19), 106 (±31), and 415 (±6) nm, respectively. 
a n∙[D-M] is the concentration of drug that is micelle bound and is calculated as the difference between 

the total and free drug solubilities.  
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Table S6. Drug solubility in FaSSIF-V2, micelle size, and stoichiometric calculations. Drug solubilities 
are the same as in Table 3.2.1 but shown to assist stoichiometric calculations. Mixed micelle diameter 
was measured via DLS and used to estimate micelle weight, assuming spherical micelle geometry and 
density of 1 g/cm3. From DLS, the radius of griseofulvin, ketoconazole, and ibuprofen-loaded micelles 
were 31.9 (±0.4), 26.8 (±0.2), and 23.6 (±0.9) nm, respectively. 
a n∙[D-M] is the concentration of drug that is micelle bound and is calculated as the difference between 

the total and free drug solubilities.  
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Table S7. Estimation of molecular weight (MW) of FaSSGF micelle subunit.  The FaSSGF micelle 
subunit is defined as an assembly of FaSSGF components composed of one molecule of lecithin and a 
proportionate number of sodium taurocholate. Lecithin is the least common component. 

MW of lecithin is taken from soybean lecithin, obtained from: 
National Center for Biotechnology Information (2021). PubChem Compound Summary for CID 
57369748, Lecithin from Soybean. Retrieved December 13, 2021, from 

https://pubchem.ncbi.nlm.nih.gov/compound/Lecithin-from-Soybean. 
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