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ABSTRACT 

Title of Dissertation: Analysis of surfactant-mediated dissolution effects in biorelevant 

media 

Siddarth Raman, Doctor of Philosophy, 2016 

Dissertation Directed by: James Polli, Professor, Pharmaceutical Sciences 

 

 Food is known to impact drug bioavailability through a variety of mechanisms, 

including drug solubilization and prolonged gastric residence time. In vitro dissolution 

media that aim to mimic in vivo gastrointestinal (GI) conditions have been developed to 

lessen the need for fed human bioequivalence studies. The first aim of this work was to 

develop an in vitro lipolysis model to predict positive food effect of three BCS Class II 

drugs (i.e. danazol, amiodarone and ivermectin) in previously developed lipolysis media. 

The in vitro lipolysis model accurately predicted the in vivo positive food effect for three 

model BCS class II drugs. The in vitro lipolysis model has potential use as a screening 

test of drug candidates in early development to assess positive food effect. 

 In vitro lipolysis is an in vitro approach to simulate drug dissolution under fed 

conditions, in an effort to anticipate when food increases the absorption of poorly water 

soluble drugs in vivo due to increased drug solubilization.  Imaging techniques have 

promise to aid in understanding such positive food effects.  The second aim of this work 

was to employ cryogenic transmission electron microscopy (cryo-TEM) to characterize 

the colloidal changes in Fe-Lipolysis during drug dissolution, and correlate food-

enhanced dissolution with colloid structures. Danazol was selected as a model BCS Class 

II drug with a positive food effect. Danazol samples from fed and fasted state dissolution 



experiments were subjected to cryo-TEM. Compared to the fed state observations, no 

major changes were observed in the fasted state. These findings concur with in vivo 

observations and previously developed hypothetical models of lipolysis and drug 

solubilization. 

 The third aim of the work was to develop a better understanding of surfactant-

mediated dissolution effects in biorelevant media. Three poorly soluble drugs, 

ciprofloxacin HCl, ivermectin and fexofenadine HCl, that differed in their lipophilicity 

were analyzed using biorelevant dissolution in human as well as canine fasted state 

intestinal media. The main objective was to compare the rate and extent of dissolution 

between these drugs and further elucidate the surfactant-mediated enhancements they 

experienced. Ivermectin displayed significantly slower dissolution than ciprofloxacin 

HCl and fexofenadine HCl. Using previously derived models of surfactant-mediated 

dissolution enhancement, it was determined that ivermectin was heavily dependent on the 

presence of surfactant, while ciprofloxacin and fexofenadine dissolution showed no 

dependence on the presence of surfactant as a result of being heavily surfactant-

independent.  
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Chapter 1: Introduction and Research Objectives 

 

1.1 The drug discovery paradigm 

 Drug discovery has gone through a paradigm shift over the last 50 years, moving 

from more empirical approaches, to rational drug design approaches to high throughput 

screening (HTS) of hundreds of thousands of compounds to identify lead compounds. 

Lead candidates using rational drug design approaches were discovered using in vitro and 

in vivo screens, as well as through indirect means such as clinical observations from 

existing drug side effects and academic research.(Lipinski, Lombardo et al. 2001) 

 With advances in combinatorial chemistry and the advent of high throughput 

screening, it became possible to perform random screens on massive libraries of 

compounds.(Patel and Gordon 1996) HTS methods allow for the screening of highly 

insoluble compounds that would not have been screened in more empirical approaches to 

identifying lead candidates. The dependence of HTS on principals governing structure 

activity relationships and the compound libraries used, tend to yield larger, more 

lipophilic candidates than other drug discovery approaches.(Lipinski, Lombardo et al. 

2001) Lead candidate identification has led to a current scenario where about 70% of new 

drug candidates can be classified as poorly soluble.(Kataoka, Masaoka et al. 2006) 

Takagi et al.(Kamai, Tsujii et al. 2003) found that 35 - 40% of immediate release, oral 

drug products were classified as practically insoluble. 

 For a drug candidate to be pharmacologically active, it is essential that it is in a 

solubilized state at the site of absorption. Thus, drug candidates need to exhibit some 

solubility in conditions that persist in the small intestine. Horter et al.(Horter and 
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Dressman 2001) define a poorly soluble drug as one whose dissolution rate is slower than 

the transit time past its absorptive sites, leading to poor and incomplete absorption into 

the systemic circulation. A major limitation of poorly soluble drugs identified by Horter 

et al.(Horter and Dressman 2001) can be described by the dose : solubility ratio of a 

drug. This parameter takes into account the dose of the drug product required to achieve a 

physiological effect and its solubility in intestinal fluids. If the dose of the drug exceeds 

the volume of intestinal fluids available for solubilization of the drug, it is poorly soluble 

and will show poor absorption, limited by dissolution. This could result in the 

requirement of dose escalation which could lead to toxicity issues.(Kawabata, Wada et al. 

2011)  

 Drug solubility is of great importance regardless of the stage of development the 

drug candidate is in. Anticipating and correcting solubility issues early in the drug 

development process is critical, since candidate failure becomes significantly costlier, 

from the perspective of financial burden and time, later in the development cycle. Drug 

solubility can be altered through material engineering or formulation 

approaches.(Stegemann, Leveiller et al. 2007) 

1.2 Dissolution testing and biorelevant media   

Dissolution testing is an important prognostic tool in early stage drug 

development. In vitro dissolution rate is a good indicator of drug performance and is 

predictive of the amount of drug that will be available for absorption in vivo. As a result, 

compared to other assays such as content uniformity, friability and disintegration, 

dissolution testing is the one most often associated with in vivo performance.(Dressman, 

Amidon et al. 1998) Dissolution testing is a tool that is used concurrently with 
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formulation and material engineering of the drug candidate, in the development process 

to optimize the formulated drug product’s release profile.  

There are several factors that can affect the dissolution of drugs in vivo and hence, 

their subsequent absorption. These factors include but are not limited to volume of 

gastrointestinal fluids, pH, buffer capacity, drug transit time and cellular 

transporters.(Dressman and Lennernäs 2000, Food and Administration 2010) Factors 

affecting the kinetics of drug dissolution can be analyzed by the Noyes-Whitney 

equation(Dressman and Lennernäs 2000) for rate of dissolution: 

  

  
  

          

 
 

where A is the surface area available for dissolution, D is the diffusion coefficient, h is 

the boundary layer thickness, Cs is the saturation solubility of the drug and Cd is the drug 

concentration in solution. Dissolution testing conditions can have an effect on each of 

these variables. 

 The saturation solubility, Cs can be affected by a number of physicochemical and 

physiological factors such as crystalline form of the drug, lipophilicity, pKa and the 

presence of native surfactants(Horter and Dressman 2001). The surface area available for 

dissolution, A, depends on the particle size and the wettability of the drug. These factors 

can also be manipulated to enhance the rate of dissolution of the drug. For example, 

techniques such as micronization can be used to increase drug surface area, while 

incorporating pharmaceutical surfactants can enhance drug solubility.(Horter and 

Dressman 2001)  

 The Noyes-Whitney equation implies that in order to achieve biorelevant 

dissolution, all factors in the equation should be biorelevant. Widely, dissolution is 
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conducted in buffers that bear little resemblance to physiological conditions that drug 

products would encounter in vivo. In an effort to have better in vitro / in vivo correlation 

in dissolution tests and make it a better prognostic test for in vivo drug performance, 

media more accurately simulating gastrointestinal conditions have been 

developed.(Dressman, Amidon et al. 1998, Christensen, Schultz et al. 2004, Jantratid, 

Janssen et al. 2008) These biorelevant media are better reflections of the composition and 

physiological conditions that persist in the gastrointestinal tract, in vivo. There are some 

obstacles encountered when attempting to accurately simulate in vivo dissolution that go 

beyond mimicking the composition of gastrointestinal fluids. In particular, simulating in 

vivo hydrodynamic conditions is very difficult.(Dressman, Amidon et al. 1998) 

Consideration also need to be made for duration of the biorelevant dissolution 

experiment, since transit time in the gastrointestinal tract can vary greatly based on 

numerous factors. 

 Developing dissolution tests for poorly soluble drugs is particularly challenging as 

in these situations, it is not achieving biorelevant conditions that is the limiting step. The 

major hurdle in dissolution testing of poorly soluble drugs is achieving “sink conditions.” 

Sink conditions are achieved when the drug solubility is 5 to 10-fold greater than the drug 

concentration in solution. This is an important condition, as when “sink conditions” 

prevail, the rate of dissolution at all points in time is independent of the amount of drug 

already in solution. In order to circumvent this issue, synthetic surfactants like SLS can 

be used to enhance drug solubility in the dissolution media. Biorelevant surfactants like 

bile salts and lecithin can also be utilized to enhance drug solubility. It can be argued that 

this more accurately mimics in vivo conditions where bile salts can propagate the 
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formation of mixed micelles.(Shah, Konecny et al. 1989) However, their effects are not 

as pronounced as a synthetic surfactant like SLS.(Dressman and Lennernäs 2000)  

 Coincidentally, these are the same surfactant effects that can contribute to 

enhanced solubility of poorly soluble drugs in vivo in the presence of food. This makes in 

vitro biorelevant dissolution a natural tool with which to study food-mediated dissolution 

enhancement of poorly soluble drugs.  

1.3 Drug dissolution enhancement in the presence of surfactants 

 Diffusion coefficient can be manipulated with food intake. Certain fibrous foods 

can increase the viscosity of the gastrointestinal fluid. Surfactant in food can also 

decrease D through micellar solubilization. In this case, the diffusion coefficient will be 

of the larger, slower micelle rather than that of the drug monomer.(Horter and Dressman 

2001, Balakrishnan, Rege et al. 2004) 

 In the absence of surfactant (in this case, in the form of food), the Noyes-Whitney 

equation states that drug solubility and drug diffusivity are determinants of drug 

dissolution. Under perfect sink conditions (i.e. negligible drug concentration in solution), 

dissolution rate has a linear relationship to drug diffusivity and drug solubility. 

Traditionally, a surfactants ability to enhance drug solubility was the primary basis with 

which to estimate surfactant-mediated dissolution enhancement. This has resulted in 

neglecting the contribution of drug-loaded micelles to the overall diffusivity of the 

drug.(Balakrishnan, Rege et al. 2004) Micelles from some surfactant systems can have 

large loading capacities, leading to large amounts of drug being transported in the form of 

drug-loaded micelles (Figure 1.1).  
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Figure 1.1 - Drug dissolution in the presence of surfactant 

It has been estimated previously, as well as in this thesis, that drug-loaded micelle 

diffusivity can be several orders of magnitude lower than the diffusivity of free drug in 

solution.(de Smidt, Offringa et al. 1991, de Smidt, Grit et al. 1994) Presence of 

surfactants (like those observed in high fat foods) can be expected to enhance the 

solubility of lipophilic drugs, while drug-loading on micelles can have an inverse effect 

on the diffusivity of the drug. Quantitatively, this results in a non-trivial contribution to 

the overall diffusivity of the drug and in turn, to the dissolution of the drug.  

 To better model the enhancement observed by drug dissolution in the presence of 

surfactants, Balakrishnan et al.(Balakrishnan, Rege et al. 2004) derived a model to 

predict surfactant-mediated dissolution enhancement () by modifying the Levich 

equation to account for drug loaded micelle diffusivity. The resulting model is described 

by the equation below: 
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Where DD-M is the diffusivity of drug-loaded micelles, DD is the diffusivity of free drug in 

the stagnant diffusion layer, fm is the fraction of drug incorporated in micelles and ff is the 

free drug fraction. 

 According to the model described by Balakrishnan et al.(Balakrishnan, Rege et al. 

2004), in the equation above, it was determined that the biggest contributor to surfactant-

mediated dissolution enhancement was the ratio of the fraction of drug incorporated into 

micelles, fm to the fraction of free drug in solution, ff.  

 This finding is of great importance as it implies drugs that have a greater affinity 

to be incorporated into micelles (i.e. lipophilic drugs), in the presence of surfactants, will 

show significant surfactant-mediated dissolution enhancement. As mentioned earlier, 

lipophilic drugs constitute a large majority of current drug candidates. 

1.4 Modeling food-mediated dissolution effects 

 Digestion of food is a dynamic process and is accompanied by several 

physiological changes in the gastrointestinal tract. Food can also be involved in physical 

and chemical interactions with drug molecules.(Yu, Straughn et al. 2004, Lentz 2008) 

These changes can directly or indirectly lead to an impact on the absorption of drug in to 

the systemic circulation. There are four possible outcomes for drug dissolution in the 

presence of drugs: delayed absorption, decreased absorption, increased absorption and 

unaffected absorption.(Singh 1999, Singh and Malhotra 2004) When the absorption of 

drug is increased in the presence of food, it is termed a positive food effect. When the 

absorption of drug is decreased in the presence of food, it is termed a negative food 

effect. 
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 There are several mechanisms through which food effect can occur in vivo. These 

mechanisms can be broadly divided into physicochemical and physiological mechanisms. 

Physicochemical mechanisms include increased solubility and dissolution in specific 

components of a meal. For example, lipophilic drugs will show enhanced solubility in the 

presence of a high fat meal leading to enhanced absorption(Fleisher, Li et al. 1999, Singh 

1999, Singh and Malhotra 2004, Yu, Straughn et al. 2004, Lentz 2008) through 

mechanisms such as surfactant-mediated enhancement described earlier. Physiological 

mechanisms of food effect include delayed gastric emptying, increased splanchnic blood 

flow, increased lymphatic uptake, increased bile output and increased intestinal 

motility.(Singh 1973, Fleisher, Li et al. 1999, Singh and Malhotra 2004, Yu, Straughn et 

al. 2004) A schematic representation of the various mechanisms of food effect is shown 

in Figure 1.2. 

 

 
 

Figure 1.2 - The mechanisms of food effect 
The mechanisms of food effect are divided into physicochemical and physiological mechanisms. These 

mechanisms can lead to increased systemic absorption, decreased systemic absorption, delayed systemic 

absorption or unaffected absorption. 

Source: Fleisher et al., Clin Pharmacokinet,1999 (Fleisher, Li et al. 1999)  
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 The potential for food to significantly alter the pharmacokinetics of drugs led the 

United States Food and Drug Administration to establish standards for clinical food effect 

studies involving studying the administration of a drug in fasted and fed conditions (FDA 

guidance on food-effect bioavailability).(Chen, Shah et al. 2001, FDA 2002) Other than 

additional requirements for clinical testing, other problems exist with the development of 

drugs that have a food effect. One such issue is the potential for toxicity if a narrow 

therapeutic index, positive food effect drug is administered in the presence of a high fat 

meal. Food effect could also lead to sub-optimal dosing levels leading to diminished 

therapeutic effects in patients. From a commercial standpoint, consumers and medical 

practitioners will show a preference for drugs that do not display a food effect compared 

to drugs that exhibit a food effect and require more effort for compliance with the dosing 

regimen.(Lentz 2008) 

 These issues associated with food effect make it important to develop tools that 

can predict in vivo effects. The ability to anticipate food effect can aid formulation 

scientists at various stages of drug development to circumvent issues associated with 

food-mediated dissolution effects. That being said, building an effective tool to predict 

food effect is a very difficult task. Wu et al.(Wu and Benet 2005) built on work by 

Fleisher et al.(Fleisher, Li et al. 1999) and predicted potential direction of food effect 

based on the drug’s BDDCS classification (Figure 1.3). 

 



 21 

 
 

Figure 1.3 - Prediction of food effect based on BDDCS Classification 
Source: Wu et al., Pharm Res, 2005 (Wu and Benet 2005) 

 

 Predictive methods such as the one proposed by Wu et al.(Wu and Benet 2005) 

are very effective in making a quick estimate of a drug’s potential to exhibit a food effect. 

However, it would be preferable in the drug development context, to have a predictive 

tool that is more specific and quantitative in nature. In vitro dissolution studies have been 

used to predict the food effect of formulated drugs(Dressman and Reppas 2000) as well 

as to predict the release profile of lipid-based forumations.(Larsen, Sassene et al. 2011) 

These methods provide a low cost alternative to in vivo canine models which have long 

been the standard-bearers for food effect models. The main disadvantage with the 

referenced in vitro models is the requirement of formulated drug. This means the food 

effect assessment can only be made later in the drug development process. Another 
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limitation in in vitro dissolution food effect models is that they are only capable of 

capturing food effects caused by dissolution enhancements. In vivo, food effect can occur 

through a variety of other mechanisms, often with several mechanisms occurring 

concurrently. With about 70% of drug candidates being poorly soluble(Kataoka, Masaoka 

et al. 2006) and a majority being lipophilic as well,(Amidon, Lennernas et al. 1995) a 

large number of poorly soluble drug candidates in development can be predicted to have 

a food effect caused by dissolution enhancement, based on the analysis conducted by Wu 

et al.(Wu and Benet 2005) This makes in vitro dissolution food effect models potentially 

very powerful tools.  

 In vitro dissolution models mimicking fat digestion (lipolysis) can be utilized to 

develop a mechanistic understanding of food effect as well as the colloidal changes 

occurring during lipolysis in the presence of drugs. Studying these effects in vivo can be 

cost prohibitive. In vivo samples required for analyses are also more difficult to acquire. 

By comparison, in vitro samples of food effect studies are cheaper and can be synthesized 

when required. Developing a mechanistic view of changes occurring during in vitro 

lipolysis are essential to develop better models that more accurately reflect in vivo 

mechanisms. 

1.5 Dynamic in vitro lipolysis 

 Dynamic in vitro lipolysis models have been extensively used to perform 

dissolution studies of lipid-based formulations. However, this model potentially has a lot 

of utility in the study of food effect. Media simulating fed and fasted conditions can be 

employed to perform dissolution studies of poorly soluble drugs and determine 

differences in dissolution profiles. While biorelevant media are used extensively in the 
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industry to study biorelevant dissolution, dissolution rates in aspirated gastric fluid do not 

correlate completely with simulated media results. While compositions of existing 

biorelevant media are thoroughly analyzed and accurate, in vitro biorelevant dissolution 

is a static process, which is a poor simulation of in vivo conditions where components of 

digestion media are constantly changing. The dynamic in vitro lipolysis system can be 

used as a means to provide more realistic simulation of in vivo conditions during 

lipolysis. A major drawback of the system is that, unlike USP apparatus, only a single 

trial can be performed at a given time.  

 The system consists of a STAT titrator to help maintain biorelevant system pH. 

NaOH or HCl can be automatically titrated into the media as required. The media is held 

at 37
o 

C with the help of a water-jacketed beaker. Ca2+ ions are pumped in at a 

continuous rate in an effort to control the rate of lipolysis. Complete mixing is ensured by 

the use of a magnetic stirring system calibrated to 50 rpm. It is widely accepted that 

intestinal volume during meal digestion is around 300 ml. The in vitro lipolysis model 

used in this work is optimized to use 150 ml of dissolution media.in an effort to conserve 

drug API and materials. A schematic of the in vitro lipolysis model is shown in Figure 

1.4. 
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Figure 1.4 Dynamic in vitro lipolysis model 

Model provides a dynamic system mimicking lipolysis. It allows the analyses of food effect in vitro 

 

1.6 Mechanism of lipolysis 

 Lipolysis is the process of fat digestion that is carried out by enzymatic lipases. 

The mechanism of lipolysis in vivo is very complex, with a multitude of colloidal 

changes occurring. During in vivo lipolysis, triglycerides are broken down into 

monoglycerides and fatty acid as a result of the action of pancreatic lipase. Pancreatic 

lipase is only active at the oil/water interface. These polar lipids accumulate and form 

multilamellar crystalline phases on the surface of oil droplets. Bile salts aid in the 

removal of these crystalline phases by solubilizing them from the oil droplet surface. The 

crystalline phases detach, or “bud off” from the surface of oil droplets and form 

unilamellar and multilamellar vesicles. These vesicles can further interact with bile salts 

to form mixed micelles. Mixed micelles are the colloidal species implicated in having a 
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major role in solubilizing poorly soluble drugs and transporting them to the unstirred 

water layer, making them available for intestinal absorption. Calcium ions also play an 

essential role in the regulation of lipolysis. Calcium ions have been found to be essential 

for the activity of pancreatic lipase. It has been hypothesized that calcium ions can screen 

negative charges from the oil droplet surface to allow for better penetration of pancreatic 

lipase, by reducing repulsion.  

It is clear that fat digestion in vivo is very complex, and is accompanied by the 

formation and evolution of a multitude of colloidal species. Studies have shown that 

various colloidal species formed during this process (i.e. unilamellar vesicles, 

multilamellar vesicles, mixed micelles) impact the solubilization of poorly soluble drugs. 

These studies were based on analysis of solubilization of poorly soluble drugs by various 

colloidal species using size exclusion chromatography. Imaging techniques such as 

atomic force microscopy and cryogenic transmission electron microscopy provide a 

visualization of the formation of mid-digestion colloidal species. Along with the 

simultaneous analysis of dissolution of poorly soluble drugs, it will allow a more 

thorough analysis of the correlation of type, frequency and distribution of mid-digestion 

colloids with the solubilization of poorly soluble drugs. Model for colloidal changes 

during lipolysis shown in Figure 1.5. 
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Figure 1. 5 Mechanism of Lipolysis 
Lipolysis is a complex process accompanied by the formation of various colloidal species that ultimately 

help in the solubilization of poorly soluble drugs. As lipase breaks down triglycerides, polar lipids 

crystallize onto the surface of oil droplets. These polar lipids are removed from the oil/water interface by 

being solubilized into mixed micelles. Mixed micelles have been implicated in the solubilization of poorly 

soluble drugs, and their transport to the unstirred water layer. 

 

1.6.1 Atomic force microscopy 

 Atomic force microscopy (AFM) is a surface imaging technique. It is a type of 

scanning probe microscopy that can be used to measure surface properties (magnetism, 

friction, height, etc.) of samples. This technique has a resolution in the order of 

nanometers. The primary measuring element of an atomic force microscope is the 

mechanical probe or cantilever. This cantilever made to contact the surface of the sample 

and is then raster scanned over a pre-specified grid/area on the sample. Peaks and troughs 

appearing on the surface of the sample cause deflections in the cantilever that is tuned to 

make contact with the surface. Deflections on the cantilever can be detected using beam 

deflection, where a laser beam is focused on the cantilever. Any deflection in the 
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cantilever results in a deflection in the reflected laser beam, which is captured on a 

photodetector. A schematic of the working principle of an atomic force microscope is 

shown below (Figure 1.6). 

 AFM is a very powerful technique in the imaging of colloidal particles such as 

vesicles and micelles. It is a relatively simple technique with minimal effort required for 

sample preparation. The major drawback to this technique when looking to study 

lipolysis is the fact that the samples imaged will not be in their native state. AFM samples 

are required to be dried in a stream of nitrogen. This method of sample preparation could 

lead to aggregation and agglomeration of liposomal colloids. AFM can be done in 

solution to minimize these issues, however this process is very expensive. 

 

  

 
Figure 1.6 Atomic Force Microscopy 

 

1.6.2 Cryogenic transmission electron microscopy 

 Cryogenic transmission electron microscopy (cryo-TEM) is a variation of 

transmission electron microscopy (TEM). In the case of cryo-TEM, the samples are flash 
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frozen to cryogenic temperatures. This technique has a resolution in the angstrom range. 

In this technique, samples to be imaged are vitrified by dropping on to a specialized grid 

which is then plunged into liquid ethane to flash freeze the sample. The sample can then 

be cut into sections and imaged using TEM. In TEM imaging, beams of electrons are 

focused onto the sample grid. Sections of the grid that either do not contain sample, or 

have sample with a very low thickness allow the passage of electrons, while thicker 

sections block their passage. Electrons that pass through the grid are then amplified and 

detected. This allows for a 2D rendering of the colloids in sample. A major advantage of 

cryo-TEM is that there is no fixation or staining of samples required, avoiding the 

alteration of samples from their native state. However, it is an expensive technique that is 

also difficult and time consuming to perform. 

 

 
 

Figure 1.7 Cryogenic Transmission Electron Microscopy 
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1.7 Statistical analysis  

 The standard error of the mean (SEM) estimates the variance between samples 

means from the same population. The SEM is a very useful tool in estimating the 

precision with the mean of a population estimates the population mean. Smaller SEM 

values indicate a higher precision in the estimates of the population mean. 

Correspondingly, large SEM values indicate lower precision estimates of the population 

mean.  

 Standard deviation is a measure of how disperse the data is from the mean. Large 

standard deviation values imply that the data is widely dispersed from the mean. 

Correspondingly, low standard deviation values imply the data in not very dispersed from 

the mean. When interpreting data, it is more crucial to analyze variance in the mean 

estimates and as a result, SEM is a more useful statistical tool than standard deviation and 

as a result is widely utilized.  

1.8 Research objectives 

 The primary objective of this thesis is to analyze surfactant-mediated dissolution 

enhancement in biorelevant media. To achieve this objective, three research aims were 

pursued: 1) Predicting positive food effect of BCS Class II drugs using an in vitro 

lipolysis model, 2) Developing a mechanistic understanding of food-mediated dissolution 

using cryogenic transmission electron microscopy and 3) Analyzing surfactant-mediated 

dissolution of poorly water soluble drugs in human and canine intestinal media. 

 Chapter 2 focuses on the first aim outlined above. In this chapter, three poorly 

soluble, lipophilic drugs (BCS Class II) were analyzed using the dynamic in vitro 

lipolysis model. In this study, dissolution tests were performed on all three drugs using 
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biorelevant media simulating fasted and fed intestinal states and a prediction on their in 

vivo food effect was made, based on the dissolution enhancements observed. The tests 

were performed using two different sets of biorelevant media and the in vitro lipolysis 

model successfully predicted a positive food effect in all three drugs, in both sets of 

media. 

 Chapter 3 focuses on the second aim outlined above. In this chapter, an effort was 

made to characterize the colloidal changes that occur during lipolysis in the presence of a 

BCS Class II drug to gain a mechanistic understanding of food-mediated dissolution 

enhancement. Cryogenic transmission electron microscopy was used to characterize 

changes at various time points during in vitro lipolysis (simulating fed state dissolution). 

The imaging results allowed the observation of significant changes in the colloidal 

structures in the fed state intestinal media in the presence of the drug. Similar imaging 

was done for a dissolution experiment mimicking the fasted state. Compared to the fed 

state observations, no major changes were observed in the fasted state. These findings 

concur with in vivo observations and previously developed hypothetical models of 

lipolysis and drug solubilization. 

 Chapter 4 focuses on the third aim outlined above. In this chapter, three poorly 

soluble drugs, that differed in their lipophilicity were analyzed using biorelevant 

dissolution in human as well as canine fasted state intestinal media. The main objective 

was to compare the rate and extent of dissolution between these drugs and further 

elucidate the surfactant-mediated enhancements they experienced. The more lipophilic 

drug experienced significantly slower dissolution as a result of being heavily surfactant-
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dependent. This result was reflected in both human as well as canine fasted state 

intestinal media. 
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Chapter 2: Prediction of Positive Food Effect: Bioavailability Enhancement of BCS 

Class II Drugs
1 

 

2.1. Introduction  

 The pharmacokinetics of some drugs can be significantly impacted by the 

presence of food. This food effect has been known to occur through a variety of 

mechanisms, such as modulation in gastric emptying time or splanchnic blood flow, 

binding of drug to food, and decreased absorption due to increased chyme 

viscosity.(Bateman 1982, Amidon, DeBrincat et al. 1991, Charman, Porter et al. 1997, 

Jones, Parrott et al. 2006, Kataoka, Masaoka et al. 2006, Genser 2008) These collective 

mechanisms can result in an increase in drug bioavailability (i.e. positive food effect) or a 

decrease in drug bioavailability (i.e. negative food effect). BCS Class II drugs (poorly 

soluble and highly permeable) have a higher propensity to display food effect, because of 

enhanced in vivo solubility in the fed state.(Lentz 2008) With the advancement of high-

throughput screening methods, up to 70% of active molecules in development are poorly 

soluble(Lipinski 2000, Kawabata, Wada et al. 2011), with a large proportion falling in 

BCS Class II(Amidon, Lennernas et al. 1995). 

In vitro lipolysis has been extensively used to perform dissolution studies of lipid-

based formulations.(Larsen, Sassene et al. 2011) These studies have employed drugs that 

are lowly water-soluble.  However, in the present work, the in vitro lipolysis system was 

utilized as a means to predict solubility-mediated food effect of unformulated active 

pharmaceutical ingredients (API). 

 

1
Raman, S.; Polli, J. E., Prediction of positive food effect: Bioavailability enhancement of BCS class II 

drugs. International journal of pharmaceutics 2016, 506 (1-2), 110-5. Copyright 2016 International Journal 

of Pharmaceutics 
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 In the past, assessment of food effect has been carried out using dog models.(Lui, 

Amidon et al. 1986, Akimoto, Nagahata et al. 2000, Lentz, Quitko et al. 2007) The major 

disadvantages of this approach in addition to cost have been the physiological differences 

in gastrointestinal transit times between humans and dogs. There is a need for in vitro 

methods that anticipate food effect on drug bioavailability.(Chen, Shah et al. 2001, Dahan 

and Hoffman 2006)  

Dissolution media used in this study to simulate fed and fasted states are denoted 

Fe-Lipolysis and Fa-Lipolysis, respectively. The composition of Fe-Lipolysis and Fa-

Lipolysis were adapted from Christensen et. al.(Christensen, Schultz et al. 2004). In order 

to benchmark the performance of Fe-Lipolysis and Fa-Lipolysis against dissolution 

media that have been previously used to anticipate food effect, the in vitro lipolysis 

model was also used to predict food effect in commonly used media FaSSIF-V2 and 

FeSSIF-V2, with slight modification.  These modified media are denoted here as FaSSIF-

V2L and FeSSIF-V2L, where the accommodation was mainly the additional of 

triglyceride and lipase to FaSSIF-V2 and FeSSIF-V2 for in vitro lipolysis. FaSSIF-V2 

and FeSSIF-V2 are commonly used to conduct in vitro dissolution using USP 

apparatus(Jantratid, Janssen et al. 2008) and have not been used to perform in vitro 

lipolysis. The performance of the in vitro lipolysis model in both sets of media (i.e. Fa-

Lipolysis/Fe-Lipolysis and FaSSIF-V2L/FeSSIF-V2L) was compared across a panel of 

three BCS Class II drugs (i.e. danazol, amiodarone and ivermectin) that show positive 

food effect in vivo. 
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2.2. Materials and Methods  

2.2.1 Materials  

Phosphatidylcholine (PC, Coatsome MC-6081, 99.7% pure) was obtained from 

NOF Corporation (White Plains, NY). Glyceryl monooleate (GMO, Rylo M19 Pharma®, 

95% monoglyceride) was donated by Danisco (Copenhagen, Denmark). Sodium oleate 

(96% pure) was purchased from City Chemical (West Haven, CT). Trizma maleate, 

porcine bile extract, Pancreatin and sesame oil were purchased from Sigma Aldrich (St. 

Louis, MO). Analytical grades: maleic acid; sodium hydroxide; and sodium chloride 

were purchased from Sigma Aldrich (St. Louis, MO). All organic solvents and water 

were HPLC grade. All other chemicals were reagent grade. 

2.2.2 Model drugs 

 Three BCS Class II drugs that show positive food effect in vivo (i.e. greater than 

30% increase in bioavailability in the presence of food) were selected (Table 2.1). 

Danazol was purchased from Letco Medical (Decatur, AL). Amiodarone was purchased 

from LKT Laboratories, Inc. (St Paul, MN). Ivermectin was purchased from Letco 

Medical (Decatur, AL). 

 

Table 2.1 - Physicochemical properties of danazol, amiodarone, and ivermectin 

Selected drugs are BCS Class II drugs with a positive food effect (l – Literature reported 

values). 

 

Drug pKa 
l Log P 

l
 

(Octanol/Water) 

Aqueous Solubility 
l
 

(µg/ml) 

 

  

Danazol None (neutral) 4.53 0.58   

Amiodarone 6.56 (basic) 7.57 4.76   

Ivermectin 13.17 (basic) 5.83 4.00   
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2.2.3 Preparation of Fe-Lipolysis and Fa-Lipolysis media 

 Fed state media (i.e. Fe-Lipolysis) and fasted state media (i.e. Fa-Lipolysis) were 

adapted with modifications from Christensen et. al.(Christensen, Schultz et al. 2004) 

Their compositions are listed in Table 2.2. A lower volume of 150ml (including lipase 

solution) was utilized to conserve material. Clinical doses used in food effect studies 

were also adjusted accordingly. Briefly, Fe-Lipolysis was prepared by dissolving bile 

extract in a buffer consisting of Trizma maleate and sodium chloride. PC was dissolved 

in dichloromethane (100 mg/ml) before adding to the above solution. Dichloromethane 

was then evaporated out by rotary evaporator and then the solution was adjusted to 100 

ml using water. The pH of the solution was then adjusted to 6.5 using 0.1 N NaOH. In 

order to simulate a high fat meal and subsequent lipolysis, sesame oil, pancreatic lipase 

(suspended in water) and Ca2+ ions (necessary for lipase activity(Zangenberg, Mullertz 

et al. 2001, Zangenberg, Mullertz et al. 2001)) in the form of calcium chloride were 

added.  Sesame oil was added, followed by pancreatic lipase, denoting time zero. 

Calcium chloride was added continuously. Pancreatic lipase is the enzyme responsible for 

the digestion of lipids. It is secreted in response to the presence of fat in the intestine. 

Pancreatic lipase is active only at the oil/water interface. Calcium chloride addition 

provides Ca2+ ions that help sweep charge off the lipid surface allowing better 

penetration of pancreatic lipase.  

 Fa-Lipolysis was prepared in the same way as Fe-Lipolysis, except no sesame oil, 

pancreatic lipase, or calcium chloride was added. These components were replaced by 

water to maintain the same 250ml volume of Fa-Lipolysis compared to Fe-Lipolysis. 

Table 2.2 - Composition of Fe-Lipolysis and Fa-Lipolysis media. 

Media differ in terms of bile salt, triglycerides, lipase, and calcium chloride. 
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Composition 
Initial Concentration 

Fe-Lipolysis media Fa-Lipolysis media 

Porcine Bile extract 20 mM 3 mM 

Phospholipid (POPC) 2 mM 0.2 mM 

Pancreatic Lipase 800 USP unit/mL - 

Trizma maleate 2 mM 2 mM 

Sodium chloride 150 mM 150 mM 

Calcium chloride 0.4 ml/min - 

Water
a
 - 0.4 ml/min 

Initial Total volume 150 mL 150 mL 

Triglyceride (TG) 30 mM - 

pH 6.5 6.5 
a 

Water without calcium chloride is added in Fa-Lipolysis model to match dissolution 

volume profile of Fe-Lipolysis. 

2.2.4 Preparation of FeSSIF-V2L and FaSSIF-V2L 

 In order to benchmark the performance of Fe-Lipolysis and Fa-Lipolysis, the in 

vitro lipolysis model was also used to predict food effect in commonly used media 

FaSSIF-V2 and FeSSIF-V2, with slight modification. These modified media are denoted 

here as FaSSIF-V2L and FeSSIF-V2L, where the accommodation was mainly the 

addition of triglyceride and lipase to FaSSIF-V2 and FeSSIF-V2 for in vitro lipolysis. 

FaSSIF-V2 and FeSSIF-V2 were developed by Jantratid et. al.(Jantratid, Janssen et al. 

2008). Briefly, FeSSIF-V2 was prepared by dissolving sodium taurocholate in buffer pH 

5.8. PC was dissolved in dichloromethane (100 mg/ml) before adding to sodium 

taurocholate solution. Dichloromethane was then evaporated out by rotary evaporator. 

GMO solution in dichloromethane was added and a second evaporation was performed. 

Sodium oleate was added under continuous stirring and the final pH and volume of the 

medium was adjusted. FaSSIF-V2 was prepared in the same way in buffer pH 6.5 without 

adding of GMO and sodium oleate. 
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 FaSSIF-V2 and FeSSIF-V2 were employed to yield FaSSIF-V2L and FeSSIF-

V2L, respectively.  Their compositions are listed in Table 2.3. In order to simulate a high 

fat meal, and subsequent lipolysis, sesame oil, pancreatic lipase (suspended in water) and 

calcium chloride were incorporated in to the fed state media (FeSSIF-V2) and is hereafter 

denoted as FeSSIF-V2L. Sesame oil was added, followed by pancreatic lipase, denoting 

time zero for Fe-SSIF-V2L. Calcium chloride was added continuously for FeSSIF-V2L 

studies. Sodium taurocholate is one of the more common bile salts found in intestinal 

media. Lecithin is a phospholipid found in intestinal digestion media. Glyceryl 

monooleate and sodium oleate are byproducts of fat digestion. Maleic acid and sodium 

chloride constitue the buffer. 

 FaSSIF-V2L studies mimicked FeSSIF-V2L studies, except FaSSIF-V2 was 

employed (rather than FeSSIF-V2), and no sesame oil, pancreatic lipase, or calcium 

chloride were added. These components were replaced by water to maintain the same 

volumes of FaSSIF-V2L compared to FeSSIF-V2L. 
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Table 2.3 - Composition of FeSSIF-V2L and FaSSIF-V2L media 

FeSSIF-V2L and FaSSIF-V2L are based on FeSSIF-V2 and FaSSIF-V2, respectively, and employed as 

benchmarks to evaluate Fe-Lipolysis and Fa-Lipolysis. FeSSIF-V2L and FaSSIF-V2L differ from one 

another in terms of bile salt, triglycerides, lipase, and calcium chloride. 

 

Composition 
Initial Concentration 

FeSSIF–V2L FaSSIF–V2L 

Sodium Taurocholate 10 mM 3 mM 

Lecithin 2 mM 0.2 mM 

Pancreatic Lipase 800 USP unit/mL - 

Glyceryl Monooleate 5 mM 2 mM 

Sodium Oleate 0.8 mM  

Sodium chloride 125.5 mM 68.62 mM 

Maleic Acid 55.02 mM 19.12 mM 

Calcium chloride 0.4 ml/min - 

Water 
a
 - 0.4 ml/min 

Initial Total Volume 150 mL 150 mL 

Triglyceride (TG) 15 mM - 

pH 5.8 6.5 
a
 Water without calcium chloride is added in FeSSIF-V2L model to match dissolution 

volume profile of FaSSIF-V2L. 

 

2.2.5 Sample collection and analysis  

 At specific time points (5, 10, 15, 30, 45, and 60 min), about 5 mL of sample was 

withdrawn and the reaction was immediately arrested by adding 4-bromobenzeneboronic 

acid, which is also known as 3-nitro 4-bromo benzene boronic acid.(Garner 1980) There 

was a lag between experiment initation and the collection of time, t = 0 min sample, 

owing to limitations associated with manual sampling. The pH was maintained by stat-

titrating the lipolysis media with 0.5N NaOH via a stat-titrator (Metrohm model Titrando 

842; Switzerland). The system was continuously stirred and the temperature maintained 

at a biologically relevant level (37ºC). During lipolysis, triglycerides are broken down to 

fatty acids, and the amount of NaOH titrated indicates the extent of lipid hydrolysis. 
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Samples were ultra-centrifuged (Beckman model Optima L100-XP; Brea, CA) in thick 

walled polycarbonate tubes using a 70.1 Ti rotor at 55000 rpm for 90 min equivalent to 

2.5 g min at rmax and fractionated into 3 separate phases: an oil phase, an aqueous phase, 

and the sediment. The aqueous fraction was extracted and analyzed for drug content, as 

only drug in the aqueous fraction was assumed to be available for absorption into the 

systemic circulation. The aqueous phase was isolated, centrifuged (Eppendorf model 

5424; Hauppauge, NY) at 10000 rpm for 15 min and drug content was measured using 

HPLC (Waters; Milford, MA).  

2.2.5.1 Danazol HPLC method 

 Detection of danazol was performed using a Vydac C-18 column (250 x 4.6 mm, 

3 micron). Mobile phase of 70:30, methanol : 20mM potassium dihydrogen phosphate 

was used and wavelength was set to 288 nm at a flow rate of 1 ml/min. This method was 

modified from Rahman et. al.(Rahman and Hoffman 1989) Method was validated for 

accuracy, precision and linearity. 

2.2.5.2 Amiodarone HPLC method 

 Detection of amiodarone was performed using a Phenomenex C-18 column (250 

x 3mm, 5 micron). Mobile phase of 40:56:3 acetonitrile : methanol : 0.05mM ammonium 

acetate was used and wavelength was set to 242 nm at a flow rate of 0.9 ml/min. This 

method was modified from Juenke et. al.(Juenke, Brown et al. 2004) Method was 

validated for accuracy, precision and linearity. 
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2.2.5.3 Ivermectin HPLC method 

 Detection of ivermectin was performed using a Vydac C-18 column (250 x 4.6 

mm, 3 micron). Mobile phase of 60:30:10, acetonitrile : methanol : water was used and 

wavelength was set to 250 nm at a flow rate of 1.5 ml/min. This method was modified 

from Nischal et. al.(Nischal 2011) Method was validated for accuracy, precision and 

linearity. 

2.3. Results and Discussion 

2.3.1 In vitro lipolysis model using Fe-Lipolysis and Fa-Lipolysis media 

 Figure 2.1 plots the progression of lipid hydrolysis of Fe-Lipolysis media in the 

absence and presence of three model BCS Class II drugs that display positive food effect 

in vivo (i.e. danazol, amiodarone, and ivermectin). Drug had no practical impact. In the 

presence or absence of drug, greater than 50% of lipid was hydrolyzed in 30 min and 

greater than 75% lipid was hydrolyzed in 60 min. Hence, no effects in this study can be 

attributed to changes in the rate and extent of hydrolysis of lipid content due to presence 

of drug. 
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Figure 2. 1 - In vitro lipid hydrolysis profile with and without drug. 

Percent hydrolyzed is the percentage of lipid hydrolyzed, using Fe-Lipolysis media which 

includes triglyceride and lipase.  The presence of drug did not significantly impact the 

rate of lipid hydrolysis.  A vast majority of lipid was hydrolyzed by about 45 min.  Blank 

consisted of Fe-Lipolysis media and no drug.  

 

 Figure 2.2 plots the dissolution of danazol, amiodarone, and ivermectin in Fe-

Lipolysis and Fa-Lipolysis media to simulate fed and fasted intestinal conditions, 

respectively. All three drugs showed much greater dissolution in Fe-Lipolysis than in Fa-

Lipolysis. At about 30-45 min, all three dissolution profiles in Fe-Lipolysis decreased, 

reflecting drug precipitation.  Precipitation was visually evident and attributed to the 

Ca2+ ions, which were continuously added at 0.14 mmole/min to maintain the activity of 

lipase..(Zangenberg, Mullertz et al. 2001) 

 Drug precipitation was secondary to the complexation of Ca2+ ions with bile 

salts;(Brockerhoff and Jensen 1974, Hernell, Staggers et al. 1990) a reduced 

concentration of available bile salts led to drug precipitation. Dissolution profiles in Fa-

Lipolysis did not decreased, since Ca2+ ions were not added 



 45 

 
 

Figure 2. 2 -  Drug dissolution profiles of danazol (panel A), amiodarone (panel B), and ivermectin 

(panel C) in Fe-Lipolysis (i.e. fed) and Fa-Lipolysis (i.e. fasted) media. 
For all three drugs, dissolution was greater in fed state than fasted state. In fed media, precipitation was 

visually evident, starting at about 20-30 min. 

 

. 
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 Table 2.4 presents the observed dissolution enhancement in Fe-Lipolysis relative 

to Fa-Lipolysis.  

 

Table 2.4 - AUC0-15 min ratio and AUC0-30 min ratio for danazol, amiodarone, and ivermectin using 

Fe-Lipolysis and Fa-Lipolysis. 

For each drug, AUC0-15 min ratio and AUC0-30 min ratios were similar, and larger than the in vivo AUC ratio, 

which were about 3.  A positive food effect is defined as an increase in AUC ratio >30% (in vivo AUC 

ratio > 1.30). 
 

Drug 
AUC0-15 min ratio 

(unitless)
 a
 

AUC0-30 min ratio 

(unitless)
 a
 

in vivo AUC ratio 

(unitless) 

Danazol 2.28 (0.10) 2.46 (0.07) ≈ 3.00 

Amiodarone 13.0 (0.2) 10.5 (0.3) ≈ 2.30 

Ivermectin 8.35 (0.10) 8.13 (0.03) ≈ 3.00 
a
 Values are mean (SEM). AUC0-15 min ratio is the ratio of AUCfed to AUCfasted over the 0-

15 min interval. AUC0-30 min ratio is the ratio of AUCfed to AUCfasted over the 0-30 min 

interval. AUCfed and AUCfasted were calculated in Fe-Lipolysis and Fa-Lipolysis, 

respectively, from dissolution profiles of the three BCS Class II drugs. 

 

In order to assess the degree of dissolution enhancement, the area-under-the-curve 

(AUC) was calculated from dissolution profiles in both the fed (AUCfed) and fasted 

(AUCfasted) states, and a ratio of the AUCfed to AUCfasted was calculated (denoted 

AUC ratio). In order to minimize the drug precipitation effect after 30 min in Fe-

Lipolysis, AUC ratios were calculated for the 0 to 15 min interval (denoted AUC0-15 

min) as well as the 0 to 30 min interval (denoted AUC0-30 min). A food effect is 

anticipated to be positive when AUC ratio is greater than 1.3. 

 In Table 2.4, in vitro lipolysis correctly predicts a positive food effect for all three 

drugs.  AUC0-15 min ratios were 2.28 for danazol, 13.0 for amiodarone and 8.35 for 

ivermectin. AUC0-30 min ratios were 2.46 for danazol, 10.5 for amiodarone and 8.13 for 

ivermectin. Broadly, AUC0-15 min ratios and AUC0-30 min ratios were similar (i.e. 

about 5 for danazol, 11 for amiodarone, and 8 for ivermectin). The in vitro lipolysis 

system using Fe-Lipolysis and Fa-Lipolysis was able to easily anticipate the in vivo 
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positive food effect of danazol, amiodarone, and ivermectin, where food increased AUC 

about 2-3 fold.  Qualitatively, in vitro results agree with in vivo observations, with in 

vitro results over-predicting in vivo observations. 

 Quantitatively, there was large difference between in vitro results and level of in 

vivo food effect.  One underpinning element for this difference is that there are multiple 

complex mechanisms occurring in parallel in vivo (e.g. prolonged gastric emptying, 

increased drug solubilization, drug permeation across intestinal wall, increased liver 

blood flow), which can contribute to positive food effect. Meanwhile, in the in vitro 

lipolysis system, the main mechanism is only drug solubility enhancement. 

In Fig 2.2, the maximum percent drug dissolved was amiodarone > ivermectin > danazol 

for fed state.  This trend could be explained by the differences in the aqueous drug 

solubilities (Table 2.1). Amiodarone was found to have the highest aqueous solubility, 

followed by ivermectin and danazol. 

2.3.2 In vitro lipolysis model using FeSSIF-V2L and FaSSIF-V2L media  

 Given the generally favorable results from the Fe-Lipolysis/Fa-Lipolysis 

approach, it was desirable to benchmark those results against in vitro dissolution media 

that have been previously employed to predict food effect. FeSSIF-V2 and FaSSIF-V2 

were selected as benchmark biorelevant media, but configured for lipolysis. 

Figure 2.3 plots the dissolution of danazol, amiodarone, and ivermectin, in FeSSIF-V2L 

and FaSSIF-V2L media to simulate fed and fasted intestinal conditions, respectively.  
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Figure 2.3 - Drug dissolution profiles of danazol (panel A), amiodarone (panel B), and ivermectin 

(panel C), in FeSSIF-V2L and FaSSIF-V2L 

Dissolution was greater in FeSSIF-V2L than FaSSIF-V2L for danazol and amiodarone, but not for 

ivermectin. In fed media, precipitation was visually evident, starting at about 20-30 min. Compared with 

Fe-Lipolysis results (Fig 2), danazol dissolved to an about 10-fold lesser extent in FeSSIF-V2L.  Compared 

with Fa-Lipolysis results (Fig 2), ivermectin dissolved to an about 12-fold greater extent in FeSSIF-V2L. 
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All three drugs showed greater dissolution in FeSSIF-V2L than in FaSSIF-V2L 

over the first 45 min. At about 30-45 min, all three drug profiles in FeSSIF-V2L in Fig 

2.3 decreased, reflecting drug precipitation from added Ca2+ ions, as observed in Fe-

Lipolysis profiles (Fig 2.2). However, enhanced dissolution was less pronounced in 

FeSSIF-V2L/FaSSIF-V2L media than in Fe-Lipolysis/Fa-Lipolysis media. 

 Table 2.5 presents the observed dissolution enhancement in FeSSIF-V2L relative 

to FaSSIF-V2L, measured as AUC of dissolution profiles.  

 

Table 2.5 - AUC0-15 min ratio and AUC0-30 min ratio for danazol, amiodarone, and ivermectin using 

FeSSIF-V2L and FaSSIF-V2L 

For each drug in FeSSIF-V2L and FaSSIF-V2L, AUC0-15 min ratio and AUC0-30 min ratio were similar (i.e. 

about 6, 20, and 1.4 for danazol, amiodarone, and ivermectin, respectively). AUC0-30 min ratio from FeSSIF-

V2L and FaSSIF-V2L was in qualitative agreement with the fact that each drug exhibiting a positive food 

effect.  However, AUC0-30 min ratio from FeSSIF-V2L and FaSSIF-V2L (i.e. about 1.5) under predicted 

ivermectin in vivo AUC ratio (i.e. about 2.5). 

 

Drug 
AUC0-15 min ratio (unit 

less)
 a
 

AUC0-30 min ratio (unit 

less)
 a
 

in vivo AUC ratio 

(unit less) 

Danazol 5.41 (0.10) 6.04 (0.08) ≈ 3.00 

Amiodarone 31.4 (0.07) 18.0 (0.2) ≈ 2.30 

Ivermectin 1.34 (0.06) 1.48 (0.03) ≈ 2.45 – 2.77 
a
 Values are mean (SEM). AUC0-15 min ratio is the ratio of AUCfed to AUCfasted over the 0-15 min interval. 

AUC0-30 min ratio is the ratio of AUCfed to AUCfasted over the 0-30 min interval. AUCfed and AUCfasted were 

calculated in FeSSIF-V2L and FaSSIF-V2L, respectively, from dissolution profiles of the three BCS Class 

II drugs. 
 

AUC0-15 min ratios were 5.41 for danazol, 31.4 for amiodarone and 1.34 for 

ivermectin. Similarly, AUC0-30 min ratios were 6.04 for danazol, 18.0 for amiodarone 

and 1.48 for ivermectin. The in vitro lipolysis system using FeSSIF-V2L and FaSSIF-

V2L was able to predict the in vivo positive food effect of danazol, amiodarone, and 

ivermectin. Qualitatively, in vitro results agree with in vivo observations, while 

quantitative differences similar to those seen in the Fe-Lipolysis and Fa-Lipolysis media 

were observed (i.e. in vitro greater that in vivo). 
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2.3.3 Comparison of Fe-Lipolysis/Fa-Lipolysis versus FeSSIF-V2L/FaSSIF-V2L   

 Each Fe-Lipolysis/Fa-Lipolysis media and FeSSIF-V2L/FaSSIF-V2L media 

qualitatively anticipated positive food effect.  However, there were quantitative 

differences in the AUC0-30min ratios between Fe-Lipolysis/Fa-Lipolysis and FeSSIF-

V2L/FaSSIF-V2L. For danazol, amiodarone, and ivermectin, Fe-Lipolysis/Fa-Lipolysis 

provided AUC0-30min ratios of 2.46, 10.5, and 8.13, respectively; FeSSIF-V2L/FaSSIF-

V2L yielded values of 6.04, 18.0, and 1.48, respectively.  The largest relative difference 

concerned ivermectin (i.e. 8.13 versus 1.48), where Fe-Lipolysis/Fa-Lipolysis over-

predicted in vivo food effect and FeSSIF-V2L/FaSSIF-V2L under-predicted. 

 These performance differences between Fe-Lipolysis/Fa-Lipolysis and FeSSIF-

V2L/FaSSIF-V2L appear to reflect a higher concentration of triglycerides (30 mM vs. 15 

mM) in the Fe-Lipolysis media as compared to FeSSIF-V2L. This increased amount of 

triglyceride appears to result in a greater solubility enhancement, reflected in the higher 

AUC ratios of ivermectin and danazol. Meanwhile, amiodarone showed a higher 

solubility in the Fa-Lipolysis media than FaSSIF and hence exhibited a greater AUC0-

30min ratio for FeSSIF-V2L/FaSSIF-V2L than for Fe-Lipolysis/Fa-Lipolysis. 

2.4. Conclusion 

 In conclusion, the in vitro lipolysis model used in this study showed the ability to 

successfully identify a positive in vivo food effect in two different sets of biorelevant 

media: Fe-Lipolysis/Fa-Lipolysis and FeSSIF-V2L/FaSSIF-V2L. The in vivo AUC ratios 

cannot be predicted accurately with this model due to the fact that the in vitro lipolysis 

model is designed to identify only solubility enhancement and no other underpinning 

mechanism of in vivo food effect. The in vitro lipolysis model can be used with 
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biorelevant media for the prediction of positive food effect, which is of critical 

importance early in the drug development process. 

 

Acknowledgement 

This work was supported in part by FDA grant U01FD004320. 

  



 52 

2.5 References 

 

Akimoto, M., N. Nagahata, A. Furuya, K. Fukushima, S. Higuchi and T. Suwa 

(2000). "Gastric pH profiles of beagle dogs and their use as an alternative to 

human testing." Eur J Pharm Biopharm 49(2): 99-102. 

Amidon, G. L., G. A. DeBrincat and N. Najib (1991). "Effects of gravity on 

gastric emptying, intestinal transit, and drug absorption." J Clin Pharmacol 

31(10): 968-973. 

Amidon, G. L., H. Lennernas, V. P. Shah and J. R. Crison (1995). "A theoretical 

basis for a biopharmaceutic drug classification: the correlation of in vitro drug 

product dissolution and in vivo bioavailability." Pharm Res 12(3): 413-420. 

Bateman, D. N. (1982). "Effects of meal temperature and volume on the emptying 

of liquid from the human stomach." J Physiol 331: 461-467. 

Brockerhoff, H. and R. G. Jensen (1974). III - Kinetics of Lipolysis. Lipolytic 

Enzymes. H. B. G. Jensen, Academic Press: 10-24. 

Charman, W. N., C. J. Porter, S. Mithani and J. B. Dressman (1997). 

"Physiochemical and physiological mechanisms for the effects of food on drug 

absorption: the role of lipids and pH." J Pharm Sci 86(3): 269-282. 

Chen, M.-L., V. Shah, R. Patnaik, W. Adams, A. Hussain, D. Conner, M. Mehta, 

H. Malinowski, J. Lazor, S.-M. Huang, D. Hare, L. Lesko, D. Sporn and R. 

Williams (2001). "Bioavailability and Bioequivalence: An FDA Regulatory 

Overview." Pharmaceutical Research 18(12): 1645-1650. 

Christensen, J. O., K. Schultz, B. Mollgaard, H. G. Kristensen and A. Mullertz 

(2004). "Solubilisation of poorly water-soluble drugs during in vitro lipolysis of 

medium- and long-chain triacylglycerols." Eur J Pharm Sci 23(3): 287-296. 

Dahan, A. and A. Hoffman (2006). "Use of a dynamic in vitro lipolysis model to 

rationalize oral formulation development for poor water soluble drugs: correlation 

with in vivo data and the relationship to intra-enterocyte processes in rats." Pharm 

Res 23(9): 2165-2174. 

Garner, C. W. (1980). "Boronic acid inhibitors of porcine pancreatic lipase." J 

Biol Chem 255(11): 5064-5068. 

Genser, D. (2008). "Food and drug interaction: consequences for the 

nutrition/health status." Ann Nutr Metab 52 Suppl 1: 29-32. 

Hernell, O., J. E. Staggers and M. C. Carey (1990). "Physical-chemical behavior 

of dietary and biliary lipids during intestinal digestion and absorption. 2. Phase 



 53 

analysis and aggregation states of luminal lipids during duodenal fat digestion in 

healthy adult human beings." Biochemistry 29(8): 2041-2056. 

Jantratid, E., N. Janssen, C. Reppas and J. B. Dressman (2008). "Dissolution 

media simulating conditions in the proximal human gastrointestinal tract: an 

update." Pharm Res 25(7): 1663-1676. 

Jones, H. M., N. Parrott, G. Ohlenbusch and T. Lave (2006). "Predicting 

pharmacokinetic food effects using biorelevant solubility media and 

physiologically based modelling." Clin Pharmacokinet 45(12): 1213-1226. 

Juenke, J. M., P. I. Brown, G. A. McMillin and F. M. Urry (2004). "A rapid 

procedure for the monitoring of amiodarone and N-desethylamiodarone by 

HPLC-UV detection." J Anal Toxicol 28(1): 63-66. 

Kataoka, M., Y. Masaoka, S. Sakuma and S. Yamashita (2006). "Effect of food 

intake on the oral absorption of poorly water-soluble drugs: in vitro assessment of 

drug dissolution and permeation assay system." J Pharm Sci 95(9): 2051-2061. 

Kawabata, Y., K. Wada, M. Nakatani, S. Yamada and S. Onoue (2011). 

"Formulation design for poorly water-soluble drugs based on biopharmaceutics 

classification system: basic approaches and practical applications." Int J Pharm 

420(1): 1-10. 

Larsen, A. T., P. Sassene and A. Mullertz (2011). "In vitro lipolysis models as a 

tool for the characterization of oral lipid and surfactant based drug delivery 

systems." Int J Pharm 417(1-2): 245-255. 

Lentz, K. A. (2008). "Current methods for predicting human food effect." AAPS J 

10(2): 282-288. 

Lentz, K. A., M. Quitko, D. G. Morgan, J. E. Grace, Jr., C. Gleason and P. H. 

Marathe (2007). "Development and validation of a preclinical food effect model." 

J Pharm Sci 96(2): 459-472. 

Lipinski, C. A. (2000). "Drug-like properties and the causes of poor solubility and 

poor permeability." J Pharmacol Toxicol Methods 44(1): 235-249. 

Lui, C. Y., G. L. Amidon, R. R. Berardi, D. Fleisher, C. Youngberg and J. B. 

Dressman (1986). "Comparison of gastrointestinal pH in dogs and humans: 

implications on the use of the beagle dog as a model for oral absorption in 

humans." J Pharm Sci 75(3): 271-274. 

Nischal, K., Somshekar, B., Abhilekha, P. M., Sharadamma, K. C., Radhakrishna, 

P. M. (2011). "A Simple RP-HPLC Method for Estimation of Triclabendazole 

and Ivermectin in a Pharmaceutical Suspension Dosage Form." Journal of Current 

Pharma Research 1(4): 306-310. 



 54 

Rahman, A. and N. E. Hoffman (1989). "Determination of Danazol in Plasma by 

High Performance Liquid Chromatography." Analytical Letters 22(2): 377-386. 

Zangenberg, N. H., A. Mullertz, H. G. Kristensen and L. Hovgaard (2001). "A 

dynamic in vitro lipolysis model. I. Controlling the rate of lipolysis by continuous 

addition of calcium." Eur J Pharm Sci 14(2): 115-122. 

Zangenberg, N. H., A. Mullertz, H. G. Kristensen and L. Hovgaard (2001). "A 

dynamic in vitro lipolysis model. II: Evaluation of the model." Eur J Pharm Sci 

14(3): 237-244. 

 

 

 
  



 55 

Chapter 3: Analysis of Food-mediated Dissolution of a BCS Class II Drug using 

cryo-TEM 

 

3.1 Introduction 

 Food is known to potentially increase the bioavailability of poorly soluble, 

lipophilic drugs(Lentz 2008) by increasing gastric emptying time and increasing drug 

solubility.(Bateman 1982, Charman, Porter et al. 1997, Jones, Parrott et al. 2006, 

Kataoka, Masaoka et al. 2006, Genser 2008) An increase in drug bioavailability due to 

food is denoted a positive food effect. A large majority of drugs in development are 

poorly soluble(Lipinski 2000), such that predicting positive food would facilitate drug 

development.  

 A variety of colloidal species are formed during lipid hydrolysis in the small 

intestine.(Hofmann and Borgstroem 1964, Schurtenberger, Mazer et al. 1984, Rigler, 

Honkanen et al. 1986, Hernell, Staggers et al. 1990, Phan, Hawley et al. 2013) Previous 

studies have highlighted the colloidal species that are produced during lipid hydrolysis 

and their roles to increase drug solubilization. Enhanced drug solubilization in the small 

intestine can depending on type and distribution of formed colloidal species.(Kossena, 

Boyd et al. 2003) This finding highlights the necessity to further characterize the 

colloidal species that form during lipid hydrolysis and understand their potential effects 

on drug solubilization and drug absorption. Lipophilic drugs prone to food effect are of 

particular interest due to the significant differences in the intestinal milieu in the fed and 

fasted states. 

 Cryogenic transmission electron microscopy (cryo-TEM) has been established as 

one of the most effective techniques for direct imaging of colloidal structures in their 
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vitrified state.(Kuntsche, Horst et al. 2011, Wu, Petrochenko et al. 2016) Vitrification of 

samples enables visualization in their native or near-native states.(Egelhaaf, 

Schurtenberger et al. 2000, Milne and Subramaniam 2009, Friedrich, Frederik et al. 

2010) This characterization in the native or near-native state is highly desirable, as 

sample preparation required for other techniques such as scanning electron microscopy 

and atomic force microscopy (e.g. fixing, staining, drying) can lead to structural 

alterations and undesirable artifacts.(Kuntsche, Horst et al. 2011, Wu, Liang et al. 2014) 

Cryo-TEM has successfully imaged colloidal products of lipid hydrolysis.(Fatouros, 

Bergenstahl et al. 2007, Mullertz, Fatouros et al. 2012, Phan, Hawley et al. 2013) These 

studies did not examine food effect on drug dissolution. 

 In particular, a previous study(Kossena, Boyd et al. 2003) used size exclusion 

chromatography to elucidate the colloidal species that form during lipid hydrolysis and 

their contributions to the solubilization of lipophilic drugs. Relative to cryo-TEM, a 

limitation of this work was size exclusion chromatography did not allow for visualization 

of colloids in their native state. 

In the present work, we aim to develop a further understanding of colloidal changes 

occurring during lipid hydrolysis and their contribution to the food effect of a BCS Class 

II drug (danazol) through the visualization of mid-digested products using cryo-TEM.  

The mid-digested products were generated using an in vitro lipolysis model to study 

positive food effect(Raman and Polli 2016). The in vitro lipolysis model can be used to 

conduct dissolution studies in media simulating fed and fasted states in the small intestine 

(denoted Fe-Lipolysis and Fa-Lipolysis, respectively). In the present work, samples from 

dissolution studies of danazol were imaged using cryo-TEM to characterize colloidal 
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changes occurring in the fed and fasted states; the enhanced danazol dissolution profile 

due to positive food effect was described in relation to colloidal changes with lipolysis 

progression, compared to fasted state colloids. 

3.2 Materials and Methods 

3.2.1 Materials  

 Materials for Fe-Lipolysis and Fa-Lipolysis were obtained, as previously 

described.(Raman and Polli 2016) These materials were: phosphatidylcholine (PC), 

trizma maleate, porcine bile extract, pancreatin, sesame oil, sodium hydroxide, and 

sodium chloride. Danazol was purchased from Letco Medical (Decatur, AL). All organic 

solvents and water were HPLC grade. All other chemicals were reagent grade. 

3.2.2 Danazol Dissolution in Simulated Fed and Fasted States  

 Fed state media (i.e. Fe-Lipolysis) and fasted state media (i.e. Fa-Lipolysis) were 

prepared, as previously described.(Raman and Polli 2016) Drug dissolution in Fe-

Lipolysis and Fa-Lipolysis were conducted, as previously described.(Raman and Polli 

2016) Briefly, each simulated fed and fasted state dissolution employed 60mg of danazol 

and 150 ml of either Fe-Lipolysis media or Fa-Lipolysis media.  In Fe-Lipolysis, calcium 

chloride was added continuously. In Fa-Lipolysis, water was added continuously. 

3.2.3 Cryo-TEM sample preparation and imaging  

 Cryo-TEM imaging was performed using a JEOL 1400 TEM equipped with a 

LaB6 gun. First, 2 µL of each sample was placed on glow-discharged (EMS TS-150) 

holey carbon grids. Second, the TEM grid was automatically blotted for 8 s at 25 °C and 

82% humidity to remove excess liquid using a grid plunge freezer (Leica EM GP) and 
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then plunged into a bath of liquid ethane cooled by liquid nitrogen. The temperature of 

liquid ethane was maintained at −175 °C. Third, the samples were transferred to a cryo-

TEM holder (Gatan 914) and observed in a pre-cooled cryo-TEM at 120 kV under 

minimum dose system mode. Images were recorded with a digital CCD Camera (Gatan 

ORIUS™ SC1000).  

3.2.4 Dynamic Light Scattering 

 Dynamic light scattering experiments were performed on the Fe-Lipolysis and 

Fa-Lipolysis dissolution samples in order to correlate colloidal size changes with 

enhanced dissolution. Measurements were made using a Zetasizer Nano Zs (Malvern 

Instruments; Westborough, MA). Analysis was performed at 25C, viscosity at 0.890 cP 

and refractive index of 1.332. Data is shown as supplementary information. 

3.3 Results and Discussion 

 Figure 3.1 describes the rate and extent of lipid hydrolysis in the presence of 

danazol. The percent of triglycerides hydrolyzed at 5, 10, 15, and 30 min were 

approximately 25%, 40%, 50% and 85%. The amount of lipid hydrolyzed was 

determined by measuring the volume of sodium hydroxide titrated to counteract the 

release of fatty acids (as a result of lipid hydrolysis) and maintain the pH at 6.5. Lipid 

hydrolysis in the presence of danazol here is similar to lipid hydrolysis profile in the 

absence of danazol.(Raman and Polli 2016) 
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Figure 3.1 - Rate and extent of lipid hydrolysis in the presence of danazol using Fe-Lipolysis media 

A majority of the lipid was hydrolyzed in approximately 15-20 min, after addition of pancreatic lipase. 

 

3.3.1 cryo-TEM analysis of Fe-Lipolysis dissolution of danazol.  

 Figure 3.2 shows Fe-Lipolysis media immediately before initiation of lipid 

digestion (i.e. prior to addition of enzymatic lipase). This media is denoted pre-digestion 

media and is composed primarily of sodium taurocholate, phospholipid (i.e. 

phosphatidylcholine), and sesame oil. Figure 2 shows oil droplets along with some 

circular and elongated unilamellar and multilamellar vesicles. Oil droplets were the more 

dominant structure, compared to vesicles. 
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Figure 3.2 - Cryo-TEM images of Fe-Lipolysis media at time zero (i.e. prior to addition of pancreatic 

lipase) 

Colloidal structures were unilamellar and multilamellar vesicles (a) and lipid droplets (b). A large number 

of micelles were also observed. 

 

 Figure 3.3 shows Fe-Lipolysis media after 5 min (i.e. 5 min after initiation of 

lipid digestion by addition of enzymatic lipase). Oil droplets and some aggregated 

material (likely to be protein aggregates) were also observed at this time point (image not 

shown). Compared to pre-digestion media, a larger number of unilamellar and bilamellar 

vesicles were observed at 5 min. These vesicles were mostly located in the vicinity of 

larger oil droplets. In some instances, vesicles encapsulated smaller oil droplets. Micelles 

were also evident. These observations for Fe-Lipolysis agree with observations from 

other lipid digestion studies, such as studies on simulated intestinal media(Fatouros, 

Bergenstahl et al. 2007, Phan, Hawley et al. 2013) and lipid digestion.(Rigler, Honkanen 

et al. 1986, Hernell, Staggers et al. 1990) Digestion of lipids yields crystalline phases that 

concentrate on the oil droplet surface, which then “bud-off” to provide unilamellar and 
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multilamellar vesicles, which subsequently interact with bile salts to form mixed 

micelles.10 

 

 
 

Figure 3. 3 - Cryo-TEM images of Fe-Lipolysis media at 5 min 
Colloidal structures were unilamellar and multilamellar vesicles (a, c), lipid droplets (b), and micelles (d). 

Compared to time zero, a larger number of vesicles and small oil droplets were observed. The vesicles and 

small oil droplets were co-localized. 

 

 Figure 3.4 shows Fe-Lipolysis media after 10 min. Like for 5 min, some 

aggregated material (likely to be protein aggregates) were observed. Unilamellar and 

multilamellar vesicles were also observed. Compared to 5 min, vesicles appeared larger 

at 10 min. The number of large oil droplets decreased, while the number of small oil 

droplets increased, reflecting the breakdown of lipids via digestion. Micelles continued to 

be observed in large numbers throughout the sample. 
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Figure 3. 4 - Cryo-TEM images of Fe-Lipolysis media at 10 min 
Compared to 5 min, vesicles appeared larger (a). There was also an increase in the number of small lipid 

droplets (b). Micelles 

 

 Figure 3.5 shows Fe-Lipolysis media after 15 min. Compared to the 10 min 

sample, there were more small oil droplets and a further loss of larger oil droplets. There 

were also fewer vesicular structures, which tended to appear smaller than earlier. 

Micelles continued to be observed in large numbers throughout the sample. 

 Figure 3.6 shows Fe-Lipolysis media after 30 min. At this time point, a 

significant reduction in the number of oil droplets had taken place compared the start of 

lipolysis. Also, vesicular structures were absent. Correspondingly, micelles were the 

dominant colloidal structure at 30 min. 
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Figure 3. 5 - Cryo-TEM images of Fe-Lipolysis media at 15 min 

Compared to 10 min, the number of vesicles decreased, and vesicles were smaller in size (a). There 

continued to be a decrease in the number of large lipid droplets (b). Micelles continued to be observed in 

large numbers (c). 

 

 
 

Figure 3. 6 - Cryo-TEM images of Fe-Lipolysis media at 30 min 
Compared to 15 min, the number of vesicles decreased significantly. Colloidal particles were mainly lipid 

droplets (a, c) and micelles (b), which were present in increasing numbers. 
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 As lipolysis proceeded from 0 to 30 min, cryo-TEM analysis indicates a 

continuous reduction in the number of oil droplets, which was expected as a result of 

triglyceride digestion. Formation of vesicular structures (e.g. unilammellar, 

multilammellar) peaked at 5-10 min during lipolysis. Their formation was accompanied 

by the formation of small oil droplets. After 15 min of lipolysis (i.e. approximately 50% 

hydrolysis), there was a decrease in the number of vesicles, and micellar particles started 

to dominate. The observed transition of lipid droplets to vesicles, and then from vesicles 

to mixed micelles agrees with previously proposed models for lipolysis. 

 Table 3.1 shows the progression of danazol dissolution in Fe-Lipolysis over 30 

min.22 Table 3.2 characterizes the types of colloids over the course of danazol 

dissolution in Fe-Lipolysis over 30 min.  

 

Table 3.1 - Percent danazol dissolved in Fe-Lipolysis and Fa-Lipolysis 
Numerical values were previously plotted.(Raman and Polli 2016) 

Time 

(min) 

% Drug dissolved 

Fe-Lipolysis Fa-Lipolysis 

0 2.16 (+/- 0.12) 2.79 (+/- 0.15) 

5 5.13 (+/- 0.43) 2.57 (+/- 0.03) 

10 7.92 (+/- 0.16) 2.75 (+/- 0.02) 

15 6.89 (+/- 0.05) 2.71 (+/- 0.15) 

30 7.13 (+/- 0.07) 2.73 (+/- 0.01) 

 

 The increase in drug solubilization coincides with the changing distribution of 

colloidal structures (Table 3.2). Drug dissolution increased over time due to the increase 

in the number of vesicular structures and micelles, which presumably solubilized 

danazol. Meanwhile, the number and size of oil droplets decreased over time, due to 
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digestion, while danazol dissolution increased, suggesting oil droplets did not 

significantly contribute to danazol dissolution. 

 These findings and interpretations agree with those of Kossena et al.,(Kossena, 

Boyd et al. 2003) who analyzed lipid hydrolysis using size exclusion chromatography. 

They concluded that vesicular and micellar structures are the primary contributors to 

solubilization of lipophilic drugs. 

 

Table 3.2 - Characterization of colloidal changes occurring in the in vitro lipolysis model in the 

presence of danazol using Fe-Lipolysis and Fa-Lipolysis 

Colloidal changes in Fa-Lipolysis media were minimal. Colloidal changes in Fe-Lipolysis included a 

continuous reduction in the number of oil droplets. Vesicular structure formation peaked between 5-10 min, 

after which there was a continuous reduction in the number and size of vesicular structures. After 15 min of 

lipid hydrolysis, micellar particles became the dominant structures. 

 

Time 

(min) 

Extent of  

Hydrolysis 
a
 

Colloidal particles observed  

Fe-Lipolysis Fa-Lipolysis
 

0 0.0 % 

Lipid droplets, unilamellar 

and multilamellar vesicles, 

micelles 

Unilamellar and multilamellar 

vesicles 

5 25.4 % 

Lipid droplets, unilamellar 

and multilamellar vesicles, 

micelles, protein aggregates 

-
b
 

10 39.7 % 

Lipid droplets, unilamellar 

and multilamellar vesicles, 

micelles, protein aggregates 

Same appearance as time 

zero. 

15 52.3 % 

Lipid droplets, unilamellar 

and multilamellar vesicles, 

micelles 

-
b
 

30 84.3 % 

Lipid droplets, unilamellar 

and multilamellar vesicles, 

micelles 

Same appearance as time 

zero. 

a
 No lipid hydrolysis occurs during Fa-Lipolysis due to the absence of lipid. Values listed correspond to Fe-

Lipolysis 
b
 cryo-TEM not performed. 
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3.3.2 cryo-TEM analysis of Fa-Lipolysis dissolution of danazol  

 In order to understand the mechanism of food effect, cryo-TEM analysis of 

fasted state media in the presence of danazol was performed. The results were compared 

and contrasted to the observations made in the fed state dissolution of danazol. Figure 3.7 

shows Fa-Lipolysis media immediately after initiation of the experiment (i.e. addition of 

water). At time zero, media primarily consisted of some circular unilamellar vesicles that 

were approximately 200nm in size. These vesicles appeared to be the dominant structure. 

 

 
 

Figure 3.7 - Cryo-TEM images of Fa-Lipolysis media at time zero 

The colloidal structures most observed were unilamellar (a, b) and multilamellar vesicles. No lipid or 

pancreatic lipase was present in the Fa-Lipolysis, such that their associated structures (e.g. protein 

aggregates and lipid) were not observed. 

 

 Figure 3.8 shows Fa-Lipolysis media at 10 min, which was largely similar to 

time zero. Compared to time zero, media consisted of circular and elongated unilamellar 

and multilamellar vesicles. These vesicles appear to be the dominant structure. Some 

dense particles were also observed. Compared to Fe-Lipolysis observations at 10 min, no 
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micelles were observed in Fa-Lipolysis, as Fa-Lipolysis lacks pancreatin and oil. Due to 

differences in the fed and fasted media, no oil droplets and protein aggregates were 

observed either. 

 

 
 

Figure 3. 8 - Cryo-TEM images of Fa-Lipolysis media at 10 min 

The colloidal structures most observed were unilamellar and multilamellar vesicles (a, b). Compared to 

time zero, vesicles appeared larger and more elongated. 

 

 Figure 3.9 shows Fa-Lipolysis media at 30 min, which were similar to 0 min and 

10 min in appearance.  However, the unilamellar and multilamellar vesicles appeared 

larger in size than the prior times. Some dense particles were also observed, which was 

likely undissolved drug. These particles were not observed in Fe-Lipolysis media. 

 As fasted state dissolution proceeded, cryo-TEM indicates an increase in the size 

of unilamellar and multilamellar vesicles. The overall number of vesicles did not appear 

to change. These findings coincide with dissolution studies previously conducted,(Raman 

and Polli 2016) as well as conclusions draw by Kossena et al.(Kossena, Boyd et al. 2003) 
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from their analysis of intestinal media. The overall changes in the observed colloidal 

particles with time in Fa-Lipolysis were minimal. Correspondingly, the changes in the 

extent of danazol solubilized in Fa-Lipolysis media was also minimal (Table 3.1) and 

significantly lower than Fe-Lipolysis media. 

 

 
 

Figure 3.9 - Cryo-TEM images of Fa-Lipolysis media at 30 min 
Images were similar to observations at 0 min and 10 min (e.g. vesicle size and morphology).  The colloidal 

structures most observed were unilamellar and multilamellar vesicles (a, b). Some dense particles (possibly 

undissolved drug) were also observed (c). 

 

3.4 Conclusions 

 The objective was to characterize the colloidal changes in Fe-Lipolysis during 

drug dissolution using cryo-TEM, and correlate food-enhanced dissolution with colloid 

structures. Danazol was used as a model poorly soluble drug that has a positive food 

effect due to food-mediated drug solubilization. Danazol dissolution in Fe-Lipolysis was 

conducted, and samples were subjected to cryo-TEM analysis. Danazol’s enhanced in 
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vitro dissolution in the fed state versus the fasted state corresponded with the formation 

of vesicles and micelles from lipid hydrolysis. This concordance supports danazol’s 

positive food effect to be mediated by mid-digestion colloids. These results confirm that 

the type and distribution of mid-digestion colloids is of critical importance to 

understanding the mechanism of solubility-mediated food effect. A better understanding 

of this mechanism could potentially lead to superior drug formulations that can 

circumvent food effects. 

 

Acknowledgements 

 This work was supported in part by FDA grant U01FD004320. The authors 

would like to acknowledge the FDA Advanced Characterization Facility (formerly White 

Oak Nanotechnology Core Facility) for instrument use. We thank Lekhana Bhandary for 

image formatting support and providing feedback for this work. 

 

3.5 Supplementary Information 

 Figure S1 is DLS size distribution of pre-digestion media and exhibited three 

distinct colloidal populations (i.e. approximately 10nm, 300nm, and 5000nm).  There was 

general concordance between cTEM and DLS data, in terms of vesicles (i.e. 300nm) and 

oil droplets (i.e. 5000nm). 
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Figure S.1 DLS Size distribution analysis of pre-digestion media 

Three peaks observed indicated there were three dominant colloidal populations; 10nm, 300nm and 

5000nm. 

 

Figure S2 is DLS size distribution of Fe-Lipolysis media after 5 min and 

exhibited two dominant colloidal populations (i.e. approximately 300nm, and 5000nm).  

There was general concordance between cTEM and DLS data, in terms of dominance of 

vesicular structures (i.e. 300nm) and large oil droplets (i.e. 5000nm). 

 

 
 

Figure S.2 DLS Size distribution analysis after 5 min 

Two peaks observed indicated there were two dominant colloidal populations; 300nm and 5000nm. 
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Figure S3 is DLS size distribution of Fe-Lipolysis media after 10 min and 

exhibited three dominant colloidal populations (i.e. approximately 5nm, 120nm, and 

400nm).  Once again, there was general concordance between cTEM and DLS data, in 

terms of dominance of vesicular structures (i.e. 120nm and 300nm). DLS data is 

consistent with the digestion of large oil droplets to yield smaller droplets, vesicles and 

micelles. 

 

 
 

Figure S.3 DLS Size distribution analysis after 10 min 

Three peaks observed indicated there were three dominant colloidal populations; 5nm, 120nm and 400nm. 

 

Figure S4 is DLS size distribution of Fe-Lipolysis media after 15 min and 

exhibited two dominant colloidal populations (i.e. approximately 5nm and 200nm).  

There was strong agreement between cTEM and DLS data, in terms of reduction of size 

of vesicular structures and oil droplets.  
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Figure S.4 DLS Size distribution analysis after 15 min 

Three peaks were observed. Based on intensity, there were two dominant colloidal populations at sizes of  

5nm and 200nm 

 

Figure S5 is DLS size distribution of Fe-Lipolysis media after 30 min and 

exhibited two dominant colloidal populations (i.e. approximately 5nm and 200nm). The 

DLS data showed an increasing dominance of the 5nm sized population, which agrees 

with the general observation of the cTEM analysis. The 200nm size population observed 

with DLS appears to constitute primarily small oil droplets that were observed in the 

cTEM analysis.  
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Figure S.5 DLS Size distribution analysis after 30 min 

Two peaks observed indicated there were two dominant colloidal populations; 5nm and 200nm. 
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Chapter 4: Slower Surfactant-mediated Dissolution of Poorly Water-soluble drugs 

in Biorelevant Media 

 

4.1. Introduction 

Surfactants can have a major impact on the solubility and dissolution of poorly 

soluble drugs (Gibaldi and Feldman 1970, Crison, Weiner et al. 1997, Balakrishnan, 

Rege et al. 2004, Park and Choi 2006). With many drug candidates in development being 

poorly soluble, (Lipinski 2000, Kataoka, Masaoka et al. 2006, Takagi, Ramachandran et 

al. 2006) it is critical to understand surfactant-mediated enhancement of in vivo 

dissolution, as well as in in vitro biorelevant media that intends to anticipate fasted state 

in vivo performance. Both human and canine intestinal media contain bile salts and 

phospholipids that combine to form mixed micelles that can aid in enhancing drug 

solubilization (Hofmann and Borgstroem 1964, Schurtenberger, Mazer et al. 1984, 

Rigler, Honkanen et al. 1986, Phan, Hawley et al. 2013).  

The main objective of this study is to compare the dissolution of three poorly 

soluble drugs (ciprofloxacin HCl, ivermectin and fexofenadine HCl) in simulated human 

intestinal media (FaSSIF-V2) and simulated canine intestinal media (FaSSIFc).(Jantratid, 

Janssen et al. 2008, Arndt, Chokshi et al. 2013) We previously explained the role of slow 

micelle diffusivity in attenuating the drug solubilization effect of surfactant on drug 

dissolution, where enhanced drug dissolution is often only about one-fifth that of 

solubility enhancement, in part due to drug-loaded micelles being much slower to diffuse 

than freely dissolved drug
2
. Here, we further explore micelle effect, with an emphasis on 

biorelevant media effects on percent saturation versus time profiles.   
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Ciprofloxacin HCl, ivermectin and fexofenadine HCl were selected for this study 

since they are all poorly soluble, but differ significantly in their lipophilicity, with 

fexofenadine HCl and ivermectin being highly lipophilic (Kiki-Mvouaka, Menez et al. 

2010), and ciprofloxacin HCl being poorly lipophilic.(Benet, Broccatelli et al. 2011) 

FaSSIF-V2 and FaSSIFc differ significantly in the type and concentration of surfactants, 

as well as in their pH. FaSSIFc has a higher total concentration of surfactants. Versions 

of the media without surfactants, denoted FaSSIF-V2 Blank and FaSSIFc Blank, were 

also prepared to aid in the analysis of surfactant effects on solubility and dissolution of 

the three drugs. The comparative analysis of the dissolution of ciprofloxacin HCl, 

ivermectin and fexofenadine HCl was conducted by calculating ϕ, described by 

Balakrishnan et al (Balakrishnan, Rege et al. 2004). as the degree surfactant-mediated 

dissolution enhancement. 

4.2. Materials and Methods 

4.2.1 Materials  

Lecithin was purchased from Affymetrix (Santa Clara, CA). Sodium taurocholate, 

sodium taurodeoxycholate and lysolecithin were purchased from Sigma Aldrich (St. 

Louis, MO). Sodium oleate (96% pure) was purchased from City Chemical (West Haven, 

CT). Maleic acid, sodium hydroxide and sodium chloride were purchased from Sigma 

Aldrich (St. Louis, MO). Ciprofloxacin HCl, ivermectin and fexofenadine HCl were 

purchased from LKT Labs (St. Paul, MN). All organic solvents and water were HPLC 

grade. All other chemicals were reagent grade. 
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4.2.2 Theory 

Balakrishnan et al.(Balakrishnan, Rege et al. 2004) derived a model to predict 

surfactant-mediated dissolution enhancement () by modifying the Levich equation to 

also account for drug loaded micelles to also contribute to dissolution when surfactant 

present. The resulting model is described by the equation below: 

    
  

  
 
    

  
 
 

  

       -------------(1) 

where DD-M is the diffusivity of drug-loaded micelles, DD is the diffusivity of free drug in 

the stagnant diffusion layer, fm is the fraction of drug incorporated in micelles and ff is the 

free drug fraction.  

ff and fm can be estimated by measuring solubility of the drug in the absence and 

presence of surfactant, respectively. DD-M can be measured using Dynamic Light 

Scattering, while DD can be measured using an intrinsic dissolution study in the absence 

of surfactant. Alternatively, DD can of any drug can be estimated using its molecular 

weight (Friedman and Carpenter 1939, Torres, Komiya et al. 2012) using the relationship 

between hydrodynamic radius and molecular weight, as shown in equation (2) below. 

   
     

     
 
 

  

       -------------(2) 

where, r is hydrodynamic radius, NA is Avogadro’s number,  is the density of the solute 

molecule, and MW is molecular weight. Applying equation 2 into the Stokes-Einstein 

equation to estimate DD for any drug (Drug A) from its molecular weight (Friedman and 

Carpenter 1939, Torres, Komiya et al. 2012) yields 

                   
           

        
 

 
  

       -------------(3) 
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In this work, the reference drug used to estimate free drug diffusivity was 

griseofulvin which has a measured DD to be 8x10
-6

 cm
2
/s.(de Smidt, Offringa et al. 1987) 

4.2.3 Preparation of FaSSIF-V2 and FaSSIF-V2 Blank 

Media simulating the fasted state small intestine (FaSSIF-V2) has been previously 

described by Jantratid et al., (Jantratid, Janssen et al. 2008) based on work by Dressman 

et al.(Dressman, Amidon et al. 1998) FaSSIF-V2 Blank is a modification of FaSSIF-V2, 

where all surfactants are removed. The compositions of FaSSIF-V2 and FaSSIF-V2 

Blank are shown in Table 4.1. Briefly, FaSSIF-V2 was prepared by making 750 ml of 

buffer composed of maleic acid, sodium hydroxide and sodium chloride. The pH was 

adjusted to 6.5. Sodium taurocholate was added to 200 ml of deionized water. Lecithin 

was dissolved in dichloromethane (100 mg/ml) and added to the bile salt solution. The 

dichloromethane was driven off using a rotary evaporator. 400 ml of buffer was added to 

this solution and a final pH adjustment was made before making up the volume of the 

solution to 1 L using deionized water. pH was confirmed. FaSSIF-V2 Blank only 

consisted of the buffer solution. 
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Table 4.1 - Composition of FaSSIF-V2 and FaSSIF-V2 Blank 
Blank media contains no surfactants 

 

Ingredient 
Concentration (mM) 

FaSSIF-V2 FaSSIF-V2 Blank 

Maleic acid 19.12 19.12 

Sodium hydroxide 34.8 34.8 

Sodium chloride 68.62 68.62 

Sodium taurocholate 3 - 

Lecithin 0.2 - 

 

pH 6.5 6.5 

 

4.2.4 Preparation of FaSSIFc and FaSSIFc Blank 

Media simulating the canine fasted state small intestine (FaSSIFc) has been 

previously described by Arndt et al(Arndt, Chokshi et al. 2013). FaSSIFc Blank is a 

modification of FaSSIFc, where all surfactants are removed. The compositions of 

FaSSIFc and FaSSIFc Blank are shown in Table 4.2. Briefly, FaSSIFc was prepared by 

making 750 ml of buffer composed of sodium dihydrogen phosphate monohydrate, 

sodium hydroxide and sodium chloride. The pH was adjusted to 7.5. Sodium taurocholate 

and sodium taurodeoxycholate were added to 200 ml of deionized water. Lecithin and 

lysolecithin were dissolved in dichloromethane (100 mg/ml) and added to the bile salt 

solution. The dichloromethane was driven off using a rotary evaporator. Sodium oleate 

was added to this solution and mixed thoroughly. 400 ml of buffer was added to this 

solution and a final pH adjustment was made before making up the volume of the 
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solution to 1 L using deionized water. pH was confirmed. FaSSIFc Blank only consisted 

of the buffer solution. 

Table 4.2 - Composition of FaSSIFc and FaSSIFc Blank 
Blank media contains no surfactants. 

 

Ingredient 
Concentration (mM) 

FaSSIFc FaSSIFc Blank 

Sodium dihydrogen phosphate 

monohydrate 
28.65 28.65 

Sodium hydroxide 21.66 21.66 

Sodium chloride 59.63 59.63 

Sodium taurocholate 5.00 - 

Sodium taurodeoxycholate 5.00 - 

Lecithin 1.25 - 

Lysolecithin 1.25 - 

Sodium oleate 1.25 - 

   

pH 7.5 7.5 

 

4.2.5 Solubility studies 

Equilibrium solubility studies for ciprofloxacin HCl, ivermectin and fexofenadine 

HCl were performed in each of the four media, FaSSIF-V2, FaSSIF-V2 Blank, FaSSIFc 

and FaSSIFc Blank. 20 ml of media was taken in a vial and excess amount of drug was 

added. The vials were shaken for 24 hours at 37C; pH was intermittently adjusted to 

target pH when necessary. After 24 hours pH was confirmed to be target pH; samples 

from the vials were filtered using syringe filters (0.45 m) and analyzed using HPLC 

(Waters; Milford, MA). The studies were performed in triplicate. 
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4.2.6 Dissolution studies 

Dissolution studies for ciprofloxacin HCl, ivermectin and fexofenadine HCl were 

performed in FaSSIF-V2 and FaSSIFc at 37C using a stat-titrator (Metrohm model 

Titrando 842; Switzerland). Studies were performed in triplicate.  A stat-titrator was 

selected over a compendial method in order to control pH.  The amount of drug added 

(i.e. system drug concentration) was 2-fold higher than drug solubility. This design 

ensured both sets of dissolution studies were conducted in saturated conditions to isolate 

the effect of media composition on rate and extent of dissolution. The vessel was stirred 

using a stir bar (calibrated to 50 rpm).  Two ml samples were withdrawn at the same 

location within the vessel at 5 min, 10 min, 15 min, 30 min, 60 min, 90 min and 120 min. 

The samples were filtered using syringe filters (0.45 m) and analyzed using HPLC 

(Waters; Milford, MA). 

Known challenges of powder dissolution applied here.  For any one drug, drug 

was sampled from the laboratory drug container using the same approach, in order to 

minimize differences in drug particle size distribution across dissolution runs.  Drug 

powder was introduced into the vessel via placement on top of the dissolution media; for 

all three drugs, drug was pulled into dissolution media within 5 min, with ivermectin 

requiring more time for dispersion than the other two drugs.  From results (below), an 

additional limitation for ivermectin is the possible impact of undissolved drug on 

dissolution results, particularly since studies were performed with excess drug; 

ivermectin’s very low solubility afforded it most susceptible to small drug particles (i.e. < 

0.45 m of syringe filter) contributing to drug dissolution variability. 
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4.2.7 HPLC Analysis 

 Briefly, ciprofloxacin HCl was detected as described by Vella et al.(Vella, 

Busuttil et al. 2015) using a Vydac C18 250 x 4.6 mm column. The mobile phase 

consisted of a 0.02M phosphate buffer : acetonitrile (77:23) at pH 2.7. The UV detector 

was set at 277 nm at a flow rate of 1.5 ml/min. Ivermectin was detected using a method 

modified from Nischal et al.(Nischal 2011) Briefly, a Vydac C-18 column (250 x 4.6 

mm, 3 micron) was used. Mobile phase consisted of 60:30:10, acetonitrile : methanol : 

water and detection wavelength was set to 250 nm at a flow rate of 1.5 ml/min. 

Fexofenadine HCl was detected using the method detailed in the USP monograph. 
22 

Briefly, a Vydac C-18 column (250 x 4.6 mm, 3 micron) was used. Mobile phase 

consisted of 7:13, acetonitrile : phosphate buffer at pH 2.0, and detection wavelength was 

set to 220 nm at a flow rate of 1.5 ml/min. Methods were validated in terms of accuracy, 

precision, and linearity. 

4.2.8 Dynamic Light Scattering measurements 

Dynamic light scattering experiments were performed on the FaSSIF-V2 and 

FaSSIFc solubility samples (described above) in order to determine drug-loaded micelle 

diffusivity. Measurements were made using a Zetasizer Nano Zs (Malvern Instruments; 

Westborough, MA). Each sample was filtered through a 0.22 m syringe filter before 

analysis at 25C, viscosity at 0.890 cP and refractive index of 1.332. 
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4.3. Results and Discussion 

4.3.1 Solubility of ciprofloxacin HCl, ivermectin and fexofenadine HCl in human 

and canine media 

Table 4.3 lists the measured solubility of ciprofloxacin HCl, fexofenadine HCl 

and ivermectin in human intestinal media FaSSIF-V2, as well as a version without 

surfactant (i.e. FaSSIF-V2 Blank). Ciprofloxacin HCl showed an approximate 2-fold 

solubility enhancement in FaSSIF-V2 compared to FaSSIF-V2 Blank (i.e. about 0.06 

mg/ml versus about 0.03 mg/ml). Similarly, fexofenadine HCl showed an approximate 2-

fold solubility enhancement in FaSSIF-V2 compared to FaSSIF-V2 Blank (i.e. about 0.73 

mg/ml vs 0.38 mg/ml). Drug solubility in FaSSIF-V2 Blank represents the saturation 

concentration of free drug in FaSSIF-V2. Hence, with a 2-fold solubility increase in 

surfactant-containing FaSSIF-V2, the distribution of drug as free drug versus drug in 

drug-loaded micelles is about equal (i.e. about fm/ff = 1). 

Compared to ciprofloxacin HCl and fexofenadine HCl, ivermectin displayed a 

much greater surfactant-mediated solubility enhancement in human intestinal media.  

Solubility was about 0.0142 mg/ml in FaSSIF-V2 and about 0.0002 mg/ml in FaSSIF-V2 

Blank, for an approximately 80-fold enhancement. In FaSSIF-V2, the fraction of 

ivermectin incorporated in micelles was about 99%, which is much larger than the 53% 

and 47% incorporation for ciprofloxacin HCl and fexofenadine HCl, respectively. 
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Table 4.3 - Solubility of ciprofloxacin HCl, ivermectin and Fexofenadine HCl in FaSSIF-V2 and 

FaSSIF-V2 Blank 

Fraction of free drug (ff) and fraction of drug solubilized in micelles (fm) were subsequently calculated. 

Ivermectin strongly favored solubilization in micelles (fm = 0.988), compared to the more equal distribution 

for ciprofloxacin HCl (fm = 0.532) and Fexofenadine HCl (fm = 0.471) 

 

Drug 

Solubility (mg/ml) 
Fraction of free 

drug (ff) 

Fraction of drug 

in micelles (fm) FaSSIF-V2 

(SEM) 

FaSSIF-V2 

Blank (SEM) 

Ciprofloxacin 

HCl 
0.0613 (0.008)  0.0287 (0.001) 0.4680 0.5320 

Ivermectin 0.0142 (0.003) 
0.000175 

(0.00008) 
0.0124 0.988 

Fexofenadine 

HCl 
0.725 (0.025) 0.384 (0.02) 0.529 0.471 

 

Table 4.4 lists the measured solubility of ciprofloxacin HCl, fexofenadine HCl 

and ivermectin in canine intestinal media FaSSIFc, as well as a version without surfactant 

(i.e. FaSSIFc Blank). Ciprofloxacin HCl showed an approximate 1.2-fold solubility 

enhancement in FaSSIFc compared to FaSSIFc Blank (i.e. 0.0251 mg/ml versus about 

0.0198 mg/ml). With a 1.2-fold solubility increase in surfactant-containing FaSSIFc, the 

free drug fraction for ciprofloxacin HCl in FaSSIFc was about 80% (i.e. largely free 

drug). Fexofenadine HCl showed an approximate 2-fold solubility enhancement in 

FaSSIFc compared to FaSSIFc Blank (i.e. 0.78 mg/ml versus about 0.39 mg/ml).  With a 

2-fold solubility increase in surfactant-containing FaSSIFc, the free drug fraction for 

fexofenadine HCl in FaSSIFc was more equal, about 50%. 
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Table 4.4 - Solubility of ciprofloxacin HCl, ivermectin and Fexofenadine HCl in FaSSIFc and 

FaSSIFc Blank 

Fraction of free drug (ff) and fraction of drug solubilized in micelles (fm) were subsequently calculated. 

Similar to human media, ivermectin strongly favored solubilization in micelles (fm = 0.9983). Ciprofloxacin 

HCl showed a lower distribution into micelles in FaSSIFc (fm = 0.210), than for FaSSIF-V2 (fm = 0.532). 

Fexofenadine HCl showed a slightly higher distribution into micelles in FaSSIFc (fm = 0.494), than for 

FaSSIF-V2 (fm = 0.471) 

 

Drug 

Solubility (mg/ml) 
Fraction of free 

drug (ff) 

Fraction of drug 

in micelles (fm) 
FaSSIFc (SEM) 

FaSSIFc Blank 

(SEM)  

Ciprofloxacin 

HCl 
0.0251 (0.001) 0.0198 (0.006) 0.790 0.210 

Ivermectin 0.153 (0.039) 
0.00026 

(0.0001)
 0.00169 0.9983 

Fexofenadine 

HCl 
0.779 (0.052) 0.394 (0.04) 0.506 0.494 

 

Compared to those two drugs, ivermectin displayed a much greater surfactant-

mediated solubility enhancement in canine intestinal media of about 588-fold (i.e. 

solubility of about 0.15 mg/ml in FaSSIFc versus about 0.0003 mg/ml in FaSSIFc 

Blank). In FaSSIFc, the fraction of ivermectin incorporated in micelles was about 99.8%. 

In both human and canine media, ivermectin experienced a significantly greater 

solubility enhancement in the presence of surfactant than that shown by ciprofloxacin 

HCl and fexofenadine HCl. This enhancement was most pronounced in the canine media 

than human media, reflecting canine media to have higher surfactant levels than human 

media. This greater enhancement was expected as ivermectin is a highly lipophilic drug, 

with a logP of 4.8
14

 as compared to ciprofloxacin HCl with a logP of 0.28.
15
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4.3.2 Dissolution of ciprofloxacin HCl, ivermectin and fexofenadine HCl in human 

and canine intestinal media 

4.3.2.1 Dissolution measured as drug concentration 

Figure 4.1 shows the dissolution of each ciprofloxacin HCl, ivermectin and 

fexofenadine HCl in human media in the presence (i.e. FaSSIF-V2) and absence (i.e. 

FaSSIF-V2 Blank) of surfactant. The extent of dissolution is presented as drug 

concentration achieved, since drug was in excess, as described above in Materials and 

Methods.  In the presence of surfactant, all three drugs showed a greater extent of 

dissolution than without surfactant, owing to increased drug solubility (Table 3). In Fig 1, 

ciprofloxacin HCl had a 4-fold greater amount of drug dissolved with surfactant (0.08 

mg/ml) than without surfactant (0.02 mg/ml). Ivermectin had a 60-fold greater amount of 

drug dissolved with surfactant (0.012 mg/ml) than without (0.0002 mg/ml). Fexofenadine 

HCl had a 2.5-fold greater amount of drug dissolved with surfactant (0.75 mg/ml) than 

without surfactant (0.3 mg/ml). Across drugs, ciprofloxacin HCl and fexofenadine HCl 

showed more rapid dissolution (time to reach saturation) than ivermectin. 

Figure 4.2 shows the dissolution of each ciprofloxacin HCl, ivermectin and 

fexofenadine HCl in canine media in the presence (i.e. FaSSIFc) and absence (i.e. 

FaSSIFc Blank) of surfactant. The extent of dissolution is presented as drug 

concentration achieved. In the presence of surfactant, all three drugs showed a greater 

extent of dissolution than without surfactant, owing to increased drug solubility (Table 4). 

Ciprofloxacin HCl had a 5-fold greater amount of drug dissolved with surfactant (0.07 

mg/ml) than without surfactant (0.015 mg/ml).  
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Figure 4.1 - Dissolution profiles in human intestinal media in the presence (closed circles) and 

absence (open circles) of surfactant. 

Dissolution is plotted as drug concentration. Ciprofloxacin HCl had a 4-fold greater amount of 

drug dissolved with surfactant (i.e. in FaSSIF-V2) than without surfactant (i.e. FaSSIF-V2 Blank), reaching 

about 0.08 mg/ml and about 0.02 mg/ml, respectively. Ivermectin had a 60-fold greater amount of drug 

dissolved in FaSSIF-V2 than in FaSSIF-V2 Blank, reaching about 0.012 mg/ml and about 0.0002 mg/ml, 

respectively. Similar to ciprofloxacin HCl, fexofenadine HCl had a 2.5-fold greater amount of drug 

dissolved in FaSSIF-V2 than in FaSSIF-V2 Blank, reaching about 0.75 mg/ml and about 0.3 mg/ml, 

respectively. 
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Ivermectin had a 250-fold greater amount of drug dissolved with surfactant (0.1 

mg/ml) than without (0.0004 mg/ml). Fexofenadine HCl had a 2-fold greater amount of 

drug dissolved with surfactant (0.6 mg/ml) than without surfactant (0.3 mg/ml). Across 

drugs, ciprofloxacin HCl and fexofenadine HCl showed more rapid dissolution (time to 

reach saturation) than ivermectin. 

Dissolution profiles for all three drugs in the presence and absence of surfactant 

followed a similar trend in both human and canine media (Fig 4.1 and 4.2). All three 

drugs showed enhancement dissolution in surfactant, but relative enhancement was most 

pronounced for ivermectin. Ivermectin also displayed the greatest relative solubility 

enhancement in the presence of surfactant. Ciprofloxacin HCl and fexofenadine HCl had 

similar dissolution rates (i.e. concentration versus time) in the presence and absence of 

surfactant.  Of the three drugs, ivermectin had the slowest rate of dissolution in the 

presence of surfactant. 
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Figure 4.2 - Dissolution profiles in canine intestinal media in the presence (closed circles) and absence 

(open circles) of surfactant. 

Dissolution is plotted as drug concentration. Ciprofloxacin HCl had a 5-fold greater amount of drug 

dissolved with surfactant (i.e. in FaSSIFc) than without surfactant (i.e. FaSSIFc), reaching about 0.07 

mg/ml and about 0.015 mg/ml, respectively. Ivermectin had a 250-fold greater amount of drug dissolved in 

FaSSIFc than in FaSSIFc Blank, reaching about 0.1 mg/ml and about 0.0004 mg/ml, respectively. Similar 

to ciprofloxacin HCl, fexofenadine HCl had a 2-fold greater amount of drug dissolved in FaSSIFc than in 

FaSSIFc Blank, reaching about 0.6 mg/ml and about 0.3 mg/ml, respectively. 
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4.3.2.2 Dissolution measured as percent saturation 

Figure 4.3 shows the dissolution of each ciprofloxacin HCl, ivermectin and 

fexofenadine HCl in human media in the presence (i.e. FaSSIF-V2) and absence (i.e. 

FaSSIF-V2 Blank) of surfactant. The extent of dissolution is presented as percent 

saturation achieved (i.e. extent of dissolution was calculated relative to drug equilibrium 

solubility in media).  Figure 4.3 corresponds to Fig 4.1, except percent saturation in Fig 

4.3 is normalized for solubility.  Drug solubilities were greater with surfactant than 

without surfactant (Tables 4.3 and 4.4). 

Ciprofloxacin HCl reached complete saturation with surfactant in 5 min and 

reached about 70% saturation in 5 min without surfactant. Ivermectin reached 80% 

saturation in 120 min with surfactant and reached complete saturation in 30 min without 

surfactant. Fexofenadine HCl reached 80% saturation in 30 min with and without 

surfactant. Ciprofloxacin HCl and fexofenadine HCl reached their plateaus at similar 

rates in the presence and absence of surfactant. Ivermectin showed a significantly slower 

rate of dissolution (i.e. time to reach saturation) in the presence of surfactant than in the 

absence of surfactant. 
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Figure 4.3 - Dissolution profiles in human media in the presence (closed circles) and absence (open 

circles) of surfactant. 

Dissolution is plotted as percent saturation achieved (i.e. extent of dissolution was calculated relative to 

drug equilibrium solubility in media). Ciprofloxacin HCl reached complete saturation in 5 min with 

surfactant (i.e. in FaSSIF-V2), and about 70% in 5 min without surfactant (i.e. in FaSSIF-V2 Blank). 

Ivermectin reached about 80% saturation in 120 min in FaSSIF-V2, and complete saturation in 30 min in 

FaSSIF-V2 Blank. Fexofenadine HCl reached complete saturation in both FaSSIF-V2 and FaSSIF-V2 

Blank. Fexofenadine HCl reached 80% saturation in 30 min in both, FaSSIF-V2 and FaSSIF-V2 Blank. 
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Figure 4.4 - Dissolution profiles in human media in the presence (closed circles) and absence (open 

circles) of surfactant 

Dissolution is plotted as percent saturation achieved (i.e. extent of dissolution was calculated relative 

to drug equilibrium solubility in media). Ciprofloxacin HCl reached 70% saturation in 10 min, with 

surfactant (i.e. in FaSSIF-V2) and without surfactant (i.e. in FaSSIF-V2 Blank). Ivermectin reached 

about 60% saturation in FaSSIF-V2 in 120 min, and complete saturation in FaSSIF-V2 Blank in 30 

min. Fexofenadine HCl reached 80% saturation in 30 min in FaSSIF-V2 and 70% saturation in 30 min 

in FaSSIF-V2 Blank. 
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Figure 4.4 shows the dissolution of ciprofloxacin HCl, ivermectin and 

fexofenadine HCl in canine media in the presence (i.e. FaSSIFc) and absence (i.e. 

FaSSIFc Blank) of surfactant, respectively. The extent of dissolution was plotted as 

percent saturation achieved (i.e. extent of dissolution was calculated relative to drug 

equilibrium solubility in media). Ciprofloxacin HCl reached about 70% saturation in 10 

min both with and without surfactant. Ivermectin reached 60% saturation in 120 min with 

surfactant and reached complete saturation in 30 min without surfactant. Fexofenadine 

HCl reached 80% saturation in 30 min with and about 70% saturation in 30 min without 

surfactant. Ciprofloxacin HCl and fexofenadine HCl reached their plateaus at similar 

rates in the presence and absence of surfactant. Ivermectin showed a significantly slower 

rate of dissolution (i.e. time to reach saturation) in the presence of surfactant than in the 

absence of surfactant. 

Dissolution profiles for all three drugs in the presence and absence of surfactant 

followed a similar trend in both human and canine media. Ciprofloxacin HCl and 

fexofenadine HCl had similar dissolution rates in the presence and absence of surfactant. 

Ivermectin had significantly slower dissolution in the presence of surfactant than in the 

absence of surfactant. Across the three drugs, ivermectin had the slowest rate of 

dissolution in the presence of surfactant, while all three drugs had similar dissolution 

rates in the absence of surfactant. 
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4.3.3 Dynamic light scattering to evaluate surfactant-mediated dissolution 

enhancement 

To understand the differences between the dissolution profiles observed for 

ivermectin and the two other, more rapidly dissolving drugs, the extent of surfactant-

mediated dissolution enhancement () was calculated for all three drugs in human and 

canine media using Equation (1). Diffusivities of drug-loaded micelles from human and 

canine media were measured using dynamic light scattering. 

4.3.3.1 FaSSIF-V2 results 

Table 4.5 lists the drug-loaded micelle diffusivities, using FaSSIF-V2. The 

diffusivity of ciprofloxacin HCl in FaSSIF-V2 was about 2.73 x 10
-8

 cm
2
/s. The fm/ff ratio 

of drug in micelles to free drug for ciprofloxacin HCl in human media was 1.14, implying 

there was an even distribution between free drug and drug incorporated in micelles. The 

calculated  for ciprofloxacin HCl in FaSSIF-V2 was 1.03, which indicates ciprofloxacin 

HCl did not experience practically any surfactant-mediated dissolution enhancement in 

canine media. 

The diffusivity of fexofenadine HCl in FaSSIF-V2 was about 1.78 x 10
-8

 cm
2
/s. 

The fm/ff ratio of drug in micelles to free drug for fexofenadine HCl in human media was 

0.889, implying there was an approximately even distribution between free drug and drug 

incorporated in micelles. The calculated  for fexofenadine HCl in FaSSIF-V2 was 1.02, 

which indicates fexofenadine HCl did not experience practically any surfactant-mediated 

dissolution enhancement in canine media. 
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Table 4.5 - Surfactant–mediated dissolution enhancement of ciprofloxacin HCl and ivermectin in 

human intestinal media 

Extent of dissolution enhancement in the presence of surfactant is described by . This enhancement was 

very pronounced for ivermectin ( = 3.58), which reflected the high fm and low ff (fm/ff = 79.951). The 

enhancement for ciprofloxacin HCl was modest ( = 1.03), reflecting the approximately equal distribution 

of drug between free drug and drug-loaded micelles (fm/ff = 1.13). Similarly, the enhancement for 

fexofenadine HCl was modest ( = 1.02), reflecting the approximately equal distribution of drug between 

free drug and drug-loaded micelles (fm/ff = 0.889). DD was estimated for both drugs using Equation (7) 

 

Drug 

Diffusivity (cm
2
/s) Ratio of drug in 

micelle to free 

drug (fm /ff) 
 

Drug-loaded 

micelles (DD-M) 
Free Drug (DD)  

Ciprofloxacin 

HCl 
2.73 x 10

-8
 8.17 x 10

-6
 1.1366 1.03 

Ivermectin 3.44 x 10
-8

 5.91 x 10
-6

 79.95 3.58 

Fexofenadine 

HCl 
1.78 x 10

-8
 7.11 x 10

-6
 0.889 1.02 

 

The diffusivity of ivermectin in FaSSIF-V2 was 3.44 x 10
-8

 cm
2
/s. The ratio of 

drug in micelles to free drug (i.e. fm/ff) for ciprofloxacin HCl in human media was 79.95, 

implicating ivermectin’s high affinity to incorporate into micelles. From Equation (1),  

for ivermectin was calculated to be 3.58 (i.e. 3.5-fold greater than  for ciprofloxacin 

HCl), which agrees with dissolution observations in FaSSIF-V2 and FaSSIF-V2 Blank, 

where surfactant significantly enhanced ivermectin dissolution.  

4.3.3.1 FaSSIFc results 

Table 4.6 lists the drug-loaded micelle diffusivities, using FaSSIFc. The 

diffusivity of ciprofloxacin HCl FaSSIFc was 7.07 x 10
-8

 cm
2
/s. The fm/ff ratio for 

ciprofloxacin HCl in canine media was 0.27, indicating more free drug than drug 

incorporated in micelles. Using Equation (1),  for ciprofloxacin HCl in FaSSIFc was 
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calculated to be 1.01, which indicates ciprofloxacin HCl practically did not experience 

any surfactant-mediated dissolution enhancement in canine media. 

Table 4.6 - Surfactant–mediated dissolution enhancement of ciprofloxacin HCl and ivermectin in 

canine intestinal media 

Dissolution enhancement was very pronounced for ivermectin ( = 15.94), which reflected the high fm and 

low ff (fm/ff = 589.919). The enhancement for ciprofloxacin HCl was low ( = 1.01), reflecting the low 

distribution of drug between into drug-loaded micelles (fm/ff = 0.266). Similarly, the enhancement for 

fexofenadine HCl was modest ( = 1.06), reflecting the approximately equal distribution of drug between 

free drug and drug-loaded micelles (fm/ff = 0.976). DD was estimated for both drugs using Equation (7) 

 

Drug 

Diffusivity (cm
2
/s) Ratio of drug in 

micelle to free 

drug (fm/ff) 
 

Drug-loaded 

micelles (DD-M) 
Free Drug (DD)  

Ciprofloxacin 

HCl 
7.07 x 10

-8
 8.17 x 10

-6
 0.2656 1.01 

Ivermectin 2.38 x 10
-8

 5.91 x 10
-6

 589.919 15.94 

Fexofenadine 

HCl 
1.047 x 10

-7
 7.11 x 10

-6
 0.976 1.06 

 

The diffusivity of fexofenadine HCl FaSSIFc was 1.05 x 10
-7

 cm
2
/s. The fm/ff 

ratio for fexofenadine HCl in canine media was 0.98, indicating more equal distribution 

of free drug and drug incorporated in micelles. Using Equation (1),  for fexofenadine 

HCl in FaSSIFc was calculated to be 1.06, which indicates fexofenadine HCl practically 

did not experience any surfactant-mediated dissolution enhancement in canine media. 

The diffusivity of ivermectin in FaSSIFc was 2.38x10
-8

 cm
2
/s. The ratio of fm/ff 

for ivermectin in FaSSIFc was 590, implying ivermectin has a great affinity to 

incorporate into micelles. The corresponding  calculated for ivermectin was 15.9, which 

further confirms surfactant has a large impact on the enhancement of dissolution of 

ivermectin.  
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Figure 4.5 is a contour plot based on the model underpinning Equation (1). It 

shows the dependence of surfactant-mediated dissolution enhancement (ϕ) on the fraction 

of drug incorporated into micelles (fm). If no drug is loaded into micelles (i.e. fm = 0), 

there is no surfactant-mediated dissolution enhancement (and ϕ=1). 

 

 
Figure 4.5 - Contour plot depicting the relationship between ϕ and fraction of drug in micelles 

The curves plotted represent different ratios of drug-loaded diffusivity to free drug diffusivity. As fraction 

of drug incorporated in to micelles increases (particularly beyond 85%), there is a dramatic increase in the 

degree of surfactant-mediated dissolution observed. Φ tends to infinity as fm tends to 1. Φ tends to 1 as fm 

tends to 0 

4.3.4 Comparison of drug performance across human and canine media 

The compositions of FaSSIF-V2 and FaSSIFc differ in surfactant type and 

concentration(s). For example, FaSSIFc incorporates sodium taurodeoxycholate and 

lysolecithin, while FaSSIF-V2 does not. Overall, the concentration of all surfactant 

ingredients in FaSSIFc are higher than FaSSIF-V2. Hence, one may qualitatively expect 

that micellar diffusivities and drug solubilization properties in human and canine media 

will differ. 
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Comparing Tables 4.5 and 4.6, there were differences in diffusivities of drug-

loaded micelles between human and canine. The largest difference was for ciprofloxacin 

HCl, where there was a greater than 2-fold difference in diffusivity. For ivermectin and 

fexofenadine HCl, the difference in diffusivities between human and canine media was 

less than 2-fold. 

Nevertheless, compared to these differences in drug-loaded micelle diffusivities, 

the most notable performance difference between human and canine media was drug 

solubilization. Both human and canine media substantially enhance ivermectin solubility, 

yet canine media yielded approximate fm/ff = 589, but only fm/ff = 79 for human media – 

about a 7.5-fold difference. Likewise, there was about a 5-fold difference in fm/ff for 

ciprofloxacin (i.e. human media yielded fm/ff = 1.14, but only fm/ff = 0.266 for canine 

media). Fexofenadine HCl showed enhanced solubility in canine media versus human 

media, but there was no practical difference between canine and human media (i.e. 

human media yielded fm/ff = 0.889, and fm/ff = 0.976 for canine media). 

FaSSIF-V2 and FaSSIFc have different compositions and different effects on drug 

dissolution. Equation (1) describes the relationship between , fm/ff and ratio of drug-

loaded micelle diffusivity to free drug diffusivity. As can be observed,  is only weakly 

dependent on the ratio of diffusivities (DD-M/DD). As a result, the difference in the drug 

solubilization ability of FaSSIF-V2 and FaSSIFc, rather than their micellar diffusivities, 

dominates the differences in surfactant-mediated drug dissolution enhancement. 
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4.4 Conclusions 

All three drugs showed enhanced solubility in the presence of surfactant. This effect was 

especially pronounced for ivermectin. Ciprofloxacin HCl and fexofenadine HCl showed 

rapid dissolution in the presence and absence of surfactant. Ivermectin had a significantly 

decreased rate of dissolution in the presence of surfactant. Of course, absolute dissolution 

was higher in in the presence of surfactant. For both human and canine media, surfactant-

mediated dissolution enhancement () for ivermectin was substantial. Meanwhile, 

surfactant had minimal impact of ciprofloxacin HCl and fexofenadine HCl dissolution.  

This difference between drugs reflects two properties: the ratio of diffusivities of drug-

loaded micelle to free drug (DD-M/DM) and the ratio of fraction of drug-loading in 

micelles to fraction of free drug (fm/ff). Of these two factors, fm/ff was more dominant in 

determining drug dissolution sensitivity to surfactant. Qualitatively, the overall results 

were similar between canine and human sets of media. 
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Chapter 5: Conclusions and future studies 

 

 The overall objective of this thesis was to analyze surfactant-mediated dissolution 

enhancement in biorelevant media.  

Dissolution is a critical step in the disposition of oral drugs in the systemic 

circulation. This is especially true for poorly soluble drugs, as the solubilization and 

diffusion of drug to the unstirred water layer is the rate limiting step for these relatively 

permeable drugs. Dissolution testing of drugs in biorelevant media, is increasingly being 

used as a tool that is predictive of in vivo absorption. Compendial testing methods, 

however do not provide an accurate reflection of in vivo conditions. Compendial 

biorelevant media do not accurately simulate the presence of the various surfactant 

species and enzymes present in vivo that can contribute to important properties of 

intestinal media such as pH, osmolality and buffer capacity. In this work, biorelevant 

dissolution testing is conducted using multiple sets of media that accurately account for 

important aspects of in vivo conditions. The media were modified according to the 

purpose of the study to make the analysis dynamic in the case of food effect dissolution.  

In this work it was also shown that the presence of surfactant can adversely affect 

the dissolution rate of a poorly soluble drug, in addition to the solubility. This finding is 

of great importance as solubility is one of the critical properties widely used as a 

determinant of drugability. Here, we show that dissolution rate is also a critical factor in 

the ultimate absorption of a drug. This is especially true in the presence of surfactants as 

an enhancement in drug solubility is counteracted by significantly slower rate of 

dissolution. This interplay could lead to an increased amount of drug entering systemic 
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circulation, but at a much slower rate, which could have varying impacts on 

bioavailability and therapeutic effect. 

 In Chapter 2, three poorly soluble, lipophilic drugs (BCS Class II), danazol, 

amiodarone and ivermectin, were analyzed using the dynamic in vitro lipolysis model. In 

this study, dissolution tests were performed on all three drugs using biorelevant media 

simulating fasted and fed intestinal states. FaSSIF-V2L/FeSSIF-V2L and Fa-

Lipolysis/Fe-Lipolysis were compared and contrasted with regards to observed food 

effect of the three drugs. Based on the dissolution enhancements observed, prediction of 

the in vivo food effect of the drugs were made successfully. There was not a conclusive 

agreement in the quantitative values of the in vitro and in vivo food-effect. It was 

hypothesized that this was primarily due to the fact that in vivo, drugs can exhibit food 

effect through multiple mechanisms, sometimes concurrently. As a result, when testing 

only one mechanism of food effect, there may be quantitative disagreement. 

 As a future step in the work, we are looking to develop a model that can 

accommodate a secondary step in the food effect mechanism. At this moment, we are 

only analyzing dissolution enhancement of BCS Class II drugs and calculating the drug 

solubilized in the aqueous fraction as total drug absorbed. We propose to combine this in 

vitro dissolution test with a permeability study to get more realistic estimates on the food-

mediated absorption enhancement and compare this to in vivo data. 

 In Chapter 3, the colloidal changes that occur during lipolysis in the presence of a 

BCS Class II drug were characterized and a mechanistic understanding of food-mediated 

dissolution enhancement was achieved. Cryogenic transmission electron microscopy was 

used to characterize changes at various time points during in vitro lipolysis (simulating 
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fed state dissolution). Changes observed in the intestinal milieu in the fed state were rapid 

and agreed very well with proposed models of lipolysis as well as in vivo observations. 

Similar imaging was done for a dissolution experiment mimicking the fasted state. A 

comparative analysis of the changes observed in the fed versus fasted state provided a 

better qualitative understanding of the process of lipid hydrolysis in the presence of a 

BCS Class II drug, and the changes that contribute to enhanced solubility of the drug.  

 As a future step in the work, we propose to further optimize this experiment and 

develop a method to make quantitative observations of the changes occurring in the fed 

as well as fasted states. Dynamic light scattering and atomic force microscopy are 

proposed as companion methods to obtain quantitative measurements as well as provide 

further confirmation of the observations made using cryo-TEM. 

 In Chapter 4, three poorly soluble drugs (ciprofloxacin HCL, ivermectin and 

fexofenadine HCl) that differed in their lipophilicity were analyzed using biorelevant 

dissolution in human as well as canine fasted state intestinal media. The main objective 

was to compare the rate and extent of dissolution between these drugs and further 

elucidate the surfactant-mediated enhancements they experienced. It was observed that 

ivermectin experienced significantly slower dissolution than ciprofloxacin HCl and 

fexofenadine HCl in both human and canine fasted state intestinal media. In order to 

investigate the cause of this difference, the surfactant-mediated dissolution enhancement 

was calculated. This factor is known to heavily depend on the lipophilicity of the drug. It 

was found that ivermectin was extremely dependent on surfactant-mediated dissolution, 

while ciprofloxacin HCl and fexofenadine HCl did not show any dependence on 
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surfactant during dissolution. This result was reflected in both human as well as canine 

fasted state intestinal media. 

  



 107 

References 

 

 Akimoto, M.; Nagahata, N.; Furuya, A.; Fukushima, K.; Higuchi, S.; Suwa, T., 

Gastric pH profiles of beagle dogs and their use as an alternative to human 

testing. European journal of pharmaceutics and biopharmaceutics : official 

journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V 2000, 

49 (2), 99-102. 

 Amidon, G. L.; DeBrincat, G. A.; Najib, N., Effects of gravity on gastric 

emptying, intestinal transit, and drug absorption. Journal of clinical 

pharmacology 1991, 31 (10), 968-73. 

 Amidon, G. L.; Lennernas, H.; Shah, V. P.; Crison, J. R., A theoretical basis for a 

biopharmaceutic drug classification: the correlation of in vitro drug product 

dissolution and in vivo bioavailability. Pharmaceutical research 1995, 12 (3), 

413-20. 

 Arndt, M.; Chokshi, H.; Tang, K., Parrott, N. J., Reppas, C., Dressman, J. B., 

Dissolution media simulating the proximal canine gastrointestinal tract in the 

fasted state. European journal of pharmaceutics and biopharmaceutics 2013, 84 

(3), 633-641. 

 Balakrishnan, A.; Rege, B. D.; Amidon, G. L.; Polli, J. E., Surfactant-mediated 

dissolution: contributions of solubility enhancement and relatively low micelle 

diffusivity. Journal of pharmaceutical sciences 2004, 93 (8), 2064-75. 

 Bateman, D. N., Effects of meal temperature and volume on the emptying of 

liquid from the human stomach. The Journal of physiology 1982, 331, 461-7. 

 Benet, L. Z.; Broccatelli, F.; Oprea, T. I., BDDCS applied to over 900 drugs. The 

AAPS journal 2011, 13 (4), 519-47. 

 Brockerhoff, H.; Jensen, R. G., III - Kinetics of Lipolysis. In Lipolytic Enzymes, 

Jensen, H. B. G., Ed. Academic Press: 1974; pp 10-24. 

 Charman, W. N.; Porter, C. J.; Mithani, S.; Dressman, J. B., Physiochemical and 

physiological mechanisms for the effects of food on drug absorption: the role of 

lipids and pH. Journal of pharmaceutical sciences 1997, 86 (3), 269-82. 

 Chen, M.-L.; Shah, V.; Patnaik, R.; Adams, W.; Hussain, A.; Conner, D.; Mehta, 

M.; Malinowski, H.; Lazor, J.; Huang, S.-M.; Hare, D.; Lesko, L.; Sporn, D.; 



 108 

Williams, R., Bioavailability and Bioequivalence: An FDA Regulatory Overview. 

Pharmaceutical research 2001, 18 (12), 1645-1650. 

 Christensen, J. O.; Schultz, K.; Mollgaard, B.; Kristensen, H. G.; Mullertz, A., 

Solubilisation of poorly water-soluble drugs during in vitro lipolysis of medium- 

and long-chain triacylglycerols. European journal of pharmaceutical sciences : 

official journal of the European Federation for Pharmaceutical Sciences 2004, 23 

(3), 287-96. 

 Council of Experts. Fexofenadine Hydrochloride. U.S. Pharmacopeia National 

Formulary. The United States Pharmacopeial Convention, Rockville, MD, 2016; 

pp 3895. 

 Crison, J. R.; Weiner, N. D.; Amidon, G. L., Dissolution media for in vitro testing 

of water-insoluble drugs: effect of surfactant purity and electrolyte on in vitro 

dissolution of carbamazepine in aqueous solutions of sodium lauryl sulfate. 

Journal of pharmaceutical sciences 1997, 86 (3), 384-8. 

 Dahan, A.; Hoffman, A., Use of a dynamic in vitro lipolysis model to rationalize 

oral formulation development for poor water soluble drugs: correlation with in 

vivo data and the relationship to intra-enterocyte processes in rats. 

Pharmaceutical research 2006, 23 (9), 2165-74. 

 de Smidt, J. H.; Offringa, J. C.; Crommelin, D. J., Dissolution kinetics of 

griseofulvin in sodium dodecylsulphate solutions. Journal of pharmaceutical 

sciences 1987, 76 (9), 711-4. 

 de Smidt, J. H.; Offringa, J. C.; Crommelin, D. J., Dissolution rate of griseofulvin 

in bile salt solutions. Journal of pharmaceutical sciences 1991, 80 (4), 399-401. 

 de Smidt, J. H.; Grit, M.; Crommelin, D. J., Dissolution kinetics of griseofulvin in 

mixed micellar solutions. Journal of pharmaceutical sciences 1994, 83 (9), 1209-

12. 

 Dressman, J. B.; Amidon, G. L.; Reppas, C.; Shah, V. P., Dissolution testing as a 

prognostic tool for oral drug absorption: immediate release dosage forms. 

Pharmaceutical research 1998, 15 (1), 11-22. 

 Dressman, J. B.; Lennernäs, H., Oral drug absorption : prediction and 

assessment. Marcel Dekker: New York, 2000; p x, 330 p. 

 Dressman, J. B.; Reppas, C., In vitro-in vivo correlations for lipophilic, poorly 

water-soluble drugs. European journal of pharmaceutical sciences : official 



 109 

journal of the European Federation for Pharmaceutical Sciences 2000, 11 Suppl 

2, S73-80. 

 Egelhaaf, S. U.; Schurtenberger, P.; Muller, M., New controlled environment 

vitrification system for cryo-transmission electron microscopy: design and 

application to surfactant solutions. Journal of microscopy 2000, 200 (Pt 2), 128-

39. 

 Fatouros, D. G.; Bergenstahl, B.; Mullertz, A., Morphological observations on a 

lipid-based drug delivery system during in vitro digestion. European journal of 

pharmaceutical sciences : official journal of the European Federation for 

Pharmaceutical Sciences 2007, 31 (2), 85-94. 

 FDA, U., Guidance for Industry: Food-effect bioavailability and fed 

bioequivalence studies. Food and Drug Administration, Center for Drug 

Evaluation and Research (CDER) 2002. 

 Fleisher, D.; Li, C.; Zhou, Y.; Pao, L. H.; Karim, A., Drug, meal and formulation 

interactions influencing drug absorption after oral administration. Clinical 

implications. Clinical pharmacokinetics 1999, 36 (3), 233-54. 

 Food, U.; Administration, D., CFR–Code of Federal Regulations Title 21-Food 

and Drugs. Chapter I–Food and Drug Administration Department of Health and 

Human Services Subchapter D–Drugs for Human Use. Part 320. Bioavailability 

and Bioequivalence Requirements. 2010. 

 Friedman, L.; Carpenter, P. G., Diffusion Velocity and Molecular Weight. I. The 

Limits of Validity of the Stokes--Einstein Diffusion Equation. Journal of the 

American Chemical Society 1939, 61 (7), 1745-1747. 

 Friedrich, H.; Frederik, P. M.; de With, G.; Sommerdijk, N. A., Imaging of self-

assembled structures: interpretation of TEM and cryo-TEM images. Angewandte 

Chemie 2010, 49 (43), 7850-8. 

 Garner, C. W., Boronic acid inhibitors of porcine pancreatic lipase. The Journal 

of biological chemistry 1980, 255 (11), 5064-8. 

 Genser, D., Food and drug interaction: consequences for the nutrition/health 

status. Annals of nutrition & metabolism 2008, 52 Suppl 1, 29-32. 

 Gibaldi, M.; Feldman, S., Mechanisms of surfactant effects on drug absorption. 

Journal of pharmaceutical sciences 1970, 59 (5), 579-589. 



 110 

 Hernell, O.; Staggers, J. E.; Carey, M. C., Physical-chemical behavior of dietary 

and biliary lipids during intestinal digestion and absorption. 2. Phase analysis and 

aggregation states of luminal lipids during duodenal fat digestion in healthy adult 

human beings. Biochemistry 1990, 29 (8), 2041-56. 

 Hofmann, A. F.; Borgstroem, B., The Intraluminal Phase of Fat Digestion in Man: 

The Lipid Content of the Micellar and Oil Phases of Intestinal Content Obtained 

during Fat Digestion and Absorption. The Journal of clinical investigation 1964, 

43, 247-57. 

 Horter, D.; Dressman, J. B., Influence of physicochemical properties on 

dissolution of drugs in the gastrointestinal tract. Advanced drug delivery reviews 

2001, 46 (1-3), 75-87. 

 Jantratid, E.; Janssen, N.; Reppas, C.; Dressman, J. B., Dissolution media 

simulating conditions in the proximal human gastrointestinal tract: an update. 

Pharmaceutical research 2008, 25 (7), 1663-76. 

 Jones, H. M.; Parrott, N.; Ohlenbusch, G.; Lave, T., Predicting pharmacokinetic 

food effects using biorelevant solubility media and physiologically based 

modelling. Clinical pharmacokinetics 2006, 45 (12), 1213-26. 

 Juenke, J. M.; Brown, P. I.; McMillin, G. A.; Urry, F. M., A rapid procedure for 

the monitoring of amiodarone and N-desethylamiodarone by HPLC-UV 

detection. Journal of analytical toxicology 2004, 28 (1), 63-6. 

 Kamai, T.; Tsujii, T.; Arai, K.; Takagi, K.; Asami, H.; Ito, Y.; Oshima, H., 

Significant association of Rho/ROCK pathway with invasion and metastasis of 

bladder cancer. Clinical cancer research : an official journal of the American 

Association for Cancer Research 2003, 9 (7), 2632-41. 

 Kataoka, M.; Masaoka, Y.; Sakuma, S.; Yamashita, S., Effect of food intake on 

the oral absorption of poorly water-soluble drugs: in vitro assessment of drug 

dissolution and permeation assay system. Journal of pharmaceutical sciences 

2006, 95 (9), 2051-61. 

 Kawabata, Y.; Wada, K.; Nakatani, M.; Yamada, S.; Onoue, S., Formulation 

design for poorly water-soluble drugs based on biopharmaceutics classification 

system: basic approaches and practical applications. International journal of 

pharmaceutics 2011, 420 (1), 1-10. 

 Kiki-Mvouaka, S.; Menez, C.; Borin, C.; Lyazrhi, F.; Foucaud-Vignault, M.; 

Dupuy, J.; Collet, X.; Alvinerie, M.; Lespine, A., Role of P-glycoprotein in the 

disposition of macrocyclic lactones: A comparison between ivermectin, 



 111 

eprinomectin, and moxidectin in mice. Drug metabolism and disposition: the 

biological fate of chemicals 2010, 38 (4), 573-80. 

 Kossena, G. A.; Boyd, B. J.; Porter, C. J.; Charman, W. N., Separation and 

characterization of the colloidal phases produced on digestion of common 

formulation lipids and assessment of their impact on the apparent solubility of 

selected poorly water-soluble drugs. Journal of pharmaceutical sciences 2003, 92 

(3), 634-48. 

 Kuntsche, J.; Horst, J. C.; Bunjes, H., Cryogenic transmission electron 

microscopy (cryo-TEM) for studying the morphology of colloidal drug delivery 

systems. International journal of pharmaceutics 2011, 417 (1-2), 120-37. 

 Larsen, A. T.; Sassene, P.; Mullertz, A., In vitro lipolysis models as a tool for the 

characterization of oral lipid and surfactant based drug delivery systems. 

International journal of pharmaceutics 2011, 417 (1-2), 245-55. 

 Lentz, K. A.; Quitko, M.; Morgan, D. G.; Grace, J. E., Jr.; Gleason, C.; Marathe, 

P. H., Development and validation of a preclinical food effect model. Journal of 

pharmaceutical sciences 2007, 96 (2), 459-72. 

 Lentz, K. A., Current methods for predicting human food effect. The AAPS 

journal 2008, 10 (2), 282-8. 

 Lipinski, C. A., Drug-like properties and the causes of poor solubility and poor 

permeability. Journal of pharmacological and toxicological methods 2000, 44 (1), 

235-49. 

 Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J., Experimental and 

computational approaches to estimate solubility and permeability in drug 

discovery and development settings. Advanced drug delivery reviews 2001, 46 (1-

3), 3-26. 

 Lui, C. Y.; Amidon, G. L.; Berardi, R. R.; Fleisher, D.; Youngberg, C.; Dressman, 

J. B., Comparison of gastrointestinal pH in dogs and humans: implications on the 

use of the beagle dog as a model for oral absorption in humans. Journal of 

pharmaceutical sciences 1986, 75 (3), 271-4. 

 Milne, J. L.; Subramaniam, S., Cryo-electron tomography of bacteria: progress, 

challenges and future prospects. Nature reviews. Microbiology 2009, 7 (9), 666-

75. 



 112 

 Mullertz, A.; Fatouros, D. G.; Smith, J. R.; Vertzoni, M.; Reppas, C., Insights into 

intermediate phases of human intestinal fluids visualized by atomic force 

microscopy and cryo-transmission electron microscopy ex vivo. Molecular 

pharmaceutics 2012, 9 (2), 237-47. 

 Nischal, K., Somshekar, B., Abhilekha, P. M., Sharadamma, K. C., Radhakrishna, 

P. M., A Simple RP-HPLC Method for Estimation of Triclabendazole and 

Ivermectin in a Pharmaceutical Suspension Dosage Form. Journal of Current 

Pharma Research 2011, 1 (4), 306-310. 

 Park, S.-H.; Choi, H.-K., The effects of surfactants on the dissolution profiles of 

poorly water-soluble acidic drugs. International journal of pharmaceutics 2006, 

321 (1–2), 35-41. 

 Patel, D. V.; Gordon, E. M., Applications of small-molecule combinatorial 

chemistry to drug discovery. Drug Discovery Today 1996, 1 (4), 134-144. 

 Phan, S.; Hawley, A.; Mulet, X.; Waddington, L.; Prestidge, C. A.; Boyd, B. J., 

Structural aspects of digestion of medium chain triglycerides studied in real time 

using sSAXS and Cryo-TEM. Pharmaceutical research 2013, 30 (12), 3088-100. 

 Rahman, A.; Hoffman, N. E., Determination of Danazol in Plasma by High 

Performance Liquid Chromatography. Analytical Letters 1989, 22 (2), 377-386. 

 Raman, S.; Polli, J. E., Prediction of positive food effect: Bioavailability 

enhancement of BCS class II drugs. International journal of pharmaceutics 2016, 

506 (1-2), 110-5. 

 Rigler, M. W.; Honkanen, R. E.; Patton, J. S., Visualization by freeze fracture, in 

vitro and in vivo, of the products of fat digestion. Journal of lipid research 1986, 

27 (8), 836-57. 

 Schurtenberger, P.; Mazer, N. A.; Kanzig, W., Dynamic laser light scattering 

studies of the micelle to vesicle transition in model and native bile. Hepatology 

1984, 4 (5 Suppl), 143S-147S. 

 Shah, V. P.; Konecny, J. J.; Everett, R. L.; McCullough, B.; Noorizadeh, A. C.; 

Skelly, J. P., In vitro dissolution profile of water-insoluble drug dosage forms in 

the presence of surfactants. Pharmaceutical research 1989, 6 (7), 612-8. 

 Singh, B. N., Effects of food on clinical pharmacokinetics. Clinical 

pharmacokinetics 1999, 37 (3), 213-55. 



 113 

 Singh, B. N.; Malhotra, B. K., Effects of food on the clinical pharmacokinetics of 

anticancer agents: underlying mechanisms and implications for oral 

chemotherapy. Clinical pharmacokinetics 2004, 43 (15), 1127-56. 

 Singh, D., Effects of preoperative training on food-motivated behavior of 

hypothalamic hyperphagic rats. Journal of comparative and physiological 

psychology 1973, 84 (1), 47-52. 

 Stegemann, S.; Leveiller, F.; Franchi, D.; de Jong, H.; Linden, H., When poor 

solubility becomes an issue: from early stage to proof of concept. European 

journal of pharmaceutical sciences : official journal of the European Federation 

for Pharmaceutical Sciences 2007, 31 (5), 249-61. 

 Takagi, T.; Ramachandran, C.; Bermejo, M.; Yamashita, S.; Yu, L. X.; Amidon, 

G. L., A provisional biopharmaceutical classification of the top 200 oral drug 

products in the United States, Great Britain, Spain, and Japan. Molecular 

pharmaceutics 2006, 3 (6), 631-43. 

 Torres, J. F.; Komiya, A.; Okajima, J.; Maruyama, S. In Measurement of the 

Molecular Mass Dependence of the Mass Diffusion Coefficient in Protein 

Aqueous Solutions, Defect and Diffusion Forum, Trans Tech Publ: 2012; pp 452-

458. 

 Vella, J.; Busuttil, F.; Bartolo, N. S.; Sammut, C.; Ferrito, V.; Serracino-Inglott, 

A.; Azzopardi, L. M.; LaFerla, G., A simple HPLC-UV method for the 

determination of ciprofloxacin in human plasma. Journal of chromatography. B, 

Analytical technologies in the biomedical and life sciences 2015, 989, 80-5. 

 Wu, C. Y.; Benet, L. Z., Predicting drug disposition via application of BCS: 

transport/absorption/ elimination interplay and development of a 

biopharmaceutics drug disposition classification system. Pharmaceutical research 

2005, 22 (1), 11-23. 

 Wu, Y.; Liang, J.; Rensing, K.; Chou, T. M.; Libera, M., Extracellular matrix 

reorganization during cryo preparation for scanning electron microscope imaging 

of Staphylococcus aureus biofilms. Microscopy and microanalysis : the official 

journal of Microscopy Society of America, Microbeam Analysis Society, 

Microscopical Society of Canada 2014, 20 (5), 1348-55. 

 Wu, Y.; Petrochenko, P.; Chen, L.; Wong, S. Y.; Absar, M.; Choi, S.; Zheng, J., 

Core size determination and structural characterization of intravenous iron 

complexes by cryogenic transmission electron microscopy. International journal 

of pharmaceutics 2016, 505 (1-2), 167-74. 



 114 

 Yu, L. X.; Straughn, A. B.; Faustino, P. J.; Yang, Y.; Parekh, A.; Ciavarella, A. 

B.; Asafu-Adjaye, E.; Mehta, M. U.; Conner, D. P.; Lesko, L. J.; Hussain, A. S., 

The effect of food on the relative bioavailability of rapidly dissolving immediate-

release solid oral products containing highly soluble drugs. Molecular 

pharmaceutics 2004, 1 (5), 357-62. 

 Zangenberg, N. H.; Mullertz, A.; Kristensen, H. G.; Hovgaard, L., A dynamic in 

vitro lipolysis model. I. Controlling the rate of lipolysis by continuous addition of 

calcium. European journal of pharmaceutical sciences : official journal of the 

European Federation for Pharmaceutical Sciences 2001, 14 (2), 115-22. 

 Zangenberg, N. H.; Mullertz, A.; Kristensen, H. G.; Hovgaard, L., A dynamic in 

vitro lipolysis model. II: Evaluation of the model. European journal of 

pharmaceutical sciences : official journal of the European Federation for 

Pharmaceutical Sciences 2001, 14 (3), 237-44. 

 

 


