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ABSTRACT 

Title of Dissertation: Effects of Formulation Factors and Pharmaceutical Quality of Oral 

Drug Absorption 

Soundarya Vaithianathan, Doctor of Philosophy, 2016 

Dissertation Directed by: James Polli, Professor, Pharmaceutical Sciences 

 

The overall objective of this dissertation was to study the effects of formulation factors and 

pharmaceutical quality on oral drug absorption. Aim 1 investigated the impact of large 

amounts of 14 commonly used excipients on oral absorption of Biopharmaceutics 

Classification System (BCS) class 3 drugs. FDA and EMA allow biowaivers for BCS class 

3 drugs but indicate that test product should be qualitatively the same and quantitatively 

very similar in composition to the reference product. Capsules containing combination of 

three excipients in quantities larger than those present in immediate-release (IR) solid oral 

dosage forms were investigated. Results indicated that 12 out of 14 common excipients 

were found to not impact BCS class 3 drug absorption in humans, such that these excipients 

need not be qualitatively the same nor quantitatively very similar to reference, but rather 

simply be not more than the quantities studied here. Aim 2 addressed the question 

concerning therapeutic equivalence of brand and generic lamotrigine tablets. A potential 

contributor to such concerns is pharmaceutical quality. Biopharmaceutics risk of brand and 

generic lamotrigine 100 mg tablets from several manufacturers was assessed. Results 

indicated that lamotrigine’s favorable biopharmaceutics from a drug substance perspective 

and favorable quality characteristics from a tablet formulation perspective suggest 

multisource lamotrigine tablets to exhibit a low biopharmaceutic risk. Aim 3 investigated 

impact of in vitro dissolution volume on dissolution of IR tablets of three anti-epileptic 

drugs (AEDs), levetiracetam, lamotrigine, and oxcarbazepine. FDA recently issued two 



 
 

draft guidances that recommend 500 mL dissolution media for BCS class 1 and 3 drugs.  

Results indicate that reducing dissolution volume from 900 mL to 500 mL was of no 

apparent significance when at least 3-fold sink conditions prevailed at 500 mL. However, 

reducing dissolution volume from 900 mL to 500 mL slowed dissolution in the absence of 

3-fold sink conditions, per f2. Aim 4 describes the case report of an epileptic patient who 

observed levetiracetam extended-release (ER) tablet remnants in stool from one generic 

source but not others. Analysis of tablet remnant indicates that no drug remained in the 

tablet, even though tablets are mostly composed of drug. 
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Chapter 1: Introduction and Research Objectives 

 

1.1 Pharmaceutical Excipients 

A pharmaceutical product (e.g. tablets, solutions) not only contains an active 

pharmaceutical ingredient (API) but also several inactive ingredients called excipients. 

These excipients are substances used to convert API to pharmaceutical dosage forms that 

are suitable for administration to patients.1 Often, API constitutes only a small fraction of 

the dosage form with the rest being excipient mixture to increase the bulk volume, 

manufacturability, and bioavailability. The choice of excipient varies according to the 

dosage form. Solid dosage forms contain fillers, binders, disintegrants and other 

components. Liquid dosage forms contain buffers for pH control, polymers for viscosity 

enhancement, as well as antimicrobials and preservatives.  

Excipients can be classified according to their functional ability to contribute to 

developing a pharmaceutical dosage form. For example, disintegrants such as 

pregelatinized starch tend to swell when they come in contact with aqueous media, leading 

to breakdown of the dosage form into granules and powder particles.2,3 Often, many 

excipients are capable of performing multiple functions. For example, hydroxypropyl 

methylcellulose (HPMC) or hypromellose can be used as a binder in film-coated tablets 

and as a matrix in extended-release (ER) formulations.2  

The principle aims of formulation are to achieve optimum bioavailability, reduce 

toxicity, and extend duration of action. By themselves, excipients do not exert any 

pharmacologic action. However, there have been reports of certain “active” excipients that 

have the ability to alter rate and/or extent of drug absorption. They can interact with drugs 
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in the dosage form and/or the physiological factors at the site of absorption to affect the 

bioavailability of a drug product. The interaction between API and excipients can lead to 

modulation in one or more processes involved in oral drug absorption.  

Some excipients can be used to enhance the oral bioavailability of APIs that have 

low solubility and slow dissolution. For example, polymers such as polyethylene glycols 

(PEG) and polyvinyl pyrrolidone (PVP) are often used as co-solvents to enhance the 

solubility of drugs.4 Through formulation strategies, bioavailability of drugs that are 

substrates for efflux pumps can possibly be improved by incorporating excipients that are 

efflux pump inhibitors. For example, nonionic surfactants such as Tween 80 and 

Cremophor EL have shown in vitro to inhibit the efflux pump P-glycoprotein (P-gp).5    

In contrast to the above mentioned examples, some excipients are capable of 

reducing the rate and/or extent of drug absorption. Sugars have commonly been used in 

liquid dosage forms as sweeteners to enhance palatability and patient compliance. 

However, owing to their osmotic activity, they are known to significantly impact the 

gastrointestinal (GI) transit of drugs. 6 Since drugs spend more time transiting the small 

intestine (3-4 hr) compared to the stomach or colon, altering the small intestinal transit 

(SIT) can shorten the period in which absorption can occur. A study conducted by Adkin 

et al. showed that mannitol significantly reduced the SIT by 34% compared to radiolabeled 

purified water when administered at a concentration relevant to pharmaceutical dosage 

forms.7   

Hydrophobic lubricants are another class of excipients capable of reducing rate 

and/or extent of drug absorption. Magnesium stearate is frequently used in tablet 

manufacturing. It forms a coat around particles to prevent tablets from sticking to the tablet 
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punches and die cavities.8 They facilitate tablet ejection from the die by reducing inter-

particulate friction and improving flow properties of the powder mixture. However, the use 

of large quantities (>1%) of hydrophobic lubricants can slow down disintegration and 

dissolution of the tablets by coating drug particles that have the ability to impact rate and 

extent of drug absorption.9,10 

Excipients used in intravenous (i.v.) formulations during early phase 

pharmacokinetic studies are important, as alteration of drug disposition characteristics by 

formulation components could have a significant effect on candidate selection and drug 

development. Since many new chemical entities (NCE) are poorly soluble, they require co-

solvents or excipients to produce i.v. formulations.11 For example, dimethyl sulfoxide 

(DMSO) is known to inhibit CYP1A2, CYP2C8/9, CYP2C19, CYP2D6, CYP2E1, and 

CYP3A4 in liver microsomes.12 PEG 400 has been shown to inhibit P-gp and CYP3A in 

excised rat jejunum at a concentration greater than 1%. PEG 400 has also been shown to 

reduce the oral absorption of ranitidine in humans by reducing the SIT.13 

Often, excipients may have functional groups that are capable of interacting with 

the drug. The effects of drug-excipients interactions could be either physical 

(polymorphism or crystallization) or chemical (oxidation or hydrolysis) in nature.14 The 

complexation of a drug with an excipient is often used to alter the physicochemical and 

biopharmaceutical properties of the drug. For example, cyclodextrin has been used as a 

complexing agent to enhance the solubility of drugs such as griseofulvin and ibuprofen.15,16 

Adsorption of drugs onto the surface of excipients such as kaolin and microcrystalline 

cellulose increases their surface area, thus resulting in an increased drug release rate.17  
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1.2 Biopharmaceutics Classification System (BCS) Class 3 Biowaivers  

 The Biopharmaceutics Classification System (BCS) is a scientific framework 

which characterizes drug substances according to their aqueous solubility and intestinal 

permeability.18 BCS takes into account three major factors that dictate the rate and extent 

of oral drug absorption from immediate-release (IR) solid oral dosage forms: solubility, 

intestinal permeability, and rate of drug product dissolution.19 The drug substances are 

divided into four classes according BCS, Class 1: High solubility – High permeability, 

Class 2: Low solubility – High permeability, Class 3: High solubility – Low permeability, 

Class 4: Low solubility – Low permeability. 

An API is considered highly soluble when the highest dose strength in an 

immediate-release (IR) product is soluble in 250 mL or less of aqueous media of pH 1-6.8 

at 37± 1°C.20 The volume of 250 mL or 8 ounces is derived from standard bioequivalence 

(BE) study protocols that recommend administering the drug product along with a glass of 

water (250mL) to fasting human volunteers.   

A drug substance is considered highly permeable when > 85% of the administered 

dose is absorbed in humans based on mass balance studies or by comparison to intravenous 

administration. In vitro epithelial cell culture models (e.g. Caco-2 cell culture) or animal 

models (e.g. in situ rat perfusion studies) capable of predicting the extent of permeability 

are also frequently used as alternative methods.20 

The normal course of a drug product life cycle includes different formulations that 

are incorporated during various stages of development. It is necessary that each formulation 

in the drug product’s life cycle be bioequivalent to the clinical trial formulation that was 

tested to be safe and effective.  Biowaiver is the waiver of an in vivo BE study, with BE 
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being assessed based on in vitro data only. A conventional human pharmacokinetic in vivo 

BE study employs a single dose, two period, two treatment, two sequence, open label, 

randomized crossover design comparing equal doses of the test and reference products in 

fasted, 24 to 36 adult healthy volunteers. The comparison of test and reference drug plasma 

profiles to demonstrate BE is the most commonly used biomarker.21  

The United States Food and Drug Administration (US FDA) and the European 

Medicines Agency (EMA) have allowed waivers of in vivo BE studies for rapidly 

dissolving IR solid oral dosage forms of BCS class 1 drugs, since they have the most 

favorable oral biopharmaceutics properties.20,22 Rapid dissolution requires not less than 

85% of the labelled amount of drug to dissolve in 30 min using USP apparatus I at 100 rpm 

or USP apparatus II at either 50 or 75 rpm in 500 mL or less of each of the following media: 

a) 0.1N HCl, b) pH 4.5 buffer, and c) pH 6.8 buffer.20,23 

Biowaivers for BCS class 1 drugs has resulted in brand and generic drugs being 

approved based on in vitro data alone, with subsequent reduction of costs.  An estimate of 

$66–76 million can be saved each year in clinical study costs if all BCS class 1 drugs, 

including highly variable drugs, can be granted biowaivers.24 The global generics sector 

reached $269 billion in 2012, with an expected estimate of $518 billion in 2018.25 With 

greater than 80% of prescription drugs being generic drug products in the United Sates, 

there has been $1.2 trillion savings in the last decade.26 Thus, generic drugs are of great 

importance in global healthcare and it is important to assure their pharmaceutical quality 

and in vivo performance.27  

In order to further improve savings in resources and fasten the regulatory process 

of brand and generic drugs, the scientific community suggested that biowaivers be 
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extended to BCS class 3 drugs.28-30 Intestinal permeability is considered as the rate-limiting 

step for absorption of BCS Class 3 drug substances. If an IR dosage form of a class 3 drug 

has very rapid dissolution over a range of pH conditions, then they may be expected to 

behave like oral solutions.19,30,31 Very rapidly dissolution requires not less than 85% of the 

labelled amount of drug to dissolve in 15 min in each of the following media: a) 0.1N HCl, 

b) pH 4.5 buffer, and c) pH 6.8 buffer.20 Since, FDA approves biowaivers for oral solutions 

of all BCS class drugs,32 the scientific community suggested that extending biowaivers to 

BCS class 3 drugs would lead to greater number of drugs receiving regulatory relief.  

The EMA has approved biowaivers for BCS class 3 drugs.22 Recently, the FDA 

issued a draft guidance which approves the biowaivers of BCS class 3 drugs.20 The FDA 

and EMA indicate that the test product should be qualitatively the same and quantitatively 

very similar in composition to the reference product. This stems from the fact that 

excipients are capable of impacting drug absorption of low permeability drugs. For BCS 

class 3 drugs, the physiologic factors in the GI tract and biopharmaceutic properties of the 

drug substance would control the rate and extent of drug absorption, provided formulation 

factors do not impact permeability or intestinal transit. The assumptions that formulation 

factors including excipients do not impact the intestinal permeability, drug solubility or 

intestinal motility are significant assumptions requiring further studies.    

1.3 Dissolution of Poorly Soluble Drugs: 

Oral drug delivery is the most common and preferred route of drug administration. 

They offer a number of advantages including stability, accurate dose administration, 

relative ease of large scale manufacturing, reproducible in vivo plasma concentrations, and 

patient compliance. There has been an increase in NCE having poor aqueous solubility 



7 
 

belonging to BCS class 2 and 4. Formulating drugs with poor solubility to achieve optimal 

drug dissolution and oral bioavailability can be challenging.  

Drug dissolution and its subsequent oral absorption from solid dosage forms are 

affected by a number of physiological factors in the GI tract and physicochemical 

properties of the drug substance.  Physiological factors include volume and composition of 

GI fluids, pH and buffer capacity of these fluids, digestive and metabolic enzymes, GI 

transit time, cellular transporters, and food.32,33 Physicochemical properties of drugs that 

are capable of affecting drug dissolution and absorption include solubility, lipophilicity, 

pKa, surface area, particle size, crystallinity, and stability. Any change in these 

physicochemical properties can impact drug dissolution.34 

The rate of dissolution is expressed by the Noyes-Whitney equation:  

𝑑𝑀

𝑑𝑡
=  

𝐴𝐷 (𝐶𝑠 − 𝐶𝑑)

ℎ
 

According to this equation, rate of dissolution is a function of saturation solubility of the 

drug (Cs), drug concentration in solution (Cd), surface area of the drug (A), diffusion 

coefficient (D), and thickness of effective boundary layer (h). Thus, physical features of 

the drug as well as physiological features of the GI tract together determine the rate of 

dissolution. Drug dissolution can be enhanced by reducing the particle size and hence, 

increasing the surface area (A) available for dissolution, decreasing the boundary layer 

thickness (h), ensuring presence of sink conditions (Cs >> Cd), and enhancing solubility of 

the drug (Cs) under physiologically relevant conditions.  

Micronization of API to increase surface area is a promising way to enhance drug 

dissolution and thus, oral bioavailability. The most common methods to reduce particle 
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size is by utilization of milling techniques such as jet milling and pearl-ball-milling.36 

Milling and thereby particle size reduction has been applied to a variety of poorly soluble 

drugs.37-39 However, reduction in particle size offers a number of disadvantages including 

alteration in surface properties which in turn can impact solid state stability, flow 

properties, wettability and bioavailability, and blending characteristics of the API.40  

Milling can also form partially amorphous surface from crystalline solid surfaces, leading 

to a “dynamic nature” of the micronized drug.36 Such newly created surfaces are not 

naturally grown and thus, the milled powder is characterized by their surface properties. 

These powders tend to have poor wetting properties leading to lower dissolution rates than 

expected from increase in surface area.41  

Another commonly used strategy to enhance dissolution of poorly soluble drugs 

include the incorporation of pharmaceutical surfactants. Above the surfactant’s critical 

micellar concentration (CMC), micelles are formed which can be used to solubilize poorly 

soluble compounds.42 CMC of anionic and cationic surfactants can be reached at 

concentrations of 1-10 mM. CMC of nonionic surfactants can be reached at lower 

concentration of 0.01 – 0.1 mM.43 The process of drug release from a solid dosage form 

involves a) solubilization of the drug and b) diffusion of the drug through the stagnant 

diffusion layer. The Noyes Whitney equation for perfect sink conditions is as follows: 

𝐽𝐷 =  
𝐷𝐷

ℎ[𝐷]⁄  

where JD is the flux of dissolving drug, DD is the diffusivity of drug in the stagnant diffusion 

layer, h is the thickness of the stagnant diffusion layer, and [D] is the aqueous drug 
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solubility. According to the above equation, drug solubility and drug diffusivity are key 

determinants for drug dissolution and release from dosage form. 

The use of surfactants as solubilizing agents leads to the formation of drug-loaded 

micelles that have lower diffusivity compared to the free drug. Thus, the surfactant can 

increase drug solubility but the micelle can lead to decreased drug diffusivity. Figure 1.1 

shows drug dissolution in the presence of surfactants. In the absence of surfactant, the drug 

diffuses across the stagnant layer with diffusivity DD. However, in the presence of a 

surfactant, the drug-loaded micelles diffuse with diffusivity DD-M.44 

   

 

 

 

Figure 1.1. Drug dissolution in the presence of surfactants. 

 

The physicochemical nature of surfactants could be an additional limitation to their 

use as solubilizing agents in solid dosage forms. Majority of water-soluble surfactants exist 

as oily liquids or wax-like solids at ambient temperatures. They may not be conducive to 

the formulation and manufacture of traditional pharmaceutical tablets and capsules.42  

Solid dispersions are one of the most successfully used strategies to enhance drug 

release from dosage forms of poorly soluble drugs. It comprises of a matrix system in which 

the aqueous solubility of the drug can be altered by dispersing the API within a hydrophilic 

polymeric carrier. Solid dispersions in which the drug is maintained in a crystalline state 
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are less favorable due to their increased thermodynamic stability.45,46 Amorphous solid 

dispersions are more widely used in which the drug is molecularly dispersed irregularly in 

an amorphous polymeric carrier. The most commonly used polymeric carriers include full 

synthetic polymers such as PVP and PEG and naturally occurring cellulosic carriers such 

as HPMC.45, 47, 48  

The dissolution profiles of amorphous solid dispersions can be further improved if 

the carrier has self-emulsifying properties or surface activity.  Such solid dispersions 

contain a mixture of polymeric carriers (e.g. mixture of PEG and polysorbate 80) or 

surfactant carriers (e.g. inulin), which aid in significant increase in oral bioavailability for 

poorly soluble drugs.49, 50 Amorphous solid dispersions present a number of advantages 

such as improved powder wettability, reduced particle size, enhanced particle porosity, and 

presence of drug in the amorphous state. However, recrystallization of the amorphous drug 

is one of the most common disadvantages.48, 51  

1.4 Statistical Analysis 

 In statistics, the most common measure of dispersion is standard deviation (SD) 

which quantifies variability or scatter. It measures how spread out the data points are from 

the mean. Larger SD values indicate greater spread in the data whereas a low SD indicates 

that the data points are close to the mean.52 Standard error of the mean (SEM) quantifies 

the precision of the mean. SEM is frequently used as it measures variability between 

sample means that would be obtained if multiple samples from the same population were 

taken.53  

The key difference between SEM and SD is that the former estimates variability 

between sample means whereas the latter measures variability within a single sample. As 
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the sample size increases, SEM is much smaller as compared to SD. This is because the 

mean of a larger sample is closer to the true population mean. However, SD does not 

change with sample size. Of the two, SEM is practically more important than SD, as 

statistics often focuses on inferences about means (e.g. Are two means different or not?). 

1.5 Research Objectives 

The overall objective of this dissertation is to study formulation factors and 

pharmaceutical quality attributes that impact oral drug absorption.   

Chapter 2 investigates the impact of 14 commonly used excipients on the oral 

absorption of BCS class 3 drugs, cimetidine and acyclovir. Capsules containing 

combination of three excipients in quantities larger than those present in IR solid oral 

dosage forms were investigated via a four-way crossover BE study in n=24 healthy human 

volunteers. Overall, results indicated that 12 common excipients were found in large 

amounts to not impact BCS class 3 drug absorption in humans, such that these excipients 

need not be qualitatively the same nor quantitatively very similar to reference, but rather 

simply be not more than the quantities studied here. Meanwhile, for each HPMC and 

microcrystalline cellulose, BCS class 3 biowaivers require these two excipients to be 

qualitatively the same and quantitatively very similar to the reference. 

In Chapter 3, our goal was to assess the biopharmaceutic risk of brand Lamictal 

100 mg tablets and generic lamotrigine 100 mg tablets from several manufacturers. The 

therapeutic equivalence of brand and generic lamotrigine tablets have been questioned by 

epileptic patients and neurologists. A potential contributor to concerns of switchability is 

pharmaceutical quality. A panel of nine pharmaceutical quality tests was performed on 

three batches of Lamictal, three batches of Teva generic, and one batch of each of four 
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other generics: appearance, identity, assay, impurity, uniformity of dosage units, 

disintegration, dissolution, friability, and loss on drying. Lamotrigine drug substance was 

also characterized in terms of BCS. Results indicated that all brand name and generic 

lamotrigine 100 mg tablets passed all tests and had acceptable pharmaceutical quality with 

low biopharmaceutic risk. Lamotrigine drug substance was classified as a BCS class 2b 

drug with high permeability and pH-dependent aqueous solubility. Overall, lamotrigine’s 

favorable biopharmaceutics from a drug substance perspective and favorable quality 

characteristics from a tablet formulation perspective suggest that multisource lamotrigine 

tablets exhibit a low biopharmaceutic risk. 

In Chapter 4, we sought the study the impact of in vitro dissolution volume on 

dissolution of IR tablets of three anti-epileptic drugs. The FDA recently issued two draft 

guidances that recommend 500 mL dissolution media for BCS class 1 and 3 drugs. 

Levetiracetam, lamotrigine, and oxcarbazepine were characterized according to BCS and 

fell into classes 1, 2b, and 2c, respectively. In vitro dissolution was performed in 500 mL 

and 900 mL media for pH 1.2, 4.5, and 6.8; or 1% SLS. Overall, reducing dissolution 

volume from 900 mL to 500 mL was of no apparent significant consequence when at least 

3-fold sink conditions prevailed at 500 mL, as observed for levetiracetam in all three pH 

conditions and for lamotrigine in pH 1.2 and 4.5; dissolution profile did not change per f2, 

although were often qualitatively slower. Meanwhile, in the absence of 3-fold sink 

conditions for lamotrigine in pH 6.8 and oxcarbazepine in 1% SLS, reducing dissolution 

volume from 900mL to 500mL slowed dissolution, per f2.  Hence, dissolution profiles may 

or may not be expected to change for products that apply either of the two recent FDA 
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issued draft guidances, which recommend 500 mL dissolution media for BCS class 1 and 

3 drugs. 

Chapter 5 describes the case report of an epileptic patient who observed 

levetiracetam ER tablet remnants from one generic source but not others in his stool. The 

patient was switched from the Sun ER generic to the Lupin ER generic, and then to the 

Apotex ER generic. After switching from Sun ER 500 mg to the Lupin ER 500 mg product, 

remnant tablets were observed in the stool, alarming the patient.  Since Sun tablets were 

no longer available from the pharmacy, the patient was switched to the Apotex product, 

resulting in no intact remnant tablets in the stool. The objective of this work was to 

determine the presence of residual levetiracetam in the patient’s tablet remnants. Analysis 

of remnant Lupin tablets in stool indicated that no drug remained in the tablet, even though 

the tablets were mostly composed of drug and retained a vast majority of their size and 

shape. The patient’s drug trough levels from Lupin and Apotex were the same. Thus, 

patients should be aware that, depending on the generic manufacturer, some ER tablets 

may appear in the stool but, most likely, have released all drug successfully. 
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Chapter 2: Effect of Common Excipients on the Oral Drug Absorption of 

Biopharmaceutics Classification System Class 3 Drugs Cimetidine and Acyclovir1 

 

2.1 Introduction 

The Biopharmaceutics Classification System (BCS) is a scientific framework that 

characterizes drug substances according to their aqueous solubility and intestinal 

permeability. 1   Solubility, permeability, and drug product dissolution determine the rate 

and extent of drug absorption from immediate-release (IR) solid oral dosage forms (e.g. 

tablets and capsules). Since BCS class 1 drugs have favorable oral biopharmaceutical 

properties, the Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) have allowed waivers of in vivo bioequivalence (BE) studies for such rapidly 

dissolving IR solid oral dosage forms.2, 3 Rapid dissolution requires >85% of active 

ingredient be dissolved in 30 min.  BCS-based biowaivers have allowed brand and generic 

products to receive regulatory relief based on in vitro data alone, which reduces 

unnecessary human testing and affords resource savings.4-6 

The scientific community has suggested that biowaivers be extended to BCS Class 

3 drugs with a further requirement that dissolution be very rapid (>85% in 15 min).7-9  IR 

products of BCS class 3 drugs can be expected to behave like oral solutions if dissolution 

is very rapid over a range of pH conditions. If dissolution is very rapid, the rate limiting 

step for oral absorption would be intestinal membrane permeation or gastric emptying, and 

not drug dissolution.6, 9, 10    

1 Vaithianathan S, Haidar SH, Zhang X, Jiang W, Avon C, Dowling TC, Shao C, Kane, M, 

Hoag SW, Flasar MH, Ting TY, Polli JE. Effect of Common Excipients on the Oral Drug 

Absorption of Biopharmaceutics Classification System Class 3 Drugs Cimetidine and 

Acyclovir. J Pharm Sci. 2015. doi: 10.1002/jps.24643. With kind permission from Elsevier, 

provided by Elsevier and Copyright Clearance.  
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BCS class 3 drugs constitute almost 25% of drugs marketed in USA.4 Moreover, 

almost 40% of orally administered drugs on the WHO Model List of Essential Medicines 

are BCS class 3 drugs.11 Extending biowaivers to class 3 drugs can reduce development 

costs and reduce human drug exposure.4, 5, 11  

EMA allows BCS-based biowaivers for class 3 drugs in very rapidly dissolving IR 

solid oral dosage forms, and FDA has recently also proposed the same.2, 3 EMA and FDA 

appear to indicate that, for excipients that are not known to affect bioavailability, BCS class 

3 biowaivers require that excipients be qualitatively the same and quantitatively very 

similar.  These limitations reflect concerns that excipients have potential to modulate class 

3 drug absorption via impacting drug intestinal permeability, motility, or drug 

stability/metabolism.6-8   By virtue of class 3 drug absorption being incomplete due to lower 

drug intestinal permeability, excipient modulation of drug intestinal permeability and/or 

drug transit through the gastrointestinal tract are major concerns.  Some excipients like 

sorbitol and mannitol can enhance in vivo transit time of low permeability drugs, causing 

bioinequivalence.12, 13 An additional potential concern is excipient modulation of protein 

expression with subsequent impact on drug disposition, although we have not seen such 

evidence in commonly used excipients.14  

Previously, we employed Caco-2 monolayers to evaluate the effect of nine 

individual excipients on the Caco-2 permeability of seven low permeable compounds that 

differ in their physiochemical properties.15 Generally, most excipients had no influence on 

drug permeability. Sodium lauryl sulfate (SLS) moderately increased the permeability of 

almost all the drugs. Hydroxypropyl methylcellulose (HPMC) appeared to increase 



23 
 

cimetidine permeability.  It was concluded that further work was needed to interpret the in 

vivo consequences of these observations from cell culture. 

The objective of the present study was to assess the impact of very large amounts 

of 14 commonly used excipients on BCS class 3 drug absorption in humans. Study 1 

involved two fasted, single-dose, four-way crossover BE studies in healthy human 

volunteers (i.e. study 1A and 1B).  In study 1A, cimetidine was the model BCS class 3 

drug.16 In study 1B, acyclovir was the model BCS class 3 drug.17 Each study involved three 

test drug capsule formulations, where each formulation contained very large quantities of 

three excipients.  Excipient effect was intended to be assessed via BE of capsule against an 

oral liquid, although CimTest-2 and AcyTest-2 were the reference formulations employed.  

Results of study 1A and 1B lead to a subsequent study, denoted as study 2, focusing on 

HPMC, magnesium stearate, and sorbitol as excipients.  Figure 1 illustrates a flowchart of 

excipient influences across studies 1A and 1B, including the rationale for subsequent study 

2.  

 

2.2 Material and Methods 

2.2.1 Materials 

Cimetidine (study 1A), SLS, and acyclovir were obtained from Spectrum Chemical 

Manufacturing Corp. (New Brunswick, NJ). Cimetidine (study 2) and sodium hydroxide 

were obtained from Letco Medical (Decatur, AL). Microcrystalline cellulose (type PH-

102) and croscarmellose sodium (type SD-711) were obtained from FMC BioPolymer 

(Newark, DE).   
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Figure 2.1. Flowchart of excipient influences across studies 1 and 2. 

 

Hydroxypropyl methyl cellulose was obtained from The Dow Chemical Company 

(Bay City, MI). Corn starch was obtained from Roquette America Inc. (Keokuk, IA). 

Sodium starch glycolate and lactose were obtained from DMV Fonterra Excipients 

(Foxhol, The Netherlands). Colloidal silicon dioxide was obtained from Evonik Industries 

(Aerosil 200 Pharma; Piscataway, NJ). Dibasic calcium phosphate was obtained from JRS 

Pharma (Patterson, NY). Crospovidone and povidone were obtained from BASF The 

Chemical Company (Jessup, MD).  Stearic acid and magnesium stearate were obtained 

from Mallinckrodt (St. Louis, MO). Pregelatinized starch was obtained from Colorcon 

(West Point, PA). Empty hard gelatin capsules were obtained from Capsugel (Morristown, 

NJ). Propylparaben was obtained from Macron Fine Chemicals (Center Valley, PA). 

Methylparaben was obtained from Protameen Chemicals, Inc. (Totowa, NJ). Sodium 1-
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hexanesulfonate, sodium acetate trihydrate, potassium phosphate monobasic, sodium 

phosphate dibasic heptahydrate, hydrochloric acid, and sodium phosphate monobasic were 

purchased from Sigma Aldrich (St. Louis, MO). Cimetidine hydrochloride oral solution 

300 mg/5mL (equivalent to cimetidine) and acyclovir oral suspension 200 mg/5mL were 

purchased from Hi-Tech Pharmacal (Amityville, NY). Cimetidine and acyclovir reference 

standards were purchased from the United States Pharmacopeia (Rockville, MD).  All 

solvents were HPLC grade and were purchased from Fisher Scientific Inc. (Pittsburg, PA). 

2.2.2 Study 1: Formulations and In Vitro Testing 

Cimetidine was used as a model BCS class 3 drug for study 1A. Acyclovir was used 

as model BCS class 3 drug for Study 1B. Three capsule formulations of each drug were 

manufactured, collectively involving 14 common excipients, which were: microcrystalline 

cellulose, hydroxypropyl methyl cellulose, SLS, corn starch, sodium starch glycolate, 

colloidal silicon dioxide, dibasic calcium phosphate, crospovidone, lactose, povidone, 

stearic acid, pregelatinized starch, croscarmellose sodium, and magnesium stearate. These 

14 excipients were selected from a list of the 20 most common excipients in oral solid 

Abbreviated New Drug Application (ANDA) formulations.  Not selected from this list 

were: Opadry, talc, citric acid, sucrose, methyl cellulose, and titanium dioxide.   Each 

capsule formulation contained 100 mg of either cimetidine or acyclovir in study 1A or 

study 1B, respectively, along with three excipients in quantities higher than those used in 

typical IR solid oral dosage forms. Capsule compositions are shown in Table 2.1.  Capsules 

were not intended to exhibit dissolution-limited absorption, although formulation design 

was limited by the need to use only very large quantities of the 14 excipients.  Regarding 
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excipient composition, test capsules were not intended to be qualitatively or quantitatively 

the same as commercial cimetidine tablets or acyclovir capsules.  

A Turbula mixer (Turbula, Type: T2F Nr 070759; Basel/Schweiz) was used to mix 

the drug and three excipients into powder blends, which were hand filled into capsules. 

Cimetidine and acyclovir capsules were manufactured under current Good Manufacturing 

Practices (GMP) at the University of Maryland GMP Facility. 

Capsules of cimetidine and acyclovir were subjected to a panel of six quality control 

(QC) tests: appearance, identification, assay, impurity, uniformity of dosage units, and 

dissolution, which were performed as specified in the USP monograph for cimetidine and 

acyclovir, respectively.18, 19 Uniformity of dosage units was performed by the weight 

variation approach. Furthermore, for each cimetidine and acyclovir whose tablet/capsule 

USP monograph employs pH 1.2 dissolution media, in vitro dissolution studies were also 

performed at the two additional pH values of 4.5 and 6.8.20   All dissolution tests were 

performed on six units of each product using USP apparatus I at 100 rpm and at 37°C in 

900mL of pH 1.2, 4.5, and 6.8 media.  pH 1.2 media was 0.1N HCl.  pH 4.5 media was 

0.2M sodium acetate trihydrate, adjusted with HCl to pH 4.5.  pH 6.8 media was 0.2M 

monobasic potassium phosphate, adjusted with sodium hydroxide to pH 6.8.  The 

commercial oral liquid solution of cimetidine and acyclovir were used as the reference 

formulation for study 1A and 1B, respectively.21 

2.2.3 Study 1: In Vivo Studies 

Separately, for each cimetidine 200 mg and acyclovir 200 mg, a human 

pharmacokinetic study was conducted in 24 healthy adult volunteers. Each study was an 

open-label, fasted, single-dose, randomized four-way crossover BE study. Study 1A for 
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cimetidine and study 1B for acyclovir were completely separate clinical studies.  Both 

studies were conducted at the General Clinic Research Center (GCRC) at the University of 

Maryland. All human studies were approved by the Institutional Review Board (IRB) of 

University of Maryland Baltimore, as well by the Research Involving Human Subject 

Committee (RIHSC) of FDA. 

Volunteers fasted overnight for 10 hr prior to drug administration.  Each subject 

was given a dose of 200 mg of cimetidine or acyclovir orally (e.g. two cimetidine capsules, 

3.33 mL of cimetidine commercial oral solution, two acyclovir capsules, or 5mL of 

acyclovir commercial oral suspension) along with 240mL water. Otherwise, water was not 

allowed 1 hr before and 1 hr after drug administration.  The subjects were provided lunch 

and a snack 4 hr and 6 hr after drug administration, respectively.  Blood samples (5 mL, 

heparinized tubes) for pharmacokinetic analysis were drawn immediately prior to drug 

administration and at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 8.0 and 10.0 hr post-dose. 

The blood samples were centrifuged at >2000 rpm at 4°C for 10 min. Harvested plasma 

aliquots were stored at -20°C until assayed. 

2.2.4 Study 2: Formulations and In Vitro Testing 

Study 2 was a follow up study of study 1.  Based on study 1 results, it was suspected 

that HPMC in CimTest-1 and AcyTest-1 formulations (which were compositionally 

identical, except for drug; Table 2.1) and magnesium stearate in AcyTest-3 formulation 

(Table 2.1) slowed drug dissolution in vivo.  Additionally, it appeared that sorbitol 

impacted cimetidine absorption from commercial oral solution.  In study 2, cimetidine was 

used as the model BCS class 3 drug. 
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Table 2.3. Study 1A and 1B test formulations: compositions and in vitro dissolution. 

Capsules for study 1A included 100 mg of cimetidine. Capsules for study 1B included 100 

mg of acyclovir.  All capsules contained three excipients.  Study 1A and 1B collectively 

evaluated 14 excipients across six test capsule formulations.  Formulation CimTest-1 and 

AcyTest-1 employed the same excipients.  Sodium lauryl sulfate was included in 

formulations CimTest-1, CimTest-3, and AcyTest-1.  In the in vivo study of each 

formulation, two capsules were administered as a single dose of 200 mg of drug. 

  

 a Mean ± SEM 

 

 

 

Formulation Excipient 1 Excipient 2 Excipient 3 
% Dissolved in 15 mina 

pH 1.2 pH 4.5 pH 6.8 

CimTest-1 

Microcrystalline 

Cellulose 

(300mg) 

Hydroxypropyl 

Methyl 

Cellulose 

(45mg) 

Sodium Lauryl 

Sulfate 

(25mg) 

106 ± 2.0 
97.5 ± 

1.7 

82.6 ± 

5.4 

CimTest-2 
Corn Starch 

(450mg) 

Sodium Starch 

Glycolate 

(100mg) 

Colloidal 

Silicon 

Dioxide 

(20mg) 

104 ± 1.5 
100.1 ± 

2.0 

100.6 ± 

1.4 

CimTest-3 

Dibasic 

Calcium 

Phosphate 

(300mg) 

Sodium Lauryl 

Sulfate 

(25mg) 

Crospovidone 

(50mg) 

95.3 ± 

2.8 

97.9 ± 

1.8 

93.9 ± 

2.5 

AcyTest-1 

Microcrystalline 

Cellulose 

(300mg) 

Hydroxypropyl 

Methyl 

Cellulose 

(45mg) 

Sodium Lauryl 

Sulfate 

(25mg) 

83.9 ± 

2.7 

70.4 ± 

2.8 

81.2 ± 

3.6 

AcyTest-2 
Lactose 

(450mg) 

Povidone 

(35mg) 

Stearic Acid 

(40mg) 

99.7 ± 

0.6 

85.1 ± 

3.3 

67.1 ± 

5.1 

AcyTest-3 

Pregelatinized 

Starch 

(100mg) 

Croscarmellose 

Sodium 

(60mg) 

Magnesium 

Stearate 

(40mg) 

75.6 ± 

2.9 

73.6 ± 

1.7 

59.6 ± 

3.9 
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Table 2.2 lists prototype formulations that were considered for study 2.  Capsules 

containing a range of HPMC (10-75 mg HPMC) and magnesium stearate (20-40 mg 

magnesium stearate) were evaluated in vitro, in order to identify compositions that would 

provide very rapidly dissolving formulations.   

Table 2.3. Prototype study 2 test formulations. 

CimTest-A prototypes differed in HPMC amount, where CimTest-A-20 mg was selected 

for clinical study 2 since it showed very rapid dissolution.  CimTest-B prototypes differed 

in magnesium stearate amount and processing, where CimTest-B-20 mg was selected for 

clinical study 2 since it showed very rapid dissolution in pH 6.8 media.  The two 

formulations for clinical evaluation were subsequently denoted, more simply, as CimTest-

A and CimTest-B. 

 

Formulation Formula Excipient 
% Dissolved 

in 15 mina 

CimTest-A-10mg Cimetidine (100mg); 

Microcrystalline 

cellulose (300mg); 

Sodium lauryl sulfate 

(25mg) 

HPMC: 10mg (2.3%) 92.9 ± 3.3 

CimTest-A-20mg b HPMC: 20mg (4.5%) 89.5 ± 2.8 

CimTest-A-45mg c HPMC: 45mg (9.5%) 38.6 ± 8.1 

CimTest-A-75mg HPMC: 75mg (15%) 23.5 ± 3.6 

CimTest-B-20mg b Cimetidine (100mg); 

Pregelatinized starch 

(100mg); 

Crosscarmellose 

sodium (60mg) 

Mag st: 20mg (7.1%) 94.5 ± 2.4 

CimTest-B-40mg Mag st: 40mg (13.3%) 60.2 ± 3.2 

CimTest-B-40mg-L Mag st: 40mg (8%) + Lactose: 200mg 60.0 ± 5.0 

CimTest-B-40mg-T d Mag st: 40mg (13.3%): turbular mixer 29.0 ± 5.1 

a Mean ± SEM in pH 6.8 media; b Selected for clinical study 2; c Original formulation CimTest-1 

in study 1A; d Original excipient composition in study 1B (i.e. AcyTest-3) 

 

One selected cimetidine capsule formulation for clinical study 2 was denoted 

CimTest-A and contained 20 mg of HPMC, a reduced amount compared to the 45mg of 

HPMC in CimTest-1 and AcyTest-1 from study 1A and 1B, respectively.  The other 

selected cimetidine capsule formulation for clinical study 2 was denoted CimTest-B and 

contained 20 mg of magnesium stearate, a reduced amount compared to the 40 mg of 

magnesium stearate in AcyTest-3 from study 1B.  Additionally, CimTest-B differed from 
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AcyTest-3 by using a V-blender (Twin shell drug blender, model LB 331; Stroudsburg, 

PA) rather than a Turbula mixer, to avoid over-lubrication.   

Capsules were subjected to in vitro dissolution in phosphate buffer of pH 6.8 using 

USP apparatus I in order to preliminarily identify very rapidly dissolving formulations 

(Table 2.2). Cimetidine capsules for clinical study were subjected to the same QC tests that 

had been performed in study 1A: appearance and identification, assay, impurity, content 

uniformity, and dissolution. 

Given study 1A findings where the sorbitol-containing commercial cimetidine 

solution provided about 10% lower absorption compared to cimetidine capsules, a sorbitol-

free cimetidine oral solution was manufactured and used as the reference for study 2. The 

commercial cimetidine oral solution was used in study 2 as a test formulation, to assess an 

impact of sorbitol. The composition of the sorbitol-free solution intended to mimic the 

commercial product except for sorbitol and was: cimetidine (300mg/5mL), methyl paraben 

(5mg/5mL), propyl paraben (1mg/5mL), dibasic sodium phosphate heptahydrate 

(0.568mg/5mL), and monobasic sodium phosphate anhydrous (12.62mg/5mL). The 

solution pH was adjusted to 5.1-5.7 with hydrochloric acid (37%) and sodium hydroxide 

pellets.  The sorbitol-free cimetidine oral solution was subjected to appearance and 

identification, assay, impurity, and microbial testing, and passed all testing. Cimetidine 

capsules and the sorbitol-free oral solution were manufactured under cGMP at the 

University of Maryland GMP Facility. 

2.2.5 Study 2: In Vivo Studies 

A human pharmacokinetic study of cimetidine 200mg was conducted in 24 healthy 

adult volunteers. The study was an open-label, fasted, single-dose, randomized four-way 
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crossover bioequivalence study conducted at the GCRC at the University of Maryland. The 

study procedure and protocol was the same as study 1. 

2.2.6 Quantification of Cimetidine and Acyclovir. 

Cimetidine was quantified with HPLC using Waters system with a dual wavelength 

(model 248) absorbance detector (Waters Corporation, Milford, MA). The wavelength was 

set to 228nm. The column used was a Phenomenex (Torrance, CA) C18 4.6mm x 250mm 

column. Cimetidine was analyzed using a previously reported method.22   Briefly, the 

quantification process involved combining 250µL plasma with 30µL of 2M NaOH, 250µL 

saturated sodium carbonate solution, and 30µL of internal standard, famotidine (50µg/mL) 

in a 4.5mL polypropylene tube. The sample was vortexed briefly followed by the addition 

of 3mL water saturated ethyl-acetate. The tube was shaken at a low speed for 10 minutes 

followed by centrifugation for 10 min at 2000xg. The organic layer was transferred to a 

clean tube. The contents were evaporated to dryness under a stream of liquid nitrogen. The 

residue was re-constituted in the mobile phase followed by injection onto the HPLC 

column with an injection volume of 50 µL. The method was linear between 100ng/mL and 

4000ng/mL (r2 = 0.998). The intra and inter-day precision and accuracy were ≤ 4.2%.  

Chromatographic separation of acyclovir was achieved using ultra-high-

performance liquid chromatography - heated electrospray ionization - tandem mass 

spectrometry (UHPLC-HESI-MS/MS).23 The UHPLC system comprised of an Accela 

degasser, quaternary pump and an HTC PAL thermostatted autosampler (Thermo 

Scientific; San Jose, CA). The column was a Waters (Milford, MA) BEH C18 50mm × 2.1 

mm with 1.7 µm particle size. The mobile phase consisted of a linear gradient of 2 mM 

aqueous ammonium acetate with 0.1% formic acid (A) and 100% methanol with 0.1% 
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formic acid (B). A TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific; 

San Jose, CA) with a heated electrospray ionization source was operated in positive 

ionization mode using selected reaction monitoring. For acyclovir, transition of m/z 226.1 

to m/z 152.0 was monitored. For ribavirin (internal standard), transition of m/z 245.1 to 

m/z 113.0 was monitored. Sample preparation involved combining 200 µL plasma samples 

(containing 50 µL of 2 µg/mL ribavirin which was used as an internal standard) with 1000 

µL of acetonitrile. The resulting mixture was vortexed briefly followed by centrifugation 

for at 10,000xg for a minute.  1000 µL of the supernatant was evaporated to dryness under 

a stream of liquid nitrogen. The residue was re-constituted in 10% methanol containing 

0.1% formic acid to yield a final volume of 200 µL. The method was linear between 

1ng/mL and 2000ng/mL (r2 = 0.997). The intra and inter-day precision and accuracy were 

≤ 13%. 

2.2.7 Quantification of Sorbitol 

Sorbitol concentrations in commercial cimetidine solution and acyclovir 

suspension were quantified via UHPLC-HESI-MS/MS using a UHPLC system comprised 

of an Accela degasser, quaternary pump and an HTC PAL thermostatted autosampler 

(Thermo Scientific; San Jose, CA) coupled to a TSQ Vantage triple quadrupole mass 

spectrometer (Thermo Scientific; San Jose, CA) with a heated electrospray ionization 

source was operated in negative ionization mode.  The column was a Waters (Milford, MA) 

BEH C18 50mm × 2.1 mm with 1.7 µm particle size. The isocratic mobile phase was 50% 

acetonitrile in water with a flow rate of 0.2 ml/min.  Sorbitol retention was 0.4 min. 

Detection of sorbitol was accomplished using selected reaction monitoring where the 

transition of m/z 181 to m/z 89.3 was monitored. Sample preparation involved shaking 
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liquid product for 1 min, diluting 100 µL liquid product to 10 mL with water, and briefly 

vortexing mixture. Then, 200 µL of diluted liquid product was further diluted to 10 mL 

with water, and briefly vortexed. 

2.2.8 Pharmacokinetic and Statistical Analysis 

The plasma concentration data were analyzed by non-compartmental analysis using 

Phoenix WinNonlin version 6.3 (Pharsight, Mountain View, CA). The impact of excipients 

was determined by evaluating BE of the test formulations.  The area under the plasma 

concentration-time curve (AUC 0-t) was calculated using the linear trapezoidal rule.  The 

maximum plasma concentration (Cmax) and AUC 0-t were subjected to average BE analysis 

using Phoenix WinNonlin. Each test formulation was compared to the reference 

formulation, using the 90% confidence interval (CI) approach. Additionally, like Cmax, time 

to reach Cmax (Tmax) was determined from the observed plasma concentration data. The 

AUC extrapolated to infinity (AUC 0–∞) was determined by adding the extrapolated area 

(Ct/Ke) to AUC 0–t, where Ke is the terminal elimination rate constant. The half-life (t1/2) 

was calculated as ln2/ Ke. 

 

2.3 Results 

2.3.1Quantification of Sorbitol 

The sorbitol concentrations in commercial cimetidine solution and acyclovir 

suspension were measured to be 2355(±8) mg/5mL and 1503(±21) mg/5mL, respectively.  

In study 1A and study 2, each 3.33mL dose of cimetidine commercial oral solution 

contained an estimated 1568(±5) mg of sorbitol.  In study 1B, each 5mL dose of acyclovir 

commercial oral suspension contained an estimated 1503(±21) mg of sorbitol. 



34 

 

2.3.2 Study 1: Formulations and In Vitro Testing 

Table S1 (Appendix A) lists results from in vitro quality control tests for 

formulations employed in study 1A for cimetidine and study 1B for acyclovir. All 

formulations passed all tests. Figure 2.2 shows the mean dissolution profiles of three 

cimetidine capsule formulations and three acyclovir capsule formulations in pH 1.2, 4.5, 

and 6.8 media. The mean percent dissolved was >85% in 30 min for all cimetidine and 

acyclovir capsules, indicating capsules were at least rapidly dissolving.  All cimetidine 

capsules were very rapidly dissolving except for CimTest-1.  The only acyclovir 

formulation that was very rapidly dissolving was AcyTest-2 in pH 1.2 and pH 4.5.  

2.3.3 Study 1A and 1B: In Vivo Studies 

The mean plasma concentration time profiles for study 1A and 1B are shown in 

Figure 2.3. Table 2.3 lists demographic data of subjects for study 1A and study 1B. Table 

2.4 lists mean pharmacokinetic parameters.  Table 2.5 shows the study 1A cimetidine BE 

results using the commercial cimetidine solution as the reference.   Since the commercial 

cimetidine solution provided about 10% lower absorption compared to cimetidine 

capsules, Table 2.6 shows study 1A cimetidine BE results using CimTest-2 as the 

reference, since CimTest-2 did not appear to reduce or enhance cimetidine drug absorption. 

CimTest-2 yielded AUC 0–t of 2632 hr*ng/mL, which agrees with 2800 hr*ng/mL after 

200mg cimetidine oral tablet.24 CimTest-2 and CimTest-3 provided the highest profiles 

(Figure 2.3), with CimTest-3 being BE to CimTest-2 (Table 2.6).  CimTest-1 was also BE 

to CimTest-2.  The commercial cimetidine solution profile was about 20% lower than the 

CimTest-2 profile.  
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Figure 2.2. Study 1: mean dissolution profiles of test capsules in 1.2, 4.5, and 6.8 pH 

media. All formulations were at least rapidly dissolving with the mean % dissolved > 85% 

in 30 min.  In panel A, cimetidine test capsule profiles are shown.  In panel B, acyclovir 

test capsule profiles are shown.   
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Figure 2.3. Study 1: mean plasma concentration-time profiles. In panel A, profiles follow 

a dose of two 100 mg cimetidine capsules or commercial cimetidine oral solution (n=24 

subjects).  In panel B, profiles follow a dose of two 100 mg acyclovir capsules or 

commercial acyclovir oral suspension (n=24 subjects). 

 

Regarding acyclovir from study 1B, AcyTest-2 and commercial acyclovir 

suspensions provided the highest acyclovir absorption and were BE to one another (Figure 

2.3 and Table 2.5).   
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Table 2.3. Demographic data of subjects across studies 1A and 1B. Values are expressed 

as mean (range).  

Study 1A 

Number of Subjects 24 

Sex 14 males, 10 females 

Age (years) 26 (20-41) 

Weight (kg) 71.6 (45.1-106) 

Height (cm) 170 (160-190) 

Race 12 Caucasians, 3 African-Americans, 1 Hispanic, 8 Asians 

Study 1B 

Number of Subjects 24 

Sex 14 males, 10 females 

Age (years) 31 (19-53) 

Weight (kg) 71.4 (45.7 – 103) 

Height (cm) 167 (153 - 191) 

Race 11 Caucasians, 5 African-Americans, 1 Hispanic, 6 Asians, 1 American-Indian 

 

Table 2.3. Study 1A and 1B: mean pharmacokinetic parameters after two capsules of each 

test formulation (i.e. 200 mg of either cimetidine or acyclovir). 

Values are expressed as mean ± SEM. 

Parameter 
CimTest

-1 

CimTest

-2 

CimTest

-3 

commercial 

cimetidine 

solution 

AcyTest 

-1 

AcyTest 

-2 

AcyTest 

-3 

commercial 

acyclovir 

suspension 

Cmax 

(ng/mL) 
629 ± 50 715 ± 76 706 ± 58 514 ± 42 373 ± 35 469 ± 48 401 ± 48 450 ± 41 

Tmax 

(hr) 

1.68 ± 

0.22 

1.80 ± 

0.20 

1.97 ± 

0.22 
2.16 ± 0.22 

2.41 ± 

0.25 

1.47 ± 

0.16 

2.10 ± 

0.26 
1.68 ± 0.15 

AUC 0–t 

(hr*ng/mL) 

2397 ± 

165 

2632 ± 

184 

2494 ± 

164 
2107 ± 130 

1775 ± 

168 

1903 ± 

194 

1712 ± 

192 
1917 ± 174 

AUC 0–∞ 

(hr*ng/mL) 

2537 ± 

176 

2802 ± 

182 

2677 ± 

178 
2259 ± 134 

2048 ± 

184 

2145 ± 

215 

2044 ± 

237 
2158 ± 201 

T1/2 

(hr) 

2.03 ± 

0.11 

2.23 ± 

0.16 

2.13 ± 

0.11 
2.30 ± 0.11 

2.41 ± 

0.25 

2.99 ± 

0.19 

3.27 ± 

0.28 
2.93 ± 0.18 

Ke 

(hr) 

0.365 ± 

0.020 

0.342 ± 

0.02 

0.344 ± 

0.017 
0.319 ± 0.01 

0.246 ± 

0.013 

0.249 ± 

0.013 

0.244 ± 

0.018 

0.255 ± 

0.014 
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Table 2.3. Study 1A and 1B: bioequivalence results using commercial oral liquid as the 

references. 

Formulation 
AUC 0-t point 

estimate (%) 

AUC 0-t 90% 

CI (%) 

Cmax point estimate 

(%) 

Cmax 90% CI 

(%) 

CimTest-1 112.0 104.6-119.8 120.4 107.7-134.6 

CimTest-2 123.3 115.2-131.9 132.9 118.9-148.6 

CimTest-3 117.1 109.3-125.3 134.9 120.7-150.8 

AcyTest-1 91.7 80.4-104.7 82.7 72.1-94.9 

AcyTest-2 97.4 85.3-111.2 102.9 89.7-118.1 

AcyTest-3 87.6 76.7-99.9 87.1 75.9-99.9 

 

 

Table 2.3. Study 1A and 1B: bioequivalence results using CimTest-2 and AcyTest-2 as the 

references for cimetidine formulations and acyclovir formulations, respectively.  Neither 

CimTest-2 nor AcyTest-2 contained HPMC or magnesium stearate. 

Formulation 
AUC 0-t point 

estimate (%) 

AUC 0-t 90% 

CI (%) 

Cmax point 

estimate (%) 

Cmax 90% CI 

(%) 

CimTest-1 
90.9 84.9-97.2 90.6 81.0-101.3 

CimTest-3 
95.0 88.8-101.6 101.5 90.8-113.4 

commercial 

cimetidine oral 

solution 

81.1 75.8-86.8 75.2 67.3-84.1 

AcyTest-1 94.2 82.5-107.5 80.3 70.0-92.1 

AcyTest-3 89.9 78.7-102.6 84.6 73.7-97.0 

commercial acyclovir 

oral suspension 
102.7 89.9-117.2 97.1 84.7-111.4 

 

 

Table 2.5 show the study 1B acyclovir BE results, using the commercial acyclovir 

suspension as the reference.  Table 2.6 show the study 1B acyclovir BE results, using 

AcyTest-2 as the reference, since AcyTest-2 did not appear to reduce or enhance acyclovir 

drug absorption. AcyTest-2 yielded AUC 0–t of 2145 hr*ng/mL, which agrees with 4369 

hr*ng/mL after 400mg acyclovir oral capsule.25 
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Cmax of AcyTest-1 failed to demonstrate BE compared to AcyTest-2 (Table 2.6).  It 

was hypothesized that HPMC (45mg in each CimTest-1 and AcyTest-1 capsule) reduced 

drug dissolution and hence in vivo drug absorption rate. Point estimates from CimTest-1 in 

study 1A (Table 2.6) are supportive of this observation for AcyTest-1, since CimTest-1 

and AcyTest-1 capsules were qualitatively and quantitatively the same with respect to 

excipients. A goal of study 2 was to reduce HPMC to yield a very rapidly dissolving 

formulation, and contain 300mg microcrystalline cellulose and 25mg SLS. 

AUC 0-t of AcyTest-3 was about 10% less than AcyTest-2 (Table 2.6).  AcyTest-3 

contained 40mg magnesium stearate and employed high shear mixing via a Turbula mixer.  

Dissolution was rapid but not very rapid.  It was hypothesized that magnesium stearate 

reduced drug dissolution and hence in vivo drug absorption.  A goal of study 2 was to 

reduce magnesium stearate to yield a very rapidly dissolving formulation containing 

reduced magnesium stearate, 100mg pregelatinized starch, and 60mg croscarmellose 

sodium, using a lower shear mixing approach. 

Figure 2.1 summarizes these findings from study 1 and their impact on study 2 

design.  From study 1, nine excipients that were concluded to not impact BCS class 3 drug 

absorption were SLS, corn starch, sodium starch glycolate, colloidal silicon dioxide, 

dibasic calcium phosphate, crospovidone, lactose, povidone, and stearic acid.  

Microcrystalline cellulose was indeterminate since it was confounded with HPMC (Table 

2.1).  Pregelatinized starch and croscarmellose sodium were indeterminate since they were 

confounded with magnesium stearate (Table 2.1). 
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2.3.4 Study 2: Formulations and In Vitro Studies 

Table S2 (Appendix A) lists results from in vitro quality control tests for cimetidine 

formulations in study 2. Study 2 followed studies 1A and 1B to examine a formulation with 

less than 45mg HPMC (i.e. derivative formulation of CimTest-1 and AycTest-1), a 

formulation with less than 40mg magnesium stearate (i.e. derivative formulation of 

AcyTest-3), and a sorbitol-free solution (i.e. derivative formulation of commercial 

cimetidine oral solution).  All formulations passed all tests.  CimTest-A was the HPMC-

containing capsule formulation that was placed into the clinic (i.e. identical to prototype 

formulation CimTest-A-20mg in Table 2.2).  CimTest-B was the magnesium stearate-

containing capsule formulation (i.e. identical to prototype formulation CimTest-B-20mg in 

Table 2.2). 

Figure 2.4 shows the mean dissolution profiles for both clinical cimetidine capsules 

in pH 1.2, 4.5, and 6.8 media. The mean percent dissolved was >85% in 15 min, indicating 

very rapid dissolution. 

 

Figure 2.4. Study 2: mean dissolution profiles of test capsules in 1.2, 4.5, and 6.8 pH 

media. All formulations were very rapidly dissolving with the mean percent dissolved > 

85% in 15 min. 
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2.3.5 Study 2: In Vivo Studies 

The mean plasma concentration time profiles for study 2 are shown in Figure 2.5. 

Table 2.7 lists demographic data of subjects for study 2. Table 2.8 lists mean 

pharmacokinetic parameters. Table 2.9 shows the study 2 cimetidine BE results, using the 

sorbitol-free solution as the reference.  CimTest-B was BE to the sorbitol-free reference 

solution.  CimTest-A and commercial cimetidine oral solution were BE to the sorbitol-free 

reference solution with respect to AUC 0-t, but not with respect to Cmax. 

 

 

 

Figure 2.5. Study 2: mean plasma concentration-time profiles from 200mg cimetidine. 

Profiles follow a dose of two 100mg cimetidine capsules, 3.33mL of commercial 

cimetidine oral solution, or 3.33mL of sorbitol-free oral solution (n=24 subjects).  

Table 2.3. Demographic data of subjects for study 2. Values are expressed as mean (range). 

 

 

 

 

 

Study 2 

Number of Subjects 24 

Sex 10 males, 14 females 

Age (years) 25 (20-43) 

Weight (kg) 73 (55 – 125) 

Race 15 Caucasians, 4 African-Americans, 1 Hispanic, 4 Asians 
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Table 2.3. Study 2: mean pharmacokinetic parameters after 200mg of cimetidine (i.e. two 

capsules or 3.33 mL of oral solution). 

Values are expressed as mean ± SEM. 

Parameter CimTest-A CimTest-B 
Commercial 

cimetidine solution 

Sorbitol-free 

solution 

Cmax 

(ng/mL) 
1098 ± 62 948 ± 60 793 ± 54 927 ± 75 

Tmax 

(hr) 
1.43 ± 0.12 2.14 ± 0.22 2.20 ± 0.26 1.83 ± 0.19 

AUC 0–t 

(hr*ng/mL) 
3896 ± 181 3661 ± 186 3495 ± 183 3512 ± 193 

AUC 0–∞ 

(hr*ng/mL) 
4155 ± 193 3908 ± 187 3746 ± 173 3851 ± 222 

T1/2 

(hr) 
2.17 ± 0.18 2.18 ± 0.15 2.28 ± 0.17 2.80 ± 0.30 

Ke 

(hr) 
0.333 ± 0.014 0.348 ±0.020 0.338 ± 0.028 0.299 ± 0.025 

 

Table 2.3. Study 2: bioequivalence results using sorbitol-free solution as the reference. 

Test capsules and the cimetidine commercial oral solution were bioequivalent to the 

sorbitol-free solution with respect to AUC. 

Formulation 

(vs reference) 

AUC 0-t point 

estimate (%) 

AUC0- t 90% 

CI (%) 

Cmax point 

estimate (%) 
Cmax 90% CI (%) 

CimTest-Aa 112.2 104.4– 120.6 122.1 109.4-136.2 

CimTest-Bb 105.2 97.9– 113.0 105.0 94.1-117.2 

commercial 

cimetidine solution 
100.2 93.2– 107.7 86.9 77.9-97.0 

a Two capsules contained a total of 40mg of HPMC. 

b Two capsules contained a total of 40mg of magnesium stearate. 
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2.4 Discussion 

2.4.1 Overall Findings 

The objective was to assess the impact of very large amounts of 14 commonly used 

excipients on BCS class 3 drug absorption in humans.  Drug absorption was assessed by 

both AUC 0-t and Cmax, which are extent of drug absorption and rate of drug absorption 

metrics.  The main concern of excipient effects for BCS class 3 biowaivers is that an 

excipient may impact drug permeability or motility, and hence extent of drug absorption.  

Nevertheless, Cmax was assessed. 

FDA and EMA allow biowaivers of IR solid oral dosage forms of rapidly dissolving 

BCS class 1 drugs.2, 3 EMA and FDA appear to indicate that, for excipients that are not 

known to affect bioavailability, BCS class 3 biowaivers require that excipients in the test 

and reference products be qualitatively the same and quantitatively very similar.  

Cimetidine and acyclovir were chosen as model BCS class 3 drugs as they have well 

established physicochemical and pharmacokinetic properties. BCS-based biowaivers of 

cimetidine and acyclovir have been previously concluded to be acceptable for IR solid oral 

dosage forms that contain excipients in amounts typically present in IR solid oral dosage 

form.16, 17 

Findings here support BCS class 3 biowaivers of IR products that dissolve very 

rapidly for all 14 studied excipients: microcrystalline cellulose, HPMC, SLS, corn starch, 

sodium starch glycolate, colloidal silicon dioxide, dibasic calcium phosphate, 

crospovidone, lactose, povidone, stearic acid, pregelatinized starch, croscarmellose 

sodium, and magnesium stearate.  Moreover, findings here support the maximum allowable 

amount of each of these excipients to be the quantities shown in Table 10.  These amounts 
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are supported by in vivo results here from the administration of two capsules of CimTest-

2, CimTest-3, AcyTest-2, CimTest-A, and CimTest-B.  Because of the failure to 

demonstrate bioequivalence in Cmax for CimTest-A in study 2, HPMC and microcrystalline 

cellulose are suggested to follow the qualitative and quantitative limitations in the EMA 

and draft FDA guidances.2, 3 However, for the other 12 excipients, results support that test 

and reference do not have to be either qualitatively the same nor quantitatively very similar.  

Findings here support that quantities between zero to the maximum amount in Table 2.10 

should be allowable for those 12 excipients (e.g. 900mg lactose). 

2.4.2 Study 1A and 1B 

Study 1A and 1B were designed to assess the impact of very large amounts of 14 

commonly used excipients on BCS class 3 drug absorption in humans.  These 14 excipients 

were selected from a list of the 20 most common excipients in oral solid ANDA 

formulations.  The quantity of each excipient considered the typical amount in an IR oral 

solid dosage form, with the intent that results here would “cover” the majority of brand and 

generic IR tablet and capsule products.  The quantity of each excipient was not intended to 

exceed the maximum amount used in an FDA-approved product, per FDA’s Inactive 

Ingredient Search for Approved Products, 27 in part for study safety. 

Table 2.1 lists the formulations used in study 1A and 1B.  Previous cell culture 

studies indicated that SLS moderately increased the permeability of several low 

permeability drugs.15 Also, HPMC appeared to increase cimetidine permeability.15 Hence, 

in Table 2.1, SLS was included in three formulations (CimTest-1, CimTest-3, and AcyTest-

1), and HPMC was included in two formulations (CimTest-1 and AcyTest-1).  In fact, 

CimTest-1 and AcyTest-1 employed the identical formulation for each cimetidine and 
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acyclovir.  Effort was made to obtain at least rapidly dissolving capsules, which was 

achieved through the combinations of excipients shown in Table 2.1.  All cimetidine 

capsules were very rapidly dissolving except for CimTest-1.  The only acyclovir 

formulation that was very rapidly dissolving was AcyTest-2 in pH 1.2 and pH 4.5. 

An observation from study 1A and 1B is that the three excipient combination of 

HPMC, microcrystalline cellulose, and SLS yielded slower drug absorption (i.e. Cmax 

reduced by about 10% from CimTest-1 and about 20% from AcyTest-1 in Table 6).  SLS 

was also present in CimTest-3, which did not impact drug absorption.  Since the major 

potential concern with SLS was enhanced drug permeability, the lack of increased Cmax or 

AUC 0-t from SLS-containing capsules found that SLS did not module BCS class 3 drug 

absorption.  Hence, decreased drug absorption from CimTest-1 and AcyTest-1 was 

hypothesized to be caused by slower dissolution due to the 45mg HPMC in each of these 

formulations.  Their prototype formulations with more than 45mg HPMC showed slower 

dissolution than CimTest-1 and AcyTest-1 (data not shown).  HPMC is well known to slow 

dissolution (e.g. serve as a matrix for extended release). 28, 29 HPMC was observed in vitro 

to increase cimetidine permeability15, which further suggested an HPMC effect was not via 

permeability but via reduced dissolution. 

A second observation from study 1B is that the three excipient combination of 

pregelatinized starch, croscarmellose sodium, and magnesium stearate yielded slower drug 

absorption (i.e. about 15% reduced Cmax from AcyTest-3).   

Magnesium stearate is known to slow dissolution and possibly reduce drug 

absorption via over-lubrication. Over-lubrication occurs due to excessive shearing of 

magnesium stearate due to excessively long mixing, such that this hydrophobic excipient 
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coats drug particles.30-33 Over-mixing of magnesium stearate is known to slow the 

dissolution by forming a coating around drug and other excipients. In study 1B, AcyTest-

3 was manufactured at a small scale using a Turbula mixer, which is a high shear process.  

Hence, the decreased drug exposure from AcyTest-3 was hypothesized to be due to slower 

dissolution due to over-mixing of magnesium stearate. 

A third observation from study 1A is that the commercial cimetidine oral solution 

provided the lowest absorption (about 20% less). This solution contained sorbitol which is 

an osmotically “active” excipient. Sorbitol, in increasingly larger quantities, is capable of 

reducing the oral absorption of drugs with low intestinal permeability by exerting an 

osmotic pressure that accelerates the small intestinal transit of drugs. This reduces the time 

available for drugs to permeate and be absorbed which in turn leads to a decrease in the 

bioavailability of the drug.12, 13          

The sorbitol concentrations in commercial cimetidine solution and acyclovir 

suspension were measured to be 2355(±7.6) mg/5mL and 1503(±20.9) mg/5mL, 

respectively.  Hence, the amounts of sorbitol ingested in study 1A (cimetidine) and study 

1B (acyclovir) were 1568mg and 1503mg from commercial oral liquid, respectively.  

Therefore, reduced cimetidine absorption from the commercial cimetidine oral solution 

would appear to be from sorbitol. 
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Table 2.3. Maximum amount of excipients that BCS class 3 biowaivers can accommodate. 
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a Reflects that two capsules of either cimetidine 100mg or acyclovir 100mg were administered in 

single-dose studies here; b Employed in dosing of capsule formulation CimTest-A in study 2; c 

Employed in dosing of capsule formulation CimTest-2 in study 1A; d Employed in dosing of 

capsule formulation CimTest-3 of study 1A; e Employed in dosing of capsule formulation AcyTest-

2 of study 1B; f Employed in dosing of capsule formulation CimTest-B of study 2; g oral tablet; h 

oral capsule; i oral granule; j oral dispersible tablet; k oral tablet film coated; l 72mg from oral table 

and 180mg from extended-release tablet 

 

A final observation across studies 1A and 1B is that the following nine excipients 

did not impact BCS class 3 drug absorption in quantities studied here: SLS, corn starch, 

sodium starch glycolate, colloidal silicon dioxide, dibasic calcium phosphate, 

crospovidone, lactose, povidone, and stearic acid.  Microcrystalline cellulose was 

confounded with 45mg HPMC, such that its assessments from studies 1A and 1B were 

indeterminate.  Pregelatinized starch and croscarmellose sodium were confounded with 

40mg magnesium stearate, such that their assessment from study 1B was indeterminate. 

2.4.3 Study 2 

One main observation is that magnesium stearate in CimTest-B did not modulate 

drug absorption.  Hence, Table 2.10 denotes acceptable quantities of magnesium stearate 

for BCS class 3 biowaivers to be 40mg (from dosing two capsules here) or less.  This result 

also confirms that pregelatinized starch and croscarmellose sodium were not problematic.  

Another main observation from CimTest-A is that lowering the amount of HPMC restored 

drug AUC 0-t, as expected.  However, since Cmax confidence limit failed BE by exceeding 

the 125% upper bound, such HPMC and microcrystalline cellulose must be qualitatively 

the same and quantitatively very similar to the reference product, for BCS-based class 3 

biowaivers.  We speculate that microcrystalline cellulose, that is water insoluble, was an 

unlikely reason for the high Cmax upper confidence limit.  Future work should separately 

examine possible effects of these larger amounts of HMPC and microcrystalline cellulose. 
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A secondary observation was that the commercial cimetidine oral solution was BE 

to the sorbitol-free reference solution with respect to AUC 0-t, but not with respect to Cmax.  

The amount of sorbitol ingested from the commercial cimetidine oral solution in study 1A 

and study 2 was 1568mg, which appears to be an amount that starts to impact drug 

absorption of poorly permeable drugs.  Sorbitol has been shown to exhibit a dose-response 

effect on the extent of ranitidine absorption, where 1.25, 2.5, and 5 grams of sorbitol 

progressively reduced ranitidine absorption.12  Ranitidine is a BCS class 3 drug, and its 

AUC and Cmax were reduced about 7% with 1.25 gm of sorbitol. 12 

2.4.4 Transporter considerations 

A limitation of these studies is that only two drugs were evaluated, cimetidine and 

acyclovir.  It is possible that other BCS class 3 drugs have properties that differ from 

cimetidine and acyclovir to render those drugs susceptible to other excipient influences that 

cause modified drug absorption.  For example, a drug may be a substrate for an intestinal 

transporter.  In fact, moderate permeability is necessary for a drug to effectively be effluxed 

34. 35, such that excipient impact on transporter function is indeed a potential concern for 

BCS class 3 drugs.36 Many in vitro studies have shown excipient influences on drug 

permeability.37, 38 However, findings here and observations from the literature implicate 

that permeability-enhancement in vitro is not observed in vivo.39, 40 For example, several 

studies have observed SLS to enhance the permeability of low permeability drugs, 

including cimetidine. 15, 41-43 However, SLS did not enhance drug permeability in vivo here.  

Drug absorption enhancement has been a long-standing goal in drug absorption research, 

yet no common excipient is known to increase drug permeability in vivo.  A recent finding 

from a phase 2 study implicates the use of sodium N-(8-[2-hydroxybenzoyl] amino) 
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caprylate (SNAC) to enhance the efficacy of oral semaglutide against type 2 diabetes.40, 44 

However, these preliminary findings do not mean that common excipients broadly 

modulate BCS class 3 drug permeability. 

Regarding the 14 excipients listed in Table 2.10, the greatest concern would appear 

to be a drug that depends on an uptake transporter that an excipient inhibits by virtue of the 

excipient having molecular structure similarity to the transporter’s pharmacophore or 

recognition site.  For example, lactose is a disaccharide from galactose and glucose.  Hence, 

a concern may be that lactose has potential to inhibit a sugar transporter that the drug 

depends upon for drug absorption.  It should be noted that most drugs are absorbed by 

passive diffusion, rather than by transporter-mediated uptake.45 

In conclusion, through three four-way crossover BE studies, 12 common excipients 

were found to not impact BCS class 3 drug absorption in humans: SLS, corn starch, sodium 

starch glycolate, colloidal silicon dioxide, dibasic calcium phosphate, crospovidone, 

lactose, povidone, stearic acid, pregelatinized starch, croscarmellose sodium, and 

magnesium stearate.  Quantities of these excipients are shown in Table 2.10.  Results 

further suggest that these excipients need not be qualitatively the same nor quantitatively 

very similar to reference, but rather simply be no more than the quantities studied here.  

Meanwhile, since CimTest-A failed Cmax, BCS class 3 biowaivers require HPMC and 

microcrystalline cellulose to be qualitatively the same and quantitatively very similar to 

the reference. 
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Chapter 3: Biopharmaceutic Risk Assessment of Brand and Generic Lamotrigine 

Tablets2 

 

3.1 Introduction 

Over 80% of dispensed medicines are generic versions of brand name products. 

Generic antiepileptic drugs (AEDs) are often introduced after the patent expiration of the 

brand AED product.1 Regulatory authorities (e.g. FDA in USA, EMA in EU) generally 

consider bioequivalence (BE) data to evaluate generic applications. The most common 

approach to evaluate BE is a two-treatment crossover pharmacokinetic study design in 24-

36 healthy adults.  Although BE testing is highly developed, the therapeutic equivalence 

of generics has been questioned by neurologists and the epilepsy community.2-5
 

A number of professional societies do not recommend switching pharmaceutical 

products in epilepsy patients who achieved complete remission from seizures.6,7 For 

instance, the American Epileptic Society (AES) has the concern that different formulations 

of the same AED are not always therapeutically equivalent in all patients and thus opposes 

generic substitution without attending physician’s approval; the American Academy of 

Neurology (AAN) has a similar position statement against product substitution.8,9 

Pharmaceutical quality is a potential contributor to concerns about switchability of 

formulations as it underpins the safety and efficacy of pharmaceutical products.  

 

2 Vaithianathan S, Raman S, Jiang W, Ting TY, Kane MA, Polli JE. Biopharmaceutics risk 

assessment of brand and generic lamotrigine tablets. Mol Pharm. 2015; 12(7): 2436−2443. 

Reprinted (adapted) with permission from Mol Pharmaceutics 2015, 12(7), 2436−2443. 

Copyright 2016 American Chemical Society. 
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Twenty-five different manufacturers have been approved to produce lamotrigine 

100 mg immediate-release (IR) tablets, all of which must undergo pharmaceutical quality 

testing prior to circulation in the U.S.  However, we are unaware of any surveillance report 

of lamotrigine tablet quality.  In the case of lamotrigine tablets, attributes of pharmaceutical 

quality include tablet appearance, the presence of lamotrigine in the tablet at the correct 

dose and without excessive variability, lack of excessive impurities, and sufficiently rapid 

drug release from tablet.  Tablets with poor pharmaceutical quality can be expected to pose 

potential bioinequivalence.  Additionally, biopharmaceutical properties can anticipate risk 

of poor drug absorption. 

The objective was to assess the biopharmaceutic risk of brand name Lamictal 100 

mg tablets and generic lamotrigine 100 mg tablets from several manufacturers.  Three 

batches each of the brand name Lamictal and generic Teva lamotrigine tablets were tested, 

as the Teva product is the leading lamotrigine generic in the US. Also, a batch of four other 

generics was tested, as these four generics were the only other commercially-available 

sources at the time of these investigations. The biopharmaceutic risk assessment involved 

characterizing lamotrigine drug substance in terms of the Biopharmaceutics Classification 

System (BCS),10 as well as subjecting tablet products to a battery of nine quality tests, 

including assay, impurity, uniformity of dosage units, dissolution, and friability.  The 

market surveillance results are expected to contribute a product quality perspective to the 

question of lamotrigine therapeutic equivalence. 
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3.2 Experimental Section 

3.2.1 Materials 

Three different batches of each Lamictal 100 mg tablets (GlaxoSmithKline; 

Research Triangle Park, NC) and generic lamotrigine 100 mg tablets (Teva; Sellersville, 

PA) were purchased from a wholesaler. Also, one batch of four additional generic 

lamotrigine 100 mg tablets was purchased. These included Aurobindo Pharma Limited 

(Hyderabad, India), Jubilant Cadista Pharmaceuticals (Salisbury, MD), Taro 

Pharmaceutical Industries Ltd (Haifa Bay, Israel), and Zydus Pharmaceuticals USA Inc. 

(Pennington, NJ). Lamotrigine was purchased from AmFineCom, Inc (Petersburg, VA). 

Lamotrigine reference standard and each lamotrigine related compound B and C were 

obtained from the United States Pharmacopeia (Rockville, MD). Metoprolol, ammonium 

acetate, sodium chloride, potassium chloride, calcium chloride, magnesium sulfate, D-

glucose, potassium phosphate monobasic, phosphoric acid, MES, HEPES, TRIS, and HCl 

were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO). Radioactive mannitol 

[3H] (0.1 mCi/mL) was obtained from American Radiolabeled Chemical, Inc. (St. Louis, 

MO). Fetal bovine serum (FBS), penicillin-streptomycin, non-essential amino acid, 

trypsin, and Dulbecco's modified Eagle's medium (DMEM) were purchased from 

Invitrogen Corporation (Carlsbad, CA). All solvents were HPLC grade and were purchased 

from Fisher Scientific Inc. (Pittsburg, PA). 

3.2.2 Quality Surveillance of Brand and Generic Lamotrigine Tablets 

A panel of nine quality tests was applied to each batch of lamotrigine 100 mg 

tablets: appearance, identity, assay, impurity, uniformity of dosage units, disintegration, 

dissolution, friability, and loss on drying. Appearance was evaluated relative to 
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Micromedex (Truven Health Analytics Inc, Bethesda, MD). Identity, assay, impurity, 

uniformity of dosage units, and dissolution were performed as specified in the USP 

monograph for lamotrigine tablets (i.e. USP apparatus 2, 50 rpm in 900 mL of 0.1N HCl).11 

Using the same method, dissolution was also performed in pH 4.5 and 6.8.12  Uniformity 

of dosage units was performed via the weight variation approach, where both USP 

acceptance value and percent coefficient of variation (%CV) were calculated.  In vitro 

dissolution testing involved sample collection at least every 5 min until 30 min. 

Quantification of lamotrigine, as well as lamotrigine related compound B and C, employed 

HPLC (Waters; Milford, MA).  

Although not included in the USP monograph for lamotrigine tablets, 

disintegration, friability, and loss on drying were also conducted.  For each batch, 

disintegration was performed per USP general chapter <701> on six tablets using a basket 

in a disintegration apparatus (VanKel Industries model VANDERKAMP 71A-376A-3; 

Edison, NJ).13 The time required for the tablets tested to completely disintegrate was 

recorded. 

For each batch, friability was conducted using 12 tablets, which were weighed prior 

to placing in a friabilator (VanKel Industries model 45-1000; Edison, NJ) for 1 min at 50 

rpm. Tablet weight loss was calculated. For each batch, loss on drying was performed per 

USP general chapter <731> on three groups, with tablet powder from four tablets per 

group.14 For each group of four tablets, tablets had been powdered using a mortar and 

pestle, weighed, and subjected to a loss on drying apparatus (Mettler Toledo model HB43; 

Columbus, OH) for 5 min, from which loss on drying was calculated. 
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3.2.3 Solubility  

Lamotrigine solubility was measured at pH 1.2, 4.5, and 6.8 in triplicate, using 

previously reported method.15 An excess of lamotrigine was equilibrated by shaking at 

37°C in a heated water bath. The pH of the solution was checked after addition of 

lamotrigine to the buffer. pH was readjusted and the solution was equilibrated until no 

further change in pH was detected. Samples of lamotrigine at both 48 hours and 72 hours 

were quantified in order to ensure equilibrium was established. Filtered samples (0.45 µm) 

were quantified using HPLC (Waters; Milford, MA). 

3.2.4 Caco-2 Cell Culture  

Caco-2 cells were cultured in T-75 flasks at 37°C, 90% humidity, and 5% CO2. The 

cells were grown in media consisting of DMEM with 10% FBS, 50 units/mL penicillin, 50 

μg/mL streptomycin, and 1% nonessential amino acids.16 Cells were passaged once a week, 

when approximately 90% confluent. Caco-2 cells (passage 30-35) were seeded onto 

polycarbonate Transwell® inserts of 0.4 µm pore size, 1.12 cm2 area, and 12 mm diameter 

(12-well Transwell® plate, Corning Costar Co., Corning, NY). The cells were seeded at a 

density of 80,000 cells/cm2. The medium was changed every 2-3 days. Permeability studies 

were conducted on cells cultured for 21-28 days. The transepithelial electrical resistance 

(TEER) (World Precision Instruments, Inc.; Sarasota, FL) was measured to evaluate the 

differential status of the monolayer.  

3.2.5 Caco-2 Permeability Studies  

Permeability studies were conducted on monolayers that developed TEER values 

> 300 Ω cm2. Transport buffers included HEPES buffer (pH 7.5) which was used in the 

basolateral (BL) side and MES buffer (pH 6.8) which was used in the apical (AP) side. The 
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transport buffers were composed of 140 mM sodium chloride, 5.4 mM potassium chloride, 

1.8 mM calcium chloride, 0.8 mM magnesium sulfate, and 5 mM D-glucose. In addition, 

the MES buffer contained 5 mM MES with the pH adjusted to 6.8 with TRIS powder. 

HEPES buffer (5 mM) was adjusted to pH 7.5 with HCl.  

The drug concentrations were based on the 100 mg tablet dissolved in 250 mL 

water. Hence, 0.4mg/mL of metoprolol (584 µM) and lamotrigine (1.56 mM) was used. 

Metoprolol and radioactive mannitol (2.5 µM) were used as the high and low permeability 

markers, respectively. Permeabilities of lamotrigine, high marker, and low marker were 

measured in the apical-to-basolateral (AP-BL) and basolateral-to-apical (BL-AP) 

directions (each n=6, n=9, and n=9 for lamotrigine, metoprolol, and mannitol, 

respectively).  

Lamotrigine permeability was measured using a previously reported method.17 

Media was removed from the Transwell® inserts followed by rinsing and incubating the 

monolayers in blank transport buffer for 15 minutes. The transport plates were maintained 

at 37°C throughout the duration of the experiment. For permeability studies in the AP-BL 

direction, the blank transport buffer was removed and replaced by the drug solution in MES 

on the apical side (pH 6.8) and HEPES buffer (pH 7.5) on the basolateral side. For 

permeability studies in the BL-AP direction, drug solution in HEPES was added to the 

basolateral side and MES buffer was added to the apical side. 

100 µL of samples were withdrawn from the receiver side at 15, 30, 45, 60, 90, and 

120 minutes. 100 µL of blank transport buffer was added to the receiver side after 

withdrawal of the samples. 100 µL of sample was withdrawn from the donor side at 120 

minutes. The samples were analyzed by HPLC (Waters; Milford, MA) for lamotrigine and 
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metoprolol. Mannitol samples were counted for radioactivity using a LS6500 liquid 

scintillation counter (Beckmann Instruments, Inc., Fullerton, California). 

3.2.6 Analytical Methods  

HPLC analysis was performed on a Waters system (Waters, Milford, MA) equipped 

with an autosampler (model 717) and a dual absorbance detector (model 2487). 

Lamotrigine was quantified as specified in the USP monograph for lamotrigine tablets.11 

Quantification of lamotrigine was achieved using an Inertsil ODS-3 C18 150 x 4.6 mm 

column for dissolution, assay, solubility, and Caco-2 permeability samples. Lamotrigine 

impurity testing samples were quantified using an Inertsil ODS-3 C18 250 x 4.6 mm 

column. 

Metoprolol was quantified following the method of Tolle-Sander et al.15 and used 

an Inertsil ODS-3 C18 150 x 4.6 mm column. Briefly, the mobile phase consisted of 75% 

phosphate buffer and 25% acetonitrile. The phosphate buffer was composed of 60 mM 

potassium phosphate monobasic along with 8 mM phosphoric acid. A flow rate of 1 

mL/min at room temperature and an injection volume of 50 µL were used. The absorbance 

detector was set to 275 nm. 

3.2.7 Data analysis 

Values were expressed as means ± SEM. Permeability was calculated using 

equation 1: 

𝑃𝑎𝑝𝑝 =

𝑑𝑀
𝑑𝑡

𝐴𝐶𝑑
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Where, dM/dt is the rate of drug mass accumulation in the receiver compartment, A is the 

area (1.12 cm2), and Cd is the initial donor concentration of the drug. The student’s t-test 

assuming unequal variances was used to determine if the differences between two groups 

were statistically significant. A p value of less than 0.05 was considered significant. 

 

3.3 Results 

3.3.1 Quality Surveillance of Brand and Generic Lamotrigine Tablets  

Each batch of Lamictal and generic lamotrigine tablets passed each quality test.  

Table 3.1 lists results from all tests, except in vitro dissolution test results, which are 

illustrated in Figure 3.1.  Given each batch passed each quality test, perhaps the most 

notable observation was the assay result of Lamictal batch B, which was 94.1%. 

Additionally, of all generic lamotrigine tablets was at least twice in duration than the 20 

sec required for Lamictal disintegration.  Among the different generic products, the 

lamotrigine tablets of Zydus Pharmaceuticals had the longest disintegration time (i.e. 

around 400 sec versus about 70 sec for other generics). Similarly, the dissolution of Zydus 

lamotrigine tablets was slower than the other lamotrigine tablets under all three pH 

conditions (Figure 3.1).  In pH 1.2 and 4.5, each product dissolved very rapidly (i.e. 85% 

in 15 min).18 Although pH=6.8 media did not provide sink conditions,19 the mean percent 

dissolved was >85% in 30 min for all lamotrigine tablets, except Taro and Zydus in 

pH=6.8. 

 

 



65 

 

Table 3.4. Results of quality testing of three batches of brand name Lamictal, three batches 

of Teva, and one batch of each Cadista, Zydus, Aurobindo, and Taro lamotrigine tablets. 

Tablets were labeled 100 mg lamotrigine.  All results passed, including in vitro dissolution. 

 

a Assay acceptance criteria: Amount of API present should be between 90.0% and 110.0%. 

b Impurity acceptance criteria: Lamotrigine related compound B should not exceed 0.2 %; 

lamotrigine related compound C should not exceed 0.5%; and total impurities should not exceed 

0.75%. 

c Uniformity of dosage forms acceptance criteria: Calculated AV (acceptance value) should be ≤ 

15%. 

d Disintegration acceptance criteria:  No criteria, given in vitro dissolution was performed.  Mean 

(± SEM). 

e Friability acceptance criteria: Tablet weight loss should be no more than 1%.  

f Loss on drying acceptance criteria: Loss on drying should be no more than 5%.  Mean (± SEM). 
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Figure 3.1. In vitro dissolution profiles of three batches of Lamictal, three batches of Teva, 

and one batch of each Cadista, Zydus, Aurobindo, and Taro lamotrigine 100 mg tablets in 

pH=1.2 (panel A), pH=4.5 (panel B), and pH=6.8 (panel C). Although pH=6.8 media did 

not provide sink conditions, the mean percent dissolved was >85% in 30 min for all 

lamotrigine tablets, except Taro and Zydus in pH=6.8.  Zydus was the slowest dissolving 

tablet under all three pH conditions. 
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Dissolution was not highly variable.  For pH 1.2, the CV% at 15 min for Lamictal 

batch A, Lamictal batch B, Lamictal batch C, Teva batch D, Teva batch E, Teva batch F, 

Cadista, Zydus, Aurobindo, and Taro was 4.11%, 1.70%, 4.17%, 1.24%, 2.33%, 4.03%, 

5.48%, 3.41%, 2.12%, and 2.66%, respectively.  For pH 4.5, the CV% at 15 min for 

Lamictal batch A, Lamictal batch B, Lamictal batch C, Teva batch D, Teva batch E, Teva 

batch F, Cadista, Zydus, Aurobindo, and Taro was 2.00%, 3.13%, 1.45%, 1.95%, 2.51%, 

2.07%, 1.54%, 0.601%, 3.55%, and 3.21%, respectively.  For pH 6.8, the CV% at 15 min 

for Lamictal batch A, Lamictal batch B, Lamictal batch C, Teva batch D, Teva batch E, 

Teva batch F, Cadista, Zydus, Aurobindo, and Taro was 2.77%, 5.83%, 2.46%, 1.67%, 

2.74%, 2.40%, 0.835%, 4.53%, 3.10%, and 3.22%, respectively. 

3.3.2 Solubility  

The solubility of lamotrigine drug substance was pH dependent (Table 2). At 48 

hours, the solubility was high at pH 1.2 and pH 4.5 (i.e. 1.09 mg/mL and 2.53 mg/mL, 

respectively). However, as a weak base with a pKa of 5.7, the drug exhibited a decreased 

solubility of 0.210 mg/mL at pH 6.8. Essentially identical results were obtained for the 

time point of 72 hours, thus indicating that equilibrium had been achieved. 

Table 3.4. Calculation of dose number (D0) for lamotrigine based on the solubility. 

The highest dose strength is 200 mg. The nominal volume is 250 mL. 

 

 

 

 

 

pH Dose Strength (mg) Cs (mg/mL) D0 

1.2 200 1.09 ± 0.01 0.733 

4.5 200 2.53 ± 0.08 0.316 

6.8 200 0.210 ± 0.007 3.80 
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3.3.3 Caco-2 Monolayer Permeability Studies 

The permeabilities of lamotrigine, metoprolol, and mannitol across of Caco-2 

monolayers in the absorptive (AP-BL) and secretory (BL-AP) directions are shown in 

Table 3. Mannitol’s low permeability indicated monolayer integrity.  Overall, lamotrigine 

showed high permeability, by virtue of its higher permeability compared to metoprolol.  

Lamotrigine exhibited higher permeability than metoprolol in both the AP-BL and BL-AP 

direction. 

Table 3.4. Permeability of lamotrigine across Caco-2 cells monolayers. 

The apparent permeability (Papp) values are presented as mean ± SEM. 

Compound 
A-to-B permeability 

(x106 cm/sec) 

B-to-A permeability 

(x106 cm/sec) 

Mannitol 2.55 ± 0.67 1.46 ± 0.15 

Metoprolol 21.2 ± 0.9 34.6 ± 4.6 

Lamotrigine 73.7 ± 8.7 41.4 ± 1.6 

 

3.4 Discussion 

3.4.1 Quality Testing 

In vivo BE studies are employed by generic companies to assess the 

pharmacokinetic similarity of proposed generics to the brand name drug.  In vivo BE 

studies are also employed by both brand name manufacturers and generic companies to 

assure on-going product equivalence for manufacturing changes that occur after FDA 

approval, such as manufacturing equipment, process, or site changes.20,21 

However, the most common efforts to assure on-going pharmaceutical product 

quality are the quality controls tests to assess tablet quality from each manufactured batch. 

Such quality tests can allow for a batch to “pass” or “fail”.  Quality control tests are 

typically negotiated between the manufacturer and the regulatory authority.  In the USA, 
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such quality control tests, as well as their acceptance criteria, typically become public 

standards via the USP. 

For compressed tablets such as IR lamotrigine, pharmaceutical quality typically 

focuses on tablet appearance, amount of drug in the tablet at the correct dose and without 

excessive variability, lack of excessive impurities, and sufficiently rapid drug release from 

tablet.  Hence, nine tests were applied to each batch of brand name and generic lamotrigine 

100 mg tablets.  The amount of lamotrigine in the tablet at the correct dose and without 

excessive variability was assessed via the USP test for identity, assay, and uniformity of 

dosage units.  The acceptance criteria for assay require drug content to be between 90.0% 

and 110.0%.  Brand assay ranged from 94.1% to 98.9%, while generic assay ranged from 

95.8 %to 100%, reflecting no practical difference between brand and generic (Table 1).  

Also, tablet weight variation yielded about 1% CV% for each brand and generic, indicated 

high uniformity of tablets. Lack of excessive impurities was assessed via USP impurity 

testing.  The amount of lamotrigine related compound B, lamotrigine related compound C, 

and total impurities were each below the acceptance criteria of 0.2%, 0.5%, and 0.75%, 

respectively. 

Other quality tests were appearance, friability, and loss on drying.  Friability was 

performed to assess propensity of tablets to chip due to friction.  There was less than 1% 

of tablet loss, indicating robust tablets.  Loss on drying measured the amount of water 

driven from tablets when tablet powder heated; loss on drying was similar for brand and 

generic (i.e. about 3%). 
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3.4.2 BCS Classification and Other Quality Testing 

Lamotrigine is a weakly basic drug with a pKa of 5.7.22 As expected, lamotrigine 

solubility was lowest at pH 6.8, compared to pH 4.5 and pH 1.2.  The highest dose strength 

of lamotrigine tablets is 200 mg.  The entire 200 mg dose can dissolve in 183 mL at pH 

1.2, 79 mL at pH 4.5, and 952 mL at pH 6.8. Table 2 calculates the dose number (D0) for a 

200 mg tablet for each pH. A dose number of ≤ 1 indicates high solubility. Lamotrigine 

exhibits high solubility at pH 1.2 and 4.5, but not pH 6.8. Hence, lamotrigine is classified 

as a drug substance with low solubility. 

Lamotrigine must be intestinally absorbed after oral administration for CNS effect.  

Lamictal and the generic IR formulations were designed for prompt drug absorption.  

Sufficiently rapid drug release from tablets was assessed via in vitro disintegration and in 

vitro dissolution testing.  Results from disintegration and dissolution testing in general 

indicate rapid release of drug.  In Figure 1 panel A, there was over 85% dissolution of drug 

within 10 min, using the USP monograph method for lamotrigine tablets (i.e. 900 mL of 

0.1N HCl).11 High drug solubility in pH 1.2 (1.09 mg/mL) are consistent with this very 

rapid lamotrigine 100 mg tablet dissolution.  Disintegration also supports this finding, 

where brand tablets completely disintegrated in about 20 sec, while generic tablets required 

about 70 sec, except Zydus lamotrigine 100 mg tablets which took around 400 sec to 

completely disintegrate.  This slower disintegration of the Zydus formulation cause this 

product to exhibit the slowest dissolution (e.g. 51.3% in 5 min and 89.4% in 10 min), 

although even this slowest formulation dissolved very rapidly in pH 1.2.  Dissolution and 

solubility results in pH 4.5 (Figure 1 panel B; Table 2) mimic pH 1.2 results, where 



71 

 

lamotrigine showed high solubility and all tablets were very rapidly dissolving (i.e. >85% 

in 15 min). 

Dissolution for all products was slower in pH 6.8 than 4.5, reflecting the 

approximate 10-fold lower solubility of lamotrigine in pH 6.8 than 4.5, as well as the lack 

of dissolution sink condition at pH 6.8.19  Lamotrigine solubility at pH 6.8 was 0.210 

mg/mL, thus requiring 476 mL to dissolve 100 mg of lamotrigine, although dissolution 

only employed 900ml of media.19  Lamotrigine BCS solubility was low in pH 6.8, although 

its solubility is not exceedingly low (i.e. several-fold larger than 65 µg/mL).23  In fact, for 

pH 6.8, if a volume of 500 mL rather than 250 mL was employed to assess solubility 

classification,18,24 lamotrigine would be a BCS class I drug with high solubility.  In spite 

of this lower solubility and lack of dissolution sink conditions, Lamictal, Cadista, and 

Aurobindo products were rapidly dissolving in pH 6.8 (i.e. >85% in 30 min), with the Teva 

product still being very rapidly dissolving (i.e. >85% in 15 min).  Meanwhile, Taro and 

Zydus products were the slowest dissolving tablets and were less than rapidly dissolving 

in pH 6.8. 

The membrane permeability of lamotrigine was determined using Caco-2 

monolayers grown on Transwell® inserts. The Papp of lamotrigine was 73.7x10-6 cm/sec in 

the AP-BL direction and 41.4x10-6 cm/sec in the BL-AP direction. Metoprolol, the high 

permeability marker, exhibited Papp of 21.2x10-6 cm/sec in the AP-BL direction and 

34.6x10-6 cm/sec in the BL-AP direction. Hence, lamotrigine is highly permeable.  This 

finding is further supported by the oral bioavailability of lamotrigine to be 98%, which is 

greater than 90%.25,26 
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Tsume et al. have proposed that drug ionization be considered to further sub-

categorize BCS class II drugs, since acids, bases, and neutral compounds fundamentally 

differ in their solubilization profiles.26 Class II drugs that are acids, bases, or neutral 

compounds are denoted IIa, IIb, and IIc, respectively.  Since lamotrigine, a weakly basic 

drug of pKa 5.7, has low solubility and high permeability, it can be classified as a BCS 

class IIb drug.10,26 Lamotrigine would have high solubility in the stomach (pH range: 1-3).  

However, it may precipitate at higher pH environments such as the distal end of the small 

intestine (pH ~6.8) due to low solubility. It has been observed that weakly basic drugs (pKa 

3-6) in IR oral dosage forms may dissolve in the stomach and be absorbed from the 

proximal intestine thus exhibiting good oral absorption profiles.26 This situation applies to 

lamotrigine tablets, as the drug is rapidly and completely absorbed on oral administration 

with an absolute bioavailability of 98%.22 

3.4.3 Oral Biopharmaceutics Risk  

BCS classification and quality testing results indicate lamotrigine to possess 

favorable oral biopharmaceutics from a drug substance perspective and favorable quality 

characteristics from a tablet formulation perspective.  The key biopharmaceutic factors that 

determine the oral absorption of weakly basic drugs include drug solubilization in the 

stomach, gastric emptying rate, intestinal permeability, and intestinal precipitation of the 

drug. The precipitation of a weakly basic drug in the distal intestine is dependent on a 

number of factors such as the gastrointestinal physiology and environment, as well as 

formulation factors.26 

Solubility, disintegration, and dissolution results indicate lamotrigine will dissolve 

rapidly in the stomach.  The drug’s high permeability will promote high absorption and, in 
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a dynamic fashion, allow undissolved drug to enter into solution and be subsequently 

absorbed.  With respect to dissolution, the biopharmaceutic risk was primarily assessed 

using the compendial test, which employs pH 1.2 media.11,27 All products were very rapidly 

dissolving in pH 1.2 and have demonstrated in vivo bioequivalence to Lamictal.28,29 

Additionally, all products were very rapidly dissolving at pH 4.5, providing additional 

assurance that the drug will dissolve in the stomach.  The only potential concerns about in 

vitro dissolution are pH 6.8 results of Taro and Zydus (Figure 1 panel C).  However, their 

dissolution profiles across the three pH conditions, along with their observed 

bioequivalence to Lamictal, indicate they exhibit low biopharmaceutic risk even though 

lamotrigine is a Class IIb drug. 

Excipients are capable of modulating both drug super-saturation and drug 

precipitation within the gastrointestinal tract (e.g. promote super-saturation and hinder 

precipitation). Table 4 lists excipients in brand and generic lamotrigine 100 mg tablets. In 

general, generic lamotrigine tablets possessed the same excipients as Lamictal.  Exceptions 

were: a) Teva lamotrigine tablets contained colloidal silicon dioxide and pregelatinized 

starch; b) Cadista lamotrigine tablets did not contain povidone and FD&C yellow No 6; c) 

Zydus lamotrigine tablets did not contain FD&C yellow No 6; and d) Taro lamotrigine 

tablets did not include sodium starch glycolate but contained crospovidone.   
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Table 3.4. Excipients in brand Lamictal and generic lamotrigine 100 mg tablets. 
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Table 3.4. Largest excipient quantities in any FDA-approved oral tablet. 

Excipient Highest amount of excipient present (mg)a 

Lactose 1020 

Magnesium stearate 400 

Microcrystalline cellulose 1385 

Sodium starch glycolate 876 

Pregelatinized starch 435.8 

Crospovidone 792 

Povidoneb 80 

Colloidal silicon dioxide 99 

FD&C yellow No 6 3.17 
a For all nine excipients except pregelatinized starch, the highest amount was present in an oral 

tablet.  An FDA-approved oral capsule contains 600mg of pregelatinized starch, which exceeds 

the 435.8mg in an oral tablet. b Highest amount for povidone is for povidone K30.  Highest 

amount for povidone K25, 26/28, 29/32, and K90 are 52mg, 26.6mg, 75mg, and 78mg, 

respectively (all in oral tablets). 

 

All excipient differences involved common excipients that are not suspected to 

modulate either drug super-saturation or drug precipitation, particularly for a drug such as 

lamotrigine whose lowest solubility (i.e. 210 µg/mL) is not exceedingly low (i.e. several-

fold larger than 65 µg/mL).23 For each excipient present in studied lamotrigine tablets, 

Table 5 lists the largest quantities of lamotrigine excipients that are present in any FDA-

approved tablet.30  Total tablet weight of Lamictal, Teva, Cadista, Zydus, Aurobindo, and 

Taro are 319.6(±0.7) mg, 279.0(±0.6) mg, 320.0(±0.9) mg, 295.6 (±0.4) mg, 322.9(±0.8) 

mg, and 241.0(±0.7) mg, respectively.  Given that 100 mg lamotrigine is present in each 

tablet, there is about 140mg to 220 mg of excipient is each product.  Inspection of Table 5 

implicates that no excipient is present in lamotrigine tablets in an amount more than other 

FDA-approved tablet products.  Hence, risk of excipient differences across lamotrigine 

tablets causing a modulation in lamotrigine absorption or metabolism is minimal. 

For example, these limited excipient differences are not expected to module 

gastrointestinal stability of lamotrigine, which is excellent as the drug is completely 
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absorbed on oral administration with an absolute bioavailability of 98%.22  Lamotrigine is 

subject to drug-drug interactions, especially via modulation of lamotrigine’s main 

elimination pathway, glucuronadation.22  Glucuronidation is primarily via hepatic 

UGT1A4.31 These excipient differences are not expected to impact such drug-drug 

interactions or lamotrigine metabolism itself.32  

It is possible that lamotrigine safety and efficacy depend on the rate of absorption 

of lamotrigine.  Risk of therapeutic inequivalence due to differences in absorption rate from 

different IR formulations may be inferred from IR lamotrigine versus extended-release 

(ER) lamotrigine comparisons.  Risk of therapeutic differences across IR lamotrigine 

tablets from different manufacturers due to absorption differences presumably is less than 

the differences between IR and ER lamotrigine, since ER absorption is much slower than 

IR absorption.  In a retrospective analysis of n=55 patients who were converted from IR 

lamotrigine to ER lamotrigine, Ramey et al. found 26 patients showed an over 2-fold 

reduction in seizures and seven patients reported improvement in adverse effects, and 

suggest conversion from IR lamotrigine to ER lamotrigine for patients with incomplete 

seizure control or Cmax-related side effects (e.g. dizziness, blurred vision).33  Meanwhile, 

Biton et al. conclude that IR lamotrigine to ER lamotrigine have similar safety, tolerability 

and efficacy profiles.34  Lamictal XR 300mg has been shown to be bioequivalent to 

Lamictal 100 mg plus 200 mg, and Lamictal XR prescribing information indicates that the 

initial dose of Lamictal XR should match the total daily dose of IR lamotrigine.35,36 

However, Tompson et al. observed differences between IR and ER lamotrigine in a steady-

state pharmacokinetic study where induced, inhibited, and neutral patients (according to 

their concomitant medication regimen) were administered both IR lamotrigine and ER 
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lamotrigine.37 Dose-normalized Cmax was 29%, 12%, and 11% lower with ER lamotrigine 

in those patient cohorts, respectively, compared with IR lamotrigine. ER lamotrigine 

exhibited longer Tmax values and lower fluctuation indices.  Trough concentrations were 

similar.  Nevertheless, overall, these pharmacokinetic and pharmacodynamic differences 

between IR lamotrigine and ER lamotrigine do not suggest possible therapeutic differences 

across IR lamotrigine formulations that demonstrate bioequivalence. 

In summary, these market surveillance results indicate that brand name and generic 

lamotrigine 100 mg tablets showed acceptable pharmaceutical quality and low 

biopharmaceutic risk.   Lamotrigine drug substance exhibits favorable oral 

biopharmaceutic properties.  It is a BCS class IIb drug with high solubility in the stomach 

and high intestinal permeability, leading to rapid and almost complete drug absorption. 

Brand and generic tablets showed acceptable pharmaceutical quality.  Professional 

societies have advocated against switching AEDs.  Given the role of in vitro quality control 

tests play in assuring on-going product quality of both brand and generic drugs, these 

results implicate that phenomena other than pharmaceutical tablet quality must contribute 

to any lamotrigine switchability issues.  
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Chapter 4: Impact of In Vitro Dissolution Volume on the Performance of Solid Oral 

Dosage Forms of Three Anti-Epileptic Drugs3 

 

4.1 Introduction 

In vitro dissolution tests are routinely employed at various stages of product 

development and provide useful information regarding drug release from pharmaceutical 

dosage forms. Drug dissolution and absorption from solid oral dosage forms depend on a 

number of physiological factors including volume and composition of gastrointestinal (GI) 

fluids, pH and buffer capacity of these fluids, digestive and metabolic enzymes, GI transit 

time, cellular transporters, and food.1-3 Drug dissolution involves: a) disintegration of the 

dosage form and b) dissolution of drug in the dissolution media. The rate of dissolution is 

expressed by the Noyes-Whitney equation:  

𝑑𝑀

𝑑𝑡
=  

𝐴𝐷 (𝐶𝑠 − 𝐶𝑑)

ℎ
 

where Cs is drug solubility drug, drug concentration in solution (Cd), drug surface area (A), 

diffusion coefficient (D), and thickness of effective boundary layer (h). Thus, drug 

physiochemical features as well as physiological features of the GI tract together determine 

the rate of dissolution.  

The Biopharmaceutics Classification System (BCS) classifies drugs into four 

classes based on their aqueous solubility and intestinal permeability.4  

 

3 Vaithianathan S, Polli JE. Impact of In Vitro Dissolution Volume on the Performance of 

Solid Oral Dosage Forms of Three Anti-Epileptic Drugs. Submitted to AAPS J.  
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However, in spite of this possibility, it may be challenging to maintain in vitro sink 

conditions for complete in vitro dissolution of low solubility drugs, including for low 

solubility drugs that are completely absorbed. Two common criteria for sink conditions are 

3-fold or 10-fold drug solubility compared to drug concentration after complete dissolution 

or at the end of dissolution.5 In the equation above, sink conditions requires drug solubility 

to exceed bulk drug concentration (i.e. Cs >> Cd) by either at least 3-fold or 10-fold. Hence, 

under some situations, in vitro dissolution results will have little correlation to in vivo 

observations unless sink conditions are maintained.6  

The FDA recently issued two draft guidances that recommends the use of 500 mL 

dissolution media for in vitro dissolution testing for BCS class 1 (high solubility, high 

permeability) and class 3 (high solubility, low permeability) drugs.7,8 The volume of fluids 

available in GI tract for drug dissolution is dependent on volume of co-administered fluids, 

salivary, and gastric secretions, as well as water flux across GI tract. Historically, 

dissolution testing using standard USP apparatus often has utilized 900 mL of dissolution 

media. A decrease in dissolution volume from 900 mL to 500 mL has potential to reduce 

in vitro drug release. 

A recent study quantified the volume and number of water pockets in the stomach 

and small intestine following ingestion of 240 mL water using noninvasive magnetic 

resonance imaging (MRI) methods.9 The volume of gastric water in a fasted resting 

stomach was 35 ± 7 mL and increased to 242 ± 9 mL after 240 mL of water. Within 45 

minutes of ingestion, the gastric volume decreased to its baseline value. The fasting small 

intestine contained 43 ± 14 mL water and increased to 92 ± 24 mL after 240 mL of water. 

After 45 min, when the stomach had emptied its water content, the small intestine water 
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volume was about 77 ± 15 mL. The fasting small intestine (i.e. 43 ± 14 mL) contained 8 ± 

1 small water pockets. The number of water pockets increased to 15 ± 2 pockets after 240 

mL of water. 

The overall objective of this work was to assess the impact of in vitro dissolution 

volume on the performance of IR tablets of three anti-epileptic drugs (AEDs) with different 

biopharmaceutical properties. Although the recent FDA guidances were directed at BCS 1 

and 3 drugs, we sought to include lowly soluble drugs since the rationale for using in vitro 

volumes that are less than 900 mL would also apply to lowly soluble drugs.  AEDs were 

selected since the quality of AED products, particularly generic AEDs, has been questioned 

by neurologists and epileptic patients.10 Levetiracetam, lamotrigine, and oxcarbazepine 

drug substances were characterized according to the BCS. Their IR tablet forms were 

subjected to in vitro dissolution testing using 500 mL and 900 mL.  The resulting 

dissolution profiles were compared according to the f2 similarity criterion to assess the 

impact of volume on dissolution profile. 

4.2 Materials and Methods 

4.2.1 Materials 

Lamictal 100 mg tablets (GlaxoSmithKline, Research Triangle Park, NC), Keppra 

1000 mg tablets (UCB Inc., Smyrna, GA), and Trileptal 600 mg tablets (Novartis 

Pharmaceuticals Corp., East Hanover, NJ) were purchased from McKesson (San Francisco, 

CA). Levetiracetam, oxcarbazepine, and verapamil hydrochloride were purchased from 

LKT Laboratories, Inc. (St Paul, MN). Lamotrigine was purchased from AmFineCom, Inc. 

(Petersburg, VA). Sodium lauryl sulfate, metoprolol tartrate, ammonium acetate, sodium 

chloride, potassium chloride, calcium chloride, magnesium sulfate, D-glucose, potassium 
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phosphate monobasic, phosphoric acid, HBSS, and HEPES were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO). Radioactive [3H] mannitol (0.1 mCi/mL) was 

purchased from American Radiolabeled Chemical, Inc. (St. Louis, MO). Fetal bovine 

serum (FBS), penicillin-streptomycin, nonessential amino acid, trypsin, and Dulbecco’s 

modified Eagle’s medium (DMEM) were obtained from Invitrogen Corporation (Carlsbad, 

CA). All solvents were HPLC grade and were obtained from Fisher Scientific (Pittsburgh, 

PA).  

4.2.2 Solubility 

Equilibrium solubility of oxcarbazepine and levetiracetam was determined by 

shake flask method at pH 1.2, 4.5, 6.8 in triplicate according to a previously reported 

method.10 Oxcarbazepine solubility was additionally determined in 1% SLS. Excess of 

either levetiracetam or oxcarbazepine was shaken in a heated water bath at 37°C. pH was 

re-adjusted and re-equilibrated until no further change in pH was detected. Samples were 

withdrawn at 24, 48, and 72 h to ensure equilibrium was established. Filtered samples (0.45 

µm) of the drug were quantified using HPLC (Waters).  

4.2.3 In Vitro Dissolution Studies  

Dissolution testing was carried out on lamotrigine (Lamictal 100 mg), 

levetiracetam (Keppra 1000 mg), and oxcarbazepine (Trileptal 600 mg) IR tablets using 

USP apparatus II at 37°C and 50 rpm.11 Dissolution was carried out with both 500 mL and 

900 mL of dissolution media. Dissolution media for lamotrigine and levetiracetam tablets 

comprised of the three BCS media including 0.1N HCl (i.e. pH 1.2), acetate buffer adjusted 

to pH 4.5, and phosphate buffer adjusted to pH 6.8.12 Oxcarbazepine tablets were subjected 
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to dissolution in 1% SLS.13 Samples were withdrawn every 5 min until 30 min. Dissolution 

of oxcarbazepine tablets involved additional sampling at 45min and 60min.  

4.2.4 Caco-2 Cell Culture 

Cell culture was conducted as previously reported.10  However, seeding density was 

100,000 cells/cm2.  

4.2.5 Caco-2 Permeability Studies  

Transport buffer included HBSS with 10mM HEPES (pH 6.8) for studies in both 

the apical to basolateral (AP-BL) and basolateral to apical (BL-AP) directions. Metoprolol 

and mannitol were used as the high and low permeability markers, respectively.  The 

transepithelial electrical resistance (TEER) was evaluated as described previously.10  

Drug concentrations were calculated based on the highest dose strength dissolved 

in 250 mL water. Hence, the donor concentration of metoprolol and levetiracetam were 

584 µM and 23.5 mM, respectively. Due to low solubility of oxcarbazepine, donor 

concentration was 4.75 mM rather than 9.51 mM. The permeability studies were carried 

using a previously reported method.14  Briefly, medium from the Transwell inserts were 

placed with blank transport buffer and incubated for 15 min. To start the study, blank 

transport buffer was replaced with drug solution on the apical side for AP-BL permeability 

studies. Similarly, for BL-AP permeability studies, blank transport buffer was replaced 

with drug solution on basolateral side. The transport plates were maintained at 37°C 

throughout the duration of study. 100 µL samples were obtained as previously described.10 

Mass balance was between 90 and 100% except for oxcarbazepine which exhibited mass 

balance of about 50%.  
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Oxcarbazepine is known substrate for P-glycoprotein (P-gp).15,16 The AP-BL and 

BL-AP permeability of oxcarbazepine was also determined after a 30 min pretreatment 

with 100 µM verapamil hydrochloride, a potent inhibitor of the efflux pump P-gp. 

Throughout the duration of the study, 100 µM verapamil was present in both the apical and 

basolateral compartments. Permeability study procedure was the same as stated above. 

4.2.6 Analytical Methods 

HPLC analysis was performed on a Waters system equipped with an autosampler 

(model 717) and dual absorbance detector (model 2487). Lamotrigine, levetiracetam, and 

oxcarbazepine were quantified as specified in the USP monograph. Quantification was 

achieved using an Inertsil ODS-3 C18, 150 mm × 4.6 mm column. Briefly, mobile phase 

for lamotrigine quantification comprised of 40% ammonium acetate buffer and 60% 

methanol. A flow rate of 1 mL/min and an injection volume of 10 µL were used. The UV 

absorbance detector was set to 310nm. Levetiracetam quantification used mobile phase 

consisting of 85% phosphate buffer and 15% acetonitrile. A flow rate of 1.2 mL/min at 

room temperature and an injection volume of 10 µL were used. The UV absorbance 

detector was set to 220 nm.17 

Quantification of oxcarbazepine was quantified using UV-Vis spectroscopy 

(Beckman Coulter, DU 800) for dissolution samples. The wavelength was set to 256 nm.  

Oxcarbazepine solubility and permeability samples were analyzed using a previously 

reported method.18 The mobile phase composed of 64% potassium phosphate buffer and 

36% acetonitrile. A flow rate of 1 mL/min and an injection volume of 20 µL were used 

with the absorbance detector set to 255nm.  
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Metoprolol was quantified following the method of Tolle-Sander et al.14 Beckmann 

Instruments, Inc., Fullerton, CA). 

4.2.7 Data Analysis  

Dissolution profiles were compared using the similarity factor (f2) equation: 

𝑓2 = 50 ∗ log {[1 +  (
1 ∑(𝑅𝑡− 𝑇𝑡)2

𝑛
)]

0.5

∗ 100}                                                            (1) 

where n is the number of time points and Rt and Tt are dissolution values for reference and 

test at time t, respectively. Dissolution studies conducted with 900 mL media were 

considered as the reference and studies conducted with 500 mL were considered as the test 

batch.  Profiles that had f2 values greater than 50 were considered similar.  

Permeability was calculated using equation 2: 

𝑃𝑎𝑝𝑝 =  
(

𝑑𝑀

𝑑𝑡
)

𝐴𝐶𝑑
                                                                                                                (2) 

where dM/dt is the rate of accumulation of drug mass in the receiver compartment, A is 

the area (1.12 cm2), and Cd is the initial donor concentration of the drug. The Student’s t-

test assuming unequal variances was used to determine if the differences between two 

groups were statistically significant. A p-value of <0.05 was considered significant. 

 

4.3 Results and Discussion 

4.3.1 Summary of Findings 

Table 4.1 summarizes overall findings. The objective was to assess the impact of 

in vitro dissolution volume on dissolution of IR tablets of three anti-epileptic drugs with 
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different biopharmaceutical properties.  Motivation for this study was the rationale for 

using in vitro volumes that are less than 900 mL,7-9 as well as questions by neurologists 

and epileptic patients about AED product quality.10   

Overall, from Table 4.1 where seven conditions were evaluated, reducing 

dissolution volume from 900 mL to 500 mL was of no apparent significant consequence 

when at least 3-fold sink conditions prevailed at 500 mL (i.e. dissolution profiles 

unchanged for levetiracetam in all three pH conditions and lamotrigine in pH 1.2 and 4.5).  

Without 3-fold sink conditions (i.e. lamotrigine in pH 6.8 and oxcarbazepine in 1% SLS), 

dissolution was slower in 500 mL than for 900 mL.  Ten-fold sink condition performed 

well in anticipating the impact of dissolution volume change, but mis-predicted lamotrigine 

at pH 1.2 (Table 4.1).  

Table 4.5. Summary of impact of in vitro dissolution volume on dissolution profiles of 

three AEDs. 

 

Drug 
BCS 

class 

In Vitro 

Dissolution 

Media 

Presence of 3-

fold Sink 

Conditions 

for 500mL 

and 900mL 

Presence of 10-

fold Sink 

Conditions for 

500mL and 

900mL 

Impact of In 

Vitro Dissolution 

Volume 

Levetiracetam Class 1 

pH 1.2 Yes Yes Volume did not 

impact dissolution 

profiles 

pH 4.5 Yes Yes 

pH 6.8 Yes Yes 

Lamotrigine Class 2b 

pH 1.2 Yes No Volume did not 

impact dissolution 

profiles 
pH 4.5 Yes Yes 

pH 6.8 No No 

Volume impacted 

dissolution 

profiles 

Oxcarbazepine Class 2c 1% SLS No No 

Volume impacted 

dissolution 

profiles 
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4.3.2 BCS Classification of AEDs 

Table 4.2 lists results of solubility studies. Table 4.3 lists the permeabilities of 

metoprolol, mannitol, levetiracetam, and oxcarbazepine across Caco-2 monolayers in both 

absorptive (AP-BL) and secretory (BL-AP) directions. 

Levetiracetam solubility was at least 25.0 mg/mL in all three BCS media, such that 

the 1000 mg dose can be dissolved in 40 mL or less of media (i.e. pH 1.2, 4.5, or 6.8). 

Levetiracetam was classified as highly soluble. The Papp of levetiracetam across Caco-2 

monolayers in AP-BL direction was 31.5(± 2.4) x 10-6 cm/sec and BL-AP direction was 

20.7 (± 3.8) x 10-6 cm/sec. The high permeability marker metoprolol exhibited Papp values 

of 24.6 (± 0.5) x 10-6 cm/sec in AP-BL direction and 25.7 (± 1.3) x 10-6 cm/sec in BL-AP 

direction. Additionally, levetiracetam is 100% absorbed.20   Levetiracetam was classified 

as a BCS class 1 drug. 

Lamotrigine exhibited high solubility at pH 1.2 and pH 4.5, but low solubility at 

pH 6.8 (Table 4.2). Lamotrigine solubility was 2.53 mg/mL in pH 4.5 media, resulting in 

39.5 mL of media to dissolve the 100 mg strength of lamotrigine. Lamotrigine solubility 

was 1.09 mg/mL in pH 1.2, resulting in 91.7 mL of media to dissolve 100 mg of 

lamotrigine. However, the solubility was only 0.210 mg/mL in pH 6.8, resulting in 476 mL 

of media to dissolve 100 mg of lamotrigine. Thus, lamotrigine exhibits low solubility. We 

previously reported the permeability values of lamotrigine in AP-BL and BL-AP directions 

across Caco-2 monolayers to be 73.7 (± 8.7) × 10−6 cm/s and 41.4 (± 1.6) × 10−6 cm/s, 

respectively.10 Corresponding metoprolol Papp values were 21.2 (± 0.9) × 10−6 cm/s and 

34.6 (± 4.6) × 10−6 cm/s, respectively. Hence, lamotrigine was highly permeable. Since 

lamotrigine is a weakly basic drug of pKa 5.7, it was classified as a BCS class 2b drug.19  
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Solubility of oxcarbazepine was approximately 0.1mg/mL or less at pH 1.2, 4.5, 

and 6.8, resulting in at least 5.88 L of media to dissolve the 600 mg strength of 

oxcarbazepine (Table 4.2). Therefore, oxcarbazepine is low solubility. Meanwhile, 

oxcarbazepine solubility was 0.997 mg/mL in USP compendial dissolution media 1% SLS, 

resulting in 602 mL of media to dissolve 600mg of oxcarbazepine (Table 4.2). 

The Papp of oxcarbazepine across Caco-2 monolayers in AP-BL and BL-AP 

directions were 10.7 (± 0.2) x 10-6 cm/sec and 26.5 (± 1.1) x 10-6 cm/sec, respectively, with 

an efflux ratio of 2.46 (± 0.11) (Table 4.3). Oxcarbazepine is known P-pg substrate.15,16  In 

the presence of the P-gp inhibitor verapamil, oxcarbazepine AP-BL Papp significantly 

increased (p= 0.001) to 13.6 (± 0.03) x 10-6 cm/sec, while BL-AP Papp significantly 

decreased (p=0.02) to 17.6 (± 0.2) x 10-6 cm/sec. The efflux ratio decreased to 1.29 (± 

0.01).  Despite oxcarbazepine exhibiting lower Papp values compared to metoprolol 

presumably due to low mass balance, oxcarbazepine is highly permeable since it exhibits 

complete absorption.21 Since oxcarbazepine is essentially a neutral drug with a very weakly 

acidic pKa of 10.7,22 it was classified as a BCS class 2c drug.  

4.3.3 In Vitro Dissolution Studies and Impact of Volume 

Table 4.2 lists results of in vitro dissolution studies, as well as assessment of sink 

conditions based on measured solubility values. Figure 4.1 illustrates in vitro dissolution 

profiles of (A) levetiracetam, (B) lamotrigine, and (C) oxcarbazepine tablets in 500 mL 

and 900 mL media.  

Levetiracetam provided both 3-fold and 10-fold sink conditions in each 500 mL 

and 900 mL dissolution volumes under all three pH conditions. For example, in Table 4.2, 
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10-fold dissolution requires at most 400 mL, which 500 mL of dissolution media exceeds.  

In Figure 4.1A, volume of dissolution media did not impact dissolution profiles as they 

were similar (f2 > 50).  

Interestingly, despite the presence of sink conditions, levetiracetam tablets did not 

exhibit very rapid dissolution at pH 4.5 and pH 6.8 in both 500 mL and 900 mL media. 

Very rapid dissolution requires 85 percent or more of the labeled amount of the drug 

substance to dissolve within 15 min.8  Qualitatively, when dissolution was not very rapid 

(i.e. pH 4.5 and 6.8), profiles from 500 mL were slower than profiles from 900mL. Overall, 

however, levetiracetam exhibited sink conditions in 500 and 900mL volumes, and 

dissolution was similar in 500 and 900mL volumes. 

Lamotrigine solubility was pH dependent, and sometimes exhibited high solubility 

(pH 1.2 and 4.5), while other times exhibited low solubility (pH 6.8) (Table 4.2).   At pH 

4.5, the drug exhibited both 3-fold and 10-fold sink conditions in each 500 mL and 900 mL 

dissolution volumes.  At pH 1.2, the drug exhibited 3-fold sink conditions, but not 10-fold 

sink conditions.  At pH 6.8, the drug did not exhibit either 3-fold or 10-fold sink conditions.   

Interestingly, the 500 mL and 900 mL dissolution volumes always agreed in terms of sink 

conditions being present or not, in spite of this effect of pH on sink conditions. 
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Table 4.5. Comparison of in vitro dissolution profiles of IR solid dosage forms of AEDs 

in 500 mL versus 900 mL of dissolution media. 
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a All calculations are for the 100 mg lamotrigine tablet product, although 200mg tablets are also 

commercially available. The dose number (D0) for the highest dose strength (i.e. 200mg) is 0.733, 

0.316, and 3.80 in pH 1.2, 4.5, and 6.8. b Solubility was measured using drug substance and not 

drug product (i.e. not tablets).  c At least 4000mg of levetiracetam was soluble in 250mL at all pH 

values tested. d Percent dissolved was measured using drug product (i.e. tablets) and not drug 

substance. NP = dissolution not performed since drug solubility anticipates that less than 10% of 

drug will dissolve 

 

Table 4.5. Permeability of AEDs across Caco-2 cell monolayers.a 

Mannitol’s low permeability indicated monolayer integrity. 

Compound 
AP-BL permeability (x106 

cm/s) 

BL-AP permeability (x106 

cm/s) 

Mannitol 2.69 ± 1 5.02 ± 0.9 

Metoprolol 24.6 ± 0.5 25.7 ± 1.3 

Levetiracetam 31.5 ± 2.4 20.7 ± 3.8 

Oxcarbazepineb 10.7 ± 0.2 26.5 ± 1.1 

Oxcarbazepine with 100µM 

verapamilc 
13.6 ± 0.03 17.6 ± 0.2 

 

a The apparent permeability (Papp) values are presented as mean ± SEM.  
b Efflux ratio = 2.46 ± 0.11 
c Efflux ratio = 1.29 ± 0.01 

 

For the two high solubility pH conditions (i.e. 1.2 and 4.5), lamotrigine dissolution 

was very rapid, and volume did not impact dissolution profile (except if samples only 

extended to 15 min; Table 4.2 and Figure 4.1B).  In pH 6.8 media, dissolution profiles were 

not very rapid, and volume of media impacted dissolution, perhaps reflecting that not even 

3-fold sink conditions prevailed. 

Like lamotrigine at pH 6.8, 3-fold sink conditions did not prevail for oxcarbazepine 

in 1% SLS, where 602 mL was needed to dissolve 600 mg of oxcarbazepine (Table 4.2). 

In fact, only 83% of oxcarbazepine 600 mg dose may be expected to dissolve in 500 mL, 

based on drug solubility alone. Interestingly, dissolution was very rapid in each 500 mL 

and 900 mL of media, presumably reflecting formulation impact.   



96 

 
 

 

Figure 4.1. In vitro dissolution profiles of (A) levetiracetam, (B) lamotrigine, and (C) 

oxcarbazepine in 500mL and 900mL. Levetiracetam, lamotrigine, and oxcarbazepine 

tablets were Keppra 1000 mg, Lamictal 100 mg, and Trileptal 600 mg, respectively. 

Dissolution of levetiracetam and lamotrigine were performed in pH 1.2, 4.5, and 6.8.  

Dissolution of oxcarbazepine was performed in 1% SLS.  

In Figure 1C, the largest difference between profiles in 500 mL versus 900 mL was 

the extent of dissolution after 15 min, where drug release was complete in 900 mL but not 



97 

 
 

complete in 500 mL, reflecting 900 mL was sufficient, but 500 mL was insufficient, to 

dissolve the entire dose.  In comparing dissolution profiles in 900 mL versus 500 mL, f2 = 

50.0 (Table 4.2), such that volume impacted dissolution profile. Like lamotrigine at pH 

6.8, lack of 3-fold sink conditions for oxcarbazepine was associated with differences in 

dissolution profiles between 900 mL and 500 mL (i.e. slower profiles in 500 mL). 

4.3.4 Implications for Employing Lower In Vitro Dissolution Volumes 

Results have implications for the design of in vitro dissolution tests that aim to 

mimic in vivo dissolution conditions by employing less than 900 mL of media. Clearly, 

observations indicate that the amount of in vivo GI fluids is much less than 900 mL.9 It 

would appear that FDA guidance that reduces in vitro volume from 900 mL to 500 mL 

considers these measured in vivo volumes.7,8 Levetiracetam, lamotrigine, and 

oxcarbazepine were three AEDs that were investigated and each of them exhibited distinct 

characteristics. 

BCS class 1 drug levetiracetam exhibited high solubility and provided even 10-fold 

sink conditions in each 500 mL and 900 mL dissolution volumes under all three pH 

conditions. Lowering in vitro dissolution volume from 900 mL to 500 mL did not impact 

drug release, although release was qualitatively slower in 500 mL versus 900 mL when 

dissolution was not rapidly dissolving (Figure 1). 

BCS class 2b drug lamotrigine exhibited pH dependent solubility. At pH 1.2 and 

4.5, the drug exhibited at least 3-fold sink conditions in each 500mL and 900mL dissolution 

volumes, such that, like levetiracetam, lowering the volume to 500 mL did not impact 

dissolution profiles. At pH 6.8, not even 3-fold sink conditions prevailed for 500 mL and 
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900 mL dissolution volumes, and lowering the dissolution volume slowed down drug 

release. 

BCS class 2c drug oxcarbazepine was similar to lamotrigine at pH 6.8.  It exhibited 

low solubility in 1% SLS. Not even 3-fold sink conditions prevailed in each 500 mL and 

900 mL dissolution volume, slowing release when volume lowered to 500 mL. 

For drugs exhibiting low solubility and high permeability (i.e. BCS class 2 drugs), 

sink conditions may prevail in vivo due to rapid permeation across the mucosa, allowing 

more drug to dissolve and be absorbed. However, in vitro sink conditions may not prevail 

due to low drug solubility, such that in vitro dissolution tests may fail to mimic in vivo 

drug product performance. For such drugs, employing in vitro dissolution volumes lower 

than 900 mL may hinder drug release in the absence of at least 3-fold sink conditions.  

In order to maintain in vitro sink conditions and for dissolution to progress, 

surfactant is often used as dissolution media component. The presence of such solubilizing 

agents in the dissolution media can increase drug solubility by partitioning drug into 

micelles of surfactant.23 In order to enhance solubility, an optimal concentration of 

surfactant must be used which depends on the critical micellar concentration (CMC) and 

the degree to which the drug partitions into the surfactant micelles.5 The surfactant 

concentration must be at least above the CMC, which depends on a number of factors 

including the type of surfactant and ionic strength of media. The appropriate concentration 

of surfactant can be determined by measuring drug solubility in different surfactant 

concentration. Typically, a linear relationship will exist between solubility and surfactant 
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concentration above CMC. However, increase in solubility does not result in the same 

increase in dissolution rate.24 

Another limitation of high surfactant concentration in in vitro dissolution media is 

potential insensitivity of the in vitro test to factors that impact in vivo dissolution.  It is well 

appreciated that low solubility drug formulations that differ in vivo can exhibit the same in 

vitro dissolution profile if excessive surfactant is used.  This potential concern of in vitro 

insensitivity was not observed here, in using 1% SLS for oxcarbazepine dissolution in 500 

mL versus 900 mL.  Despite using dissolution media of 1% SLS, 3-fold and 10-fold in 

vitro sink conditions did not prevail for oxcarbazepine, and lower in vitro dissolution 

volume impacted drug release. Thus, 1% SLS aided dissolution by enhancing 

oxcarbazepine solubility without causing insensitivity to detect difference in dissolution 

volume. 

Interestingly, the 500 mL and 900 mL dissolution volumes always agreed in terms 

of sink conditions being present or not (Table 4.1).  This agreement occurred even though 

various BCS class drugs exhibited pH dependencies and distinct sink condition patterns 

involving the 3-fold and 10-fold requirement.  In spite of the almost 2-fold difference in 

volume between 500 mL and 900 mL, the two volumes showed the same 3-fold and 10-

fold requirement under any specific condition. 

A hypothetical example where 3-fold sink conditions would differ for 500 mL and 

900 mL is a drug at the high versus low solubility borderline.  For example, assume a 25 

mg drug has 0.1mg/mL solubility.  The volume for solubilization is 250 mL.  3-fold sink 

conditions will require 750 mL, which would be met for 900 mL but not met for 500 mL.  
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Hence, given results here, reducing dissolution volume from 900 mL to 500 mL has 

potential to impact class 1 and 3 drugs, as well class 2 drugs. 

Overall, reducing dissolution volume from 900 mL to 500 mL was of no apparent 

significant consequence when at least 3-fold sink conditions prevailed at 500 mL; 

dissolution profile did not change per f2, although were often qualitatively slower. 

Meanwhile, in the absence of 3-fold sink conditions, reducing dissolution volume from 900 

mL to 500 mL slowed dissolution, per f2.  Hence, dissolution profiles may or may not be 

expected to change for products that employ 500 ml rather than 900 ml. 
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Chapter 5: Release of Levetiracetam from Extended-Release Tablets That Appear 

Intact in Patient Stool4 

 

5.1 Introduction 

Many antiepileptic drugs (AEDs) are extended-release (ER) tablets, such that an 

entire day’s dose is taken only once or twice daily.  A patient taking four levetiracetam ER 

500mg tablets twice daily was alarmed when, after switching from a generic manufactured 

by Sun to a generic manufactured by Lupin, ER tablet remnants appeared as intact tablets 

in his stool, suggesting no drug was absorbed.  Since Sun tablets were no longer available 

from the pharmacy, the patient was switched to a third manufacturer (i.e. Apotex), resulting 

in no intact remnant tablets in the stool. We analyzed the recovered Lupin tablets from 

stool and measured patient drug level to assess whether drug was released from the tablets. 

5.2 Methods and Results 

The patient provided five remnant tablets (Lupin; Lot G409239) from two bowel 

movements over a 24 hr period.  These remnants, as well as unused tablets from his 

prescription bottle, brand-name Keppra XR 500mg (Lot 120013), and generic Apotex 

levetiracetam ER 500mg (Lot ME6978) were subjected to various quality control tests and 

measurements (i.e. assay, identity, impurity, uniformity of dosage units, dissolution, 

friability, hardness, dissolution [Test 1], and tablet dimensions).  

 

4 Vaithianathan S, Ting TY, Jiang W, Polli JE. Release of levetiracetam from extended-

release tablets that appear intact in stool. Submitted to Seizure: European Journal of 

Epilepsy.  
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The patient’s trough levetiracetam levels on Lupin and Apotex were measured, per 

routine clinical laboratory procedure.  Further descriptions of methods are provided in 

Supplementary Material. 

Lupin tablet remnants in stool (Figure 5.1) and tablets after 12 hr dissolution testing 

(Table 5.1) were practically the same in size to tablets in the prescription bottle. Essentially 

no levetiracetam remained in any of the five tablets from the stool (Table 5.1).   

 

Figure 5.1. Lupin 500mg ER tablets.  Panel A demonstrates the tablet before (top) and 

after (bottom) in vitro dissolution testing. Panel B shows the tablet remnant after recovery 

from patient stool. Tablet size was essentially not affected, even though tablets are mostly 

composed of drug and all drug was released. The remnant mimicked tablets after in vitro 

dissolution testing in terms of extent of drug release and tablet size. 

 

The drug assay (mean ± SEM) from tablets in stool was 0.23 (± .07) %.  Meanwhile, 

the unused Lupin ER tablets passed all quality control testing (e.g. assay was 101.8%).  In 

vitro dissolution of unused Lupin ER tablets was complete and provided the same 



106 

 
 

dissolution profiles as those of Keppra XR and Apotex ER tablets (f2=65.02 and f2=63.5, 

respectively1), although were much softer, 1.0(+/-0.02) ponds, than before dissolution, 

20.8(+/-0.7) ponds.  Qualitatively, Lupin tablet remnants in stool were similar in softness 

to tablets after dissolution testing; and both held their overall tablet shapes even though all 

drug was released. Keppra XR and Apotex ER tablets also passed all quality control tests.  

Table 5.6. Comparison of Lupin tablet remnants in stool against Lupin tablets from 

prescription bottle and after dissolution testing.a 

 

a Standard Error of the Mean (SEM) shown in parentheses, after mean value. 

b Tablet dimensions were length x width x height.  From the five Lupin tablet remnants in stool, 

average tablet dimensions (in mm) were 18.72 (0.27) x 8.98 (0.07) x 6.03 (0.11), and were slightly 

smaller in width and height, compared to tablets in the prescription bottle (t-test p=0.03 and 

p=0.003, respectively), however, not apparent to the eye. Lupin tablets from prescription bottle 

differed from tablet remnants from stool only in terms of height (t-test p << 0.01). In vitro 

dissolution agreed with this observation that tablet size does not practically change. 

c Mean tablet dimensions before and after dissolution testing differed only in terms of width (t-test 

p << 0.01). Percent drug released were 39.7, 54.7, 73.4, 85.9, 94.8 and 105.3 after 1, 2, 4, 6, 8, and 

12 hr. No drug remained in the tablets. 

d The mean (SEM) assay from tablets in stool was 0.23(0.07) %. 

Lupin Product 

Tablet Dimensions 

(mm) b 

Assay or Percent 

Remaining (%) d 

Weight (mg) 

Tablet remnant #1 19.0 x 9.07 x 6.16 0.08 396 

Tablet remnant #2 17.9 x 8.89 x 6.06 0.32 439 

Tablet remnant #3 18.1 x 8.86 x 5.59 0.03 222 

Tablet remnant #4 19.4 x 9.07 x 6.12 0.34 476 

Tablet remnant #5 18.9 x 9.12 x 6.24 0.38 501 

Tablet from 

prescription bottle 

18.95 (0.02) x 9.15 

(0.05) x 6.53 (0.08) 

101.8 821 (1) 

Tablet after 12 hr 

dissolution test 

18.90 (0.06) x 8.90 

(0.01) x 6.60 (0.02)c 

Nonee Not measured 
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e The mean (SEM) drug release was 105.3(0.2) %, which reflect complete release from tablets 

(assay=101.8%). 

 

The patient’s trough drug levels on Lupin and Apotex were 42.3 and 40.5 µg/ml, 

respectively, further confirming that no drug remained in the Lupin tablet remnants. Unlike 

Lupin ER tablets, Keppra XR and Apotex ER tablets disintegrated in the dissolution test, 

which corresponds with these two products no resulting in tablet remnants in the stool. Test 

results here of no remaining drug in Lupin tablet remnants, as well as consistent drug trough 

levels, support Lupin product labeling that drug was released and absorbed within the 

gastrointestinal tract in spite of tablet remnants in stool.2  None of the other 15 

levetiracetam ER products contains labeling that anticipates tablet remnants. 

 

5.2 Discussion 

5.2.1 Patient concerns 

Taking eight tablets daily, the patient consistently observed tablet remnants in stool 

after taking the Lupin ER product, but not after taking the Sun ER or Apotex ER products. 

The patient had controlled seizures, but was alarmed and concerned about lack of drug 

absorption, since remnants looked unchanged from unused tablets. Of note, a second 

patient who was also switched from Sun to Lupin levetiracetam ER 500mg tablets was 

similarly distressed over the appearance of tablet remnants in stool.  

We also obtained tablet remnants in stool from a third patient who took the Apotex 

levetiracetam ER 750mg product (i.e. one tablet nightly).  Tablet remnants did not have 

the appearance of intact tablets, but rather appeared as tablet fragments.  Four tablet 
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fragments, from four separate bowel movements, were assayed for levetiracetam.  No drug 

was present.  These results agree with in vitro dissolution study results of the Apotex ER 

500mg product.  Of these three patients who reported remnants from their generic 

levetiracetam ER products, none experienced therapeutic failure, and none had known 

gastrointestinal disorders or were taking concomitant antacid medication. 

Tablet remnants in stool can be cause for concern. Such caution is perhaps 

amplified for AEDs, especially ER tablets containing an entire day’s dose. Epilepsy 

patients can be alarmed by a perceived risk for therapeutic failure when stool remnants 

appear unexpectedly following a change in their generic manufacturer, leading them to 

believe they have not absorbed their dose. Since the Sun product was unavailable from the 

pharmacy, the patient in this case was switched to Apotex levetiracetam ER tablets, which 

resulted in no intact tablet remnants. 

5.2.2 Tablet remnants and AEDs 

AEDs such as levetiracetam, lamotrigine, phenytoin, gabapentin, carbamazepine, 

topiramate, and oxcarbazepine, are formulated as ER to reduce dosing frequency and to 

maintain steady drug levels, compared to conventional immediate-release (IR) tablets and 

capsules. ER technology is typically employed to reduce dosing frequency by prolonging 

drug release.  ER technologies include matrices, coatings, and osmotic systems.3,4  These 

technologies can employ polymers that are water insoluble, as well as polymers that are 

water soluble but form gels in the presence of gastrointestinal fluids.  Consequently, some 

ER technologies have potential to yield tablet remnants in the stool (a/k/a casts or 

skeletons).  Although not well described in the literature, patients sometimes observe tablet 
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remnants in their stool. Tegretol-XR employs osmotic tablet technology and yields a 

remnant since the tablet coating does not dissolve.  However, a Tegretol-XR remnant does 

not appear as an intact tablet like Lupin levetiracetam ER. 

Lupin ER tablets weigh 821.1 mg, with 500mg being levetiracetam (i.e. 60.9%) and 

321.1mg of inactive ingredients.  The presence of apparently intact tablets in the stool from 

tablets that are mostly drug may suggest that drug would be present in the tablet remnants.  

However, findings here do not support this expectation. 

Patients should be aware that, depending upon the generic manufacturer, some ER 

tablets may appear in the stool but, more than likely, have released drug successfully. 

Though product labeling may describe when a generic can cause tablet remnants in stool, 

it may be difficult for patients to access and navigate this information, especially each 

month if a different generic is dispensed. Physicians and pharmacists should inform 

patients when specific generics can cause tablet remnants or other adverse events that are 

unique to a specific generic formulation. 
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Chapter 6: Conclusions and Future Studies 

The overall objective of this work was to assess the effects of formulation factors 

and pharmaceutical quality on oral drug absorption. 

 In Chapter 2, we investigated the impact of 14 commonly used excipients on the 

oral absorption of two BCS class 3 drugs, cimetidine and acyclovir. Capsules containing 

combination of three excipients in quantities larger than those present in IR solid oral 

dosage forms were investigated via a four-way crossover BE study in n=24 healthy human 

volunteers. This chapter concluded that 12 out of 14 common excipients were found in 

large amounts to not impact BCS class 3 drug absorption in humans. These excipients need 

not be qualitatively the same nor quantitatively very similar to reference, but rather simply 

be not more than the quantities studied here However, for HPMC and microcrystalline 

cellulose, BCS class 3 biowaivers require these two excipients to be qualitatively the same 

and quantitatively very similar to the reference. 

Chapter 3 explored the biopharmaceutic risk of brand Lamictal 100 mg tablets and 

generic lamotrigine 100 mg tablets from several manufacturers. A panel of nine 

pharmaceutical quality tests was performed on three batches of Lamictal, three batches of 

Teva generic, and one batch of each of four other generics: appearance, identity, assay, 

impurity, uniformity of dosage units, disintegration, dissolution, friability, and loss on 

drying. Lamotrigine drug substance was also characterized in terms of BCS. Results 

indicated that all brand name and generic lamotrigine 100 mg tablets passed all tests and 

had acceptable pharmaceutical quality with low biopharmaceutic risk. Lamotrigine drug 

substance was classified as a BCS class 2b drug with high permeability and pH-dependent 
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aqueous solubility. This chapter concluded that lamotrigine’s favorable biopharmaceutics 

from a drug substance perspective and favorable quality characteristics from a tablet 

formulation perspective suggest that multisource lamotrigine tablets exhibit a low 

biopharmaceutic risk. 

In Chapter 4, the impact of in vitro dissolution volume on dissolution of IR tablets 

of three anti-epileptic drugs (AEDs) was studied. The FDA recently issued two draft 

guidances that recommend 500 mL dissolution media for BCS class 1 and 3 drugs. 

Levetiracetam, lamotrigine, and oxcarbazepine were the three AEDs that were 

characterized according to BCS and fell into classes 1, 2b, and 2c, respectively. In vitro 

dissolution was performed in 500 mL and 900 mL media for pH 1.2, 4.5, and 6.8; or 1% 

SLS. Results indicated that reducing dissolution volume from 900 mL to 500 mL was of 

no apparent significant consequence when at least 3-fold sink conditions prevailed at 500 

mL, as observed for levetiracetam in all three pH conditions and for lamotrigine in pH 1.2 

and 4.5; dissolution profile did not change per f2, although were often qualitatively slower. 

However, in the absence of 3-fold sink conditions for lamotrigine in pH 6.8 and 

oxcarbazepine in 1% SLS, reducing dissolution volume from 900mL to 500mL slowed 

dissolution, per f2.  This chapter concluded that dissolution profiles may or may not be 

expected to change for products that apply either of the two recent FDA issued draft 

guidances, which recommend 500 mL dissolution media for BCS class 1 and 3 drugs. In 

the future, studies involving drugs belonging to all BCS class should be examined to assess 

the impact of in vitro dissolution volume. Drugs with solubility at high versus low 

borderline should be specifically examined to assess the impact of 3-fold sink conditions 

on dissolution profiles.  



113 

 
 

The case report of an epileptic patient who observed levetiracetam ER tablet 

remnants from one generic source but not others in his stool was reported in Chapter 5. On 

analyzing the remnant Lupin tablets, results indicated that no drug remained in the tablet. 

This was surprising as the tablets were mostly composed of drug and retained a vast 

majority of their size and shape. The patient’s drug trough levels from Lupin and Apotex 

were the same. This chapter concluded that patients should be aware that, depending on 

the generic manufacturer, some ER tablets may appear in the stool but, most likely, have 

released all drug successfully. 
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Appendix A: Supporting Information for Chapter 2 

 

Table S1. Study 1A and 1B test formulations: in vitro quality control test results.  All six 

test formulations passed quality control testing, including in vitro dissolution (Figure 2.1).  

Formulation 
Appearance 

and ID a 
Assay b Impurity c 

Uniformity of Dosage Units  

(calculated acceptance 

value) d 

Uniformity 

of Dosage 

Units (%CV) 

CimTest-1 
Meets 

specification 
101.5% Total <0.05% 14.2 3.51 

CimTest-2 
Meets 

specification 
98.3% Total <0.05% 5.84 2.41 

CimTest-3 
Meets 

specification 
100.6% Total <0.05% 4.40 1.56 

AcyTest-1 Meets 

specification 
101.3% 

Guanine: 

0.26% 
7.75 3.25 

AcyTest-2 Meets 

specification 
98.5% 

Guanine: 

0.19% 
6.16 2.02 

AcyTest-3 Meets 

specification 
104.1% 

Guanine: 

0.23% 
3.09 0.71 

a Appearance and ID acceptance criteria: White powder filled in green hard gelatin capsules; 

Cimetidine or acyclovir peak in the chromatogram of sample corresponds to that of standard for 

test capsules containing cimetidine or acyclovir, respectively  

b Assay acceptance criteria: Amount of API present should be between 90.0% and 110.0%. 

c Impurity acceptance criteria: Individual and total impurities should not exceed 0.5% and 2%, 

respectively for cimetidine test capsules. Individual impurities should not exceed 0.5% and guanine 

should not exceed 2% for acyclovir test capsules. 

d Uniformity of dosage forms acceptance criteria: Calculated acceptance value should be ≤ 15%. 
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Table S2. Study 2 test formulations: in vitro quality control test results.  All three test formulations 

passed quality control testing, including in vitro dissolution for the two capsule formulations 

(Figure III). 

Formulation 
Appearance 

and ID a 
Assay b Impurity c 

Uniformity of 

Dosage Units d 

Uniformity of Dosage 

Units (%CV) 

CimTest-A 
Meets 

specification 
94.0% Total: 0.04% 14.0 

0.698 

CimTest-B 
Meets 

specification 
104.9% Total: 0.03% 10.9 

0.782 

Sorbitol-free 

solution 

Meets 

specification 
101.5% Total: 0.02% N/A 

N/A 

 

a Appearance and ID acceptance criteria: White powder filled in green hard gelatin capsules (Cim 

Test A and B), Clear liquid (Reference solution); Cimetidine peak in the chromatogram of sample 

corresponds to that of standard. 

b Assay acceptance criteria: Amount of API present should be between 90.0% and 110.0%. 

c Impurity acceptance criteria: Individual and total impurities should not exceed 0.5% and 2%, 

respectively. 

d Uniformity of dosage forms acceptance criteria: Calculated acceptance value should be ≤ 15%. 
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