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1. Introduction 

1.1. Background 

Generic medicinal products are defined by the European Medicines Agency (EMA) as drug 

products that, when compared to a designated reference medicinal product, are essentially the 

same with respect to certain aspects such as the active pharmaceutical ingredient(s) (API), 

dosage strength, route of administration, medical indication and quality standards during 

manufacture[1 3]. They may, however, differ in their outer appearance (name, packaging and 

appearance of the dosage form) and, most importantly, in their qualitative and quantitative 

composition regarding the inactive ingredients (excipients) used during manufacture[2]. 

In order to ensure their therapeutic equivalence and thus interchangeability in public health-

care, bioavailability studies that compare the pharmacokinetics of both the generic and the 

comparator drug product in terms of rate and extent of absorption, with the aim of 

demonstrating bioequivalence (BE), are required[1]. Combined with the requirement of meeting 

equal quality standards in manufacture, demonstration of BE serves as a surrogate for 

therapeutic equivalence of generic drug products, which would otherwise have to be proven in 

lengthy and laborious clinical safety and efficacy trials[1]. 

For highly soluble APIs formulated as immediate release (IR) solid oral dosage forms (SODF), 

the regulatory burden associated with applying for generic approval can be reduced even 

further. For such APIs the demonstration of BE in vivo may be waived in favour of comparative 

release testing in vitro in a procedure named Biopharmaceutics Classification System (BCS) 

based biowaiver[3 6]. Application of the BCS-based biowaiver avoids unnecessary testing in 

humans, saves the cost of a BE study (approximately 250,000$[7]), and more directly assesses 

a key quality aspect of solid oral dosage forms: the dissolution performance[8].   

In addition to potential savings for the pharmaceutical entrepreneur (PE) when applying a BCS-

based biowaiver, widespread availability of generic medicinal drug products also contributes 

extensively to reducing expenses in public healthcare: in Germany, generics and biosimilars 

accounted for 78% of the defined daily doses prescribed in 2018, whereas they accounted for 

only 23% of the total sales volume of medicines and 9.3% of the total public healthcare 

budget[9]. Furthermore, when more than one PE participated in discount contracts with public 

health insurance companies for preferred distribution, lack of availability of the drug product 

was reported fewer times compared to contract models which granted exclusivity to one PE[10]. 

Apart from occasional short-term supply shortages of certain drug products, access to 

adequate healthcare and medicinal products is generally well assured in developed countries 

such as Germany. However, global healthcare accessibility and especially the availability of 

drug products of sufficient pharmaceutical quality listed on the World Health Organization 
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(WHO) Essential Medicines List (EML)[11] still leaves much room for improvement. The WHO 

estimated in 2011 that adequate access to essential medicines was guaranteed for less than 

two thirds of the global population[12,13], and several authors attribute this supply gap in 

developing countries to the high cost of medicines[14] in addition to insufficient funding and 

infrastructure for regulatory quality control (QC) and operational health care systems[15,16]. 

Availability of generic drug products of essential medicines is a key aspect in lowering the 

treatment cost of high-burden diseases in developing countries. Approximately 90% of the 

APIs listed on the WHO EML are patent-free[17], and several patented essential medicines used 

for the treatment of HIV/AIDS, hepatitis C and tuberculosis are licensed to international 

organisations such as the Medicines Patent Pool[18], allowing them to be manufactured and 

distributed at lower prices in low- and middle-income countries. 

Addressing infrastructural issues, the WHO collaborates with national authorities and has 

released several guidance documents (including the 21st EML[11] and guidance on in vitro 

equivalence testing[5]) with the aim of assisting in establishing national drug policies in 

countries that struggle to provide adequate access to public healthcare[19]. As part of their 

strategy, the WHO drafted a tabular overview of the solubility and permeability classification of 

essential medicines in 2006[20] that was intended to be continually revised[21], with the aim of 

compiling potential candidates for a BCS-based biowaiver among the essential medicines. 

Supporting the WHO initiative, the International Pharmaceutical Federation (FIP) special 

interest group on BCS and Biowaiver publishes Biowaiver Monographs that summarize 

publicly available data relevant to a possible BCS-based biowaiver of APIs (with a focus on 

essential medicines) and provide a detailed risk/benefit-assessment for the procedure, taking 

into account individual properties of the specific API[22]. The Biowaiver Monographs thus serve 

as aid in regulatory decision-making  

whether or not generic approval via BCS-based biowaiver can be justified for individual APIs 

and drug products thereof. 

The BCS-based biowaiver is a promising tool enabling cost savings via comparative 

assessment of dissolution performance and reduction of the regulatory burden in the course 

of regulatory approval of generic drug products, and can thus help to facilitate the accessibility 

of essential medicines. There are, however, issues that prevent facile application of the 

procedure: ambiguities in solubility and permeability classification of APIs[23], drug products 

failing to meet regulatory dissolution criteria although being otherwise eligible[24], scientific 

doubts regarding the discriminatory power of the regulatory specifications to discern 

differences in dissolution performance relevant to the behaviour in vivo on the one hand[25 28] 

and suggestions for extending the procedure to certain poorly soluble drugs[29 34] along with 

arguments in favour of widening the regulatory specifications[35 39] on the other hand. 
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This dissertation aims to address these issues by providing a thorough assessment of the 

applicability and limitations of the BCS-based biowaiver in its current state. Potential 

modifications to the procedure are investigated and evaluated on the basis of experimental in 

vitro data and linked to the in vivo situation using in silico modelling and simulation tools. 

Two subprojects presented in this thesis, namely establishing reliable BCS classifications for 

medicines recently added to the EML (PUBL. 1) and the preparation of a Biowaiver Monograph 

for folic acid (PUBL. 2), are closely linked to the aforementioned WHO and FIP initiatives and 

were funded in part by the WHO, which granted monetary resources to the WHO Collaborating 

Centre for Research on Bioequivalence Testing of Medicines at the Goethe University, 

Frankfurt am Main, Germany, for purchase of essential APIs. 

1.2. Structure of the Thesis 

This dissertation is prepared in a publication-based approach. It provides a comprehensive 

summary and discussion of the main results set out in the individual, peer-reviewed 

publications, which can be found in the Appendix. The scientific framework provides 

fundamental information covering all aspects relevant to the biopharmaceutical and regulatory 

assessment of the in vitro and in vivo performance of generic immediate release solid oral 

dosage forms and, more specifically, to the BCS-based biowaiver. Improvement of the data 

quality as well as an assessment of the current state of the procedure, its applicability to 

essential medicinal drug products and the investigation of possible extensions to the regulatory 

specifications are the key aims of the thesis. Results of the individual subprojects are 

discussed in the framework of current scientific developments. Based on these results, an 

outlook on potential future developments and experimental considerations is provided. 

The published, peer-reviewed articles reprinted in the appendix to this dissertation are 

indicated in this thesis PUBL. 1-6 , where appropriate. 
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2. Scientific Framework 

2.1. Biopharmaceutical Aspects of Drug Release 

The biopharmaceutical and pharmacokinetic lifecycle of an API may be described on the basis 

of the LADME-Scheme[40], which divides the overall process into individual aspects: Liberation, 

Absorption, Distribution, Metabolism and Excretion. While distribution, metabolism and 

excretion are part of the post-absorptive pharmacokinetics and are usually unaffected by the 

choice and performance of an oral dosage form, liberation and absorption are linked more 

closely to the biopharmaceutical behaviour. 

In order to characterize the environment in which liberation and absorption take place for APIs 

formulated in immediate release solid oral dosage forms, a brief overview of the physiology of 

the fasted upper gastrointestinal tract (GIT) is given. 

2.1.1. Physiology of the Fasted Upper Gastrointestinal Tract 

Pharmaceutical immediate release solid oral dosage forms are designed to rapidly disintegrate 

and release their active pharmaceutical ingredient(s) after contact with water or physiological 

digestive fluids. After oral administration with a glass of water, the dosage form passes through 

the esophagus, reaching the stomach and subsequently the small intestinal segments 

duodenum, jejunum and, potentially, the ileum. A schematic overview of the upper GIT is 

depicted in FIG. 1. 

 

FIGURE 1: Schematic anatomical structure of the upper gastrointestinal tract. 

The total volume of the gastric lumen is around 150-170 mL in the fasted state[41] with a residual 

fluid volume of approximately 25-40 mL[42,43], consisting mostly of swallowed saliva and fluid 

secretions from gastric mucosal cells, such that the gastric fluids are mainly composed of 

hydrochloric acid, sodium chloride, digestive enzymes such as pepsin and gastric lipase and, 

in some individuals, low amounts of bile salts from duodenal reflux[44]. The pH of the fluid is 
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acidic, with reported median values of 1.5  1.9 for the residual gastric fluid[45]. After intake of 

a glass (~200 mL) of water the pH can increase to a to a mean value of 2.7 (range of individual 

medians: 1.4  4.6) due to dilution effects, but then usually reverts to the basal pH over the 

course of several minutes due to luminal acid secretion from parietal cells[46]. Similarly, the 

physiological fluid temperature of 36-37°C briefly drops down to around 23°C after intake of a 

glass of water at room temperature, and reverts to the initial temperature within 10 minutes[46].  

In order for drugs dissolved in physiological fluids to be absorbed, they first have to be emptied 

from the stomach into the small intestine, as the gastric mucosa is not suited to quantitative 

absorption due to narrow tight junctions, the absence of active transporters that could facilitate 

the transcellular apical to basolateral uptake and due to the relatively small (~600 cm²) total 

effective surface area available for transcellular absorption via passive diffusion[47], even when 

accounting for a slight amplification due to rugal folds[48,49]. 

After a brief and variable lag-time of up to 15 minutes, emptying of administered non-caloric 

fluid contents occurs relatively quickly and, depending on the total fluid volume, usually follows 

a first-order emptying kinetic with a half-emptying time of approximately 22 minutes (for 50 mL) 

or 12 minutes (for 200 mL), respectively[50]. In contrast, solid contents and particles larger than 

~2 mm cannot pass through the pylorus and are emptied instead via housekeeping waves, 

which are peristaltic contractions of high intensity that occur in regular time intervals in the 

fasted state[49]. The gastric residence time in the fasted state is largely dependent on the 

contraction phase which is in turn determined by the migrating myoelectric complex (MMC)[49]. 

A distinction into three MMC phases is usually made in the literature, with each phase varying 

in duration and in the frequency of gastric contractions[50]. The MMC phases are the main 

reason for the high variability in gastric residence time of solid contents observed among 

human subjects in the fasted state, with a reported range of 4  233 minutes (median: 30 

minutes)[46]. Hence, the MMC phase present during oral administration of solid dosage forms 

determines the average time until the next housekeeping wave occurs, culminating in the 

transfer of solid contents into the small intestinal lumen. 

After being emptied from the stomach, contents enter the small intestine, which is the major 

site of absorption for most orally administered drugs. Anatomically, it is divided into the 

duodenum, jejunum and ileum. From proximal to distal sections, the pore diameter of epithelial 

tight junctions decreases. The potential contact surface area for a drug solution in the small 

intestinal lumen is increased largely due to structures such as  villi and 

microvilli, amounting to an effective area of 200 m² which facilitates passive absorption. In 

addition to the larger surface area, the enterocytes in the small intestine are specialized cells 

for absorption of nutritional components and express transporters on their apical cell 

membrane that facilitate the absorption of certain nutritional components (amino acids, di- and 



2.1. Biopharmaceutical Aspects of Drug Release 

6 
 

tripeptides, mono-, di- and triglycerides)[49], and can also play a role in the absorption of certain 

drugs (e.g. amoxicillin and cephalosporins via hPEPT[51], levodopa via neutral or dibasic amino 

acid antiporters[52]). 

The average small intestinal fluid content was reported as 46 mL in the fasted state and rises 

up to a mean 94 mL after oral administration of 240 mL of water, with a large variability and 

fluctuation due to water absorption and secretion. Further, the fluids were observed to not form 

one large coherent volume, but rather showed distribution into (on average 15 

individual fluid pockets with a volume of ~6 mL) in a study using magnetic resonance imaging 

techniques[42]. The median pH of the fluids in the small intestinal compartments is close to 

neutral (duodenum: ~6.3[53]; jejunum: ~6.9[53]; ileum: ~7.7[46]) and, as reported in studies 

analysing aspirates or using in situ pH measurement via telemetric devices such as the 

Intellicap® system, exhibits lower inter-subject variability and smaller intra-subject fluctuations 

compared to the gastric pH[46]. Mainly responsible for the change in pH of fluids that are 

emptied from the stomach and transferred to the duodenum are bicarbonate ions contained in 

secretions of the small intestinal mucosa and the pancreas, which are able to neutralize the 

acidic gastric fluids. In addition to the small intestinal secretion of electrolytes and bicarbonates 

and the pancreatic secretion of digestive enzymes (e.g. lipase, trypsinogen), the molecular 

composition of intestinal fluids is further determined by the presence and quantity of bile 

fluids[49]. Both, pancreatic secretions and bile fluids enter the duodenal lumen collectively via 

the major duodenal papilla that is situated in the descending part of the duodenum[49]. Bile 

fluids are alkaline (pH 7.5 - 8.05[54]) and consist of bile salts, bilirubin and lipid components 

such as cholesterol and lecithin, which improve the wettability of lipophilic substances and aid 

their solubilisation via micelle formation, thus facilitating their dissolution and absorption[49]. 

The specific biopharmaceutical behaviour of APIs formulated as IR SODF in the GI 

environment in the fasted state is primarily dependent on the inherent properties of the API. 

Most importantly, solubility and intestinal permeability of a drug molecule are key indicators of 

oral bioavailability (BA). 

2.1.2. Physicochemical and Biopharmaceutical Properties of the API 

2.1.2.1. Solubility 

The equilibrium solubility of an API in gastrointestinal fluids is the major factor limiting the total 

drug amount available for transcellular absorption and is thus one of the most important 

biopharmaceutical aspects. Per IUPAC definition[55], the equilibrium solubility of a substance 

(solute) in a certain medium (solvent) is the concentration of a stable saturated solution that 

forms over a bulk of solid, undissolved residue of the solute, coinciding with the chemical 

potential of the undissolved solute being equal to the chemical potential of the substance in 
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solution. Apart from interactions between the API and the solvent that can be estimated based 

on their individual physicochemical properties such as the dielectric constant of the solvent or 

the octanol-water distribution coefficient of a solute[56], the solubility of an API can be influenced 

by external circumstances such as the temperature of the solvent but also by other factors 

such as the simultaneous presence of other dissolved substances. Common-ion and diverse-

ion effects can play a role in the solubility of salt-forming APIs[57], and solubilisation via 

physiological bile salt micelles[58] or mediated through excipients such as cyclodextrins[59] that 

may be present in a dosage form have to be taken into account when evaluating the solubility 

of an API under physiologically relevant conditions.  

Another major factor influencing the solubility of an API with acidic or basic functional groups 

is the pH of the solvent. According to the Henderson-Hasselbalch equation[60,61], the solubility 

of ionized species changes logarithmically with changing pH. Based on the melting point, 

logarithmic octanol-water distribution coefficient (LogP) and acid (pKa) or base (pKb) 

dissociation constants of an API, the pH-solubility profile may be estimated by combining the 

general solubility equation (GSE)[62] and the Henderson-Hasselbalch equation. As the 

physiological pH in the GIT ranges from acidic in the stomach to slightly basic in the ileum, the 

solubility between pH 1 and 7 is of special interest when assessing the potential in vivo 

behaviour of a drug. More importantly, as gastric emptying is associated with a sudden rise in 

pH due to the physiological environment in the duodenum, some drugs with basic functional 

groups may either supersaturate or precipitate during the transition from the stomach to the 

intestines[63]. Thus, the amount of drug eventually available for absorption can be influenced 

largely by the pH-dependent solubility of ionisable compounds. 

2.1.2.2. Intestinal Permeability 

After liberation from a pharmaceutical dosage form and dissolution in the GIT, solubilised drug 

molecules may be absorbed from the small intestinal lumen by a variety of pathways[49,64]: 

passive transcellular diffusion, active or facilitated transcellular uptake, or paracellular diffusion 

(for very hydrophilic drugs). Endocytosis of undissolved particles via microfold cells of the 

 is considered negligible[65]. For the majority of APIs, passive transcellular 

diffusion is the predominant absorption pathway[66] and therefore determination of  

permeability across the membrane of enterocytes is of great interest for predicting the rate and 

extent of the absorption process. Permeability can be mathematically described with EQ. 1 as 

the rate of penetration of a substance into a membrane where D is the diffusion coefficient of 

the substance in the membrane, K is the partition coefficient between the membrane and the 

surrounding aqueous phase and L is the thickness of the membrane[67]: 

   (EQ. 1) 
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For determination of the intestinal permeability of an API, various approaches are available 

that differ in their predictive power and representation of the physiological situation, ranging 

from pure in silico estimation based on quantitative structure-activity relationships using 

molecular descriptors[68] through in vitro experiments using artificial membranes[64] (e.g. 

PAMPA) or cultured cell-monolayers (Caco-2, MDCK)[69] to in vivo perfusion studies in 

animals[70] or humans[71].  

In silico predictions are most useful for early screening of potential new drug candidates as 

they are cheap and rapidly performed, but in most cases correlate only moderately with 

experimentally determined values[72].  

The in vitro permeability assessment of a compound in studies using Caco-2 or MDCK cells is 

well established and widely used[72]. The apparent permeability value (Papp) in these studies is 

calculated from the steady-state substance flux (apical to basolateral) between two chambers 

separated by a cultured monolayer of human colonic adenocarcinoma cells (Caco-2) or Madin-

Darby canine kidney epithelial cells (MDCK)[66]. Compared to studies that use simple artificial 

membranes, active transport can be additionally represented in MDCK cell lines, as they can 

be transfected to express certain metabolic enzymes or transporter proteins on their cell 

surface, allowing for a more mechanistic permeability assessment[72]. While good rank-order 

permeability correlations and correlations with effective intestinal permeability (Peff) in humans 

or the total fraction absorbed (fabs) in vivo can be achieved in Caco-2 assays, a major drawback 

of the method is the large inter-laboratory variability, as the measured permeability is very 

sensitive to the exact composition of the buffer media used in the assay as well as to the 

specific properties of the cultured cell line[72,66]. A more reliable source of permeability data but 

also more laborious to perform is the determination of the effective permeability of individual 

intestinal segments via in situ intestinal perfusion models using either a closed-loop[73] or a 

continuous perfusion[74] approach in animals and humans. 

In addition to the above-mentioned approaches, which assess individual aspects and sub-

processes of drug absorption, oral bioavailability (BA)[75] and mass-balance studies[76] in 

humans can also be used to assess the fraction (fa) of drug absorbed from the GIT based on 

either the amount of drug found in the blood plasma (BA) or calculated from intact or 

metabolized, radio-labelled drug molecules recovered post-administration from excretion 

pathways (mass-balance). In combination with knowledge about a drug s solubility in the GIT, 

the permeability or the fa of a drug can be used to assess potential limitations to the oral BA of 

a drug. 
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2.1.2.3. Concept of the Biopharmaceutics Classification System 

In 1995, Amidon and co-workers[77] established the concept of a simple classification system 

for APIs based on two biopharmaceutical aspects, drug solubility and permeability, creating 

the Biopharmaceutics Classification System (BCS). The approach was adopted by the United 

States Food and Drug Administration (FDA) in 2000[78] as the first regulatory authority that 

applied the concept to the assessment of bioavailability problems of solid oral drug products. 

in this context is misleading, as the BCS takes the total 

fraction absorbed from the gut lumen into account, rather than a specific permeability value, 

by classifying drugs that are absorbed to an extent of at least 85% as highly permeable, as 

e.g. in the current, revised FDA guidance[4]. Regarding the solubility classification, a drug is 

assessed on the basis of its dose/solubility-ratio (DS) and is considered highly soluble when 

the complete dose of an API can be dissolved in 250 mL of buffered media (DS  250 mL) 

over the relevant physiological pH range (pH 1  6.8)[4]. Combination of both criteria results in 

the four BCS classes depicted in FIG. 2. 

 

FIGURE 2: Current FDA interpretation of the Biopharmaceutics Classification System[4] [reprinted from 

PUBL. 1 with permission from Elsevier]. 

As solubility and permeability are considered to be the most crucial aspects for the assessment 

of the oral bioavailability of a drug and due to the simplicity of categorizing the entirety of drug 

molecules into four groups, the BCS classification has been and is widely used[23,79,80]. 

Additionally, its field of application has diversified from the originally intended regulatory use 

to other fields such as drug and formulation development[67,81,82]. Along with the standard BCS 

(FIG. 2), modifications have been proposed that either address the suitability of the 

classification criteria or tailored the whole classification system more towards goals other than 

the original regulatory applications. As an example, due to the difficult and laborious 

experimental assessment of the fraction absorbed and the resulting ambiguities in the 

permeability classification, Wu and Benet[83] proposed the replacement of the BCS permeability 
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criterion in the FDA interpretation in favour of the experimentally more easily accessible total 

extent of drug metabolism, resulting in the Biopharmaceutics Drug Disposition Classification 

System (BDDCS). For the industrial use in formulation development, Butler and Dressman[84] 

proposed a Developability Classification System (DCS) that was later refined by Rosenberger 

et al.[85] to further facilitate its practical implementation. With the aim of improving the BCS in 

terms of physiological relevance while maintaining its overall simplicity, several aspects were 

added in the DCS including consideration of the interplay between permeability and intestinal 

solubility, highlighting that a lower solubility may be compensated by rapid absorption in vivo. 

Furthermore, the DCS contemplates the importance of aspects tied to the performance of the 

dosage form, such as the dissolution rate and particle size distribution - aspects also discussed 

in the BCS, but unheeded in the classification of an API. 

2.1.3. Biopharmaceutical Performance of Solid Oral Dosage Forms 

In addition to the intestinal solubility and permeability of an API, its liberation from the 

pharmaceutical dosage form is a fundamental requirement for subsequent absorption and can 

be characterized by two processes: disintegration of the pharmaceutical IR SODF and 

dissolution of individual drug particles[86]. The behaviour of a specific dosage form is highly 

dependent on the interplay between the physicochemical characteristics of the API, the 

process parameters applied during manufacture and the excipients used in formulation 

development.  

In the context of this thesis, the focus was dedicated to excipients and aspects related to 

disintegration and dissolution of tablets, rather than capsules. Thus, all drug products 

subjected to dissolution and disintegration experiments were tablet formulations. 

2.1.3.1. Excipients and their Influence on the Biopharmaceutical Behaviour 

Pharmaceutical formulations for oral administration must ensure dosing accuracy and API 

stability, facilitate the handling for the patient and, desirably, be aesthetically appealing. When 

no modification of the drug s biopharmaceutical behaviour or its pharmacokinetics is required 

to ensure therapeutic efficacy, IR SODF such as tablets and capsules are the formulation of 

choice as they comply with the aforementioned requirements, can be manufactured with high-

throughput machinery and are generally well received by patients and caregivers[87,88]. To 

facilitate manufacturing of the dosage form and easy handling by the patient, excipients are 

usually added to the API prior to the tablet compression or encapsulation step. 

Excipients are added to the API for various reasons: inert filler materials to enhance the bulk 

volume; binders to increase the mechanical stability of the resulting dosage form; and flow 

regulating agents, glidants and mold-release agents to guarantee smooth operation of the 

tableting process and prevent sticking, segregation and other dosage inaccuracies[89,90]. While 
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these excipients facilitate high-throughput tableting, glidants and mold-release agents such as 

magnesium stearate can negatively influence the wettability of the tablet surface, as these 

excipients are lipophilic and can thus retard water penetration into the tablet core[91,92]. In order 

to improve release of the API from the dosage form after contact with an aqueous medium, 

surface active agents (surfactants) that improve tablet wetting or excipients facilitating physical 

disintegration (disintegrants) may be added[89]. Many potent disintegrants (e.g. croscarmellose 

sodium or sodium starch glycolate) accelerate the disintegration process via swelling, as they 

consist of cross-linked hydrophilic polymers that are insoluble in water but highly hygroscopic 

and swellable[93]. Other modes of action of disintegrants facilitating the disintegration of a tablet 

include wicking of water (e.g. starch) or in situ release carbon dioxide via reaction of 

bicarbonates and organic acids in effervescent tablets after contact with an aqueous 

medium[86].  

Other excipients such as flavouring agents or colorants may be added during manufacture of 

a SODF for either aesthetic or patient compliance purposes. However, they usually have no or 

only negligible influence on  biopharmaceutical behaviour[4]. 

Potential excipient effects are not limited to directly affecting the disintegration process. They 

may also (in most cases unintended) influence the biopharmaceutical behaviour via 

modification of the solubility and dissolution rate[94], membrane permeability[95,96] or small 

intestinal transit time[97,98] of a drug. The excipients that can potentially influence the bioavail-

ability of  Well documented examples of such 

interactions caused by critical excipients reported in the pharmaceutical literature are sodium 

lauryl sulphate (SLS), Macrogol 400 or hydroxypropyl methylcellulose (HPMC)[99,100,95]. 

However, as the excipient concentrations studied in the reported examples often vastly exceed 

amounts usually used in IR SODF, and as some excipient effects are specifically linked to 

certain APIs, their influence on the biopharmaceutical behaviour cannot be generalized to all 

SODF. Instead, it is important to consider the quantitative as well as qualitative excipient 

composition of each product to determine whether the excipients are likely to affect the API 

bioavailability. 

2.1.3.2. Disintegration of Tablet Formulations 

While formulating an API as a tablet facilitates its overall handling and oral administration, an 

additional biopharmaceutical hurdle is introduced as the API needs to be released from the 

dosage form via disintegration of the tablet core in order to become more available for 

dissolution and subsequent absorption.  

The disintegration of a tablet in an aqueous medium is a complex physical procedure. The 

exact process depends on individual factors such as the composition of the fluid medium, the 
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type and quantity of excipients as well as the parameters used in the manufacturing process. 

Fundamental aspects in the theoretical description of disintegration are wetting of the tablet 

surface area followed by liquid penetration that can lead to swelling, strain recovery or 

dissolution of individual particles. All three mechanisms eventually result in the interruption of 

inter-particular bonds such as solid bridges, mechanical interlocking or intermolecular bonds 

that were either introduced or reinforced during the manufacturing process.[86] 

The mechanistic investigation of dosage form disintegration and its separation from dissolution 

of individual particles is challenging, as both processes usually occur simultaneously. 

Experimental approaches therefore focus on quantifying the early disintegration processes that 

occur when a dosage form comes into contact with a fluid: liquid permeation into pores and 

the subsequent swelling of individual particles or the tablet matrix as a whole[86,101].  

Characterizing aspects of the disintegration process in vitro, the overall pore volume of a tablet 

can be determined using compendial porosimetry techniques that assess the pressure 

dependent permeation of gases (e.g. helium[102]) or liquids (e.g. mercury[103]) into the dosage 

form. In addition, imaging techniques such as x-ray microtomography can be used to gain 

insight on the spatial distribution of pore sizes[104,105]. Liquid penetration into pores and the 

subsequent swelling of the tablet or individual particles may be assessed using magnetic 

resonance imaging (MRI) and terahertz time-domain spectroscopy (THz-TDS) or terahertz 

pulsed imaging (TPI)[86,106,107]. 

The in vivo disintegration behaviour can be assessed using tracer techniques such gamma 

scintigraphy, where a radiolabelled substance is incorporated in the dosage form[108,109], or with 

the help of magnetic resonance imaging using incorporated magnetic substances such as 

ferrous oxide for visualization of dispersion of particles in the course of disintegration[107].   

Due to the experimental challenges associated with simultaneously assessing the numerous 

underlying mechanisms, disintegration is often described empirically in pharmaceutical 

science. Approaches for quantitative empirical description of the disintegration process range 

from a simple visual determination of the time tDisint required for complete disintegration of a 

pharmaceutical dosage form[101][110], through numerical calculation of a theoretical 

disintegration profile[111,112], to a more mechanistic assessment based on mathematical 

modelling of the processes considered fundamental to disintegration.[113,114] 
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2.1.3.3. Dissolution of Drug Particles 

The dissolution rate of individual particles can be mathematically described with an equation 

that was first postulated by Noyes and Whitney[115] and later expanded by Nernst[116] and 

Brunner[117] to the Noyes-Whitney/Nernst-Brunner equation: 

    (EQ. 2) 

According to this equation, the change in concentration C(t) over the time interval dt of a 

substance dissolving in a specified medium is dependent on the diffusion coefficient D of the 

substance in the medium, the medium volume V, the total surface area A(t) of undissolved 

particles, the thickness of a hydrodynamic diffusion layer h surrounding the undissolved 

particles and the concentration gradient between the solubility Cs of the drug at equilibrium 

and the momentary drug concentration at time t, C(t). 

Many variations of this equation exist and describe the dissolution process at different levels 

of complexity. One version is the z-factor dissolution model[118,119], which assumes the drug 

particles to be nonporous, spherical and uniform in size. This allows the particle mass to be 

used instead of the particle surface area under consideration of the particle density  and the 

surface to volume ratio of a sphere . Transposition of EQ. 2 under these assumptions leads 

to the following equation: 

  (EQ. 3) 

where M0 is the total initial particle mass available for dissolution, Ms(t) is the total undissolved 

particle mass at time t and r0 is the initial particle radius. Assuming that  remains constant 

during the dissolution process, the term  can be replaced by a hybrid dissolution factor z: 

  (EQ. 4) 

Other approaches based on EQ. 2 are the Johnson dissolution model[120], which describes the 

dissolution of spherical particles of different initial sizes, or the Wang-Flanagan dissolution 

model[121,122], which further accounts for non-spherical particles by applying an individualized 

shape-factor.  

All these dissolution models can be used to describe an observed in vitro dissolution behaviour 

of a pharmaceutical dosage form and may subsequently be used to simulate the in vivo 

performance by using the parameterized data as an input variable in biopharmaceutical in 

silico modelling software.  
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2.2. Experimental Considerations for in vitro Drug Release Testing 

Investigating the API release from a pharmaceutical dosage form requires a thorough prior 

assessment of the biopharmaceutical properties of an API (e.g. BCS class I or IV?), its dosage 

form characteristics (e.g. immediate or modified release formulation?) and the scientific 

problem to be investigated (e.g. comparative QC testing or prediction of the in vivo 

performance?) in order to find a suitable experimental setup that keeps the balance between 

sufficient model complexity and cost- and time-effective experimental feasibility. Providing 

detailed guidance for the choice of suitable experimental setups, results from the EU research 

initiative OrBiTo have been recently compiled in publicly available decision trees[123].  

In the following sections, the particularities and intended purposes of the most prevalent 

instrumental setups and dissolution media used for dissolution testing of IR SODF are 

presented. 

2.2.1. Choice of Dissolution Apparatus Setup 

The first instrumental setups for dissolution testing that were adopted by regulatory authorities 

in the 1970s were the United States Pharmacopoeia (USP) apparatus I (basket apparatus) 

and II (paddle apparatus)[124]. According to the current Pharmacopoeia of the US[125] and the 

EU[126], they consist of an assembly with 6-12 individual positions for dissolution testing. Each 

position can hold a cylindrical glass vessel with a capacity of up to 1 L dissolution medium. To 

maintain a physiologically relevant temperature of 37 ± 1°C, the vessels are heated by a 

surrounding water bath. In the USP apparatus I, the dosage form to be tested is placed inside 

a cylindrical basket comprising a metal mesh that is rotated around its vertical axis with a 

constant speed, usually 100 revolutions per minute (RPM). In contrast, when operating the 

USP apparatus II, the dosage form is placed directly into the dissolution medium and usually 

sinks to the lowest point in the hemispherical vessel. The contents of the vessel are stirred 

with a stainless steel paddle that is immersed in the dissolution medium, usually applying 50 

to 75 RPM. After placing the dosage form in the dissolution medium, aliquots are withdrawn at 

specified time intervals and their API content is quantified with a suitable analytical method 

such as high performance liquid chromatography (HPLC) or UV/VIS spectroscopy. The typical 

setup of a dissolution test using USP apparatus I and II is schematically depicted in FIG. 3. 
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FIGURE 3: Release testing of a tablet formulation in different dissolution test setups. From left to right: 

USP apparatus I, USP apparatus II, USP apparatus II using Peak VesselsTM. 

The primary intended purpose of the compendial dissolution test setup is the assessment of 

uniformity of dosage form performance under the aspect of QC testing and batch release in 

the pharmaceutical industry. However, due to the standardization of the apparatus and their 

ubiquitous laboratory use, the compendial setup is also frequently adopted for predicting the 

potential in vivo behaviour of a dosage form. Aiming to resolve typical problems encountered 

during compendial dissolution testing or to improve the physiological relevance, several 

modifications to the instrumental setup have been proposed[127]. Different vessel types were 

developed that can, in the case of Peak VesselsTM (FIG. 3), reduce the occurrence of the 

dosage form becoming trapped in a zone with low hydrodynamic movement (usually referred 

) when using the USP II apparatus[128,129], or allow the use of smaller media 

volumes (e.g. Mini Vessels, FIG. 4) to better represent physiological fluid volumes. Changes in 

the experimental procedure include two-stage testing[130] or application of the transfer-

model[63]. Both procedures aim to simulate the transition of the drug product from the gastric 

into the small intestinal environment by either abruptly changing the media composition mid-

test (two-stage testing) or by continuously transferring volume aliquots from one vessel 

simulating the gastric environment into a second vessel simulating the intestinal environment 

(Transfer Model, FIG. 4). 
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FIGURE 4: Schematic setup of the Transfer Model developed by Kostewicz and co-workers[63]. The 

contents of a Mini-Vessel representing the gastric environment are transferred into a second, regular 

vessel representing the intestinal environment. 

Apart from the instrumental setups that are based on the regulatory dissolution testers, other 

experimental approaches exist that primarily aim to closely mimic the conditions present in the 

GIT. Absorptive processes in the small intestine happening concurrently with luminal drug 

dissolution can be simulated by bringing the dissolution medium in contact with an organic 

phase[131], an artificial membrane[132] or a cultured cell monolayer[133] as the absorptive 

compartment. Realistic temperature and pH profiles in the fasted stomach as well as pressure 

events during gastric emptying can be simulated in the GastroDuo apparatus[134]. Attempting 

to simulate the complete GIT passage, the TNO (Gastro-)Intestinal Model (TIM) is able to 

simulate the transit of a dosage form through an array of compartments, mimicking many 

physiologically relevant aspects such as peristaltic contractions, secretion of digestive fluids, 

absorption processes and prandial states[135]. 

2.2.2. Choice of Suitable Dissolution Media 

In addition to the variety of instrumental setups available for release testing, many different 

dissolution media can be used for dissolution testing.  

Similar to the choice of the instrumental setup, the suitability of a medium for release testing 

of solid oral dosage forms depends on the biopharmaceutical aspects of the API (e.g. its BCS 

classification), the complexity of the dosage form and the expected interactions in the 

gastrointestinal environment. Addressing this issue and providing guidance for media 

selection, Markopoulos et al.[136] summarized the key aspects to be considered in specific 

experimental scenarios and created a corresponding rank-order system for dissolution media 

based on their level of complexity, ranging from Level 0 to 3. 
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Ideally, the dissolution medium should reflect the physiological environment as closely as 

possible in regard to its qualitative and quantitative media composition and properties that may 

affect dissolution such as bulk pH, buffer capacity, osmolality and surface tension. However, a 

reasonable balance between media complexity, chemical costs and simplicity of media 

handling and sample analysis is usually sought in experimental practice, as dissolution tests 

become more laborious with increasing media complexity and high levels of physiological 

relevance are not always needed for an adequate representation of a  potential in vivo 

behaviour. 

For highly soluble, ionisable compounds in IR dosage forms, dissolution testing in media that 

only account for a physiologically relevant pH (Level 0 media[136]), for example compendial 

Simulated Gastric Fluid (SGF), can be considered appropriate. For these compounds, the pH 

is the main aspect determining their solubility and thus their dissolution rate. However, in many 

cases, the buffer capacity of the medium needs to be taken into account in addition to the bulk 

pH (Level 1 media[136]). Mimicking the physiological conditions with regard to buffer capacity is 

complicated by two factors: first, the buffer capacity in fasted state physiological fluids 

originates mainly from dissolved bicarbonates, which are unstable due to potential conversion 

to carbonic acid and subsequent decomposition to carbon dioxide, and is thus highly 

dependent on the equilibrium between the individual components[137 139]. Although instrumental 

setups have been developed that enable use of media with a bicarbonate buffer system (e.g. 

pHysio-grad®, https://physiolution.eu/), other, more stable buffer systems (such as phosphate, 

maleate or acetate buffers) are usually chosen for practicability and economic reasons. 

Second, the measured buffer capacity in physiological fluids is comparably low[140], as the pH 

in the GIT is mainly affected by either secretion of hydrochloric acid (in the stomach) or 

intestinal secretions, bile and pancreatic fluids (in the small intestine) rather than being 

controlled by the total amount of dissolved buffer components[141,142]. This further hinders an 

exact in vitro representation, as low buffer capacity is a source of variability and hence poor 

reproducibility of experimental results. Therefore, most compendial dissolution media such as 

Simulated Intestinal Fluid (SIF) exhibit a higher buffer capacity (TBL. 1), foregoing an exact 

physiological representation in favour of experimental feasibility. In addition to stabilizing the 

bulk pH of a dissolution medium, the molar concentration of buffer components can also affect 

the pH in the microenvironment surrounding individual drug particles and can therefore be a 

key aspect for appropriately simulating in vivo conditions in some scenarios, as was recently 

demonstrated for the dissolution behaviour of ibuprofen[33,143].  
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Based on scientific advances in the characterization of the human GIT and the inability of 

compendial dissolution media to adequately reflect the in vivo behaviour of certain APIs, 

especially those with poor aqueous solubility, biorelevant media were developed in the late 

1990s in order to improve the predictive power of in vitro dissolution testing[144]. In addition to 

a physiologically relevant bulk pH value and buffer capacity, they include components such as 

bile salts and lipids in physiological quantities and maintain a realistic osmolality (Level 2 

media[136]). The inclusion of bile salts and lipids enables the formation of micellar structures in 

the dissolution medium, which can facilitate the solubilisation of lipophilic compounds. Further, 

the amphiphilic bile salts reduce the medium s surface tension and can thus improve wetting 

of particles and liquid permeation into porous structures, both of which are key elements in the 

disintegration process of solid oral dosage forms. Fasted State Simulating Gastric Fluid[45] 

(FaSSGF) and Intestinal Fluid[144] (FaSSIF) were the first biorelevant media that were 

developed. The latter of which has been modified two times[145,146] based on new insights into 

the composition of intestinal fluids, resulting in the latest version FaSSIF-V3 which closely 

resembles human intestinal fluid in its qualitative and quantitative composition as well as in 

measurable physicochemical properties (TBL. 1). Following the development of media 

simulating the fasted prandial state, fed state media[144,145] (FeSSGF and FeSSIF) were 

designed. These reflect the composition of gastric and intestinal fluids after the intake of a 

standardized meal such as the standardized FDA breakfast administered in pharmacokinetic 

studies investigating the effects of food on the bioavailability of an API. 

Media discussed so far that range from Level 0 to 2 in regards to their complexity are adequate 

for simulating the in vivo dissolution behaviour of most drugs formulated as IR SODF. For 

highly soluble drugs (BCS classes I/III), compendial media can provide sufficient physiological 

relevance albeit their simple composition, while Level 2 media such as FaSSGF and FaSSIF 

are the preferred choice for dissolution testing of BCS class II/IV drugs[136]. 

The use of Level 3 media, as described by Markopoulos et al.[136], will seldom be a necessity 

for IR SODF, as these media further include digestive enzymes, dietary proteins and simulate 

viscosity effects that are considered important for specific lipid-based formulations, modified 

release dosage forms or the simulation of interactions in the fed state that cannot be 

adequately assessed with Level 2 media.  

The composition of key media used for dissolution testing of IR SODF and their physiological 

counterparts are summarized in TBL. 1.
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TABLE 1: Properties and qualitative composition of selected dissolution media used for dissolution 
testing of immediate release dosage forms in comparison to physiological fluids in the fasted state. 

 SGF(sp) 

[147] 

SIF(sp)
[147] FaSSGF[45] FaSSIF 

(Original 

Version)[144] 

FaSSIF 

(Version 3) 
[146] 

 Human 

Gastric 

Aspirates 

Human 

Intestinal Fluid 

Level of 

Complexity[136] 

Compendial Media, 

Levels 0  I 
Biorelevant Media, Level II Physiological fluids 

Qualitative 

Composition 

NaCl 

HCl 

(Pepsin) 

Water 

NaCl 

NaOH 

KH2PO4 

(Pancreatin) 

Water 

NaCl 

HCl 

Taurocholate 

Lecithin 

Water 

NaCl 

NaOH 

KH2PO4 

Taurocholate 

Lecithin 

Water 

NaCl 

NaOH 

KH2PO4 

Taurocholate 

Lecithin 

Glycocholate 

Lysolecithin 

Sodium oleate 

Cholesterol 

Water 

NaCl 

KCl 

HCl 

Bicarbonates 

Bile Salts 

Pepsin 

Water 

NaCl 

KCl 

Bicarbonates 

Bile Salts 

Digestive Enzymes 

Lipids 

Phospholipids 

Water 

pH 1.2 6.8 1.6 or 2.0 6.5 6.7 1 - 3[45,43] 4.8  8.2[141] 

Buffer Capacity 

 
N/A 18.4[148] N/A 12[149] 5.6 

7 (after water 

ingestion)[43] 
2.3  13[150,146] 

Osmolality 

[mOsm/kg] 

180-

200[151,152] 
113[148] 121 270 215 98-140[43] 124  266[150] 

Surface 

Tension 

[mN/m] 

Similar to distilled water 

(68-72)[153] 
42.6 54.7[149] 35.1 35  47[45] 28 - 46[150,146] 

 

2.3. Linking API Properties and in vitro Drug Release to in vivo Pharmacokinetics 

Evaluation of oral bioavailability and the potential impact of differences in the dissolution 

behaviour observed among dosage forms in vitro and subsequent prediction of the 

pharmacokinetics in vivo requires theoretical models and approaches that are able to 

empirically or mechanistically correlate in silico and/or in vitro with in vivo scenarios. In the 

following, a brief overview of established qualitative and quantitative approaches is given. 

2.3.1. Qualitative and Semi-Quantitative Estimation of Oral Bioavailability 

A simple, qualitative approach to assessing the oral bioavailability of an API based on 

molecular descriptors are the  rules of five[154,155]. Correlating calculable molecular 

parameters to absorption and permeability, Lipinski and co-workers postulated that poor oral 

absorption is expected when two or more of the following characteristics apply: molecular 

weight > 500 Da, (calculated) Log P > 5, > 5 hydrogen bond donors, > 10 hydrogen bond 

acceptors. This postulated rule is based on the fact that less than 10% of orally administered 

compounds that enter clinical phase II trials exhibit a combination of two or more of the 

aforementioned calculated properties.   
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While enabling a quick estimation of the oral bioavailability, the rules of five do not account for 

the dynamic interaction between the drug and the small intestinal environment. A simplistic, 

mathematical description of the process of particles transiting the small intestine is the plug-

flow model[77,156], which provides a semi-quantitative assessment of oral bioavailability on the 

basis of biopharmaceutical properties. In this model, the small intestine is represented as a 

cylindrical tube with defined length L and radius R through which a disc-like plug of fluid volume 

V containing (un)dissolved drug particles traverses at a constant flow rate Q (FIG. 5). Drug 

particles are assumed to dissolve according to the Noyes-Whitney/Nernst-Brunner equation 

(EQ. 2), and may permeate through the wall of the cylindrical tube on the basis of a constant, 

defined permeability value. 

 

FIGURE 5: Schematic depiction of the Plug-Flow-Model. 

Based on the plug-flow model, dimensionless parameters can be calculated from bio-

pharmaceutical properties of an API to semi-quantitatively assess the interplay between 

solubility, dissolution and absorption: the dose number D0, absorption number An and 

dissolution number Dn
[77,157]. D0 represents the multiple of a certain volume (usually 250 mL, 

as this approximately represents the volume of a glass of water in addition to the residual 

volume of the fasted stomach) needed to completely dissolve a given API dose. An represents 

the ratio between the time needed for complete absorption and the total transit time of the fluid 

plug through the cylindrical tube (estimated as 3 h in the BCS[77] and 3.32 h in the rDCS on the 

basis of in vivo small intestinal transit times[85]). Dn is the ratio between the total transit time 

and the time needed for complete dissolution of an individual drug particle. The relationship 

between dose, absorption and dissolution number of an API was of fundamental importance 

in the establishment of the BCS[77] and is also used in the rDCS[85] to semi-quantitatively assess 

the developability of drug candidates. The BCS or rDCS classification provides information 

about the biopharmaceutical properties limiting oral bioavailability: class I: no limitation 

expected; class II: solubility and/or dissolution; class III: permeability and/or absorption; class 

IV: solubility in addition to permeability/absorption. 
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All of the aforementioned approaches are applicable to the qualitative or semi-quantitative 

prediction of oral bioavailability based on in silico and in vitro data for the assessment of factors 

crucial for oral bioavailability. When supportive in vivo data are available, quantitative 

correlations between in vivo absorption and in vitro release testing may also be established.  

2.3.2. Quantitative in vitro in vivo Correlation (IVIVC) 

Establishing an IVIVC serves as validation tool for demonstrating the suitability of experimental 

in vitro conditions to reflect the physiological aspects relevant for drug release and thus 

enables subsequent quantitative prediction of the extent of absorption in vivo[158]. 

An IVIVC can be established via deconvolution of in vivo plasma concentration profiles using 

numerical or model-dependent approaches such as the Wagner-Nelson[159] (one compartment) 

or Loo-Riegelman[160] (two or three compartments) method to obtain an estimate of the in vivo 

absorption profile. The time course of the plasma concentration of an orally administered drug 

is mainly determined by two diametric processes, the appearance of drug in the systemic 

circulation as a result of intestinal absorption and its clearance as a result of distribution, 

metabolism or excretion. A mathematical description of the process in which a drug is cleared 

from the blood plasma and estimation of the amount cleared from an observed plasma 

concentration profile provides the basis for calculation of a theoretical in vivo absorption 

profile[161,162].  

IVIVCs of sufficient quality are obtained only when in vivo absorption is assumed to be rapid 

in comparison to the dissolution rate, so that dissolution can be considered the major factor 

limiting oral bioavailability[161,162]. This is usually the case for sustained release dosage forms, 

but is only valid for certain specific IR dosage forms, depending on the formulated API and the 

dosage form characteristics. As the small intestine is the main site of absorption for the majority 

of drugs, gastric emptying time is a large confounding factor, especially for highly soluble (BCS 

I/III) or rapidly dissolving APIs, when trying to correlate the amount dissolved in vitro and the 

amount absorbed in vivo. Disintegration of an IR formulation is usually complete before gastric 

emptying, and dissolution of drug particles may therefore at least partly take place in the 

stomach, thus introducing a time-gap between dissolution and absorption defined by gastric 

emptying kinetics[163]. Depending on the BCS class of an API, the amount of drug reaching the 

systemic circulation can be solubility- or dissolution-limited (BCS II), permeability-limited (BCS 

III) or limited by all three aspects (BCS IV) and is rarely limited solely by dissolution (only for 

certain BCS I and II drugs). As a result it is usually difficult to establish an IVIVC for IR SODF[77]. 

For a reliable, quantitative estimation of the in vivo bioavailability of solid oral dosage forms, 

other approaches are therefore necessary to put the drug s dissolution behaviour into the 

context of the conditions present in the GIT, such as the dynamic transition between 



2.3 Linking API Properties and in vitro Drug Release to in vivo Pharmacokinetics 

22 
 

physiological compartments with different biopharmaceutical characteristics (e.g. pH, fluid 

volume, bile salt concentration or intestinal surface area available for absorption). This can 

either be established by closely mimicking all physiological aspects in a single, complex 

experimental in vitro setup (e.g. GastroDuo[134] or TIM[135]) or by assessing and parameterising 

individual components of the biopharmaceutical behaviour separately, and then combining 

them with the help of sophisticated physiologically based in silico models[164]. 

2.3.3. Physiologically Based Biopharmaceutical Modelling (PBBM)  

Physiologically based biopharmaceutical modelling has evolved from simpler models such as 

the plug-flow model describing intestinal drug transit and aims to provide an accurate, virtual 

representation of the entirety of biopharmaceutical and pharmacokinetic processes in the 

human body. While still dividing the human body into virtual compartments, as is also done in 

compartmental pharmacokinetics, the individual compartments in this case mimic physiological 

organs in their virtual size and function instead of being unspecified compartments solely 

defined by empirically fitted distribution rate constants[165]. 

A variety of commercial and open-source software with or without graphical interface exist that 

either allow the creation of user-defined models (e.g. Stella® Architect, Matlab®, Phoenix® 

WinNonLin®) or provide predefined model setups (e.g. SimCyp®, GastroPlus®, PK-SIM®)[164]. 

In the following discussion, the functions and general model setup of GastroPlus® is described 

in greater detail, as this software was used for the in silico simulations presented in this thesis. 

The fundamental model setup of GastroPlus® is schematically illustrated in FIG. 6. Based on 

input parameters for biopharmaceutical properties of an API such as molecular weight, Log P, 

pH-solubility profile and Peff, its dissolution, transition and absorption in a virtual gastrointestinal 

tract is simulated based on the Advanced Compartmental and Transit (ACAT) model[166]. The 

ACAT model divides the human GIT into 9 virtual compartments: Stomach, Duodenum, 

Jejunum 1 - 2, Ileum 1 - 3, Caecum and Ascending Colon. Each compartment is characterized 

by a set of parameters, amongst others defining its spatial dimensions, residual fluid volume 

and pH, transit time, effective surface area or fluid secretion and absorption rate. Further, a 

variety of options for customization are available, allowing the simulation of different prandial 

states, dosage forms, dissolution kinetics or fluid models. 

The post-absorptive pharmacokinetics may either be simulated using traditional compart-

mental pharmacokinetics (with up to three compartments) or a physiologically based 

pharmacokinetic (PBPK) model that divides the human body into virtual organs (liver, kidneys, 

adipose tissue, etc.) in order to simulate realistic blood flow and distribution into tissues. In 

addition, depending on the specific API, metabolism via enzymes, uptake or secretion via 

transporters or chemical degradation can be represented in the model. 
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FIGURE 6: Schematic setup of the GastroPlus® model for simulation of drug release, gastro-intestinal 

transit and absorption and post-absorptive pharmacokinetics. 

The potential applications of such modelling software are numerous and range from 

extrapolating the in vivo bioavailability from in vitro or pre-clinical data during drug develop-

ment[167], through studying potential drug-drug-interactions[168], to mechanistic pharmacokinetic 

investigations[169] or the conduct of virtual bioequivalence trials[170]. 

Despite the great potential of PBBM and PBPK models, they are still rarely used in the 

interaction between the PE and regulatory authorities during the drug approval process for 

aspects other than drug-drug interactions and pharmacogenetics[171], possibly due to a lack of 

standardization in model setup and validation. Simulation results are thus in most cases 

regarded solely as supplementary data by the regulatory authorities, to support the data sets 

required in the dossier for drug approval, for example in aspects regarding quality 

specifications for the dosage form[172] or the decision of bioequivalence to a comparator 

product.  

Enabling the interpretation of the in vivo relevance of results obtained from in vitro tests such 

as the compendial quality control tests presented in the next section, modelling and simulation 

approaches 
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2.4. Regulatory Aspects of in vitro Drug Release 

2.4.1. Dissolution and Disintegration Testing of IR SODF in Quality Control 

The European Pharmacopoeia[173] (Ph. Eur.) requires IR SODF to be tested regarding the time 

until complete disintegration or dissolution is achieved in addition to the uniformity of their 

content (or their mass variation). The compendial tests take into account some physiological 

aspects in a simplified manner, but do not take into account the physiology of the GIT in its 

entirety. The main purpose of these tests is to detect batch-to-batch differences and to assess 

the general suitability of the dosage form to release its content over the course of several 

minutes to ensure reproducible pharmacokinetics and the desired therapeutic effect after 

administration. 

Disintegration of SODFs is assessed according to Ph. Eur. Chapter 2.9.1 - Disintegration of 

tablets and capsules[110]. A total of six dosage form units are tested, placing each unit in a 

cylindrical tube (with a sieve bottom) located in a basket-rack assembly (FIG. 7). A plastic disc 

is added to each tube to prevent dislocation of the dosage form unit during the experiment. 

The assembly is then submerged in water (hydrochloric acid or SGF are alternatives for coated 

tablets and capsules) with a temperature of 37 ± 2°C and reciprocated vertically with 29 - 32 

dips per minute. After 15 min (uncoated tablets) or 30 min (coated tablets, capsules), the tubes 

are visually inspected. The dosage forms pass the test when all dosage forms have completely 

disintegrated within the specified time period. While the test is simple to perform, its 

physiological relevance has been questioned, as pressure profiles recorded with a SmartPill® 

device revealed that the compendial test does not adequately reflect pressure spikes occurring 

during late phases of gastric emptying[174]. 

 

FIGURE 7: Schematic operation of a compendial disintegration tester. 

Dissolution testing for IR dosage forms according to Ph. Eur. Chapter 2.9.3  Dissolution test 

for solid dosage forms[126] is usually conducted in the USP apparatus I or II. However, USP 

apparatus III (reciprocating cylinder) or IV (flow-through cell) may also be used, especially 

when changing the dissolution medium during the test is desired. For the USP apparatus I and 
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II, media volumes of 500  1000 mL are recommended, with the aim of assessing dissolution 

under sink conditions, so that the concentration of dissolved API does not influence the release 

rate of undissolved API. The dissolution testers are usually operated at 50  100 RPM and a 

temperature of 37 ± 0.5°C. Dissolution media recommended in the Ph. Eur. exhibit a pH in the 

range of 1 - 8 and can be classified as Level 0 or 1 media in the classification system of 

Markopoulos and co-workers[136]. The sampling time points, dissolution media composition, in-

process changes in media, exact rotational speed and volume all have to be specified, taking 

into account the individual physicochemical properties of the dosage form in order to establish 

test conditions that can reliably detect significant batch-to-batch variability. The compendial 

release test is passed at the first test level when each of six individually tested dosage forms 

released 80% or more of the label API content over the specified time interval (usually less 

than 45 min). 

In addition to fulfilling these compendial quality aspects, the therapeutic efficacy and safety of 

the drug product has to be shown in clinical trials for regulatory approval, which can, in the 

case of generic drug products, also be demonstrated by means of pharmacokinetic bio-

equivalence or, for certain BCS class I and III drugs, solely based on in vitro investigations via 

the BCS-based biowaiver procedure. 

The various approval procedures for generic drug products are presented in the following 

section. 

2.4.2. Regulatory Approval of Generic Drug Products in Europe 

2.4.2.1. Approval Types in the European Union 

Approval procedures applicable to generic drug products are the centralized procedure (CP), 

decentralized procedure (DCP), mutual recognition procedure (MRP), and national 

authorisation in a single country[175]. When generic approval via CP is sought, the application 

is evaluated by the EMA Committee for Medicinal Products for Human Use (CHMP). In the 

case of a positive opinion and subsequent authorization by the European Commission, market 

authorization is granted to the medicinal drug product for all EU member states (as well as 

Norway, Iceland and Liechtenstein). When approval for multiple, but not all member states of 

the EU is sought, the DCP or the MRP is applied, depending on the market authorization status 

of the drug product. If market authorization has already been granted to the drug product in an 

EU member state, the MRP is applied. The country where the drug product is already 

authorized is designated as Reference Member State (RMS) and is commissioned to create 

an assessment report based on the dossier submitted by the pharmaceutical company seeking 

approval. The decision for approval is then made by the regulatory authorities of the other, 

Concerned Member States (CMS) based on the assessment of the RMS. When market 
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authorization for the drug product has not been granted in an EU member state yet, the DCP 

is applied. In that case, one of the member states is assigned as RMS and the others as CMS. 

The frequency of use for the various aforementioned drug approval types is exemplified in 

TBL. 2 on the basis of drug approvals from 2013  2018 in the EU[176,177] and in Germany[178]. 

The vast majority (> 70%) of drug approvals in Germany originated from DCP for known 

substances, of which 74.1% of applications in the EU concerned generic drug products. 

TABLE 2: Frequency of use for various drug approval types from 2013-2018 in the EU and in Germany. 

 2013 2014 2015 2016 2017 2018 Sum Rel. 
Share 

Centralized Procedure (CP)  Positive Opinions 
Overall 81 82 93 81 92 84 513 100% 

Generics* 16 5 25 22 21 9 98 19.1% 

Decentralized Procedure (DCP)  Positive Opinions 
Overall 1052 797 1129 1133 1205 1023 6339 100% 

Generics* 797 570 852 836 893 749 4697 74.1% 

Mutual Recognition Procedure (MRP)  Positive Opinions 
Overall 207 249 217 249 310 291 1523 100% 

Generics* 136 117 133 153 193 174 906 59.5% 

All non-national Procedures (CP,DCP,MRP) 
Overall 1340 1128 1439 1463 1607 1398 8375 100% 

Generics* 949 692 1010 1011 1107 932 5701 68.1% 

Drug Approvals in Germany** 
Overall 1770 1182 1364 1468 1463 1285 8532 100% 
CP (All) 81 82 93 81 92 84 513 6.0% 

New Substance 
(Non-CP) 

21 21 97 63 1 4 207 2.4% 

MRP (Known 
Substance) 

119 53 84 93 83 62 494 5.8% 

DCP (Known 
Substance) 

1271 859 941 989 1079 949 6088 71.4% 

National (Known 
Substance) 

278 167 149 242 208 186 1230 14.4% 

*Informed Consent, Well Established Use, Biosimilars and Hybrid Applications not included 
**Re-/Parallel-Importation, Homoeopathy/Anthroposophy, and Phytopharmaceuticals not included 
The mismatch between DCP approval numbers in Germany and positive opinions observed for some years (e.g. 2013 & 2014) 
is explained by the time period between the date of publication of an assessment report and the date of effective regulatory 
authorization. 

The approval of generic drug products can therefore be regarded as a major contributor to 

regulatory burden. The standard procedure requires time-consuming and cost-intensive 

pharmacokinetic studies in humans, as therapeutic equivalence and safety relative to the 

respective innovator drug product needs to be assessed. 

2.4.2.2. Bioequivalence Trials 

Comparative pharmacokinetic studies in humans are the standard procedure recommended 

by regulatory authorities for demonstration of bioequivalence between drug products[3,179]. The 

study protocol usually consists of a randomised, 2-sequence, 2-period, crossover trial with a 

washout phase in-between periods. The number of healthy adult subjects enrolled in the study 

is calculated based on the expected intra-subject variability to ensure a sufficiently powered 



2.4. Regulatory Aspects of in vitro Drug Release 

27 
 

study (  = 0.2). In order to reduce the intra-subject variability, the drug products (test and 

reference) are preferably administered in the fasted state. However, administration in the fed 

state may be necessary for drugs that are labeled to be administered with a meal. For the 

assessment of bioequivalence, the following pharmacokinetic outcome parameters are 

compared between the test and reference formulations: the highest observed blood plasma 

concentration of the drug (Cmax), the area under the concentration-time curve (AUC) and, if of 

therapeutic relevance, the time period (tmax) from drug administration until observation of Cmax. 

Geometric means of the intra-subject ratios between test and reference formulations for Cmax 

and AUC as well as their respective 90% confidence intervals (CI) are calculated and must 

reside completely within the range of 0.8  1.25 in order for the formulations to be deemed 

bioequivalent. An example is illustrated in FIG. 8. 

 

FIGURE 8: (A) Comparison of two plasma concentration profiles illustrating Cmax, AUC, tmax. (B) Point 

estimates and 90% confidence intervals for Cmax and AUC. As both confidence intervals reside within 

the limits of 80.00-125.00% with no difference in tmax, the test product can be deemed bioequivalent to 

the reference product. 

2.4.2.3. BCS-based Biowaiver 

Introduced in 2000 on the basis of the BCS, the BCS-based biowaiver allows for the exemption 

of demonstrating bioequivalence via in vivo bioavailability studies in favour of demonstrating 

similarity of dosage form performance in vitro for IR SODF containing BCS class I or III APIs. 

The approach was first implemented by the FDA[78] and was later adopted by other regulatory 

authorities such as the EMA[75] in 2002 or international organizations such as the WHO[180] in 

2006. In the first FDA and EMA guidance documents, the BCS-based biowaiver was restricted 

to BCS class I compounds, as their absorption is neither limited by solubility nor permeability, 

and the dosage form is assumed to have no influence on oral bioavailability when dissolution 

is faster than gastric emptying. In principle, this is an extension of the waiver of in vivo 

bioequivalence studies for oral solutions, where bioequivalence is regarded as self-evident 

when two drug products contain an API in identical concentration and no excipient effects on 



2.4. Regulatory Aspects of in vitro Drug Release 

28 
 

gastrointestinal transit, API stability and intestinal absorption are expected. Thus, when two IR 

SODF with BCS class I APIs dissolve completely prior to gastric emptying, their 

biopharmaceutical behaviour is expected to be similar to an administered solution, likewise 

implying self-evident bioequivalence. Further contributing to this thought process, the WHO 

progressively considered BCS class III and (for a brief time period) even weakly acidic BCS 

class II compounds eligible for a BCS-based biowaiver[180]. Their inclusion can also be 

explained analogous to the self-evident bioequivalence of oral solutions: for BCS class III 

compounds, oral bioavailability is limited due to poor permeability or saturation of active 

transport mechanisms. When dissolution in the stomach is very rapid, and no excipients effects 

altering absorption are expected, an influence of the dosage form on oral bioavailability may 

be ruled out. Regarding BCS class II weak acids, most exhibit poor solubility in the gastric 

environment, while solubility in the physiological intestinal environment is often high and not a 

factor limiting oral bioavailability. Therefore, although being classified as BCS II compounds 

based on physicochemical properties, they can be expected to behave like BCS class I 

compounds in vivo. While the inclusion of BCS class III compounds found scientific 

consensus[35 37] and regulatory acceptance in the revised EMA[3] and FDA[4] guidance 

documents, weakly acidic BCS II compounds were eventually excluded from the procedure, 

even in the WHO Guidance[5] that had formerly included them. Concerns were raised as to 

whether the dissolution setup and specifications are able to reliably discern in vivo 

bioequivalent from BCS class II drug products that are not bioequivalent, as case examples 

were reported in which in vivo bioinequivalent drug products showed similarity in the in vitro 

release test (e.g. ibuprofen[27]). To date, the potential inclusion of BCS class II compounds is 

still controversially discussed in the pharmaceutical literature[29 31,33,181 183]. 

The experimental setup for comparative release testing in the context of the BCS-based 

biowaiver is in large part based on compendial QC dissolution tests for SODFs. However, the 

details of the experimental procedure are more precisely defined, as explicit recommendations 

for the composition of dissolution media, fluid volumes, and rotational speeds are given. 

Experimental considerations and specifications for a waiver of bioequivalence for BCS class I 

drugs were already proposed in the framework of the BCS. It was stated that the dosage forms 

have to be either very rapidly dissolving (  85% release within 15 minutes, VRD) or rapidly 

dissolving (  85% release within 30 minutes, RD) throughout the physiological pH range of 

1 - 8. When both drug products are rapidly dissolving, similarity of their dissolution profiles has 

to be further demonstrated applying the f2-Test described by Moore and Flanner[184] (EQ. 5): 

  (EQ. 5) 
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Where f2 is the dimensionless similarity factor (ranging from 0 to 100, where 100 represents 

congruence of both dissolution profiles), nD is the total number of dissolution time point 

comparisons and Rt and Tt are the amounts released at time t for the reference and test 

formulation, respectively. Two dissolution profiles can be regarded similar when f2 is  50, 

indicating an average absolute difference  10% among the compared dissolution time points. 

An example is illustrated in FIG. 9, where one drug product (Test Product A) can be deemed 

similar to the reference drug product (f2 = 65.0), while the other drug product fails to comply 

with the BCS-based biowaiver criteria for the f2-Test (f2 = 41.2). 

   

FIGURE 9: Assessment of in vitro similarity of release profiles applying BCS-based biowaiver criteria for 

three rapidly dissolving drug products containing the same BCS class I API. 

For BCS class III drugs, only the VRD criterion is used in order to emphasize the need for 

complete dissolution before gastric emptying for permeability-limited drugs[6]. 

In addition to the formal prerequisites regarding the dosage form and API (same dosage form, 

molar dose strength, route of application and, in case of different salt forms, similar solubility), 

the requirements set in comparative in vitro release testing and data supporting a clear 

classification as BCS I or BCS III, an evaluation of the included excipients as well as a thorough 

risk-benefit analysis is expected. For BCS class I drugs, the use of well-established excipients 

in usual quantities is required, while for BCS class III drugs, the same excipients in similar 

quantity (in a defined variation range) have to be used in both drug products to be compared. 

Critical excipients, such as sweeteners (e.g. mannitol, sorbitol) or surfactants (e.g. 

polysorbates), must be assessed regarding their influence on the absorption process and be 

identical in quality and quantity for both drug products[6]. 

In a risk-benefit analysis, potential risks associated with an inappropriate biowaiver decision 

(i.e. drug products are deemed similar in vitro, but are in fact not bioequivalent in vivo) are to 

be discussed. The analysis should take into account particularities of the drug s oral absorption 

(e.g. absorption windows, saturable active transport and excipient effects), and the impact of 

sub-/supra-bioavailability on the  efficacy and toxicity[5].
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3. Aims of the Thesis 

Since its introduction two decades ago, the procedure of the BCS-based biowaiver has been 

continuously re-evaluated and modified among the various authorities, and is currently in the 

process of international harmonization, with a revised ICH guidance coming into effect in July 

2020. Previous additions to the procedure were met with both, support and criticism in the 

recent scientific literature. Further reflecting the current ambiguity regarding theoretical and 

practical considerations, the procedure has been applied with varying frequency and success 

in generic drug approvals. 

Thus, in order to comprehensively assess and evaluate current developments and potential 

refinements to the procedure, four key aspects are addressed in this thesis, aiming to 

1) Review the current state of the regulatory framework and the utilization frequency of the 

BCS-based biowaiver in generic drug approval: 

The frequency of use of the BCS-based biowaiver in regulatory drug approval over the last 

years is summarized in order to assess the relevance of the procedure and its potential to 

lower regulatory burden on generic manufacturers. Recent regulatory and scientific 

developments regarding the procedure are discussed on the basis of the current, 

harmonized ICH M9 guidance and potential hindrances to successful application in the 

regulatory approval of generic drugs are highlighted. 

2) Assess the eligibility of APIs for the BCS-based biowaiver procedure, focusing on drugs 

listed on the current WHO EML: 

Solubility and permeability data available in the pharmaceutical literature are reviewed with 

the purpose of establishing a reliable BCS-classification for essential APIs and thus create 

an overview of the number of essential APIs eligible for the BCS-based biowaiver. In cases 

where inconclusive solubility data is observed, new experimental data are generated. 

Further, with the aim of establishing a publicly available database in the form of biowaiver 

monographs, a risk-benefit analysis recommended by the WHO to be performed in the 

course of the BCS-based biowaiver procedure is presented and discussed on the basis of 

folic acid as a case example.  



3. Aims of the Thesis 

31 
 

3) Investigate the experimental applicability of the BCS-based biowaiver to commercially 

available, generic drug products containing essential APIs: 

The percentage of generic drug products containing essential APIs eligible for the BCS-

based biowaiver procedure that fail to meet the required dissolution specifications is 

investigated by a retrospective assessment of dissolution tests performed at the Goethe 

University, Frankfurt. To further explore key hindrances preventing the successful in vitro 

comparison of generic drug products and the range of quality differences to be expected 

among generic drug products, the biopharmaceutical properties of commercial tablet 

formulations containing the essential APIs amoxicillin and doxycycline are characterized in 

in vitro experiments and compared on a national and international level. Potential 

modifications to the experimental procedure of the BCS-based biowaiver, such as the 

utilization of Peak VesselsTM and biorelevant media, are also investigated and discussed. 

4) Examine the suitability of current BCS-based biowaiver dissolution specifications to reliably 

assess the biopharmaceutical impact of differences in drug quality in vivo: 

Results from the in vitro experiments are parameterized for subsequent use as input 

parameters in the modelling software GastroPlus®. Physiologically based biopharma-

ceutical models are established for oral administration of amoxicillin and doxycycline and 

used to compare the various generic drug products in virtual bioequivalence trials. 

Differences observed in the in vitro experiments are assessed and evaluated regarding 

their potential influence on in vivo pharmacokinetics. In combination with theoretical case 

scenarios, the suitability of current dissolution specifications as well as the possibility of 

establishing customized, API-specific dissolution specifications is evaluated. 
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4. Key Results and Discussion 

4.1. Regulatory Application and International Harmonization of Biowaivers 

4.1.1. Utilization of the BCS-Based Biowaiver in Generic Drug Approvals 

Although the possibility of a generic drug approval via BCS-based biowaiver was already 

established in 2000 in the US and in 2002 in the European Union (EU), no significant increase 

in drug approvals utilizing the procedure occurred until after 2008 in the US, and, following the 

revision of the EMA guidance document, after 2010 in the EU (FIG. 10, modified and updated 

from PUBL. 3)[185 187]. With the inclusion of BCS class III drugs in the revised FDA guidance in 

2017, and the harmonized ICH M9 guidance coming into effect in July 2020, a further increase 

in approval numbers via BCS-based biowaiver is to be expected in the future. 

   

FIGURE 10: Generic drug approvals via BCS-based biowaiver in the EU and the US (left hand figure) 

and top 3 therapeutic classes of the APIs (right hand figures) [modified reprint from PUBL. 3 with 

permission from Elsevier]. 

While the average number of annual drug approvals via BCS-based biowaivers has increased 

over the last decade, the procedure was applied in only 6.1% of the centralized generic 

approvals and accounted for just 1% of all non-national generic approvals in the EU (TBL. 3).  

TABLE 3: Generic drug approvals via BCS-based biowaiver in the EU and their relative proportion in 

comparison to all centralized and decentralized generic approvals[185,186,177]. 

 2013 2014 2015 2016 2017 2018 Sum 
Rel. 

Share 
Compared 

to 
BCS-Based Biowaivers  Positive Opinions / (Rejected) 

CP 2 0 1 0 3 (1) 0 6 (1) 6.1% 
CP 

Generics 

DCP/MRP 8 6 7 7 12 10 50 0.9% 
DCP/MRP 
Generics 

Total 10 6 8 7 15 (1) 10 56 (1) 1.0% 
All 

Generics 

Potential of BCS-biowaivers exploited in CP 
Potential 

Candidates* 
7 1 6 5 8 3 30 30.6% 

CP 
Generics 

BCS-
Biowaivers 

2 0 1 0 3 0 6 20.0% 
Biowaiver 

Candidates 
*Highly soluble API in SODF administered without food for systemic therapeutic effect 
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The lower relative share of BCS-based biowaivers in DCP (0.9%) compared to CP (6.1%) may 

be explained by the fact that in a DCP, each RMS and the individual CMS may have a divergent 

opinion regarding the overall suitability of a BCS-based biowaiver or certain aspects thereof 

(e.g. the therapeutic index of an API) and could thus reject the approval. 

The overall low relative share in both the DCP/MRP and the CP raise the question as to 

whether the full potential of the BCS-based biowaiver has been exploited. In order to 

investigate this, all 98 APIs for which generic approval via CP was sought were evaluated 

regarding their eligibility for a BCS-based biowaiver based on their respective public 

assessment reports (PARs). Thirty of the 98 APIs were identified as highly soluble compounds 

formulated in IR SODF designed for a systemic therapeutic effect and administered without 

food. Therefore, in theory, the BCS-based biowaiver would have been applicable in 30.6% of 

all CP generic drug approvals, but was only applied for in 7 cases (TBL. 3). 

The potential reasons for the low frequency of use are manifold and can originate from the 

applicant, the drug product s properties or the regulatory authority:  

 Applicant:  

 Limited experience in the application of the BCS-based biowaiver 

 Fear of a BCS-based biowaiver being rejected by the regulatory authority 

(especially for BCS III compounds) which would result in delayed market access 

 Need to apply for approval in non-EU countries where a BCS-based biowaiver 

may not be acceptable (e.g. Japan), as approval in those countries would 

anyway necessitate a pharmacokinetic study in humans 

 Drug products (generic or comparator product): 

 Inability to meet the requirements set out in in vitro dissolution comparison 

 Regulatory authority: 

 Vague definition of certain criteria in the EMA guidance document (e.g. 

regarding allowed variations in excipients) 

 Overly strict enforcement of specifications set out in the BCS-based biowaiver 

guidance document 

With the harmonized ICH M9 BCS-based biowaiver guidance coming into effect at the end of 

July 2020, it can be hoped for a positive impact on application frequency of the BCS-based 

biowaiver, although certain aspects that were introduced during the harmonization process 

may also impede the widespread use of the procedure, as discussed in the following section. 
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4.1.2. Harmonization of Guidance Documents 

Before the international harmonization of the BCS-based biowaiver guidance documents was 

first pursued in July 2018[188], discrepancies among the individual guidance documents of the 

WHO, FDA and EMA regarding the requirements for a BCS-based biowaiver impeded its 

widespread use, especially when approval for a specific generic was sought after in different 

jurisdictions. The differences among regulatory guidance documents were evaluated in 

2013[189], and, at that time, major differences identified among the guidances included the BCS 

classes eligible for the procedure, the approaches for solubility and permeability classification, 

deviating definitions for the dose to be used for BCS classification, and subtle discrepancies 

in the recommendations for dissolution testing. Since then, the WHO and the FDA guidance 

were revised and the ICH drafted a harmonized guidance document, aiming to abolish 

ambiguities and to facilitate generic drug approval across jurisdictions. In PUBL. 3, the current 

state of the BCS-based biowaiver was reviewed in order to re-evaluate remaining differences 

among the revised guidance documents and to critically assess decisions reflected in the 

harmonized ICH M9 draft guidance[188]. As the harmonized guidance was still in a draft state 

at the time PUBL. 3 was issued, adjustments made in the finalized guidance document are also 

discussed here. 

In TBL. 4, the requirements for a BCS-based biowaiver are compared as laid out in the current 

guidance documents of the WHO, FDA, EMA as well as in the finalized ICH M9 guidance 

coming into effect in July 2020. Several important aspects were already consistent among the 

individual guidances prior to the harmonization process, such as the eligible BCS classes 

(I and III), solubility and permeability criteria for BCS I classification (D/S  250 mL, fa  85%), 

the specifications for evaluating dissolution similarity (VRD for BCS I/III APIs or RD combined 

with f2-testing for BCS I APIs) and the exclusion of drugs with a narrow therapeutic index (NTI), 

and were thus identically implemented in the new ICH M9 guidance. Other aspects adopted 

were largely based on the revised FDA guidance, as it is the most recent and detailed guidance 

document: sections regarding the allowed qualitative and quantitative excipient changes for 

BCS class III compounds in both the FDA and the ICH guidance are based on the FDA SUPAC 

guideline[190], and the acceptable approaches for determining an API s permeability 

classification have been expanded to further include permeability assays using Caco-2 cells, 

an approach not taken into consideration in the current EMA guidance, but well established in 

the FDA  guidance.  
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TABLE 4: Comparison of BCS-based biowaiver guidances of the WHO, EMA, FDA and ICH [modified 
reprint from PUBL. 3 with permission from Elsevier]. 

Aspects WHO (2015)[5] FDA (2017)[4] EMA (2010)[3] 
ICH M9 Final Guidance 

(2019)[6] 
ICH M9 
Draft[188] 

Solubility 

Method 

Not explicitly stated Shake-flask or other 
method using USP  
buffer solutions
with pH verification; 
validated stability-
indicating assay; 
degradation needs to be 
reported 

Replicate 
determinations at each 
pH condition (shake-
flask or other justified 
method); solution pH 
should be verified 

Shake flask method or other (e.g. 
small-scale), , use of 
compendial media and validated 
assay, pH verification and 
adjustment, suitable timeframe; 
if degradation >10%: no 
classification possible; literature 
data can be supportive 

  

Temperature 37±1°C 

pH 

1.2  6.8 1.0  6.8, sufficient 
number of pH 
conditions: 1 / 6.8 / pKa 
/ pKa±1 

at least 3 buffers (1.2, 
4.5, 6.8 and pKa if within 
range) 

pH 1.2  6.8 (1.2 / 4.5 / 6.8) + pH 
with lowest solubility (within 
range) 

Dose 
strength to 

be used 

Highest single 
therapeutic dose 

Highest dosage 
strength (when single 
dose is higher: 
additional information 
necessary) 

Highest single dose Highest single therapeutic dose 
(when only highest dosage 
strength is highly soluble: 
additional information necessary) 

Specification  

Permeability 

Specification 
for high 

permeability 

Extent of 

mass balance or 
BA studies 

Extent of absorption 
 in mass balance, 

BA or human intestinal 
perfusion studies; single 
method sufficient when: 
BA or urinary recovery 

 

Extent of absorption 

or BA studies, urinary 
and faecal recovery 
(including metabolites 
formed after absorption) 

mass balance or BA studies, 
urinary and faecal recovery 
(including metabolites formed 
after absorption) 

  
Preclusion of 
permeability 
classification 
was not stated 
 
 
 
 
 
  

Other 
Acceptable 

Data 

In vivo intestinal 
perfusion in 
humans  

In vivo or in situ animal 
intestinal perfusion, in 
vitro methods  using 
epithelial cell culture or 
excised intestinal 
tissues 

None Caco-2 assay when absorption is 
controlled by passive diffusion, 
human in vivo data from 
published literature 

Supportive 
Data 

In vivo or in situ 
intestinal perfusion 
in animal models;  
epithelial cell 
culture assay 

Demonstration of 
stability in GIT to 
support mass-balance 
study using compendial 
or simulated gastro-
intestinal fluids (37°C, 
1h in gastric, 3h in 
intestinal media), 
degradation >5% 
suggests instability 

Reported BE between 
aqueous and solid 
formulations, in vitro 
permeability assays 

Demonstration of stability in GIT 
(for mass-balance and Caco-2) 
with compendial or simulated 
gastrointestinal fluids (37°C, 1h in 
gastric, 3h in intestinal media), 
>10% degradation prevents 
highly permeable classification 

BCS Classification 
Eligible 
Classes 

BCS I and BCS III 
  

Dissolution 

Apparatus 
Paddle (USP II) / 
basket (USP I) 

Paddle (for tablets) / 
basket (for capsules / 
floating products) 

Paddle / basket Compendial apparatus: paddle / 
basket; use of sinkers or other 
approaches for coning issues 

Alternative 
approaches to 
reduce coning 
were not 
specified 
 
Purified water 
was 
considered as 
dissolution 
medium at the 
request of the 
Japanese 
authorities  

Agitation 
speed 

75 RPM (USP II) / 
100 RPM (USP I) 

50 RPM, 75 RPM for 
coning (USP II) / 100 
RPM (USP I) 

50 RPM (USP II) / 100 
RPM (USP I) 

50 rpm (USP II) / 100 RPM 
(USP I, especially with observed 
coning) 

Dissolution 
media 

Pharmacopoeial 
media: HCl 
solution, acetate 
and phosphate 
buffers; No 
surfactants, 
enzymes may be 
used if gelatine is 
involved 

0.1 N HCl / SGF without 
enzymes; pH 4.5 buffer; 
pH 6.8 buffer / SIF 
without enzymes 

pH 1-6.8 (at least 1.2 / 
4.5 / 6.8 + observed 
lowest solubility); Ph. 
Eur. buffers 
recommended; no sur-
factants; use of 
enzymes acceptable in 
case of gelatine in 
formulation; pH 
verification 
recommended 

Pharmacopoeial buffers at pH 1.2 
/ 4.5 / 6.8. Additional investigation 
may be required at pH of 
minimum solubility, no organic 
solvents or surfactants; enzymes 
may be acceptable for capsules 
or tablets with gelatine coating 

Temperature 37±1°C 37±0.5°C 37±1°C 37±1°C 

Volume 900 mL 500 mL (900 mL when 
justified) 

 
recommended) 

Sample size 
12 samples (for f2 
testing) 

12 samples 12 samples, advisable 
to test more than a 
single batch 

12 samples from a batch size of 
>100.000 units or 1/10 of 
production 

Sampling 
e.g. 5, 10, 15, 20, 
30, 45, 60 min 

sufficient number, e.g. 
5, 10, 15, 20 and 30 min 

e.g. 10, 15, 20, 30 and 
45 min 

Samples should be filtered; no 
specific sampling time-points 
recommended 
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f2-test 

Mean values, CV 

-points in 
total (same for both 
formulations and 
zero excluded), 
max. 1 time-point 

dissolution 

afterwards, max. 1 time-

dissolution 

 for first point 
and 10% afterwards; 

-points in total 
(zero excluded): before 
15 min, at 15 min and at 
release close to 85%, 
same time points for 
both formulations, 
n=12, max. 1 time-point 

 

afterwards, max. 1 time-point 
-

points in total (zero excluded), 
same time-points for both 
products 

 

Specification 2 test (f2  

Comparison 

Comparison of test vs. reference product, no statement regarding multiple 
dosage strength is made 

Comparison of all dosage 
strengths of the test product 
against the reference drug 
product strengths 

Excipients 

Specification 

Well established 
excipients in usual 
amounts without 
PK interactions or 
influence on 
absorption; critical 
excipients, e.g. 
surfactants, 
mannitol, sorbitol 
must not differ 
qualitatively and 
must be 
quantitatively 
similar; BCS I: 
excipients present 
in the comparator 
product or in other 
products with MA 
recommended; 
BCS III: excipients 
must be 
qualitatively the 
same and 
quantitatively very 
similar to the 
comparator (in 

WHO 
quality limits on 
allowable 
quantitative 

[191]) 

BCS I: Ingredients must 
not significantly affect 
absorption; 
recommended using 
excipients that are used 
in FDA-approved IR-
SODF, quantity should 
be consistent with 
intended function, large 
amounts have to be 
justified; evaluation of 
critical excipients: 
surfactants (polysorbate 
80) and sweeteners 
(mannitol, sorbitol); 
BCS III: qualitatively 
identical excipients; 
allowed changes: 
technical grade of 
excipient, Fillers±10%, 
Starch±6% 
Disintegrants±2%, 
Binders±1%,  
Ca/Mg-Stearate±0.5%, 
Talc±2%, 
Lubricants±2%, 
Coating±2%, 
Glidants±0.2%, 
Total Change±10% 
(references the FDA 
SUPAC Guidance)[190] 

BCS I: excipients 
affecting BA must be 
qualitatively and 
quantitatively the same, 
preferably identical 
excipients in similar 
amounts; BCS III: 
excipients affecting BA 
must be qualitatively 
and quantitatively 
identical, other 
excipients must be 
qualitatively the same 
and quantitatively very 
similar; use of well-
established excipients 
in usual amounts, 
discuss possible 
interactions affecting 
BE, solubility and 
permeability; must 
describe the excipients 
function and justify their 
amount; impact of 
critical excipients (e.g. 
sorbitol, mannitol, SLS) 
on motility, interactions 
with drug substance, 
transporters and 
permeability should be 
identified 

Test product composition should 
mimic reference drug product; 
differences should be assessed 
for their potential to affect 
absorption: solubility, motility, 
transit time, intestinal 
permeability; critical excipients: 
sugar-alcohols (mannitol / 
sorbitol), surfactants (SLS); small 
amounts in coating are negligible. 
BCS I: low risk, focus on 
excipients affecting absorption: 
max. allowed change ±10% 
(cumulative); BCS III: same 
excipients (except colorants, 
flavour, preservatives without 
effect on BA); allowed changes: 
technical grade of excipient, 
excipients influencing absorption: 
±10%,  
Fillers±10%,  
Starch±6%,  
Disintegrants±2%,  
Binders±1%,  
Ca/Mg-Stearate±0.5%, 
Lubricants±2%,  
Talc±2%,  
Glidants±0.2%,  
Coatings±2%,  
Total Change±10% 

No cumulative 
difference 
specification 
was stated for 
excipients 
affecting 
absorption for 
BCS class I 
drugs 

Risk-benefit analysis 

Further 
Consider-

ations 

Favourable risk-
benefit analysis; 
BCS III: address 
extent, site and 
mechanism of 
absorption; more 
critical evaluation 
the lower oral BA 
is; evaluate risk of 
incorrect decision: 
sub- and supra-BA 
products 

Not specifically 
mentioned 

Risk of an inappropriate 
biowaiver decision 
should be more critically 
reviewed (e.g. site-
specific absorption, risk 
for transport protein 
interactions, excipient 
compositions and 
therapeutic risks) for 
BCS III than for BCS I 

Not specifically mentioned  

Restrictions 

 

No NTI Drugs No NTI drugs, no 
products designed to be 
absorbed in the oral 
cavity, Pro-drugs only 
eligible when meta-
bolized post-absorption 

No NTI drugs, no 
different API forms 
(except BCS I salt forms 
with similar properties), 
no products designed to 
be absorbed in the oral 
cavity; no modified 
release formulations 

No NTI drugs, no products 
designed to be absorbed in the 
oral cavity or administered 
without water; dosage form must 
be identical for both products 
(e.g. no capsule vs. tablet!); Pro-
drugs eligible only when 
metabolized post-absorption; 
drug substances have to be 
identical (in case of different salt 
forms: both have to be BCS 
class I) 

Different salt 
forms were not 
considered 
eligible; 
pharma-
ceutically 
equivalent 
dosage forms 
were allowed 

Comments 

 

 
Legal Basis: 
Regulations at 21 CFR 
320 for BA/BE, 21 CFR 
320.22 for biowaivers;  
FDC drug products 
eligible for BCS-based 
biowaiver: when 
containing BCS I APIs: 
BCS I criteria; when 
containing BCS I&III or 
BCS III APIs: BCS III 
criteria 

Legal Basis:  
Directive 2001/83 EC 
 
FDC Biowaiver possible 
  

Documentation: polymorphic 
form, enantiomeric purity, 
bioavailability or bioequivalence 
problems (literature surveys); 
applicable to IR SODF or 
suspensions designed to deliver 
the drug to the systemic 
circulation and FDC drug 
products (containing BCS I APIs: 
BCS I criteria; containing BCS 
I&III or BCS III APIs: BCS III 
criteria)  
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Aspects that were consolidated and differ from the FDA guidance are the dose to be used for 

BCS classification (highest single therapeutic dose is to be used, but highest dosage strength 

can be adequate when dose linearity is demonstrated) and the media volume to be used in 

dissolution tests (  900 mL instead of the preferred  500 mL stated in the FDA guidance). 

Interestingly, in addition to resolving ambiguities and the consideration of valid alternative 

approaches (e.g. regarding the dose to be used for BCS classification), new aspects have 

been introduced in the harmonized guidance that were not taken into consideration in any of 

the other current guidance documents. These are: 

A) Raising the limit for significant degradation to an extent of  10% (compared to  5% as 

stated in the FDA guidance). Significant degradation is stated to prevent solubility and 

permeability classification and thus denies application of the BCS-based biowaiver. In 

comparison, the FDA guidance simply states that significant degradation needs to be 

reported and discussed in a BCS-based biowaiver application. 

B) When an approval for multiple dosage strengths is sought, each individual strength of the 

test product has to be compared to the respective comparator drug product. 

C) The dosage forms that are to be compared have to be identical, meaning that tablets and 

capsules are not considered to be similar dosage forms in the harmonized guidance. 

However, tablets with a coating not intended to change the release kinetics (e.g. taste-

masking coatings) may be compared to uncoated tablets. 

D) Suspensions are considered eligible for a BCS-based biowaiver. However, no explicit 

statement is made regarding allowed qualitative and quantitative excipient variations, as 

the relevant paragraphs and tables exclusively cover excipients used in solid oral dosage 

forms. 

E) For solubility classification, the pH where lowest solubility is expected needs to be included 

in the solubility determination (if within range). In the current EMA and FDA guidances, 

investigation of the solubility at pH = pKa (in addition to pKa ± 1 in the FDA guidance) is 

required. 

F) Explicit recommendation to use the USP I apparatus at 100 RPM in the case of coning 

instead of increasing the RPM to 75 in the USP II apparatus. No recommendations 

regarding sampling time-points are made, although the individual guidance documents 

state such (TBL. 4). 

Specifically, the additions A)-C) neither facilitate the procedure nor reduce the regulatory 

burden, as they either add criteria for a possible exclusion of APIs (A) and dosage forms (C) 

or make the procedure more laborious (B). This seems counter-intuitive to the purpose of the 

BCS-based biowaiver, especially compared to other, more progressive changes that were 

made, such as the novel inclusion of suspensions (D) or the possibility of establishing the 
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permeability classification solely based on in vitro experiments (e.g. in Caco-2 assays), which 

was formerly not possible in the EMA guidance. 

The replacement of the requirement to determine the solubility at pH = pKa in favour of the pH 

where lowest solubility is expected (E) is much appreciated, as according to the Henderson-

Hasselbalch equation, the lowest solubility of a monoprotic acid or base is not expected at 

pH = pKa. In case of multiple pKa values, the proportion of each molecule species existing at a 

certain pH needs to be taken into consideration in order to calculate the pH where lowest 

solubility is expected, but the resulting pH being identical to one of the pKa-values is highly 

unlikely. Thus, scientifically, the general requirement to include the pH where the lowest 

solubility is expected is preferable compared to mandatory testing at pH values around the 

pKa. 

The recommendation to use the USP I apparatus at 100 RPM in cases where noticeable 

coning is observed (F) is surprising, as in the FDA guidance, increasing the rotational speed 

to 75 RPM in the USP II apparatus is stated as an alternative and is even recommended as 

the standard rotational speed by the WHO. The use of other experimental setups that are 

specifically designed to reduce coning without the need for a drastic increase in the rotational 

speed (e.g. the use of Peak VesselsTM) are not explicitly mentioned. However, in view of these 

possibilities, the respective section in the ICH M9 draft guidances was changed to allow 

alternative experimental approaches when scientifically justified. 

Compared to the draft version, most of the changes made in the finalized ICH M9 guidance 

(see last column in TBL. 4) further clarify individual specifications, such as the permitted 

cumulative change in excipients potentially affecting absorption for BCS class I drugs, or 

allowance for more flexibility in the approach, as alternative experimental setups for the 

reduction of coning may be used and different salt forms of BCS class I drugs are considered 

to be eligible candidates for a BCS-based biowaiver. The aforementioned exclusion of different 

dosage forms for the BCS-based biowaiver, however, is incomprehensible, as the various IR 

SODF were explicitly considered to be identical in the M9 draft guidance and still are regarded 

as such in the EMA guidance. This further unnecessarily limits the applicability of the BCS-

based biowaiver for highly soluble drugs.  
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4.2. Eligibility of Essential APIs for the BCS-Based Biowaiver 

The finalized ICH guidance has harmonized the fundamental criterion for the eligibility of APIs 

for a BCS-based biowaiver: a classification as highly soluble in the framework of the BCS. To 

assess the proportion of potential candidates among essential medicines for the procedure, 

publicly accessible, reliable data to support a BCS classification, especially solubility data, 

were generated and summarized for several essential APIs (PUBL. 1). In addition, a thorough 

risk-benefit assessment for an individual API (folic acid) in the form of a biowaiver monograph 

(PUBL. 2) was performed with the aim of contributing to a sound scientific basis for the 

application of the BCS-based biowaiver. 

4.2.1. BCS Classification Based on Experimental Solubility Data 

Sixteen APIs were identified in PUBL. 1 that were either added to the WHO EML after the 14th 

version[192] (and thus after the comprehensive BCS-classification assessment performed by 

Lindenberg et al.[23]) or for which a reliable solubility classification over the physiologically 

relevant pH range at 37°C had not been established yet, as the solubility of many APIs is often 

reported simply as their aqueous solubility at room temperature. The aim was further to report 

actual values for the experimental solubility at each pH to enable recalculation of the D/S and 

the resulting BCS solubility classification in cases where differences in the recommended 

dosage form strength occurred. This was considered necessary, as actual solubility values are 

seldom reported along with the BCS classification of an API, preventing exact assessment of 

the solubility classification across different dose definitions (e.g. highest single dose vs. highest 

dosage form strength[193]) or changes in the clinically utilized or marketed dose range. FIG. 11 

depicts the D/S of the APIs based on their highest dosage strength listed on the EML. Of the 

investigated APIs, nine were classified as highly soluble (FIG. 11A) and are thus eligible 

candidates for a BCS based biowaiver, while the other seven were deemed not highly soluble 

(FIG. 11B), mostly due to their lowest solubility being observed at pH values reflecting the small 

intestinal environment (pH 6.8). 
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FIGURE 11: Calculated dose/solubility-ratios for the highest dosage form strength of APIs listed on the 

WHO EML. (A) Compounds with a D/S  250 mL over the physiological pH range (1.2 - 6.8) 

(B) compounds exceeding the critical D/S at specific pH values [reprinted from PUBL. 1 with permission 

from Elsevier]. 

However, for two APIs, poor solubility was observed at pH 4.5 (succimer) or pH 3.0 (folic acid), 

respectively. Regarding succimer, significant degradation was observed in addition to its 

borderline poor solubility, which definitely excludes this compound from being eligible for a 

BCS based biowaiver on the basis of the finalized ICH M9 guidance.  

As discussed in PUBL. 2, folic acid is an excellent case example, demonstrating the necessity 

for including the pH value where the lowest solubility is expected in solubility determinations. 

Relying solely on its water solubility or the solubility at the recommended pH values (1.2, 4.5, 

6.8), folic acid was formerly reported as a BCS class I/III API[20]. While its revised solubility 

classification now formally prevents an approval via BCS-based biowaiver according to the 

current guidance criteria, other approaches for an abbreviated approval are feasible (PUBL. 2) 

and are briefly discussed in subchapter 4.2.2. 

By combining the experimental solubility data generated in PUBL. 1 with existing solubility data 

in the pharmaceutical literature and assessment reports of the regulatory authorities (EMA[185], 

FDA[194] and WHO[20]), a comprehensive solubility classification was established for APIs in IR 

SODF listed on the 20th EML as part of PUBL. 3, in order to assess the potential for application 

of the BCS-based biowaiver in the approval of generic drug products containing these essential 

APIs. As the WHO issued the 21st EML in the time period between PUBL. 3 and this dissertation, 

the data from PUBL. 3 was updated for this dissertation to additionally account for APIs 

introduced on (or deleted from) the revised list. 
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The 21st WHO EML includes a total of 460 medicines[11]. 175 of these are administered as 

single API, IR SODF with systemic effect (excluding vitamins and minerals) and are thus 

potential candidates for a BCS-based biowaiver. An overview of their solubility classification is 

given in FIG. 12A (modified and updated from PUBL. 3). 

 

FIGURE 12: Solubility classification of APIs listed on the 21st WHO EML and formulated in SODF 

designed to achieve systemic therapeutic efficacy (vitamins and mineral supplements were excluded). 

(A) Formulations containing a single API (n = 175) (B) Fixed-dose-combinations (n = 33) [modified 

reprint from PUBL. 3 with permission from Elsevier]. 

Based on the highest dosage strength listed on the EML, more than half of the APIs are 

classified as highly soluble, even when excluding drugs with an NTI. In addition, of the 33 

FDCs of essential APIs that are formulated as IR SODF, nine exclusively contain highly soluble 

APIs, and are thus eligible candidates for a BCS-based biowaiver (FIG. 12B). 

In addition to being eligible candidates due to their solubility classification, 15 essential APIs 

were identified that have already been approved via BCS-based biowaivers in the EU[185,186,195] 

or the US[194], are recommended for the procedure by the WHO prequalification team for 

medicines (PQTm)[196] or may be approved based on in vitro experiments on the basis of FDA 

product guidelines[197]. A further 28 APIs received a positive opinion in the risk/benefit 

assessment performed in biowaiver monographs[22], so that, as a result, waiving in vivo 

bioequivalence studies in favour of an approval via BCS-based biowaiver or other in vitro 

studies is currently supported on a scientific and/or regulatory basis for 43 (~25%) of the 175 

essential APIs administered as SODF (FIG. 12A). 
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4.2.2. Risk/Benefit-Assessment in Biowaiver Monographs 

While classification as highly soluble is one formal requirement for a BCS-based biowaiver, 

the eligibility of the procedure is further tied to the ability of the dosage form to meet the 

dissolution criteria as well as a positive risk-benefit assessment. The WHO recommends taking 

into account the potential risks emerging from an incorrect biowaiver decision (i.e. the test 

product being supra- or sub-bioavailable, respectively, compared to the originator product). 

Further, the therapeutic index of the drug needs to be evaluated and, especially in the case of 

BCS class III drugs, the extent, site and mechanism of absorption is to be discussed. 

Addressing the aforementioned aspects, the FIP focus group for BCS and biowaiver initiated 

by Dr. Dirk Barends in 2004[198] has issued 48 biowaiver monographs to date (URL: 

https://www.fip.org/bcs-monographs). 28 of these monographs conclude a positive opinion for 

the application of the BCS-based biowaiver for the highly soluble, essential APIs they are 

concerned with. There are, however, also cases of negative opinions for highly soluble drugs 

evaluated in biowaiver monographs: for example, quinine and ribavirin are not recommended 

for approval via BCS-based biowaiver due to their narrow therapeutic index. 

While the requirements for a BCS-based biowaiver put forth in the regulatory guidance 

documents are important to the risk assessment, the biowaiver monographs are intended to 

further evaluate the risk, based on biopharmaceutical and pharmacokinetic properties of APIs 

and their formulations, going beyond the criteria in the guidelines. Thus, the recommendations 

in the biowaiver monographs sometimes contradict the formal requirements: in four cases, a 

positive opinion was concluded despite an API classification as poorly soluble. All of these 

APIs are weakly acidic, anti-inflammatory drugs (diclofenac, ibuprofen, ketoprofen and 

piroxicam) that are highly permeable and highly soluble in the small intestine. Solely their 

solubility in the gastric compartment prevents their formal eligibility for the procedure. Taking 

into account their biopharmaceutical behaviour, it was concluded that these BCS class II drugs 

would demonstrate a BCS-Class-I-like behaviour in vivo, resulting in a concluded low risk for 

dosage form related bioavailability problems and thus a positive opinion for application of the 

BCS-based biowaiver.   
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In the biowaiver monograph for folic acid (PUBL. 2), it was similarly concluded that the overall 

risk of differences in the in vivo dissolution behaviour having an influence on the therapeutic 

efficacy can be considered as low, despite the drug being formally ineligible (as a BCS class 

II/IV compound) for a BCS-based biowaiver and the observed inability of tested dosage forms 

to meet the experimental dissolution requirements[199]. Toxicity is not expected to occur if the 

product is mildly supra-bioavailable, as no substantial side-effects were observed even when 

high doses (15 mg) were administered to human subjects[200], and the reported LD50 of 

10 g/kg[201] after oral administration of folic acid in mice clearly exceeds the dose usually 

administered to humans (5 mg). Further, therapeutic efficacy of folic acid is tied to the 

metabolic capacity of the human body for conversion of folic acid to the physiologically active 

L-5-methyltetrahydrofolate[202]: unmetabolized folic acid appears in the systemic circulation at 

doses exceeding ~280 µg due to saturation of the metabolism[203,204], resulting in a large 

fraction of an administered dose of 5 mg folic acid being excreted unchanged[205,206]. A 

decrease in therapeutic efficacy is therefore not expected, even with sub-bioavailable drug 

products.  

As even large differences in dosage form performance are unlikely to have an effect on the 

therapeutic efficacy, the BCS-based biowaiver approach of assessing the dissolution similarity 

as a surrogate for bioequivalence (and therefore also therapeutic efficacy) seems methodically 

unsuitable for folic acid, especially since its poor aqueous solubility at pH 3.0 would preclude 

drug products from meeting the dissolution requirements anyway.  

In that special case, other approaches for waiving in vivo bioequivalence are preferable, e.g. 

market authorization as an val exempt standard formulation Standardzulassung[207]) 

which is possible in Germany for folic acid and other APIs (e.g. paracetamol) or medicines 

(e.g. medicinal tea products) which are not expected to pose a risk to public health[208]. As long 

as the drug product is manufactured and tested according to a corresponding official 

monograph, no bioequivalence testing is necessary for market authorization.  
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4.3. Experimental Applicability of the BCS-Based Biowaiver to Generic Drug 

Products 

As substantiated in the first two subprojects, the BCS-based biowaiver is not exploited to its 

full potential in drug approvals although numerous essential and non-essential APIs are eligible 

candidates for a BCS-based biowaiver. To further investigate one of the postulated reasons 

for this, the in vitro performance of drug products containing various essential APIs was 

examined with the aim of assessing the failure rate and identifying practical obstacles 

preventing the successful application of the procedure (PUBL. 3 and PUBL. 6). 

4.3.1. Assessment of the Failure Rate of SODF in Dissolution Comparisons 

Several cases were found in the literature where drug products containing highly soluble APIs 

failed to comply with the BCS-based biowaiver dissolution requirements[24,28,209,210]. 

To substantiate these observations and to estimate the failure rate of the BCS-based 

biowaiver, results from dissolution experiments on drug products containing essential APIs 

conducted at the Goethe University, Frankfurt am Main, were summarized and evaluated 

retrospectively. The outcome of the assessment is depicted in FIG. 13. 

 

Figure 13: Outcome of dissolution tests performed with essential medicines applying BCS-based 

biowaiver specifications for demonstration of similarity in vitro [modified reprint from PUBL. 3 with 

permission from Elsevier]. 

Eighty-one formulations containing essential APIs in IR SODF were identified that had been 

subjected to BCS-based biowaiver conform dissolution tests. As expected, none of the 36 

formulations containing BCS class II/IV APIs were able to release  85% of their content within 

30 minutes under all imposed dissolution conditions (pH 1.2, 4.5, 6.8) but surprisingly, a third 

of the dosage forms containing highly soluble APIs were also not able to meet the 

specifications, with highest failure rates observed for drug products containing doxycycline 

(3/9), ethambutol (4/7) and chloroquine (2/3).  
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Compared to the observed low failure rate of BCS class I and III APIs in bioequivalence 

trials[211] (~13% overall, ~5.1% in sufficiently powered studies), the BCS-based biowaiver 

seems to be over-discriminating, which greatly reduces its utility.  

While a point could be made that an overly-discriminative procedure is favourable in regard to 

patient safety, examples from the literature where in vivo non-bioequivalent drug products 

showed dissolution similarity in vitro suggested that the stricter conditions do not necessarily 

prevent false-positive test outcomes[25,26,212]. However, the validity of some of these in vitro  

in vivo comparisons is to be questioned. Ramirez et al. compared data from regular quality 

control methods instead of BCS-based biowaiver conform dissolution tests[212], and in one of 

the case examples, Ketoprofen is assigned as BCS class I[26], whereas in other publications, it 

is classified as BCS class II compound[213]. It is unclear whether the reported discrepancies 

would still have occurred while correctly applying the BCS-based biowaiver procedure. 

Nonetheless, this raises the question as to whether the current regulatory requirements 

regarding the experimental dissolution setup and the  specifications are 

adequate tools for the reliable assessment of the influence of differences in dosage form 

performance on a drug s pharmacokinetic profile. 

To assess the magnitude of differences in dosage form performance among various generics 

on an international and national level, IR SODF of drug products with a high failure rate 

observed in the retrospective assessment or reported in the literature were obtained and 

subjected to the BCS-based biowaiver procedure. 

Doxycycline and amoxicillin were chosen as model drugs for this investigation. Doxycycline 

generics exhibited a high failure rate in the retrospective assessment, while drug products 

containing amoxicillin were reported by Reddy et al.[24] and Löbenberg et al.[214] to frequently 

fail to comply with the BCS-based biowaiver criteria. Indeed, one case was reported where 

drug products manufactured and marketed by the same pharmaceutical company in different 

countries failed to demonstrate similarity in vitro[214]. 

Despite similar BCS classification, the biopharmaceutical and pharmacokinetic properties of 

both APIs show marked differences, as summarized in TABLE 5. This circumstance further 

contributes to the APIs being suitable candidates for a more detailed investigation of the 

practical applicability and the discriminatory power of the BCS-based biowaiver in regard to 

potential effects of differences in dosage form performance on the resulting pharmacokinetics 

of a drug product. 
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TABLE 5: Comparison of physico-chemical, biopharmaceutical and pharmacokinetic properties of 

amoxicillin and doxycycline. 

Parameter Amoxicillin Doxycycline 

Salt form Trihydrate Monohydrate (MH) or Hyclate (H) 

Highest Dose on EML [mg][11] 500 200 

BCS Class [215] I/II (MH), I (H)[216] 

pKa 2.67 / 7.11 / 9.55[217] 3.02 / 7.97 / 9.15[218] 

Log P 0.87[219] -0.2[220] 

Absorption 
Active transport (via hPEPT) in 
proximal small intestine[221 223] 

Moderate passive Diffusion  
(Papp = 17.5 x 10-6 cm/s)[224] with EHC[225] 

Tmax [h] 1  2[215] 1.5  3.5[220] 

Elimination half-life [h] 1  1.5[226 228] 12  25[220] 

 

4.3.2. International Level  Dissolution of South African and German Drug 

Products 

Substantiating the findings of Reddy et al.[24] and Löbenberg et al.[214], two drug products 

containing amoxicillin in combination with clavulanic acid obtained from the German and South 

African market could not demonstrate similarity of their dissolution profiles under BCS-based 

biowaiver conditions (FIG. 14, mod. from PUBL. 4), although they were manufactured and 

distributed by the same pharmaceutical company (AUROBINDO PHARMA LTD, Hyderabad, 

India).  

 

Figure 14: Release profiles of a German (AMOXI-CLAVULAN AUROBINDO) and a South African (AURO 

AMOXICLAV) generic drug product containing amoxicillin and clavulanic acid in 900 mL SIFsp at pH 6.8, 

37°C and 75 RPM in the USP II apparatus. Left hand figure: release profiles for amoxicillin. Right hand 

figure: release profiles for clavulanic acid. Error bars indicate standard deviations (n=5) [modified reprint 

from PUBL. 4 with permission from John Wiley and Sons]. 
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While the release profiles for clavulanic acid are almost superimposable and reach complete 

dissolution within 15 minutes, dissolution of amoxicillin was very rapid (< 15 min) for the 

German drug product, but only rapid (< 30 min) for the South African drug product and could 

thus not be deemed similar applying the BCS-based biowaiver criteria. This variation in drug 

quality and, more specifically, dosage form performance for drug products from the same 

pharmaceutical company is surprising and raises the question regarding the interchangeability 

of international drug products. A possible explanation for the discrepancy among international 

drug products is the fact that generic drug products for different countries are usually tailored 

to local comparator products[214]. While this seems necessary from a practical point of view, it 

poses an obstacle for global harmonization of drug quality and thus the widespread application 

of the BCS-based biowaiver when market authorization for generics in different countries is 

sought.  

Against this background, the WHO initiative for harmonization of international comparator drug 

products[229,230] constitutes an excellent solution for the aforementioned lack of harmonization. 

The WHO proposed international comparator list can ensure equal international quality 

standards and can facilitate both the conduction of in vivo bioequivalence trials as well as BCS-

based biowaivers, as comparison against multiple comparator products for different countries 

would no longer be necessary, and generics could be tailored to specific, well-characterized 

comparator drug products. 

4.3.3. National Level  Dissolution Performance of German Generics 

To further investigate quality differences on a national level, the applicability of the BCS-based 

biowaiver to generic drug products containing amoxicillin or doxycycline available on the 

German market was evaluated in PUBL. 6. Five commercial tablet formulations of each API 

were obtained that are interchangeable in German public healthcare and can thus be assumed 

bioequivalent. The biopharmaceutical characteristics of the drug products were evaluated in 

compendial quality control tests, BCS-based biowaiver conform dissolution tests and 

biorelevant in vitro methods in order to investigate the range of dosage form performance 

differences of bioequivalent drug products, their false-negative rate in the BCS-based 

biowaiver as well as problems preventing the successful application of the procedure. 

In compendial disintegration tests using media of pH 1.2  6.8, great variability was observed 

in the time needed for complete disintegration of the drug products (FIG. 15). 
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Figure 15: Median disintegration times of dosage forms containing amoxicillin or doxycycline at various 

media pH values observed in (A) compendial disintegration testing (B) dissolution testing in the USP II 

apparatus (50 RPM). Error bars indicate the observed range (n=3) [reprinted from PUBL. 6 with 

permission from Elsevier]. 

For most products containing amoxicillin, disintegration was found to be dependent on media 

pH, with the fastest disintegration times being observed at lower pH values reflecting the 

gastric compartment. In contrast, the drug products containing doxycycline were found robust 

to changes in media pH, and demonstrated overall rapid disintegration. Further, when the 

disintegration time was investigated in the USP II apparatus, most amoxicillin drug products 

exhibited a noticeable increase in disintegration time, with the exception being AMOXI-SAAR, 

which proved to be very robust to changes in media pH as well as the experimental setup 

used, similar to the doxycycline products. This implies that for the amoxicillin drug products, 

disintegration is expected to be a major factor contributing to the successful application of the 

BCS-based biowaiver, while for the doxycycline products, the drug particle dissolution rate is 

expected to be crucial, as disintegration was observed to be very rapid and robust to external 

conditions. 

Results from dissolution experiments obtained with the USP II apparatus using 500 mL of 

media (pH 1.2  6.8) at 37±0.5°C, Peak VesselsTM and 50 RPM (or 75 RPM when biowaiver 

specifications could not be met) confirmed the aspects most likely hindering the successful 

application of the BCS-based biowaiver (FIG. 16). 
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FIGURE 16: Release profiles of SODF containing amoxicillin (left hand figures) or doxycycline (right 

hand figures) using Peak VesselsTM in the USP II apparatus and 500 mL of dissolution media at 37°C. 

Error bars depict standard deviations (n=3) [reprinted from PUBL. 6 with permission from Elsevier]. 

Long disintegration times led to a large variability among the amoxicillin drug products 

(especially at higher pH values), while pH-dependent particle dissolution was the predominant 

characteristic for doxycycline monohydrate tablets. In addition, for most drug products, 

occurrence of coning was identified as a major confounding factor to the ability to reach 85% 

release, and could not be completely prevented even when using Peak VesselsTM and 75 RPM. 

The observed differences in dissolution profiles were evaluated applying the BCS-based 

biowaiver criteria, comparing four drug products of each API to the generic product first 

introduced to the German market as the comparator, since the innovator product was no longer 

available for either API. Results are summarized in TBL. 6. 
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TABLE 6: Possibility of demonstrating in vitro similarity among generics containing amoxicillin or 

doxycycline when applying BCS-based biowaiver dissolution specifications [modified reprint from 

PUBL. 6 with permission from Elsevier]. 

Comparator 
Product 

Test Product 
VRD or RD Criteria Fulfilled for 

Comparison? 
f2-Test Result 

Demonstration of 
Equivalence 

Possible in vitro? 

AMOXICILLIN 

AL 500 MG 
 

AMOXI-SAAR 500 MG VRD (75 RPM / pH 1.2 - 6.8) N/A Yes 

AMOXIHEXAL 500 MG 

FILMTABLETTEN 
VRD (50 RPM / pH 1.2 and  

75 RPM / pH 2.7 - 6.8) 
N/A Yes 

AMOXICILLIN ABZ 

500MG FILMTABLETTEN 

VRD (75 RPM / pH 1.2 - 4.5 and 
FaSSIF-V3) 

RD (50 RPM / pH 6.8) + f2-Test 
pH 6.8: 33.3 

No (compendial 
media) 

AMOXICILLIN DENK 500 

MG TABLETTEN 
Test Product fails to meet RD criteria 

(75 RPM / pH 2.7) 
N/A No 

DOXYCYCLIN 

HEUMANN 

200 MG 

DOXYCYCLIN 200 1A 

PHARMA 
VRD (50 RPM / pH 1.2 - 2.7) 

RD (75 RPM / pH 4.5 - 6.8) + f2-Test 
pH 4.5: 64.0 
pH 6.8: 52.6 

Yes 

DOXY-M-RATIOPHARM 

200 MG 

VRD (50 RPM / pH 1.2  
and 75 RPM / pH 2.7) 

RD (75 RPM / pH 4.5 - 6.8) + f2-Test 

pH 4.5: 59.1 
pH 6.8: 71.4 

Yes 

DOXYCYCLIN STADA 

200 MG TABS 

TABLETTEN 

Test Product fails to meet RD criteria 
(75 RPM / pH 4.5 - 6.8) 

pH 4.5: 65.2 
pH 6.8: 46.9 

FaSSIF-V3: 52.0 

No (compendial 
media) 

DOXYCYCLIN AL 200 T 
VRD (50 RPM / pH 1.2 - 2.7) 

RD (75 RPM / pH 4.5 - 6.8) + f2-Test 
N/A No 

 30 minutes) N/A: Not applicable 

Substantiating the high failure rate observed in the retrospective assessment, similarity of 

dissolution profiles compared to the comparator product could not be demonstrated for half of 

the drug products, even when using favourable conditions such as 75 RPM and Peak 

VesselsTM. Specifically, slow dissolution and/or disintegration at higher pH values (pH 6.8) 

prevented demonstration of similarity for DOXYCYCLIN STADA and AMOXICILLIN ABZ to the 

respective comparator drug product. In both cases, f2-test values < 50 were obtained in 

compendial SIFsp.  

When the biorelevant medium FaSSIF-V3 was used instead of compendial SIFsp, both 

products that formerly failed to meet the requirements in SIFsp were now able to demonstrate 

similarity, because dissolution was now very rapid (AMOXICILLIN ABZ) or rapid with an f2-value 

> 50 (DOXYCYCLIN STADA) in the biorelevant medium, as shown in FIG. 17. 

While the measured thermodynamic solubility was similar in both media, the lower surface 

tension in FaSSIF-V3 likely facilitated wetting of the tablets and subsequently promoted faster 

disintegration and dissolution. In addition, the lower concentration of buffer salts may also have 

had an influence on the pH in the hydrodynamic layer around drug particles, possibly resulting 

in an increased dissolution rate. 
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FIGURE 17: Release profiles of selected SODF containing amoxicillin (left hand figure) or doxycycline 

(right hand figure) using Peak VesselsTM in the USP II apparatus and 500 mL of dissolution media at 

37°C and 75 RPM. Drug products were tested in compendial (SIFsp pH 6.8) and biorelevant media 

(FaSSIF-V3). Error bars depict standard deviations (n=3) [reprinted from PUBL. 6 with permission from 

Elsevier]. 

Both the results from the international and national comparison of generic drug products raise 

questions regarding the suitability of the current regulatory dissolution specifications and 

experimental setup for a BCS-based biowaiver. Drug products that are interchangeable on the 

German market showed differences large enough to preclude the application of the BCS-

based biowaiver, while some doxycycline monohydrate products with a borderline BCS-class 

I/II classification, that would, strictly speaking, preclude the application of the BCS-based 

biowaiver, were able to meet the specifications. The current results, in addition to the many 

examples in the literature where the regulatory specifications were reported to be over-

discriminating for some drug products[28,35,36,231,232], but regarded as not strict enough in other 

cases[25,26,37], demonstrate the necessity of verifying and validating the dissolution specifi-

cations for individual drug products. 

To resolve this issue, the potential effect of differences in dosage form performance on 

pharmacokinetic outcome parameters relevant for bioequivalence (Cmax, AUC) needs to be 

evaluated taking into account the interplay between the dosage form, the range of possible 

physiological conditions (e.g. pH profiles along the GIT, physiological fluid volumes, absorption 

windows, etc.) and the pharmacokinetic properties of the API. 

Thus, to more reliably assess the implications of differences in dosage form performance, the 

in vitro behaviour of the dosage forms was parameterized for input into the in silico 

biopharmaceutical modelling and simulation software GastroPlus®. 
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4.4. Suitability of Regulatory Dissolution Specifications 

4.4.1. Parameterization of in vitro Data for Evaluation in in silico Models 

In addition to other aspects measured in vitro (e.g. pH and temperature dependent 

degradation, pH-solubility profiles, and precipitation studies), data obtained from dissolution 

experiments had to be parameterized for use in in silico models. This was achieved using a 

combination of the z-factor model as a simplified, mechanistic particle dissolution model and 

empirical description of the disintegration process utilizing a Weibull-function[233].  

The suitability of the z-factor model for simulation of in vitro dissolution was investigated in 

PUBL. 5. The z-factor model can be utilized as an input option for dissolution data in Gastro-

Plus® and has been applied in several recent studies[172,234,235], albeit with varying success. 

Strictly speaking, application of the model is valid only when the complete dose of an API is 

immediately available for dissolution (i.e. the disintegration time is negligible and coning does 

not occur). However, the model was utilized in some reported cases where the assumption of 

immediate availability of the complete dose was clearly not valid, thus likely falsifying the 

z-factor used to calculate the dissolution rate[234,235]. In order to account for disintegration and 

the occurrence of coning, modifications in the application of the z-factor model were proposed 

in PUBL. 5. 

FIG. 18A depicts different approaches to fitting the z-factor model to dissolution results obtained 

from experiments conducted with either regular vessels (where coning occurred and limited 

the dose available for dissolution) or Peak VesselsTM (where no coning occurred). When the 

model was fitted to the experimental data from regular vessels, without accounting for the 

reduced dose available for dissolution, a simulated dissolution profile was obtained (solid blue 

line) that did not match either of the observed profiles. Only when the highest dose released 

in the dissolution experiment (obtained from the plateau of the profile) was considered as the 

mass available for dissolution, was a good representation of the dissolution in regular vessels 

and, after extrapolation to the complete dose, in Peak VesselsTM achieved (dashed lines). 

Similar results were achieved for dissolution profiles obtained with different rotational speeds, 

as depicted in FIG. 18B. When the reduced dose available for dissolution due to coning at 50 

RPM was taken into account, a z-factor (dashed blue line) was obtained that was could 

accurately describe both the dissolution process at 50 RPM and at 75 RPM (dashed and dotted 

black lines, respectively), when applying the highest observed amount released as the 

available dose. 
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FIGURE 18: Examples for parameterization of the dosage form performance observed in vitro. (A) 

Release from a dosage form with negligible disintegration using regular vessels or Peak VesselsTM and 

z-factor based dissolution simulation accounting for coning. (B) Release from an amoxicillin dosage 

form with negligible disintegration at 50 and 75 RPM and z-factor based dissolution simulation 

accounting for coning. (C) Release from a dosage form with significant disintegration time and estimation 

of the particle dissolution rate and the dosage form disintegration profile. (D) Theoretical disintegration 

profiles calculated from release profiles at different pH values and simulation bounds used in virtual 

bioequivalence trials [FIG. 18A-B are reprinted from PUBL. 5, FIG. 18C-D are reprinted from PUBL. 6 and 

its Supplementary Material with permission from Elsevier]. 

In a similar manner, disintegration can limit the mass available for dissolution and thus 

confound the estimation of the z-factor. To account for the time-dependent change in available 

mass during disintegration, a numerical approach for calculation of a theoretical disintegration 

profile described by Nelson and Wang[111] was used. Based on the dissolution factor and 

the cumulative fraction of dissolved mass Mn, the change in fraction of disintegrated mass wi 

between two time points can be calculated from EQ. 6: 

   

A B 

C D 
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To interpolate the observed dissolution data in order to obtain a continuous dissolution profile, 

a Weibull-function was fitted to the mean observed dissolution data. Theoretical disintegration 

profiles were calculated using time intervals of 1 second. The z-factor used for calculation of 

the disintegration profile was adjusted so that the resulting theoretical disintegration profile only 

contained realistic values (i.e. no values above 100% and no decrease in fraction of 

disintegrated mass between time points) and matched the median, visually observed 

disintegration time. FIG. 18C exemplarily depicts the approach for the dissolution of 

DOXYCYCLIN AL 200 T in SIFsp. The observed dissolution profile can be described by a 

combination of z-factor based dissolution of individual drug particles (solid blue line) and 

disintegration of the dosage form (solid green line), and was incorporated as such in 

subsequent GastroPlus® simulations. For each dosage form, z-factor vs. pH profiles were fitted 

using z-factor estimates obtained at pH 1.2, 2.7, 4.5 and 6.8. To simulate the disintegration of 

the dosage forms, the range of the calculated disintegration profiles was modelled using 

Weibull-functions (FIG. 18D). 

4.4.2. GastroPlus® Model Setup and Validation 

The complete model setup is explained in detail in PUBL. 6. Physicochemical and particular 

pharmacokinetic parameters were obtained from the literature (LogP, fraction unbound in 

plasma, apparent permeability), from experimental data (solubility, precipitation time, chemical 

degradation rates), or were estimated based on the APIs molecular structure (e.g. diffusion 

coefficients) using the ADMET Predictor® V9.0 (Simulations Plus Inc., Lancaster, USA). 

Simulating the transit through and absorption from the GIT, a dynamic fluid ACAT-model was 

chosen, with fluid volumes and gastric emptying times adjusted to values reported in the 

literature[42,236]. Post-absorptive distribution and elimination were modelled according to 

3-compartmental pharmacokinetic models that were fitted to data from clinical trials reported 

in the literature in which i.v. solutions were administered[225,237]. Parameters fundamental to 

oral absorption (effective permeability of doxycycline, Michaelis-Menten constants for active 

transport of amoxicillin via hPEPT) were fitted and verified using literature data from studies in 

which liquid dosage forms were orally administered to healthy subjects[238,239]. As a last step 

for validating the models, they were applied to literature data from a set of bioequivalence trials 

in which solid oral dosage forms were administered[239]. Examples comparing the simulated 

and observed plasma profile for tablet formulations containing 500 mg amoxicillin and 200 mg 

doxycycline monohydrate, respectively, are depicted in FIG. 19. The absolute average fold 

error (AAFE) for all simulations was < 2, a criterion regularly applied in evaluating the success 

of a model to appropriately describe observed pharmacokinetics[240,241]. Therefore, the 

established models for the two APIs can be regarded as suitable for describing the absorption 

process and resulting pharmacokinetics. 
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FIGURE 19: Simulated mean plasma concentrations and 90% probability contours for the administration 

of 500 mg amoxicillin (left hand figure) or doxycycline monohydrate (right hand figure) and 

comparison with data reported in the literature[239][reprinted from Supplementary Material of PUBL. 6 with 

permission from Elsevier]. 

4.4.3. Parameter Sensitivity Analysis (PSA) and Virtual Bioequivalence (VBE) 

The established models for amoxicillin and doxycycline were then used to assess the potential 

impact of differences observed among dosage forms in vitro on the in vivo pharmacokinetics 

(PUBL. 6). Data from dissolution experiments with a rotational speed of 50 RPM were used for 

parameterization of particle dissolution (z-factor based) and dosage form disintegration 

(empirical description with a Weibull function) of the generic drug products as explained in 

section 4.4.1. Dissolution data obtained with low rotational speeds were chosen to apply a 

to utilize the broadest possible range of differences in the drug product  

dissolution and disintegration behaviour. 

For highly soluble drugs (and more specifically BCS class I drugs), Cmax is expected to be the 

pharmacokinetic parameter affected the most by variations in dosage form disintegration and 

particle dissolution[212,242,243]. Thus, this parameter was chosen to compare the performance of 

the various generic drug products in a PSA. To cover a broad range of physiological scenarios, 

the influence of variations in gastric pH and emptying rate on simulated Cmax was investigated.  

Results of the PSA are depicted in FIG. 20. The simulated Cmax values of the designated 

comparator products (figures in the middle) are compared to the drug products with slowest 

(left hand figures) and fastest in vitro release (right hand figures). Depending on the API and, 

in the case of doxycycline, also the different salt forms, profiles were obtained that highlight 

specific physiological factors that can be regarded crucial for a successful comparison in 

bioequivalence trials. 
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FIGURE 20: Heat map from parameter sensitivity analysis (PSA) evaluating the impact of changes in 

gastric emptying rate and gastric pH on Cmax for selected drug products containing amoxicillin (top 

figures) or doxycycline (bottom figures). Coloured areas indicate Cmax concentrations relative to the 

highest simulated Cmax in the PSA of the comparator drug product for the respective API [reprinted from 

PUBL. 6 with permission from Elsevier]. 

All amoxicillin drug products were found to be rather robust to changes in gastric pH. Changes 

in gastric emptying time, however, noticeably affected the simulated Cmax, with lower values 

being observed with either very rapid or protracted gastric emptying. Herein, the lower Cmax 

values observed with rapid gastric emptying reflect the presence of an absorption window for 

active transport of amoxicillin via hPEPT in the proximal small intestine. 

The opposite was observed for drug products containing doxycycline monohydrate: the 

generics were more robust towards changes in gastric emptying rate, but showed a clear 

dependency of simulated Cmax on gastric pH, with low values being observed for pH values 

above 2.5, especially in combination with rapid gastric emptying. This result can be explained 

with the lower solubility and slower in vitro dissolution rate at higher pH values. 

For Doxycyclin AL 200 T, the only drug product containing the hyclate salt of doxycycline, no 

dependency of Cmax on gastric pH was observed, and gastric emptying rate only had a mild 

influence on simulated pharmacokinetics, concordant with the higher solubility of the 

doxycycline hyclate salt in the physiological pH range compared to the monohydrate form. 
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While the biopharmaceutical properties of the APIs and their salt forms were the major factor 

determining the distribution profile of Cmax values in the PSA heat map, the differences 

observed in in vitro dosage form performance only contributed to minor variations among the 

generics of a specific API. In the case of amoxicillin, overall simulated Cmax values were slightly 

lower and the range of gastric emptying rates over which high Cmax values were simulated was 

narrower for the slow-disintegrating AMOXICILLIN ABZ compared to the drug product with the 

fastest release, AMOXI-SAAR.  

Consequences with regard to bioequivalence of the drug products that might result from the 

differences in release rate and disintegration are hypothesized to be unlikely, as all products 

still achieved high Cmax values when simulated gastric pH and emptying rate values were within 

the range that is usually observed in healthy adults (i.e. a gastric pH  2.7[46] and an average 

gastric emptying half-life of ~12 min[50]). 

This hypothesis was subsequently confirmed in virtual bioequivalence (VBE) trials. A 

bracketing approach was adopted, whereby the drug product with the slowest overall release 

was compared to the one with fastest release. Individual virtual subjects were created and their 

physiological parameters (e.g. subject weight, GI fluid volumes, transit times, pH values, 

compartmental PK rate constants, effective permeabilities, Michaelis-Menten constants, etc.) 

and dosage form disintegration time were stochastically generated and distributed within 

predefined physiological limits. Similar to in vivo BE trials, administration of the drug products 

in the fasted state was simulated using a crossover-design. Pharmacokinetic outcome 

parameters Cmax and AUC were used for evaluation of BE between the drug products. Results 

from five VBE trials for each drug product are depicted in FIG. 21.  

 

FIGURE 21: Point estimates for Cmax (left hand figure) and AUC (right hand figure) from five virtual 

bioequivalence trials with n=12 (amoxicillin) and n=18 (doxycycline) virtual subjects, respectively. Drug 

products with the slowest observed in vitro dissolution and/or disintegration were compared to the 

respective drug products with the fastest release and/or disintegration. Error bars indicate the 90% 

confidence intervals. Dashed lines depict specifications for bioequivalence (80.00% - 125.00%) 

[reprinted from PUBL. 6 with permission from Elsevier].  
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Even when the drug products with the fastest release were compared to these with the slowest 

release, virtual bioequivalence could be demonstrated in the simulated trials for all drug 

products containing the same API. This finding is in accordance with the market authorization 

status of the drug products in Germany, as well as with their interchangeable use in the public 

healthcare sector. This further implies that the regulatory dissolution specifications for a BCS-

based biowaiver are overly strict in this case and do not reliably discriminate between 

bioequivalent and non-bioequivalent drug products. 

To further evaluate the suitability of for 

demonstration of similarity among drug products containing amoxicillin or doxycycline, and to 

investigate potential modifications that allow for wider limits (e.g.  85% dissolution in  40 

minutes), VBE trials were conducted with virtual drug products that exemplify a range of 

potential dissolution scenarios. 

4.4.4. Establishing - pecifications for Individual APIs 

For verification of the current dissolution specifications and evaluation of potential extensions 

thereof, virtual drug products were compared to the designated comparator product of each 

API. For modelling API release from virtual products, z-factors were calculated that yield 85% 

release in 15, 20, 30 or 40 min, respectively, independent of media pH and under the 

assumption of sink conditions (usually present in BCS-based biowaiver conform dissolution 

tests). Results of the VBE trials based on evaluation of simulated Cmax are depicted in FIG. 22. 

 

FIGURE 22: Point estimates for Cmax of amoxicillin and doxycycline from virtual bioequivalence trials 

comparing the designated comparator drug product to different in vitro dissolution specifications. Error 

bars indicate the 90% confidence intervals. Dashed lines depict BE specifications (80.00%  125.00%) 

[reprinted from PUBL. 6 with permission from Elsevier]. 

Simulated drug products that release 85% of the API in up to 15 minutes were found 

bioequivalent to the designated comparator product of amoxicillin, AMOXICILLIN AL. However, 

when longer dissolution times were used, the 90% CI exceeded the lower specification limit in 

several cases, indicating a possible risk for non-bioequivalence. Thus, for demonstration of 
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dissolution similarity of amoxicillin drug products in vitro, the regulatory VRD criterion is safe 

but cannot be extended to include wider specification limits based on the results of this study. 

Interestingly, for doxycycline monohydrate drug products, a wider range of dissolution 

specifications was found to be adequate for ensuring similar in vivo performance. Simulated 

drug products that would release  85% in 30 minutes under sink conditions in vitro were still 

found to yield virtual bioequivalence with the designated comparator drug product, DOXYCYCLIN 

HEUMANN. This is in accordance with the regulatory RD criterion, although the results of the 

VBE trials suggest that when both the doxycycline comparator and test product release their 

content in  30 min, additional comparison of the dissolution profiles via f2-test is not a general 

requirement for ensuring comparable pharmacokinetic behaviour. 

The case examples of amoxicillin and doxycycline demonstrated that the BCS class by itself 

is not adequate for establishing suitable dissolution specifications, since for amoxicillin, a 

highly soluble drug, a narrower range of suitable dissolution specifications was observed 

compared to doxycycline monohydrate, a borderline BCS I/II drug. Only when the interplay 

between physicochemical, biopharmaceutical and pharmacokinetic parameters was taken into 

consideration in virtual trials, could a comprehensive assessment of the impact of differences 

in dissolution performance be made. Application of this approach has demonstrated that, 

although amoxicillin in a dosage strength of 500 mg has a more favourable BCS class 

compared to doxycycline monohydrate, differences in dissolution can have a greater impact 

on its pharmacokinetic parameters. This is because the active uptake of amoxicillin is tied to 

an absorption window in the proximal small intestine, with the resulting Cmax further influenced 

by its short elimination half-life. In contrast, doxycycline exhibits moderate to high permeability 

across the complete intestinal tract and a long elimination half-life, leading to a later tmax and 

Cmax being less dependent on differences in dissolution behaviour. 

Although confirming the safety of regulatory BCS-based biowaiver criteria, as false-positive 

outcomes are not expected for complying drug products, the safe-space dissolution criteria 

derived from the virtual trials could not contribute to a higher proportion of tested generic 

amoxicillin and doxycycline drug products successfully passing the dissolution comparison. 

Both -  were found overly strict for the tested drug 

products in view of the market authorization of the products tested. Thus, instead of tying the 

successful comparison of dosage form performance to rigid specifications, differences in 

dosage form behaviour should rather be assessed in virtual bioequivalence trials that account 

for a wider range of dissolution scenarios. 

Nonetheless, safe-space dissolution criteria can still be regarded as a valid approach for 

verifying the regulatory dissolution specifications or extending the criteria for APIs not 

investigated in this study, as confirmed by several case examples from the literature[31,35 37,181]. 
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5. Summary and Outlook 

The majority of drugs formulated as IR SODF and listed on the 21st WHO EML are highly 

soluble and thus potential candidates for a BCS-based biowaiver. However, the applicability 

of the procedure was limited in the past due to a lack of harmonization of regulatory guidances, 

and practical obstacles, especially for dosage forms with pH-dependent dissolution, a strong 

influence of coning or a considerable disintegration time, are still preventing its widespread 

use to the present day. 

The ongoing process of harmonizing the BCS-based biowaiver guidelines is a welcome 

approach facilitating multi-national approval of generics, although strict specifications for 

demonstrating dissolution similarity still prevent a large fraction of otherwise eligible generic 

drug products from benefiting of a facilitated approval procedure. This was substantiated 

based on a retrospective analysis of dissolution results as well as new experimental data for 

drug products containing amoxicillin or doxycycline. 

A potential solution for making the BCS-based biowaiver accessible for more drug products 

while still maintaining its discriminative power is a shift in the regulatory strategy from the 

current approach to individual specifications. Such specifications are 

preferably established independently of a drugs BCS class using in vitro-in silico approaches 

and should reflect the complex interplay between physicochemical properties of the API, 

particularities of the dosage form and the expected in vivo behaviour. Parameterization of the 

in vitro dissolution results and subsequent use in validated GastroPlus® models for simulating 

a variety of scenarios in virtual bioequivalence trials was shown to be a suitable approach to 

assess the in vivo relevance of differences in the dissolution behaviour of generic drug 

products. 

Further contributing to improving the physiological relevance by making the experimental setup 

more biopredictive and thus more sensitive to formulation differences relevant to the in vivo 

situation, modifications to the experimental setup, such as the use of biorelevant media in 

addition to setups that help to prevent coning, were demonstrated to be viable tools. 

One major limitation of the experiments performed in the framework of this thesis is the use of 

drug products with proven bioequivalence. In order to establish dissolution specifications that 

reliably discriminate between in vivo bioequivalent and inequivalent drug products, the 

specifications would have to be further validated using in vivo inequivalent drug products. 

However, the availability of such drug products is a limiting factor, as non-BE is rarely observed 

with BCS class I and III drugs, so that a sufficient number of drug products from failed 

bioequivalence trails for validation of the approaches presented in this thesis is very difficult to 

obtain. 
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A further step based on the approach of simulating the pharmacokinetics of a drug product by 

combining in vitro with in silico tools presented in this thesis would be the consideration of 

pharmacodynamic effects in PK/PD models. Such models could be used for the evaluation of 

therapeutic equivalence of generic drug products, and have already been suggested for certain 

APIs such as ibuprofen, where the pharmacokinetic profile of the drug was linked to its efficacy 

in pain relief[244,245]. However, a lot of data of sufficient quality is needed, e.g. distribution 

kinetics of the drug from the systemic circulation into the various body tissues, preferably taking 

into account differences in ADME parameters among patients and healthy subjects. In 

addition, a valid correlation is needed between the drug concentration in a body tissue and the 

corresponding efficacy or toxicity.  

For the antibiotic agents used as case examples in this thesis, the minimal inhibitory 

concentrations (MIC) needed to successfully treat infections with various bacterial pathogens 

could be obtained from publicly available databases such as the EUCAST database 

(https://www.eucast.org/) and used for establishing a PK/PD model. This would contribute 

even further to the idea of establishing individual specifications for assessing the therapeutic 

equivalence of drug products, as all aspects relevant for the therapeutic efficacy of an 

individual oral drug product are taken into account, starting with the biopharmaceutical 

behaviour of the dosage form in the gastrointestinal lumen, through distribution of the API from 

the systemic circulation to various body tissues and finally to the estimation of resulting 

pharmacodynamic effects.
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6. German Summary (Deutsche Zusammenfassung) 

Generische Arzneimittel werden von der Europäischen Arzneimittel-Agentur (EMA) als 

Arzneimittel definiert, die im Vergleich zu einem Referenzarzneimittel hinsichtlich bestimmter 

Aspekte identisch sind, wie beispielsweise in der Anzahl und Art der Wirkstoffe, der Dosis-

stärke, dem Ort und der Art der Anwendung, der medizinischen Indikation sowie der 

einzuhaltenden Qualitätsstandards während der Herstellung. Sie können sich jedoch in ihrem 

äußeren Erscheinungsbild (Name, Verpackung und Aussehen der Darreichungsform) und vor 

allem in der qualitativen und quantitativen Zusammensetzung hinsichtlich der bei ihrer 

Herstellung verwendeten Hilfsstoffe unterscheiden. 

Um die therapeutische Äquivalenz im Vergleich zum Referenzarzneimittel und damit auch die 

Austauschbarkeit im Rahmen der Gesundheitsversorgung der Gesellschaft mit Arzneimitteln 

sicherzustellen, sind Bioverfügbarkeitsstudien erforderlich. In diesen wird die Bioäquivalenz 

des Generikums und des Vergleichspräparates nachgewiesen, indem ihr resultierendes 

pharmakokinetisches Profil hinsichtlich der Geschwindigkeit und des Ausmaßes der 

Resorption verglichen wird. In Kombination mit der Forderung nach gleichen 

Qualitätsstandards bei der Herstellung dient der Nachweis der Bioäquivalenz als Beleg für die 

therapeutische Gleichwertigkeit eines Generikums zum Vergleichspräparat, welche normaler-

weise in aufwändigeren klinischen Sicherheits- und Wirksamkeitsstudien nachgewiesen 

werden müsste. 

Für Arzneimittel, die als feste, perorale, schnell freisetzende Darreichungsformen formuliert 

sind, kann der regulatorische Aufwand für die Zulassung generischer Arzneimittel weiter 

reduziert werden, da auf den Nachweis der Bioäquivalenz in vivo zugunsten eines ver-

gleichenden Freisetzungstests in vitro im Rahmen eines sogenannten Biopharmaceutics 

Classification System (BCS) basierten Biowaivers für hochlösliche Wirkstoffe verzichtet 

werden kann. Die Anwendung des BCS-basierten Biowaivers kann in der Folge unnötige 

Arzneistoffanwendungen am Menschen sowie die Kosten von Bioäquivalenzstudien einsparen 

und erfasst dabei gleichzeitig einen der wichtigsten Qualitätsaspekte fester Darreichungs-

formen: Die Arzneistofffreisetzung aus der Darreichungsform und die nachfolgende Auflösung 

der Wirkstoffpartikel. 

Neben potenziellen Einsparungen für den Pharmazeutischen Unternehmer durch die 

Anwendung eines BCS-basierten Biowaivers kann die vereinfachte Zulassung ebenfalls zu 

einer breiteren Verfügbarkeit von Generika und dadurch zur Reduzierung eines großen 

Kostenfaktors im öffentlichen Gesundheitswesen beitragen: In Deutschland wurden 2018 ca. 

78% der definierten Arzneimittel-Tagesdosen durch Generika und Biosimilars gedeckt, wobei 

sie lediglich 23% des Budgets für Arzneimittel und nur 9,3% des Gesamtbudgets im öffent-

lichen Gesundheitssystem ausmachten.  
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Im Vergleich zu Deutschland, wo die umfassende Verfügbarkeit von Arzneimitteln mit geprüfter 

pharmazeutischer Qualität in der Regel sichergestellt ist, hat die weltweite Gesundheits-

versorgung noch deutliches Verbesserungspotenzial. Insbesondere in Entwicklungsländern ist 

der problemlose Zugang zu Arzneimitteln, die von der Weltgesundheitsorganisation (WHO) 

als unentbehrlich eingestuft werden nur zum Teil möglich. So schätzte die WHO im Jahr 2011, 

dass mehr als einem Drittel der Weltbevölkerung kein angemessener Zugang zu lebens-

wichtigen Arzneimitteln möglich sei. Diese Versorgungslücke in Entwicklungsländern wird vor 

allem auf die hohen Kosten für Arzneimittel, aber auch auf unzureichende finanzielle Mittel und 

die schwache Infrastruktur der Kontrollbehörden und des öffentlichen Gesundheitssystems 

zurückgeführt. Hierbei stellt die Verfügbarkeit von generischen Arzneimitteln essentieller 

Wirkstoffe einen Schlüsselaspekt bei der Senkung der Behandlungskosten einer Vielzahl von 

Erkrankungen in Entwicklungsländern dar, da ca. 90% der von der WHO als essentiell 

aufgeführten Wirkstoffe mittlerweile patentfrei sind und somit als kostengünstige Generika 

verfügbar gemacht werden können. 

Zur Bewältigung der Infrastrukturprobleme arbeitet die WHO mit nationalen Behörden 

zusammen und veröffentlicht Leitfäden, um die Etablierung nationaler Richtlinien zur Arznei-

mittelversorgung in Entwicklungsländern zu unterstützen. Im Zuge dessen hat die WHO 

bereits 2006 eine tabellarische Übersicht zur Löslichkeits- und Permeabilitätsklassifizierung 

essentieller Arzneistoffe erstellt, die kontinuierlich überarbeitet wird, um potenzielle Kan-

didaten für einen BCS-basierten Biowaiver unter den unentbehrlichen Arzneistoffen zu 

identifizieren. 

Unterstützend zur WHO-Initiative veröffentlicht die Interessengruppe BCS und Biowaiver der 

Internationalen Pharmazeutischen Föderation (FIP) Biowaiver-Monographien mit 

Schwerpunkt auf unentbehrlichen Arzneistoffen, in welchen für die Öffentlichkeit zugänglich 

alle Daten in einer Nutzen-/Risikobewertung zusammengefasst werden, die für eine mögliche 

Anwendung eines BCS-basierten Biowaivers relevant sind. Die Biowaiver-Monographien 

dienen somit als Entscheidungshilfe, ob eine generische Zulassung mittels BCS-basiertem 

Biowaiver für einzelne Wirkstoffe und deren Arzneimittel aus wissenschaftlicher Sicht zu 

empfehlen ist. 

Der BCS-basierte Biowaiver ist somit ein vielversprechendes Instrument, das Kosten-

einsparungen sowie eine Verringerung des regulatorischen Aufwands im Zuge der 

behördlichen Zulassung von Generika ermöglicht und dazu beitragen kann, die Zugänglichkeit 

unentbehrlicher Arzneimittel zu erleichtern. Dabei gibt es jedoch auch Hürden, welche die 

weitläufige Anwendung des Verfahrens verhindern: Unklare Löslichkeits- und Permeabilitäts-

klassifizierungen von Wirkstoffen, Arzneimittel, welche die Freisetzungskriterien nicht erfüllen 
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können, sowie Zweifel an der Eignung der regulatorischen Spezifikationen, Freisetzungs-

unterschiede in vitro erfassen zu können, die für das Verhalten in vivo relevant sind, sind nur 

einige Beispiele für Probleme, die es zu lösen gilt. 

In dieser Dissertation werden oben genannte Probleme thematisiert, indem eine umfassende 

Bewertung der Anwendbarkeit und der Einschränkungen des BCS-basierten Biowaivers in 

seinem aktuellen, von regulatorischen Behörden vorgeschriebenen Ablauf vorgenommen 

wird. Mögliche Anpassungen des Verfahrens wurden auf der Grundlage experimenteller in 

vitro Daten untersucht, bewertet und mithilfe von in silico Simulationsmodellen auf die Situation 

in vivo extrapoliert. 

Der Großteil (~52%) der in sofort freisetzenden, festen, peroralen Darreichungsformen 

formulierten Arzneistoffe, die auf der aktuellen Essential Medicines List geführt sind, konnten 

in dieser Arbeit als hochlöslich klassifiziert werden und stellen daher potenzielle Kandidaten 

für einen BCS-basierten Biowaiver dar. Die tatsächliche Anwendung des Verfahrens war 

jedoch in der Vergangenheit aufgrund mangelnder Harmonisierung der behördlichen Richt-

linien eingeschränkt, und noch immer verhindern praktische Hindernisse dessen Durch-

führung, insbesondere für Darreichungsformen mit pH-Wert-abhängiger Auflösung oder einer 

beträchtlichen Zerfallszeit. 

Der fortlaufende Prozess der Harmonisierung der BCS-basierten Biowaiver-Richtlinien ist ein 

willkommener Ansatz, der die multinationale Zulassung von Generika erleichtert, obwohl 

strenge Spezifikationen für den Nachweis der Ähnlichkeit von Freisetzungsprofilen noch immer 

verhindern, dass ein großer Teil der ansonsten in Frage kommenden Generika von diesem 

erleichterten Zulassungsverfahren profitiert. Anhand einer retrospektiven Analyse von Frei-

setzungsergebnissen der Goethe Universität sowie auf der Grundlage neuer experimenteller 

Daten für Arzneimittel, die Amoxicillin oder Doxycyclin enthalten, wurde gezeigt, dass ca. 30% 

der theoretisch für den BCS-basierten Biowaiver geeigneten Arzneimittel nicht die in vitro 

Freisetzungsspezifikationen erfüllen können und zum Teil beträchtliche Unterschiede im 

biopharmazeutischen Verhalten zwischen einzelnen Generika bestehen. 

Eine mögliche Lösung, die in dieser Arbeit vorgestellt wird, um den BCS-basierten Biowaiver 

dennoch für mehr Arzneimittel zugänglich zu machen und gleichzeitig eine sichere Unter-

scheidung zwischen potenziell bioinäquivalenten Produkten zu gewährleisten, ist eine Abkehr 

vom derzeitig regulatorisch vorgegebenen one size fits all  Ansatz hin zu arzneistoff-

individuellen Freisetzungsspezifikationen. Diese sollten vorzugsweise unabhängig von der 

BCS-Klassifizierung und unter Verwendung von in vitro / in silico-Methoden festgelegt werden, 

die das komplexe Zusammenspiel zwischen den physikochemischen Eigenschaften des 

Arzneistoffes, den Besonderheiten der Darreichungsform und den physiologischen Gegeben-

heiten in vivo widerspiegeln. Die in dieser Arbeit angewandte Parametrisierung der in vitro 
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Freisetzungsprofile zur Unterscheidung von Partikelauflösung und Tablettenzerfall sowie 

deren anschließende Verwendung in validierten GastroPlus®-Modellen zur Simulation einer 

Vielzahl physiologischer Szenarien in virtuellen Bioäquivalenzstudien erwies sich als 

geeigneter Ansatz zur Bewertung der in vivo Relevanz von in vitro Unterschieden im Auf-

lösungsverhalten von Generika. 

Weiterhin konnte gezeigt werden, dass die Verwendung von biorelevanten Medien zusätzlich 

zu einem instrumentellen Aufbau unter Verwendung von Peak VesselsTM, die das Entstehen 

hs-

aufbau bioprädiktiver und empfindlicher für Formulierungsunterschiede zu machen, die für die 

Situation in vivo relevant sind. 

Eine wesentliche Limitierung der im Rahmen dieser Arbeit durchgeführten Experimente ist 

jedoch die Verwendung von Arzneimitteln mit bereits vorausgesetzter Bioäquivalenz. Um 

Auflösungsspezifikationen festlegen zu können, die zuverlässig zwischen in vivo bioäqui-

valenten und -inäquivalenten Arzneimitteln unterscheiden, müssen die Spezifikationen ferner 

unter Verwendung von in vivo als bioinäquivalent geprüften Arzneimitteln validiert werden. Die 

Verfügbarkeit solcher Arzneimittel stellt hierbei jedoch den limitierenden Faktor dar, da bei 

Arzneimitteln der BCS-Klassen I und III nur äußerst selten Bioinäquivalenz in vivo festgestellt 

wird und daher eine ausreichende Anzahl von Arzneimitteln aus fehlgeschlagenen Bioäqui-

valenzstudien zur Validierung der in dieser Arbeit vorgestellten Ansätze kaum zu erhalten sein 

wird. 

Eine zukünftige Erweiterung des Verfahrens, die auf dem hier vorgestellten Ansatz der 

Simulation der Pharmakokinetik eines Arzneimittels durch Kopplung von in vitro mit in silico 

Methoden basiert, ist die Berücksichtigung pharmakodynamischer Effekte in sogenannten 

PK/PD-Modellen. Diese Modelle können zur genaueren Bewertung der therapeutischen 

Äquivalenz von Generika verwendet werden und wurden bereits für einzelne Wirkstoffe wie 

beispielsweise für Ibuprofen vorgeschlagen, bei welchem das pharmakokinetische Profil des 

Arzneistoffes mit seiner Wirksamkeit bei der Schmerzlinderung korreliert werden konnte. Für 

einen solchen Ansatz wird jedoch eine Vielzahl klinischer Daten von hinreichender Qualität 

benötigt, um unter anderem die Verteilungskinetik des Arzneimittels zwischen dem syste-

mischen Kreislauf und verschiedenen Körpergeweben exakt beschreiben zu können, 

vorzugsweise unter Berücksichtigung von Unterschieden in ADME-Parametern zwischen 

Patienten und gesunden Probanden. In jedem Fall ist eine valide Korrelation zwischen der 

Wirkstoffkonzentration in einem Körpergewebe und der daraus resultierenden 

pharmakodynamischen Effekte zwingend erforderlich.  
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Für die in dieser Arbeit als Fallbeispiele verwendeten Antibiotika Amoxicillin und Doxycyclin 

können die zur therapeutischen Infektionsbehandlung erforderlichen minimalen Hemm-

konzentrationen für verschiedene Erreger aus öffentlich zugänglichen Datenbanken wie der 

EUCAST-Datenbank bezogen und zur Erstellung eines PK/PD-Modells verwendet werden. 

Dies würde noch weiter zu dem Leitgedanken beitragen, individuelle Spezifikationen zur 

Bewertung der therapeutischen Äquivalenz von Arzneimitteln festzulegen, da somit alle für die 

therapeutische Wirksamkeit eines bestimmten, peroral angewendeten Arzneimittels 

relevanten Aspekte berücksichtigt würden, beginnend mit dem biopharmazeutischen 

Verhalten der Darreichungsform im Magen-Darm-Lumen, über die Verteilung der Wirkstoffes 

aus dem systemischen Kreislauf in verschiedene Körpergewebe bis zu den daraus 

resultierenden pharmakodynamischen Effekten. 
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