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Slap 

Teče i teče, teče jedan slap; 

Što u njemu znači moja mala kap? 

Gle, jedna duga u vodi se stvara, 

i sja i dršće u hiljadu šara. 

Taj san u slapu da bi mogo sjati, 

I moja kaplja pomaže ga tkati. 

Dobriša Cesarić 

 

 

Waterfall 

It flows and flows, flows the waterfall 

Does my little drop make any difference at all? 

Look, a rainbow appears in it 

And in a thousand colours it appears shivering and lit! 

That dream lighted up in the waterfall 

And my drop helped to wave it all. 

(transl. Toni Šimundža) 

 

 

Wasserfall 

Es fließt und fließt ein Wasserfall. 

Ein kleines Tropfen bin ich in ihm, winzig, egal. 

Ein Regenbogen wird im Wasser kreiert. 

Er glänzt und zittert, tausendfach verziert. 

Damit der Traum leuchtet aber fein 

hilft auch mein Tropfen. Wenn auch klein. 

(übersetz. Blago Vukadin) 

 

 

 

~ To my family - the ones that are and ones to come ~ 
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1  Introduction 

1.1  Physiology of the GI tract 
The gastrointestinal (GI) tract is a complex organ system primarily involved in food 

digestion and absorption1; however, it also plays important roles in immunology, 

metabolism, and excretion. It is also the most common, and likely the oldest path to 

administering compounds with healing or therapeutic properties. Understanding the 

physiology of the GI tract is essential to understanding drug behaviour after oral 

administration. Changes in the GI physiology (due to a disease or co-administration of 

drugs) often have an impact on drug therapy. Thus, this section presents a short 

summary of the GI physiology in the healthy state. 

Anatomically, the GI tract (GIT) can be divided into the upper and lower GIT2. Upper 

GIT starts with the mouth and includes the esophagus, stomach and duodenum. The 

lower GIT is defined as the small intestine below the duodenum (including the jejunum 

and ileum) and the large intestine (including the caecum, appendix, ascending, 

transverse, descending and sigmoid colon, as well as rectum) which ends with the 

anus. Furthermore, GIT is the central part of the digestive system (Figure 1), 

incorporating other organs, such as secretory glands, the liver, pancreas, and gall 

bladder, and is connected to the lymphatic and cardio-vascular system. 

 

Figure 1. Vitruvian man and the digestive system. 
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1.1.1  Stomach  

The main functions of the gastric compartment are to mix and reduce the size of the 

ingested food and to protect the lower GI segments from exogenous microorganisms, 

as well as to initiate the digestion of proteins.  

In the fasted state, the gastric fluids have a low resting volume. The commonly 

accepted value of the average fasted state gastric fluid volume is 25 to 50 ml3–6. Thus, 

the gastric media volume in the fasted state after a glass of water (200 – 240 ml) is 

approximated to an average value of 250 ml. In the fed state, the gastric volume 

depends on the amount of the ingested food and liquid, active gastric secretion and 

the speed of the gastric emptying and may reach values of several hundred ml5.  

The main component of the gastric medium is hydrochloric acid, which is secreted 

from parietal cell and dictates the gastric pH. The pH of the gastric medium in the 

healthy, fasted state has a low value, usually between pH 1 and 37–9. In the fed state, 

the pH value rises to an extent which is dependent on the pH and buffer capacity of 

the meal. Thus, gastric pH in the fed state generally ranges from pH 3 to 77–10.  

The surface tension of the medium in the fasted state (30 – 45 mN/m8,11,12) originates 

from a low concentration of surface-active components, thought to be generated by 

modest bile acid reflux from the duodenum into the stomach (achieving concentrations 

far less than 1 mM). In the fed state, the surface tension sinks to 30 mN/m13, on the 

one hand due to lipolysis of fatty components of the meal and on the other hand 

potentially due to higher bile reflux.  

The gastric motility in the fasted state can be divided into three phases. Phase 1 shows 

minimal motility and lasts for on average 50 minutes. In Phase 2, the gastric 

contractions become more frequent and intense (period of 30 – 45 min), culminating 

in Phase 3 with strong contractions inducing emptying of the gastric medium (gastric 

emptying, GE). This pattern is repeated on average every 2 hours14,15. In the fed state, 

a different motility pattern can be observed. The gastric contents, now a composite of 

gastric acid, food, liquid and secretions, is mixed by alternating contractions of the 

gastric muscles, and emptied over a period depending on the caloric value of the meal, 

with a general emptying rate of 2-4 kcal/min16.  

Pepsin is an important enzyme active in the stomach. Its purpose is the digestion of 

proteins and as such, it cannot be secreted in an active form from the gastric chief 

cells. Thus, gastric chief cells secret an inactive pro-enzyme, pepsinogen, which is 

transformed into the active form17, pepsin, only after secretion into the gastric fluids 
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and under low pH conditions (under pH 4), reaching an average concentration of 0.1 

mg/ml in the fasted state13,18,19. Peptic activity is not only important for food digestion, 

but also for the disintegration of some drug formulations, like gelatine capsules. 

The gastric mucosa secretes mucus and bicarbonate to protect itself from the 

corrosive effects of hydrochloric acid and pepsin. The bicarbonate secretion into the 

gastric fluids is, however, minimal20: it only serves to neutralize hydrochloric acid on 

the mucosal surface.  

The stomach was at first assumed to be sterile in the fasted state, as one of the 

purposes of the low gastric pH is to denature microorganisms. Nevertheless, after the 

discovery of Helicobacter pylori in the stomach, more research showed the existence 

of approximately 1000 bacterial colony forming units (CFU)/g in the gastric 

compartment21,22. 

 

1.1.2  Small intestine 

The main function of the small intestine is the absorption of nutrients. This is also the 

main place of drug absorption for medicines administered orally. The small intestine 

is highly efficient in this regard due to its physiology. Due to the circular folds 

(Kerckring’s rings), the small, finger-like formations called villi on the mucosal surface 

and the microvilli on the apical side of the enterocytes23, which make up around 85 to 

90 % of the cells on the mucosal surface, the surface area of the 3 - 8 meter long small 

intestinal tube1,24 increases dramatically to around 30 - 200 square meters25,26, 

depending on the calculation.   

The volume of fluids in the small intestine was reported to range from 30 to 300 ml in 

the fasted state and 40 to 400 ml in the fed state5,7. Depending on the methodology 

used to define the intestinal volume (volume calculation, chymus contents, mucosal 

water or only water pockets), the numbers vary among authors4,5,7,27.  

The pH of the small intestinal compartment is mainly regulated in the fasted state by 

the high bicarbonate secretion (10-fold of the gastric bicarbonate secretion20) into the 

duodenum. The function of the bicarbonate, which is secreted mainly from the 

pancreas, is to neutralize the acidic medium entering from the stomach and thus 

protect the intestinal mucosa7,20. At the proximal end, the average pH value in both 

the fasted and fed state is around pH 5 – 6.5, whereas in the distal part of the small 

intestine, an average pH value of 7.5 is reported7,28.  
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In order to further digest the food entering from the stomach, lipases, amylases, and 

proteases are secreted from the pancreas. Additionally, secretion of the bile 

components (bile salts and lecithin) promotes the “wetting” and emulsification of the 

chyme, due to the bile’s surface-active properties, thus promoting interaction of the 

chyme with the enzymes and (incidentally) higher solubility of lipophilic drugs. The 

basal secretion of bile components from the gall bladder into the duodenum induces 

an intestinal bile component concentration of 3 mM in the fasted state13,29,30. In the fed 

state, maximal release of the bile stored in the gallbladder is triggered, raising the 

average bile salt concentration to 10-15 mM8,31.  

The contractions throughout the small intestine ensure mixing of the intestinal medium 

and contact with the absorptive cells (enterocytes) of the intestinal mucosa.  

Regarding the microbiotic composition of the intestinal medium, the small intestine is 

a transition zone between the gastric conditions, where only few bacteria survive, and 

the large intestine, where the peak concentration of intestinal microbiota is found. 

Thus, the proximal part of the small intestine houses a very low bacterial count, 10^4 

CFU/g, whereas the distal intestine contains up to 10^7 CFU/g22, still far lower than 

the microbiota-rich large intestine. 

 

1.1.3  Large intestine 

Although the great majority of nutrient absorption is complete in the proximal small 

intestine, certain nutrients can be absorbed from the large intestine. The thriving 

microflora decomposes e.g. some polysaccharides that are non-digestible by human 

enzymes. However, the main function of the large intestine is water and electrolyte 

(re)absorption1. Drug absorption in this region is limited due to the lower surface 

area/volume ratio.  

The pH in the large intestine is largely influenced by the fermentation processes of the 

colonic bacteria, which decompose polysaccharides to short-chain fatty acids11, 

resulting in a pH of around 5 - 6.5 in the proximal colon. Aborad the pH in the large 

intestine rises gradually back to approximately pH 728.  

The concentration of bile components in the large intestine is low, due to an almost 

complete re-absorption by active uptake processes in the ileum.  

The residence time in the large intestine is longer than in the small intestine32. This 

assures enough time to absorb a large amount of water during the transit of the 
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residual chyme. Interestingly, the proximal colon serves as a mixing segment, such 

that materials can move in both the orad and aborad direction in this segment. Over 

time, peristalsis guides the content to the sigmoid colon, while final, strong 

contractions empty the content16.  

The large intestine offers anaerobic surroundings, where up to 10 trillion CFU/ml, with 

over 500 bacterial species are identified22,33,34. 

 

1.2  Biorelevant media 
Biorelevant media are dissolution media which are designed to mimic the gastric and 

intestinal conditions in vitro35. They evolved from the compendial media, which are 

buffered aqueous solutions reflecting the pH of the GI environment. In addition to 

reflecting the pH, biorelevant media take other parameters of the in vivo media into 

account, like buffer capacity, osmolality and concentration of bile components36. Thus, 

drug dissolution experiments using biorelevant media can provide a more accurate 

representation of drug dissolution in vivo35 compared to compendial media.  

Biorelevant media have received broad attention and are accepted in academic 

research, the pharmaceutic industry and regulatory authorities alike due to the fact 

that they indeed show important advantages over compendial media, especially for 

poorly soluble drugs. In recent years the procedure for making the media 

manufacturing have become simpler: while initially the bile components had to be 

introduced into the biorelevant medium via an organic solvent (which later had to be 

evaporated using a rotary evaporator37), nowadays, a commercially available, 

lyophilized mixture of bile components38, suitable for direct addition into an aqueous 

medium, is commercially available (biorelevant.com). 

The first biorelevant media were defined by Dressman et al. and applied by Galia et 

al11,39. Their research generated the first two widely used biorelevant media; which 

reflect the fasted state intestinal fluid (FaSSIF) and the fed state intestinal fluid 

(FeSSIF). FaSSIF includes a phosphate buffer with a buffer capacity of 12 mEq/l/ΔpH 

and a pH of 6.5, with sodium chloride added to adjust the osmolality to 270 mOsmol 

and sodium taurocholate and lecithin present in concentrations reflecting the bile 

component concentration in the fasted intestinal fluid (3 mM). FeSSIF includes an 

acetate buffer with a buffer capacity of 76 mEq/l/ΔpH and a pH of 5, with (initially) 

potassium chloride used to adjust the osmolality to 635 mOsmol and taurocholate and 
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lecithin concentrations adjusted to reflect the fed state intestine medium (15 mM)36. 

In years following the publication of FaSSIF and FeSSIF, a fasted and a fed state 

simulated gastric fluid were developed (FaSSGF and FeSSGF)40,41. FaSSGF has a 

pH of 1.6 and consists of hydrochloric acid, sodium chloride (121 mOsmol) and a small 

concentration of bile components (80 μM) reflecting the composition of the gastric 

fluids in vivo. FeSSGF is defined by “snapshot” media, corresponding to the changes 

in the gastric fluids after a meal over time. FeSSGF initially used milk as the basis39,41, 

but now uses Lipofundin, a standardized oil emulsion, to introduce a lipophilic 

component into an in vitro medium36.  

Furthermore, by updating the osmolality and bile component ratio for the intestinal fluid 

as well as exchanging the phosphate buffer for a maleate buffer with a lower buffer 

capacity (10 mEq/l/ΔpH), a second version of FaSSIF was composed (FaSSIF V2)41. 

A second version of FeSSIF, i.e. FeSSIF V2, has been developed as well. In addition 

to updating the osmolality and buffer capacity of the maleate buffer, glyceryl 

monooleate and sodium oleate were introduced36,41 to reflect digestion products.  

Fasted state simulated colonic fluid (FaSSCoF) and fed state simulated colonic fluid 

(FeSSCoF) have also been developed42, completing the set of in vitro biorelevant 

media reflecting all parts of the GI tract. These biorelevant media, as well as newer 

developments, such as FaSSIF V343 or FEDGAS44, can all play an important role in 

predicting the drug behaviour in vivo. Since these media represent the average GI 

physiology in healthy adults, further work is needed to identify suitable media for 

children and various disease states and dosing conditions in which the gastrointestinal 

physiology is altered45–47. 

 

1.3  Disease states linked to elevated gastric pH  

1.3.1.  Hypo- and achlorhydria 

The low pH of the gastric fluids is an essential characteristic of the gastric physiology. 

In the healthy state, the natural processes which can elevate the gastric pH are the 

intake of water or food. Due to re-acidification of the gastric compartment via basal 

and active acid secretion, as well as emptying of the content from the stomach, the 

elevation in pH is temporary.  

Hypochlorhydria is a disease state in which an individual possesses a low level of 

gastric acid in the fasted state and thus continuously elevated gastric pH. Achlorhydria, 
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similarly, is a disease state, in which levels of gastric acid secretion are negligible48, 

either in the fasted state or in response to a meal. Elevated gastric pH49,50 has been 

defined as a pH above 3.5. In hypo- and achlorhydria, the gastric pH value ranges 

from pH 3.5 (and for achlorhydria from pH 5.0948) to as high as pH 7, depending on 

the degree of the acid secretion impairment.  

The causes for hypo- and achlorhydria are diverse. Hypochlorhydria has been 

identified as the main potential physiological change in the gastric compartment due 

to aging51 and is more frequent in elderly populations51–53. Impairment of gastric acid 

secretion can be caused by bacterial infections (Helicobacter pylori) or as a side-effect 

of surgical operations, such as partial gastrectomies - a famous example being the 

Billroth II surgery54. Aside from Helicobacter infections, achlorhydria is very rare in 

young healthy adults, whereas the incidence in the elderly is thought to be around 10 

%. Some populations, such as the Japanese55,56, have a higher incidence of 

hypochlorhydria than others, although the incidence appears to be decreasing over 

time56. Hypochlorhydria has also been linked to chronic stress57. 

 

1.3.2  Diseases treated with ARAs 

Furthermore, elevated gastric pH occurs during the therapy of dyspeptic diseases. 

Heartburn, GastroEsophageal Reflux Disease (GERD), gastritis, Barrett’s esophagus, 

Zollinger Ellison syndrome, as well as gastric and duodenal ulcers are all treated using 

acid-reducing agents (ARAs). ARAs are locally or systemic acting drugs, which aim to 

inhibit or reduce acid secretion or directly reduce the gastric acid quantity. ARAs 

include several drug families, of which the antacids, H2-receptor antagonists (H2RAs) 

and proton pump inhibitors (PPIs) are the three most prominent and well-researched 

groups58.  

In addition to the treatment of dyspeptic diseases, ARAs are often used during 

polymedication of other disease states as a preventive measure against ulceration of 

the stomach (e.g. in elderly patients, during chronic use of non-steroidal anti-

inflammatory drugs (NSAIDs), cancer treatment or treatment of human 

immunodeficiency virus (HIV) infection).  

Antacids are the oldest drugs used to reduce gastric acid and are still in broad use, 

most frequently in self-treatment of heartburn59. Antacids are a diverse group of basic 

minerals and constitute the only ARA group that impacts the pH of the gastric fluid 
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directly, via a neutralisation of hydrochloric acid. The main sub-groups of antacids 

include sodium salts (e.g. sodium bicarbonate), calcium salts (e.g. calcium carbonate), 

magnesium and aluminium compounds (simple oxides and hydroxides, as well as 

basic composites and complexes including both cations).  

H2RAs competitively inhibit the histamine H2 receptors responsible for the 

transmission pathway of parietal cells, thus inhibiting hydrochloric acid secretion into 

the gastric compartment60. Commonly used H2RAs are cimetidine, ranitidine and 

famotidine61. With the introduction of PPIs, H2RAs were replaced as the first-line 

therapy of dyspepsia and GI ulcers. Nevertheless, due to their relatively fast onset of 

action, they are still used e.g. in the pre-treatment of urgent surgeries, during which 

gastric acid aspiration must be prevented in a timely fashion.  

PPIs are one of the most prescribed classes of drugs worldwide62. PPIs are acid-labile 

compounds, which irreversibly bind to proton pumps of the parietal cells, directly 

inhibiting acid secretion at the end of the parietal cell acid secretion pathway63. 

Currently, a number of PPIs are approved and on the market, the most commonly 

used being omeprazole, esomeprazole, pantoprazole and lansoprazole. Rabeprazole 

is the most potent PPI, whereas pantoprazole is the least potent. Pantoprazole 

however has the advantage of being the PPI with the least metabolic interactions with 

other drugs. 

 

1.4  Drug development and DDI predictions 
The process of developing medicines has several aspects. While drug discovery, 

preclinical development and clinical development focus on the drug itself64, formulation 

development runs in parallel to the drug development and is responsible for ensuring 

delivery of the drug to the site of action65. 

Drug discovery starts with identifying compounds (“hits”), which potentially interact 

with the target receptors or enzymes. At this stage, vast libraries of compounds are 

assayed using the high throughput screening (HTS) method. While this approach 

facilitates the assessment of thousands of potential compounds for their affinity to the 

target in a short period of time, it also brings some essential disadvantages. For 

example, the assay uses organic solvents for the stock solutions of the compounds to 

investigate the compound potency, thus often identifying highly lipophilic compounds 

as hits. While this indeed often leads to compounds showing high potency, it also 
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frequently leads to compounds with poor aqueous solubility being selected for 

development.  

In addition, ionisable compounds (weak bases or acids) are more likely to be selected 

for further examination since precipitation and salt formation are easy ways of 

extracting a compound during the synthesis process. Thus, a great amount of today’s 

approved drugs or compounds in the development pipeline are poorly soluble, 

ionizable compounds.  

In early development, the most promising compounds are evaluated further for their 

pharmacodynamics, pharmacokinetics and toxicity and a “lead” compound 

(sometimes along with one or two back-up compounds) is subjected to further 

preclinical studies and optimized for clinical development. 

During clinical trials, drugs pass through three phases. The size of clinical trials 

increases from Phase 1 to 3, so in addition to the ethical considerations around human 

clinical studies, they become increasingly expensive and time-consuming. This forces 

formulation development to quickly provide “fit for purpose” dosage forms, with the aim 

of identifying the finished product by Phase 3.  

In Phase 1, the safety of the compound is assessed in humans in dose escalation 

studies. Phase 2 focuses on identifying the appropriate dose for achieving a 

therapeutic effect, whereas Phase 3 serves to evaluate the efficacy and safety of the 

drug product64. 

As a part of the efficacy and safety evaluation, drugs and their formulations are tested 

for drug-drug interactions (DDIs) which could potentially appear during therapy with 

multiple drugs, as well as the drug’s efficacy in the diseased state. Co-administration 

of certain substances is known to alter the extent of the metabolism of a drug, possibly 

having a significant impact on the drug exposure66,67. Inhibition of the drug metabolism 

may lead to toxicity, whereas induction of the enzyme activity may lead to a lack of 

drug efficacy. The evaluation of such DDIs early in the development process enables 

optimization prior to the more extensive clinical trials, thus streamlining the 

development timeline.  

While the evaluation of such DDIs has become an essential part of the industry 

guidelines68,69, in recent years the focus of industry and regulatory bodies has 

extended to DDIs affecting drug dissolution, mainly pH-dependent DDIs70. As many of 

the drugs are poorly soluble ionizable compounds, their dissolution is pH-dependent. 
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Acid reducing agents (ARAs), compounds elevating the gastric pH, as well as hypo- 

and achlorhydria, can have a negative impact on the efficacy of poorly soluble, weakly 

basic compounds, since their availability for absorption often depends on extensive 

dissolution in the acidic environment of a healthy stomach. Furthermore, ARAs may 

have an impact on the safety of poorly soluble acidic compounds, as the amount of 

drug available for absorption can increase due to faster dissolution at elevated gastric 

pH, which could potentially lead to toxicity70,71, especially if the drug has a narrow 

therapeutic index72.  

As with the metabolism-dependent DDIs, an early characterisation and assessment of 

pH-dependent DDIs would be highly advantageous. Standardized in vitro methods 

estimating the possible extent of these DDIs prior to conducting the clinical studies are 

thus of great interest. 

 

1.5  In vitro tools 
Biorelevant in vitro tools are experimental set-ups aiming to reflect specific properties 

of the physiology or biological processes in the laboratory rather than the “real” 

biological surroundings. In connection to biopharmaceutics, in vitro tools are used to 

investigate solubility, permeability and dissolution behaviour of drugs. In vitro tools can 

in some cases provide data and conclusions directly connected to the drug behaviour 

in vivo, building a base for the in vitro - in vivo correlation (IVIVC) approach73. 

Furthermore, in the last decade or so, in vitro tools are often being combined with in 

silico methods to develop a more robust picture of the drug behaviour in vivo74. In the 

following sub-chapters, several in vitro tools relevant to the research of this thesis are 

described. 

 

1.5.1  Solubility measurements 

1.5.1.1  Shake-flask method 

Aqueous thermodynamic solubility is defined as the concentration of a compound in a 

saturated solution at a certain temperature and a defined pH, provided that an 

equilibrium between the dissolved compound and the compound in the solid state 

exists75,76. The most famous in vitro method for assessing thermodynamic drug 

solubility77 is the shake-flask method. Intriguingly, in literature, the original source for 

the method protocol is rarely revealed, but rather waived by calling it “the classical 
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shake-flask method”. This contradicts the fact that there is no accepted standard 

procedure for carrying out the method78.  In general, an excess of the drug substance 

is added to a closable vessel or a flask, then a specific volume of a medium is added, 

the vessel closed and stirred for a period of time at 37 °C on an orbital shaker with 

maximum velocity, in order to reach an equilibrium between the compound in 

dissolved and solid state. After this period, the samples are taken, filtered or 

centrifuged, and quantified. Nevertheless, the details on how much drug excess 

should be added, which volumes are used or what stirring time should generally be 

used, differ between sources. Furthermore, the type of investigated solid form or the 

final media pH, which are also essential for interpretation of the solubility data, are 

often not taken into account. An assessment of the most important parameters was 

conducted to update the method79, and in 2018 World Health Organisation (WHO) has 

published a draft for the use of a standardised shake-flask method80. WHO suggests 

conducting two types of experiments. In the preliminary solubility assessment 

experiments an excess of 30 – 40 % of the dose necessary for the saturation of 5 ml 

of the medium is added, the flasks are shaken over 72 h and the concentration 

repeatedly measured during this period to identify the equilibration time. Then, taking 

the preliminary solubility data into account, in the pivotal experiments only 10 % 

excess of the drug is added to an appropriate amount of the medium, the flasks are 

shaken for a period of time previously identified to be sufficient for equilibration, and 

samples finally filtered or centrifuged, diluted and quantified. 

1.5.1.2  UniPrep® method 

A miniaturized version of the shake-flask method was introduced by Glomme et al. 

The UniPrep® method has the advantage of using a smaller amount of the solvent 

and the compound than is required for the shake-flask method, and it simplifies the 

solubility measurement process by including a built-in filtration mechanism within the 

UniPrep® housing81. For this method, an excess amount of the drug (in the original 

publication reported as the amount two times higher than necessary for the calculated 

solubility81, however nowadays 150 % of the dose expected to dissolve in 3 ml of a 

medium) is weighed into the UniPrep® tube, 3 ml of the medium is added and the 

housing closed. Similar to the shake-flask method, the UniPrep® tube is then shaken 

at 37 °C on an orbital shaker, operated at maximum speed per the original publication 

for 24 hours. After 24 hours, the built-in filter is pushed through the suspension and 

the clear supernatant sampled and quantified. It is important to note, that after the step 
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of irreversibly pushing the built-in filter through the housing, undissolved drug has 

minimal contact with the solution, so any further dissolution of the drug after that point 

is unlikely even if the equilibrium has not been reached. The shaking time of 24 hours 

was chosen as this equilibration time is sufficient for the majority of compounds82, 

however, some preliminary experiments with sampling times at different shaking times 

may be conducted to ensure that the equilibrium is reached by the 24th hour. 

 

1.5.2  Permeability measurements 

Permeability is the second important factor necessary to define when interpreting drug 

behaviour in vivo. In regard to oral drug administration, the permeability of a compound 

can be defined as the ability to pass through the gut wall83 and thus be available for 

systemic distribution. 

1.5.2.1  Parallel Artificial Membrane Permeability Assay 

One of the popular in vitro permeability assessment methods is the Parallel Artificial 

Membrane Permeability Assay (PAMPA). This assay consists of two buffered, isotonic 

aqueous compartments divided by a lipid-infused artificial membrane. At the beginning 

of the experiment, a certain amount of drug is added to one compartment (donor 

compartment), and the drug is allowed to permeate through the membrane into the 

other compartment (acceptor compartment). At certain times, the concentration of the 

drug in both compartments is quantified, thus enabling the permeability to be 

calculated84.  

The advantages of the model are its straightforward preparation and use of readily 

available materials. By using 96 well-microtiter plates the speed, cost and efficacy of 

permeability measurement can be facilitated.  

A drawback of this method is that it identifies only the permeability of a drug originating 

from the passive transcellular diffusion and cannot assess paracellular diffusion or 

active transport of a drug through the membrane. Despite this drawback, PAMPA is 

widely used because a majority of the drugs are absorbed in vivo via passive 

absorption, and, furthermore, the paracellular diffusion often plays only a minor role85. 

1.5.2.2  Caco-2 permeability assay 

The Caco-2 permeability assay is the most widely accepted cell-based method.  

Caco-2 permeability assay utilizes an adenoCarconoma Colorectal (Caco) cell 

monolayer. In this method, after culturing the Caco-2 cells, the cell monolayer is grown 
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on a porous polymer substrate, which separates a donor and an acceptor 

compartment86. The composition of the fluids in both compartments can be adjusted 

to represent the apical (outside) and basolateral (inside) environment of the intestinal 

epithelial layer. With this set-up, a permeability in both directions (apical to basolateral 

and basolateral to apical) can be determined, depending on which compartment the 

drug solution is added. Thus, the apparent permeability (Papp) can be determined. 

The Caco-2 cell monolayer has the advantage over the PAMPA assay of being able 

to facilitate both passive trans- and paracellular transport, as well as active absorption 

and efflux processes87, which are all observed in the human intestinal cells in vivo.  

Although Caco-2 cell monolayers show a good correlation to permeability in vivo, this 

method also has drawbacks. Cell-based methods demand a longer and more 

complicated preparation8,88, as the cells have to be cultivated and held under optimal 

conditions. Thus, the cost of the Caco-2 permeability assay is higher than the PAMPA. 

The Caco-2 cells also show a higher activity of the efflux transporters, as well as 

narrower tight junctions between the cells89, possibly reflecting the carcinoma cell 

tendency to “protect” itself from xenobiotics, thus underestimating intestinal absorption 

in some cases. A common problem is also a large inter- and intra-laboratory variability, 

which can, nevertheless, be relativized by conducting control runs with standard drugs 

of known permeability in parallel to the experimental measurements90.  

Nevertheless, the Caco-2 permeability assay remains a valuable tool to estimating 

drug permeability early on in the development process and the data acquired from 

such assay is often used as input in in silico tools, as the availability of in vivo 

permeability data acquired by an intestinal perfusion double-balloon system in humans 

is extremely limited.  

 

1.5.3  Biorelevant dissolution measurements 

Next to the identification of the solubility and permeability, an accurate description of 

the drug dissolution is the third essential parameter assessed by the biopharmaceutic 

in vitro tools.  

According to the USP, dissolution is the process in which a substance forms a solution. 

Dissolution testing thus measures the extent and rate of solution formation from the 

solid drug substance or a dosage form91. Dissolution testing was initially employed for 

quality control of pharmaceutical products, where simple aqueous buffers of high 
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buffer capacity (compendial media) and high solvent volumes inducing “sink” 

conditions was used to produce robust methods, which however do not closely 

resemble the GI physiology. Later, with the introduction of biorelevant media, 

dissolution testing started to play an important role in drug development, as here 

dissolution testing has been designed to reflect the physiological conditions more 

closely92 in order to simulate and predict possible dissolution behaviour in vivo. 

Biorelevant dissolution testing has thus become a standard method in drug research 

and development, encompassing various in vitro set-ups, all aiming to reflect some 

key aspects of dissolution behaviour in vivo93. 

1.5.3.1  Simple in vitro dissolution set-ups 

Simple in vitro biorelevant dissolution set-ups are built on the concept of broadly used, 

standardized set-ups, like USP apparatus. Of the four main types of USP apparatus 

(Apparatus 1 – rotating basket, Apparatus 2 – rotating paddle, Apparatus 3 – 

reciprocating cylinder and Apparatus 4 – flow-through cell)94, the paddle apparatus 

has served as the basis for most of the biorelevant dissolution set-ups. Its major 

advantage is the broad availability in dissolution laboratories, as well as its simplicity. 

1.5.3.1.1  One-stage dissolution 

The simplest biorelevant dissolution set-up, one-stage dissolution set-up, uses the 

USP paddle apparatus with a 1 l vessel and a single biorelevant medium, reflecting 

either gastric or intestinal and fasted or fed conditions. The experiments are usually 

conducted at 37 °C, the paddle rotation speed is set to 50, 75 or 100 rpm and, for IR 

formulations the experiment typically lasts for 2 hours (gastric) or up to 4 hours 

(intestinal). An example of a sampling schedule intended to characterize the 

dissolution profile is 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after the addition of the 

formulation to the dissolution medium. For floating formulations (capsules), sinkers 

can be used to hold the formulation at the bottom of the medium95. 

One-stage biorelevant dissolution testing offers a quick and easy method to assess 

drug dissolution under various conditions and can serve as the basis of IVIVC or as 

input into in silico models. Nevertheless, one-stage experiments only show the 

dissolution of the drug under one condition, rather than dissolution as the drug / 

dosage form moves through the GI tract. This leads to the possibility that e.g. drug 

supersaturation and precipitation might be overlooked if one-stage dissolution is used 

exclusively. 
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There are some variations of the one-stage biorelevant dissolution regarding the 

design of the vessel. The sampling during the experiments under fasted gastric 

conditions may be difficult due to the low volume of the dissolution medium (typically 

250 ml) because the standard paddle in the standard 1 l vessel set-up is barely 

immersed in the medium at this volume96. The Erweka mini-paddle set-up aims to 

handle such situations by scaling down the design of the standard 1 l vessel to a 500 

ml vessel97. In the Erweka miniaturized design, the geometry and thus the 

hydrodynamics are properly scaled, but in other miniaturized designs this is not the 

case.  

Another common issue during dissolution testing is formation of a mound (“cone”) of 

the undissolved material at the bottom of a vessel, below the paddle, which hinders 

the dissolution of drug from the formulation. Coning can be avoided by elevating the 

stirring rate or use of the apex (“peak”) vessels98,99. The apex vessels differ from the 

standard 1 l vessels by having an indentation in the bottom of the vessel, thus reducing 

the occurrence of coning. Although apex vessels offer a great solution for avoiding an 

artefact occurring only in the in vitro method, the use of apex vessels is not yet broadly 

accepted since different manufacturers have slightly different designs for the 

indentation. In response, a publication on the topic of apex vessel standardization is 

currently under review for USP pharmacopeial forum and is expected to be published 

soon. 

 

Figure 2. Graphical representation of the one-stage dissolution set-up, with (from left 

to right) a standard 1 l vessel, 500 ml Erweka mini-vessel, as well as a 1 l apex vessel. 
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1.5.3.1.2  Two-stage dissolution testing 

Two-stage dissolution is an in vitro method which can be used to identify drug 

supersaturation and precipitation after a pH shift between the gastric and intestinal 

compartments100.  

There are several variations of the two-stage dissolution testing. The earliest version, 

which was referred to as a “dumping experiment”, adds a solution of pre-dissolved 

drug in the gastric medium into an intestinal medium over a very short period of time101 

(“dumping”). The currently most broadly accepted method, described by Mann et al., 

was evolved in the OrBiTo project102: In this method, dissolution is tested in a standard 

1 l vessel in a paddle apparatus under gastric conditions (250 ml of FaSSGF pH 1.6) 

for 30 minutes at 37 °C and 50, 75 or 100 rpm. After taking the 30-minute sample, a 

double concentrate (containing a double amount of all components) of FaSSIF V1 with 

the pH of 7.5 and the volume equivalent to the volume already in the dissolution vessel 

(250 ml), pre-heated to 37 °C, is added via a bolus addition. The 500 ml of the resulting 

mixture has a composition comparable to one of FaSSIF V1 medium. The dissolution 

experiment is run for additional 1.5 hours in the intestinal medium and the 

concentration of dissolved drug is monitored. The two-stage dissolution set-up thus 

incorporates the pH and composition shift between the gastric and intestinal 

segments. This is a significant advantage over one-stage experiments, especially 

when assessing the drug behaviour of poorly soluble ionizable compounds. Poorly 

soluble weak bases dissolve more readily in the acidic, gastric environment, so a pH 

shift of a concentrated drug solution to a more basic, intestinal environment may result 

in one of three scenarios: 1) the drug solution could retain its high concentration 

despite the less “favourable” intestinal pH for an extended period of time 

(supersaturation), 2) the drug could immediately precipitate to the equilibrium solubility 

at the intestinal pH (immediate precipitation), or 3) the drug could slowly precipitate 

over time (slow precipitation), approaching the solubility of the precipitated material in 

the intestinal medium103. As only the dissolved portion of the drug can be absorbed, 

the presence of supersaturation / precipitation in vivo can have a significant impact on 

the amount of the weakly basic drug available for absorption after the gastric emptying. 

In vitro assessment of the drug behaviour after a pH shift can also play an important 

role for poorly soluble weakly acidic compounds. Although the solubility of the acidic 

compounds is higher in the less acidic intestinal environment, a pre-exposure of the 

drug (formulation) to the acidic, gastric medium may alter the way it dissolves in the 
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intestinal compartment, e.g. due to a transition from salt into a free acid104 or from an 

amorphous to a crystalline form prior to reaching the intestine.  

Although the two-stage set-up aims to simulate the transit of the drug between two GI 

compartments, the in vitro shift between the two media happens abruptly, inducing a 

rapid change in the composition and the pH of the surroundings. This underpredicts 

the period over which the change in pH occurs during the drug transit in vivo, and thus 

frequently overestimates precipitation. As a result, biorelevant two-stage dissolution 

testing should be used as a qualitative tool to assess the possibility of supersaturation 

and precipitation, and is not suitable for quantitatively translating the observed in vitro 

behaviour to the average in vivo situation. 

 

 

Figure 3. Graphical representation of the two-stage dissolution set-up. 

 

1.5.3.1.3  Transfer experiments 

The transfer model was introduced by Kostewicz et al. in 2004 to reflect the transition 

of the drug from the gastric into the intestinal compartment105 and pre-dates the two-

stage test. The current version of the transfer model set-up consists of a USP 2 paddle 

apparatus (commonly used stirring rate of 75 rpm) with 250 ml FaSSGF in a mini-

vessel to represent the gastric compartment and (after transfer) 600 ml FaSSIF in a 

standard 1 l vessel to represent the intestinal compartment, with a peristaltic pump 

connecting the two compartments. The function of the programmable peristaltic pump 
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is to gradually transfer dissolved and disintegrated drug from the gastric (donor) 

compartment into the intestinal (acceptor) compartment. This is achieved by 

programming the pump to transfer the gastric medium over to the intestinal 

compartment. Frequently a first order transfer with a half-emptying time of 9 minutes 

is used to reflect average gastric emptying kinetics observed in vivo4,105,106. As a result, 

the times over which supersaturation and precipitation occur in the transfer model are 

often longer than in two-stage experiments. 

 

 

Figure 4. Graphical representation of the transfer test dissolution set-up. 

 

Several variations on the transfer set-up have been generated to take further 

physiological processes into consideration. For example, the Biorelevant-

GastroIntestinal-Transfer system (BioGIT)107,108 uses additional pumps to empty the 

dissolved drug from the acceptor compartment and to replenish the emptied intestinal 

medium using transfer of a fresh intestinal medium from another reservoir. Introducing 

an open set-up for the intestinal compartment mimics the absorptive process for highly 

permeable drugs and leads to less precipitation than the transfer model, which is a 

closed system.  

The artificial stomach-duodenum model (ASD model)109 takes a set-up comparable to 

BioGIT a step further by introducing a pump from a reservoir with the fresh gastric 
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medium to the gastric compartment in order to hold the gastric phase volume constant, 

in an attempt to simulate the physiological gastric acid secretion. 

1.5.3.2  More complex in vitro set-ups 

In addition to the simple biorelevant dissolution methods, which combine standard 

dissolution set-ups and biorelevant media to reflect the physiological conditions, while 

staying relatively simple, low cost, robust and reproducible, more complex in vitro 

dissolution set-ups have been evolved to simulate the physiological processes. These 

aim to more closely mimic the processes observed in vivo. A great advantage of such 

set-ups is that the closer the set-up is to the “real thing”, that is, to the simulation of 

human physiology, the fewer in vitro artefacts can be expected and the higher 

assurance that drug behaviour in vivo will be simulated. Nevertheless, the more 

complex in vitro set-ups come with a higher cost, the need to track a multitude of 

additional parameters which interact with and influencing dissolution, as well as the 

fact that they are (for now) not widely accessible and that the data generated is 

currently not compatible with input into in silico tools. 

1.5.3.2.1  TNO gastrointestinal model (TIM-1) 

TNO gastrointestinal model (TIM-1) consists of four tubing compartments representing 

stomach, duodenum, jejunum and ileum, enclosed by cylindrical vessels filled with 

water simulating peristalsis at body temperature, as well as various secretion and 

absorption compartments and parameter monitoring sensors110–112. This set-up is able 

to simulate complex physiological processes, like re-acidification of the gastric 

compartment, mixing of “chyme” and gastric emptying and attempts to simulate drug 

absorption in the intestine via a polymer membrane reminiscent of the PAMPA 

method.  

Data acquired via the set-up suggests the percentage of the dose available for 

absorption at a given point in time following oral administration of a formulation. The 

TIM-1 set-up, furthermore, allows for sampling of the simulated GI fluid in situ, 

potentially enabling insight into supersaturation and precipitation of the drug in the 

simulated intestine. 

1.5.3.2.2  GastroDuo 

GastroDuo is a biorelevant in vitro dissolution test consisting of a gastric and a 

duodenal compartment connected by a peristaltic pump, as well as additional vessels 

employed to simulate re-acidification of the gastric compartment113,114. The gastric 
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compartment consists of a cell holding the drug formulation in 50 ml of a medium, and 

a balloon mechanism, which is able to accurately reproduce the movement and 

pressure exercised on the formulation in the stomach, reflecting results of the in vivo 

studies with pressure- and pH-monitoring capsules. Consequently, the GastroDuo set-

up simulates the behaviour of the drug formulation in the gastric compartment and, by 

simulating realistic gastric emptying kinetics, can give a more physiologically relevant 

profile of drug dissolution. 

 

1.6  In silico tools 

Scientists have always aspired to explain natural processes in simple terms115, while 

the most accurate explanations have been achieved using mathematical equations. 

Biopharmaceutic in silico tools use computational power and mathematical equations 

to define important biopharmaceutic processes in order to simulate drug behaviour. A 

biopharmaceutic parameter, which can be directly linked to the drug effect in vivo, is 

the blood plasma concentration of the drug at a given timepoint after drug 

administration. After oral administration, the drug formulation must disintegrate and 

release the drug, enabling drug dissolution. Only dissolved drug can be absorbed 

quantitatively via the intestine and reach the systemic circulation1. The 

physicochemical parameters of the drug play an important role in defining the 

distribution of the drug from the systemic circulation to other organs and tissues in the 

body. Together with drug metabolism and elimination, absorption and distribution 

dictate the drug’s plasma concentration profile. In silico tools need to reflect all 

processes i.e. Liberation (disintegration and release/dissolution), Absorption, 

Distribution, Metabolism and Elimination (L-ADME) processes in order to simulate the 

drug plasma profile after oral administration of a drug formulation.  

In the following sub-sections, several in silico tools relevant to this thesis are 

addressed. 

 

1.6.1  In silico tools for in vitro dissolution parametrisation 

The simplest way to define drug dissolution is by fitting the dissolution profile to a 

Weibull equation.  

The Weibull equation is derived from the Weibull distribution theory defining a 

continuous probability distribution116, however the equation itself, depending on the 
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parameters, can define curves of various forms. The most general expression of the 

Weibull distribution equation is shown below; 

𝑓 (𝑋) =  
𝛽

𝜂
∗ (

𝑋 − 𝛾

𝜂
)

𝛽−1

∗ 𝑒
−(

𝑋−𝛾
𝜂

)
𝛽

 

where 𝛽 is the shape parameter (Weibull slope), 𝜂 is the scale parameter and 𝛾 the 

location parameter. 

In relation to dissolution profile parametrisation, this equation can be simplified, where 

the location parameter 𝛾 does not play a significant role (set to 0), the scale parameter 

𝜂 is re-named “𝐵”, the shape parameter 𝛽 is re-named “𝐶”, and the part of the equation 

in front of the Euler number (𝑒) can be merged into a single parameter “𝐴”; 

𝑓 (𝑡) =  𝐴 ∗ 𝑒−(
𝑡
𝐵

)
𝐶

 

where 𝑡 is the dissolution time and 𝑓 (𝑡) the percentage of the drug dissolved at a 

certain time point. 

In case of a dissolution profile, the value 𝐴 defines the maximum value of the profile, 

so if the complete dissolution is reached, value 𝐴 can be exchanged for 100 (%) in the 

equation.  

By estimating the best fit for the parameters (𝐴), 𝐵 and 𝐶 to available data acquired in 

in vitro dissolution experiments, an equation simulating the drug dissolution behaviour 

at any given time point can be generated. The best fit for the parameters can be 

determined using the solver function of the Excel program.  

Thus, Excel software is the simplest in silico tool for in vitro dissolution parametrisation. 

A much more complex and specialized program for in vitro dissolution parametrisation 

is the Simcyp™ In Vitro Data Analysis (SIVA) Toolkit. SIVA bases its parametrisation 

of the drug dissolution on a modified version of the Wang and Flanagan equation117,118: 

𝑓(𝑡) =  −𝑁 ∗ 𝑆 ∗
𝐷𝑒𝑓𝑓 ∗ 4𝜋𝑎(𝑡) ∗ (𝑎(𝑡) + ℎ𝑒𝑓𝑓(𝑡)) ∗ (𝑆𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡) − 𝑐𝑏𝑢𝑙𝑘(𝑡))

ℎ𝑒𝑓𝑓(𝑡)
 

The dissolution rate (𝑓(𝑡)) is hereby defined by the number of drug particles 𝑁, the 

effective diffusion coefficient 𝐷𝑒𝑓𝑓, effective diffusion layer thickness at time t ℎ𝑒𝑓𝑓(𝑡), 

a radius of an individual drug particle at time t 𝑎(𝑡), drug solubility at the particle 

surface and concentration of drug in bulk solution at time t 𝑆𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡) and 𝑐𝑏𝑢𝑙𝑘(𝑡). An 
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empirical scalar 𝑆, commonly referred to as the “DLM scalar”, defines a set of 

(unknown) parameters which are not considered in the main equation but important 

for an accurate simulation of drug dissolution or, on other hand, compensates for 

differences resulting from using default values for parameters defined in the equation 

but not considered in the in silico model input.  

This equation, together with the input of other physicochemical drug and formulation 

properties builds a basis of the diffusion layer model (DLM)118. When parameterising 

the drug dissolution using the DLM in SIVA, the DLM scalar must be estimated in order 

to fit the dissolution simulation to the in vitro dissolution data. In in silico PBPK models 

(see section PBPK models), the dissolution behaviour can be defined by the use of 

the DLM scalar value, so estimation of this parameter using SIVA is an important step 

in simulating drug plasma profiles in silico.  

Regarding the in vitro data parametrisation, SIVA offers several pre-defined models, 

including solubility, one-stage, two-stage and transfer dissolution behaviour 

parametrisation. Precipitation in two-stage and transfer set-ups can be captured as 

well, by defining and estimating additional parameters such as critical supersaturation 

ratio (CSR, a ratio between the maximum permitted kinetic solubility and the intrinsic 

solubility) and the precipitation rate constant (PRC, a value defining the velocity of the 

precipitation)118. These parameters can be used as input in PBPK models as well. 

1.6.2  Physiologically based pharmacokinetic (PBPK) models 

While previously mentioned in silico tools focus on describing drug dissolution via 

equations, Physiologically Based PharmacoKinetic (PBPK) models aim to describe all 

the L-ADME processes in the human body via a set of equations in order to simulate 

drug plasma profiles1.  

A palette of commercial softwares for developing PBPK models is available119. 

Softwares like Stella Architect or Matlab offer the ability for the user to develop a 

complete mathematical interface from scratch and modify it as desired, while 

softwares like Simcyp™ Simulator or GastroPlus offer a pre-designed interface 

describing the ADME parameters via ready-to-use calculation models. Stella and 

 
1 When a PBPK program calculates the drug plasma value over time, it follows a set of equations simulating every 

step of the L-ADME process. In theory, such calculations generate a single, long equation encompassing all the 
processes defined for the human body by the program. Like the Master equation; „equation of everything“, 
which combines the theory of strong and weak universal forces and quantum mechanics in order to describe 
the universe, PBPK models describe the microcosmos of the human body - only a droplet in the waterfall of the 
universe – however, for the egocentric Human, likely the most important droplet! 
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similar softwares have the advantage of allowing the user to define processes and 

approaches, which can be important for novel formulations. The disadvantage of such 

softwares is that they are ab definitio not standardized, nor are they broadly used in 

the pharmaceutical industry. On the other hand, softwares with pre-defined algorithms 

have invested in creating a standardized and validated set of models and data 

compilations, thus assuring a reproducible interface and building a path to becoming 

a standard tool accepted by regulatory bodies.  

In the next sub-section, the Simcyp™ Simulator is described in more detail, as it is the 

main in silico tool used in the research described in this thesis.   

1.6.2.1  Simcyp™ Simulator 

The model set-up of the Simcyp™ Simulator is based on the compartmental 

interpretation of the human body. Advanced Dissolution, Absorption, Metabolism 

Model (ADAM) defines the human GI tract as a tube divided into a gastric, a duodenal, 

two jejunal, four ileal and one colonic segment, each with various characteristic 

parameters119. For each compartment, the absorption, metabolism and degradation 

input is processed and the calculated amount absorbed is directed further into drug 

distribution and elimination models.  

An advantage of the Simcyp™ Simulator is that the pre-programmed model can 

assess both the administration of a drug in a single representative of a population 

(PopRep), as well as in a group of subjects, all with slightly different physiology. In the 

latter case, the software aims to simulate the variability on the pharmacokinetic 

response of a population likely to be observed in clinical studies. Furthermore, the 

Simcyp™ Simulator includes data compilations on different populations, such as the 

geriatric or infant population and populations of different ethnicities. 

1.6.2.1.1  Dissolution rate model (DRM) and diffusion layer model (DLM) 

Within the ADAM model, an important input parameter is the drug dissolution, as it 

dictates the amount of the drug available for absorption in each GI segment. The input 

of the dissolution data can be done using two approaches – the dissolution rate model 

(DRM) and the diffusion layer model (DLM)120. When using DRM, the % of the drug 

dissolved over time, acquired from in vitro experiments, can be entered directly into 

the absorption part of the model. This approach is fast and often gives a good 

approximation for an individual subject having all physiological parameters equal to 

the average values of the population (PopRep) and for a dose of the drug equal to the 
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one tested in vitro. This approach, however, is not suitable for simulating 

administration of a dose higher or lower than the one tested in vitro and cannot be 

used to simulate full populations. The reason is that applying the absolute value for 

the % of the drug dose dissolved at a certain time point into the system forces the 

program to always use this value, even if the dose strength or physiology of the subject 

changes, either of which in turn would influence the drug dissolution.   

A more mechanistic approach to dissolution data input is the diffusion layer model 

(DLM), explained in the section “In silico tools for in vitro dissolution parametrisation”. 

The input of DLM dissolution parameters allows for a characterisation of the drug 

dissolution independent of the dose or condition used in in vitro tests. Thus, using the 

DLM approach, exploration of different dosing regimens and populations is possible. 

1.6.2.1.2  Minimal and Full PBPK model 

Under the drug distribution interface, the Simcyp™ Simulator offers two options for 

drug distribution modelling, either a minimal PBPK model or a full PBPK model. The 

full PBPK model differentiates between multiple organs, tissues, venous and arterial 

blood as individual compartments, in which the drug can be distributed, whereas in a 

minimal PBPK model, the software defines only three main compartments, one of 

which is a generalized group of organs, the “Systemic Compartment”120. Furthermore, 

to reflect a two-compartmental distribution model, the minimal PBPK model allows for 

an additional “Single Adjusting Compartment”. 

 

  



 

25 
 

2  Structure of the thesis and thesis goals 
The thesis follows a publication-based approach and was based on four peer-reviewed 

publications. Although each publication can stand as an independent unit (see 

Appendix), in this thesis the published results and conclusions are combined and 

discussed together in order to present the integrated scientific contribution of the 

doctoral project. 

The overall goal of the project was to develop biorelevant dissolution media and tools 

reflecting GI physiology under conditions of elevated gastric pH induced by ARAs. 

Several steps were set to achieve this goal, and are listed below: 

The first step was to identify physiological changes in the human GI tract during ARA 

administration and to design in vitro media reflecting these changes. 

 Following a review of physiological parameters that affect drug release and 

absorption from the GI tract, a thorough literature review of changes in these 

parameters after ARA administration was conducted. A head-to-head comparison of 

parameters between healthy volunteers and those during ARA therapy was used to 

identify biopharmaceutically relevant physiological changes and guided all decisions 

when designing in vitro media reflecting gastric physiology during ARA therapy. A 

review of the changes in GI physiology during ARA therapy, along with media to reflect 

the compositional changes was published in Publication 1.  

The second step was to design in vitro tests implementing developed ARA media. 

 Commonly used one-stage dissolution tests were the first to be conducted with 

ARA media in Publication 2, using a weakly basic drug in development at 

AstraZeneca, designated “PSWB 001”. Two-stage dissolution test and transfer 

experiment settings reflecting ARA co-administration were developed and tested in 

Publication 3 using dipyridamole as the case example. In Publication 3, the concept 

of the ARA media was also explored using an evolved in vitro model, TIM-1. Extension 

of application of these in vitro tests to weak acids is the focus of Publication 4, where 

potassium raltegravir was studied. In every case, the drug dissolution was compared 

with the dissolution under standard in vitro conditions (without ARA co-administration).
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In the third step, the compatibility of the in vitro tools (reflecting ARA co-administration) 

with various in silico models was evaluated (Publications 2-4). 

To evaluate the compatibility of the in vitro tools with in silico models, in silico 

models of increasing complexity were implemented. First, a minimal PBPK model 

environment in Simcyp™, using a simple dissolution rate model as data input was 

investigated. Then, a full PBPK Simcyp™ model was evaluated using input via the 

diffusion layer model. In this case, parameters were acquired using SIVA. 

Furthermore, in the context of this thesis different options under the diffusion layer 

model (static vs. dynamic intestinal pH model) and a variation of the dissolution rate 

model input for modified-release tablets were also explored.  

A minimal PBPK model was explored in Publication 2. Publication 3 focused on the 

full PBPK model and DLM with static or dynamic intestinal pH model, while a more 

complex, mathematical approach to DRM data input into a full PBPK model was the 

focus of Publication 4. 

In the fourth step, the ability of the developed methods to predict the effect of ARAs 

on drug co-administration was assessed. 

 The in silico predictions, acquired in the third step, were compared with the 

available in vivo data for the drug administration without and during ARA therapy. The 

ability to predict pH-dependent DDIs was evaluated using drugs and formulations with 

diverse properties. The first drug, PSWB 001, was a poorly soluble weakly basic 

compound, formulated as an IR capsule and showed no precipitation after a pH shift. 

The second drug was dipyridamole, a poorly soluble weakly basic compound with a 

known precipitation behaviour in vitro. The explored formulation was an IR tablet. The 

third compound was raltegravir, a poorly soluble weakly acidic compound, formulated 

as a slowly eroding tablet.   

Prediction of plasma profiles for PSWB 001 was reported in Publication 2. Evaluation 

of the impact of ARAs on dipyridamole absorption was published in Publication 3, 

whereas pH-dependent DDIs with raltegravir were the focus of Publication 4.  
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3  Results and Discussion 
 

3.1  Impact of ARA administration on GI physiology and the design of in vitro 

media reflecting these changes 
 

3.1.1  Impact of ARAs on GI physiology 

Due to significant differences in the acid-reducing mechanism, the impact of the main 

three groups of ARAs on the GI physiology was assessed for each group individually. 

The analysis focused on changes in the GI pH and buffer capacity, volume, and 

motility, as well as additional components of the fluids and the microflora. 

3.1.1.1  Antacids 

After ingestion, antacids neutralize gastric acid rapidly and elevation of the pH occurs 

in as few as 6 minutes121. Unsurprisingly, liquid antacids raise the gastric pH faster 

than solid formulations, such as chewable tablets122. Although the extent of the pH 

elevation in the fasted state depends on the dose of the administered antacid, the 

gastric pH in vivo was shown to rise on average to pH 3.5 - 5 and higher123,124. Due to 

gastric emptying of the antacid, as well as re-acidification of the gastric compartment 

by acid secretion, the antacid pH effect has a short duration of on average 30 – 60 

minutes before returning to a low, acidic pH value122,123,125,126. Interestingly, antacids 

show an ability to adsorb bile acids127–129 and pepsin129–132 onto the surface of their 

undissolved matrix. Thus, in addition to bringing metal ions into the gastric medium, 

antacids may alter the concentration of bile components and pepsin in the gastric 

fluids. 

Little research has been conducted on the impact of antacids on intestinal physiology. 

In the small intestine, antacids likely do not affect the average pH of the intestinal 

fluids, however in the duodenum bulb, the part of the duodenum closest to the 

stomach, a carry-over effect of the raised gastric pH can be observed133. Antacids 

appear to have a significant impact on intestinal motility and volume. While aluminium-

based antacids show an adstringent effect, possibly lowering the intestinal volume, 

magnesium-based antacids elevate the osmotic pressure in the intestinal lumen, thus 

drawing more fluid into the intestine and raising the intestinal volume. Furthermore - 

or perhaps because of - the osmotic effect, a high concentration of magnesium ions 

has a laxative effect and may shorten the intestinal residence time. By contrast, a high 

concentration of aluminium ions may cause constipation, since aluminium ions induce 
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relaxation of the intestinal smooth muscles134. In some antacid products, magnesium 

and aluminium salts are combined, presumably to balance out the effects on intestinal 

motility 

3.1.1.2  H2RAs 

H2RAs show a longer lag time (60-90 min) before the onset of the pH effect121,125 

compared to antacids. The H2RAs also show a significantly longer duration of the pH 

effect, lasting for at least 7 h135. Like the antacids, the H2RA pH effect is dose-

dependent, with an average rise in gastric pH to values between pH 4 and 6136–138. 

The buffer capacity of a gastric medium sample, acquired via aspiration after 

administration of an H2RA, was 6.3 – 12.4 mEq/L/ΔpH139,140. Since H2RAs inhibit the 

histamine signalling pathway, which is responsible for gastric secretion, some 

researchers have reported lower gastric volume in vivo after administration of 

H2RAs136,141. An effect on the activity of pepsin in the gastric medium after H2RA 

administration is expected if the pH of the medium shifts to above pH 5, as at that point 

the pepsin is no longer active. In contrast to antacids, the gastric pH after H2RA 

administration stays elevated over a longer period of time, rendering the impact on 

pepsin activity more relevant. The elevated pH over a longer period also facilitates the 

survival of microorganisms. Thus, several studies have linked intragastric bacterial 

proliferation to chronic H2RA use33.  

With regard to the impact of H2RAs on intestinal physiology, only a decrease in 

microbial diversity and an increased risk of Clostridium difficile infection could be linked 

to H2RA administration142–146. This is likely a consequence of the intragastric 

proliferation and trespassing of non-intestinal bacterial species into the small intestine. 

3.1.1.3  PPIs 

The largest body of research on the impact of ARAs on GI physiology has been 

reported for PPIs. PPIs are the most potent inhibitors of gastric acid. Due to the 

mechanism of action, PPIs influence the gastric media composition only via the 

inhibition of the acid secretion33,147. Thus it is reasonable to assume that changes in 

GI physiology during PPI administration are similar to those resulting from hypo- and 

achlorhydria.  

An extensive review by Kirchheiner et al. reported that PPI therapy elevates the gastric 

pH to an average value of pH 3 after a single dose, and to values generally between 

pH 4 and 6 after daily administration148. Indeed, for a PPI to reach its full acid-reducing 
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effect, it has to be administered for 3 to 5 days. Up to 70 % of the active proton pumps 

are inhibited by one dose and the inhibition is irreversible149. Thus, in contrast to 

antacids and H2RAs, the pH effect of PPIs has a longer duration. Of course, new 

proton pumps are continuously generated, so subsequent doses are needed to inhibit 

both the remaining proton pumps and the new ones being produced.  

Due to the inhibition of gastric secretion, PPIs lower the gastric volume150,151. Similar 

to H2RAs, PPIs consistently raise the gastric pH to values above pH 5 and thus 

pepsinogen is not activated. Furthermore, the buffer capacity of an aspirated gastric 

sample during PPI therapy was 0.7 – 1.3 mEq/L/ΔpH139. 

The surface tension of the gastric fluids after PPI treatment was found to be lower than 

with no PPI therapy7,139, suggesting a higher concentration of bile components in the 

gastric medium after PPI administration. This effect may be due to a smaller gastric 

volume combined with the same reflux of bile components from the small intestine. An 

alternative hypothesis is that weaker contractile power of the pylorus after PPI 

administration enables more bile component reflux from the duodenum into the 

stomach139. There have also been several reports of delayed gastric emptying during 

PPI therapy, but due to differences in experimental methods, it is not possible to draw 

a firm conclusion about the effect of PPIs on gastric motility and emptying152–154. 

In the intestine, slight changes in the distal small intestinal pH observed during PPI 

therapy may be due to a change in the microbiome of the small intestine. As with 

H2RAs, PPIs have also been linked to changes in the microbiome, reporting a rise in 

the bacterial count, occurrence of new species in different gut segments, and/or a 

decrease in the bacterial diversity155–163. 

3.1.2  Design of in vitro media reflecting ARA co-administration 

Based on the literature review (Publication 1), it is safe to say that the ARAs influence 

gastric physiology significantly, whereas the impact on intestinal physiology is either 

not significant or not pharmaceutically relevant. It is also worth noting that the gastric 

fluid composition after antacid administration differs significantly from the composition 

after the administration of other ARAs. These differences are tied to the mechanism 

of action: whereas the H2RAs exert their effect systemically via a decrease in gastric 

acid secretion, the antacids exert a local, physical effect on the gastric pH. 
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A medium reflecting the in vivo gastric physiology after the administration of an antacid 

should therefore incorporate metal ions originating from the chosen antacid, in order 

to simulate possible interactions, e.g. in case the drug builds a complex with polyvalent 

cations. As each antacid type has a different composition and amount of the acid-

neutralizing substance(s), the optimal medium should incorporate marketed antacids 

into its composition, rather than be designed “from scratch” to reflect an antacid 

administration. Furthermore, due to the short-lived effect of antacids on the pH in the 

stomach, a dissolution medium with an elevated pH alone is not sufficient to predict 

the overall impact of antacid co-administration. Rather, a medium with a dynamic pH, 

simulated by an in vitro set-up re-acidifying the gastric medium (like the ASD model or 

GastroDuo), is necessary.  

By contrast, the other two ARA groups, H2RAs and PPIs, seem to have a comparable 

effect on gastric physiology. A weak effect of an ARA, e.g. a lower dose of ARA or PPI 

co-administration at the beginning of the therapy, would best be reflected by a medium 

with pH 4. A strong effect of an ARA, e.g. after a high H2RA dose or during PPI 

therapy, might be better reflected by a gastric medium with pH 6. Thus, a set of 

biorelevant media was developed to assess the impact on the dissolution behaviour 

of drug product in the stomach when they are co-administered with H2RAs and PPIs 

of different potencies and at different doses. 

To design media reflecting H2RA and PPI administration (henceforth referred to as 

“ARA media”), an existing biorelevant medium, FaSSGF, was modified to reflect the 

identified physiological changes (Table 1). While the concentration of bile components 

was not changed, the buffer capacity and osmolality of the ARA media were adjusted 

according to the physiological changes observed. For example, the ARA pH 4 medium 

uses an acetate buffer at pH 4 with the buffer capacity of 7.5 mEq/l/ΔpH, to reflect the 

buffer capacity of the gastric fluids after a dose of H2RA, while the ARA pH 6 medium 

uses a maleate buffer at pH 6, with a buffer capacity of just 1 mEq/l/ΔpH, accounting 

for the almost complete inhibition of gastric acid secretion by a potent or highly dosed 

PPI. Since pepsin activity is completely inhibited above pH 5, pepsin was removed 

from the composition of the ARA pH 6 medium. 

In addition to these two ARA media, back-up media were developed to offer alternative 

buffer systems at the same two pH values, in case of an interaction between the drug 
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being studied and the buffer species in the ARA medium occurs. The buffers used for 

these alternative compositions were citrate buffer and McIlvaine buffer 

(phosphate/citrate buffer). All other parameters in the media were held the same. The 

composition of all the ARA media can be found in Table 1. 

 

Table 1. Overview of ARA media, including a comparison to the standard gastric 

biorelevant medium, FaSSGF 

Component/Paramete
r 

FaSSGF3

6 
ARA pH 

4 acetate 
ARA pH 6 
maleate 

ARA pH 
4 citrate 

ARA pH 
6 citrate 

ARA pH 4 
McIlvain

e 

ARA pH 6 
McIlvain

e 

Pepsin (mg/mL) 0.1 0.1 / 0.1 / 0.1 / 

Sodium taurocholate 
(mM) 

0.08 0.08 0.08 0.08 0.08 0.08 0.08 

Phosphatidylcholine 
(mM) 

0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Sodium chloride (mM) 34.2 - 22.7 7.7 22.8 17.5 21.2 

Sodium acetate (mM) - 33.3 - - - - - 

Maleic acid (mM) - - 2.31 - - - - 

Tri-Sodium citrate 
(mM) 

- - - 11.2 1.5 - - 

Citric acid (mM) - - - - - 9.00 0.86 

Di-Sodium phosphate 
(mM) 

- - - - - 11.29 2.94 

pH 1.6 4 6 4 6 4 6 

Buffer capacity 
(mEq/pH/L) 

/ 7.5 1 7.5 1 7.5 1 

Osmolality 
(mOsmol/kg) 

121 91 50 75 50 75 50 

Surface tension 
(mN/m) 

42.6 64.49 67.21 63.32 67.86 63.20 67.58 

 

 

3.2  Implementation of the ARA media in in vitro dissolution models 

In order to test the behaviour of drugs in in vitro set-ups reflecting the ARA co-

administration, three model drugs with different physicochemical properties were 

used:   

The first model drug, PSWB 001, is a poorly soluble, weakly basic small molecule (< 
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500 g/mol) with pKa values of 3.5 and 5.8. In clinical trials it showed a pronounced 

drug-drug interaction with PPIs. The formulation studied was an immediate release 

(IR) gelatine capsule. Dipyridamole, the second model drug, is a poorly soluble weak 

base with a pKa of 6.2, a well-established clinical DDI with ARAs and a tendency to 

precipitate from a supersaturated solution in vitro. Dipyridamole was available as a 

100 mg IR tablet. Raltegravir, the third model drug, is a poorly soluble weak acid with 

a pKa of 6.3 and is available as the potassium salt in erodible tablets (raltegravir 400 

mg). Extensive descriptions of the methodologies used for dissolution experiments 

and quantitative analysis of the model drugs can be found in their respective 

publications (Appendix). 

 

3.2.1  One-stage testing 

To reflect the ARA co-administration in a one-stage set-up, apparatus parameters as 

well as the media choices had to be defined. Neither gastric volume nor motility are 

influenced by the H2RAs and PPIs to such extent, that they would significantly impact 

the drug behaviour. When simulating dissolution of an oral formulation in vitro, the 

gastric dissolution volume was thus set to 250 ml and stirring speed set to 50 or 75 

rpm. This set-up also ensured good comparability between the standard one-stage 

dissolution set-up reflecting usual gastric conditions in healthy subjects and the set-up 

reflecting ARA co-administration. 

3.2.1.1  Case example PSWB 001 

One-stage dissolution of PSWB 001 capsules was explored in the standard FaSSGF 

medium (reflecting the gastric medium in the absence of ARAs therapy) as well as in 

the ARA pH 4 and pH 6 media and deionised water (Figure 5). PSWB 001 showed 

rapid and complete dissolution in the biorelevant medium at low pH (FaSSGF pH 1.6), 

whereas in pure deionised water, in which the starting pH was 5.6 and the final pH 

was 6.3, the dissolution was slower and less complete. In the ARA media representing 

a lesser ARA effect (pH 4), 20 % less drug was dissolved on average compared to the 

dissolution in FaSSGF, whereas dissolution of PSWB 001 in the ARA media 

representing a strong ARA effect (pH 6) was limited to 20 % of the drug dose. The 

results in deionised water, which is recommended by the Japanese Pharmacopeia as 

a medium representing an achlorhydric stomach164, were in this case comparable to 

the dissolution in ARA pH 6 media.  
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Figure 5. One-stage dissolution of PSWB 001 capsules in FaSSGF pH 1.6, ARA pH 4 

and pH 6 media and deionised water. The results in deionized water are obscured by 

the results in ARA pH 6 media on this graph. 

Reproduced with permission from a publication in Eu.J.Pharm.Sci. by Segregur et 

al.165 

 

3.2.1.2  Case example dipyridamole 

Similar to PSWB 001, the dissolution of dipyridamole in FaSSGF was rapid and 

complete, whereas in ARA media dipyridamole showed slower and more limited 

dissolution. While the final percentage dissolved in ARA pH 4 media was 

approximately 20 % less than in FaSSGF, dissolution in media representing a strong 

ARA effect (ARA pH 6 media) was limited to only 2.5 % dissolved after two hours of 

dissolution.  

One-stage dissolution of dipyridamole in 500 ml of the standard biorelevant intestinal 

media, FaSSIF V1 and FaSSIF V2 (pH 6.5), reached approximately 15 % dissolved 

after two hours of dissolution, which is significantly higher than during dissolution in 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120

%
 d

is
so

lv
ed

t (min)

FaSSGF Acetate pH 4 Citrate pH 4 McIlvaine pH 4

Deionised water Maleate pH 6 Citrate pH 6 McIlvaine pH 6



 

34 
 

ARA pH 6 media. This is not only due to a two times higher volume of the medium, but 

also due to a higher concentration of bile components in the intestinal biorelevant 

medium, which elevates the solubility of dipyridamole.  

 

 

Figure 6. One-stage dissolution of dipyridamole tablets in FaSSGF pH 1.6, ARA pH 4 

and pH 6, as well as FaSSIF V1 and V2 pH 6.5 (dissolution profiles in the ARA pH 6 

media overlap and reach only 2.5 % dissolution after two hours) 

Adapted from a publication in Eu.J.Pharm.Sci. by Segregur et al.166 

 

3.2.1.3  Case example raltegravir potassium 

One-stage dissolution of raltegravir potassium is characterized by several essential 

differences from the other two model drugs. While the other two drugs are weak bases, 

raltegravir potassium is the salt of a weak acid. As an acid, raltegravir is expected to 

dissolve more readily in less acidic media. In addition, raltegravir potassium is 

formulated as an erodible tablet, whereas the other two model drugs are formulated 

as immediate-release formulations. Thus, the third case example, raltegravir 

potassium, rounds out the research on the assessment of drug behaviour in a one-

stage dissolution set-up under elevated gastric pH conditions.  
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As raltegravir potassium was formulated in such a way that the drug is released 

slowly167, the duration of one-stage dissolution experiments was extended from the 

usual 2 hours of dissolution to 7 hours.  

In the standard gastric biorelevant medium, FaSSGF pH 1.6, the dissolution was slow 

and reached 15 % after two hours of dissolution. This concentration is, however, 

already significantly higher than raltegravir solubility at pH 1.6, as the salt of raltegravir 

dissolves more readily than the free acid form of the drug, thus generating a 

supersaturated solution. After reaching 20 % dissolved at 4 hours, raltegravir started 

to slowly precipitate from its supersaturated state. 

In the ARA media, raltegravir dissolved to a greater extent. In ARA pH 4 medium, it 

reached 40 % dissolved in the first one hour and then started precipitating, whereas 

in ARA pH 6 medium the salt formulation was able to shift the pH of the medium to 

7.69, enabling complete dissolution of the tablet within the first two hours. These 

results confirm the importance of considering a physiological buffer capacity when 

designing biorelevant medium. In ARA media, a high dose of the drug or large amounts 

of pH-active excipients in the formulation may have an impact on the overall pH of the 

medium. By contrast, if the buffer capacity selected is inappropriately high (which is 

the case when compendial media are used to represent elevated pH in the stomach), 

the drug / excipients will no longer be able to influence the pH of the medium and the 

dissolution behaviour may be quite different. In this scenario, the impact of the 

medicine on the surrounding medium will be overlooked. On the other hand, using a 

medium with negligible buffer capacity, like purified water, however, may impact the 

interlaboratory repeatability, and is thus also not desirable. 

Raltegravir potassium dissolution in the intestinal media FaSSIF V1 and FaSSIF V2 is 

slow, which is expected for an erodible formulation, and complete, which is also 

expected for a weakly acidic compound. 
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Figure 7. One-stage dissolution of raltegravir potassium erodible tablets in FaSSGF 

pH 1.6, ARA pH 4 and pH 6, as well as FaSSIF V1 and V2 pH 6.5. 

Adapted from a publication in J.Pharm.Sci. by Segregur et al.168 

 

3.2.2  Two-stage dissolution 

The dissolution set-up in the first stage of the two-stage experiment is comparable to 

the dissolution set-up of the one-stage test with a gastric medium. In the second stage, 

however, a double concentrate of the intestinal medium is added, with the intention to 

shift the composition and properties of the mixture to those of the intestinal biorelevant 

medium. A standard two-stage dissolution set-up involves FaSSGF pH 1.6 and a 

double concentrate of FaSSIF V1 with a pH of 7.5. Such a concept has been extended 

in the context of this research to the use of the FaSSIF V2 as well. Furthermore, in 

order to implement ARA media in two-stage set-ups, separate FaSSIF double 

concentrates had to be adjusted to take the properties of the ARA into consideration. 

An overview of the standard and developed two-stage set-ups can be seen in Table 

2. 
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Table 2. An overview of the double concentrate intestinal media used in two-stage 

experiments 

Gastric medium FaSSGF pH 1.6 / pH 2* ARA pH 4 acetate ARA pH 6 maleate 

Intestinal 2xc medium FaSSIF V1102 FaSSIF V2 FaSSIF V1 FaSSIF V2 FaSSIF V1 FaSSIF V2 

Sodium taurocholate 
(mM) 

6 6 6 6 6 6 

Phosphatidylcholine 
(mM) 

1.5 0.4 1.5 0.4 1.5 0.4 

Sodium chloride 
(mM) 

221.7 137.2 221.7 137.2 221.7 137.2 

Potassium 
dihydrogen 
phosphate (mM) 

57.4 - 57.4 - 57.4 - 

Maleic acid (mM) - 38.2 - 38.2 - 38.2 

pH 7.5 10.8 7.4 12.13 6.43 6.46 

*In the case of two-stage experiments with FaSSIF V1 2xc, FaSSGF pH 1.6 is used, whereas for experiments 
with FaSSIF V2 2xc, FaSSGF pH 2 must be used to avoid an extreme pH in the double concentrate. 

 

 

3.2.2.1  Case example PSWB 001 

Two-stage testing with PSWB 001 was initially conducted using low pH gastric media 

and the two FaSSIF versions. These experiments showed that after the shift into the 

second stage, the fully dissolved drug stayed supersaturated in the intestinal medium 

for the duration of the experiment and no precipitation was observed. This led to the 

assumption that no precipitation would occur during a pH shift from the ARA media 

with elevated gastric pH into either intestinal medium due to the lower supersaturation 

ratio.  

It was also concluded that, in the case of the weakly basic drug which does not show 

precipitation during a two-stage test with a low pH gastric medium, the one-stage 

dissolution set-up with ARA media is sufficient to assess the drug behaviour under 

ARA therapy. 
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Figure 8. Two-stage dissolution of PSWB 001 using FaSSGF pH 1.6 or pH 2 and 

FaSSIF V1 or V2 double concentrate. 

Adapted from a publication in Eu.J.Pharm.Sci. by Segregur et al.165 

 

3.2.2.2  Case example dipyridamole 

Two-stage experiments with dipyridamole were conducted with FaSSGF, ARA pH 4 

and ARA pH 6 media in the first stage, using FaSSIF V2 double concentrates to switch 

to the second stage of the experiment. Fast precipitation was observed immediately 

after the pH shift in experiments with the acidic gastric media (FaSSGF pH 2 and ARA 

pH 4), whereas for the two-stage experiment with ARA pH 6, the dissolution in the first 

stage did not achieve a concentration which would lead to supersaturation in the 

second state and therefore no precipitation could occur.  

Although dipyridamole showed precipitation in two-stage experiments, little to no 

precipitation is reported for the compound in vivo169. Thus, it was concluded that the 

two-stage set-up overestimates the precipitation of dipyridamole. This is partly due to 

the sudden shift into the intestinal medium, which reflects Phase 3 gastric emptying 

rather than the statistically more often observed Phase 1 or Phase 2 gastric emptying.  
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Figure 9. Two-stage dissolution of dipyridamole in FaSSGF pH 2, ARA pH 4 or ARA 

pH 6 and the respective FaSSIF V2 double concentrate. 

Adapted from a publication in Eu.J.Pharm.Sci. by Segregur et al.166 

 

3.2.2.3  Case example raltegravir potassium 

The erodible tablet of raltegravir potassium disintegrates only slowly and behaves in 

the gastric compartment like a monolithic formulation. Thus, it will usually be emptied 

from the stomach with the housekeeper wave i.e. Phase 3 of the gastric motility 

pattern. Two-stage testing simulates an abrupt switch to the intestinal medium, likely 

reflecting the housekeeper wave in vitro most accurately. Due to the variability in the 

intake of a monolithic tablet in relation to the timing of the next housekeeper wave, 

different pH-shift times in the two-stage test, reflecting this variability, were explored. 

Two-stage tests with raltegravir potassium tablets were conducted using ARA pH 4 

and pH 6 media in the first stage and FaSSIF V1 double concentrates to switch to the 

second stage of the experiment.  

Figure 10 shows the dissolution behaviour in two-stage experiments with ARA media 

and pH-shift times of 30, 60 and 120 minutes. In experiments with the ARA pH 4 

medium, it was found that the precipitation in the first stage has an impact on the 

amount of the drug dissolved in the second stage. In experiments with the ARA pH 6 
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medium, the increase in the pH of the gastric medium in the first stage (due to the 

influence of the formulation) resulted in the drug reaching complete dissolution earlier. 

 

 

Figure 10. Two-stage dissolution of raltegravir potassium tablets using a) ARA pH 4 

and b) ARA pH 6 media and a respective FaSSIF V1 double concentrate, with pH shift 

times of 0.5, 1 and 2 h.  

Adapted from a publication in J.Pharm.Sci. by Segregur et al.168 

 

 

 

 

a) 

b) 
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3.2.3  Transfer experiments 

Transfer experiments were conducted using dipyridamole as the model drug. The 

transfer set-up consisted of FaSSGF, ARA pH 4 medium or ARA pH 6 medium in the 

gastric compartment and the respective FaSSIF V2 double concentrate in the 

intestinal compartment. The use of the double concentrate of the intestinal medium 

allowed for a direct comparison between the two-stage and transfer model set-up with 

respect to the influence of the transfer rate from the gastric into the intestinal medium. 

In contrast to the two-stage model, the transfer model introduces the dissolved drug 

to the intestinal surroundings more gradually. This is reflected in the slower 

precipitation of the drug in the intestinal compartment of the transfer model 

experiments (Figure 11). Thus, the transfer model simulates the average gastric 

emptying process more accurately, enabling a more accurate simulation of the drug 

precipitation in vitro. Nevertheless, the transfer model still overestimated the in vivo 

dipyridamole precipitation, as a substantial amount of the drug precipitated in the 

experiment. This is likely due to the absence of an absorptive compartment in the 

transfer model set-up, which would hinder the precipitation of the drug in the intestine 

via creation of an absorptive sink. Thus, for drugs with high permeability, precipitation 

behaviour achieved in vitro should be implemented with caution and the use of simple 

one-stage dissolution, assuming no precipitation, should be considered as an 

alternative approach. 
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Figure 11. Dissolution of dipyridamole in transfer experiments using FaSSGF pH 2, 

ARA pH 4 or ARA pH 6 medium in the gastric compartment and the respective FaSSIF 

V2 double concentrate in the intestinal compartment. 

Adapted from a publication in Eu.J.Pharm.Sci. by Segregur et al.166 

 

3.2.4  TIM-1 model 

The concept of the ARA media was explored using dipyridamole in the TIM-1 model 

as well. Here, the adjustment of the pH of the gastric compartment to pH 4 or pH 6 

served to assess the effect of ARAs on the percentage of the drug dose available for 

absorption. The final (after 5 hours) percentage of the dose available for absorption 

using a gastric pH of 4 was 20 % lower compared to an experiment with a gastric pH 

2. The experiment with gastric pH 6 predicted 30 % of the drug dose to be available 

for absorption after 5 hours of the experiment. TIM-1 experiments share similarities 

with the two-stage and transfer experiments, however TIM-1 has the ability to simulate 

the absorption of the drug, leading to more accurate predictions of precipitation 

behaviour in vivo. Some limitations of the TIM-1 experiment are its long duration and 

the complicated set-up. Additionally, it is currently not possible to combine TIM results 

with an in silico model to predict the influence of changes in the experimental design 

(e.g. low vs. elevated gastric pH) on plasma profiles. 
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3.3  Combining in vitro methods assessing ARA co-administration with various 

in silico models 

The Simcyp™ Simulator offers multiple models to predict the plasma profile of a drug 

in vivo. In order to evaluate whether data acquired from the in vitro experiments using 

ARA media is appropriate for input into the Simcyp™ Simulator, several Simcyp™ 

models were explored.  

In scenario one, dissolution data from one-stage experiments with PSWB 001 was 

implemented directly into a minimal PBPK model, using the DRM) To develop a 

minimal PBPK model, clearance of the drug had to be estimated in advance, which 

was achieved in the case of PSWB 001 using plasma profiles after intravenous 

administration.  

In scenario two, dissolution data from experiments with dipyridamole was implemented 

into a full PBPK model. Data input was achieved via the DLM, which attempts a more 

mechanistic approach to dissolution and can thus be used to explore variations on the 

dissolution conditions. The parameters needed for input into DLM were acquired using 

SIVA. Furthermore, in addition to the standard Simcyp™ Simulator set-up for the DLM 

model, which uses a static model of intestinal pH, a sub-variant using a dynamic model 

of intestinal pH was explored.  

Scenario three focused on the input of dissolution data from experiments with 

raltegravir potassium into a full PBPK model. Due to the dependency of the behaviour 

of the formulation on the gastric emptying time, a special approach to the input of 

dissolution data via a DRM model was followed. The method used mathematical 

parametrisation of the dissolution profiles in Excel prior to input into Simcyp™ and was 

based on the strategy reported by Komasaka et al. for acidic gastric conditions104. For 

the raltegravir potassium studies reported here, the Komasaka approach was 

extended to input reflecting GI physiology during ARA therapy.  

Detailed summaries of the input parameters for the respective in silico models can be 

seen in Publications 2, 3 and 4, in the Appendix. 
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3.3.1  Scenario one: Use of minimal PBPK model and DRM 

The minimal PBPK model for PSWB 001 was developed using available data for the 

physicochemical and pharmacokinetic properties of the compound. An in vivo plasma 

profile after an intravenous administration of the compound, which is independent of 

liberation or absorption parameters of the drug, was used to estimate the clearance of 

the drug by fitting the distribution and elimination data to a two-compartmental model. 

In order to validate the model, the one-stage dissolution data reflecting low gastric pH 

(FaSSGF) was then introduced to the model via direct input of the percentage of the 

drug dose dissolved over time (DRM) and the in silico simulation was compared to in 

vivo data for oral administration in healthy volunteers. As the simulations achieved an 

excellent fit to the in vivo data in each case example, the next step was to input the 

dissolution data from one-stage experiments with ARA pH 4 and ARA pH 6 media  in 

exchange for the dissolution data from one-stage experiments with FaSSGF. The 

simulations using input from ARA media appropriately bracketed the available in vivo 

data for PSWB 001 administration during PPI therapy and estimated an overall 

decrease in plasma concentrations for PSWB 001 after ARA co-administration. 
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Figure 12. Simulation of plasma profiles for PSWB 001 using minimal PBPK model 

and dissolution data from experiments with ARA pH 4 and pH 6 media (lines), 

compared to the in vivo data for PSWB 001 administration during PPI therapy from 

two available studies (dots and squares) 

Adapted from a publication in Eu.J.Pharm.Sci. by Segregur et al.165 
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3.3.2  Scenario two: Use of a full PBPK model with DLM input 

A full PBPK model of dipyridamole was available in the literature170,171, which was 

updated and used to simulate dipyridamole plasma concentrations after oral 

administration. In order to input dissolution of the drug into Simcyp™ Simulator using 

DLM, the dissolution behaviour in vitro had to be parameterised using SIVA.  

In the first step, dissolution behaviour from one-stage, two-stage and transfer 

experiments reflecting low gastric pH (using FaSSGF) was parameterised using the 

DLM scalar, as well as the precipitation parameters PRC and sPRC, where applicable. 

These DLM parameters were introduced into the full PBPK model, the plasma 

concentration profiles were simulated, and the predictions were compared to the in 

vivo data for dipyridamole administration without ARA co-administration172. The 

simulations using data from two-stage and transfer experiments underpredicted the 

plasma profiles in vivo, while the simulation using one-stage dissolution data showed 

a very good fit. This is due to the fact that two-stage and transfer experiments introduce 

strong precipitation into the in silico model, thus limiting the amount of the drug 

available for absorption in the intestine. The dipyridamole precipitation in vivo, 

however, seems to be very low169, likely due to the high permeability of dipyridamole. 

Thus, one-stage dissolution data was chosen for input into the in silico model reflecting 

ARA co-administration (second step).  

In the second step, the dissolution in ARA pH 4 and pH 6 media was parameterised 

using SIVA and the DLM parameters of the Simcyp™ model reflecting low gastric pH 

exchanged for the DLM parameters describing dissolution in ARA media. Furthermore, 

the gastric pH under the Simcyp™ population parameters was adjusted from the 

default pH 2 to pH 4 or pH 6, depending on which scenario was being simulated; lesser 

or stronger impact of ARAs. The two predictions successfully bracketed the in vivo 

plasma profiles after dipyridamole administration during PPI and H2RA therapy173,174. 
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Figure 13. Simulation of dipyridamole plasma profiles using full PBPK model with 

default DLM set-up and dissolution data from experiments with ARA pH 4 and pH 6 

media (lines), compared to the in vivo data for dipyridamole administration during  PPI 

(dots) and H2RA (squares) therapy. 

Reproduced with permission from a publication in Eu.J.Pharm.Sci. by Segregur et al166 

 

The third step focused on the development of the method simulating ARA co-

administration, when the dynamic intestinal pH model within the Simcyp™ Simulator 
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is activated. In contrast to the static intestinal pH model, which defines the intestinal 

pH within each intestinal compartment using a static pH value (e.g. pH 6.4 for the 

whole of the duodenum), the dynamic intestinal pH model aims to simulate rapid 

changes of the pH, which the drug may experience due to heterogeneous mixing of 

the acidic gastric medium with the more basic intestinal medium. This could prove to 

be a valuable tool when simulating precipitation behaviour of drugs, as the dynamic 

intestinal pH model may offer a more physiologically accurate representation of pH 

change in the intestine. While the static intestinal pH model is used as a part of the 

default set-up within DLM (and was used in the second step), the dynamic intestinal 

pH model is an option that has to be activated by the user. The simulation of the 

dipyridamole plasma profile using the dynamic intestinal pH model and dissolution 

input from the experiments with FaSSGF (low gastric pH) were slightly higher than the 

one using the static intestinal pH model. Nevertheless, both simulations accurately 

predicted the in vivo plasma profile for dipyridamole administration without co-

administration of ARAs.  

For simulations using ARA dissolution input and the default set-up for the dynamic 

intestinal pH model, however, both ARA pH 4 and ARA pH 6 simulation initially 

overpredicted the in vivo data during ARA therapy. This was due to the fact, that the 

default dynamic intestinal pH model always assumes an acidic gastric pH and its 

carryover effect on the pH in the small intestine. To correct this assumption for the 

administration of drugs in the presence of an elevated gastric pH, the input parameters 

of the dynamic intestinal pH model which define the variation intensity and mean value 

of the simulated intestinal pH were adjusted to values simulating carryover effects from 

a less acidic stomach. Simulations using the modified dynamic intestinal pH model 

and dissolution input from the one-stage experiments with ARA media generated 

predictions comparable to ones using the static intestinal pH model. Despite the 

equivalence of the static and dynamic intestinal pH approaches observed in this case 

example, the dynamic intestinal pH model may be the way forward to obtaining a more 

accurate prediction of the drug plasma profile in vivo for drugs that are more prone to 

precipitation than dipyridamole. 
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3.3.3  Scenario three: Use of full PBPK model with a mathematical approach to DRM 

In the case of raltegravir potassium, a complex approach to dissolution data input was 

taken, because a simulation using a single, average gastric emptying time was not 

able to predict the mean plasma profiles after administration of raltegravir potassium 

tablets in healthy volunteers with low gastric pH. Rather, a series of in vitro two-stage 

experiments with the pH 4 and pH 6 ARA media in the first stage and a changing pH 

shift time were defined using mathematical equations (Weibull equations for 

dissolution and exponential function for precipitation). These mathematical equations 

were then used in Excel to simulate theoretical dissolution profiles for two-stage 

experiments with ARA media at any given pH shift time from 0 to 2 hours. The 

theoretical two-stage dissolution profiles were then implemented as the dissolution 

input using the DRM approach into the full PBPK model for raltegravir. Individual 

plasma simulations, which used dissolution profiles with pH shift times equivalent to 

the GETs175 of the virtual individuals were generated and the PK for the virtual 

population was created using a weighted average (according to the frequency at which 

different gastric emptying times are encountered) of these plasma profiles. This 

process was repeated for several virtual populations and the mean average plasma 

concentrations in the virtual populations were then compared with available in vivo 

data176. The plasma profiles generated using dissolution in the ARA media bracket the 

data for raltegravir administration during PPI therapy in vivo. Interestingly, the 

simulation using ARA pH 4 dissolution data predicted the in vivo data very closely. 

This confirms the suitability of the ARA pH 4 media to reflect a lesser pH-effect of the 

ARA therapy (e.g. for a lower dose of an ARA), as in the in vivo study a low dose of 

PPI (20 mg omeprazole) was administered176. 
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Figure 14. Simulation of average raltegravir plasma profiles for a virtual population 

using dissolution data input from experiments with ARA pH 4 and pH 6 media (lines), 

compared to the in vivo data during PPI therapy (dots)  

Adapted from a publication in J.Pharm.Sci. by Segregur et al.168 

 

3.4  Evaluating the ability of the methods developed to predict the pH effect of 

ARA co-administration 
In the context of this thesis, various tools aiming to predict the effect of ARAs on GI 

physiology were developed and implemented. These tools include biorelevant media, 

in vitro methods and in silico tools. A set of biorelevant media reflecting the gastric 

physiology under ARA therapy, in conjunction with double concentrates of biorelevant 

intestinal media in the case of two-stage and transfer model dissolution testing, was 

developed. Regarding the in vitro methods, one-stage, two-stage, and transfer set-ups 

suitable for implementation of the aforementioned media were designed. Regarding 

the in silico tools, standard models (minimal, full PBPK model, DRM and DLM) were 

explored using input reflecting developed in vitro ARA methodology. Furthermore, in 

silico add-ons specific to simulating high gastric pH, such as a dynamic model for 

intestinal pH under ARA therapy, were designed and tested.  
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The model drugs used to test the ability of the ARA methods to predict plasma profiles 

during co-therapy with ARAs were drugs for which in vivo data for both administration 

without and during ARA therapy is available. Drugs with different physicochemical 

properties and various formulations were explored, adding to the certainty that the 

methods developed would be applicable to a wide range of drugs. 

During the development of the biorelevant media reflecting the gastric physiology 

under ARA therapy (ARA media), the most important parameters were taken under 

consideration: pH, buffer capacity, osmolality and surface tension. Every decision 

regarding the design of the media reflecting ARA co-administration was supported by 

literature data on physiological changes under ARA therapy.  

When essential parameters were considered and appropriate in vitro and in silico 

methods implemented, the use of ARA media and tests resulted in plasma profile 

predictions which were able to bracket the ARA effect on drug pharmacokinetics 

(Figures 12, 13 and 14). This was demonstrated for both weakly basic drugs (PSWB 

001 and dipyridamole) and the salt of a weak acid (raltegravir potassium).  

It was shown that the bracketing approach can encompass ARA effects after 

administration of both H2RAs and PPIs, as well as assess the extent of the pH effect 

for different doses of ARAs. Using in vitro set-ups and ARA media it was possible to 

analyse drug dissolution behaviour for both immediate release and non-dispersing 

formulations.  

Finally, the DRM and DLM input of dissolution data in minimal and full PBPK models 

was validated by in vivo data of volunteers with low gastric pH. Subsequent application 

of the dissolution data from the ARA media was demonstrated to predict the in vivo 

plasma profiles for volunteers under ARA therapy (elevated gastric pH) appropriately. 

This, it is safe to conclude that the methods developed are able to accurately predict 

the pH effect of ARA co-administration across a wide range of compound and 

formulation properties. 
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4  Summary and Outlook 
Standard biorelevant media reflect the average gastrointestinal (GI) physiology in 

healthy volunteers. The use of biorelevant media in in vitro experiments has become 

an important strategy to predict drug behaviour in vivo and is often combined with in 

silico tools in order to simulate drug plasma profiles over time. In addition to the healthy 

population, the effects of disease state or co-administration of other drugs on plasma 

profiles must be considered to assure drug efficacy and safety. Thus, there is a need 

for a more accurate representation of the human GI physiology when it is altered by 

disease or co-administered drugs in in vitro dissolution experiments.  

This thesis focused on the development of biorelevant media and dissolution tests 

reflecting GI physiology in circumstances where the gastric pH is elevated. Diseases 

linked to an elevated gastric pH are hypochlorhydria and achlorhydria, but these days 

treatment with acid-reducing agents (ARAs) is the single greatest cause of elevation 

in gastric pH. pH-dependent drug-drug interactions (DDIs) with ARAs are frequent, as 

the ARAs are used in a number of diseases using a variety of drugs. As the drugs 

currently on the market are often poorly soluble and ionisable, their dissolution is highly 

dependent on the pH of the GI tract, especially the gastric pH.  

The thesis research consisted of several steps. In the first step, physiological changes 

in the human GI tract during the therapy with ARAs were identified. Parameters of the 

standard biorelevant gastric medium FaSSGF were adjusted to the identified changes 

to reflect the impact of ARA co-administration on the gastric physiology. The media 

aim to assess the potential extent of the ARA impact on gastric physiology by 

introducing biorelevant media pairs, ARA pH 4 and pH 6 media, of which one reflects 

a lesser, and the other a stronger impact of ARAs. 

In the second step these ARA media were implemented in in vitro dissolution set-ups. 

The dissolution of poorly soluble ionisable drugs was assessed using one-stage, two-

stage and transfer model set-ups, as well as using a more evolved in vitro system TIM-

1. Comparison of results from dissolution set-ups using the standard, low pH, gastric 

biorelevant medium FaSSGF (pH 1.6 or 2), and the same set-ups using ARA pH 4 

and pH 6 media, shows a decrease in dissolution rate and extent for weakly basic 

compounds PSWB 001 and dipyridamole, and an increase in rate and extent of 

dissolution for the weakly acidic compound raltegravir potassium, when the gastric pH 

is elevated. Due to different physicochemical properties, the extent of the impact of 
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physiological changes during ARA therapy (when either ARA pH 4 or pH 6 medium is 

selected) on dissolution varied among the model drugs. Thus, the bracketing 

approach, which considers a range of the possible ARA co-administration impact on 

drug dissolution, was confirmed to be best practice in assessing the impact of ARAs. 

In the third step, dissolution data from in vitro experiments with ARA media was 

implemented into in silico models. The predictions using various in silico model 

approaches in Simcyp™ Simulator (minimal and full PBPK model, dissolution input 

using DRM and DLM) successfully bracketed in vivo data on drug administration 

during ARA therapy and correctly predicted an overall decrease in plasma 

concentration for the two model weakly basic compounds and an increase in plasma 

concertation for the model weakly acidic compound. 

In all assessed scenarios, the ARA methods proved to be an essential part of 

evaluating and predicting the impact of ARAs on drug pharmacokinetics, and 

appropriately predicted the extent of a possible impact of ARAs on the drug plasma 

profiles. Thus, the ARA biorelevant media and dissolution tests were demonstrated to 

be valuable tools reflecting administration of drugs when the gastric pH is elevated 

and able to predict the impact of ARA therapy on drug administration. 

The ability to evaluate the impact of human (patho) physioloy on drug behaviour in the 

gastrointestinal tract is of great importance, as the GI conditions play a significant role 

in drug release and absorption. Thus, there is great interest on the part of the 

pharmaceutical industry and regulatory agencies to develop best practices in this field, 

especially for pH-dependent DDIs. The media and dissolution tests developed in this 

thesis are biorelevant methods appropriate for evaluation of the impact of elevated 

gastric pH on drug efficacy and safety. Such methods, used as a risk assessment tool, 

in connection with evaluation of the efficacy window and potential toxicity, may help to 

increase confidence about decisions as to whether a pH-effect will occur and whether 

it is relevant or not, prior to conducting clinical studies. They may also enable changes 

in inclusion/exclusion criteria during recruiting for large-scale efficacy trials. In fact, the 

biopharmaceutic approach to drug development is becoming standard practice on a 

number of fronts, including metabolic DDIs, renal and hepatic insufficiency, powering 

decision-making process and possibly even waiving certain types of clinical studies.  
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The ARA media created and studied in this doctoral project reflect gastric physiology 

during co-administration of PPIs and H2RAs, and thus cover the majority of the 

scenarios where pH-dependent DDIs occur. Due to the significant differences in 

gastric media composition and behaviour after antacid administration, a biorelevant 

medium and dissolution test reflecting antacid co-administration still has to be 

developed and validated. Nevertheless, the approach described in this thesis can be 

applied to development of biorelevant media and dissolution tests for both antacid use 

and other situations in which the GI physiology is altered through drug administration 

or disease. Diseases for which a number of medications are prescribed are at 

especially high risk of DDIs and the assessment of the impact of other disease states 

and co-administered drugs will likely become a standard procedure during new drug 

development as well as re-assessment of the efficiency and safety of drugs which are 

already on the market. 

Overall, as the pharmaceutical industry and regulatory bodies continue to invest in 

predicting the drug behaviour in vivo prior to running clinical studies, with the aim of 

assessing impact of disease state and pH-dependent DDIs early in the development 

process. Biorelevant in vitro and in silico tools, like those developed in this project, will 

surely play an essential role and become a reliable and essential tool in 

pharmaceutical drug development.  
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5  Deutsche Zusammenfassung (German summary) 
Das Verständnis über die Physiologie des gastrointestinalen (GI) Traktes ist 

essenziell, um das Verhalten des Arzneimittels nach peroraler Gabe zu verstehen. Die 

Änderungen im GI Trakt, die während einer Krankheit oder bei der Gabe anderer 

Medikamente vorkommen, können einen Einfluss auf die Therapie mit bestimmten 

Arzneistoffen haben.   

Die sogenannten biorelevante Medien sind künstlich hergestellte Flüssigkeiten, die 

die Eigenschaften der Medien des Magen-Darmtrakts wiedergeben (pH, 

Pufferkapazität, Gallensalzkonzentration, Osmolalität) und in in vitro 

Freisetzungsexperimenten benutzt werden. Sie wurden auf Basis der Forschung von 

Dressman et al. entwickelt und beinhalten Medien wie FaSSGF und FeSSGF 

(Künstlicher nüchterner und prandialer Magensaft), FaSSIF V1 und FeSSIF V1 

(Künstlicher nüchterner und prandialer Dünndarmsaft), FaSSIF V2 und  FeSSIF V2 

(die zweite Version der künstlichen Dünndarmsäfte), sowie FaSSCoF und FeSSCoF 

(Künstlicher nüchterner und prandialer Dickdarmsaft).  

Diese Medien stellen jedoch nur die physiologischen Bedingungen der Magen-

Darmtrakt-Flüssigkeiten im gesunden Zustand dar. Um ein akkurates Bild über das 

Verhalten eines Arzneimittels in den Patienten (der eigentlichen Zielgruppe) zu 

erhalten, sollte man jedoch zusätzlich die relevanten Änderungen in der Physiologie 

im erkrankten Zustand berücksichtigen. Dies umfasst, unter anderem, pH, 

Pufferkapazität, Osmolalität und die Zusammensetzung der GI Flüssigkeiten, die 

Permeabilität des Darms, und die Motilität des GI Traktes. Die meisten 

kleinmolekularen Wirkstoffe, die sich zurzeit auf dem Markt oder in der Entwicklung 

befinden, sind schwer lösliche ionisierbaren Stoffe. Deren Auflösung und folglich die 

Bioverfügbarkeit sind nach peroraler Gabe dementsprechend vom pH des 

Auflösungsmediums abhängig. Die Krankheiten, die durch ein erhöhtes pH der 

Magenflüssigkeit charakterisiert sind, sind Hypo- und Achlorhydrie, sowie die 

Krankheiten und Zustände, die zur Behandlung der magensäureassoziierten 

Symptomatik mit Wirkstoffen wie Antazida, H2-Antihistaminika (H2RAs), und 

Protonenpumpenhemmer (PPIs), therapiert werden. Während dem Magen selbst bei 

der Hypo- und Achlorhydrie die Säuresekretionsfähigkeit fehlt, erhöhen die Antazida, 

H2RAs und PPIs den pH der Magenflüssigkeit durch die Neutralisierung der 

Magensäure oder die Hemmung der Säuresekretion und werden deswegen 

säuresenkende Mittel (engl. acid-reducing agents, ARAs) genannt. Hypo- und 
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Achlorhydrie sind prävalenter in geriatrischen Patienten sowie in japanischer 

Bevölkerung, während die ARAs in einer Reihe der Krankheiten eingesetzt werden, 

wie z.B. Gastritis, Refluxkrankheiten, Magen-Duodenalulzera, aber auch zur 

Vorbeugung der Ulzeration des Magens bei chronischer Gabe nichtsteroidaler 

Antirheumatika oder bei polymedizierten Patienten.  

Das Ziel dieser Arbeit war es, biorelevante Medien und Freisetzungstests zu 

entwickeln, die den physiologischen Zustand unter GI Krankheiten wiedergebenden. 

Die Forschung fokussierte auf die Physiologie des GI Traktes bei den Krankheiten, 

die durch ein erhöhtes pH der Magenflüssigkeit charakterisiert sind, d.h. während der 

Therapie mit ARAs. Um das Ziel der Arbeit zu verwirklichen, wurden mehrere Schritte 

festgelegt. Dies diente der Entwicklung eines wissenschaftlich begründeten und 

schrittweise validierten Werkzeugs. Außerdem wurden drei Wirkstoffe mit 

unterschiedlichen physikochemischen Eigenschaften (PSWB 001 und Dipyridamol als 

schwache Basen und Raltegravir als schwache Säure) untersucht, um damit die 

Robustheit des Werkzeugs zu bestätigen. Mithilfe gründlicher Literaturrecherche 

wurden im ersten Schritt die relevanten Änderungen in der Physiologie des Magen-

Darm-Traktes während der Therapie mit ARAs identifiziert. Des Weiteren wurde auf 

Basis dieser Befunde das Standardmedium FaSSGF modifiziert, um diese 

Änderungen zu enthalten. Die so entstandenen ARA Medien wurden im zweiten 

Schritt in in vitro Freisetzungsexperimenten eingesetzt und untersucht. Es wurden die 

Einstufen- und Zweistufen-Freisetzungsmodelle, das Transfer Modell sowie ein 

komplexes in vitro Modell TIM-1 untersucht und die Vergleiche zwischen 

Experimenten unter dem Standardzustand (saurer Magen) und den Experimenten, die 

den Einfluss der ARAs wiedergeben gestellt. Im dritten Schritt wurde die Kompatibilität 

der entwickelten Freisetzungstests mit den Computerprogrammen (in silico Modelling) 

ausgewertet. Die erworbenen Freisetzungsdaten wurden dabei in allmählich 

komplexere in silico Modelle eingesetzt: zuerst wurde ein minimales Physiologie-

basiertes pharmakokinetisches (PBPK) Modell untersucht und die direkte Eingabe des 

prozentualen Anteils der freigesetzten Dosis (Auflösungsrate-Modell, DRM) benutzt. 

Danach wurde ein volles PBPK Modell mit einer Eingabe der Freisetzung, die die 

grundlegenden Auflösungsprozesse in in vitro Experimenten berücksichtigt 

(Diffusionsschicht-Modell, DLM), eingesetzt.  Außerdem wurden im Zusammenhang 

mit den entwickelten Freisetzungstests ein komplexerer, mathematischer Ansatz des 
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DRM sowie die Varianten der intestinalen pH Darstellung im DLM untersucht. Im 

letzten Schritt wurden die im vorherigen Schritt generierten Simulationen der 

Plasmaprofile für die drei Testwirkstoffen im Zustand während der ARA Therapie mit 

den Literaturdaten der Wirkstoffgabe in vivo während der ARA Therapie verglichen. 

Während der Literaturrecherche über den Einfluss der ARAs auf die GI Physiologie 

wurde deutlich, dass die wichtigsten Änderungen im Magen stattfinden und die 

Änderung des biorelevanten Mediums für den Magenkompartiment notwendig ist. 

Weiterhin wurde entschieden die Einflüsse unterschiedlicher ARA Familien (Antazida, 

H2RAs und PPIs) separat zusammenzufassen, da sich die Wirkmechanismen teils 

stark unterscheiden. Die Antazida wirken rasch und erhöhen den Magen pH 

dosisabhängig auf einen Wert über pH 3.5 für eine kurze Zeit (30 – 60 Minuten). 

Aufgrund der physikalischen Anwesenheit im Magen können Antazida die 

Konzentration und die Wirkung der Gallensalze und des Pepsins durch Adsorption 

sinken. Außerdem bringen die Antazida mehrwertige Metallionen in die 

Magenflüssigkeit ein, was zur Gefahr der Chelatbildung mit komplexierbaren 

Wirkstoffen führt. Andersseits wirken die H2RAs und PPIs über einen Antagonismus 

der Magensäuresekretion. Die H2RAs wirken nach einer Zeitverzögerung von 60 bis 

90 min, erhöhen den Magen pH dosisabhängig (pH 4 – 6) und die Wirkung hält deutlich 

länger an, als bei Antazida (über 7 Stunden). Die PPIs sind die effektivsten ARAs, sie 

hemmen die Protonenpumpen irreversibel, entfalten jedoch die volle Wirkung erst 

nach mehrfacher Dosierung. Nach peroraler Gabe der PPI Standarddosen wird der 

pH des Mages zu durchschnittlich pH 5 (Bereich pH 4 – 6) erhöht. Der lange pH Effekt 

während der Gabe der H2RAs und PPIs kann die protektive Wirkung des 

Magenkompartments hindern und deren chronische Gabe wird deswegen oft in 

Zusammenhang mit den Veränderungen der Darmflora gebracht.  

Da die H2RAs und PPIs für einen längeren pH Effekt im Magen verantwortlich sind, 

und als ARAs bei der Mehrheit der Krankheiten eingesetzt werde, wurden die 

biorelevanten Medien auf der Basis der Befunde dieser zwei ARA Gruppen entwickelt. 

Eine Darstellung des pH Bereiches, eher als (nur) eines einzelnen, durchschnittlich 

erhöhten pH, ermöglichte die Wiederspieglung einer Spanne des variablen ARA 

Effektes. Beim Standardmedium FaSSGF wurden die pH, Osmolalität, Pufferkapazität 

und Medienzusammensetzung so eingestellt, dass zwei Szenarien darstellt werden 

konnten: Im ersten Fall stellte das ARA pH 4 medium einen schwächeren ARA Effekt 

dar (eine geringere Dosis von ARA). Dieses Medium hatte den pH Wert 4, einen 
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dazugehörigen Puffer mit höherer Pufferkapazität, sowie die verbliebene 

Pepsinaktivität. Das zweite medium, ARA pH 6, stellte einen stärkeren ARA Effekt dar 

(höhere ARA Dosis, chronische Gabe), und hatte pH 6, einen Puffer mit niedriger 

Pufferkapazität, sowie kein Pepsin, da die Pepsinaktivität über pH 5 irrelevant ist. Es 

wurden drei Paare (pH 4 und pH 6) der ARA Medien mit verschiedenen Puffersalzen 

entwickelt, um die möglichen Wechselwirkungen zwischen den Wirk- und/oder 

Hilfsstoffen und der Puffersubstanz durch den Umtausch der Paare vermeiden zu 

können. Die Zusammensetzung der ARA Medien ist in der Tabelle 1. des 

Dissertationshauptteils wiedergegeben.  

Die entwickelten ARA Medien wurden mit drei Testwirkstoffen in Einstufen-

Freisetzungsversuchen untersucht. Im Vergleich zur Auflösung im biorelevaten 

Medium FaSSGF (pH 1.6) zeigten die basischen Arzneistoffe eine langsamere und 

eingeschränkte Freisetzung in den ARA Medien. Die Formulierung des aziden 

Wirkstoffs (Raltegravir) zeigte eine signifikant verbesserte Wirkstoffauflösung in den 

ARA Medien.  

Zusätzlich zur Freisetzung der Wirkstoffe in nur einem Medium, vermittelten die 

Zweistufen-Freisetzungsversuche zusätzliche Daten über das Verhalten der 

Wirkstoffe nach einem Übergang aus der Umgebung des Magens in den Dünndarm. 

Aufgrund einer auftretenden Übersättigung der Lösung der schwach basischen 

Wirkstoffen PSWB 001 und Dipyridamol in der zweiten Stufe des Experiments, 

konnten die Unterschiede im Präzipitationsverhalten zweier Wirkstoffe identifiziert 

werden. Während PSWB 001 im Dünndarmmedium in der Lösung (übersättigt) blieb, 

präzipitierte Dipyridamol rasch, wenn das Magenmedium saurer war als das 

Dünndarmmedium. In den Versuchen mit Raltegravir wurde festgestellt, dass die 

Präexposition zum Magenmedium einen Einfluss auf die Freisetzung im 

Dünndarmmedium haben kann. Dennoch simuliert der Zweistufen-

Freisetzungsmodell eine sehr rasche, abrupte Änderung des Freisetzungsmediums, 

und stellt physiologisch höchstens eine schnelle Magenentleerung dar. Das Transfer 

Modell, welches eine peristaltische Pumpe zum graduellen Transport des gelösten 

Stoffes aus dem Magenkompartment in das Dünndarmkompartment nutzt, scheint 

dem physiologischen Prozess der Magenentleerung näher zu sein. Die Präzipitation 

von Dipyriamol in den Transfer-Modell Experimenten war dementsprechend 

langsamer. Die Präzipitation eines Wirkstoffs im Darm ist auch von der Absorption 

abhänging, und da diese in der Standardkonfiguration des Transfer-Modells nicht 
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darstellbar ist, wurde ein TIM-1 Model, der die Abosprtionsvorgänge im Darm 

simuliert, eingesetzt. Sowohl beim Transfer-Modell, als auch bei TIM-1 wurde 

bewiesen, dass die Freisetzung von Dipyridamol in Experimenten, die einen 

Magensaft mit erhöhtem pH nutzen, geringer ist als in Experimenten mit einem 

Magensaft mit niedriegem pH.  

Die Freisetzungsdaten aus den Versuchen mit den Testwirkstoffen wurden erfolgreich 

sowohl im minimalen als auch in zwei vollen PBPK in silico Modellen eingesetzt. Die 

Eingabe dieser Daten konnte sowohl durch DRM, als auch durch unterschiedliche 

Varianten des DLM erfolgen. Die mithilfe dieser in silico Modellen erhobenen 

Vorhersagen der Plasmaspiegel für PSWB 001, Dipyridamol und Raltegravir beim 

aziden Magen stimmten mit den in vivo Daten für die Gabe dieser Testwirkstoffe ohne 

ARA Co-Therapie überein. Die Vorhersagen, die mithilfe der ARA Medien und 

Freisetzungstests erhoben worden sind (und einen schwächeren und einen stärkeren 

Effekt der ARA darstellen), rahmen die in vivo Plasmaprofile für drei Wirkstoffe 

während der ARA Therapie ein.  

Das Verhalten der erforschten Arzneistoffe und dazugehöriger Arzneiformen im 

Zustand mit erhöhtem Magen pH wurde mithilfe entwickelter Medien und Tests 

erfolgreich simuliert und hat sich als eine essenzielle Eingabe in den in silico Modellen 

zur Vorhersage des pH Effektes auf die Wirkstoff-Pharmakokinetik erwiesen. Die 

Versuchsreihen mit schwach basischen Wirkstoffen PSWB 001 und Dipyridamol 

haben deren schlechtere Auflösung in der Magenflüssigkeit mit erhöhtem pH 

wiederspiegeln sowie Schlussfolgerungen über das Präzipitationsverhalten von 

Wirkstoffen ermöglichen können. Die entwickelten Medien und Tests haben auch die 

umfangreichere Auflösung des schwach sauren Wirkstoffs Raltegravir unter erhöhtem 

Magen pH widerspiegeln können und waren dabei zur Untersuchung  

einer Formulierung mit modifizierter Freisetzung eingesetzt. Die in silico Simulationen 

von Plasmaprofilen der untersuchten Wirkstoffe nach ARA Gabe haben akkurat das 

wahrscheinliche Ausmaß des pH Effektes eingeschätzt.  

Die entwickelte biorelevanten Medien und Freisetzungstests, die den physiologischen 

Zustand unter GI Krankheiten wiedergeben, sind ein wertvolles Werkzeug zur 

Beurteilung der pH-abhängigen Wechselwirkungen und können sich als eine 

Ergänzung zur aktuellen Strategie der Wirkstoffentwicklung sowie der Sicherstellung 

der Wirksamkeit und Unbedenklichkeit der Medizin erweisen.  
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in the "dynamic intestinal pH model" together with David Turner from Simcyp, as well 

as evaluation, comparison and visual representation of the data, with an exception of 

data from the TIM-1 experiments (AstraZeneca). The first draft of the manuscript and 

improvement of the same based on the suggestions of co-authors and reviewers is 

also included in the personal contribution. 

 

Publication 4 

Personal contribution to the fourth publication, Biorelevant in vitro tools and in silico 

modelling to assess pH-dependent drug-drug interactions for salts of weak acids: case 

example potassium raltegravir, includes the planning (together with Prof. Dressman), 

validation and execution of all in vitro experiments, development of the modelling 

strategy for raltegravir dissolution under ARA therapy, as well as evaluation, 

comparison and visual representation of the data. The first draft of the manuscript and 
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improvement of the same on the suggestions of co-authors and reviewers is also 

included in the personal contribution. 
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