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1. Introduction 

1.1 Purpose 

A crucial prerequisite for the absorption of an active pharmaceutical ingredient (API) through the 

mucosal membrane in the gastrointestinal (GI) tract is the release of the drug from its formulation 

and subsequent dissolution in the GI fluids, because only dissolved API can be absorbed. However, 

many new drug molecules suffer from limited aqueous solubility. In 2006, 30-40% of the top 200 

orally administered drugs in the United States, Great Britain, Spain, and Japan were classified as 

practically insoluble, indicating a solubility below 0.01 mg/mL in water (Takagi et al. 2006). Taking 

into account that most pharmaceutical products are administered orally (Zhong et al. 2018), the 

solubility and dissolution of a drug are key biopharmaceutical determinants. As drug development 

is a cost-intensive and time-consuming process, it is of high importance to assess risks of 

insufficient drug absorption as early as possible to either exclude potential candidates from 

further development, or to define suitable formulation strategies. Certainly, in vivo data from 

preclinical species or even human studies would be of highest relevance during drug development, 

however, in vivo studies are costly and bear considerable ethical hurdles. Therefore, a 

combination of in vivo, in vitro, and in silico approaches may be used instead to assess the 

performance of a drug candidate or drug product early in development (Fig. 1). Using in vitro 

assays, the various phases of drug absorption can be investigated, such as the compound’s 

dissolution at physiological pH levels and its permeation through cell layers. In such assays, the 

conditions are typically well defined. However, the relevance of in vitro assays for simulating the 

actual in vivo conditions is often limited, indicating the need for translational tools to extrapolate 

from in vitro to in vivo, like in silico absorption models (Miller et al. 2019). 

 

 

Fig. 1: Interplay between in vitro assays, in silico modelling approaches, and in vivo studies. 
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Consequently, biopharmaceutical in vitro assays have a high relevance during drug discovery and 

development to directly assess the performance of a compound, or as a source for generating 

input parameters for in silico modelling. In turn, this comes with the need of high-quality assays. 

High quality is defined by the predictive power and reproducibility of the assay, but also a 

thorough mechanistic understanding of the underlying processes happening in vitro, and their 

main influencing factors are of relevance. Therefore, this thesis aimed to investigate the impact 

of a specific parameter of such biopharmaceutical assays, namely the biorelevant medium, on in 

vitro solubility, dissolution, and precipitation testing. 

 

1.2 In vitro models for solubility and dissolution testing 

Solubility and permeability have long been identified as key parameters defining oral drug 

absorption. Consequently, the biopharmaceutical classification system (BCS) categorizes drugs as 

high or low solubility and high or low permeability drugs (Amidon et al. 1995). 

Accordingly, API candidates are typically tested in terms of their solubility. However, the solubility 

of a drug can be determined in several ways and therefore, the assay conditions should be 

selected based on the properties of the investigated drug and the purpose of the experiment. In 

general, solubility is defined as the amount of a solute (e.g. drug particle) that can be dissolved in 

a specific volume of a defined solvent (Alsenz and Kansy 2007). The applied solvent system can 

yield different solubilities, such as the unbuffered, buffered, and intrinsic solubility of ionizable 

compounds in aqueous media (Alsenz and Kansy 2007). Thus, for bio-predictive solubility testing, 

the solvent system needs to be selected carefully. In addition to the equilibrium solubility of a 

compound, the rate at which a compound is released from its formulation and dissolves is of 

interest for forecasting its behavior in the GI tract. 

Dissolution testing can be performed at different levels of complexity. For instance, dissolution 

testing of a solid oral dosage form can be performed using compendial apparatuses as described 

in the United States Pharmacopeia (USP) with known hydrodynamic conditions and rather simple 

buffer systems (USP 2006). Using this approach, the unknown experimental factors are reduced 

to a minimum, and so is its biorelevance. In addition to compendial apparatuses, more biorelevant 

set-ups such as biphasic and two-stage dissolution testing, or even more complex set-ups like the 

TNO gastro-Intestinal model have gained increased interest during the past years (Butler et al. 

2019; Dickinson et al. 2012). While these assays aim to resemble the in vivo conditions more 

closely than their compendial counterparts, this also comes with an increase in complexity, and it 
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may be difficult to assess the most important biopharmaceutical factors for drug absorption of a 

specific drug product. Consequently, it is important to select the testing conditions and the 

complexity of a set-up based on the required output data. With respect to basic compounds, for 

instance, their risk for drug precipitation in the small intestine is of high interest, which suggests 

the use of the so-called transfer model (Fiolka and Dressman 2018). 

 

1.2.1 Transfer model to characterize the supersaturation and precipitation 

behavior of APIs and formulations 

1.2.1.1 Background and experimental set-up 

The majority of marketed drugs have ionizable functional groups, and the main fraction thereof 

has basic properties (Manallack 2007; Manallack et al. 2013). Due to a strong pH gap between the 

fasted stomach and the small intestine, weak bases typically exhibit a high solubility in gastric 

fluids, but low solubility under intestinal conditions. Consequently, basic APIs may precipitate 

after entering the small intestine which, in turn, may impair oral drug absorption. However, for a 

certain time frame, the API often stays solubilized at concentrations considerably above the 

respective thermodynamic solubility (Kostewicz et al. 2004; McAllister 2010). This stage is called 

supersaturation and is defined as the difference between the chemical potential of the solute in 

solution and the chemical potential in equilibrium (Schall and Myerson 2019). Investigating the 

supersaturation and precipitation kinetics of weak bases provides important parameters to 

forecast the in vivo behavior, e.g., by applying the kinetic parameters generated in vitro to in silico 

physiologically based pharmacokinetic models (McAllister 2010; Fiolka and Dressman 2018; Berlin 

et al. 2014; Butler et al. 2019). 

In 2004, Kostewicz et al. introduced the transfer model to investigate the precipitation behavior 

of weakly basic drugs. Using this set-up, the compound is dissolved in simulated gastric fluid (SGF) 

and pumped into simulated intestinal fluid (Kostewicz et al. 2004). Later, the disintegration of 

pharmaceutical formulations was incorporated into this set-up (Ruff et al. 2017). In the meantime, 

several modified set-ups were introduced, e.g., downscaling the amount of API and GI fluids or 

using the so-called dumping method to skip the use of a peristaltic pump (Fiolka and Dressman 

2018). One example of a downscaled set-up is depicted in Fig. 2. The transfer model by Jede et al. 

is a 1:10 downscale of the physiological volumes and applies in-line UV analytics to assist early 

formulation development, e.g., by precipitation inhibitor screening (Jede et al. 2019b, 2019a; Jede 

et al. 2018). 
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1.2.1.2 Challenges in analytical method development for transfer experiments 

Next to scaling of the set-ups (see previous paragraph), another difference between transfer 

assays can be the analytical method applied for API quantification. As the conditions in transfer 

assays are highly dynamic, including spontaneous precipitation and rapid changes in the 

concentration of dissolved drug, close monitoring of the precipitation profile is beneficial. In case 

(ultra-)high performance liquid chromatography ((U)HPLC) is applied, the precipitate needs to be 

separated from the dissolved API prior to analysis, which is often achieved by filtration or 

centrifugation. As this is a time-consuming step, it could hamper frequent sampling, which, in turn, 

is necessary to closely monitor the precipitation process. Further, precipitation may continue 

during sample preparation (Jede et al. 2018). In addition, undissolved API which is not completely 

removed during sample preparation may redissolve during dilution with the mobile phase for 

(U)HPLC analysis (Jede et al. 2018). Furthermore, the downscaling of the set-ups is limited by the 

sample volume, or vice versa the number of sampling points is limited by the total media volume 

available. Consequently, in-line analytics with high measurement frequency and without sample 

preparation are of advantage. One option is the application of derivative UV spectrophotometry 

(Jede et al. 2018). However, the method development for in-line UV analytics is also associated 

with several challenges, especially when biorelevant media are involved (see also “1.3.5 Analytical 

issues for biopharmaceutical precipitation assays“). 

 

 
Fig. 2: Transfer model according to Jede et al. (2019b). FaSSIF; Fasted State Simulated Intestinal 
Fluid, SGF; Simulated Gastric Fluid. 

 

1.3 Current state of biorelevant media for the fasted small intestine 

As mentioned in the preceding chapters, biopharmaceutical in vitro assays typically aim to 

resemble the conditions in the animal or human GI tract. One essential factor for solubility and 
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dissolution assays is the selection of a suitable medium. For the design and selection of such 

media, a thorough understanding of the intestinal conditions is key. 

 

1.3.1 Underlying physiology of human intestinal fluids 

To date, numerous studies have been conducted to collect human intestinal fluids (HIF) aspirates 

from healthy volunteers. The review articles published by Fuchs et al. and Bergström et al. provide 

a holistic summary about the subject (Bergström et al. 2014b; Fuchs and Dressman 2014). 

In short, the duodenal and jejunal fluids are characterized by neutral pH values ranging from 5.7 

to 7.5 (Fuchs and Dressman 2014), which is an important characteristic to forecast the solubility 

of ionizable compounds. Of note, the strong drop in pH from the acidic gastric compartment with 

pH values between 1.7 and 3.3 (Bergström et al. 2014b) to more neutral values in the small 

intestine may cause basic APIs to precipitate. In the fasted small intestine, the predominant buffer 

system is represented by bicarbonate, which is a component of the pancreatic juice and the bile, 

but also secreted by epithelial cells into the intestinal lumen (Garbacz et al. 2014; Hall 2011). The 

buffer capacity was measured to range from 4-19.2 mmol/l/ΔpH in the duodenum (Litou et al. 

2016; La Perez de Cruz Moreno et al. 2006; Kalantzi et al. 2006) and 2.4-4 mmol/l/ΔpH in the 

jejunum (Bergström et al. 2014a; Persson et al. 2005; Fadda et al. 2010). When assessing the 

buffer capacities and pH values reported in the literature, one should bear in mind that the buffer 

capacity is estimated by titrating the fluids ex vivo, which may lead to systematic errors. For 

instance, it was shown that centrifugation and freezing of aspirates from the upper GI tract 

significantly decreased the buffer capacity and increased the pH (Litou et al. 2020). Furthermore, 

the measured values are only brief snapshots, which do not represent the dynamic processes of 

carbon dioxide absorption and bicarbonate secretion. 

With respect to API solubility and dissolution, another important characteristic of HIF is the 

composition of solubilizing species. The bile salts as well as phospholipids and hydrolysis products 

of phospholipids contained in HIF act as natural surfactants, which form mixed colloidal structures 

like micelles and vesicles (Fuchs and Dressman 2014). Taurocholate, glycocholate, and 

glycochenodeoxycholate are the three main bile salts in human intestinal fluids with mean overall 

bile salt concentrations of 3.3 and 3.0 mM in the duodenum and jejunum, respectively (Fuchs and 

Dressman 2014). Regarding the phospholipids, mainly phosphatidylcholine is present in HIF, while 

the majority exists as its hydrolysis product lyso-phosphatidylcholine in the small intestine (Fuchs 

and Dressman 2014; Bergström et al. 2014b; Kleberg et al. 2010). Furthermore, cholesterol and 

free fatty acids are also components of fasted HIF (Fuchs et al. 2015; Fuchs and Dressman 2014). 
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1.3.2 Overview of the available fasted state simulated intestinal fluids and 

their ability to simulate the in vivo conditions 

Prior to the introduction of biorelevant media, plain buffer systems were the only means to 

determine solubility and dissolution of APIs from a biopharmaceutical perspective. Under these 

circumstances, mainly the pH values could be adjusted to physiological values. However, this does 

not reflect the influence of the solubilizing agents in HIF like bile salts and phospholipids. 

Therefore, biorelevant media were invented, and their compositions were constantly adapted to 

new scientific findings during the past years (Galia et al. 1998; Jantratid et al. 2008; Dressman et 

al. 1998; Dressman et al. 2007; Bou-Chacra et al. 2017; Fuchs et al. 2015). Fasted and Fed State 

Simulated Intestinal Fluids (FaSSIF and FeSSIF) were developed to mimic the fasted and fed state 

small intestinal fluids (Galia et al. 1998). Furthermore, media to simulate the gastric and colonic 

fluids were introduced (Vertzoni et al. 2005; Vertzoni et al. 2010). In addition to a buffer system 

based on phosphate or maleate salts with physiologic osmolarity, FaSSIF version-1 and -2 contain 

phosphatidylcholine and the bile salt sodium taurocholate (Galia et al. 1998; Jantratid et al. 2008). 

These two FaSSIF versions differ only slightly in terms of the phospholipid concentration, the 

osmolarity, and the buffer system (Galia et al. 1998; Jantratid et al. 2008). For version-3, major 

changes were applied to the composition of the solubilizing components (Fuchs et al. 2015). While 

FaSSIF version-1 and -2 do not include lysolecithin, the hydrolysis product of phosphatidylcholine, 

this was added to FaSSIF version-3, and so were cholesterol, sodium oleate, and the bile salt 

glycocholate (Fuchs and Dressman 2014; Fuchs et al. 2015; Galia et al. 1998; Jantratid et al. 2008, 

2008). Furthermore, the buffer capacity and osmolarity were further adjusted (Fuchs et al. 2015). 

To evaluate the ability of biorelevant media to mimic the in vivo solubility of various drugs, 

solubility data obtained in HIF aspirates from healthy volunteers were compared to solubilities 

measured in the biorelevant media. For example, Söderlind et al. reviewed the solubility of 24 

model compounds in FaSSIF version-1 and -2 and in phosphate buffer pH 6.5 in comparison to HIF 

(Söderlind et al. 2010). The authors found phosphate buffer to be less predictive for ionizable 

compounds compared to the biorelevant media, and under-predictive for neutral substances 

(Söderlind et al. 2010). Augustijns et al. reviewed solubility data in fasted HIF for a large set of 

compounds and found a statistically significant correlation between solubilities measured in HIF 

and FaSSIF. However, the correlation was weaker for low solubility values compared to higher 

values (Augustijns et al. 2014). As reviewed by Bou-Chara et al. (2017), several studies described 

that dissolution testing with biorelevant media is able to mimic the in vivo dissolution behavior of 

poorly soluble drugs better than plain buffers. Consequently, solubility and dissolution testing 

using biorelevant media have become an important tool in the biopharmaceutical 
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characterization of new drugs in pharmaceutical industry and academia. Comparing the different 

FaSSIF versions, FaSSIF version-1 still has a high acceptance, as it is well characterized, and a broad 

range of solubility data is available. In contrast, version-3 is not commercially available and 

therefore the data generated with this medium is still rather limited. As for the predictive 

performance of biorelevant media, Klumpp et al. recently compared the three FaSSIF versions and 

found FaSSIF version-1 to yield the highest comparability to HIF data. However, differences 

between the media were mostly seen for acidic compounds due to the pH of the medium, and in 

case of neutral drugs, differences increased with higher logP values of the compounds (Klumpp et 

al. 2020).  

Despite the advantages fasted state biorelevant media offer for the biopharmaceutical scientist, 

there is still room for improvement in accurately mimicking the intestinal fluids. As pointed out in 

the preceding paragraphs, several characteristics of HIF were covered by the FaSSIF versions, but 

clear differences can be pointed out for the applied buffer species and the complex composition 

of solubilizing agents like bile salts and phospholipids. Therefore, such biorelevant media 

characteristics and their impact on solubility, dissolution, and precipitation behavior of 

pharmaceutical drugs were investigated in the context of this thesis. 

 

1.3.3 Solubilizing agents 

As described above, the bile salt and lipid composition in HIF and biorelevant media is an 

important characteristic, as it determines the solubilizing capacity of the media. In HIF as well as 

in biorelevant media, bile salts and phospholipids can form mixed colloidal structures of different 

compositions and sizes. In FaSSIF version-1 for instance, several colloidal structures like globular, 

thread-like, and disc micelles, agglomerates of disc-micelles, and vesicles were observed (Kloefer 

et al. 2010; Klumpp et al. 2019). However, other studies only found micellar (Riethorst et al. 2016) 

or vesicular structures (Clulow et al. 2017). Comparing FaSSIF version-1 and -2, different sizes of 

colloidal structures were observed, although both contain the same bile salt and phospholipids 

(Klumpp et al. 2019). As discussed by Klumpp et al., different NaCl concentrations in the media 

can be an explanation due to salting effects (Klumpp et al. 2019). On the other hand, the different 

micelle sizes may be explained by the different bile salt to phospholipid ratios of 4/1 (FaSSIF 

version-1) and 15/1 (FaSSIF version-2) (Klumpp et al. 2019), because the ratio of bile salts to 

phospholipids can influence the structure and size of the colloidal structures (Vinarov et al. 2021; 

Shankland 1970). While bile salts typically form spherical micelles with low aggregation numbers 

and aggregates thereof (Coello et al. 1996; Kawamura et al. 1989; Glomme et al. 2007), mixed 
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micelles are formed in the presence of lecithin. Lecithin changes the colloidal structure due to the 

different contributions of bile salts and lecithin to the curvature of a micelle (Leng et al. 2003). 

Upon dilution of the medium, these mixed micelles can further change to vesicles (Schurtenberger 

et al. 1985; Sugano et al. 2007). In vivo, the bile salt to phospholipid ratio in the fasted state ranges 

from 4.5 to 39 (Kleberg et al. 2010). Regarding the colloidal structures, Elvang et al. identified up 

to five different size fractions in HIF and related them to small bile salt micelles, mixed 

phospholipid and bile salt micelles in a medium size range, and phospholipid vesicles and 

aggregates of larger size (Elvang et al. 2019). While these colloidal phases seemed to be consistent 

between the three tested volunteers, their prevalence varied between the individuals as well as 

between the sampling timepoints (Elvang et al. 2019). Consequently, not only the concentrations 

of solubilizing agents differ between subjects, but also the nature of colloidal structures. Thus, it 

is difficult to mimic the complex composition of the colloidal structures of HIF in in vitro 

experiments, which should be considered for the design of biorelevant media, but also for 

assessing the predictive power of in vitro data. 

In addition to increasing the solubility of lipophilic drugs, bile salt micelles and mixed micelles 

including different bile salts and lecithin are also known to have precipitation inhibitory properties 

(Lu et al. 2017; Chen et al. 2015; Li et al. 2016). In this context, a recent study investigated 

nucleation and crystal growth of atazanavir and posaconazole in simulated intestinal media and 

aspirated fasted HIF (Elkhabaz et al. 2021). The researchers found the nucleation and progression 

of crystallization to be highly dependent on the medium. Significantly reduced crystallization 

kinetics were observed in the aspirated fluids, thus they recommended that media used for 

characterizing supersaturation should resemble the endogenous surfactants as closely as possible 

(Elkhabaz et al. 2021). Consequently, the composition of solubilizing agents in biorelevant media 

is also an important characteristic in terms of forecasting the supersaturation and precipitation of 

weakly basic drugs and supersaturating formulations. 

 

1.3.4 Stability of biorelevant media 

The components of FaSSIF should also be considered in terms of their chemical stability. While 

sodium taurocholate is characterized by a known chemical structure with a molecular weight of 

537.7 g/mol, phosphatidylcholine is typically derived from natural sources with a variable 

composition. Soybean lecithin for instance contains a mixture of phosphatidylcholine, 

phosphatidylethanolamine, inositol phosphatides, and other phosphatides among triglycerides 

and other components (Scholfield 1981; Szuhaj 1983). Furthermore, the phosphatides like 
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phosphatidylcholine are composed of saturated as well as unsaturated fatty acids. The 

unsaturated fatty acids may be prone to lipid oxidation. Emerging oxidation products may 

interfere with the UV light which could cause analytical problems. In addition, hydrolysis of the 

phospholipids to lysolecithin may occur. Therefore, the presence of phosphatidylcholine in 

biorelevant media should also be considered with respect to the shelf life of the freshly prepared 

medium and the storage of the commercially available powder like the FaSSIF/FeSSIF/FaSSGF 

powder from biorelevant.com (hereafter referred to as ‘SIF powder’) (Kloefer et al. 2010; 

biorelevant.com 2021). The stability of freshly prepared FaSSIF and FeSSIF and the SIF powder, 

which is used to prepare the FaSSIF and FeSSIF media, was already investigated by Kloefer et al. 

in 2010, focusing on different properties including water and phospholipid content, and 

phospholipid oxidation. The researchers observed an increase in UV absorption of freshly 

prepared FaSSIF and FeSSIF medium over time, most likely due to phospholipid oxidation, which 

is why they recommended UV quantification only above 280 nm (Kloefer et al. 2010). In the same 

study, the SIF powder itself was considered to be stable at recommended storage conditions (2-

8°C) for at least 12 months. In addition to Kloefer et al.’s study, the stability of freshly prepared 

FaSSIF medium over a time period of up to 120 h was recently evaluated by Klumpp et al. with 

respect to characteristics like buffer capacity, particle size, and turbidity (Klumpp et al. 2019). 

Regarding the selected stability characteristics, freshly prepared FaSSIF medium was considered 

to be stable for at least 96 h at room temperature (Klumpp et al. 2019). However, there is only 

limited knowledge about the effect of SIF powder storage on media properties like UV absorption 

and colloidal structures when FaSSIF and FeSSIF media are prepared from freshly opened versus 

older batches. Furthermore, knowledge about the impact of SIF powder age on the reproducibility 

of solubility, dissolution, and precipitation assays is lacking. Therefore, this point was identified as 

an objective of this thesis. 

 

1.3.5 Analytical issues for biopharmaceutical precipitation assays 

As described in section “1.2.1 Transfer model to characterize the supersaturation and precipitation 

behavior of APIs and formulations“, transfer experiments should be preferably analyzed by in-line 

UV spectrophotometry due to numerous advantages compared to (U)HPLC analytics. However, 

the same ingredients which are responsible for the instability of FaSSIF, i.e., phosphatidylcholine, 

are also UV active and may interfere with the UV absorption of the API. Referring to section “1.3.4 

Stability of biorelevant media“, lipid oxidation products may also interfere with the UV signal 

(Kloefer et al. 2010). Furthermore, in the context of a transfer experiment, the background signal 
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changes dynamically due to dilution of the fluid in the intestinal compartment. Consequently, it is 

not sufficient to simply measure the background signal of the medium at the beginning of the 

experiment. Thus far, a comprehensive approach for a UV method development covering the 

dynamic changes in media composition and their impact on the measured UV absorption of the 

dissolved API was lacking. Therefore, one of the aims of this thesis was to develop a new and 

comprehensive approach for UV spectrophotometric method development for biorelevant 

transfer experiments. 

 

1.3.6 Buffer species 

Besides the solubilizing agents, the buffer species is also an important characteristic of biorelevant 

media. While the human intestinal fluids are mainly buffered by bicarbonate (Hogan et al. 1994), 

compendial media are typically prepared with non-volatile buffers, such as phosphate and 

maleate (Galia et al. 1998; Jantratid et al. 2008; Fuchs et al. 2015). To understand the importance 

of the differences between a volatile bicarbonate and a non-volatile compendial buffer, it is 

necessary to reflect on the unique characteristics of the bicarbonate buffer system. 

In the presence of hydrogen ions, sodium bicarbonate forms carbonic acid (Fig. 3 (A)), which can 

dissociate into water and carbon dioxide (Fig. 3 (B)). The latter one can permeate through the 

mucosal membrane, enter the blood circulation, and can be exhaled through the lungs (Hall 2011). 

This process refers to the neutralization of acids in the intestinal liquids (Hall 2011). Carbonic acid 

can also dissociate into bicarbonate or carbonate and hydrogen ions (Fig. 3 (B)) (Hall 2011). The 

intrinsic pKa of the ionization reaction of carbonic acid (([H+][HCO3
-])/[H2CO3]) is reported to be 

3.55-3.8, while the apparent bulk pKa is measured to be 6.04 using potentiometric titration, which 

refers to the equilibrium between bicarbonate and dissolved carbon dioxide (([H+][HCO3
-])/[CO2 

aq.]) (Krieg et al. 2014). In equilibrium between carbon dioxide and carbonic acid, the 

concentration of carbon dioxide is higher than that of carbonic acid (Al-Gousous et al. 2019). 

Therefore, carbon dioxide appears as the conjugate acid, and the apparent pKa is thus also 

determined by the hydration and dehydration reaction between carbon dioxide and carbonic acid 

(Al-Gousous et al. 2019). In the diffusion layer of a dissolving drug particle, this reaction is not in 

equilibrium, as the diffusion rate of carbon dioxide is faster than the hydration reaction, as a 

consequence, the effective pKa in the diffusion layer will be lower than the potentiometrically 

determined value  (Krieg et al. 2014; Amaral Silva et al. 2019; Al-Gousous et al. 2019). This results 

in a lower effective buffer capacity in the diffusion layer of a dissolving drug particle (Amaral Silva 

et al. 2019). 
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Fig. 3: Bicarbonate buffer reactions. 

 

In addition to the unique characteristics of bicarbonate buffer in the diffusion layer of a dissolving 

drug particle, the bulk buffer capacity of bicarbonate buffer should be considered. It was found 

that phase-heterogeneous buffer systems, as present in vivo with dynamic bicarbonate secretion 

and carbon dioxide permeation through the mucosal membrane, have a higher bulk buffer 

capacity compared to phase-homogeneous buffer systems (Al-Gousous et al. 2018). 

The impact of the buffer system and the buffer capacity on the dissolution behavior of ionizable 

drugs was investigated by several researchers (Krieg et al. 2014, 2015; McNamara et al. 2003b; 

Mooney et al. 1981; Ramtoola and Corrigan 2008; Sheng et al. 2009; Cristofoletti and Dressman 

2016). For instance, McNamara et al. compared the intrinsic dissolution rate of the BCS class II 

drugs indomethacin and ketoprofen and found 1.5 to 3.5 times higher dissolution rates in the USP 

and FaSSIF phosphate buffers than in a 15 mM bicarbonate buffer (McNamara et al. 2003a). The 

impact of bicarbonate buffer and differences compared to non-volatile buffer species like 

phosphate buffer were also investigated and demonstrated with respect to the dissolution of 

enteric coated formulations (Amaral Silva et al. 2019; Karkossa and Klein 2017), the performance 

of the acidic precipitation inhibitor hydroxypropyl methylcellulose acetate succinate (HPMCAS) 

(Jede et al. 2019c), and the dissolution kinetics of amorphous solid dispersions including ionizable 

polymers (Sakamoto and Sugano 2021). 

Comparing the characteristics of bicarbonate to that of standard buffers, the importance of 

bicarbonate buffer for dissolution testing becomes obvious. However, biorelevant media are 

typically prepared using non-volatile buffer systems like phosphate and maleate buffer (Fuchs et 

al. 2015; Jantratid et al. 2008; Galia et al. 1998). One reason for this is that bicarbonate buffer is 

usually not stable in in vitro assays due to the loss of carbon dioxide and therefore, its 

implementation can become challenging. For instance, a first approach described by Boni et al. to 

perform biorelevant dissolution testing using bicarbonate buffer came to the conclusion that 

bicarbonate buffer is not suitable as a medium for dissolution testing due to issues with 

practicability and reproducibility (Boni et al. 2007). To overcome these circumstances, different 

 

(A) HCl + NaHCO3 → NaCl + H2CO3 

(B) 
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concepts were described in the literature, like mathematical models to mimic the bicarbonate 

buffer properties using other buffer systems and on the other hand experimental set-ups for the 

use of bicarbonate buffer were developed. 

Based on the properties of bicarbonate buffers, models have been developed to predict the 

dissolution rate of drugs in bicarbonate buffer (Krieg et al. 2014; Al-Gousous et al. 2019). Krieg et 

al. proposed a model to develop phosphate buffers with an equivalent buffer effect as the 

physiological bicarbonate buffer based on the media pH, the diffusion layer thickness, and the pKa 

and intrinsic solubility of the investigated drug (Krieg et al. 2015). A recently published study by 

Mudie et al. provides guidance on when to use such a low buffer capacity “equivalent” phosphate 

buffer, which is based on easy to measure compound characteristics (Mudie et al. 2020). However, 

this approach requires detailed knowledge about the compound, which may be an issue in 

discovery and early development, profiling several drug candidates in parallel which are only 

roughly characterized and at a state in which physicochemical properties like the intrinsic 

solubility and the pKa may exhibit certain batch-to-batch variability. Furthermore, the low 

phosphate buffer capacities proposed in these models may lead to an instable bulk pH 

(Cristofoletti and Dressman 2016). The characteristic of the phase-heterogeneous bicarbonate 

buffer having a higher bulk buffer capacity is also not resembled. 

Besides the mathematical approaches, different concepts have been developed to maintain a 

stable bicarbonate buffer in vitro. One option is to sparge the media continuously with carbon 

dioxide and compressed air to achieve an equilibrated bicarbonate buffer (McNamara et al. 2003a; 

Krieg et al. 2014). Sparging biorelevant media with gas, however, may cause issues with foaming 

due to the surfactants present in the media (Boni et al. 2007). Garbacz et al. introduced the 

pHysio-grad® system, which is a dynamic system to maintain a bicarbonate buffer at 

physiologically relevant pH levels (Garbacz et al. 2013, 2014). The device consists of a pH electrode 

and a gas tube which are placed in the media, as well as a digital microcontroller and two 

proportional valves. Depending on the pH of a sodium bicarbonate solution, either carbon dioxide 

or compressed air/nitrogen is added to the medium to adjust the pH (Garbacz et al. 2013, 2014). 

These devices have been successfully used with a bicarbonate-buffered version of FaSSIF (Litou et 

al. 2017; Jede et al. 2019c). Due to the dynamic pH adjustment, the issues with foaming of 

biorelevant media are less pronounced. Furthermore, the pH can be automatically adjusted by 

the system in case pH changes occur during the experiment like it is the case during the addition 

of simulated gastric fluid in transfer experiments. A comparable dynamic system was also used by 

Goyanes et. al. in 2015 (2015). Fig. 4 shows the schematic structure of a USP II dissolution vessel 

equipped with the pHysio-grad® device. Furthermore, bicarbonate buffers like a Krebs buffer can 
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be stabilized by adding a paraffin layer or a floating lid on the medium, or by using a completely 

sealed system (Fadda et al. 2009; Sakamoto et al. 2021). 

Now that commercially available devices facilitate the application of bicarbonate buffers in in vitro 

set-ups, the questions arise as to which extent the exchange of phosphate-buffered biorelevant 

media with a version based on bicarbonate buffer affects the solubility, dissolution, and 

precipitation behavior of drugs, and under which circumstances one buffer system should be 

preferred over the other.   

 

 

Fig. 4: USP II dissolution vessel, equipped with pHysio-grad® device. 
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2. Objectives 

As outlined in the introduction section, biorelevant media like FaSSIF are an indispensable part of 

the biopharmaceutical drug characterization. However, there are still open questions and 

challenges associated with the use of biorelevant media for solubility, dissolution, and 

precipitation testing. Therefore, this work aims at addressing the following gaps: 

In the preceding chapters “1.2.1 Transfer model to characterize the supersaturation and 

precipitation behavior of APIs and formulations“ and “1.3.5 Analytical issues for 

biopharmaceutical precipitation assays“, it was pointed out that API quantification during transfer 

assays should be preferably performed by in-line UV spectrophotometry. Furthermore, it was 

highlighted that taking the UV absorption of biorelevant media into account during sample 

quantification is crucial. To address these analytical shortcomings while conducting precipitation 

assays, the first objective of this thesis was to identify a workflow for the development of robust, 

reproducible, and selective methods for API quantification for biopharmaceutical precipitation 

assays using in-line UV analytics. 

Another shortcoming is the potential instability of SIF powder components. As summarized in the 

introduction section, SIF powder contains phosphatidylcholine from natural sources and is 

therefore prone to degradation. While some aspects of the stability of both FaSSIF and SIF powder 

were investigated in the past (see chapter “1.3.4 Stability of biorelevant media“), the impact of SIF 

powder aging on the outcome and reproducibility of solubility and precipitation test results has 

not yet been investigated. Therefore, evaluating the stability of SIF powder during storage and 

under stress conditions and its impact on the supersaturation and precipitation behavior of 

ketoconazole, as well as proposing recommendations on the use of FaSSIF to increase the 

reproducibility of precipitation assays, was defined as the second objective of this thesis. 

Furthermore, the physiologically relevant bicarbonate buffer system was shown to impact the 

dissolution of APIs and their formulations compared to standard buffers. More information can 

be found in chapter “1.3.6 Buffer species“. Since the application of bicarbonate buffers became 

comparably straightforward during the past years, this thesis aimed at evaluating the extent to 

which the change of the buffer system from the non-volatile phosphate buffer to the physiological 

bicarbonate buffer system in fasted state simulated intestinal fluid impacts in vitro solubility, 

dissolution, and precipitation of several model compounds. Based on these results, the 

overarching third objective of this thesis was therefore to provide insights into the necessity of 

introducing bicarbonate-buffered biorelevant media as a standard tool in drug discovery and 

development. 
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3. Results and discussion 

As pointed out in the introduction section in chapter “1.2.1 Transfer model to characterize the 

supersaturation and precipitation behavior of APIs and formulations“, precipitation assays should 

be preferably quantified by in-line analytics. This could be achieved by applying UV 

spectrophotometry, however, when the assay is performed in the presence of biorelevant media 

under dynamic conditions, several challenges should be considered when developing an analytical 

method for quantifying dissolved API: The interference of emerging precipitates with the UV light, 

the UV absorption of biorelevant media, the changing media composition during dilution of the 

intestinal compartment, and the limited API solubility in the test medium that impedes calibration 

measurements within the expected (supersaturated) concentration range. Some of these issues 

were addressed in different calibration concepts, as it will be described in more detail below. 

However, a comprehensive approach covering all these issues was not available. These 

shortcomings were addressed by designing a concept for the development of robust, accurate, 

and specific derivative UV spectrophotometric methods, and the results were published in the 

manuscript “Increasing the robustness of biopharmaceutical precipitation assays - Part I: 

Derivative UV spectrophotometric method development for in-line measurements” (Lehmann et 

al. 2022). 

The scattered UV signal as caused by emerging precipitates can be covered by simply measuring 

the UV absorption in a range of wavelengths instead of a single wavelength to allow the calculation 

of the derivative spectra. By applying derivative spectroscopy baseline shifts can be eliminated. 

This concept is not new per se, as derivative UV spectrophotometric methods were developed for 

several APIs in the past (Redasani et al. 2018). Also, Jede et al. already applied this method for in-

line UV analytics in a small-scaled biopharmaceutical precipitation assay (Jede et al. 2018). By 

contrast, identifying a way to account for the UV active colloidal structures in biorelevant media 

is of higher complexity. As the composition of the medium changes dynamically during a transfer 

experiment (like in the model described by Jede et al. (2018)), a simple baseline measurement at 

the beginning of the experiment is not sufficient to exclude the background signal. Of course, it 

would be straightforward to simply apply wavelengths at which the medium has no UV absorption. 

For example, Kloefer et al. recommend using wavelengths above 280 nm due to UV absorption of 

the media and changes in the UV spectra of the media caused to instability of FaSSIF and FeSSIF 

components (Kloefer et al. 2010). However, in a review published by Redasani et al. about 

derivative UV spectroscopy the majority of the listed compounds were analyzed at wavelengths 

below 300 nm (Redasani et al. 2018), indicating that identifying suitable wavelengths may be 
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challenging. Furthermore, the interaction of a solubilized drug with the colloidal structures may 

affect the UV absorption of the drug (Werawatganone and Muangsiri 2009), which cannot be 

excluded even at higher wavelengths. Consequently, it should be preferred to directly calibrate in 

the presence of the medium to ensure that the UV signal of the medium does not interfere with 

the API signal. Therefore, a design of experiment (DoE) based calibration scheme was developed 

in the manuscript “Increasing the robustness of biopharmaceutical precipitation assays - Part I: 

Derivative UV spectrophotometric method development for in-line measurements” (Lehmann et 

al. 2022). The concept was intended for two stage transfer assays including biorelevant media in 

the acceptor compartment like the set-up depicted in Fig. 2. The new workflow is summarized in 

Fig. 5. 

 

 

Fig. 5: Workflow for derivative UV spectrophotometric method development. API; Active 
Pharmaceutical Ingredient, DoE; Design of experiments, FaSSIF; Fasted State Simulated Intestinal 
Fluid. 

 

The DoE concept mainly builds on the measurement of UV spectra of several API concentrations 

in the presences of different ratios of the donor and acceptor media (in this case SGF and FaSSIF) 

(Lehmann et al. 2022). For the calibration measurements, only API concentrations ranging from 

0-200% of the FaSSIF solubility were applied. The slight supersaturation of the API can be induced 

by dissolving the compound in SGF, in which the solubility is typically high, and adding FaSSIF only 

directly before the measurement. However, samples with concentrations above the 

thermodynamic solubility should be treated with caution and monitored for potential 

precipitation, e.g., by measuring the samples again after a few minutes and by visual inspection 



3. Results and discussion 

 

17 
 

with cold light. In case precipitation is observed, lower concentrations should be used for the 

calibration. 

As described in the manuscript “Increasing the robustness of biopharmaceutical precipitation 

assays - Part I: Derivative UV spectrophotometric method development for in-line measurements”, 

based on the resulting derivative spectra, a linear model needs to be calculated for each 

wavelength including the following factors: API concentration ([API]), FaSSIF percentage ([FaSSIF]), 

and their interaction terms ([API2], [FaSSIF2], [API*FaSSIF]) (Lehmann et al. 2022). Out of these 

results, an optimal model, i.e., wavelength should be selected which will be used for API 

quantification. The selection of the wavelength is a crucial step in this workflow and should 

therefore be based on several checkpoints (Lehmann et al. 2022): 

a. Only [API] should have a statistically significant impact on the measured UV absorption. 

Including factors corresponding to FaSSIF would mean that the estimated values are 

dependent on the actual concentration of the FaSSIF medium at each timepoint during 

the precipitation assay. In addition, non-linear effects should be avoided for the API 

(indicated by the significant factor [API2]). 

b. A high R2 value is important to prove that the model properly predicts the measured data 

points. 

c. The standardized effect of [API] should be high compared to the other model factors, to 

ensure that a change in API concentration results in a sufficient change in the UV 

spectrum. 

Following model building and the selection of promising models, it is indispensable to validate the 

finally selected model. As depicted in Fig. 5, the accuracy of the model should be evaluated with 

recovery measurements, and the precision needs to be tested by repeating the recovery 

measurements in an independent experiment. The recovery measurements are also an important 

part of the workflow as they are accounting for the supersaturated concentrations during transfer 

experiments. As mentioned earlier, one of the challenges for UV spectrophotometric method 

development is the typically poor thermodynamic solubility of the API in the test medium, which 

is the reason why only concentrations up to 200% of the solubility of the drug in FaSSIF were 

proposed for model building (Lehmann et al. 2022). However, according to the authors’ 

experience, drugs often supersaturate to higher concentrations than twice the FaSSIF solubility 

(Lehmann et al. 2022). Referring to the “Q2 (R1) validation of analytical procedures” from the 

International Council of Harmonization, it is required to evaluate a linear relationship for the range 

of the analytical procedure (CPMP/ICH/381/95 1995). Consequently, a method developed by the 
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approach presented above does not fulfill these requirements. As a compromise, higher API 

concentrations were included in the recovery and reproducibility measurements to verify the 

accuracy of the developed method at higher concentrations. Precisely, concentrations up to 900% 

of the FaSSIF solubility were proposed (Lehmann et al. 2022). 

Another approach to overcome the limited API solubility is increasing API solubility by adding 

components such as organic solvents or solubilizers to the system. Unfortunately, this may alter 

the UV signal due to solvatochromism (Bani-Yaseen and Al-Balawi 2014) and interaction with the 

mixed micelles in the biorelevant media, which in turn would spoil the benefits of calibrating 

directly in the test media. To circumvent this shortcoming, an extended DoE model with an 

additional factor would be necessary, which would increase the number of experiments 

substantially. Changing the pH would be an additional option to increase the solubility of basic 

drugs for the calibration process. However, the pH may again change the UV signal of the drug 

due to halochromism (Welsch 2005). This behavior is for instance used in the SiriusT3 system (Pion 

Inc.). For the UV-metric method, extinction coefficients of the neutral and ionized forms can be 

determined and later used for API quantification, e.g., in dissolution experiments as depicted in 

the study of Gravestock et al. (2011). The authors describe that the API is typically dissolved in 

dimethyl sulfoxide as stock solution and then diluted in an aqueous KCl solution for pH titration. 

In some cases, methanol was added as a cosolvent due to poor solubility (Gravestock et al. 2011). 

Considering the before-mentioned points, it is important to verify that the solvents added to the 

system have no impact on the colloidal structures in FaSSIF, the overall UV absorption, and the 

extinction coefficient of the compound. In contrast, in the newly presented DoE approach 

(Lehmann et al. 2022), the impact of the pH on the UV absorption is automatically incorporated 

by the use of different FaSSIF to SGF ratios which cover nearly the complete pH range of the 

transfer experiment. In case the UV absorption at a specific wavelength is sensitive to the pH 

change, the DoE would not result in a suitable linear model for this wavelength. 

The approach presented herein (see above) and published in “Increasing the robustness of 

biopharmaceutical precipitation assays - Part I: Derivative UV spectrophotometric method 

development for in-line measurements” was applied to the three weakly basic model compounds 

cinnarizine, dipyridamole, and ketoconazole (Lehmann et al. 2022). Herin, SGF pH 2.0 and FaSSIF 

version-1 were used as media. In each case, a derivative UV spectrophotometric method with a 

high R2 value and recovery and reproducibility results within the specifications (Root mean square 

error ≤ 5%) was developed. Consequently, the first aim of this thesis, which was to identify a 

workflow for the development of robust, reproducible, and selective UV spectrophotometric 

methods for biorelevant precipitation assays, can be considered as fulfilled. At the same time, this 
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laid the foundation for a reliable determination of precipitation profiles in the following work 

(“Increasing the Robustness of Biopharmaceutical Precipitation Assays - Part II: Recommendations 

on the use of FaSSIF” (Krollik et al. 2022a)). As the UV method development concept, which was 

developed as part of this thesis, is easily adaptable also to other situations, this concept can, in 

the future, be applied for other types of biorelevant media like FaSSIF version-2 and FeSSIF, or for 

UV analytics in the presence of other media and formulation components interfering with UV light. 

An obstacle for the broad application of this method may be the comparably high demand of data 

evaluation and interpretation especially for unpracticed operators. However, to overcome this 

issue, a partly automated R-script for model building and interpretation was published alongside 

the manuscript (Lehmann et al. 2022). Furthermore, the guidance given with the points a) to c) 

(see above) allows for a fast and reproducible model building also for operators who are not 

experienced in linear model building and the underlying statistics. 

Noteworthy, for none of the model compounds, a wavelength corresponding to a local minimum 

or maximum in the derivative spectra was identified as best calibration model (Lehmann et al. 

2022). At these parts of the spectra, the FaSSIF medium often had a significant impact on the 

measured absorption or calculated derivative. This highlights the effect of the media on the UV 

spectra and the analytical method. As a consequence, the UV signal of the medium should be 

reproducible between different experiments. It is already known that the UV absorption of freshly 

prepared FaSSIF medium can alter over time (see chapter “1.3.4 Stability of biorelevant media“ 

and Kloefer et al. (2010)). Selecting a wavelength at which the [FaSSIF] factor is not significant 

should already improve the robustness of the UV method. However, a completely altered UV 

signal of the medium, for instance caused by degradation products, is not covered in the method 

development. Hence, it is recommended to repeat the recovery measurements in case the FaSSIF 

medium preparation deviates from the calibration measurements, e.g., storage time of the 

medium or change of the SIF powder batch. 

As depicted in the preceding paragraphs, the impact of the UV absorption of biorelevant media 

on the UV method development was concluded. However, it was outlined in the introduction 

section (see “1.3.4 Stability of biorelevant media“) that there is only rare knowledge about the 

effect of SIF powder storage on media properties like UV absorption and colloidal structures when 

FaSSIF and FeSSIF media are prepared from fresh versus older batches. Therefore, these questions 

were addressed in the manuscript “Increasing the Robustness of Biopharmaceutical Precipitation 

Assays - Part II: Recommendations on the use of FaSSIF” (Krollik et al. 2022a). As it can be derived 

from the title of the publication, not only the stability of SIF powder, but also its impact on the 
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reproducibility of biopharmaceutical precipitation assays was investigated. The key findings of the 

manuscript are summarized in the following paragraphs (Krollik et al. 2022a). 

Long-term storage of SIF powder under recommended storage conditions resulted in constantly 

increasing UV absorption of the freshly prepared FaSSIF medium, exhibiting a maximum between 

230 and 245 nm (Fig. 6A). Furthermore, using the medium in a miniaturized precipitation assay 

with UV analytics (as described by Jede et al. (2018), see Fig. 2), the supersaturation and 

precipitation behavior of the model drug ketoconazole appeared to change from a two-phasic 

precipitation to an increased supersaturation and a single precipitation onset in FaSSIF medium 

prepared from longer stored SIF powder (Fig. 6C). At this point, however, it was not possible to 

judge if the precipitation kinetics of ketoconazole changed or if the measured transfer profiles 

were just the result of incorrect UV analytics. Fig. 6B depicts that the derivatives of the medium 

UV signal changed with increasing age of the SIF powder. The UV method development for API 

quantification was performed based on the DoE approach presented above, which means that 

FaSSIF medium was included in the calibration process. However, calibration measurements were 

performed with a freshly opened SIF powder batch. It was concluded from the previously 

discussed manuscript that the UV absorption of the FaSSIF medium plays a crucial role in UV 

method development (Lehmann et al. 2022). Consequently, the increasing UV signal of older SIF 

powder samples (see Fig. 6A and B) invalidated the applied analytical method. The observations 

that the transfer profiles measured in older FaSSIF samples exceeded the theoretical profile and 

that the equilibrium concentration appeared to increase (Fig. 6C), was also correlated with the 

invalid UV method. To gain deeper insights into the aging process of SIF powder and the impact 

thereof on the supersaturation and precipitation behavior of ketoconazole, SIF powder was stored 

under defined stress conditions (light, humidity, and temperature) and used for UV 

spectrophotometric method development as well as for transfer experiments. To not 

overestimate differences based on the inherent variability of precipitation processes, the 

experiments were performed as three independent experimental runs with all storage conditions 

in parallel. For the SIF powder samples stored at elevated temperature and humidity (for detailed 

storage conditions see caption of Fig. 7), comparable to the long-term storage, an increase in UV 

absorption and changes in the ketoconazole transfer behavior were observed (Fig. 7A and C). 

Thus, it was concluded that SIF powder aging impacted the supersaturation and precipitation 

behavior of the model drug ketoconazole. Using the individually stressed SIF powder samples for 

the UV spectrophotometric method development resulted in different models at different 

wavelengths for all samples. This once again highlights the impact of the applied biorelevant 



3. Results and discussion 

 

21 
 

media on UV method development and underlines the recommendations made in the previous 

paragraphs. 

 

 

Fig. 6: Impact of long-term storage on SIF powder. A, UV absorption measured during placebo 
transfer experiments in equilibrium between SGF and FaSSIF (1:1). B, Second derivatives calculated 
from the absorption profiles displayed in A. C, Mean transfer profiles of ketoconazole, error bars 
indicate the standard deviation (n = 3). For the theoretical profile, no precipitation is assumed. 
FaSSIF-long+X; Fasted State Simulated Intestinal Fluid prepared from SIF powder which was stored 
for X months under recommended storage conditions. 

 

In a next step, liquid chromatography coupled with mass spectrometry (LC-MS analytics) was 

conducted, to gain deeper insights into the differences between freshly opened and aged SIF 

powder samples. To the author’s knowledge, it was the first time that such data for SIF powder 

had been published (Krollik et al. 2022a). Based on the composition of SIF powder, especially lipid 

degradation caused by oxidation and hydrolysis can be expected (see chapter “1.3.4 Stability of 

biorelevant media“ for more details). This was confirmed by the results of the LC-MS analytics in 

which decreasing concentrations of several phosphatidylcholine molecules were observed with 

increasing age and applied stress conditions (Krollik et al. 2022a). Additional structures, which 

most likely refer to peroxidation and hydrolysis products, were also found in some samples. These 

findings can be correlated to the increase in UV absorption, which might be caused by 

peroxidation products (Kloefer et al. 2010). Comparing the different samples, the effect of storage 

at enhanced humidity and temperature was more pronounced than that of light stress and long-
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term storage (Krollik et al. 2022a). Moreover, it needs to be emphasized that testing the same SIF 

powder batch in the same experiment but at different ages was not possible, so differences found 

may not be only related to aging, but also to batch-to-batch variability. Of note, the applied 

analytics facilitated elucidation of some of the phospholipids on a molecular level, however, the 

method did not focus on other lipid components and the included bile salt sodium taurocholate. 

Moreover, for the FaSSIF medium prepared with SIF powder samples that were stored at 

increased temperature and humidity, a decreased size of the colloidal structures in the media and 

an increase in polydispersity were observed by dynamic light scattering (DLS) (Fig. 7B) (Krollik et 

al. 2022a). As pointed out in the introduction (chapter “1.3.3 Solubilizing agents“), the content 

and composition of the bile salts and lipids can impact the formed colloidal structures. 

Consequently, at least for the SIF powder stored at enhanced temperature and humidity the 

storage conditions seemed to impact the formed colloidal structures. The decreasing 

concentrations of phospholipids in the stressed SIF powder samples may have shifted the colloidal 

structures from vesicles with phospholipids to smaller bile salt micelles. Furthermore, lysolecithin, 

the concentration of which may have increased during storage at high humidity, is known to form 

micelles by itself while phosphatidylcholine forms vesicles (Kleberg et al. 2010; Carey and Small 

1970). 
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Fig. 7: Impact of stress conditions on SIF powder. A, UV absorption measured during placebo 
transfer experiments in equilibrium between SGF and FaSSIF (1:1). B, Size of colloidal structures in 
FaSSIF prepared with differently stored SIF powder measured by dynamic light scattering, error 
bars indicate the standard deviation between the samples (n = 3). C, Transfer profiles of 
ketoconazole. For the theoretical profile, no precipitation is assumed. The different line types 
indicate independent repetitions of the transfer experiments. FaSSIF; Fasted State Simulated 
Intestinal Fluid, ref; Reference, Light; Exposed to visible and UV light according to ICH Q1B, 40/75-
2w and 40/75-4w; Storage at 40 °C and 75% relative humidity for 2 and 4 weeks. 

 

The results of this work (Krollik et al. 2022a) provide additional data and insights to the overall 

picture of the FaSSIF stability described in the previous work from Kloefer et al. (2010) and Klumpp 

et al. (2019). While in the current thesis the focus was on the SIF powder stability, Klumpp et al. 

investigated the stability of different versions of biorelevant media after preparation of the 

medium itself (Klumpp et al. 2019). With respect to the buffer and the colloidal structures, the 

authors concluded that FaSSIF version-1 is stable at room temperature for at least 96 h (Klumpp 

et al. 2019). However, they did not test the UV absorption nor the molecular composition of the 

solubilizing agents during storage. Kloefer et al. investigated UV absorption of FaSSIF and FeSSIF 

and observed an increasing UV signal of the freshly prepared media and thus, already brought 

awareness to this topic in the context of UV analytics (Kloefer et al. 2010). Taking these results 

together with the results of the current thesis, not only the age of the SIF powder per se, but also 

the age of FaSSIF medium prepared from the SIF powder needs to be considered for UV method 

development, because both the age of the SIF powder and the age of the prepared medium 

influence the UV signal. The robustness of the analytical method towards storage time of the 

prepared FaSSIF medium can be assessed by the reproducibility experiments conducted during 
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method development (Krollik et al. 2022a). Kloefer et al. further investigated the lipid composition 

and lipid oxidation of SIF powder after one year of storage and found only low levels of lipid 

oxidation and no relevant changes in the composition of the SIF powder (Kloefer et al. 2010). This 

somehow contrasts to the results of the current study, in which a substantial increase in UV 

absorption after long-term storage of SIF powder was observed which may be related to lipid 

oxidation (Krollik et al. 2022a). However, the absolute concentrations of lipid oxidation products 

were not determined in the current study (Krollik et al. 2022a), and Kloefer et al. did not show UV 

spectra of the corresponding FaSSIF medium. Consequently, the impact of the low content of 

oxidated lipids on UV analytics cannot be assessed by the data published in the study by Kloefer 

and colleagues (Kloefer et al. 2010). Next to the lipid composition, Kloefer et al. tested the 

dissolution of three compounds in FaSSIF media containing either smaller or larger colloidal 

structures and observed no impact of the size on the dissolution results (Kloefer et al. 2010). This 

is in line with the similar solubilities of the model compound ketoconazole observed in freshly 

opened versus stressed SIF powder batches (Krollik et al. 2022a). 

As for elucidating the impact of SIF powder age on the transfer behavior of ketoconazole, an 

impact on the precipitation kinetics of ketoconazole was concluded (Krollik et al. 2022a). Based 

on solubility experiments conducted with SIF powder of different age, effects of SIF powder age 

on the thermodynamic solubility of ketoconazole were excluded (Krollik et al. 2022a). However, 

at this point, the peculiarity of ketoconazole having a two-phasic precipitation profile in FaSSIF 

prepared from freshly opened SIF powder bottles should be mentioned. Similar observations of 

ketoconazole transfer profiles were also made by Jede et al. (2019b) and Zygouropoulou et al. 

(Zygouropoulou et al.). Theories discussed by the authors included precipitation of different 

polymorphic forms and precipitation faster than the transfer rate. However, it was not possible to 

finally explain the two-phasic precipitation behavior. Regarding the results of the current study, a 

certain sensitivity of ketoconazole towards the change in FaSSIF concentration during dilution with 

SGF may also be reasonable. Alternatively, this observation may be correlated to a first 

precipitation process of ketoconazole taking place in or at the surface of the micellar and/or 

vesicular structures, limiting the particle growth (Krollik et al. 2022a). For a deeper understanding 

of these processes follow-up experiments like in-line solid state analytics such as Raman or 

experiments elucidating the interaction of ketoconazole with the colloidal structures may be 

helpful. Considering the unique precipitation behavior of ketoconazole, other compounds may 

not be as sensitive towards the FaSSIF age. Nonetheless, these experiments highlighted to which 

extent SIF powder age may impede the reproducibility of transfer experiments (Krollik et al. 

2022a). This is of particular relevance, as biopharmaceutical precipitation assays are often 
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associated with a high variability. For instance, high variability was observed for indinavir 

precipitation profiles in an interlaboratory ring-study (Berben et al. 2019). The results depicted in 

the manuscript “Increasing the Robustness of Biopharmaceutical Precipitation Assays - Part II: 

Recommendations on the use of FaSSIF” clearly emphasized the importance of the storage 

conditions and the age of SIF powder on the outcome and reproducibility of transfer experiments 

and UV method development (Krollik et al. 2022a). Hence, one of the goals of the current thesis 

was to provide guidance on how to handle biorelevant media to increase the reproducibility of 

precipitation assays, which was also covered in the manuscript (Krollik et al. 2022a). Next to 

adhering to the appropriate storage conditions of SIF powder, intra-laboratory quality control 

tests (by measurement of UV absorption and size of colloidal structures) and the incorporation of 

the medium to the DoE-based method development were recommended (Krollik et al. 2022a). 

Furthermore, in the same manuscript, the combined effect of SIF powder age and concentration 

on the ketoconazole transfer behavior was investigated (Krollik et al. 2022a). It was found that 

higher SIF powder concentrations (150% and 200% compared to normal FaSSIF) led to smaller 

colloidal structures than FaSSIF with the standard concentration. Further, the transfer 

experiments with higher SIF powder concentrations resulted in greater areas under the curve 

(AUC) and higher maximum concentrations (cmax) compared to standard FaSSIF (see Fig. 8). More 

importantly, the differences between stressed and reference SIF powder were diminished for the 

200% SIF powder concentration (Krollik et al. 2022a). Consequently, the reproducibility is likely to 

be increased using double-concentrated SIF powder. In addition to the benefits with respect to 

the reproducibility, this approach can be justified for transfer set-ups with 1:1 dilution based on 

human physiology. FaSSIF version-1 was designed to resemble the fasted human intestinal fluids 

(Galia et al. 1998). However, during the transfer, the medium is diluted, resulting in a decreased 

bile salt and phospholipid concentration. Fiolka and Dressman already recommended to adjust 

the medium composition with respect to dilution in two-stage experiments (Fiolka and Dressman 

2018). 
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Fig. 8: Transfer profiles of ketoconazole performed with FaSSIFref and FaSSIF40/75-2w (100% SIF 
powder, see Fig. 7) and FaSSIF150% and FaSSIF200% prepared with differently stored SIF powder. For 
the theoretical profile no precipitation is assumed. The different line types indicate independent 
repetitions of the transfer experiments. FaSSIF; Fasted State Simulated Intestinal Fluid, ref; 
Reference, 40/75-2w; Storage at 40 °C and 75% relative humidity for 2 weeks. 

 

Investigations regarding the power of fresh vs. aged SIF powder for resembling the luminal 

conditions were not part of this thesis. For the robustness of the results, either fresh or aged SIF 

powder batches can be used as long as the process is standardized. However, as the 

supersaturation and precipitation behavior of drugs are important characteristics to draw 

conclusions on further development of drug candidates or to serve as input parameters for in silico 

modelling, the in vitro conditions should be selected carefully. In the current manuscript, different 

precipitation kinetics were observed in differently aged and stored SIF powder samples albeit 

applying the same overall SIF powder concentration. Furthermore, based on the results from the 

stability study under stress conditions and testing of increased SIF powder concentrations, 

ketoconazole precipitation was assumed to be sensitive towards the colloidal structures of FaSSIF 

(Krollik et al. 2022a). As the molecular composition as well as the colloidal structures of FaSSIF are 

different to that of HIF, precipitation of ketoconazole in intestinal fluids may be different 

compared to biorelevant media (see “1.3.1 Underlying physiology of human intestinal fluids“ and 

“1.3.3 Solubilizing agents“). Of note, in vivo also other conditions like the pH, transit time, and 

absorption through the mucosal membrane can impact drug precipitation. In a human aspiration 

study with healthy volunteers, the degree of ketoconazole precipitation was found to be low 

(Psachoulias et al. 2011). As the stressed FaSSIF samples (enhanced temperature and humidity) 

resulted in considerably higher supersaturation and probably slower nucleation (Fig. 7C) (Krollik 

et al. 2022a), this data may fit better to the limited precipitation assumed in vivo. However, the 
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available data is not sufficient to make a clear statement on the predictive power of fresh and 

aged FaSSIF. With regards to differences in drug precipitation between biorelevant media and HIF, 

Elkhabaz et al. showed that atazanavir and posaconazole crystallization kinetics were significantly 

reduced in the aspirated fluids compared to simulated intestinal media (Elkhabaz et al. 2021). In 

another study, mixed micelles obtained from a mixture of several bile salts and lecithin were 

shown to inhibit the precipitation of supersaturated telaprevir solutions, while no effect was 

observed for sodium taurocholate and lecithin (FaSSIF) compared to buffer (Lu et al. 2017). This 

indicates that there is still the necessity to improve the composition of biorelevant media to reflect 

the in vivo precipitation inhibitory properties of HIF. In the future it may be helpful to judge the 

predictive power of biorelevant media not only based on solubility and dissolution, but also based 

on the supersaturation and precipitation behavior of compounds. In addition to basic compounds, 

this might also be beneficial for supersaturating drug delivery systems. 

As depicted in the objectives section, also the buffer system applied to FaSSIF was a focus of this 

thesis. In chapter “1.3.6 Buffer species“, different approaches of implementing the bicarbonate 

buffer characteristics to in vitro testing are summarized. On the one hand, there are mathematical 

approaches to adjust a phosphate buffer to achieve equivalent API dissolution compared to a 

bicarbonate buffer ((Krieg et al. 2015), see also “1.3.6 Buffer species“). However, as described 

earlier, this approach is associated with some challenges. Especially in early discovery and 

development, a “one-fits-all” medium would be more suitable. On the other hand, there are 

experimental set-ups available to incorporate bicarbonate buffer. Therefore, in the manuscript 

“The effect of buffer species on biorelevant dissolution and precipitation assays - Comparison of 

phosphate and bicarbonate buffer”, phosphate-buffered FaSSIF (FaSSIFphosphate) was compared to 

FaSSIF prepared with bicarbonate buffer (FaSSIFbicarbonate) in the context of solubility, dissolution, 

and precipitation testing for a broad range of model compounds (Krollik et al. 2022b). 

With respect to solubility, the buffer species turned out to have only a minor impact. Observed 

differences were either deemed not relevant (< 25% difference between solubility values) or 

associated with different bulk pH values and salt concentrations (Krollik et al. 2022b). In contrast, 

a higher impact of the buffer system was found for the rate at which the solubility was reached. 

To evaluate differences between the buffer species, the observed dissolution profiles were fitted 

using a linearized Weibull equation and based on the resulting fits, an index (𝜏𝐷) describing the 

speed of the dissolution process was calculated (Langenbucher 1972; Weibull 1951; Costa and 

Sousa Lobo 2001). Differences between the buffer systems were assessed by statistically 

significant differences between the fitting parameters (Krollik et al. 2022b). In addition, a relevant 

difference was defined as two-fold distinction of the 𝜏𝐷 values in order not to over-emphasize 
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differences and to account for the higher degree of variability which is associated with fitting a 

large amount of data. Based on these criteria, for eleven out of 20 evaluable compounds, 

differences in rate of dissolution were observed (Fig. 9) (Krollik et al. 2022b). 

As described above (see section “1.3.6 Buffer species”), bicarbonate buffer is known to have a 

lower effective buffer capacity in the diffusion layer of dissolving drug particles, which can lead to 

differences in the dissolution behavior of ionizable compounds compared to non-volatile buffer 

systems such as a phosphate buffer (Amaral Silva et al. 2019). As discussed in the manuscript “The 

effect of buffer species on biorelevant dissolution and precipitation assays - Comparison of 

phosphate and bicarbonate buffer”, the dissolution behavior of several compounds was in 

accordance with the knowledge about the unique buffering properties of bicarbonate buffer, like 

the faster dissolution of flufenamic acid and probenecid in phosphate buffer, and the observation 

that free bases of prazosin and compound A exhibited no substantial differences in the rate of 

dissolution (Krollik et al. 2022b). However, parts of the results were not explainable solely by the 

compounds’ ability to impact the pH on the surface of the dissolving drug particle (based on their 

pKa and intrinsic solubility). Examples include aprepitant, ketoconazole, and the neutral 

compounds danazol, felodipine, and fenofibrate, which all dissolved significantly faster in 

FaSSIFbicarbonate. This led to the conclusion that next to the surface pH, also other factors like 

common ion effect, salt solubility, and wettability affect the dissolution behavior in phosphate- 

and bicarbonate-buffered biorelevant media during solubility testing under non-sink conditions. 

Consequently, based on the available data, a prediction of the effect of changing the buffer species 

from phosphate to bicarbonate buffer on the dissolution was not possible in all cases. 

Furthermore, it is noteworthy that a pronounced effect of the buffer species on drug dissolution 

was observed for the tested salts and the cocrystal (Krollik et al. 2022b): Prazosin-HCl was found 

to reach its solubility faster in FaSSIFbicarbonate, while the dissolution of the free base, prazosin, was 

not affected. For glybenclamide-K, a pronounced supersaturation was observed in bicarbonate 

buffer at the first measured time point (15 min), while the solubility was already in equilibrium in 

the phosphate-buffered medium. For the compound A cocrystal, the fitted 𝜏𝐷 values were not 

affected by the buffer species, but a three times higher supersaturation (29.9 µg/mL vs. 

9.2 µg/mL, 4 h values) was observed after four hours in FaSSIFbicarbonate compared to FaSSIFphosphate. 

By contrast, the parent was not affected. Comparing salt and parent forms of basic drugs, a higher 

dissolution rate is typically expected for the salts due to the ability of the corresponding acid to 

lower the surface pH and therefore enhancing the dissolution rate. In bicarbonate buffer, the 

lower effective buffer capacity in the diffusion layer may have resulted in a stronger alteration of 

the surface pH compared to phosphate buffer. This would be in line with the results from a study 
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of Uekusa et al. who found decreasing supersaturation of the pioglitacone-HCl salt with increasing 

phosphate and maleate buffer capacities (Uekusa et al. 2020). Another salt that was investigated 

as part of this work was amiodarone-HCl, for which an overall lower solubility in bicarbonate 

buffer was observed (Krollik et al. 2022b). As salting effects were previously documented for 

amiodarone-HCl in the literature (Ravin et al. 1969; Ravin et al. 1975), this effect may be attributed 

to the slightly higher chloride concentration in the bicarbonate-buffered FaSSIF compared to 

standard FaSSIFphophate (Krollik et al. 2022b). 

 

 

Fig. 9: Relative differences of the calculated 𝜏𝐷 -values between FaSSIFphosphate and FaSSIFbicarbonate 
(* and/or + = regression parameters loga and/or b from linear regression are statistically 
significant different between the buffer systems, for details regarding the regression parameters 
see Krollik et al. (2022b)). FaSSIF; Fasted State Simulated Intestinal Fluid, CC; cocrystal; (d); 
disordered material. 

 

Overall, the observed differences in rate of dissolution between bicarbonate- and phosphate- 

buffered biorelevant media under non-sink conditions turned out to be multifactorial and it was 

not possible to make a quantitative assessment. In this context, it must be noted that in the 

assessment of the  𝜏𝐷 values, it was not feasible to account for concurrent precipitation processes 

during dissolution due to supersaturation in the calculations (Krollik et al. 2022b). However, 

applying this technique allowed for a statistical comparison of the dissolution profiles. In addition, 

in the current study, the dissolution behavior was investigated in the context of solubility 

measurements under non-sink conditions, and consequently, no conclusions can be drawn on the 

intrinsic dissolution and precipitation rates of the compounds. Therefore, further investigations 

would be needed in the context of intrinsic dissolution as well as supersaturation and precipitation 
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rates to gain a deeper understanding of the factors influencing solubility and dissolution behavior 

in phosphate- vs. bicarbonate-buffered biorelevant media. The results of such experiments should 

be seen in relation to previous literature regarding surface pH and effective buffer capacity in 

bicarbonate buffer (Krieg et al. 2014, 2015). Furthermore, a higher number of compounds may 

help to assess the relevance of the observed differences or to elucidate further reasons for them. 

Next to statistical descriptors, also the predictive power of the media for the in vivo situation is of 

high importance. The manuscript “The effect of buffer species on biorelevant dissolution and 

precipitation assays - Comparison of phosphate and bicarbonate buffer” aimed at comparing 

solubility data of phosphate- and bicarbonate-buffered FaSSIF with solubilities measured in HIF, 

to draw conclusions on the in vivo predictive power of the media (Krollik et al. 2022b). Following 

the minor differences in thermodynamic solubility between the buffer systems, neither 

bicarbonate- nor phosphate-buffered FaSSIF turned out to be superior in predicting solubility in 

HIF. 

While the predictive power of biorelevant media is often evaluated by comparing thermodynamic 

solubilities of pharmaceutical compounds in the media of interest to solubility data measured in 

HIF aspirates ex vivo, also the limitations of this procedure need to be acknowledged. In vivo, the 

pH and buffer capacity are adjusted dynamically by absorption and secretion processes, which is 

not resembled in static solubility measurements. This can result in a shift in pH during the 

experiment (Söderlind et al. 2010). Furthermore, the pH and buffer capacity of HIF samples can 

be altered by the applied freeze-thaw cycles and sample handling like centrifugation (Litou et al. 

2020). One option to gain more insightful data could be solubility testing in HIF aspirates with 

continuous pH (or, more specifically, carbon dioxide) adjustment to simulate the dynamic buffer 

system in the small intestine. In addition, data on the dissolution speed are needed to further 

assess the quality and the need of in vitro bicarbonate buffers to predict in vivo dissolution. 

Therefore, solubility testing in HIF, using a more biorelevant timeframe, such as three instead of 

24 hours (La Cruz-Moreno et al. 2017) to account for physiological transit times, could be applied. 

Furthermore, the unique property of the in vivo bicarbonate buffer being a phase-heterogeneous 

buffer system with enhanced bulk buffer capacity (Al-Gousous et al. 2018) is not represented in 

static solubility measurements in HIF samples. This particularity of bicarbonate buffer is also not 

reflected when phosphate buffers with low buffer capacities are applied to resemble the reduced 

bicarbonate buffer capacity in the diffusion layer (see section “1.3.6 Buffer species”). 

Consequently, the bulk pH may change during the experiment and thus, the additional adjustment 

of the pH could become necessary. For instance, Cristofoletti and Dressman matched phosphate 

and maleate buffers to achieve equivalent surface pH values to bicarbonate buffer for weak acid 
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drugs, but pointed out that the trade-off between a medium with low buffer capacity and the 

necessity to titrate the buffer to keep the bulk buffer pH stable needs to be taken into 

consideration (Cristofoletti and Dressman 2016). 

Another important point to consider for the design of buffer systems for dissolution testing and 

the rating against in vivo data is the high variety of buffer capacities measured in vivo (see “1.3.1 

Underlying physiology of human intestinal fluids”). As noted before, ex vivo measurements of the 

buffer capacity can be affected by the experimental procedure (Litou et al. 2020), making it 

difficult to assess the actual buffer capacity of the intestinal fluids. In the manuscript “The effect 

of buffer species on biorelevant dissolution and precipitation assays - Comparison of phosphate 

and bicarbonate buffer”, the buffer capacities were not varied (Krollik et al. 2022b). However, in 

cases where the buffer capacity has a relevant impact on the dissolution of drugs and excipients, 

it may be of added value to test a variety of physiological buffer strengths as described by 

Sakamoto and Sugano for a nifedipine formulation to characterize the effect of bicarbonate buffer 

on ionizable polymers (Sakamoto and Sugano 2021). Furthermore, Litou et al. recently evaluated 

data suggesting that the in vivo buffering system of the fasted upper GI tract is not only dependent 

on bicarbonate but also on proteins (Litou et al. 2020), which should be taken into consideration 

for the design of in vivo predictive buffers. 

As described above, the effect of exchanging phosphate by bicarbonate buffer in FaSSIF medium 

on the rate of dissolution of several APIs turned out to be multifactorial. Considering the study 

results (Krollik et al. 2022b) together with the discussion in the preceding paragraphs regarding 

the unique properties of bicarbonate buffer (see also chapter “1.3.6 Buffer species”), this strongly 

highlights the special role of bicarbonate buffer for simulating the conditions in the human 

intestinal fluids and clearly points out the importance of carefully selecting the buffer system for 

the design of in vitro experiments. Although it was not possible to rate phosphate- and 

bicarbonate-buffered biorelevant media in terms of their predictive power for in vivo dissolution, 

the additional use of physiological bicarbonate buffers already in early discovery and development 

is recommended for simulating dissolution processes. Regarding thermodynamic solubility, the 

buffer species (phosphate vs. bicarbonate) was demonstrated to be of minor importance. 

Furthermore, in a stage at which a compound’s behavior is well characterized like in late-stage 

development and quality control, surrogate buffers like phosphate buffers with an adjusted buffer 

strength may be sufficient and beneficial for robust and simple experimental set-ups. 

In addition to solubility and dissolution, the impact of the buffer species on the supersaturation 

and precipitation behavior of four basic model drugs was tested (Krollik et al. 2022b) in a transfer 
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model similar to the one developed by Kostewicz et al. (Kostewicz et al. 2004). As depicted in Fig. 

10, the transfer results of the tested model compounds indicate that the supersaturation and 

precipitation behavior of the neat API is not markedly influenced by the buffer species (Krollik et 

al. 2022b). These results were to some extent in contrast with study results from Jede et al. who 

investigated the effect of the buffer species on the transfer behavior of weakly basic drugs in 

combination with a precipitation inhibitor (Jede et al. 2019c). One of their key findings was that 

bicarbonate-buffered FaSSIF better predicted the precipitation inhibitory effect of the acidic 

polymer HPMCAS on the precipitation of several weakly basic APIs (which was confirmed in a rat 

pharmacokinetic study), but they also tested the neat APIs in both buffer systems. While also no 

differences were found for ketoconazole, they observed a slight increase in AUC of lapatinib-

ditosylate monohydrate and a pronounced increase in AUC and cmax for pazopanib-HCl in 

bicarbonate- compared to phosphate-buffered FaSSIF. With respect to the results published in the 

manuscript “The effect of buffer species on biorelevant dissolution and precipitation assays - 

Comparison of phosphate and bicarbonate buffer”, these findings may be correlated with the 

observed effect of the buffer system on salts and cocrystals (Krollik et al. 2022b), with potentially 

higher (re)dissolution of the salts in bicarbonate buffer during the transfer of the suspended APIs 

from the gastric to the intestinal compartment (Jede et al. 2019c). However, in the current study, 

no impact of the buffer system on the transfer behavior of the suspended salt amiodarone-HCl 

could be detected (Krollik et al. 2022b). As mentioned earlier, the solubility of amiodarone-HCl is 

sensitive to the chloride concentration and therefore may have also been determined by this 

(Ravin et al. 1969). Consequently, not enough data is available to draw a clear conclusion on the 

effect of the buffer species on the transfer behavior of neat APIs. Based on the available data from 

literature and this work, the buffer system seems to be of minor importance when dissolved APIs 

are transferred from an artificial stomach to an artificial intestinal compartment, whereas 

suspended APIs may be partly affected. Hence, additional testing in bicarbonate-buffered media 

should be considered for such compounds. Also for the characterization of formulations 

containing ionizable excipients, the selection of a suitable buffer system becomes crucial (Jede et 

al. 2019c; Sakamoto and Sugano 2021). 
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Fig. 10: Transfer profiles in phosphate- and bicarbonate-buffered FaSSIF (transfer media) and their 
respective solubilities in the media, error bars indicate the standard deviation, the dotted line 
indicates the theoretical concentrations in case no precipitation occurs. FaSSIF; Fasted State 
Simulated Intestinal Fluid. 
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4. Summary and outlook 

As outlined in the introduction section, in vitro assays play a crucial role in the biopharmaceutical 

assessment of APIs. During the past two decades, biorelevant media became an indispensable tool 

to forecast the in vivo solubility and dissolution of pharmaceutical drug candidates, and to assess 

absorption risks like low solubility or API precipitation. Nevertheless, in vitro set-ups are still a 

simplification of the conditions in the human GI tract. This thesis aimed to shed light on some of 

the remaining open questions, aiming at providing a better understanding of the effects of 

biorelevant media on solubility, dissolution, and precipitation processes, and providing guidance 

for a more streamlined usage in the future. The results of this work can be outlined in brief as 

follows: 

- First, a new DoE-based method development was introduced which increased the 

robustness and accuracy of derivative UV spectrophotometric methods for API 

quantification in biorelevant precipitation assays.  

- Second, based on this new approach, the impact of SIF powder aging on the 

supersaturation and precipitation behavior of the model drug ketoconazole was 

investigated. Recommendations on the use of biorelevant media for precipitation assays 

were developed to further improve the reproducibility of transfer experiments and to 

enhance data reliability.  

- Third, it was investigated under which circumstances the physiological bicarbonate buffer 

should be applied to FaSSIF medium for in vitro solubility, dissolution, and precipitation 

testing to resemble the in vivo conditions. 

As pointed out in the discussion, some questions regarding the predictive power of the media for 

in vivo still remain open. These topics should clearly be addressed in future studies. To conclude 

about the predictive power of differently buffered biorelevant media for in vivo dissolution 

processes, a starting point could be solubility and dissolution testing in HIF aspirates under 

dynamic pH and carbon dioxide adjustment to better represent the dynamic in vivo conditions in 

the GI tract and thus to gain a deeper understanding of the in vivo dissolution processes as 

compared to static thermodynamic solubility testing in HIF. In terms of aged versus fresh SIF 

powder, a more mechanistic understanding regarding the impact of colloidal structures on the 

precipitation kinetics of APIs in biorelevant media versus HIF is necessary. Clarifying the impact of 

different colloidal structures, their compositions, and concentrations could help to guide the 

design and selection of in vivo predictive biorelevant media for precipitation testing. 
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The translation of the generated in vitro data to actual in vivo absorption predictions using in silico 

tools (see Fig. 1) was not covered in this thesis. On the one hand, in silico models may be a 

supporting tool to guide the selection of the most in vivo predictive experimental set-up, for 

instance, by comparing absorption predictions based on differently generated in vitro data, like 

precipitation kinetics from freshly opened vs. aged SIF powder batches. On the other hand, a 

thorough understanding of the in vitro processes and their limitations is required when input 

parameters from in vitro experiments are used for in silico modelling. Likewise, the specific impact 

of the in vitro parameters on the in silico prediction should be well understood. 
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