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1. INTRODUCTION 

One of the main purposes of industrial pharmaceutical research is to discover and develop 

new chemical entities (NCE) for unmet medical needs. Drug discovery is a long and costly 

process; therefore, it is important to increase the successful clinical trials also during the first 

steps. An essential tool to reduce the associated costs and risks is the profiling of the biological 

activity and pharmacokinetics of drug candidates.  

The original drug research at Gedeon Richter Plc. traditionally concentrates on 

discovering and developing effective drugs to combat diseases of the central nervous system. 

Leads and drug candidates have been characterized from a physicochemical point of view since 

2005. During my studies I joined this activity of researchers at Compound Profiling Laboratory. 

My aim was to develop robust, cost-effective and reproducible in vitro non-cell based models 

to predict the absorption and distribution of drug-like molecules. 

2. LITERATURE REVIEW 

2.1. The Parallel Artificial Membrane Permeability Assay (PAMPA) 

The absorption and bioavailability of compounds are primarily determined by their 

penetration through the lipid membrane of the gastrointestinal tract. The permeability describes 

the kinetic step of this process, which represents the rate of the penetration of substances 

through biological membranes. 

The parallel artificial membrane permeability assay (PAMPA), developed by Kansy et al.1 

in 1998, is a non-cell-based, high-throughput permeation model. PAMPA (Figure 1) is widely 

used in the early phase of drug discovery for the prediction of passive diffusion of drug 

molecules across phospholipid membranes as it is a cost-effective and robust method with good 

reproducibility. PAMPA is based on a 96-well microtiter plate technology. A 96-well plate 

completely filled with aqueous buffer solutions (pH 7.4/ pH 6.5) was covered with a microtiter 

filterplate in a sort of sandwich construction. The hydrophobic filter material of the wells was 

impregnated with a solution of lecithin in an organic solvent (n-dodecane, n-hexadecane) for 

modelling biological membranes.  Each well of the donor plate was filled with the solution of 

                                                 
1 M. Kansy et al. J. Med. Chem. 41 (1998) 1007-1010. 
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the measured compounds in an aqueous buffer. After incubation of the PAMPA “sandwich”, 

the concentrations of the donor and acceptor compartments were determined by UV plate 

reader. The obtained flux values were compared to known human absorption data (HIA%) with 

a good correlation. 

 

 

Figure 1. The PAMPA model 

 

During the last decade the PAMPA system has undergone several modifications and 

improvements. The goal has been to develop a method for the prediction of organ-specific 

absorption and distribution, like penetration through the gastrointestinal membranes, the blood-

brain barrier or the skin.     

2.2. Drug delivery via the buccal mucosa 

For drug administration the peroral route is most commonly used. However, there are 

several cases when the patients are not able or do not want to cooperate during the treatment. 

The buccal mucosa is one of the administration sites that might provide an alternative for 

peroral administration. Various mucoadhesive devices including tablets, films, and patches 

have recently been developed.  Buccal patches offer greater flexibility and comfort than the 

other devices. Buccal route drug delivery provides a direct access to the systemic circulation 

bypassing the first pass hepatic metabolism, thereby leading to high bioavailability. 

There is no standardized in vitro model for the prediction of buccal permeability. The first 

goal of this study was to develop an appropriate PAMPA model to predict the permeation of 

drug candidates through the buccal mucosa. 

2.3. Transport of drugs across the blood-brain barrier 

In the pharmaceutical industry, one of the fundamental challenges of central nervous 

system research is to have the drug molecules pass through the blood-brain barrier (BBB), to 

reach the site of action. Therefore, screening for BBB permeation in the early phase of drug 
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discovery is of outstanding importance. In the last decades, great effort was focused on the 

methodological improvement of in silico and in vitro BBB transport models.2 In this study we 

aimed to further optimize the PAMPA-BBB model firstly developed by Di et al.3 The objective 

of this work was to find the optimal conditions through an accurate and systematical tuning 

process to gain consistent and precise information about the blood-brain barrier penetration for 

a variety of compounds, and thus, to establish a useful in vitro device for ranking drug 

candidates according to the brain penetration skills during the lead optimization process. 

2.4. Drug-induced phospholipidosis (PLD) 

Drug-induced phospholipidosis (PLD) is a lipid storage disorder characterized by 

excessive accumulation of phospholipids within lysosomes, and thus inducing the formation of 

typical drug-phospholipid complexes in the affected tissue.4 Five percent of commercially 

available drugs are affected by this issue. Several studies have indicated that cationic 

amphiphilic drugs (CADs) are responsible for inducing this lipid accumulation in cells. In drug 

discovery and development, the accumulation of drugs in critical tissues such as brain, liver, 

and heart are of major concern and it is clearly a disadvantage compared to a competitor without 

PLD indication. 

Several in silico5 and in vitro6 methods with low and middle throughput are already 

available to evaluate PLD-inducing potential, but their accuracy and the efficiency of the 

experimental model cannot be considered adequate for the high-quality screening of a large 

number of molecules. 

In the present study we aimed to develop a new, robust, high-throughput in vitro non-cell 

based PAMPA model to predict drug-induced phospholipidosis. 

 

 

 

                                                 
2 J. Bicker és mtsai. Eur. J. Pharm. Biopharm., 87 (2014) 409-432. 
3  L. Di és mtsai. Eur. J. Med. Chem., 38 (2003) 223-232. 
4 W.H. Halliwell. Toxicol. Pathol., 25 (1997) 53-60. 
5 J.P. Ploemen és mtsai. Exp. Toxicol. Pathol., 55 (2004) 347-355. 
6 P. Vitovic és mtsai. J. Med. Chem., 51 (2008) 1842-1848. 
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3. EXPERIMENTAL AND COMPUTATIONAL METHODS 

The Parallel Artificial Membrane Permeability Assay (PAMPA) was used to evaluate the 

membrane penetration of compounds.  

Quantitative analysis of PAMPA samples were carried out on a liquid chromatography 

system (HPLC-DAD/MS). 

The DMSO content of PAMPA-BBB-derived acceptor solutions were quantified by a gas 

chromatography system equipped with a flame ionization detector (GC-FID). 

The calculation and prediction of physicochemical parameters (Mw, clogP, clogDpH, 

TPSA, clogBB) were carried out using the following programs:  

- Marvin 6.0.1, 2014. ChemAxon Kft. 

- ACD/Percepta, v2014, Advanced Chemistry Development, Inc., Toronto, ON, Canada. 

4. RESULTS 

4.1. Prediction of drug transport across buccal mucosa [I.] 

We developed a PAMPA model to predict the permeation of drug candidates across the 

buccal mucosa. 

On the donor compartment of PAMPA system the pH of the saliva (pH 6.8) and on the 

acceptor side the pH of buccal mucosa (pH 7.4) was utilized. Eleven compounds were tested, 

incubation was carried out at 37 °C for 4 hours. Different membranes were used: 

monocomponent solvents and solutions of phospholipid mixtures. The effective permeability 

values were compared to apparent permeability data (logKp) obtained from ex vivo porcine oral 

mucosal experiments, known from the literature.7 We found that the strongest correlation  

(R2 = 0.812) was obtained between the logPe and logKp values utilizing n-dodecane as 

membrane (Figure 2). 

                                                 
7  A. Kokate és mtsai. Pharm. Res., 26 (2009) 1130-1139.  



 

6 

 

 

Figure 2. The optimized buccal-PAMPA model. Linear correlation between PAMPA logPe and ex vivo logKp 

values for 11 compounds 

 

4.2. Tuning the predictive capacity of the PAMPA-BBB model [II.] 

In this study, the impact of the main assay parameters on the predictive power of PAMPA-

BBB was thoroughly investigated with 27, passively BBB-transported drug molecules with in 

vivo logBB data. The single and combined effects of the variables were systematically studied 

and optimized. The optimized conditions for the PAMPA-BBB were the following: 4h 

incubation at 37°C, detection by HPLC-DAD, iso-pH conditions (pH 7.4) with 5 v/v% DMSO 

content in buffer solutions, and PBLE (10 w/v%) as membrane dissolved in the mixture of  

n-hexane: n-dodecane 3:1. As the result of the adequate compound selection and the step-by-

step investigation of parameters an optimized PAMPA-BBB model was established (Figure 3). 

 

 
Figure 3. Linear correlation between in vivo logBB and PAMPA logPe values for 27 compounds 
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4.3. Physicochemical profiling of natural and semi-synthetic ecdysteroids with  

PAMPA-BBB and in silico models [III-IV.] 

Based on previous investigation of our research group, the usability of the PAMPA-BBB 

model could be extended for testing drug candidates of natural origin. Thus, using the PAMPA-

BBB technique and in silico calculations, we predicted the BBB penetration profile of 

ecdysteroids, isolated and modified by the scientists of the University of Szeged at the Institute 

of Pharmacognosy. The five most promising ecdysteroids (E25 and E30-E33) were selected 

for testing their capacity to sensitize SH-SY5Y neuroblastoma cells to vincristine, and all of 

them exerted a remarkably strong, dose dependent chemo-sensitizing activity. This suggests 

that the tested ecdysteroids have a significant potential to further development as adjuvants to 

the chemotherapy of CNS originated tumors. 

 

4.4. pH-gradient PAMPA assay for drug-induced phospholipidosis [V.] 

A pH-gradient (donor: pH 7.4 → acceptor: pH 4.0) PAMPA assay was developed for 

predicting phospholipidosis, which models the membrane transport of compounds from the 

cytosol to the lysosome. Different organ-specific lipid membranes were used, such as BBB, 

heart, lung, liver and kidney specific lipid solutions. Based on our results, compounds with  

Pe > 25*10-6 cm/s are PLD inducers.  Thus, we developed a robust, high-throughput, efficient 

model for predicting phospholipidosis, which is orthogonal to other in vitro models. We 

described a PAMPA method for modelling the drug transport between cellular organelles, and 

the organ-specific nature of the model obtained by using different compositions of lipid 

membranes. Through the case study of phenacetin and bupropion we have been able to 

demonstrate the role of metabolism in inducing phospholipidosis. 
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5. THESES 

1. We developed a robust, high-throughput PAMPA model to predict the permeation of drug 

candidates across buccal mucosa. It was found that utilizing n-dodecane as a 

monocomponent solvent membrane, effective permeability values can approximate the 

apparent permeability coefficients of compounds from ex vivo porcine buccal mucosa. [I.] 

 

2. We optimized the PAMPA-BBB model (4h incubation at 37oC, utilizing iso-pH 7.4 

conditions with 5 v/v% DMSO content in buffer solutions and 10 w/v% PBLE dissolved 

in n-hexane: n-dodecane 3:1 as membrane). The reliability and predictive value of the 

model were high for a diverse set. This results demonstrated the robustness of the model 

and its applicability for drug-like compounds [II.] 

 

3. The structure-permeability relationship of natural and semi-synthesized ecdysteroids has 

been determined. Combining the effective permeability values of PAMPA-BBB model and 

in silico physicochemical properties a screening cascade was developed to predict and rank 

the brain permeation properties of the measured ecdysteroids. In vitro pharmacodynamic 

and in vivo brain penetration studies in rats validated the applicability of the method [IV.] 

 

4. We developed a new PAMPA model for the prediction of drug-induced phospholipidosis. 

The pH-gradient PAMPA assay is the first method that can model one-way transport of 

PLD inducers from cytosol into lysosome. According to our results pH-gradient PAMPA 

model showed significantly better correlation with in vivo PLD potency than the widely-

used in silico predictions. Moreover, predictive ability of this model was slightly better 

than that of the known non cell-based models in the case of our selection of compounds. 

[V.] 

 

5. The pH-gradient PAMPA method for predicting phospholipidosis was able to demonstrate 

its organ-specific nature, by using different compositions of lipid membranes. [V.] 

 

6. In the case of phenacetin and bupropion molecules with results of our PLD specific 

PAMPA experiments we have been able to demonstrate the role of metabolism [V.] 

 

6. APPLICATION OF SCIENTIFIC RESULTS 

The PAMPA method for predicting buccal absorption was successfully adapted to the 

dissolution-permeability test with μFluxTM of the drug-formulations produced by 

electrospinning at the Department of Organic Chemistry and Technology at the Budapest 

University of Technology and Economics. 

Our novel PAMPA-BBB assay is used for characterizing newly synthesized compounds 

at Gedeon Richter Plc. 



 

9 

 

Combining in vitro PAMPA-BBB model and in silico physicochemical properties, we 

developed a screening cascade that is capable of classifying and predicting brain penetration 

skills of the examined ecdysteroids. This screening system is still a good starting point for 

examining other natural originated structures.  

The PAMPA-PLD model is a robust, cost-effective, high-throughput screening method 

for predicting phospholipidosis in early phase of drug discovery. 
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