
 

BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS  

FACULTY OF CHEMICAL TECHNOLOGY AND BIOTECHNOLOGY  

GEORGE OLAH DOCTORAL SCHOOL 

2020 
 

 

 

 

 

 

Novel techniques for physicochemical profiling of  

drug–macromolecule interactions 
 

 

 

 

THESIS BOOKLET 

 

 

 

 

 

 

 

Author: 

Gergő Dargó 
 

 

 

 

Supervisor: Dr. György Tibor Balogh 

 

Consultant: Dr. Tünde Tóth 
 

 

 

 

 

 

 

 

 

 

 
 

Chemical Works of Gedeon Richter, Plc. 

 



 

1 

 

1. INTRODUCTION 

Macromolecules are large organic molecules that consist of many smaller molecular units. 

The realm of natural organic macromolecules counts thousands of hundreds of carbon 

compounds, many of them playing an important role in the structural organization of biological 

organisms. These biological macromolecules can be categorized into four main classes: 

carbohydrates (i.e., oligo- and polysaccharides, starch, cellulose, chitin), proteins (i.e., receptor 

proteins, albumin, keratin, hormones, enzymes, antibodies), nucleic acids (i.e., DNA and RNA) 

and lipids (i.e., triglycerides, phospholipids and sphingolipids).1 Drug molecules may interact 

with macromolecules in several ways: (i) most drugs act by binding to receptor proteins and 

altering their biochemical or biophysical activities,2 (ii) they interact with phospholipids and 

transport proteins of biological membranes3 and (iii) they can be transported by blood proteins 

to the site of therapeutic action4, (iv) in drug formulations various macromolecules 

(cyclodextrins, albumins, surfactants) can be present as additives or liposomal formulations can 

be used to address low solubility of drugs, increase stability and improve bioavailability.5 As 

the interactions between drugs and macromolecules significantly affect the pharmacokinetic 

(PK) and pharmacodynamic (PD) behavior of drugs, the investigation of these interactions is 

of great interest in the pharmaceutical industry. Therefore, the development of novel methods 

that can help to provide additional information about drug–macromolecule interactions is a 

constantly evolving area of pharmaceutical chemistry. The work presented in this thesis has 

focused on studying these interactions, our specific aims were the following: 

• To develop a novel method for the determination of complex stability constants of API–

HPBCD complexes based on the partition coefficient method using pH-metric titration. 

• To expand the application of the UV-pH titration method for the classification of APIs 

with low and high HSA-binding affinity. 

• To investigate the effect of encapsulation of MEL into HSA nanoparticles in the case of 

formulations intended for nose-to-brain drug delivery. 

• To adopt the PAMPA system for the measurement of corneal permeability based on the 

available lipid composition of human cornea and ex vivo rabbit corneal permeability data. 

2. LITERATURE REVIEW 

2.1. Cyclodextrin complexation 

Cyclodextrins (CDs) are a group of cyclic oligosaccharides, which consist of (α-1→4)-

linked α-D-glucopyranose units joined in the shape of a truncated cone as a consequence of the 

chair conformation of the glucopyranose units.6 They can be synthesized by enzymatic 

hydrolysis of starch using cyclodextrin glucosyl transferase (CGT), where the three 

predominantly formed products are α -, β- and γ-cyclodextrins (ACD, BCD and GCD), which 

are comprised of 6, 7 and 8 units, respectively (Figure 1).  

 
1 Fox, S. I., Human Physiology, 14th ed.; McGraw-Hill Education: 2016; Chapter 2, pp 24–49. 
2 Von Zastrow, M., Basic & Clin. Pharmacol., 14th ed., McGraw-Hill Education: 2017, pp 20–40. 
3 Seddon, A. M.; Casey, D.; Law, R. V.; Gee, A.; Templer, R. H.; Ces, O. Chem. Soc. Rev, 2009, 38, 2509. 
4 Bohnert, T.; Gan, L.-S. J. Pharm. Sci., 2013, 102, 2953–2994. 
5 Huang, L.-F.; Dong, J.; Karki, S. B., Water-Insoluble Drug Formulation, 3rd ed.; Taylor & Francis Group: 2018; Chapter 7, 

pp 125–148. 
6 Loftsson, T.; Brewster, M. E.; Másson, M. Am. J. Drug Deliv.y, 2004, 2, 261–275 
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Figure 1 Chemical structure of α -, β- and γ-cyclodextrins. 

The inner cavity of CDs provides a lipophilic microenvironment into which apolar 

moieties of drug molecules may enter resulting in the formation of inclusion complexes. Due 

to the different dimensions of their cavities, guest molecules of different sizes will be able to 

form host-guest complexes with CDs. Due to the presence of hydroxyl groups, the outer surface 

of CDs possesses a hydrophilic character, CDs and their complexes are soluble in aqueous 

solutions. Although solubility of natural CDs and their complexes is limited, by modification 

of hydroxyl groups using various substituents even a 100-fold increase in solubility can be 

achieved.7 Besides its solubility increasing effect, CD complexation can also have a number of 

additional benefits: it can decrease the irritation caused by some APIs, it can protect the API 

from oxidation, volatilization or polymerization, it can mask the unpleasant smell of ingredients 

such as garlic oil, or the utterly bitter taste of APIs (e.g., cetirizine, ibuprofen).8 The solubility 

increasing effect of complexation is often exploited in pharmaceutical formulations to achieve 

higher bioavailability. This makes the use of CDs favorable in the case of poorly soluble drugs 

of Class II and IV of the Biopharmaceutics Classification System (BCS), where the solubility 

of drug molecules is a rate-limiting step of absorption.6 The dose and type of the applied CDs 

and the stability of the formed complex have a significant effect on the PK properties of drugs, 

affecting the dissolution and absorption rates, thus increasing the blood levels of APIs resulting 

in improved bioavailability.9 However, there are several cases where no improvement in 

bioavailability or even a reduction of bioavailability have been reported.9 Therefore, the 

measurement of the stability constant is essential to determine the most favorable CD derivative 

and CD–API ratio in different drug forms. To study the complexation process of APIs with 

various cyclodextrin derivatives several methods exist, which can be categorized into two main 

groups.10 The first group consists of methods that are based on the separation of complexed and 

free drug form, like chromatographic methods, capillary electrophoresis (CE), dynamic dialysis 

and equilibrium dialysis (ED), electrospray mass spectrometry, etc. The second group consists 

of methods that provide data on complexation by monitoring the changes in physicochemical 

properties of APIs as a consequence of their inclusion into the cavity of CDs, such as phase-

solubility, optical spectroscopic methods, nuclear magnetic resonance (NMR) spectroscopy, 

potentiometric methods, phase-distribution methods, conductometry, hydrolysis kinetics, etc.10 

 
7 Saokham, P.; Muankaew, C.; Jansook, P.; Loftsson, T. Molecules, 2018, 23, 1161. 
8 Szejtli, J. Pure and Appl. Chem., 2004, 76, 1825–1845. 
9 Loftsson, T.; Moya-Ortega, M. D.; Alvarez-Lorenzo, C.; Concheiro, A. J. Pharm. Pharmacol., 2016, 68, 544–555. 
10 Chen, Z.; Lu, D.; Weber, S. G. J. Pharm. Sci., 2009, 98, 229–238. 



 

3 

 

2.2.Human serum albumin binding 

Human serum albumin (HSA) is the most abundant among plasma proteins (about 54-

60% of them). HSA is present in the blood at particularly high concentrations (35-50 g/L).11 

Among its many functions, HSA is responsible for maintaining the osmotic pressure of the 

blood, serves as a transport protein for endogenous substances (e.g., fatty acids and steroid 

hormones), it is also the principal contributor to the binding of exogenous drug molecules.12 

The protein has a molecular mass of 66 kDa, consists of 585 amino acids, a high proportion of 

which is negatively charged at the physiological pH of blood (pH 7.4). Its heart-shaped structure 

can be divided into three main domains (I-III), each containing two subdomains (A and B) 

(Figure 2). Regarding plasma protein binding of APIs, 

the two specific drug binding sites (site I: warfarin site 

on the IIA subdomain and site II: indole-benzo-

diazepine site on the IIIA subdomain) are considered to 

be the most significant.13 Drug molecules usually form 

reversible complexes with HSA by electrostatic and 

hydrophobic interactions. Strong HSA binding may 

have a significant effect on the pharmacokinetic and 

pharmacodynamic behavior of APIs, since the HSA–

API complexes cannot cross biological membranes, the 

portion of APIs unable to reach the site of action 

becomes therapeutically inactive. As the HSA binding 

affinity shows wide diversity for drug-like compounds, 

it is essential to predict the unbound fraction of APIs 

from the early stages of drug discovery for the 

estimation of PK behavior. 

To predict the HSA binding affinity of APIs several in silico QSAR models have been 

developed based on experimental data, however, most of these are adequate only for specific 

families of compounds. Beside the different QSAR models, molecular modeling studies can 

also be used to explore possible binding modes between HSA and APIs providing additional 

structural data on complex formation, often as complementary information to experimentally 

measured data.14 For the measurement of the HSA-bound portion of APIs several in vitro 

methods exist, including but not limited to chromatographic methods, equilibrium dialysis 

(ED), ultrafiltration (UF), NMR spectroscopy, X-ray crystallography, etc.15 Most of the 

methods are able to provide information solely about the affinity of APIs to HSA, while 

structural only a few timely and expensive techniques (e.g., X-ray diffraction, NMR). To give 

a thoroughly detailed description of the interactions formed in API–HSA complexes, data from 

orthogonal measurement methods must be evaluated and compared simultaneously, 

supplemented by the results of in silico modeling. 

2.3. Phospholipids 

Phospholipids have a pivotal role in the structural organization of the human body as they 

are the main component of cell membranes. Glycerophospholipids are similar in structure to 

triglycerides but in their case only two hydroxyl groups of glycerol are connected to fatty acid 

chains, while the third is attached to a negatively charged phosphate group (at pH = 7.4) that 

bounds to various molecules (usually a chain containing a nitrogen atom or a sugar unit)  

 
11 Fanali, G.; di Masi, A.; Trezza, V.; Marino, M.; Fasano, M.; Ascenzi, P., Mol. Asp. Med., 2012, 33, 209–290. 
12 Quinlan, G. J.; Martin, G. S.; Evans, T. W. Hepatology, 2005, 41, 1211–1219 
13 Sudlow, G.; Birkett, D. J.; Wade, D. N. Mol. Pharmacol., 1976, 12, 1052–1061. 
14 Lambrinidis, G.; Vallianatou, T.; Tsantili-Kakoulidou, A., Adv Drug Deliv Rev., 2015, 86, 27–45. 
15 Sebille, B., Fundam. Clin. Pharmacol., 1990, 4, 151s–161s 

Figure 2  Structural representation of a HSA 

molecule (generated with PyMOL v.2.3.4). 
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(Figure 3). 16 Because of this structural arrangement, the fatty acid chains provide a hydrophobic 

"tail" region, while the charged, hydrophilic phosphate group functions as a polar "head" region, 

resulting in phospholipids being amphipathic molecules.16 

 
Figure 3. General structure of phospholipids illustrated by the example of 

phosphatidylcholine.16 

 

Due to this unique structure phospholipids assemble into lipid bilayers in the aqueous 

environment of the human body which constitute the fundamental structure of all cell 

membranes.17 After administration of drugs, APIs usually have to pass through various 

biological membranes until they reach their therapeutic target. This transfer is greatly affected 

by the composition of the lipid bilayers they encounter. The different biological membranes 

have a diverse composition of lipids which provides a species and tissue-specific transport of 

APIs. 

2.4.Corneal membrane transport 

From physiological and therapeutic aspects the human eyeball can be divided into two 

segments: an anterior segment comprising cornea, conjunctiva, the anterior part of sclera, 

ciliary body, iris, aqueous humor, lens and the lachrymal system and a posterior segment 

consisting of vitreous humor, retina, choroid and the posterior part of sclera.18 Due to its 

complexity and special structure several diseases can affect this organ that might cause visual 

impairment. For treatment of diseases of the anterior segment topical, non-invasive routes of 

drug administration are preferred using liquid, semisolid and solid ophthalmic drug forms such 

as eye drops, creams and gels, microemulsions, contact lenses coated with drugs, ocular inserts, 

etc.19 Absorption of APIs from these drug forms may involve corneal and/or non-corneal routes. 

In both cases, however, within minutes after application the lacrimal fluid elutes a large portion 

of the applied drugs. Also, topical PD effect can be mainly attributed to API absorbed through 

the corneal barrier, since the drug fraction absorbed through later routes is mostly transferred 

into systemic circulation by local capillaries. This results in a significantly decreased ocular 

bioavailability (usually < 5-10%).20 Thus, prediction of corneal permeability is of utmost 

importance for the rational selection of API for ophthalmic formulations at an early stage of the 

drug discovery process. 

For the predict corneal absorption of APIs several models have been developed, such as 

ex vivo methods, using vertebrate animals and in vitro, cellular methods.21 In ex vivo methods 

whole eyes or excised corneas of sacrificed animals (most often rabbit, pig or bovine eyes) are 

 
16 Betts, J. G.; Desaix, P.; Johnson, E. W.; Johnson, J. E.; Korol, O.; Kruse, D.; Poe, B.; Wise, J.; Womble, M. 

D.; Young, K. A., Anatomy & Physiology; OpenStax: 2017; Chapter 2. 41-86. 
17 Fox, S. I., Human Physiology, McGraw-Hill Education: 2016; Chapter 3, pp 50–87. 
18 Barar, J.; Javadzadeh, A. R.; Omidi, Y. Expert Opinion on Drug Delivery, 2008, 5, 567–581. 
19 Baranowski, P.; Karolewicz, B.; Gajda, M.; Pluta, J., The Scientific World Journal, 2014, 2014, 1–14. 
20 Kidron, H.; Vellonen, K.-S.; del Amo, E. M.; Tissari, A.; Urtti, A., Pharm. Re., 2010, 27, 1398–1407 
21 Agarwal, P.; Rupenthal, I. D. Drug Deliv.Trans Res, 2016, 6, 634–647 
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used, by placing them in various kinds of perfusion chambers or diffusion cells (e.g., Franz 

diffusion cell, Ussing chamber, Valia-Chien cell).21 In order to minimize the number of 

laboratory animals sacrificed and limit the cost of ex vivo studies, in vitro cellular methods have 

also been widely used involving primary cell cultures, immortalized cell lines, or reconstructed 

tissue cultures of rabbit or human origin. 21 However, in vitro, non-cellular permeability models 

using artificial membranes have not been reported before. 

3. EXPERIMENTAL AND COMPUTATIONAL METHODS 

For the determination of partition coefficients of APIs (logP) and their (2-hydroxypropyl)-

β-CD (HPBCD) complexes (logPapp) dual-phase potentiometric titrations were carried out on a 

SiriusT3™ automated titrator. The octanol content of the aqueous phases was determined by a 

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

extraction with toluene. The classical shake-flask method was used to determine the octanol-

water partition coefficient of the fluorescent labeled HPBCD derivative, FITC-NH-HPBCD. 

The built-in UV-pH assay of the SiriusT3™ titrator was used for the determination of 

proton dissociation constants of APIs (pKa) and their HSA complexes (pKa,app). The 

determination of HSA binding was carried out by rapid equilibrium dialysis (RED) using the 

RED device and by a chromatographic method on an immobilized HSA HPLC column 

(Chiralpak-HSA). Molecular docking studies were carried out using the Schrödinger software 

package. 

For the measurement of the dissolution profiles of meloxicam-HSA (MEL-HSA) 

nanoparticles the semipermeable membrane system of the RED device was used. The 

permeability (Pe) and flux values of samples were determined by the Parallel Artificial 

Membrane Permeability Assay (PAMPA). 

The PAMPA method was also used to develop an in vitro, non-cellular model for the 

prediction of corneal permeability of APIs and undiluted and 5-, 10-, 20-fold dilutions of eye 

drops. 

Quantitative analyses of samples during RED, PAMPA and dissolution measurements 

were carried out on different liquid chromatography systems (HPLC-DAD, HPLC-DAD/MS).  

The calculation and prediction of physicochemical parameters (MW, clogP, clogDpH7.4, 

TPSA) were carried out using Chemaxon/Marvin Sketch 17.27.0. Calculated logP values were 

also determined by Molinspiration Cheminformatics’s online molecular properties calculator 

(milogP) and VCCLAB’s ALOGPS 2.1 online predictor (ALOGP). The statistical analyses of 

data were carried out using GraphPad Prism v. 7.03. 
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4. RESULTS 

4.1. Development of a pH-metric titration technique for the determination of stability 

constants of CD–drug complexes 

To determine the stability constants of CD–drug complexes by potentiometric titrations 

we must have considered the possible equilibria in the octanol water system in the presence of 

HPBCD (Figure 4.) Due to the presence of octanol–HPBCD complexes in the system, a 

correction to the phase ratio was also included in the model. 

 

 

Figure 4. Equilibria between drug (D), cyclodextrin (CD), and octanol (O) molecules in the octanol–

water biphasic system and titration cell of the SiriusT3™ instrument. 

 

In the case of potentiometric titrations, the collected data points are transformed into 

Bjerrum plots, which show the differences between proton dissociation constants (pKa) 

measured in water, octanol–water, and analogous systems containing HPBCD. Afterward, the 

Henderson-Hasselbalch equation can be used to calculate partition coefficients and apparent 

partition coefficients of the drug in the presence and absence of HPBCD (logPapp és logP), 

based on pKa and poKa values measured in the water, octanol–water systems (Figure 5).  

 
Figure 5. Bjerrum plots of potentiometric differential titration in water, octanol-water system in the 

presence and absence of HPBCD. 
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After the determination of apparent coefficients at various HPBCD concentrations, their 

reciprocal could be plotted as a function of HPBCD concentration (Figure 6). From the slope 

of the line fitted onto the data points the complex stability constant of the drug–HPBCD 

complex (K1:1,CD) could be calculated using the following equations: 

 

 
Figure 6. Complex stability constants calculated from changes of partition coefficients of the 4 

investigated APIs. 

 

Comparing the K1:1,CD values obtained by our potentiometric method and various other 

methods it could be observed that they are the same in magnitude, therefore we can conclude 

that our method is applicable for the determination of the stability constants of the drug–CD 

complexes. 

 

4.1.Development of the UV-pH HSA method for the identification of high-affinity 

binders 

In the case of APIs with high serum albumin binding affinity, significant changes could 

be observed in the pKa values measured by UV-pH titration. For APIs with moderate or low 

binding affinity no significant shift in pKa values could be measured (Table 1). The different 

pKa values of multiprotic compounds (e.g, nitrazepam) often showed unequal changes, based 

on which we could assign the place of interaction with HSA. To showcase the pivotal role of 

ionization centers, some of the APIs (diclofenac (DIC), diflunisal (DIF), meloxicam (MEL) 

and phenylbutazone (PHB)), where considerable pKa shifts were measured were modified by 

ester formation or alkylation in order to neutralize their protonatable groups, then, these analogs 

were also evaluated (Table 2).  
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Table 1. Literature data and experimental values of HSA binding by chromatographic and rapid 

equilibrium dialysis (RED) measurements, and UV-pH titration. 

 
 

Table 2. HSA binding of selected APIs and their neutralized analogues 

 
 

The chromatographic measurements on the Chiralpak-HSA column showed a significant 

decrease in retention time for each modified API, indicating a lower HSA binding affinity 

(Table 2). We observed a moderate decrease in binding for DIC ethyl ester and DIF ethyl ester 

and extensive decreases in the case of O-Methyl MEL and C-Methyl PHB. These decreases in 

the case of neutralized APIs unambiguously show the pivotal role of ionization centers during 

complex formation. The results of RED measurements also confirmed the significant decrease 

in the binding of modified MEL and PHB (Table 2), while HSA binding could not be 

determined this way for the esters of DIC and DIF due to their instability under the 

measurement conditions of RED. To further support the results of RED and chromatographic 

measurements, we also carried out molecular docking studies to compare binding modes of the 

modified analogs. The large negative scores of the four API that indicate strong interaction with 

HSA increased significantly upon modification, which also support that only weak interactions 

are present in the case of neutralized APIs. 

Based on these results, we can conclude that we succeeded in using UV-pH titration as a 

screening tool for identifying structural moieties that make major contribution in formation of 

complexes with strong binding. By the modification of the APIs, the ionization centers 

responsible for strong interactions with HSA could be neutralized, resulting in a lower HSA 

binding. Furthermore, we can hope for an improved bioavailability even in the case of achieving 

only smaller decreases in HSA binding as it has been shown that a small decrease from 99% to 

95% can result in a 5-fold difference in the amount of the unbound fraction of strong binders, 
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greatly affecting their distribution.22 Therefore, the observed decreases in HSA binding (from 

2-3% to 10-35%) support the technique’s applicability to help the design of novel molecules 

with favorable PK behavior. 

4.2.Physicochemical profiling of MEL–HSA nanoparticles 

The research of nasal drug delivery is a main field of interest at the University of Szeged 

as an alternative approach in CNS-targeted drug delivery. The Faculty of Pharmacy is actively 

engaged in the research of nanoparticles and nanocapsulation of APIs to increase product 

stability and improve drug bioavailability. One of their recent projects was focused on the 

development of MEL–HSA nanoparticles for nose-to-brain delivery. Using a quality by design 

(QbD) approach and a Box-Behnken experimental design, they prepared HSA nanoparticles 

with optimized MEL, HSA and Tween content that are suitable for nasal administration (2 

mg/mL MEL, 10 mg/mL HSA and 3 mg/mL Tween 80). After the promising results of their 

physical stability and in vivo animal studies we were requested to join their research to support 

the physicochemical profiling of HSA nanoparticles with our in vitro data. In cooperation with 

them, we investigated the dissolution and permeability of the optimized HSA nanoparticles 

MEL–HSA–Tween. As a comparison, the formulation without Tween 80 (MEL–HSA) and 

pure MEL as a crystallized powder were also investigated.  

4.2.1. In vitro dissolution of MEL–HSA nanoparticles 

To determine the release of MEL from the HSA nanoparticles, the use of the RED plate 

was found to be a suitable tool for monitoring the drug release from MEL conjugated HSA 

nanoparticles. The molecular weight cut-off (MWCO) of the semipermeable membrane used 

with the RED plate was 8 kDa, which allowed permeation of the free API only released by HSA 

into the acceptor media. The in vitro dissolution profiles of nanoparticles and solid MEL were 

investigated at intranasal circumstances (pH = 5.6). The measured time-dependent in vitro 

release profiles of MEL and its formulations are shown in Figure 7. 

 
Figure 7. Dissolution profiles of solid MEL and MEL–HSA nanoparticles. 

The dissolution profiles of MEL–HSA–Tween and MEL–HSA both clearly demonstrate 

that their nanoscale size and increased specific surface area resulted in a significantly higher 

dissolution rate than that of pure MEL (p < 0.0001 in the case of both formulations). For MEL–

HSA and MEL–HSA–Tween samples, a rapid initial phase is observed for 60 min, followed 

 
22 Gleeson, M. P., J. Med. Chem., 2007, 50, 101–112. 
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by a slowing but rising profile. The enhanced dissolution rate of nanoparticles in the first phase 

of dissolution is particularly favorable in the case of nasal administration, as it has been shown 

that the nasal residence time of the administered APIs, which is limited by the periodic nasal 

liquid renewing and mucociliary clearance (approximately 10-15 min) and directly affects the 

success of nasal absorption, depends on how fast the API dissolves within the mucus layer and 

penetrates into the mucosa. About 60% of MEL was dissolved within 4 hours. At this point 

(240 min) the dissolution of MEL from MEL–HSA–Tween was significantly higher than from 

the MEL–HSA formulation (p = 0.0077), which can be explained with the additional 

solubilizing effect of Tween. 

4.2.2 In vitro permeability measurements 

The PAMPA permeability results of MEL–HSA and MEL–HSA–Tween in comparison 

to solid MEL are shown in Table 3. As we can see the solubility of MEL could be increased 

approximately 40-fold by complexation with the HSA nanoparticles. In accordance to the 

expected effect, the presence of a complexing agent on the donor side significantly decreased 

the effective permeability in the case of the formulations. However, both nanoparticle 

formulations showed significantly higher flux compared to pure MEL (p < 0.001 in the case of 

both formulations). The difference between the fluxes of MEL–HSA and MEL–HSA–Tween 

was also significant (p < 0.001), showing that beside HSA also Tween has considerable 

influence on the flux. The increased flux of MEL from albumin nanoparticles can be explained 

by the fact that it enhanced solubility of MEL due to solubilizing effect of HSA (and Tween) 

overpowered the permeability decreasing effect of complexation resulting in a favorable 

solubility-permeability interplay.23 

 
Table 3. Permeability and flux results of MEL–HSA nanoparticles. 

 

Based on the results of the in vitro dissolution and permeability measurements we can 

conclude that the developed HSA nanoparticles can be a promising alternative in the future 

for the improvement of absorption of MEL in CNS-targeted therapy. 

 

4.3. Development of the corneal-PAMPA model 

During our research to develop a cornea-specific permeability model, first we aimed to 

optimize the experimental conditions of the PAMPA model to achieve good correlation with 

the available ex vivo rabbit corneal permeability data. We studied the effect of systematic 

variation of experimental conditions (cosolvent content of the donor compartment, buffer, 

membrane composition) on the correlation between previously reported ex vivo rabbit corneal 

permeability data of thirty APIs and our experimentally determined permeability values to find 

the optimal conditions (Figure 7, Table 4). 

 
23 Dahan, A.; Miller, J. M., The AAPS Journal, 2012, 14, 244–251, 
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Figure 7. Flowchart of in vitro PAMPA experiments for corneal permeability measurements. 

(The structure of cornea has been adopted from the NEI Photos and Images Catalog) 

Table 4. Optimization steps of the corneal-PAMPA model 

 

Based on the squared correlation coefficient (R2) Model F1 seemed to have the best 

experimental conditions for the measurement of corneal permeability. We also compared the 

standard error of estimate (SEE) of the linear regression analysis, the mean absolute error 

(MAE) of the models and a non-parametric statistical test, the sum of ranking differences (SRD) 

has also been carried out (Table 5). Comparing the results of statistical test for Models A–F1, 

we can see that Model F1 has the best overall correlation to ex vivo data (best R2 and SEE), 

the smallest (best) SRD% value and the MAE values were also the lowest, when only PC was 

used (Models D–F1, Model F1 is the second best). Based on these observations only PBS 

solutions of solid APIs were used subsequently, when we endeavored to refine the method 

according to the lipid composition of the cornea. However, when further lipids were added to 
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the membrane, a significant decrease in the predictive power of the model was observed. Thus, 

in the end, Model F1 proved to be the best for predicting corneal permeability. 

Table 5. Comparison of different membrane models. 

 

4.4. Applicability of the corneal-PAMPA model in the case of eye drops 

After Model F1 had been chosen for the prediction of corneal permeability we also 

investigated its applicability to ophthalmic formulations. To this avail we chose eight 

commercially available eye drops and measured the permeability of their undiluted form and  

5-, 10- and 20-fold diluted forms to model the diluting effect of the lacrimal fluid. As can be 

seen in Figure 9, in most cases only a minuscule permeability of the APIs could be measured 

from the undiluted eye drops, significantly lower than the pure APIs’ permeability measured 

individually. 

 
Figure 9. Comparison of permeability values of APIs and eye drops measured by corneal PAMPA. 

/#: significant changes compared to the undiluted eye drop / the previous dilution step. 

As a result of 5-, 10- and 20-fold dilutions the permeability of APIs increased in each case, 

however, in the case of eye drops, where the permeability of pure APIs were measured to be 

low individually, no significant effect of the different dilution ratios could be observed, 

although we saw a slightly increasing trend of Pe values. On the contrary, in the case of APIs 

with a high Pe value (timolol, nepafenac), dilutions significantly improved the permeability 

from eye drop type formulations approaching the permeability of solutions of pure APIs. This 

improvement might be explained by the decreased viscosity and relative concentration of the 

components of the eye drops (API, background electrolytes and other formulating agents), 
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which strongly influence the kinetics of permeability. Based on these results, to better mimic 

the physiological conditions, we recommend the use of diluted solutions in the case of 

measurement of eye drop formulations using the corneal-PAMPA model. 

5. THESIS FINDINGS 

1. We developed a novel method for the measurement of complex stability constants of 

API–HPBCD complexes based on the partition coefficient method, using pH-metric 

titration. By means of the method stability constants can be determined without 

measurement of actual API concentrations, based on solely the changes in the partition 

coefficient of APIs. It was demonstrated that this improved method can provide 

complex stability constants faster than classical methods, using minuscule sample and 

solvent amounts. [IV.]  

2. We developed a UV-pH titration-based screening method for the rapid and cost-

effective identification of APIs with high binding affinity to HSA that is orthogonal to 

classical methods. Based on experimental data of classical methods, we proved that the 

pKa shifts (ΔpKa) measured via this method are proportional to HSA binding of APIs. 

Using molecular docking studies and neutralized analogues of APIs, we also 

demonstrated the pivotal role of ionization centers in complex formation and proved 

that pKa shifts of different magnitudes can provide structural information on the binding 

mode of the API in the case of multiprotic molecules. [I.] 

3. We demonstrated the superior pharmacokinetic performance of HSA nanoparticles of 

meloxicam (MEL) intended for nose-to-brain delivery over the crystallized powder 

form of the API. It was found that encapsulation by HSA nanoparticles results in 

approximately 40-fold increase of solubility of MEL and also provides a significant 

increase in the dissolution rate and flux of MEL. In the case of the optimized Tween 

containing formulation, the additional solubilizing effect of Tween was also 

demonstrated. [II.] 

4. We developed the corneal-PAMPA model as an in vitro, non-cellular assay with good 

predictive ability (R2 = 0.880) a low mean absolute error for the prediction of corneal 

permeability of APIs. It was found that the optimized conditions were iso-pH conditions 

(PBS, pH 7.4) without cosolvent, phosphatidylcholine (10.7 w/v %; without cholesterol) 

dissolved in a mixture of hexane:dodecane:chloroform = 70:25:5 (v/v) as an artificial 

membrane and 4 h incubation of the PAMPA plates at 35 °C. [III.] 

5. We demonstrated the applicability of the cornea-PAMPA model in the case of eye 

drops. It was found that dilution of eye drops is necessary to better mimic the 

physiological conditions of corneal absorption. [III.] 

6. APPLICATION OF SCIENTIFIC RESULTS 

Our publications and poster on the topics presented here have been received with interest 

by domestic and international researchers. In the future, our technique for the determination of 

complex stability constants using the partition coefficient method can be used as a novel, 

orthogonal method for CD complexation studies. We also currently working on the 

development of therapeutic formulations using the corneal-PAMPA model, we also aim to 

publish further articles in the topic in the near future. The UV-pH titration technique may open 

up the way to support the lead optimization process by filtering out compounds with high HSA 

binding affinity or by facilitating effective structural modifications to lower HSA binding 

affinity and we are also investigating species-specific binding using our method. The intranasal 

administration of meloxicam-containing HSA nanoparticles seems to be a promising alternative 

for direct, CNS-targeted delivery of drugs, which is also supported by the results of in vivo 

animal experiments carried out at the University of Szeged. 
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