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Abstract 

 The ability to predict the rate of permeation of new chemical entities across 

biological membranes is of high importance for their success as drugs, as it 

determines their potential efficacy, pharmacokinetics and safety profile. In vitro 

permeability assays, particularly using the Caco-2 cell line, are commonly used 

to predict the permeability of compounds across the intestinal epithelium and 

oral absorption in humans. There is an extensive amount of Papp values generated 

from these assays available in literature and a significant fraction is collected in 

databases. The compilation of these Papp values for large datasets allows the 

application of artificial intelligence tools for establishing quantitative structure-

permeability relationships (QSPRs) to predict the permeability of compounds 

from their structural properties. One of the main challenges that hinders the 

development of accurate predictions is the existence of multiple Papp values for 

the same compound, caused by differences in the experimental protocols 

employed. The present work aims to contribute to increase the throughput of this 

important assay and to decrease the variability in Papp data, the later by 

quantitatively characterizing the effect on Papp values for common experimental 

alterations in the protocols. 

 The reference protocol involves seeding Caco-2 cells on permeable 

membranes for at least 21 days to establish a cohesive monolayer of differentiate 

cells, which is used in a single permeability assay between days 21 and 30. In this 

work, a methodology was developed to allow the re-use of Caco-2 monolayers in 

at least two additional permeability assays, and implemented for assays on days 

22, 25 and 28. The proposed re-use protocol was validated regarding i) 

maintenance of cohesion and integrity of the cell monolayer (using TEER 

measurements, permeability assays with paracellular markers and microscopic 

visualization of morphology and tight junctions staining after labeling with 

fluorescent antibodies), ii) passive permeation through the transcellular route 

(using permeability assays of several reference compounds). Preliminary results 

were obtained indicating that active transport through glucose transporters and 

the efflux protein P-glycoprotein is also maintained. 

 In addition, studies were pursued to critically assess the use of the faster-

growing epithelial MDCK cells as a potential replacement for Caco-2 cells. 

Monolayers derived from MDCK-II, MDCK-MDR1 (overexpressing P-gp), and 
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Caco-2 cells were systematically compared regarding morphology, tightness and 

permeation of several model drugs. The goal of this quantitative comparison was 

to evaluate the possible extension of the amount of Papp data available for QSPR 

studies by including data from MDCK monolayers. As expected, MDCK-MDR1 

showed a higher efflux activity. The results obtained also revealed significant 

differences in cell and tight-junction density, which could justify the differences 

observed on the paracellular permeability. 

 Finally, studies were conducted to evaluate the impact on Papp values of 

passive permeating compounds for some variable procedures commonly 

followed in permeation assays. First, the evaluation of Lucifer yellow 

permeability alongside with test compounds was validated as a quality control 

measure of cell monolayer integrity. This approach contributes to decrease the 

variability associated with monolayer integrity, particularly relevant when 

evaluating compound or mixtures with unknown effects on cell properties. 

Second, the use of transfer and replacement as sampling methods in multi-time 

assays showed to affect the measured Papp values. Insufficient homogenization of 

the acceptor solution in replacement assays emerged as a major cause of 

variability in Papp data. Third, the impact of including BSA in the transport media 

was assessed for a homologous series of amphiphiles with known interactions 

with BSA and lipid membranes. It was shown that the Papp values are affected to 

an extent that may revert the ranking order of the amphiphiles permeability. This 

may however be corrected by considering the unbound fraction of the 

amphiphile. This allows calculating the 𝑃app
Unb which captures the permeability 

ranking order expected for the amphiphiles. It is mandatory that this correction 

is performed when compiling Papp values obtained in the presence of BSA, to 

reduce variability and improve data consistency, allowing the establishment of 

realistic QSPRs with predictive ability.  

 

 

Keywords: Permeability assays, drug bioavailability, Caco-2 monolayers, high-

throughput, re-use, MDCK monolayers, experimental variability 
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Resumo 

 A capacidade de prever a velocidade de permeação de novas entidades 

químicas através das membranas biológicas é de grande importância para o seu 

sucesso como fármacos, uma vez que esta determina a sua eficácia, 

farmacocinética e segurança. Os ensaios de permeabilidade in vitro, em particular 

os que usam monocamadas da linha celular Caco-2, são usualmente utilizados 

para prever a absorção por via oral em humanos. Existe disponível na literatura 

uma grande quantidade de valores de permeabilidade (Papp) através de 

monocamada de Caco-2, estando uma fração significativa reunida em bases de 

dados. A compilação do Papp para grandes conjuntos de compostos permite a 

aplicação de ferramentas de inteligência artificial para estabelecer relações 

quantitativas de estrutura-permeabilidade (QSPRs) com o objetivo de prever a 

permeabilidade de novos compostos a partir das suas propriedades estruturais. 

Um dos principais desafios que dificulta a construção de previsões precisas é a 

existência de múltiplos valores de Papp para o mesmo composto, causada por 

diferenças nos protocolos experimentais utilizados. O presente trabalho tem 

como objetivo contribuir para o aumento do rendimento deste importante ensaio 

e para a diminuição da variabilidade nos dados de Papp, este último objetivo 

através da caracterização quantitativa do efeito de algumas das alterações 

experimentais mais comuns. 

 

 O protocolo de referência requer o cultivo das células Caco-2 sobre 

membranas permeáveis durante pelo menos 21 dias para estabelecer uma 

monocamada coesa de células diferenciadas, que é usada num único ensaio de 

permeabilidade entre os dias 21 e 30. Neste trabalho, foi desenvolvida e uma 

metodologia para permitir a reutilização das monocamadas Caco-2 em pelo 

menos mais dois ensaios de permeabilidade, tendo sido implementada para 

ensaios aos dias 22, 25 e 28. O protocolo de re-utilização proposto foi validado 

relativamente i) à manutenção da coesão e integridade da monocamada de 

células (usando medições de TEER, ensaios de permeabilidade com marcadores  

da via paracelular e visualização microscópica da morfologia e abundância das 

junções apertadas após marcação com anticorpos fluorescentes), ii) à permeação 

passiva através da via transcelular (usando ensaios de permeabilidade para 

vários compostos de referência). Foram obtidos resultados preliminares que 
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indicam que a permeação ativa através dos transportadores de glucose e da 

proteína de efluxo glicoproteína-P é também mantida.  

 

 Foram também realizados estudos para avaliar criticamente o uso da linha 

celular epitelial de crescimento rápido, MDCK como um potencial substituto das 

células Caco-2. Monocamadas derivadas de células MDCK-II, MDCK-MDR1 

(que sobre-expressam P-gp) e Caco-2 foram comparados sistematicamente em 

relação à sua morfologia, coesão e permeação de vários fármacos modelo. O 

objetivo desta comparação quantitativa foi avaliar a possível extensão da 

quantidade de dados de Papp disponíveis para estudos QSPR ao incluir os dados 

das monocamadas de MDCK. Como esperado, a MDCK-MDR1 mostrou uma 

atividade de efluxo maior. Os resultados obtidos também revelaram diferenças 

significativas na densidade celular e das junções apertadas.  

 

 Finalmente, foram realizados estudos para avaliar o impacto nos valores de 

Papp de compostos que permeiam passivamente para alguns dos procedimentos 

variáveis que são comumente usados em ensaios de permeabilidade. 

Primeiramente, a avaliação da permeabilidade da Lucifer Yellow em conjunto 

com os compostos de teste foi validada como uma medida de controlo de 

qualidade da integridade da monocamada celular. Esta abordagem contribui 

para diminuir a variabilidade associada à integridade da monocamada, com 

particular relevância quando se avaliam compostos ou misturas de compostos 

com efeitos desconhecidos sobre as propriedades celulares. Foi também avaliado 

o impacto do método de amostragem (transferência ou reposição) nos valores de 

Papp medidos em ensaios com amostragem a vários tempos. A homogeneização 

insuficiente da solução aceitante nos ensaios de reposição executados na direção 

apical-basolateral emergiu como a principal causa da variabilidade nos dados de 

Papp. Por fim, o impacto da inclusão de BSA no meio de transporte foi avaliado 

para uma série homóloga de anfifilas em que as interações com a BSA e com 

membranas lipídicas são bem conhecidas. Foi demonstrado que os valores de Papp 

são afetados a ponto de poderem reverter a ordem de classificação da 

permeabilidade das anfifilas. No entanto, isto pode ser corrigido ao considerar a 

fração não ligada da anfifila à BSA. Este método permite calcular o valor da 𝑃app
Unb, 

que captura a ordem de classificação de permeabilidade esperada para as 

anfifilas. É obrigatório que esta correção seja realizada ao compilar os valores de 
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Papp obtidos na presença de BSA, de modo a reduzir a variabilidade e a melhorar 

a consistência dos dados, permitindo o estabelecimento de QSPRs realistas com 

capacidade preditiva. 

 

 

Palavras-chave: Ensaios de permeabilidade, biodisponibilidade de fármacos, 

monocamadas Caco-2, alto rendimento, reutilização, monocamadas MDCK, 

variabilidade experimental 
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Chapter I 

I.1 – The impact of ADME profiling in the drug discovery process 

 The research for new drugs is a scientifically changeling mission, owing to 

the numerous properties that need to be simultaneously optimized to arrive at a 

safe and efficacious drug. The assessment of absorption, distribution, 

metabolism, and excretion (ADME) properties that determine the 

pharmacokinetics (PK) profile of molecules is a necessary part of these 

optimization processes. The reason for this is because molecules can only 

produce a desire in vivo therapeutic effect if they are able to reach the target site 

from the point at which they are administered to the patient. This ability is 

governed by physicochemical characteristics of molecules and their relationships 

with several ADME processes. In addition to the importance of PK profiles, the 

toxicity of molecules is also crucial during the processes of optimizing their 

properties. Prior assessment of safety attributes ensures that an appropriate 

concentration of the molecule can circulate in the body over the length of time to 

achieve the desired effect with minimal adverse effects. Thus, besides activity 

and selectivity to the molecular target, the drug candidates must also possess 

good ADME and safety properties to ensure a sufficient and safe drug 

concentration at the site of action [1]. 

 The implementation of ADME and toxicity profiling of new chemical 

entities in parallel with the pharmacological activity is now well-established in 

the early stages of the drug discovery processes. [2]. Testing new molecules for 

their potency against the therapeutic target is easier and faster compared to 

evaluating their ADME properties, which involves multiple assays. Thus, the 

traditional approach to drug development placed a strong focus on potency and 

the properties of ADME were not intensively considered until the molecules were 

on the brink of a costly clinical trial phase. However, this approach was not being 

very effective, as optimizing for affinity often resulted in chemical classes where 

further ADME improvement were not possible. Consequently, this has led to a 

remarkable proportion of drugs that failed reaching the market. In 1990, around 

40% of all drug failures were due to the lack of appropriated PK properties of 

compounds entering in clinical development phases. As a response to the 

recognition of this issue and because failing in late-stage clinical phases causes 

significant economic losses, investments across the pharmaceutical companies 

were made to address ADME profiling in early steps of the drug discovery phase. 
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This has driven the development of a variety of medium to high-throughput in 

vitro models, that make the ADME screening of NCEs more accessible [3,4].  

 The overall goal of early ADME studies is to evaluate the potential of the 

NCEs to display desirable properties. In that regard, those identified with ADME 

liabilities could be rejected or redesigned to modify specific chemical 

functionalities for appropriate optimization. This avoid those drug candidates 

with lower chances of success from going to more expensive and time-consuming 

development phases. In fact, it has been proven that the effort to incorporate early 

ADME profiling has succeed in reducing the percentage of drugs not entering in 

clinical phases due to PK issues, that lowered to about 10 % in 2000 [3]. 

 In recent years, the major causes of drug failures in clinical trials have 

shifted toward the lack of efficacy and uncontrolled toxicity. Both issues are 

related in part to PK profiles. An analysis conducted over a 7-year period from 

2013 to 2015 revealed that attrition in central nervous system (CNS) drug research 

was consistently high, with only 14-17% of drugs receiving market approval. 

Reducing high attrition rates in clinical trials is still a challenge for the 

pharmaceutical industry [5]. 

 When determining the ADME profiles of molecules, it is important to 

account that there are several factors that contribute to their ADME behaviour. 

These factors include permeability across membranes, but also other parameters 

such as binding to plasma protein, binding to metabolic enzymes and 

elimination. The work developed for this dissertation focuses only on membrane 

permeation. This aspect will be the central point of the following sections. 

I.2 – The role of membrane permeability in ADME  

 The compartmentalization of biological content and functions is an essential 

feature of biological systems. These complex systems have developed multiple 

levels of compartmentalization. The plasma membrane delimits each cell and 

defines the boundary between its external environment. The organelles of 

eukaryotic cells where different functions are organized in different 

compartments are delimited by biomembranes. In complex multicellular 

organisms there are other levels of compartmentalization, namely the 

epithelium, delimiting the living being from its exterior, and the endothelium, 

delimiting the different tissues and organs. Biomembranes are the structures 
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responsible for delineating the distinct compartments, as a single membrane in 

the case of delimiting cells and intracellular organelles, and as a monolayer of 

cells in the case of endothelia and epithelia.  

 Drugs are administered by different routes: oral, intravenous, transdermal, 

intramuscular, inhalation, sublingual and topical. With very few exceptions, 

drugs must permeate biological membranes before reaching their site of action. 

Oral route is usually the most preferred way to administer drugs because of its 

high levels of patient acceptance and long-term compliance. For a successful oral 

therapy, after the intake, a drug must reach the bloodstream, from where it can 

be distributed to the tissues and reach its site of action for the desired therapeutic 

effect. The extent to which an administered dose reaches unchanged to the 

systemic circulation is defined as its oral bioavailability. This PK property is 

mathematically defined by Equation I.1:  

𝐹 =  𝐹𝑎 ∙ 𝐹𝑔 ∙ 𝐹ℎ I.1 

where 𝐹 is the oral bioavailability, 𝐹𝑎 is the fraction of the dose that is absorbed, 

𝐹𝑔 and 𝐹ℎ are the fraction of the dose that escapes as a result of metabolism by the 

gut and/or liver, respectively [6]. The primary barrier towards good 

bioavailability of drugs is absorption. The process of absorption occurs mostly at 

the gastrointestinal tract and requires transport through the membrane of 

enterocytes in the intestinal epithelium. The rate of absorption of a drug can be 

expressed applying the Fick´s first law, Equation I.2: 

𝐽 =  𝑃𝑒𝑓𝑓 ∙ 𝐶 ∙ 𝑆𝐴 I.2 

where 𝐽 is the mass transport across the barrier per unit time and surface area 

(mass/cm2/s), 𝑃𝑒𝑓𝑓  is the effective permeability coefficient (cm/s), ∆𝐶 is the 

concentration gradient at both sides of the barrier, which depends on the amount 

of drug solubilized in the intestinal luminal fluid (mass/cm3) and 𝑆𝐴 is the 

intestinal surface area available for transport (cm2) [6]. This equation highlights 

the drugs’ physicochemical properties that influence the most its oral absorption, 

namely their aqueous solubility and permeability.  

 Along with being a pre-requisite for good oral absorption, the permeability 

is crucial for the distribution of the drug towards the pharmaceutical target 

organs (e.g., tumors, central nervous system) and cells. Also, the route for drug 
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excretion that includes elimination and reabsorption involves crossing multiple 

tissue and cells layers at the liver and kidney, respectively. Hence, the 

permeability of a drug shapes its ADME behavior in the body by affecting not 

only its absorption but also its distribution, and excretion [7].  

 Accordingly, the evaluation of the permeability of NCEs through biological 

membranes is fundamental in ADME profiling during drug discovery.  

I.3 – Mechanisms of drug´s permeation through biological 

membranes 

 Biological membranes form the thin (~5 nm) boundaries of cell and internal 

organelles by separating the aqueous compartments. The basic structure of the 

membranes is a two-dimensional bilayer of phospholipid molecules that self-

assemble with their hydrophilic heads oriented towards the outer surfaces of the 

bilayer in contact with the water, and the inside being composed of the 

hydrophobic chains. Proteins are also present in biomembranes, inserted into or 

adsorbed to this lipid matrix, as well as cholesterol and carbohydrates 

(glycoproteins and glycolipids). Different cell membranes throughout the body 

contain a distinct composition of lipids and proteins that confer them distinct 

structural, metabolic and functional properties. Despite these differences, they all 

serve as highly selective permeability barriers controlling which molecules enter 

and leave [8]. The biological barriers that are more important in drug ADME are 

the epithelial and endothelial cell monolayers lining the intestinal tract and blood 

capillaries, respectively. 

 Drugs permeate across a cell monolayer by several mechanisms, as shown 

in Figure I.1. These pathways are distinct, and the molecular properties of the 

drug that influence its transport by these routes are also different and will be 

discussed herein [7,9,10]. 
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Figure I. 1 Mechanisms of drugs permeation through a cell monolayer, exemplified for 

the case of the intestinal epithelium. (1) Passive diffusion occurs through the cell’s 

membrane (inset) or via the paracellular pathway between adjacent cells; (2) Carrier-

mediated transport occurs for molecules that are recognized by transport proteins at the 

membrane. Depending on the direction of the transport, it may enhance (identified as 

Influx) or reduce (identified as Efflux) the cellular uptake of molecules; (3) Transcytosis 

occurs when large volumes of the aqueous medium outside the cell monolayer are 

moved through the cell inside of vesicles. This figure was produced in Microsoft 

PowerPoint using Servier Medical Art templates licensed under a Creative Commons 

Attribution 3.0 Unported License (https://smart.servier.com). 

(1) Passive diffusion 

 This mechanism defines the movement of molecules in response to their 

concentration gradient between the water regions on both sides of the barrier. 

This transport may occur by two pathways - either the solute moves though the 

cell (transcellular transport) or passes though the spaces between adjacent cells 

(paracellular transport). 

 To cross cell membranes, the molecule partitions into the outer lipid leaflet 

of the bilayer and depending on the molecule structural features it diffuses or 
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translocate (flip-flop) from the outer to the inner lipid leaflet. From there, the 

molecule equilibrates with the aqueous media inside the cell, thus permeating 

the cell cytoplasmic membrane [11]. In the case of permeation through cell 

monolayers, the molecule has to permeate through both the apical and the 

basolateral side of the cell monolayer. This may be done via the cell cytoplasm 

(fully permeating both membrane sides), or may occur by lateral diffusion in the 

cytoplasmic membrane to reach the other side without partitioning into the 

cytoplasm. In the case of tight cell monolayers, the outer leaflet of the cytoplasmic 

membrane of adjacent cells is connected by tight junctions that hinders the 

diffusion of membrane material between the apical and basolateral sides. 

Molecules may nevertheless equilibrate between both membrane sides by lateral 

diffusion in the membrane inner leaflet where the barrier imposed by the tight 

junctions is much less effective [12]. 

 Lipophilicity is a property that reflects the affinity for the whole 

membranes. These supramolecular aggregates are, however, very 

heterogeneous, with a polar membrane/water interface and a highly 

hydrophobic center. While polar molecules may associate efficiently with the 

polar membrane interface, the solubility of the molecule in the non-polar center 

is the major determinant of permeation through lipid membranes. Therefore, 

molecules with a lower polarity are expected to show a higher permeability [13]. 

In practice, lipophilicity is usually characterized by the logarithm of the partition 

coefficient of a molecule between a lipidic phase (e.g., octanol) and an aqueous 

phase, defined as LogP for the partition of the neutral form of the molecule, or 

by the distribution coefficient of all species of the molecule that exist at a certain 

pH (LogD). 

 In current models for membrane permeation, it is assumed that the 

permeating molecule diffuses through the non-polar center of the lipid bilayer. 

In this respect, because larger solutes (with higher molecular weights, MW) have 

lower diffusion coefficients they are expected to permeate slower through the 

membranes.  

 In the case of molecules with ionizable groups, changes in their ionization 

state will also influence the rate of permeation, as uncharged species are usually 

more permeable. The charge state of a molecule depends on the environment pH 

value (at the aqueous medium and membrane surface) and on the pKa values of 

their ionizable groups (acid/base character). 
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 The passive diffusion is also responsible for the passage of solutes with 

tendency to follow the water extracellular route. This is most relevant in the case 

of solutes with high hydrophilicity and low MW (e.g., <200 Da for intestine) [7]. 

The membranes of adjacent cells are continuously connected by lateral strands of 

membrane proteins called tight junctions (zonula occludens and claudins). They 

form narrow pores filled with water that restricts the transport of molecules on 

the basis of their size. Additionally, this paracellular space presents a negative 

electrostatic potential due to the negatively charged residues of tight junction 

proteins, which favor the transport of cations [14].  

The permeation through the paracellular route is usually less efficient than 

through transcellular routes because of the much lower surface area of the 

paracellular space compared to the membrane surface area. In the case of the 

intestinal epithelia, the paracellular space represents only 0.01 to 0.1% of the total 

surface area [9]. This is even smaller in the case of tight endothelia such as the 

Blood-brain barrier (BBB), and is significantly larger for fenestrated and/or 

sinusoidal endothelia such as those found in the liver [7]. 

(2) Carrier-mediated transport 

 This mechanism defines the translocation of molecules across membranes 

using specialized proteins embedded in the lipid bilayer for which the molecules 

are ligands. The transport starts with the binding of the molecule to the carrier 

site that is facing one side of the membrane. The carrier undergoes a 

conformational change, which lead to the exposure of the substrate-binding site 

to the opposite side of the membrane. Finally, the molecule dissociates from the 

transporter and is released. The carrier proteins can be localized in the apical and 

basolateral side of the cell monolayer leading to transport through the cell 

monolayer, or be located only in one of the sides leading to transport into the cell 

(influx) or out of the cell (efflux).  

 The uptake or influx transport is responsible for enhancing the permeation 

of compounds that are too polar to permeate via passive transcellular diffusion 

(polar nutrients e.g., amino acids, glucose, and some drugs). Such transport 

process is denominated as active if it requires energy consumption, directly or 

indirectly by adenosine triphosphate (ATP) hydrolysis. In this case, the transport 



 

 

General introduction 

10 

may be done against a concentration gradient. When is not energy driven, it is 

defined as a facilitated diffusion transport. In addition to its direction down a 

concentration gradient, transport through this pathway is generally regulated by 

other factors. For example, transporters that facilitate glucose transport in 

mammalian cells are regulated by insulin and other hormones, whose signaling 

promotes glucose uptake into cells [15]. 

 In contrast to the carrier-mediated uptake, efflux proteins actively pump 

out molecules from the inside to the outside of cells, thus reducing their 

concentration in the cells and consequently their effective transcellular flux. The 

most studied and well-known efflux transporters belong to the ATP binding 

cassette (ABC) family, which includes the P-glycoprotein (P-gp) encoded by the 

Multi-drug Resistance (MDR1) gene. The apical surface of capillary endothelial 

cells in the brain is among the human endothelial cells with the highest 

expression of P-gp. It was also found that P-gp is significantly expressed in the 

apical membrane of epithelial cells with secretory/excretory functions, such as 

colon, jejunum, kidney, liver and pancreas [16]. Thus, the localization and 

function of P-gp may suggest that these transporter acts to keep harmful 

xenobiotics out of the body by facilitating their excretion and thereby preventing 

the accumulation of such substances in critical organs such as the brain [17]. P–gp 

exhibits a very broad substrate specificity, interacting with molecules with a wide 

range of structural properties. Hydrophobicity is known to play an important 

role in the interaction of molecules with the P-gp binding site, with moderate to 

high lipophilicity being required. This suggests that P-gp binding site is 

preferentially accessed by ligands associated with the lipid bilayer [18,19]. A 

striking observation is that ligands with moderate lipophilicity are substrates of 

P-gp, while very lipophilic molecules usually behave as P-gp inhibitors [20-22]. 

This behavior may be interpreted has competition by the lipid membrane and P-

gp for ligand binding, and the higher polarity of P-gp’s binding pocket when 

compared with the lipid bilayer. Additionally, amphiphilic ligands with a high 

global lipophilicity may bind simultaneously to the lipid membrane and P-gp, 

hindering the conformational transitions required for P-gp’s transport activity 

[23].  

 Unlike passive transport, the carrier-mediated process is saturable. This 

occurs when the carrier protein is faced with a high ligand concentration such 

that the total ligand molecules exceed the number of binding sites available for 
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transport. Consequently, the transport rate of the carrier will be maximal. Other 

differences of these mechanism are the stereospecificity (e.g., L-glucose and D-

glucose) and the existence of competition, since molecules with similar structures 

can compete for the binding site (e.g., D-glucose and D-galactose). 

(3) Transcytosis 

 This mechanism defines the cellular internalization and trafficking process 

of a molecule associated with membrane vesicles. The overall process involves 

the formation of endocytic vesicles on one side of the cell monolayer, vesicle 

transport through the cell, and their exocytosis on the opposite side.  In 

endocytosis, the cell membrane folds onto itself to engulf portions of the 

extracellular fluids into intracellular membrane vesicles. The fate of the vesicles 

depends on their properties and on the endocytotic mechanism, fusing with 

lysosomes for the digestion of molecules present in the engulfed extracellular 

fluid, with the cell endoplasmic reticulum, or being transported through the cell 

towards the other side [24-27]. The later leads to transcytosis, with the final step 

being the fusion of the vesicle with the target membrane and the release of the 

cargo on the other side of cell by exocytosis. This is a significant route for the 

uptake of large macromolecules, such as proteins and peptides (> 1kDa) that are 

too large for passive diffusion or carried-mediated transport. Transcytosis is an 

energy requiring transport. The step of endocytosis may be driven by two 

pathways: non-specific adsorption to the membrane surface (adsorptive-

mediated); or specific interaction with membrane proteins (receptor-mediated). 

Large plasma proteins, such as albumin are poorly transported through 

membranes, but cationization can increase their uptake by adsorptive-mediated 

endocytosis [28]. Among the common macromolecules that cells internalized by 

receptor-mediated transcytosis are transferrin [29] and low-density lipoproteins 

[30].  

 

 It is generally accepted that passive diffusion is the major route of 

membrane permeation for low molecular weight drugs. However, there is ample 

evidence that both the transcellular diffusion and carrier mediated are relevant 

for permeation [7,10,31]. The extent of contributions from each process to the 

transport depends on the properties of the drugs and biological membranes. For 
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example, the transport of a drug by active efflux will not lead to a significant 

decrease in drug’s net transport if passive permeation occurs faster than active 

efflux [31]. Also, due to the saturation behavior of carrier-mediated transport 

systems, the relative contribution of passive and active transport will depend on 

drug’s concentration. 

 Drugs based on nucleic acids, as well as proteins and peptides, are 

emerging as future therapeutics for the treatment of several diseases, such as 

cancer and Parkinson [32,33]. For the delivery of these macromolecular drugs into 

cells, transcytosis is the most relevant route. Growing research has been 

undertaken to explore the use of endogenous receptors (e.g. transferrin) as 

targets to enhance the delivery of these therapeutics [34].  

 Within the scope of the work developed for this dissertation, in the 

following sections only the case of small molecules (<~1kDa) will be considered. 

I.4 – The need to quantitatively predict the permeability of NCEs 

from its chemical structure 

 The constant demand for more effective drugs by the pharmaceutical 

market has resulted in an exponential increase in the number of NCEs generated 

at the early stage of drug discovery. The use of combinatorial chemical synthesis 

and high-throughput screening (HTS) technologies is having some impact on 

this, since once a promising molecule has been identified, larger series of 

molecules can be designed and synthetized. However, this scaling up in the order 

of thousands of NCEs have also increased the amount of experimental 

permeability in vitro and in vivo tests that need to be performed. Besides 

multiplying the costs involved, the many design-synthesize-test cycles can 

significantly slowdowns the discovery process. This have raised the need to 

create tools capable of screen virtually the permeability properties of NCEs even 

before being synthetized [35,36]. At this stage, computational tools (in silico) are 

the only option to get this information. To be able to generate such predictive 

models, it is necessary to know what are the rules that governed the permeation 

behavior of the molecules. It is the chemical structure of a molecule that 

determines its physicochemical properties such as lipophilicity, which in turn 

directly affect its ADME profile in the body. Hence, the most relevant molecular 
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properties to be used to predict permeability are those that can be readily 

determined based on the chemical structure. 

 The first effort to identify relevant molecular structural features, also 

known as molecular descriptors, and correlate them to oral bioavailability was 

pioneered by Lipinski and coworkers in 1970 [37]. In doing so, the authors created 

a model based on simple rules related with easily calculated molecular 

descriptors, well-known as Lipinski’s rule of 5. According to those rules, poor 

absorption and permeability are more likely to occur when molecules fulfill two 

or more of the following criteria: MW > 500 Da; water-octanol partition coefficient 

(LogP) > 5, number of hydrogen bond donors (sum of O-Hs and N-Hs) > 5, and 

number of hydrogen bond acceptors (sum of N and O atoms) > 10. Those simple 

rules have been very useful in the screening of libraries of compounds. It should, 

however, be noted that they are a qualitative predictor of whether oral absorption 

is good or bad. Furthermore, there are exceptions to these rules. Several 

molecules with structural features outside the limits of rule parameters are 

absorbed after oral administration (e.g. several antibiotics) [31].  

 Alongside with the continuous increase of computing power and growth of 

experimental data for many compounds, in silico modelling has evolved into 

more robust approaches aimed at quantitatively predicting the permeability. 

Several mathematical rules denominated quantitative structure-property 

relationships (QSPRs) were attempted to relate the molecular structure of 

compounds with their properties [38]. The attractiveness of this strategy is 

undisputable. The property’s values of new compounds could be predicted, even 

those not synthetized or experimentally measured.  

 But what are the expectations of a QSPR model applied in early discovery? 

This in silico tool will facilitate the drug discovery process in two ways. First, at 

the design stage of NCEs and compound libraries. Having the ability to predict 

the effect of a given structural modification on permeability, these in silico models 

can be used to guide the rational design of molecules with improved properties 

from the beginning of the process. Also, smaller and more focused combinatorial 

libraries can be created to contain subsets of molecules with desirable properties 

and structural diversity. Second, to optimize the screening and testing of NCEs. 

By filtering the molecules, the QSPRs models can lead to a rational selection of 

the most promising compounds for synthesis and enables the prioritization of 

the molecules that are tested both in vitro and in vivo [36].  



 

 

General introduction 

14 

 QSPRs models are not the only approach to predict ADME properties using 

in silico tools. Today, great emphasis has been placed on the application of more 

complex methods that use artificial intelligence (AI) tecnhiques, namely machine 

learning to generate predictive models of properties through the use of molecular 

descriptors. These AI-based models analyzed large volumes of data to identify 

patterns and relationships in the data [39]. As for their performance, the models 

can predict the property impressively. However, the interpretation of the 

structural characteristics of the molecules that determine the property is not yet 

possible using these models. This makes them a kind of “black box” and makes 

their use difficult to optimize molecules with undesirable properties [40,41]. 

Furthermore, predictions from AI-based models are generally qualitative, either 

a molecule is predicted to pass through the barrier or not [42]. 

I.5 – Construction and performance evaluation of QSPRs models 

for permeability predictions 

 In an ideal application of a QSPR model, the users submit a structure of a 

new molecule as input and the software automatically calculates a numerical 

value for its permeability as output. The main challenge in the construction of 

QSPRs is to find an optimal quantitative relationship that link one or more 

molecular descriptors encoding information on the molecular structures to their 

permeability by employing a mathematical function (F) (Equation 3) [43,44]: 

permeability =  𝐹 (molecular descriptors) I.3 

Hence, the building of a model requires having both quantitative structural 

descriptors that are mostly calculated computationally (or experimentally in 

some cases), and quantitative permeability data, which must always be 

experimentally obtained. Then, the mathematical model fitted from the dataset 

is applied to predict the permeability of new compounds [45]. 

 The permeability dataset of compounds used in QSPRs modeling are 

generally divided into a training set and a test set. The training set is used to 

develop the model. Afterwards, an external test set is used to validate the model 

before its use on predictions for new compounds. The performance accuracy of 

the QSPR model on the test set is crucial for assessing its ability of prediction for 
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external compounds. The model fitting performance is evaluated through 

comparison of the experimental and model prediction permeability values and 

is properly described in terms of regression-based statistic measures. Some of the 

metrics commonly used are the root-mean-squared error (RMSE) and coefficient 

of determination (r2) calculated on training and test set according to Equations 

I.4 and I.5, respectively [45-47]: 

where �̂�𝑖 is the predicted permeability value for the ith test compound; 𝑦𝑖 is the 

observed value; �̅�𝑖 is the average and n the total number of compounds in the set 

. The RMSE measures the error associated with the model’s predictions. Larger 

RMSE values reflect a lower ability of the model to accurately predict the 

permeability. The 𝑅2 measures the deviation between the observed values and 

the best fit values. R2 values ranges from 0 to 1and the closer the R2values are to 

unity, the better is the model predictions. 

 

 The accuracy of the model prediction is strongly dependent on the quality 

of the dataset used in the training and validation steps [38]. Thus, the process of 

selection of only high quality experimental data is a first key step for developing 

more robust QSPRs models. The quality of a dataset is assessed by at least three 

factors: diversity, size, and accuracy [48].  

 The structural diversity of a dataset is often analyzed within the concept of 

chemical space. Chemical space describes the set of all possible molecular 

structures and is estimated to contain more than 1060 molecules below 500 Da. 

Even the set of all organic compounds ever synthetized number up to 108 [49]. 

The concept of chemical space also refers to the property spaces in which these 

molecules are placed. In such spaces, the dimensions are defined by molecular 

descriptors and each molecule is assigned at the coordinates corresponding to 

the numerical values of its descriptors. The distance between two molecules 

measures their similarity. Thus, the diversity of the data can be assessed by the 

way molecules are distributed in this property space (e.g. Tanimoto similarity 

RMSE =   √
∑ (𝑦�̂�

𝑛
𝑖=1 − 𝑦𝑖)2

𝑛
 I.4 

𝑅2 =   1 −
∑ (𝑦�̂�

𝑛
𝑖=1 − 𝑦𝑖)2

∑ (�̅�𝑖
𝑛
𝑖=1 − 𝑦𝑖)
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index) [49]. In practice, this leads to the existence of homogenous and diverse 

compounds sets. It is generally accepted that QSPRs models can only make 

reliable predictions for molecules contained in a very similar chemical space to 

those of the training set, defined as its applicability domain [50-52]. Because of 

that, the applicability of QSPRs developed on homogeneous datasets is limited 

to a particular subset of the structural space. The construction of models with 

heterogeneous datasets might find wider applicability in the prediction of more 

structurally diverse molecules. However, high diversity datasets imply a broad 

coverage of the chemical space, and for that larger data sizes are required. 

 The incorporation of large datasets in QSPRs modeling is also important to 

avoid overfitting. When the input training set is too small, it does not give 

sufficient information for the model generalization to new data, and the model is 

incapable of make predictions for molecules that are different from the training 

set [52]. Additionally, large quantities of data are necessary to ensure that after 

developing the model, a sufficient large number of new data is still available to 

be used for external validation [51].  

 The datasets used for QSPRs modeling are generated by experimental 

researchers and available in public databases and literature works. The collection 

of accurate and consistent permeability values is essential to obtain reliable 

datasets. Such data should have low experimental errors, and ideally should be 

measured under the same or identical experimental conditions, especially when 

compiled from a variety of sources [48]. Most of the quantitative experimental 

permeability measurements are obtained from in vivo and in vitro assays.  

 

 In addition to the availability of quality datasets, the accuracy of QSPRs 

models also depends on the property being modeled. Specifically, it is important 

to consider whether a QSPR concerns the prediction of a property that depends 

on just one process or whether it is the result of multiple processes. It is 

reasonable to expect that an accurate QSPR can be constructed for the prediction 

of the partitioning of small molecules into membranes. This will only depend on 

two processes, which are the interactions established between the molecule and 

the two media, aqueous medium and membrane. In relation to permeability 

across membranes, the possibility of arriving at a precise QSPR, capable of 

predicting it, may be more difficult. This arises because permeability can occur 

according to several mechanisms each with several steps which depend 
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differently on the distinct molecular descriptors. For instance, an increase in LogP 

is expected to contribute to an increase in permeability if the step of translocation 

through the membrane non-polar center is the rate limiting step, but contributes 

negatively if the rate limiting step is desorption from the membrane into the 

aqueous medium [12]. When considering the prediction of drug absorption after 

oral administration, it is even more challenging and less likely to arrive at simple 

but accurate QSPR models. This is because drug absorption is a process that 

involves several steps, including drug solubility, stability, and permeation 

through several biological barriers.  

 Many QSPRs have been developed and published over the last decades, 

based on either in vivo or in vitro data. Some examples will be described in the 

next section. 

I.6 – QSPRs derived from in vivo permeability datasets 

 In vivo methods provide the most reliable measurements for assessing 

compound´s permeability. Nevertheless, in vivo data based relationships are 

difficult to establish owing to the many steps and processes involved and the 

complexity of the biological mechanisms. Particularly, permeability through the 

intestinal barrier may occur by several mechanisms, including passive, facilitated 

and active mechanisms. Additionally, the collection of in vivo data is 

experimentally demanding and expensive and thus is limited to only a small 

number of compounds. The dataset is also usually biased towards compounds 

that show the expected properties. As a consequence of their limited size and 

poor representativity, the datasets publicly available generate difficulties in the 

training and validation of reliable models [53]. 

 QSPRs models developed from in vivo datasets of human intestinal 

absorption [54] and oral bioavailability [55] can be found in literature. Klopman et 

al. [54] developed a model using experimental human intestinal absorption 

values obtained for a diverse set of 417 drugs. A correlation with a R2 of 0.79 was 

achieved between the calculated and experimental values for the external dataset 

(n=50). The number of H-bond donors was found to be the most relevant 

molecular descriptor, showing a negative correlation with human intestinal 

absorption. Surprisingly, LogP was not statistically relevant as a descriptor and 

was not included in the model. An important factor to be accounted in this work, 
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is the fact that the dataset used for modeling, although large, was significantly 

biased towards high absorption values. This was due to the existence of little 

experimental data in literature of drugs with low intestinal absorption. 

 In another work, Turner et al. [55] used oral bioavailability data of 159 

structurally diverse drugs to develop a QSPR. A correlation value of 0.72 was 

achieved when the model was applied to the test set (n=10). Among the relevant 

descriptors are LogP, polar surface area, both with a negative contribution, and 

also H-bonding capacity with a positive contribution in the QSPR model. For 

compounds with low oral bioavailability, the values predicted by the model were 

not so accurate. These compounds would either be poorly absorbed or 

metabolized prior to reach the systemic circulation. Enzymatic metabolism is a 

complex and diverse range of processes, therefore compounds with low 

bioavailability in this study may not have been well predicted due to this 

additional complexity. 

 It is important to note that the two studies reached contradictory conclusions 

regarding the relevance of the descriptor LogP. This reflects the diversity and the 

limited size of the dataset considered, as well as the enormous complexity of the 

in vivo systems. To achieve better prediction ability, it is important to use larger 

datasets and simpler systems such as in vitro permeability assays. 

I.7 – QSPRs derived from in vitro permeability datasets  

 In vitro models mimicking the biomembranes barrier properties have been 

introduced to predict in vivo permeation of compounds. They provide a higher 

throughput and cheaper alternative to the in vivo human experiments and 

particularly they offer benefits in terms of ethical considerations. 

There are a high variety of experimental in vitro assays which measure the 

permeability of compounds through artificial lipid membranes and cell 

monolayers. The use of cell monolayers as models for the biological barriers has 

the advantage of capturing much of the complexity of the in vivo membrane 

permeation processes, rather than account for only the interaction of the molecule 

with the lipid bilayer. This complexity reflects the high similarity in cell 

morphology and the barrier to be model, the expression of tight junctions and 

various membrane transport systems as well as metabolic enzymes [56]. 
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 Cell-based models are mainly composed of immortalized cells with an 

intrinsic ability to grow into confluent monolayers and initiate spontaneous 

differentiation when seeded onto permeable membranes, such is the case of 

TranswellTM inserts. This apparatus consists of a polymer membrane of ≈10 µm 

in thickness that contains a high density of pores [57]. The inserts are fitted into 

the wells of a culture plate, dividing the system into two compartments: the 

apical side (insert) and the basolateral side (well), simulating respectively the 

intestinal lumen and blood circulation in the case of cell monolayers 

representative of the intestinal epithelium, as schematically represented in Figure 

I.2-A. The microporous membrane allows the exchange of culture medium 

components and small molecules while prevents the migration of cells between 

the two compartments. Furthermore, the configuration of such inserts is practical 

to perform assays to measure the permeation of compounds across the cell 

monolayer. The transport can be measured in two directions: from the apical to 

the basolateral compartment and from the basolateral to the apical compartment 

(Figure I.2-B). The test compound dissolved in transport medium is added to one 

of the sides of the cell monolayer (donor compartment) and after incubation for 

various time intervals, aliquots of the solution in the opposite side are taken 

(receiver compartment). The amount of compound in both sides is usually 

quantified by liquid chromatography (Figure I.2-C). Measuring the rate of 

transport (∆𝑄𝐴 ∆𝑡⁄ , mol/time) of a compound across a defined surface area of the 

barrier (A, cm2) allows the calculation of an apparent permeability coefficient 

(Papp, cm/s), taking into account the amount of compound initially in the donor 

compartment (𝑄0
𝐷, mol), and the volume of this compartment (𝑉𝐷, cm3), Equation 

I.6 [58]: 

𝑃𝑎𝑝𝑝  =  

∆𝑄𝐴

∆𝑡
𝑉𝐷

𝐴 𝑄0
𝐷  I.6 
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Figure I. 2 Schematic representation of the experimental procedure for the use of cell 

monolayers to assess the permeability of compounds, consisting of three major steps: 

cell culture, permeability assay, and data analysis. (A) The cell culture step consists of 

seeding the cells on microporous membranes and allow them to divide to form a 

confluent and differentiated monolayer. (B) In the permeability assay, the flow of the 

test compound through the monolayer is evaluated, which may be done in the apical-to-

basolateral or basolateral-to-apical directions. (C) Lastly, the data analysis step includes 

quantifying the amount of compound in the samples collected from the assay and the 

calculation of the corresponding in vitro Papp. This figure was produced using Microsoft 

PowerPoint. 

The unidirectional assays only inform about the overall permeability. 

Conversely, the assessment of transport in both directions can help to identify if 

some form of active carrier-mediated transport is involved in permeation (efflux 

or influx). If there is a significant difference between the Papp values in both 

directions, this suggest that the compound may be a transporter substrate. 

Additional incubation assays with known inhibitors may then be carried out to 

assess the contribution of a specific transporter [59]. 

 Several cell lines from different tissues or species have been established as 

tools to predict the membrane permeability properties of compounds. The most 

well-characterized and validated cell-based model is the culture of monolayers 

of Caco-2 cells. The popularity of this model comes out from its good 

compromise between relevance and simplicity, and is widely used across the 

pharmaceutical industry and academia [60,61]. For this reason, a large number of 

Papp values for different molecules have been obtained using this model that in 

principle could be used to derive QSPRs. 
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I.7.1 – Caco-2 monolayers 

The Caco-2 cell line was first isolated from a colorectal carcinoma of a 72-

year-old male in 1977. From the beginning of the studies on this cell line, the 

Caco-2 cells showed a spontaneous differentiation pathway when cultured for 

long-term[62]. Despite its colonic epithelial origin, the cells demonstrated a closer 

morphological and functional resemblance to the small intestine enterocytes 

[63,64]. Caco-2 cells display undifferentiated characteristics at the early 3 or 4 days 

of culture. However, after 20-30 days of post-confluence, the Caco-2 cells form a 

monolayer of columnar and polarized cells with brush border microvilli in the 

apical side, villi, formation of domes and tight intercellular junctions [65,66].  

 The tight junction’s formation and integrity is a critical parameter when 

evaluating the cell monolayer barrier properties, as it allows discriminating 

between a well-differentiated and tight barrier and a roughly associated barrier. 

The measurement of the transepithelial electrical resistance (TEER) is a direct 

measure of the resistance to ion flux through the paracellular pathway. This is a 

simple technique that provides information in real time about the ionic 

conductance of the paracellular route and, indirectly, reflects the integrity of the 

cell monolayer. A voltage-measuring electrode pair is placed in each 

compartment of the insert. The resistance measured is then corrected for blank 

filter resistance (cell free filter), multiplied by the filter surface area, and 

expressed in Ω.cm2 [67]. Typically, the Caco-2 monolayers exhibit high TEER 

values (250–2500 Ω.cm2) [68]. In this respect, the monolayers reflect more closely 

their colonic origin than the small intestine (TEER of human jejunum: 34 ± 12 

Ω.cm2 [69] and human colon: 120 ± 43 Ω.cm2 [69] and 119 ± 9 Ω.cm2 [70]; TEER of 

mouse jejunum: 40-70 Ω.cm2 [71] and rat colon: 111 ± 5 Ω.cm2 [70]). It is also 

relevant to note that low TEER values do not necessarily reflect the formation of 

non-confluent cell monolayers, as the high ion conductivity may reflect active 

and/or facilitated ion transport through the cell membranes [72]. 

 A more reliable method to access tight junction´s integrity is through the 

evaluation of the permeability of hydrophilic molecules that are known to 

permeate mainly through the paracellular route. Examples of hydrophilic 

markers used include sodium fluorescein (376 Da), lucifer yellow (444 Da), 

fluorescein-isothiocyanate (FITC)-labeled dextran (MW 4000) as well as 
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radiolabeled mannitol (180 Da). Low Papp values for these specific markers is an 

indication of the presence and integrity of tight junctions in the cell monolayer. 

The obtained Papp values for these markers of paracellular permeability across 

Caco-2 monolayers were reported to be in the order of 10-7 cm/s [73,74]. 

 

Caco-2 monolayers also expressed a variety of transporters that are 

present in various epithelial and endothelial barriers of the body. Intestinal 

transport systems for the uptake of peptides, amino acids, sugars and 

monocarboxylic acids have been identified in these cells. With regard to efflux 

transporters, the most important is P-gp, which was found to be significantly 

expressed in the apical membrane of these cell monolayers [59,75,76].  

Caco-2 monolayers were used for the first time to model human intestinal 

absorption by Hidalgo and co-workers in 1980s [63]. These scientists were 

pioneering on the optimization and characterization of Caco-2 monolayer in 

order to carry out drug permeability assays. In 1990, the potential use of these 

cells in predicting intestinal permeability was first demonstrated by the group of 

Artursson et al. [77]. The Papp values measured across Caco-2 monolayers 

correlated well with the permeability values across rat ileum for most of the 

drugs tested, except for the case of the very hydrophilic drug atenolol that 

showed a relatively slower permeation through the Caco-2 monolayer. At that 

time, this study was a turning point towards the phenomenal explosion of the 

use of Caco-2 permeability assays to evaluate drug absorption after oral 

administration.  

 From the early 1990s, several studies were published in which Caco-2 Papp 

data of compounds with different physicochemical properties were compared 

with the corresponding human absorption fraction. Good correlations between 

in vitro and in vivo values have been obtained, especially for those compounds 

that are transported by passive transcellular route [78-80]. Generally, a sigmoidal 

relationship is obtained between the logarithm of apparent permeability 

(LogPapp) and the extent of human intestinal absorption. Caco-2 model is able to 

categorize the compounds with i) complete absorption in humans when the Papp 

are > 1 x 10-6 cm/s; and ii) absorption < 100% when Papp are < 1 x 10-6 cm/s. 

Compounds with moderate absorption, > 1% but < 100%, lead to Papp between 0.1 

x 10-6 and 1.0 x 10-6 cm/s [58].  
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 As a result of these favorable predictive properties, the Caco-2 permeability 

assay has become a standard in vitro tool to screen compounds for their intestinal 

permeability and oral absorption. It has been, by far, the most used cell model 

for predicting the permeability properties of compounds across biological 

barriers [60,61]. Caco-2 monolayers has also been investigated in comparative 

studies as a surrogate model for a preliminary prediction of BBB permeability 

[81,82]. 

 

 A survey of the literature between the years of 2015 and 2020 shows the 

widespread use of this permeability assay, with 80% of the published studies on 

the evaluation of intestinal absorption using Caco-2 monolayers. During recent 

decades, permeability assays with Caco-2 monolayers have been also used to 

elucidate the transport mechanism of nanosystems designed for oral drug 

delivery [83]. In addition to its well-established application in pharmacology, this 

methodology has currently been extended to a broad range of scientific areas. Of 

particular relevance are the studies related to human nutrition, which account for 

over 30% of the publications. In these area, Caco-2 assays have been used to study 

the absorption mechanisms of bioactive compounds from natural plant extracts 

[84].  

 

 

I.7.2 – How is the performance of QSPRs in predicting Caco-2 Papp values? 

 Although also presenting some complexity, in vitro cell-based systems are 

more focused on a single physicochemical process compared to in vivo models, 

which is membrane permeability. It is expected, therefore, that more predictive 

QSPRs can be developed using in vitro Papp datasets.  

 

 There are various examples of publications in the literature of QSPRs 

studies that aimed at the quantitative prediction of in vitro Papp values established 

with Caco-2 monolayers datasets. The first attempt to find a correlation function 

between Papp values measured across Caco-2 monolayers and simple molecular 

properties appeared in 1996. Waterbeemd et al. [85] used a dataset of 17 drugs 

that varied in their MW and lipophilicity. For this dataset, a good correlation was 
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achieved (R2 = 0.89) considering two molecular descriptors, where a positive 

correlation was obtained with MW, and a negative correlation with the H-

bonding potential. Of particular relevance is the unexpected positive 

contribution of MW to the QSPR equation, which may reflect correlations 

between the MW and lipophilicity for the considered dataset. However, the 

permeability coefficient for the drugs in the dataset did not correlate with the 

MW descriptor alone (R2 = 0.16), not even for a small homologous series of 5 beta-

blockers drugs. One explanation for the lack of correlation may be the narrow 

MW range of analyzed drugs (138 - 398 Da for all drugs and 249 - 267 Da for beta- 

blockers drugs). 

 

 

 Over the last decades, several QSPRs models for Caco-2 permeability 

predictions have been published, applying more sophisticated and 

computationally demanding modeling techniques, a wider range of descriptor 

types and larger datasets. Table I.1 present some examples of developed QSPRs 

approaches during the last 10 years. The analysis of their performances reveals 

large uncertainties (RMSE) in predictions of Papp values of sets of molecules 

independent from the training set. Thus, some caution should be exercised when 

applying any of the models for quantitative predictions, as they can produce 

misleading information regarding the molecule’s ability to permeate biological 

membrane barriers.  

 

 

 Although the more recently constructed QSPRs models have becoming 

more and more sophisticated and use larger and more heterogeneous databases, 

their predictive ability capacity has not been significantly improved relatively to 

the models previously published.  
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Table I. 1 Overview of some examples of in silico contributions to the quantitative 

prediction of Papp values across Caco-2 monolayers. The analyzed research studies were 

published between 2012 and 2022. The information regarding the dataset sizes, the range 

of Papp values of the compounds included in datasets and the relevant procedures related 

to their collection are indicated for each study. The predictive performance of the best 

model obtained in each study is reported for the test set and when applied for an external 

test set. The most relevant molecular descriptors found in each model are also 

summarized. 

Prediction 

model 
Data collection Performance 

Molecular 

descriptors 

 Author, 

 year 

Size of 

training set (tr) 

test set (t) 

external test set (ext-t) 

LogPapp 

range 

Available 

online and 

free 

Data sources Best model Most important 

Sherer et al. 

[86] 

2012  

tr: 15,791 

t: 1536 

ext-t: 313 

[−7.5; −4.3] no 
In house a 

literature publications 

R2t: 0.52 

RMSEt: 0.20 

R2ext-t: 0.41 

RMSEext-t: 0.91 

LogD 

Polar surface area 

H-bond potential 

Singh et al. 

[87] 

2015 

Tr: 508 

t: 70 

ext-t: 100 

[−7.8; −3.4] yes 
> 250 literature 

publications 

RMSEtest: 0.27 

RMSEext-t: 0.24 

Polar surface area 

LogP 

Wang et al. 

[88] 

2016 

tr: 1017 

t: 255 
[−7.8; −3.5] yes 

2 public databases b 

23 literature 

publications 

R2test: 0.81 

RMSEtest: 0.31 

R2ext-t: 0.75 

RMSEext-t: 0.36 

H-bond donors 

Polar volume 

LogP 

Wang and 

Chen [89]  

2020 

tr: 1458 

t: 369 
[−7.9; −3.7] yes 

1 public database c 

Literature 

publications of Wang 

et al. 2016 

 R2test: 0.76 

RMSEtest: 0.39 
H-bond potential 

a Proprietary Papp data was obtained across different cell lines in the pharmaceutical Merck databases. The majority 

of Papp data was from LLC-PK1 cell line, which is a renal epithelial cell line derived from porcine kidney cells. The 

external test set include only Caco-2 Papp values gathered from literature.  
b ChEMBL (https://www.ebi.ac.uk/chembl) and online chemical data set (https://ochem.eu/) public database  
c ChEMBL public database 

I.7.3 – How Caco-2 Papp data is selected and compiled to construct the QSPRs 

models 

 The procedures related with the collection of Papp experimental data are 

crucial to ensure data quality for the development of more robust QSPRs models. 

Regarding the reported models in Table I.1, with the exception of the dataset used 

by Sherer at al. [86] that comprises a huge amount of in-house/proprietary data 
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and some public data, in all the other studies the dataset was collected from 

public sources and is available online. The utilization of large public datasets 

implies that its collection had been made from more than one source. This way 

of compiling Papp data is particularly problematic because it introduces 

interlaboratory variability into the correlations derived from these datasets. This 

is due to the existence of variability in Caco-2 Papp values for the same compound 

when they are measured in different laboratories and sometimes even in the 

same laboratory. The variability factor is a recognized limitation of the Caco-2 

permeability assays, and issues related with that have been addressed since 1990s 

[90-92]. Sherer et al. [86] performed a detailed analysis of the variation in Papp values 

for the same compound that was measured twice on separate dates. The authors 

obtained a R2 =0.66 for the two Papp datasets. In point of fact, the low accuracy of 

their QSPR model (R2 =0.52) is in agreement with the experimental uncertainty 

of the Papp values from which the model was obtained. 

 

 In the process of selecting the Papp dataset to construct the model, some 

authors have explained their criteria when they were confronted with different 

reported Papp values for the same molecule. Wang and Chen [89] described that 

when the Papp values were not significantly different, their arithmetic mean was 

considered as the final value to be included in the dataset. When they found large 

differences in the Papp values, the data for this molecule was eliminated from the 

final dataset.  

 The selection of particular Papp measurements from multiple studies will 

tend to minimize the variability and increase the accuracy of the QSPR approach. 

But it has also a drawback, which is the potential bias that can be introduced into 

the correlations obtained. If applied to compound datasets obtained using the 

same procedures, the correlations tend to work well. Limitations for these models 

are likely to arise, however, if the biased correlations are extended to compound 

datasets obtained by different procedures. This precludes the use of this data to 

develop QSPRs that may be reliably applied [93]. The alternative is using 

experimental Papp values that are consistent across different research groups and 

available to the public in a database that represents a physicochemical 

permeability space as large as possible. 

 



 

 27 

Chapter I 

 The collection of quantitative Papp data for permeation across Caco-2 

monolayers can be performed from internal databases of pharmaceutical 

companies or literature sources as well as from commercial and publicly 

accessible data compilations. Sherer et al. [86] developed a QSPR model using the 

most extensive dataset ever reported, including over 15,700 Papp values of 

compounds. Unfortunately, the permeability data belongs to a big 

pharmaceutical company and is not available to the scientific community, 

limiting its use for additional QSPRs studies. The literature is considered the 

primary source for collection of Caco-2 Papp values. Yet, building a large enough 

dataset to be used for in silico applications from literature sources requires a 

significant investment of time and effort. The amount of available data is sparsely 

published throughout a large number of journals articles, and it is usually 

demanding to manually search and extract information since each article needs 

to be considered on its own. For that reason, compilations and reviews of 

literature data already published are a much more convenient source of Caco-2 

assay data, in particular that ones that were compiled by experts in the field and 

include primary reference for all data [94].  

 In an attempt to assist the construction of QSPRs by providing easy, free, 

and open access to the literature information, a variety of publicly available 

databases have been developed on the Web. The databases PerMM [95] 

(Permeability of Molecules across Membranes, 2019) and MolMeDB [96] 

(Molecules on Membranes Database, 2019) are the most recent efforts towards 

the compilation of experimental Caco-2 Papp data extracted from literature 

studies. The comparison between the two databases is present in Table I.2. 

The PerMM (https://permm.phar.umich.edu/membrane_systems/9) 

database contains a set of 186 molecules with experimentally determined 

permeability coefficients for assays performed in Caco-2 monolayers. The 

molecules are divided into different chemical classes (organic acids, alkaloids, 

etc.) and groups with different ionization properties (neutral, bases, etc.). The 

permeability values were collected from a compilation of measurements 

published in a book chapter written by Alex Avdeef (2012) [97]. Published studies 

by this author investigating the membrane permeability of compounds are 

highly cited according to the platform Web of Science, and thus it is considered 

skilled in the field. Regarding the data compilated by Avdeef for the database, it 

https://permm.phar.umich.edu/membrane_systems/9
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was first collected from 55 literature studies performed in different laboratories. 

Then, the collected Papp permeability values were pre-treated to correct for all 

non-transcellular effects by removing the contributions of the aqueous boundary 

layer, filter and paracellular permeability. When the values of each permeability 

component could not be determined from the original works, it was necessary to 

calculate estimates for their values.  Finally, the parameter reported for molecules 

in the database is the transcellular permeability coefficient (logPc) at pH 6.5 [95]. 

Note, that the use of this parameter and pH makes the comparison with other 

research experimental data much more difficult. Another disadvantage is that 

the values reported in the chapter book by the author are not directly linked to 

the primary literature reference. Instead, as exemplified for the drug propranolol, 

Avdeef provides nine literature references for the indicated permeability. 

Analyzing all the references cited, it is observed that only six include 

permeability assays across Caco-2 monolayers with the reported Papp values 

varying by almost two orders of magnitude, LogPapp from -5.4 to -3.7 (Table I.2). 

The value considered in the database is -4.2, which is within the range of the 

reported values but does not correspond to any specific result nor to the average 

of all. In addition to the lack of information regarding the source of the data 

selected for inclusion in the database, the corresponding experimental conditions 

of the assay(s) and the corrections introduced are also not available. This 

significantly lowers the confidence in the dataset and limits its use to the specific 

conditions considered.  

The MolMeDB (https://docs.molmedb.upol.cz) database contains 637 

compounds with Caco-2 permeability values. The LogPapp data was obtained 

from in silico methodologies or experimental assays. For some compounds, such 

as propranolol, only data from in silico studies is reported. For some others, the 

reported LogPapp values includes experimental and in silico data and varies by 

several orders of magnitude (e.g., salicylic acid with values from -3.4 to -5.5, Table 

I.2). One positive point of this database is that all entries include the reference to 

the primary source of data. Also, the database can be easily downloaded to give 

access to the parameters in an organized manner. Although this simplifies the 

initial curation of data, a secondary curation is still necessary since the detailed 

description about the experimental conditions of the assays is not documented. 

https://docs.molmedb.upol.cz/
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 Another major problem of the two databases discussed above is their 

relatively small size.  

 For the mentioned reasons, the information available in these databases 

cannot be straightforwardly used for the development of better QSPRs models 

for Caco-2 monolayer permeation.  

Table I. 2 Performance comparison of two online databases containing experimental 

data of drug permeability across Caco-2 monolayers: PerMM and MolMeDB. The 

databases are compared relative to the amount of data, the parameter chosen to report 

permeability, the sources from which the data were collected and the values reported for 

two reference drugs. The level of organization and interpretation of the databases are 

also evaluated.  

Database 
Number of 

compounds 
Parameter Data collection 

Include 

primary 

reference 

Organization 

level after 

download 

Interpretation 

level 

   
Experimental 

work 

In 

silico 

work 

Values 

reported 

for 

Salicylic 

Acid 

Values reported for 

Propranolol 

   

PerMM 

[95] 

2019 

186 aLogPc ✓  -4.57 -4.20  medium hard 

MolMeDB 

[96] 

2019 

637 LogPapp 

✓ 

✓ 

✓ 

✓ 

✓ 

 

 

 

 

 

✓ 

✓ 

✓ 

-5.47 

-4.89 

-4.66 

-4.78 

-4.73 

-4.66 

-4.23 

-3.39 

 

 

 

 

 

 

-4.60 

-4.45 

✓ good easy 

a logPc is the transcellular permeability at pH 6.5. It is extracted from LogPapp values obtained in the assays by removing the 

contributions of the aqueous boundary layer, support filter and paracellular permeability from the Papp term. 

I.8 – Experimental variability of Caco-2 Papp values within-

laboratory and between-laboratories  

 When aiming at quantitative prediction of Caco-2 permeability using 

QSPRs approaches, the variability associated with the Papp data is one of the most 

important issues to be addressed. The experimental variability occurring 
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between laboratories, and even within the same laboratory, is conditioning the 

creation of large and consistent databases of Papp values to be used for in silico 

works. To help understand the impact of this variability on QSPRs modelling 

tasks, it is important to first address its dimension. 

I.8.1 – Assessing the magnitude of variability within laboratories 

In many cases, each laboratory sets up and follows its in-house 

experimental protocols to determine the Papp values of compounds across Caco-2 

monolayers. The protocols are generally optimized and standardized within the 

laboratory, starting at the earliest cell culture procedures to the transport assays 

and data analysis.  

To assess the extent of variability within laboratories, Egan et al [98] 

collected the mean and standard deviation (SD) of Papp values from a set of 

compounds assayed in five randomly selected permeability studies published in 

the literature [58,99-102]. The datasets included compounds with diverse 

physicochemical properties and permeating through distinct pathways. The 

coefficient of variation (%SD) was calculated for the replicate measurements of 

each compound in each publication. The mean of the coefficients of variation 

from the entire dataset in each study varied from 5.6 % to 28.3 % (left side, Table 

I.3). Although there are some differences in the internal variability in each 

laboratory, the coefficients of variation were small or moderate. A direct 

correlation between the number of replicates and the coefficients of variation 

may be observed, suggesting that in some of the studies the number of replicates 

may be insufficient.   

The extent of the variability is evaluated individually for some reference 

compounds included in the datasets (right side, Table I.3). The Papp values of the 

hydrophilic marker mannitol showed variations of 20 to 30 % among assays 

performed in the same laboratory. A smaller internal variability is observed in 

all laboratories for propranolol (4 to 14 %), while for amoxicillin a larger 

variability was observed. These compounds were selected due to the distinct 

permeation pathways, with mannitol permeating paracellularly, propranolol 

permeating transcellularly by passive diffusion, while amoxicillin is a substrate 

of the PepT1 transporter. The distinct internal variability obtained for the three 

compounds suggests that the paracellular pathway and transporter expression 
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can be more sensitive to small variations within a given laboratory. Yazdanian et 

al. [100] carried out 102 permeability assays with mannitol over 22 months in its 

laboratory. The observation that the variability for Papp values of mannitol is 

among the highest, reinforces the concern that in some cases the small variability 

observed is due to an insufficient number of independent replicates.  

Table I. 3 Magnitude of the variability in Caco-2 Papp values obtained in experiments 

carried out in the same laboratory. The five studies analyzed were selected from Egan et 

al. [98]. Coefficient of variation relative to the mean (%SD) for replicates of Papp values 

obtained within a given laboratory. The variability is shown for the entire dataset and 

for some selected reference compounds.  

Study 
All 

compounds 

 
 Mannitol Propranolol Amoxicillin 

 Number  

Replicates 

per 

compound  
%SD b n %SD n %SD n %SD 

Irvine et al. [99] 55 6 28.3 6 33.3 6 11.8 6 47.6 

Yazdanian et al. [100] 51 3-9 a 12.7 102 31.6 6 14.2   

Artursson et al. [58] 20 3 < 10       

Chong et al. [101] 10 3 10.3 3 20.0 3 6.8 3 25.0 

Pade et al. [102] 9 3 5.6 12 20.0 3 4.0   
a with exception of mannitol, that included 102 assays performed over 22 months 

b %SD = 100 × standard deviation/mean  

I.8.2 – Assessing the magnitude of variability between laboratories 

The variability in Papp values measured in different laboratories have been 

highlighted and discussed in several publications. Early in 1996, Artursson et al 

[90], showed that the results obtained for a set of reference compounds in four 

different laboratories, lead to four different sigmodal relationships between 

Caco-2 Papp and the fraction absorbed in humans. The deviation obtained 

between the distinct laboratories reached 1.75 logPapp units, an interval larger 

than the width of the transition between poorly to fully absorbed drugs. This 

inter-laboratory variability has severe consequences in the classification of 

compounds according to their Papp values. More recently, Lee et al. [103] reported 

the quantitative differences found in the Papp values of 10 compounds determined 

in seven distinct laboratories, including that of the authors. The majority of 

compounds analyzed showed variations lower than 10-fold in the Papp values 
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obtained across the independent laboratories. However, variations as high as 30-

fold and 60-fold were found for two of the compounds in the set (propranolol 

and metoprolol, respectively).  

The variability inter-laboratories is not limited to compounds that 

permeate through a specific transport route, in contrast to what was identified in 

the analysis within a given laboratory (Table I.3). This is highlighted in the scatter 

plot constructed from Papp values obtained in 7 distinct laboratories for three 

reference compounds permeating through distinct routes (Figure I.3).  

 

 

Irvine et al. [99] 

Yazdanian et al. 

[100] 

Chong et al. [101] 

Pade et al. [102] 

Grès et al. [78] 
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Figure I. 3 Variability in Caco-2 Papp values obtained in experiments carried out in 7 

different laboratories. The plot includes values for mannitol (a marker for paracellular 

passive permeation), propranolol (a reference drug for transcellular passive 

permeation), and amoxicillin (mainly transported by PepT1). The Papp values were 

taken from the indicated references and plotted using GraphPad version 8.4.2. The 

analyzed studies include those presented in Table I.3 and other studies selected from 

references cited in [103,106]. 

Interestingly, a smaller variability was observed for the paracellular 

marker mannitol, in contrast with the larger variability observed within each 

laboratory. This may reflect the use of mannitol as an internal control for the 

selection of properly formed Caco-2 monolayers, with those monolayers showing 

Papp values outside the expected range being discarded. The Log Papp values for 

mannitol ranged from -0.70 to 0.07, corresponding to a variation of 6-fold in Papp, 

while that of propranolol varied between 0.52 and 2.04, corresponding to a 30-

fold variation in Papp. The largest inter-laboratory variability was observed for 

amoxicillin, with experimental values ranging from -1.68 to 0.26 (85-fold 

variation in Papp). These results show that a direct quantitative comparison of 

inter-laboratory Papp values is very difficult or even impossible. To narrow the 
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inter-laboratory variability and allow the quantitative analysis required for the 

establishment of QSPRs, the sources of variability must be identified and taken 

into account. This is discussed below, in section I.9. 

 

I.9 – Analysis of the sources of variability and their impact on Papp 

values 

 The Caco-2 model has been the focus of several studies addressing the 

probable causes of variability for permeability data obtained within and between 

laboratories [75,92,107,108]. The factors encountered to explain the variability were 

mainly of two types: (i) heterogeneity of the Caco-2 cell line and (ii) variations in 

protocols followed for cell culture and permeability assays.  

 The most common sources of variability and their impact on permeability 

values are analyzed in greater depth in the following sections. To facilitate the 

analysis, the sources of variability for the two main phases of the Caco-2 assays, 

cell culture and the permeability experiments, are analyzed separately. For each 

aspect, the analysis is conducted in two steps. In the first stage, a global analysis 

of several protocols from the literature is carried out to identify the most relevant 

experimental factors that may contribute to variability. In the second stage, a 

detailed analysis is carried out for each of the experimental variables identified 

in the previous step regarding their variation in the protocols and their impact 

on Papp values.  

I.9.1 – Sources of variability related to cell culture  

 To better identify the differences in the methodologies followed to grow 

Caco-2 monolayers, a literature survey of Caco-2 permeability studies published 

between 2015 and 2020 was carried out, yielding a total of 221 works. These 

works were thoroughly reviewed to extract the information on the experimental 

procedures followed during the culture of Caco-2 cells pre- and post-seeding on 

TranswellsTM. The outcome of this global analysis is summarized in Table I.4. 

Based on variations in experimental conditions between protocols, it is possible 

to identify the most relevant factors that could be potential causes of variability.  
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Table I. 4 Analysis of the experimental factors related with cell culture that are potential 

causes of variability in Caco-2 permeability data, obtained from a survey of the literature 

published between 2015 and 2020 (221 papers) The distinct experimental variables 

identified and their frequency is shown, as well as some of the cell properties that may 

be affected.  

Variability sources Experimental variables Effect on cell properties 

Cell supplier 

ATCC 48 % 

selection of subclones  

[109,110] 

ECACC 10 % 

China 10 % 

NCSS 5 % 

DSMZ 3 % 

other cell banks or labs 7 % 

not described or gift 17 % 

Passage number 

Low (5-70) 44 % proliferation rate and selection of 

subclones [111-114], 

morphology [112,113], 

differentiation [111,113], 

transporters [111,112], 

enzymatic activity [111,113,114] 

High (70-120) 3 % 

not described 53 % 

Interval of passages 

Without interval 11 % 

1-10 56 % 

>10 33 % 

Seeding density 

(cells/cm2) 

(0.4-9) x 104 30 % proliferation rate,  

time to reach confluency,  

morphology, 

differentiation,  

expression of transporters [115] 

(0.1-1) x 106 41 % 

Not described 29 % 

Days post seeding 

0-7 4% morphology and  

differentiation [115],  

expression of transporters [115,116]  

 

7-20 17% 

21-28 74% 

Not described 5% 

Membrane diameter 

(mm) 

24 13% 

differentiation [117] 

12 41% 

6.5 34% 

4.3 2% 

Not described 10% 

ATCC: American Type Culture Collection; ECACC: European Collection of Authenticated Cell Cultures - UK; 

NCSS: National Centre for Cell Science - India; DSMZ: German Collection of Microorganisms and Cell Cultures 

GmbH – Germany; China: include several cell banks and institutes.  

 To evaluate the impact of each variable on the measured permeability, the 

Papp values obtained under the distinct experimental conditions were compared. 

A quantitative analysis can only be done when systematic studies were 

performed where the variable under evaluation is the only change in the 

protocol. Whenever this information exists, this analysis was performed for 

compounds permeating through distinct pathways. The results obtained from 

this systematic analysis are collected in Table I.5.  The effect of the variables 
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identified in Tables I.4 and I.5 are discussed in detail in the following sub-

sections.  

Table I. 5 Analysis of the impact of several sources of variability related with cell culture 

protocols (pre- and post-seeding in the TranswellTM inserts) on the Papp values across 

Caco-2 monolayers. For each variable evaluated, the permeability assays were carried 

out by the same research group and that experimental condition was the only change in 

the protocol.  

Non-bold compounds permeate by passive diffusion, mostly transcellular. Bold compounds permeate through the paracellular 

pathway. Bold italic compounds are known substrates of transporters (peptide transporter PepT1 or P-gp).  

The symbols - and + indicate the absence or presence of glutamine. 

The numbers in bold indicate statistically significant differences with at least one of the conditions in the variable analyzed, from the 

statistical analysis performed in the respective reference.  

Compound  

Papp (10-6 cm/s) A →B 
Variability sources 

Reference 

 Cell supplier  

 ATCC DKFZ a    

Mannitol  5.23 ± 0.24 0.187 ± 0.007   
Walter and Kissel [109] 

Acetylsalicylic acid  20.6 ± 0.7 22.7 ± 1.3   

Cephradine  1.36 1.45   Behrens et al. [110] 

 Culture media composition  

 5.5 mM Glucose  25 mM Glucose - glutamine + 0.6mM glutamine  

Mannitol 

0.43 ± 0.05 0.71 ± 0.01   D´Souza et al. [118] 

  3.9 1.0 DeMarco et al. [119] 

  - serum + 10% (v/v) serum  

  3.0 0.87 ± 0.16 Ranaldi et al. [120] 

Hydrocortisone 20.4 ± 0.64 25.2 ± 0.25   
D´Souza et al. [118] 

Digoxin  0.99 ± 0.05 1.27 ± 0.05   

 Passage number  

 Low (28-47) High (93-112)    

Mannitol  
3.4 2.2   Yu et al. [111] 

5 5   
Lu et al. [112] 

Hydrocortisone 40 50   

Progesterone  650 900   
Yu et al. [111] 

Cephradine 9.49±0.47 2.05±0.01   

Glycylsarcosine 8 9   Lu et al. [112] 

 Seeding density (cells/cm2)  

 Low (1x104) Intermediate (6x104) High (1x105)   

FITC-dextran (Mw 4000) 0.07 0.05 0.05  
Behrens et al. [115]  

Cephradine 1.6 2.1 2.5  

 Day post-seeding   
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 7 14 21 28  

FITC-dextran (Mw 4000) 0.05 0.25 0.04  0.02 
Behrens et al. [115] 

Cephradine 1.1 1.3 2.03 ± 0.6 1.8 

Cyclosporin b 8 9 11 18 Hosoya et al. [116] 

 Membrane material and coating   

 PC PE PET PC+Collagen  

FITC-dextran (Mw 4000) 0.03 0.022 ± 0.0066 0.012 ± 0.0038 0.05 Behrens et al. [115] 

Mannitol 22.1 ± 0.09  7.44 ± 0.33  Walter and Kissel [109] 

Cephradine 2.0 0.75 0.25 3.79 ± 1.48 Behrens et al. [115] 

 Membrane diameter (mm)   

 
6.5 

(24-well plate) 

12 

(12-well plate) 

24 

(6-well plate) 

  

Mannitol 1.4 ± 0.2 1.3 ± 0.1 0.90 ± 0.1  Markowska et al. [117] 

Propranolol 38.9 ± 1.9 36.6 ± 0.9 24.2 ± 0.3  Markowska et al. [117] 
a DKFZ: German Cancer Research Center b Papp in B →A direction 

I.9.1.1 – Heterogeneity of the Caco-2 cells 

 The Caco-2 cell line is itself a source of variability due to its heterogeneous 

and unstable nature. Their cultures are characterized by the presence of different 

subpopulations of cells. Those changes may occur in the differentiation phase of 

the cell monolayer [65] and even in the stationary phase of growth [107]. The 

inherent heterogeneity of the Caco-2 populations was identified as the source of 

variations in cultures regarding cell morphology [109,110,121], paracellular 

transport across cell monolayers [109,110], enzyme expression [109], and 

transporters expression and function [110,122].  

I.9.1.1.1 – Cell source 

 The variability of the Caco-2 cell characteristics could be related to the cell 

line origin. Cell vials can be purchased from commercial suppliers (cells banks) 

or obtained from cultures developed in other laboratories. Cells from the ATCC 

supplier are the most commonly used (Table I.4).  

 For a comparative study, Walter and Kissel [109] have grown under identical 

culture conditions two different Caco-2 cell lines obtained from the American 

Type Cell Culture (ATCC) and the German Cancer Research Center (DKFZ). 

Dissimilarities between the cells from the two sources were found regarding 
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several parameters, namely in their morphology, density, enzymatic activity, and 

paracellular permeability. Heterogeneity was also observed within the cells from 

each supplier. Caco-2 monolayers obtained from cells acquired to ATCC 

displayed a more heterogenous morphology, exhibiting patches of cells with 

larger and smaller diameter. The Papp values of the paracellular marker mannitol 

varied by 28-fold between the two sources, whereas the Papp values of the highly 

permeable acetylsalicylic acid was similar. Additionally, a follow up study of 

Behrens et al. [110] revealed that ATCC cell monolayers were composed of 

subpopulations with high expression of the peptide transporter PepT1 and 

subpopulations with no expression. Contrarily, the transporter PepT1 was 

homogeneously distributed in monolayers prepared from cells acquired from 

DKFZ. In these cells, PepT1 expression levels were about two times higher than 

in monolayers prepared from ATCC cells.  

I.9.1.2 – Variations in cell culture protocols 

 The heterogeneity of Caco-2 cells and the exposure to selection pressure 

promoted by the respective culture conditions can give rise to different cell 

subpopulations, in a phenomenon referred to as phenotypic drift. Therefore, the 

maintenance of defined and consistent culture conditions has an important role 

in stablishing reproducible experiments with Caco-2 monolayers [75]. 

Unfortunately, many discrepancies in culturing protocols can be identified in the 

literature (Table I.4). The experimental factors that vary often among the 

protocols from distinct laboratories include the culture media composition, cell 

passage number, density at which cells are seeded on inserts, time for 

differentiation of the cell monolayer and the characteristics of the membrane 

supports.  

I.9.1.2.1 – Culture media composition  

 The components included in the culture media can influence the phenotype 

and grow of Caco-2 cells, thus modulating their morphological and functional 

properties such as differentiation, permeability, and transporters activity. 



 

 

General introduction 

38 

 In the study of D’Souza et al. [118], Caco-2 monolayers were cultured in 

media containing physiological (5.5 mM) or high (25 mM) glucose 

concentrations. The authors reported that higher glucose concentrations 

significantly affected the cell´s monolayers integrity and permeability. The cell 

monolayers obtained from cells cultured at 25 mM glucose showed higher Papp 

values for both mannitol (an increase of 65%) and hydrocortisone (an increase of 

24%), which permeate by passive paracellular and transcellular diffusion 

respectively. This reflects a decrease in the cell monolayer tightness (also 

supported by a decrease in TEER), and a decrease in the barrier properties of the 

cells’ membrane (also supported by an increase in the membrane fluidity has 

evaluated by fluorescence anisotropy). In the case of digoxin (a P-gp substrate), 

the Papp values increased by about 20% in both A-B and B-A directions, while the 

efflux ratio was not significantly affected, in agreement with a higher passive 

permeability and no effect on the activity of the efflux transporter. The activity 

of PepT1 on the transport of the peptide Gly-Sar was also shown to be influenced 

by the high concentration of glucose, with a decrease in the maximum transport 

capacity without alterations in the substrate affinity (Table I.5). Collectively, the 

results were interpreted in light of an increased oxidative stress at the higher 

glucose concentrations, which has been shown to influence the barrier properties 

of the cell membranes [123,124], the development of tight junctions [125,126], and 

the properties of some transporters [127].  

 DeMarco et al. [119] removed glutamine from the cells´ monolayer culture 

media, which is known to be an essential nutrient for the maintenance of 

intestinal mucosal integrity, and the result was an increase of the Papp values of 

mannitol. 

 Ranaldi et al. [120] observed that the Papp values of mannitol were higher in 

Caco-2 cells cultured with serum-free medium as compared to serum-

supplemented medium. The deprivation of serum components in the culture 

medium was found to affect the maturation of tight junctions during the 

differentiation period, leading to an increase of the paracellular permeability of 

cell monolayers growing under these conditions. 

 Behrens at al [115] showed that the supplementation of culture media with 

peptone, increased the expression of PepT1 by 1.5 to 2-fold leading to an increase 

in the transport of its substrate cephradine. Although this could be an expected 

result due to the induction of transporter expression when cells are cultured in 
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the presence of a transporter substrate, it is relevant to note that it was not 

observed with the supplementation with other PepT1 substrates such as 

penicillin or streptomycin. 

I.9.1.2.2 – Number of passages 

 It is now well established that Caco-2 cell properties vary as the number of 

passages increase. The explanation for such effect has been ascribed to the 

heterogeneity of Caco-2 populations which have different rates of proliferation. 

The cells population thus become enriched in the subpopulations with faster 

grow which possess different characteristics [111]. 

Due to the propagation of the Caco-2 cell line across laboratories 

worldwide, the stocks of Caco-2 cells may differ by dozens and even hundreds 

in the number of passages. In the publications where this variable is reported, the 

cells have been used in permeability studies at passage numbers from 5 to 120 

(Table I.4). Yu et al. [111] and Lu et al. [112] compared the properties of Caco-2 cells 

from early (28-36 and 35-47) and late passages (93-108 and 87-112). Briske-

Anderson et al. [113] examined cells that were serially passaged 90 times from the 

19 to 109 passage numbers. The three studies reported changes in morphology, 

proliferation, differentiation, and permeability of the cells at different passage 

numbers.  

The most prominent difference regarding the cell’s morphology was the 

detection of regions composed of multiple layers of cells in passage numbers 

above 87, while those at passages between 35 and 47 grew as monolayers [112]. 

However, the grow of multiple cell layers may be also due to other factors since 

the formation of cell monolayers at passages higher than 87 has been shown by 

several authors [128-130]. Furthermore, the cells proliferation rate before reaching 

confluency was found to be higher in cells with higher passage numbers [111-113]. 

An increase in the TEER values of cells at these higher passages was also 

observed by all the authors. At early stages of monolayers culture, the increment 

in TEER values was explained by the faster rate of growth and higher cell density 

of the cells at later passages. Nevertheless, after the confluence was reached, cells 

at higher passages still displayed higher values of TEER [111,112]. At this later 

stage of culture, the TEER is a reflection not only of the cell density but also the 
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integrity of the developed tight junctions. In agreement with this, in the study by 

Yu et al. [111] the increment of TEER values was accompanied by a decrease in 

the paracellular diffusion of mannitol. However, this was not the case in the 

study by Lu et al. [112] where cell passage number increased TEER values but had 

no effect on mannitol permeability. [112] Conflicting evidence among studies has 

also been presented for the influence of cell passage number in carrier-mediated 

transport. The PepT1 activity was tested with the substrate glycylsarcosine, 

which Papp value remained unaltered in late and early passages [112]. Contrarily, 

the Papp value of the PepT1 substrate cephradine was found to diminish 5-fold in 

late passages in a study by Yu et al. [111] (Table I.5). These studies exemplify the 

high variability observed in the results from this assay, and point towards 

contributions from other factors. 

 

Given the variation of the cell’s characteristics with the passage number, 

the use of the same batches of cells is recommended to avoid the selection of sub-

populations and thus reduce cell-to-cell variations. This means that cells with 

close passage numbers should be used for related experiments. Artursson et al. 

[128] recommend using a window of 10 passages, and cells at passage numbers 

from 95 to 105 where recommended to perform the permeability assays. The 

variety in the interval of passage numbers used in several literature studies can 

be seen in Table I.4.  

I.9.1.2.3 – Seeding density 

 The initial density of cells seeded on the membrane support influences the 

time needed to reach cell confluence, which must be attained before cell 

differentiation can occur. Therefore, different seeding densities may result in 

variations in the differentiation stage, even though the monolayers have the same 

age in terms of number of days in culture [107]. The seeding densities reported on 

literature studies may differ by almost 3 orders of magnitude, ranging from 103 

to values up 106 cells/cm2 (Table I.4).  

 Behrens et al. [115] compared the properties of cell monolayers 21 days after 

being seeded at a low, intermediate, and high cell density. The lowest seeding 

density (1x104 cells/cm2) led to thinner cell monolayers which also presented 

alterations on the organization of tight junctions. Multiple cell layers were 
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observed only for the highest seeding density (1x105 cells/cm2). Nevertheless, the 

paracellular permeability remained unaltered between the distinct seeding 

densities as confirmed by the Papp values of FITC-Dextran. An identical result was 

obtained for the carrier-mediated transport of cephradine by PepT1 that was not 

affect by the seeding density, nor was the level of PepT1 expression. However, 

the expression levels of P-gp were significantly higher in the intermediated cell 

density (6x104 cells/cm2) (Table I.5). This was interpreted as a sign of decreased 

cell monolayer differentiation when using too high and too low cell densities. 

I.9.1.2.4 – Days post-seeding on inserts 

 The number of days that Caco-2 cells are allowed to stay in the porous 

membrane support is a crucial parameter in cell differentiation. Already from the 

early studies, it has become clear that at least 21 days after seeding are required 

to obtain a confluent and differentiated cell monolayer for use in transport assays 

[63,65,77]. In fact, this is the most common procedure, that is followed in 74% of 

studies reported in the literature. Nevertheless, in a significant number of 

publications (21%) the permeability assays were performed with cell monolayers 

at less than 21 days after seeding (Table I.4).  

 The time of cell culture in the inserts was shown to influence their 

morphology, differentiation, tightness, and expression of transporters [115,116]. 

 Behrens et al [115] analyzed the cell monolayers properties after 7, 14, 21 and 

28 days post seeding at a density of 6 x104 cells/cm2. Through the visualization of 

actin filaments and nucleus by confocal microscopy, the authors found 

significant changes in cell morphology and cytoskeleton maturation (actin 

staining). During the first two weeks (days 7 and 14), the monolayers were not 

fully differentiated as demonstrated by a thin and flat monolayer with weak actin 

staining and many small nuclei, indicating that a large number of cells are in the 

process of division. On the third week (day 21), they found columnar shaped cells 

with well-established brush border. The paracellular permeability was evaluated 

with FITC-dextran MW 4000, being low at day 7, increasing at day 14, and 

continuously decreased for longer periods reaching the lowest value at day 28. 

The expression levels of PepT1 transporter continuously increased from day 7 

reaching a maximum between the day 21 and 28. Accordingly, the transport of 

its substrate, cephradine also increased with cell monolayer age. In this work it 
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was also shown that P-gp expression levels reached a peak at day 21 and then 

declined at day 28. The effect of day post-seeding on P-gp expression was also 

evaluated by Hosoya et al. [116]. In contrast with the previous study, it is shown 

that P-gp expression is significant along the entire culture period of 27 days, with 

a maximum at day 27. However, the Papp values of the P-gp substrate cyclosporin 

A were enhanced in the B→A direction only after day 17, reaching a maximum 

at day 27. This suggests that although present, P-gp may not be fully functional 

until day 17 (Table I.5).  

I.9.1.2.5. – Characteristics of the membrane support  

 Different types of permeable membrane are commercially available to grow 

Caco-2 monolayers, presenting specific physical properties regarding the type of 

material, the diameter, and the size of the pores. Aimed at improving cell growth 

and differentiation, some authors have also proposed to coat the filters with 

hydrogels prepared from the proteins usually found on the extracellular matrix 

in vivo, such as collagen, before cell seeding. 

 The cultivation of the cells on membranes with distinct characteristics was 

found to influence the cells morphology [115], selection of subclones [109], 

proliferation rate [131] and differentiation [109,115,117].  

Membrane material and coating 

 Polycarbonate (PC) membranes are the most frequently used, but other 

materials such as polyethylene terephthalate (PET), and polystyrene (PE) are also 

used due to some specific advantageous properties. For example, PET 

membranes are translucent, enabling microscopic visualizations of the cell 

monolayers during the culture time [75].  

 Behrens et al [115] cultivated Caco-2 cells on PC, PET and PE membranes 

and found that the cell morphology was significantly altered between the distinct 

materials. Caco-2 cells grown on PET and PE membranes formed flat 

monolayers, indicative of poor differentiation. Moreover, PET membranes 

caused differences in the microvillus structure. In contrast, cell monolayers 

grown on PC membranes consisted of tall columnar-shaped cells with a thick 
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microvillus structure. No significant variations were observed between the 

membrane type and the expression of PepT1 and P-gp transporters. However, 

PET membranes showed a small stimulating effect on the P-gp expression, 

whereas PepT1 expression was slightly decreased [115]. Cells grown on PET 

membranes also displayed lower Papp values for the paracellular marker FITC-

Dextran (MW 4000) than cells grown on the other membrane materials. Among 

them, the highest FITC-Dextran Papp value was obtained for PC membranes. 

Accordingly, Walter and Kissel [109] also reported a higher Papp value of mannitol 

when cells were cultured on PC rather than PET filters (Table I.5). The decrease 

in paracellular permeability was explained based on an increase in tight 

junction´s organization, indirectly supported by a stronger actin staining 

observed for cells grown on PET and PE relative to PC membranes. However, 

this is not direct evidence, since changes in actin organization could be caused by 

the different adherence of cells to the porous support membranes [132]. Tighter 

interactions between the cells’ basolateral surface and the material of the porous 

membrane could also lead to a decrease in the access to the membrane pores and 

therefore to a decrease in the observed paracellular permeability. In agreement 

with this interpretation, increasing the space between the cell monolayer and the 

support membrane through the introduction of a gel matrix (e.g. collagen) was 

shown to lead to an increase in the observed paracellular permeability [115]. 

Coating has also shown to influence the properties of the cell monolayers. 

Behrens et al. [115] showed that coating PC filters with rat collagen resulted in an 

increased expression of PepT1 and P-gp transporters and produced a significant 

increase in the transport of cephradine, a substrate of PepT1 (Table I.5). 

Membrane diameter and pore size  

 There are commercially available TranswellTM inserts for use with culture 

plates of 6, 12 and 24 wells. The majority of studies in the literature have used the 

12-well format, probably to achieve a balance between the number of assays per 

plate and surface/volume ratio (Table I.4). 

 Markowska et al. [117] determined the Papp values of mannitol and 

propranolol using PC membranes with the same pore size (0.4 µm) but different 

diameters (6.5, 12 and 24 mm, corresponding to plates with 24, 12 and 6 wells). 

The Papp values for both compounds had a tendency to decrease as the diameter 
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of the membrane increased. The most significant variation was found for 

propranolol and larger diameter membranes (Table I.5). The authors attributed 

this decrease in Papp to the heterogeneous nature of Caco-2 cells, with monolayers 

having differences in passive transport caused by the variable development of 

actin rings and tight junctions. Nonetheless, it would also be interesting to 

evaluate the possibility of the cell monolayer being less cohesive at the membrane 

periphery when larger diameter membranes are used. 

 Regarding the pore size, Lechanteur et al. [131] analyzed the impact on 

monolayer integrity when Caco-2 cells were seeded on membranes with a pore 

size of 1 µm or 3 µm. The monolayers exhibited differences in their TEER values, 

with monolayers seeded on 3 µm membranes showing the lowest values. 

Visualization of the monolayers using microscopic techniques allowed the 

identification of two distinct characteristics in the monolayers seeded on 3 µm 

membranes. These monolayers showed gaps on the apical side and also the 

additional presence of cells on the basolateral side of the TranswellTM, resulting 

in a loosely packed double cell layer. The authors conclude that Caco-2 cells were 

able to migrate across membranes with a pore size of 3 µm, but not through the 

1 µm pores. Therefore, membranes with pore size inferior to 1 µm are 

recommended for permeability assays, and the most commonly used is 0.4 µm 

[128].  

 

I.9.2 – Sources of variability related to the permeability experiments 

 Large differences in the experimental settings of the permeability assay 

protocols are commonly observed among research groups. An experimental 

variable that often varies between labs is the transport media used to perform the 

assay, which present variations on its pH and composition including the 

presence of additives and/or cosolvents. Also, the stirring rate, sampling 

methodology (replacement or transfer), number of sampling time points and 

total duration of the assay can differ.  

 The use of different protocols may have distinct effects on the properties of 

the cell monolayers and on molecules being tested (e.g. distinct ionization at the 

pH of the assay), which ultimately can lead to changes in Papp values for the same 

compound. To allow the comparison between the results obtained by distinct 
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laboratories it is crucial to quantitatively evaluate the impact that each 

experimental variables has on the Papp results. This is performed by assessing the 

Papp values of compounds obtained under the distinct variables, using systematic 

studies where only that experimental condition is changed. The analysis of Papp 

values of compounds originated from the use of distinct experimental variables 

in permeability assays protocols are collected in Table I.6. Each of the sources of 

variability included in Table I.6 will be discussed in detail in next sub-sections.  

Table I. 6 Analysis of the impact of different protocols for the permeability assays on the 

Papp values of reference compounds across Caco-2 monolayers. For each source of 

variability evaluated, the permeability assays were carried out by the same research 

group where only that experimental condition is varied.  

Non-bold compounds are transported by passive diffusion, mostly transcellular. Bold compounds are transported through the 

paracellular pathway. Bold italic compounds are known substrates of peptide transporter PepT1 or P-gp. The symbols: - and + 

indicate the absence or presence of the corresponding additives. 

The numbers in bold indicate statistically significant differences with at least one of the conditions in the variable analyzed, 

from the statistical analysis performed in the respective reference.  

Compound  

Papp (10-6 cm/s) A →B 

Variability sources Reference 

 Addition of bile salts, surfactants, and co-solvents in the donor side 
 

 
10mM 

taurocholate 

10mM  

cholate 

10mM  

SLS a 

2 % (v/v)  

DMSO 

2 % (v/v) 

ethanol 

 

 - + - + - + - + - +  

Dexamethasone 1.7 2.1 1.4 1.4 1.6 1.0 1.4 1.0 1.4 1.4 Yamashita et al. [133] 

   
1 % (v/v) 

povidone 

1 % (v/v) 

pluronic F68  

1 % (v/v) 

gelucir 44/14 
   

 -  + + +    

Sch 56592 b 100   140 115 30   

Saha et al. [134] Sch-X b 100  135 150 165   

Sch-Y b 100  105 135 20   

 Addition of BSA in the acceptor side  

 0  0.5 1 2 4% (w/v)  

Atenolol 0.68 ± 0.04    0.53 ± 0.04 

Aungst et al. [135] 
Warfarin 28.2 ± 1.5    33.1 ± 0.5 

Chlorpromazine 9.1 ± 1.7    46.5 ± 2.0 

Phenytoin 15.4 ± 0.3    21.5 ± 1.2 

Mannitol 
0.3    0.3 Neuhoff et al. [136] 

1 2 2 2 1 

Krishna et al. [137] SCH-A c 4 11 15 18 19 

Propranolol 
8    9 

110    150 Neuhoff et al. [136] 
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Metoprolol 100    110 

Progesterone 8.2    22.6 

Krishna et al. [137] SCH-B c 2.2    9.4 

SCH-E c 11    10 

Digoxin 3    4 Neuhoff et al. [136] 

 Addition of BSA % (w/v) in the donor side  

 0  0.1 0.5 1 4% (w/v)  

Mannitol 0.3    0.3 

Neuhoff et al. [136] Metoprolol 100 d    90 d 

Propranolol 
100 d    60 d 

36 35 32 28  
Katneni et al. [138] 

Diazepam 53 46 29 21  

 Addition of BSA % (w/v) in the donor and acceptor sides  

 1% (v/v) DMSO/4      4/4  

Curcumin 7.1 ± 0.6      3.5 ± 0.3 Yu at al. [139] 

 pH (apical/basolateral)  

 5.0/7.4 6.0/7.4 7.4/7.4 8.0/7.4    

FITC-dextran   0.006 ± 0.001 0.003 ± 0.000     
Yamashita et al. [133] 

Atenolol 
  0.19 ± 0.02 0.40 ± 0.01     

0.30 ± 0.08  1.26 ± 0.08 2.31 ± 0.09   Neuhoff et al. [140] 

Dexamethasone   12.3 ± 0.2 12.1 ± 0.5     

Yamashita et al. [133] Salicylic acid    87.5 ± 4.8 3.35 ± 0.12     

Ampicillin   0.17 ± 0.01 0.081 ± 0.001     

 Stirring rate  

 0 Low (135 rpm) High (1090 rpm)     

Mannitol   0.22 ± 0.08 0.26 ± 0.11    
Artursson et al. [141] 

Testosterone 35.7 ± 3.3 51.8 ± 7.9 100.8 ± 7.9    

   Low (250 rpm) High (420 rpm)     

Propranolol   75 ± 10 221 ± 13    

Korjamo et al. [142] 
Verapamil 

  57 ± 6 174 ± 15    

  64 ± 14 d 140 ± 11 d    

aSLS: sodium lauryl sulfate b Sch 56592 LogP= 2.4, Sch-X LogP not determined, Sch-Y LogP= 4.0. The values reported 

correspond to the amount of compound transported per time and are expressed as a percentage in relation to transport in 

the absence of surfactants (100%). 
c SCH-A LogP= 6.32, SCH-B LogP= 5.89, SCH-E LogP= 2.18. d Papp in the B→A direction. 

I.9.2.1 – Composition of the transport media  

 Permeability assays are often performed with buffered salt solutions which 

are used to wash the cell monolayer, to prepare the solution of the test 

compounds, and finally as transport media in the assay. Hanks’ Balanced Salt 
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Solution (HBSS) supplemented with D-glucose (5.5 mM) is the most frequently 

used media in assays. Its composition in salts and glucose guarantees cell 

viability and the maintenance of the ionic balance at the cell membrane during 

the experiments [143]. However, limitations can often arise on permeability 

assessments due to the high polarity of HBSS aqueous solutions that prevents the 

solubilization of non-polar compounds. This can give rise to their immediate 

precipitation and consequent turbidity of the buffer solution. Before being added 

to the donor compartment, pre-filtering the solution can help remove precipitates 

but result in uncertainty regarding the exact concentration of compound. If not 

filtered, poor reproducibility of permeability measurements may be observed as 

the suspensions are not homogenous [144]. In this regard, the addition of several 

solubilizing agents to the transport media in the donor compartment has been 

considered. Before analyzing in detail, the impact of specific solubilizing agents, 

it is important to systematize the distinct effects expected. 

 The first distinction is whether the solubilizing agent interacts with the cell 

monolayer (A) or not (B). Case A may lead to very distinct effects depending on 

the solubilizing agent and how it interacts with the cell monolayer. It may disrupt 

the tight junctions (A1) leading to an increase in the paracellular permeability. 

The solubilizing agents may partition to the cell membrane changing their 

fluidity, and therefore passive transcellular permeability (A2). Or they may 

interact with transporters (A3), in this case with many possible outcomes. 

Competition for transport by efflux proteins is one of the most common 

situations, leading to an increase of Papp in the A→B direction and a decrease of 

Papp in the B→A direction. When the solubilizing agent does not interact directly 

with the cell membrane, the effects mostly depend on how the test compound 

was present in solution. If large aggregates were present, the solubilizing agent 

will decrease the size of the aggregates leading to an increase in the amount of 

compound available to interact with the cell monolayer, and therefore to an 

increase in Papp (B1). However, if the test compound was not aggregated or if the 

aggregates were small and dynamic, the solubilizing agent will not necessarily 

increase the compound availability (B2). In this case, the outcome will depend 

strongly on the properties of the solubilizing agent. Association of the compound 

with large solubilizing agents such as large micelles, proteins or other polymers 

will decrease the compound availability, and therefore its permeability (B2a). If 

the solubilizing agent is very small, such as organic solvents, the effect will be 
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mostly a decrease in the adsorption of the test compound to the apparatus, 

leading to an increase in Papp (B2b). The organic solvents may also lead to changes 

in the properties of the aqueous media, such as viscosity or osmolarity, with the 

outcome in the observed Papp being case specific and difficult to rationalize. 

 Solubilizing agents are occasionally added also to the acceptor 

compartment. In this case the most important objectives are to decrease the 

adsorption of the test compound to the apparatus, to decrease its retention in the 

cell monolayer, and to guarantee sink conditions. The effects on Papp depend on 

many factors and cannot be easily systematized. 

 The impact of some typical solubilizing agents on the Papp values of 

compounds are presented and discussed in sections bellow. 

I.9.2.1.2 – Addition of surfactants, amphiphilic polymers and co-solvents  

 Bile salts, synthetic surfactants, amphiphilic polymers and small 

percentages of co-solvents are usually incorporated into the transport solution of 

the donor compartment, and occasionally also in the acceptor compartment.  

 The use of bile salts as solubilizers in permeability assays is a natural choice 

considering their bio-relevance in the small intestine, particularly during lipid 

digestion. Bile salts form small micelles above their critical micelle concentration 

which can solubilize poorly soluble molecules (e.g., cholesterol and liposoluble 

vitamins), enhancing their absorption at the intestine [145]. Yamashita et al. [133] 

showed that the presence of 10 mM of taurocholate or cholate bile salts on the 

donor side had no effect on the Papp values of the lipophilic drug dexamethasone 

(logD7.4 = 2.01). In contrast, the Papp value decreased to half with the use of 10 mM 

of the synthetic surfactant sodium lauryl sulfate (SLS) (Table I.6). This result was 

interpreted on the basis of a decrease in the fraction of dexamethasone available 

for permeation due to its association with the large SLS micelles. Nevertheless, 

the presence of SLS also caused a decline in TEER values, indicating that the 

integrity of the cell monolayer was compromised. In addition, SLS interacts 

efficiently with cell membranes [146], increases their fluidity[147], and has been 

shown to modulate P-gp activity [148]. This solubilizing agent may therefore be 

included as case A1, A2, A3, each one with different outcomes in Papp. The overall 

result was a balance between all effects. The bile salts used in this study also 

interact with the cell membranes [149,150], influence their fluidity [150], and 
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modulate P-gp activity [151]. However, their lower lipophilicity leads to less 

significant effects at the concentrations used, and results in no effects on the 

observed permeability of dexamethasone. 

 

 Saha et al. [134] measured the permeability of three poorly soluble 

molecules, Sch 56592, Sch-X, and Sch-Y, in the presence of 1% (v/v) of various 

solubilizing agents, including the amphiphilic polymers povidone and pluronic 

F68, and the surfactant gelucir 44/14. As observed by Yamashita et al. [133], the 

presence of the surfactant has impact in many aspects. A key distinction in this 

study is the aggregation of test compounds in the absence of the surfactant, while 

in the previous study the test compound was at a concentration below its 

solubility in the aqueous medium. Therefore, in addition to the effects on the cell 

membrane, there is also an increase in the amount of test compound solubilized 

(Case B2). The solubility of Sch-X is increased by 133-fold in the presence of the 

surfactant and the value of Papp increased to 165%, indicating that the most 

important factor was B2b. A lower increase in solubility was observed in the case 

of Sch 56592 (12-fold) and Sch-Y (2-fold), and their Papp decreased to 30 and 20% 

respectively. This indicates that the decrease in the availability due to binding to 

the surfactant micelles was dominant for these test compounds (case B2a). The 

effect of the amphiphilic polymers was always an increase in Papp, more 

significant for Sch-X. Notably, the overall impact of the polymers is intricate, 

involving various aspects, and is difficult to rationalize.  

 Dimethyl sulfoxide (DMSO) and ethanol are some examples of organic 

solvents usually incorporated as solubilizers. At concentrations below 2% these 

solvents show little toxicity and lead to non-significant variations in Papp [152,153] 

in the case of test compounds that were already solubilized in the aqueous 

medium. For poorly soluble compounds, the addition of the organic solvent is 

expected to lead to an increase in Papp (Case B2b), although no direct support for 

this effect could be found in the literature. In contrast, Yamashita et al. [133] and 

Aungst et al. [135] observed a small decrease of Papp in the presence of 2% DMSO 

or dimethylacetamide, respectively. This effect points towards changes on the 

physical properties of transport media, such as an increase in viscosity. 

I.9.2.1.3 – Addition of bovine serum albumin (BSA)  
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 Reaching the blood circulation, the molecules are to some extent bound to 

proteins and lipoproteins in the plasma or are dissolved in plasma aqueous 

medium (unbound). The main protein responsible for the binding in plasma is 

human serum albumin. The molecules with high lipophilicity typically have a 

high fraction bound to plasma proteins. Only the unbound fraction of the 

molecule is free to diffuse across the endothelial membranes into the tissues, 

which is a limiting factor for their permeation [154]. In general, bovine serum 

albumin (BSA) is used for in vitro assays due to its similarity with human serum 

protein [155,156] and much lower price. 

 The addition of BSA to the transport medium of Caco-2 assays has been 

suggested with the purpose of overcoming four main difficulties usually found 

in the permeability assessment of poorly water soluble and strongly lipophilic 

compounds. Depending on the problem, BSA can be added to the donor, 

acceptor, or both compartments. BSA is usually added to both sides to solve (i) 

the low solubility of the compound in the aqueous medium and/or (ii) the 

unspecific adsorption of the compound to apparatus. On the other hand, BSA is 

added only to the acceptor side, to reduce (iii) the accumulation of compounds 

inside the cells, and (iv) to guarantee sink conditions [144]. The inclusion of serum 

albumin in the acceptor compartment of Caco-2 permeability assays is also a 

natural choice that approaches the in vivo conditions. A BSA concentration of 4% 

(w/v) is typically used since it is the concentration of albumin when the lumen 

side is perfused with the blood. Some specific examples are included in Table I.6 

and will be discussed below. 

 Regarding the addition of BSA to the acceptor compartment only, Aungst 

et al. [135] reported that 4% (w/v) BSA leads to a marked increase in the Papp values 

of chlorpromazine (5.4-fold), a moderate increase for phenytoin (1.4-fold), but no 

effect for atenolol or warfarin. The results correlated with the compounds 

lipophilicity, with their cLogD7.41 varying from 2.74 for chlorpromazine to -1.80 

for atenolol, with intermediate values for phenytoin and warfarin. In another 

study, Krishna et al. [137] evaluated the effect of 1% DMSO or 0.5 to 4% BSA on 

the recovery of the very lipophilic SCH-A (LogP= 6.32). The recovery was only 

40% in the presence of 1% DMSO, and increased to 75% with 4 % (w/v) BSA. This 

increase in recovery was mainly due to a decrease in the amount of SCH-A 

 
1 Calculated using the MarvinSketch software (version 22.9.0, http://www.chemaxon.com) 
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retained by the Caco-2 monolayer, which dropped from 54 to 26 % when 4 % 

(w/v) BSA was added. Also, the amount adsorbed to the apparatus in the donor 

side decreased from 8.5 to 0.2 %, in the presence of 1% DMSO or 4% BSA, 

respectively. As expected, the increase in the amount of SCH-A quantified in the 

acceptor compartment leads to an increase in its Papp values, 5-fold higher at 4% 

BSA relative to 1% DMSO. A similar trend was also observed for other lipophilic 

molecules SCH-B (LogP= 5.89) and progesterone (LogP= 3.87), with an increase 

of their Papp values by 4-fold and 3-fold. In contrast with the strong effect in the 

case of very lipophilic compounds, no significant effects were observed in the 

case of compounds with low or moderate lipophilicity, mannitol (LogP= - 2.5), 

SCH-E (LogP= 2.14), metoprolol (LogP=2.15), and propranolol (LogP= 2.5) 

[136,137]. 

 The inclusion of serum albumin in both the donor and acceptor 

compartments is also a common approach followed in Caco-2 assays protocols. 

Yu et al. [139] studied the effect on the permeability of curcumin, which has a very 

low solubility in water, when using DMSO or 4% (w/v) BSA in the donor side as 

solubilizing agents, while the acceptor compartment always included 4% BSA. 

The results showed a 2-fold decrease in the Papp value of curcumin when BSA was 

added to the donor compared to the addition of DMSO.  

 It is not common to find studies where BSA is added only to the donor 

compartment because the assays are mainly to model absorption across the 

intestinal epithelium (A→B direction), where serum albumin is only present in 

the acceptor side. However, when studying the permeability in the secretory 

direction (B→A), the addition of BSA to the donor compartment is a natural 

choice. Neuhoff et al. [136] showed that the addition of 4% BSA to the basolateral 

compartment decrease the Papp in the B→A direction for metaprolol and 

propranolol, with no effects for mannitol. Katneni et al. [138] has systematically 

and quantitatively studied this effect using several compounds, observing a 

small decrease in Papp for propranolol and a larger decrease for diazepam. In both 

studies, the reduction in Papp was explained by a smaller amount of the 

compound being available to permeate, specifically the unbound fraction. 

 The studies discussed above show that the presence of BSA in the transport 

medium does not alter the Papp values for compounds with low lipophilicity [135-

138]. That is, for compounds that do not significantly bind to BSA, that are not 

adsorb to the assay apparatus, and that are not sequestered in the cell monolayer. 
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This result also shows that the presence of BSA does not influence the properties 

of the cell monolayer, which is in agreement with the absence of strong 

interactions between the protein and the cell membranes [157]. This stands in 

contrast with the effect of other commonly used solubilizing agents like 

surfactants, amphiphilic polymers, or organic solvents, which may interact with 

the cell monolayer and alter their properties. 

 The Papp measured for compounds that bind moderately or strongly to BSA 

decreases when the protein is added to the donor compartment [136,138,139], 

primarily because of a reduction in the fraction of unbound compound available 

for permeation. When this is the sole factor at play, it's possible to estimate the 

Papp value in the absence of BSA by reverse calculation, considering the binding 

affinity for BSA [136,138]. In some studies, the decrease observed in Papp is lower 

than that predicted by the fraction of unbound compound. This may reflect 

massive aggregation and/or significant adsorption to the apparatus in the 

absence of BSA in the transport medium. This is the case observed for curcumin, 

where the reported binding affinity is 2×105 M-1 [158], leading to less than 10% of 

unbound curcumin at 4% BSA. A decrease of at least 10-fold in Papp was expected 

while only a 2-fold decrease in Papp was observed [139]. 

 The use of BSA as a solubilizing agent in the donor compartment need not, 

therefore, to be a factor of variability in the Papp reported in permeability assays. 

Even when the Papp corrected for the unbound fraction is not reported, it may be 

calculated from the observed Papp regarded that the concentration of BSA and the 

binding affinity are known. This is another advantage of using BSA in 

comparison with other solubilizing agents.  

  When BSA is added to the donor compartment, an equally efficient binding 

agent should also be added to the acceptor side. Otherwise, the equilibrium with 

the acceptor compartment would be achieved at a very small amount of 

compound transported, and sink conditions could not be guaranteed. In the 

studies discussed above, it was shown that adding BSA to the acceptor 

compartment leads to an increase in the observed Papp [135-137]. In this case, the 

Papp value to be considered is that in the presence of BSA, because in the absence 

of the solubilizing agent the conditions required for the assay were not verified. 

Namely: i) no significant sequestration in the cell monolayer, ii) no significant 

adsorption to the apparatus, and iii) less than 10% of the compound being 
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transported to the acceptor compartment relative to its equilibrium concentration 

in this compartment [128].  

I.9.2.2 – Selection of the transport media pH value 

 The pH at the apical side of cell monolayer constitutes a very important 

factor for ionizable compounds. Depending on the pKa, minimal variations in pH 

value can lead to significantly different fractions of ionized and unionized species 

and because the passive transcellular permeability of neutral species is usually 

significantly larger [159], lead to large variabilities in Papp values observed.  

 The permeability assays are often performed at a fixed pH of 7.4 in both the 

apical and basolateral compartments. To obtain this pH, the buffer media is 

supplemented with 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES 

at 10 or 25 mM. However, in a way to mimic the conditions found in vivo across 

the intestinal epithelium, a pH gradient can be established across the cell 

monolayer by using a pH of 5.5-6.5 in the apical compartment, and pH 7.4 in the 

basolateral compartment. This is particularly relevant in the case of active 

transport because the functionality of pH-dependent active carriers depends on 

the presence of a pH gradient acting as a driving force. To obtain the acidic pH, 

the buffer media is usually supplemented with 2-Morpholinoethanesulfonic acid 

(MES - 10 or 25 mM).  

 Yamashita et al. [133] compared the Papp values acquired in the absence and 

presence of a pH gradient, (7.4/ 7.4) versus (6.0/7.4). The results revealed that 

dexamethasone and FITC-dextran were not affected by the pH. However, 

changing the apical pH from 7.4 to 6.0, increased the Papp values of weak acids 

(salicylic acid) and PepT1 substrates (ampicillin), while the opposite occurs in the 

case of weak bases (atenolol) (Table I.6). The permeability results for salicylic acid 

and atenolol are explained based on the variation of the neutral form of the 

compounds. For ampicillin, this molecule at pH 7.4 is present in solution in the 

anionic (60 %) and zwitterionic (40 %) forms, and at pH 6 is mainly in the 

zwitterionic form (94 %)2. The higher permeability observed at pH 6 is difficult 

to understand in terms of variations in the fractions of the different forms, since 

both the anionic and the zwitterionic forms have low passive permeability. 

 
2 Calculated using the MarvinSketch software (version 22.9.0, http://www.chemaxon.com) 

http://www.chemaxon.com/
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Therefore, the effect of pH points towards another mechanism of transport across 

Caco-2 monolayers. Ampicillin is in fact known to be a substrate of PepT1 

transporter. The higher Papp values observed for ampicillin under the pH gradient 

can be explained due to its transport by the PepT1 transporter, which is driven 

by a transmembrane H+ gradient [160]. 

 The use of a pH gradient in permeability assays may lead to misleading 

results regarding the existence efflux transport for weak bases. Neuhoff et al. [140] 

measured the bi-directional transport of atenolol when the apical pH was 

reduced from 8 to 5, and reported a decrease of Papp values in the A-B direction 

by a factor of 8 compared to no changes in the Papp values in the B-A direction 

(Table I.6). At the lower pH, the concentration of uncharged species decreased, 

resulting in a “false” efflux, even though atenolol permeates only by passive 

pathways. As expected, no difference in the transport of atenolol in both 

directions was found in the absence of a pH gradient. 

I.9.2.3. – Unstirred water layer (UWL) and stirring conditions  

 Adjacent to the cell monolayer there is an unstirred layer of water (UWL) 

that acts as an additional barrier to the permeation of compounds through the 

cell monolayer. For fast permeating compounds (low resistence to transport 

through the cell monolayer), this additional barrier leads to a strong decrease in 

the overall Papp (a strong increase in the overall resistance), while for compounds 

that permeate very slowly the increase in the overall resistance may be negligible. 

The lipophilicity of the test compound is another factor that is determinant for 

the effect of the UWL on the observed Papp. This is due to the depletion of 

compound in the aqueous media close to the membrane caused by the extensive 

membrane partition of very lipophilic compounds, and the inefficient diffusion 

of compound from the bulk aqueous medium in the absence of agitation. 

A small UWL is present in the intestinal epithelium in vivo [161], but in in vitro 

TranswellTM inserts the UWL can be remarkably thick. The apparent UWL 

thickness was estimated to be 1544 µm [141], whereas the cell monolayer is 

generally 17 to 30 µm thick [63]. Keeping the TranswellTM plates under stirring 

during the transport experiments reduce the UWL thickness. Appling an orbital 

agitation at 1090 rpm lowered the apparent thickness of the UWL to 128 µm [141]. 

However, stirring can also cause cell detachment from the porous membrane 
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compromising the cell monolayer integrity. The speed should therefore be kept 

as high as possible, but without affecting the cell monolayer integrity.  

 Conducting permeability assays at various stirring rates allows the 

determination of the impact of distinct UWL thickness on the Papp values for the 

test compounds. Artursson et al. [141] reported a variation in Papp values of 

testosterone between 36 to 101 (10-6 cm/s) when the applied stirring rate changed 

from 0 to 1090 rpm, respectively. Yet, there was no significant effect of agitation 

on the Papp value for mannitol, indicating that the monolayer integrity was not 

compromised. The effect on testosterone Papp but not on mannitol reflects the 

higher effect of the UWL in the case of fast permeating compounds. Similar 

results were obtained by Korjamo et al. [142] where the Papp values of propranolol 

and of verapamil increased 3-fold when the stirring rate changed from 250 to 420 

rpm. In this study the effect of stirring was evaluated for both the A→B and B→A 

transport directions. It should be noted that the increase in Papp was greater for 

transport in the A→B direction, which could lead to incorrect interpretations 

regarding the contribution of active transport.  

I.10 – Strategies to reduce the variability of Caco-2 permeability 

data 

 The development of highly predictive and widely applicable models to 

predict permeation through biological barriers is a difficult task, or even 

impossible, before serious efforts are done to generate consistent data. Of course, 

any expectation of obtaining a large, heterogeneous, public data base of Caco-2 

Papp values that have been measured using the same cell population and 

experimental conditions, is presently unrealistic. This will involve the production 

of enormous new amounts of Papp data by the same researcher and laboratory. 

But can something be done to allow different researchers to obtain consistent 

data and to use the abundant Papp data already existing in the literature?  

 Motivated by the objective to improve the consistency of available Papp 

values, a few studies have evaluated possible solutions to overcome the 

variability problem. 

I.10.1 – Standardization of cell culture and permeability assays protocols 
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 As long as the experimental conditions varies, Caco-2 Papp data will be 

inherently different. To achieve a reduction in the number of experimental 

conditions that are different among the studies, the standardization of Caco-2 

assay procedures is imperative. The first step in this direction is the development 

and use of a uniform/common methodology. The culturing protocol, membrane 

support, cell passage numbers and experimental conditions used in the assays 

(pH, stirring rate, etc..) must be standardized. A common protocol will ensure 

the reproducibility of results over time and between laboratories [162].  

 With this objective in mind, attempts were made to create technical 

protocols that can be easily followed by the scientific community [67,128,163,164]. 

Of all of them, the protocol defined by Hubatsch et al in 2007 [128] is the most 

cited, accounting with more than 900 citations. It was published in the journal 

Nature Protocols and contain in detail all the procedures necessary for evaluating 

the permeability of compounds through Caco-2 monolayers, including some 

suggestions and troubleshooting. For this reason, throughout this thesis this 

protocol will be referred to as a reference or standard protocol for the use of Caco-

2 monolayers in permeability assays. 

 Strictly following the conditions defined in a standard protocol may not 

always be easy for researchers. This is because not all laboratories have the same 

equipment or the same conditions so that the experimental protocol can be 

reproduced in a rigorous way. Sometimes some modifications may be necessary. 

The analysis of 221 studies published with Caco-2 assays reveals that only 17 % 

of the studies cited this protocol as the methodology followed to perform the 

experiments. Of these, only 20 % strictly followed the procedures described, with 

the remaining studies following them, but with some modifications. 

I.10.2 – Normalization of Papp data to a reference compound  

 The routine measurement of reference compounds with known 

permeability characteristics has been proposed as a possible approach to 

standardize the results of Caco-2 assays. Ideally, marker molecules of monolayer 

integrity (e.g., mannitol) and high passive permeability (e.g., propranolol) should 

be used. This characterization of the model allows the establishment of 

acceptance criteria, such as for the tightness of the cell monolayer. By being 
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monitored regularly, the use of this standardized permeability cut-offs can 

reduce the variability within laboratories [162].  

 To adress the issue of variability, one can also evaluate the Papp values of a 

test compound relative to a reference compound. This approach to normalization 

of Papp data was followed by some authors before assembling the various datasets 

that were compiled from different laboratories into a single larger dataset 

[106,165].  

 Larregieu et al [106] used the Papp value of the transcellular marker 

metoprolol that was measured in all datasets compiled from different sources as 

a reference value to normalize the Papp values of the other compounds. The 

authors showed that normalizing to metoprolol from each dataset can minimize 

inter-laboratory variability for lipophilic compounds (e.g., propranolol). 

However, this was unsuccessful for hydrophilic compounds (e.g., terbutaline) 

and transporter substrates (e.g., amoxicillin), whose resulting variability after 

normalizing was still high.  

 In a work on QSPRs, Paixão et al [165] used the Papp values measured in the 

study that included the largest number of reference compounds to normalize the 

Papp values of compounds collected in other studies. Using this procedure, the 

authors obtained a reduction in the experimental RMSE before and after 

normalization from 0.43 to 0.37. A reduction on the overall inter-laboratory 

variability was achieved, but the variability was still high regardless of 

normalization. 

I.10.3 – Normalization of Papp data to a well-defined experimental condition  

 So far, the solutions proposed by researchers have not proven sufficiently 

effective in overcoming the variability problems associated with Papp data. 

Considering the different conditions frequently used in assays, normalizing data 

for the change of a particular experimental parameter between studies may be a 

promising method for standardizing Papp values. This approach has the 

advantage of using data that is already available, whether in the literature or 

databases. 

 Before applying this approach, it will be necessary to first carry out a 

quantitative characterization of the effect on Papp values of the most common 

alterations observed in experimental protocols among literature. With this aim, a 
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systematic study must be performed by the same researcher, in the same 

laboratory and where only a single experimental condition is changed at a time 

in the permeability assay. After quantifying what are their effects on the Papp 

values of compounds, it would be possible to define correction factors. The 

application of these factors would allow converting the Papp values obtained 

under a distinct but well-defined condition to the Papp values that would be 

obtained if the standard condition was used. Therefore, this approach is only 

possible to be applied for studies that include a detailed description of the assay’s 

parameters.  

 As would be expected, in order for Papp data to be normalized for all of the 

most common alterations in protocols, there are a large number of experimental 

variables that need to be measured. Furthermore, multiple compounds also need 

to be used when testing each variable due to its distinct effects on different 

permeation pathways (Table I.6). As consequences of this, it will be necessary to 

carry out a large number of permeability assays to apply this normalization 

method. This task, which will already consume a lot of time and labor, will be 

even more difficult given the low throughput of the Caco-2 model. Thus, 

alternatives must be found to improve the throughput of the Caco-2 assays in 

compound´s permeability assessments. Two possible alternatives will be 

discussed in the next sections. 

I.11 – Re-use of Caco-2 monolayers in permeability assays 

 When following the standard protocol procedures [128], the main limitation 

for using Caco-2 monolayers for high-throughput measurements is the 3-week 

implementation period and regular feeding requirements. As described in the 

previous sections, this period of time is necessary to attain a confluent and fully 

differentiated cell monolayer. However, after 21 days post- seeding, several 

studies have been shown that the Caco-2 monolayers maintain their 

morphological and functional properties until day 30 [65,112,113]. In point of fact, 

in the reference protocol, the authors described that cells were maintained in the 

inserts for a total of 21 to 29 days. Such an extended period is often used to 

provide flexibility in choosing the day to conduct the experiment, with cell 

monolayers always being used to perform a single assay. Although it has never 

been explored, this stability period can be used to investigate the possibility of 
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whether a Caco-2 monolayer, already used to perform a permeability assay may 

be suitable to be re-used for another assay(s). This approach of re-using Caco-2 

monolayers is fully aligned with the 3 R´s principles, as it reduces the resources 

needed for assays by using an already implemented cell monolayer. 

Furthermore, it has the advantage of being able to increase the throughput of the 

Caco-2 permeability assays while following the procedure proposed in the 

reference protocol. 

 The major concern regarding the re-use of a cell monolayer for consecutive 

permeability assays is the possible loss of properties of the cell monolayer due to 

use in previous assays, namelly its integrity and functionality. Therefore, the 

development of methodologies for the re-use of cell monolayers must first 

guarantee a full recovery of the cell monolayer properties between assays.  

I.12. – Use of an alternative cell line with faster implementation: 

MDCK monolayers 

 Another alternative to increase the throughput of permeability assays to 

evaluate the normalization method could be to replace the Caco-2 cells with a 

faster growing cell line with similar properties.  

 Madin-Darby Canine Kidney (MDCK) monolayers have been used as an 

alternative cell culture model to evaluate permeability through the intestinal 

epithelium [56,166]. MDCK cells were originally isolated from the distal tubular 

part of canine kidney tissue. Although they are of non-human origin, 

morphologically, these cells have been shown to be similar to Caco-2 cells in 

mimicking the intestinal phenotype in vivo. Specifically, they differentiate into 

columnar epithelial cells displaying apical microvilli and tight junctions. 

Distinctly from Caco-2, these cells monolayers only need to be cultured on inserts 

for a period of 3 to 7 days to achieve a differentiated and tight cell monolayer. 

This becomes a significant advantage considering the reduction of labor, costs, 

and risk of cell contamination [68,167]. 

 Two types of MDCK strains with different electrical resistance properties 

have been described: MDCK-I (type I), which forms epithelial monolayers with 

high TEER values, above 1000 Ω cm2, and the MDCK-II (type II), which generates 

more permeable epithelia with TEER values of the order of 100 Ω cm2. The low 

resistance shown by the type II strain is lower than that of Caco-2 cells and, is 
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closer to that observed for the small intestine, which is the reason for its common 

use [167,168]. Lucifer yellow Papp value across MDCK monolayers is expected to be 

somewhat higher than that in Caco-2 monolayers, consistent with their low 

resistance values. However, LY Papp in MDCK monolayers is of the order of 10-7 

cm/s, comparable to that observed in Caco-2 monolayers and thus indicating that 

a tight barrier is established inspite of the lower TEER [99]. This apparent 

contradiction can be explained by the fact that physiologically the renal 

epithelium has a permissive role in the passage of ions, and TEER reflects the 

resistance to movement of ions not only through paracellular pathways but also 

via ion channels, transporters, and ion pores. The reason for the low TEER value 

of MDCK cells is the higher expression level of ion pores that facilitate the ionic 

movement. In spite of their low TEER values, the monolayers form a tight 

paracellular pathway for small marker molecules of low passive permeability 

[81].  

 The use of MDCK monolayers as a tool to assess the membrane 

permeability characteristics of compounds was discussed by Irvine et al in 1999 

[99]. According to the study, the Papp values of several passively absorbed 

compounds were comparable between MDCK and Caco-2 monolayers, with a 

correlation of r2=0.79 being obtained between both systems. 

 Regarding the expression levels of some transporters, particularly the P-gp, 

it appears that the MDCK model expressed P-gp at lower levels with respect to 

intestinal tissue and Caco-2 cells [56]. To address this lack, the MDR1 gene 

encoding human P-gp was transferred into MDCK-II cells. The resulting cell line, 

named MDCK-MDR1 overexpresses P-gp and has an enhanced efflux of known 

substrates compared to the parental cell line and Caco-2. Hence, MDCK-MDR1 

monolayers are routinely used to conduct bidirectional assays to evaluate the 

influence of P-gp mediate efflux on compounds transport. In addition, they are 

also used as a surrogate model for predicting BBB permeability [81,82,169].  

 Like Caco-2 cells, the MDCK cell line also consists of heterogeneous cell 

populations that when combined with the use of distinct experimental protocols 

(see section I.9) can also give rise to variable Papp results for the same compound 

[92,170]. Although also widely used, the applicability of MDCK monolayers 

remains lower compared to Caco-2 monolayers [171]. 

 A quantitative comparison between the Caco-2 and MDCK cell models is 

important to gain valuable knowledge on the use of the permeability data 
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obtained with them. First, to find out whether monolayers from MDCK cell lines 

can be used as an alternative to Caco-2 monolayers to characterize the effect of 

experimental variables on Papp values. And second, to evaluate whether the Papp 

data obtained in one and another cell line can be merged with the purpose of 

increasing the datasets applied in the construction of QSPRs. Regarding their 

properties and ability to predict the permeability of compounds, cell monolayers 

obtained from MDCK, transfected MDR1 and Caco-2 cells were compared in a 

few literature studies [81,82,172]. The comparison between Papp values obtained 

with the distinct cell models requires that the assays must be carried out under 

the same experimental conditions and preferably with the same researcher. For 

that reason, systematic studies of these types are very scarce in literature. In the 

works of Veszelka et al. [82] and Hellinger et al. [81], the comparison between cell 

lines is performed with systematic and detail procedures. They characterize 

morphology, gene expression and drug transport through passive and active 

pathways. However, these works do not cover a full evaluation of all permeation 

pathways and commonly used reference compounds. Some additional work 

within this objective, including systematic and quantitative studies is still needed 

to provide a quantitative comparison of the two cell models. 
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II.1 – Aims 

 The ability to predict the rate of permeation across biological barriers from 

the compound chemical structure would greatly improve the success in the 

design and development of new pharmaceutical drugs with better ADME/tox 

profiles. However, for the reasons exposed in the general introduction of this 

thesis, this is not yet possible to predict accurately. To increase the predictive 

power of permeability data obtained using cell monolayers such as Caco-2, it is 

necessary to improve the consistency and quality of the data. Instead of 

attempting the impossible task of obtaining large amount of new data, all under 

the same conditions, it is more attainable to improve data collected from 

literature and/or databases. The general objective of this study is to explore the 

feasibility of applying corrective methods to convert Papp values determined 

under different experimental conditions to a selected standard condition. In 

order to systematically characterize the effect on Papp values for the common 

alterations in the protocols, it is also essential that Caco-2 permeability 

assessments can be performed in a higher throughput manner.  

 

 In line with the purpose of increasing the throughput of Caco-2 

permeability assays, the specific aims of this study are as follows: 

 

 (1) Develop and implement a methodology to allow the re-use of Caco-2 

monolayers in additional permeability assays. The initial phase involves 

assessing whether carrying out a permeability assay impacts the integrity of the 

cell monolayers, since this property is the primary pre-requisite for use of cell 

monolayers in permeability assays. The second phase requires evaluating 

whether incubating the cell monolayers with culture medium after an assay is 

sufficient for the recovery of possible losses of monolayer integrity. The results 

obtained are shown in Chapter IV.  
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 (2) Validate the re-use of Caco-2 monolayers as a methodology to be applied 

for a higher throughput assessment of compounds permeability. The validation 

studies include evaluating the maintenance of distinct cell monolayers properties 

during the period of re-use. This is achieved by assessing and comparing the 

properties of cell monolayers used in a single assay and re-used in additional 

assays. In addition to the validation of the re-use regarding the cell monolayer 

integrity (goal 1), the full validation comprises the characterization of 

compounds that permeate through both passive and carried-mediated routes. 

The results obtained are shown in Chapter V. 

 

 

 (3) Evaluate the potential of using cell monolayers derived from the faster-

growing MDCK-II and MDCK-MDR1 cells as an alternative to increase the 

throughput of permeability assays. To rationalize the permeability data obtained 

across MDCK-II, MDCK-MDR1 and Caco-2 monolayers it is essential to perform 

a quantitative comparison between the models. This work comprises a systematic 

evaluation of their properties, which is carried out by the same research under 

the same experimental conditions. The properties evaluated includes the 

morphology, tightness and permeability of compounds that permeate through 

both passive and carried-mediated routes. The results obtained are shown in 

Chapter VI. 

 

 

 

 Among the permeability studies performed across Caco-2 monolayers, it is 

common to find multiple experimental methodologies diverging from that used 

on the reference protocol. To reduce the variability in the Papp values reported, it 

is essential to quantify the impact of the distinct assay conditions. This works 

intends to contribute to reduce the variability in Papp data by quantitatively 

evaluating the effects on Papp for some specific methodologies used in the 

permeability assays. Within this goal, our specific aims are: 
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 (4) Perform a systematic study to quantitively characterize the effect on the 

Papp values of compounds following the passive permeation route of three 

experimental variables: (i) the possible effects of the tested compounds on cell 

monolayer integrity, through the simultaneous measurement of Papp for a 

paracellular marker (ii) the use of the transfer or replacement as sampling 

method, and (iii) the presence of BSA in the transport medium. The results 

obtained are shown in Chapter VII. 
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III.1 – Reagents and materials 

 The Caco-2 cell line was purchased from the European Collection of 

Authenticated Cell Cultures (ECACC 09042001, Salisbury, UK, received at 

passage 44) and kindly supplied by Professor Paula Marques.  

 The MDCK-II parent cells and MDCK-MDR1 transfected cells were 

purchased from the Netherlands Cancer Institute (NKI-AVL, Amsterdam, 

Netherlands) and kindly supplied by Professor Ana Fortuna. 

 Cell culture medium and supplements were all purchased from Merck S.A 

(Algés, Portugal), except fetal bovine serum (FBS) that was obtained from Gibco-

Life Technologies (Porto, Portugal). Corning® TranswellTM 12-well plate 

polycarbonate membrane inserts (1.12 cm2 surface area, 0.4 µm pore size) and 12-

well culture plates were acquired from VWR (Lisboa, Portugal).  

 Rhodamine 123 and 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-

deoxy-D-glucose (2-NBDG) were purchased from Setareh Biotech (Eugene, OR, 

USA). Ethylenediamine tetraacetic acid (EDTA), hank’s balanced salt solution 

(HBSS), HEPES, Hoechst 33342, Triton X-100, DMSO, lucifer yellow CH di-

potassium salt, (±)-propranolol hydrochloride, atenolol, sodium fluorescein and 

salicylic acid, (±)-verapamil hydrochloride were acquired from Merck S.A (Algés, 

Portugal). The fluorescent 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-labeled alkyl 

chain amphiphiles (NBD-Cn, n = 4 to 8) were synthesized and purified, as 

previously reported by us [173], and the products were stored at −20 ◦C in the dry 

state or dissolved in MeOH.  

 Zonula occludens-1 (ZO-1) rabbit polyclonal primary antibody and Cy3 

Goat anti-rabbit IgG secondary antibody used in immunostaining for confocal 

microscopy were purchased from Alfagene (Lisboa, Portugal), Dako fluorescence 

mounting medium from Agilent (Lisboa, Portugal), and bovine serum albumin 

from Applichem (Darmstadt, Germany). The FITC-conjugated mouse 

monoclonal antibody to human P-gp (CD243) used for flow cytometry was 

obtained from BD Pharmingen (San Diego, CA, USA).  

 Ammonium formate (≥99%), formic acid and methanol of High 

Performance Liquid Chromatography (HPLC) grade were supplied from Fisher 

Scientific (Lisboa, Portugal). 

III.2 – Cell culture and seeding 
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III.2.1 – Caco-2 cell line 

 Caco-2 cells culture and monolayers preparation were as described in the 

reference protocol [128]. The cells were routinely grown in T75 cm2 flasks with 

Dulbecco’s modified Eagle’s medium (DMEM) high glucose (4.5 g/L glucose with 

4 mM L-glutamine) supplemented by 1.5 g/L sodium bicarbonate, 10% (v/v) heat-

inactivated FBS and 1% (v/v) non-essential amino acids, in a humidified 

atmosphere of 5% CO2 at 37 °C.  

 As recommended in the reference protocol, the permeability assays were 

performed using cells in high passage numbers within a defined interval of 10 

passages, between 95 and 105. After reaching late passages of culture, 

mycoplasma free stocks of cells were frozen at passages 89 or 93 and stored in 

liquid nitrogen. At the time of the experiments, the cells were thawed and 

cultivated for at least two passages before their seeding on inserts. When 

reaching 80–90% confluence on the flasks, usually after 3–4 days, the cells were 

detached with 0.25% (w/v) trypsin-EDTA (5 min at 37 °C) and subcultured at a 

split ratio of 1:8.  

 To avoid seeding aggregated cells and the formation of multilayers in 

Transwell™ inserts, the cell clusters were disaggregated into single cells by 

passing them 3 times through a syringe needle of 23 gauges (BD Falcon) before 

cell counting. Caco-2 cells were seeded at 2.6 × 105 cells/cm2 on 12-well membrane 

inserts and kept in culture with DMEM medium (containing 1 % (v/v) penicillin 

(Pen; 10,000 units/mL)–streptomycin (Strep, 10 mg/mL)) for 21 days. Medium was 

renewed 6h following seeding and then every 2–3 days thereafter during the time 

of culture. The medium was also changed 12-24 h before the use of cell 

monolayers in permeability experiments. 

III.2.2 – MDCK cell lines 

 The parent and MDR1-transfected MDCK cells were cultured in high-

glucose DMEM containing 3.7 g/L sodium bicarbonate and supplemented with 

10% (v/v) heat-inactivated FBS and 1% (v/v) Pen/Strep. Cells were grown in T75 

cm2 flasks at 37 °C in 5% CO2 and 95% relative humidity and passaged twice a 

week using 0.25% (w/v) trypsin-EDTA (5 min at 37 °C). The permeability assays 

were performed with MDCK-II cells from passage 11–18, MDCK-MDR1 from 

passage 15–23. The cells were seeded in 12-well Transwell™ membrane inserts 
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at a density of 5.4 x 105 cells/cm2. Assays were conducted 7 days post-seeding and 

culture medium was changed every other day during culture and 12-24 h before 

the use of cell monolayers in permeability experiments. 

III.3 – Structure and general properties of the tested compounds 

Table III. 1 Molecular structure and some molecular descriptors calculated using the 

MarvinSketch software (version 22.9.0, http://www.chemaxon.com) for the compounds 

used in this work. 

Permeation 

pathway Name Structure  Molecular descriptors 

Paracellular 
Lucifer 

Yellow (LY) 

 

MW (g/mol) 428 

pKa -3, -2, 3, 9.5 

Charge at pH 7.4 -2 

PSA (Å2) 250 

cLogD7.4 -6.2 

cLogP -1.4 

Passive 

permeation, 

mostly 

Paracellular 

Fluorescein 

(Flu) 

 

MW (g/mol) 332 

pKa 3.8, 6.1 a 
Charge at pH 7.4 -2 

PSA (Å2) 90 

cLogD7.4 0.16 

cLogP 4.1 

Atenolol 

 

MW (g/mol) 266 

pKa 9.7 

Charge at pH 7.4 +1 

PSA (Å2) 89 

cLogD7.4 -1.8 

cLogP 0.4 

Passive 

permeation, 

mostly 

Transcellular 

Propranolol 

(Prop)  

 

MW (g/mol) 260 

pKa 9.7 

Charge at pH 7.4 +1 

PSA (Å2) 46 

cLogD7.4 0.4 

cLogP 2.6 

Salicylic 

acid 

(SA) 

 

MW (g/mol) 137 

pKa 3 

Charge at pH 7.4 -1 

PSA (Å2) 60 

cLogD7.4 -1.5 

cLogP 2.0 

 
 
 

http://www.chemaxon.com/
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Passive 

permeation, 

mostly 

Transcellular 

NBD-C4 

 

MW (g/mol) 266 

pKa 12.3 

Charge at pH 7.4 0 

PSA (Å2)  

cLogD7.4 2.06 

cLogP 2.06 

NBD-C6 

 

MW (g/mol) 294 

pKa 12.3 

Charge at pH 7.4 0 

PSA (Å2)  

cLogD7.4 2.95 

cLogP 2.95 

NBD-C8 

 

MW (g/mol) 322 

pKa 12.3 

Charge at pH 7.4 0 

PSA (Å2)  

cLogD7.4 3.84 

cLogP 3.84 

Active and 

facilitated 

influx by 

glucose 

transporters 

2-NBD-

Glucose 

 

MW (g/mol) 342 

pKa a - 

Charge at pH 7.4 0 

PSA (Å2) 192 

cLogD7.4 -2.3 

cLogP -2.3 

Passive 

(transcellular) 

permeation, 

active efflux 

by P-gp 

Rhodamine 

123 

(Rho) 

 

MW (g/mol) 345 

pKa 6.1 a 
Charge at pH 7.4 +1 

PSA (Å2) 87 

LogD7.4 0.53 b 
cLogP 2.8 

a Experimentally determined pKa values (from Ref. [1] and [2] for Flu and Rho, respectively),  
b LogD value from Ref. [2] PSA: polar surface area 

III.3.1 – Preparation of test compound solutions 

 The preparation of test compound´s solutions to be used in permeability 

assays is summarized in Table III.2. Stock solutions of the compounds were 

prepared independently in different solvents according to their solubility 

properties and stored at -20 °C. Donor solutions were prepared under aseptic 

conditions immediately before experiments, with the exception of the 

amphiphiles NBD-Cn which were prepared the day before. The concentration of 

compounds in stock solutions was determined by UV-vis spectrophotometry. 

For compounds whose stocks were prepared in DMSO and water, small aliquots 
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of the stocks were added directly to the HBSS solution. The volume fraction of 

DMSO in solution was less than 1 %. For the other compounds dissolved in 

methanol, the solutions were prepared by dropping the respective amount of the 

methanol stock solution into a glass tube. Methanol was evaporated under a 

gentle stream of nitrogen and heat, producing a film. Then, the film was 

dissolved in HBSS to obtain the desired concentration of the compound. In the 

case of NBD-Cn amphiphile solutions, their films were dissolved with a 100 µM 

BSA solution previously prepared in HBSS. The resulting solutions were allowed 

to equilibrated overnight at 37 °C in a water bath with stirring at 100 rpm. 

Table III. 2 Preparation of the donor solutions of test compounds evaluated in 

permeability assays. 

Compound Stock solutions Quantification Donor solutions 

 
Concentration 

(mM) 
solvent 

Molar extinction 

coefficient (M-1cm-1) 

λ 

(nm) 

Concentration 

(µM) 
solvent 

LY 5 sterile Milli-Q 

Water 

1.2×10 4 430 20 HBSS 

Flu 6 sterile Milli-Q 

Water 

7.5×10 4 495 20 HBSS 

Atenolol 2.5 DMSO 1.4 ×10 3 279 25 HBSS + 1% (v/v) 

DMSO Propranolol 2 MeOH 7.1 ×10 3 290 25 HBSS 

SA 2 MeOH 3.8×10 2 300 25 HBSS 

NBD-Cn 0.5 MeOH 2.1×10 4 468 10 HBSS + 100 µM BSA 

2-NBDG 10 MeOH 2.1×10 4 468 250 HBSS 
Rhodamine 0.1 MeOH 1.0 ×10 5 507 5 HBSS 

Verapamil 100 DMSO   100 HBSS + 0.1% (v/v) 

DMSO 
 

 The cholesterol analogue dehydroergosterol (DHE) solutions emulsified by 

the bile salt glycocholic acid (GCA) were prepared in the absence and presence 

of coffee extracts. Arabica Brazil green grains were supplied by FEB company. 

The preparation of coffee extracts were performed by subjecting the coffee grains 

to distinct commercial roasting procedures, originating light (L) and dark (D) 

roasted coffee beans. Using a coffee grinder, the coffee beans were subsequently 

milled with two different grinding levels to obtain fine (1) and coarse (3) particle 

sizes. The final coffee beverages, denoted as L1 (light roast and fine grinding), 

D1, L3 and D3 were extracted in an expresso machine (Flama 10) operating at 15 

bar in the proportion of 6 g per 40 mL of water. In order to have uniform 

extractions, a tamper of 51 mm was used to pressure the coffee powder in the 
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coffee portafilter basket previous to the extraction. The sample corresponding to 

50 beverages was lyophilized at -42 °C, 100 mT in a Kinetics Ez-Dry freeze dryer 

(Kinetics, Dresden, Germany) coupled to an Edwards 12 vacuum pump 

(Edwards, Burgess Hill, UK). The powders were weighed and the coffee 

concentration ranged from 32.7–34.9 mg/mL for the four samples, giving on 

average 1.0 g of coffee in 40 mL of an espresso like beverage. Coffee extracts 

solutions to be used in permeability assays were prepared by diluting 16 times 

the lyophilized coffee in HBSS plus the bile salt GCA (10 mM). Then, the mixtures 

were allowed to equilibrated overnight at 37 ◦C in a water bath with stirring at 

100 rpm. On the day of the experiment, DHE was added to the coffee/GCA 

mixture or to GCA only (Control) as an aliquot from a DMSO stock of 10 mM 

DHE. The addition was performed under vigorous vortex mixing to facilitate 

DHE interaction with the GCA micelles and prevent its precipitation. The final 

DHE concentration ranged from 10 to 100 µM, corresponding to ≤1% (v/v) 

DMSO. LY was added to the final mixtures at a concentration of 20 µM. 

III.4 – Permeability assays 

III.4.1 – TEER measurements  

 On the day of the experiment, the integrity of the cell monolayers was 

examined by measuring the TEER values using a Millicell®ERS-2 voltmeter 

(Merck S.A, Algés, Portugal). Within the flow laminar hood, the electrodes were 

first sterilized by immersion in a solution of 70 % (v/v) ethanol in water for 15 

min and allowed to air dry for a few seconds. The electrodes were then immersed 

in sterile HBSS buffer (supplemented with 25 mM HEPES, 0.35 g/L sodium 

bicarbonate, pH 7.4) to equilibrate for 15 min. 

 Before the measurements, the culture medium was decanted, and the cell 

monolayers were washed twice with HBSS pre-warmed at 37 °C (0.5 mL in the 

apical and 1.5 mL in the basolateral sides). During the 8 min incubation required 

for the washing steps, the plate containing the inserts was placed with the lid-

covered in an incubator (previously aseptic) without CO2 at 37 °C with a plate 

orbital shaker (IKA-Schüttler MTS4, JMGS, Lisboa, Portugal) set at 50 rpm. A 

filter insert without cells was included in each set of experiments for correction 
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of the TEER value for the background resistance. The net TEER values (Ω cm2) 

were calculated by subtracting the cell-free filter resistance and multiplying by 

the filter area. 

 After the permeability assay, the remaining solutions of the inserts were 

decanted, pre-warmed HBSS (0.5 mL apical and 1.5 mL basolateral) was added 

to the cell monolayers, and their TEER values were measured again. 

III.4.2 – Transport in Apical to Basolateral direction 

 Test compound solutions were pre-warmed at 37 °C. Before initiating the 

experiments, 1.2 mL of HBSS at 37 °C was added to the wells of a 12-well plate 

(acceptor compartment). Then, the HBSS on the apical side of the monolayers 

was decanted and the inserts were placed into new empty wells. The 

permeability assays were started immediately with the addition of 450 µL of the 

compound’s solutions to the apical side (3-4 inserts were manipulated at the 

same time), from which a 50 µL sample was collected for the analysis of 

concentration at t0. The inserts were successively positioned in the pre-prepared 

12-well plate containing HBSS, and the lid-covered plate was placed on the 

incubator (without CO2, 50 rpm and 37 °C). At defined time points of sampling, 

the plate was positioned into the laminar flow hood for transfer of the inserts into 

new wells containing fresh HBSS (transfer method). At the end of the assays, the 

inserts were transferred into empty wells and 50 µL was taken from the apical 

solution.  

III.4.3 – Transport in Basolateral to Apical direction 

 The test compounds solutions at 37 °C were added to the wells of a 12 well-

plate (1250 µL). The inserts with the cell monolayers were transferred into the 

plate, and the apical side of the cell monolayers was filled with 400 µL of pre-

warmed HBSS (acceptor compartment). A 50 µL sample was immediately 

collected from the basolateral solutions (t0). The lid-covered plate was placed on 

the incubator (without CO2, 50 rpm and 37 °C). At defined time points of 

sampling, aliquots of 200 µL were withdraw from the apical side. The solution 

was carefully mixed by pipetting up and down twice before being removed. A 
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200 µL of pre-warmed HBSS was added to replace the withdrawal volume 

(replacement method). At the end of the assays, the inserts were transferred into 

empty wells and 200 µL and 50 µL were taken from the apical and basolateral 

solutions, respectively.  

 For the collection of the samples in the permeability assays from B→A 

direction, taking and replacing an aliquot of the solution in the apical side was 

preferred over transferring all the solution to a new well. This was due to the fact 

that under the conditions of these assay, the sampling by transfer would require 

turning the insert upside down to decant the solution, which represented an 

aggressive way for handling the cell monolayers. 

III.5 – Experimental procedure for the re-use of the Caco-2 

monolayers in permeability assays 

 The manipulations of the cell monolayers during the TEER measurements, 

permeability assays, media renewals and solutions preparation were always 

carried out under aseptic conditions, in a laminar flow hood. 

 At the end of a permeability assay, after washing the cell monolayer with 

HBSS and measuring their TEER value (see above), HBSS was replaced by 

DMEM culture medium (0.5 mL apical and 1.5 mL basolateral). The inserts were 

maintained during two full days in a humidified atmosphere and 5% CO2 at 37 

°C, with the culture medium being changed 24 h before the next permeability 

assay.  

III.6 – Analytical methods for the quantification of the tested 

compounds 

 The samples collected from the permeability assays were stored at −20 °C 

until analysis.  

 The quantification of the test compounds on the samples (except for Flu and 

NBD-Cn) was performed by reverse phase HPLC using a Nucleosil C18 ODS 

column (150 × 4.6 mm, 5 µm), preceded by a pre-column Zorbax ODS C18 olumn 

(12.5 mm × 4.6 mm, 5 µm). The flow rate was maintained constant at 1 mL/min 

and the columns were equilibrated at 30 °C. The elution of the compounds 
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included both isocratic and gradient elution steps comprising two eluents, eluent 

A consisted of 0.05 M ammonium formate adjusted with formic acid to pH 3.5, 

and eluent B was methanol. The quantitative analysis was carried out using a 

fluorescence detector. The samples from the acceptor compartment of the 

permeability assays were injected directly on the HPLC. In the case of 

compounds that permeated very slowly, with a very small amount being 

expected at the basolateral side, the injected volume was the maximum of the 

injection loop (900 µL) to increase the sensitivity for their detection. The samples 

from the donor compartment were previously diluted 1:20 with 950 µL of HBSS 

and a volume of 100 µL was injected. The chromatograms obtained for the 

samples in the donor and acceptor compartments at the end of the multi-time 

sampling permeability assays are presented in Figure III.1. Due to the setup of 

the injection system, a larger volume of sample injected leads to a corresponding 

delay in the elution of the compounds. Apart from this, the comparison of the 

chromatograms for samples from the donor and acceptor compartments show 

that the elution profile was not affected by the 1 - 2 h incubation or transport 

through the cell monolayers.  
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Figure III. 1. Typical HPLC chromatograms with fluorescence detection, for the 

compounds used in the permeability assays. The chromatograms of the samples 

collected from the donor compartment correspond to the left y-axis, and those from the 

acceptor compartment correspond to the right y-axis. The examples shown correspond 

to a typical sample at the end points of a multi-time sampling permeability assay. The 

concentration of the analytes was calculated from the integration of the chromatogram 

in the regions indicated in black or red, for samples collected from the donor or acceptor 

compartments, respectively. The chromatogram regions indicated in grey correspond to 

residual fluorescence from the mobile phase and/or HBBS. When the test compound and 

LY were in the same sample, LY concentration was calculated from the area between 4 

and 10 min (light black and red). 

  

0 4 8 12 16 20

0

1

2

3

0

2

4

t (min)

If
 2

9
0
 n

m
 (

1
0

1
 L

u
 )

If
 2

9
0
 n

m
 (

1
0

1
 L

u
 )

0 2 4 6 8

0

4

8

12

0

4

8

12

16

t (min)

If
 2

3
0
 n

m
 (

1
0

2
 L

u
 )

If
 2

3
0
 n

m
 (

1
0

2
 L

u
 )

0 4 8 12 16 20

0

1

2

3

0

2

4

t (min)

If
 2

9
0
 n

m
 (

1
0

1
 L

u
 )

If
 2

9
0
 n

m
 (

1
0

1
 L

u
 )

0 4 8 12 16 20

0

2

4

6

0

2

4

t (min)

If
 2

6
8
 n

m
 (

1
0

2
 L

u
 )

If
 2

6
8
 n

m
 (

1
0

2
 L

u
 )

0 4 8 12 16 20

0

4

8

12

16

0

4

8

12

16

t (min)

If
 4

6
5
 n

m
 (

1
0

2
 L

u
 )

If
 4

6
5
 n

m
 (

L
u
 )

0 4 8 12 16 20

0

1

2

3

0

2

4

t (min)

If
 4

6
5
 n

m
 (

1
0

3
 L

u
 )

If
 4

6
5
 n

m
 (

1
0

2
 L

u
 )

L
u

ci
fe

r 
y

el
lo

w

A
te

n
o

lo
l

P
ro

p
ra

n
o

lo
l

S
a

li
cy

li
c 

A
ci

d

2-
N

B
D

G

R
h

o
d

a
m

in
e 

1
2

3

L
u

ci
fe

r 
y

el
lo

w

L
u

ci
fe

r 
y

el
lo

w



 

 
 

81 

Chapter III 

 

 The optimal chromatographic conditions applied for each compound are 

detailed in Table III.3. The optimized method for the paracellular marker LY 

consisted of 100 % eluent A (ammonium formate), and leads to a retention time 

of the major band around 8 min. To allow the analysis of the samples when both 

the control LY and the test compound were applied on the same cell monolayer, 

the developed methods for the other compounds always started with 100 % of 

eluent A (with the exception of Atenolol). Then, after 7 min, the eluent B 

(methanol) was added to allow the elution of the test compound. The 

simultaneous quantification of LY and 2-NBDG or Rho is illustrated in Figure 

III.1. For each compound, the calibration curves were built from 3 independent 

set of solutions, for the two injected volumes of 100 and 900 µL. Data acquisition 

and integration of peak areas was done using the Chemstation software B.03.01 

from Agilent (Lisboa, Portugal). 

 

 

 The concentration of Flu in the samples was determined from its 

fluorescence intensity at λex/em 485/530 nm in a black 96-wells plate (Costar®), 

using the SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices 

Corporation Sunnyvale, CA, USA). Before the measurements, the pH of all 

samples was increased to 8.5-9 by adding a small aliquot of 10 M NaOH for the 

full ionization of Flu phenolic group, increasing its fluorescence quantum yield 

[174]. To guaranty that the samples analyzed are within the linear concentration 

range, the donor solutions were previously diluted 24-fold with HBSS. 

 

 

 The quantification of the amphiphiles NBD-C4, NBD-C6 and NBD-C8 was 

performed by transferring the samples collected from the assays to a black 96-

well plate. The fluorescence intensity was measured at λex/em 450/530 nm using 

the microplate reader. The NBD fluorophore has low fluorescence quantum 

yields in polar environments such as water, which is markedly enhanced upon 

binding to BSA [175]. Thus, the presence of BSA was taken as an advantage to 

allow the direct quantification of the NBD-Cn samples above the sensitivity of 

this method. The donor solutions were previously diluted 10-fold with HBSS, 
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ensuring that the samples analyzed were within the linear concentration range. 

Quantification of NBD-Cn was performed using calibration curves prepared in 

HBSS with 10 µM of BSA or HBSS with 100 µM of BSA, for samples from the 

apical and basolateral compartments, respectively.  

 The performance of the analytical methods was validated through the 

determination of linearity (r2 and linear range), method detection limit (MDL) 

and method quantification limit (MQL) over the concentration ranges of the used 

samples. The parameters obtained for the calibration curves are provided in 

Table III.3.  
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Table III. 3 Conditions and parameters of the calibration curves for the tested 

compounds used in the permeability assays.  

 Conditions Calibration curve a 

 HPLC with RP18 stationary phase and fluorescence detection 

Reference 

compounds 

 

Mobile phase 

A : Ammonium formate 50 mM 

pH 3.5 (adjusted with formic acid) 

B : Methanol 

Fluorescence 

detection 

wavelengths (nm) 

Injection 

volume 

(µL) 

Retention 

time (min) 
r2 

Calibration range 

(µM) 
MDL (µM) b 

MQL (µM) 
c 

 time (min) % A        

LY 0  ̶  10   100 
Ex: 430 

Em: 530 

100 5.1 & 7.8 0.9992 0.13  ̶  2.1 0.045 0.14 

900 5.1 & 8.0 0.9987 0.0011  ̶  0.038 0.0016 0.0047 

Atenolol  0  ̶  8   80 
Ex: 230 

Em: 302 

100 4.8 0.9999 0.043  ̶  2.7 0.019 0.056 

900 5.8 0.9998 0.0013  ̶  0.17 0.0023 0.0068 

PROP 

0  ̶  5 

5  ̶  7 

7  ̶  15 

15  ̶  18 

100 

40 

40 

100 

Ex: 290 

Em: 340 

100 14.2 0.9998 0.19  ̶  2.2 0.038 0.11 

900 14.2 0.9967 0.008  ̶  0.29 0.019 0.056 

SA 

0  ̶  5 

5  ̶  7 

7  ̶  15 

15  ̶  18 

100 

60 

60 

100 

Ex: 268 

Em: 406 

100 13.9 0.9989 0.088  ̶  2.6 0.11 0.33 

900 14.1 0.9991 0.0028  ̶  0.21 0.0076 0.023 

2-NBDG 

0  ̶  7 

7  ̶  7.5 

7.5  ̶  18 

18  ̶  20 

100 

85 

85 

100 

Ex: 465 

Em: 530 

100 13.1 0.9999 0.19  ̶  10.0 0.11 0.33 

100 13.1 0.9999 0.0046  ̶  0.26 0.0013 0.0039 

Rho 

0  ̶  5 

5  ̶  7 

7  ̶  15 

15  ̶  18 

100 

40 

40 

100 

Ex: 465 

Em: 530 

100 14.2 0.9995 0.012  ̶  0.20 0.0065 0.020 

900 14.3 0.9978 0.00077  ̶  0.024 0.0013 0.0040 

 
Fluorescence detection in 96 well plate reader 

 Sample 
Sample pre-

treatment 

Fluorescence 

wavelengths (nm) 
Volume 

(µL)  r2 
Calibration 

range (µM) 
MDL (µM) 

b 
MQL 

(µM) c 

Flu 
pH 7.4 

 

1200 µL 

pH 8.5-9 
NaOH 10M 

1.2 µL 

Ex: 485 

Em: 530 200  0.9998 0.0019  ̶  0.95 0.0019 0.005 

NBD-C4 
10 µM BSA  

Ex: 450 

Em: 530 

200  0.9999 0.10  ̶  3.1 0.026 0.078 

100 µM BSA 300  0.9998 0.013 ̶  0.20 0.005 0.015 

NBD-C6 
10 µM BSA 200  0.9999 0.08  ̶  2.7 0.029 0.087 

100 µM BSA 300  0.9999 0.006 ̶  0.20 0.004 0.013 

NBD-C8 
10 µM BSA 200  0.9979 0.05  ̶  1.7 0.15 0.46 

100 µM BSA 300  0.9995 0.006 ̶  0.20 0.0086 0.026 
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a For the calibration curves, three independent samples were analysed for each concentration .b method 

detection limit (MDL) calculated as 3× y xS b  where y xS  is the standard error of the estimated curve and b  

is the slope of the calibration curve. c method quantitation limit (MQL) calculated as 10× y xS b   

III.7 – Data analysis  

III.7.1 – Calculation of mass balance  

 The conservation of the total amount of compound at the end of the 

permeability assay was evaluated prior to its transport analysis. The mass 

balance (recovery) was calculated according to Equation III.1: 

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝑄

𝑓
𝐷 + ∑(𝑄

𝑆(𝑡)
𝐴 )+𝑄

𝑓
𝐴

𝑄0
𝐷 × 100 III.1 

where 𝑄𝑓
𝐷 and 𝑄𝑓

𝐴 are the amount of compound (mol) that remains at the donor 

and acceptor compartment at the end of the assay, 𝑄𝑆(𝑡)
𝐴  is the amount of 

compound sampled from the acceptor compartment at each time interval (t), and 

𝑄0
𝐷 is the amount of compound in the donor compartment at the beginning of the 

assay.  

 Recoveries much smaller than 100% at the end of an experiment can indicate 

that the compound (i) is metabolized; (ii) is adsorbed in significant amounts to 

the assay apparatus (plastic of the apical and basolateral containers and filter 

support), or (iii) is sequestrated by the cells (inside or in cell membrane).  

III.7.2 – Calculation of Papp 

 The apparent permeability coefficients (Papp) values were determined using 

Equation (III.2), also described in Chapter I as Equation (I.6) and reported in cm/s: 

𝑃𝑎𝑝𝑝  =  

∆𝑄𝐴

∆𝑡
𝑉𝐷

𝐴𝑄0
𝐷

 III.2 
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where ∆𝑄𝐴 is the amount of compound (mol) that accumulates in the acceptor 

compartment during the time interval Δt (in seconds), A is the surface area of the 

filter (1.12 cm2), 𝑉𝐷 is the volume of the donor compartment (cm3) and 𝑄0
𝐷 is the 

amount of compound in the donor compartment (mol) at the beginning of the 

time interval considered.  

 When several sampling times were performed, the 𝑄0
𝐷 was determined 

considering the donor compound amount after each sampling, which was 

recalculated from that in the beginning of the experiment by subtracting the 

compound that reached the acceptor compartment in the preceding sampling 

times. This equation is equivalent to that indicated in the reference protocol for 

the instantaneous permeability coefficient [128]. The only difference is that, 

instead of directly considering the initial concentration of the tested compound 

in the donor compartment, we explicitly indicate the amount of compound and 

the volume of the compartment. This avoids subjectivity when using different 

units for the distinct variables. In Equation (III.2), the amount of compound may 

be in the most convenient units, provided that the same units are used for the 

compound in both compartments (∆𝑄𝐴 and 𝑄0
𝐷). Additionally, it becomes more 

intuitive that the surface and the volume must use the same length units, which 

will be that of the resulting Papp. 

 In the B→A permeability assays, ∆𝑄𝐴 was calculated considering the 

sample replacement at each time sampling, by applying a factor of 𝑓 = 1 − 𝑉𝑠/𝑉𝐴, 

where 𝑉𝑠 and 𝑉𝐴 are the volumes of the sample taken, and the total volume of the 

acceptor compartments (cm3), respectively. 

III.8 – Confocal laser scanning microscopy and image analysis 

 For morphological studies by confocal laser scanning microscopy, cell 

monolayers were stained directly on the Transwell inserts. Cell monolayers 

were first fixed with 4% (w/v) paraformaldehyde in phosphate-buffered saline 

solution (PBS) for 10 min. After washing three times with PBS (incubated for 5 

min), cells were permeabilized for 10 min using 0.1% (w/v) Triton X-100 in PBS 

and then washed again. Nonspecific binding sites in the samples were 

subsequently blocked with 1% (w/v) BSA in PBS for 30 min. The tight junction 

protein ZO-1 was stained with ZO-1 rabbit polyclonal antibody at a dilution of 

1:200 overnight at 4 °C. After incubation, cells were washed 3 times with PBS and 
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incubated with a secondary antibody, cyanine 3 conjugated goat anti-rabbit IgG, 

at a dilution of 1:100 for 30 min at room temperature, protected from light. Cell 

nucleus was stained with Hoechst 33342 dye, 1 µg/mL, for 10 min. All stains were 

prepared in PBS containing 1% (w/v) of BSA. At the end of this incubation, the 

cells were washed with PBS and the filter was cut from the insert and mounted 

cell side up on a glass slide using Dako fluorescence mounting medium.  

 Confocal images of the slides were captured on a Zeiss LSM 710 (Carl Zeiss 

MicroImaging, GmbH) inverted confocal microscope at 20x magnification.  

A z-stack was performed with a z-interval of 1µm, with the cell layer being 

typically enclosed in 8 or 12 optical slices indicating the formation of a single cell 

layer [81]. Image acquisition and analysis of maximal intensity Z projection of 

these stacks was performed using Zen 2012 software (Black edition, version 

1.1.2.0, Zeiss). For the labeled cell monolayers, the following two filters’ settings 

were used to collect the confocal fluorescence images: ex: 405 nm or 561 nm with 

emission detection at 415–484 nm or 577–735 nm, respectively. 

Images post-processing and analysis was performed using ImageJ software 

(version 1.8, National Institutes of Health, Bethesda, MD, USA). Orthogonal 

projections of the XZ-plane were created from all the z-slices. 

 For characterization of the cell monolayers used in permeability assays with 

2-NBDG, first, the cell monolayers were fixed in the inserts (see above). After 

washing 3 times with PBS, the filter was cut, mounted on a glass slide, covered 

with Dako mounting medium and stored at 4 °C in the dark until analysis. For 

each condition, an average of 12 z-stacks were acquired with a slice distance of 1 

µm. The samples were excited at 458 nm and the emission was collected at 459–

551 nm. Orthogonal projections of the XZ-plane were created from all the z-slices 

to view in detail the localization of the fluorescence in the cell monolayers. 

 

 

III.9 – Flow cytometry analysis of P-gp expression 

 To prepare the cell monolayers for flow cytometric analysis, the culture 

media was first removed from the inserts and the cells monolayers were washed 

three times with HBSS (500 µL, 5 min each). Three inserts per condition were used 

to obtain the number of cells necessary for the analysis. The cells were detached 
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with 250 µL of 0.25% (v/v) trypsin-EDTA solution for 5 min at 37 °C. Then, PBS 

with 5 % (v/v) FBS (250 µL) was added to inactivate the trypsin, the cell 

suspension was centrifuged (300 g/5 min) and resuspended in ice-cold PBS 

containing 5 % (v/v) FBS. The cells were passed through a 23 gauge syringe 

needle (BD Falcon) up to 3 times to dis-aggregate clumps and divided into two 

aliquots of 100 µL. The first was kept on ice until analysis by flow cytometry 

(control cells sample). The second was incubated with 20 µL of P-gp antibody 

FITC-conjugated for 30 min in the dark on ice. After this incubation period, both 

aliquots were centrifuged, resuspended in 200 µL of ice-cold PBS containing 5 % 

(v/v) FBS and measured on a BD Accuri™ C6 flow cytometer (BD Biosciences, 

San Jose, CA, USA) using λex=488 nm and a 530/30 nm band-pass filter for 

emission detection. The data collected for 3000 - 10,000 events was gated to 

include viable cells based on their forward (FSC) and side light scatters (SSC). 

Gating strategies were the same for all samples measured on the same day. Data 

was analyzed by FlowJo software version 7.6.1 (Ashland, OR, USA) to obtain the 

median fluorescence intensity, which was the parameter used for comparison 

between samples and control cells. 
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Re-use of Caco-2 monolayers in 
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IV.1 – Abstract 

 Caco-2 monolayers are a common in vitro model used to evaluate human 

intestinal absorption. The reference protocol requires 21 days post-seeding to 

establish a stable and confluent cell monolayer, which is used in a single 

permeability assay during the period of monolayer stability (up to day 30). In this 

work, we characterize variations in the tightness of the cell monolayer over the 

stable time interval and evaluate the conditions required for their re-use in 

permeability assays. The monolayer integrity was assessed through TEER 

measurements and permeability of the paracellular marker Lucifer Yellow (LY), 

complemented with nuclei and ZO-1 staining for morphological studies and the 

presence of tight junctions. Over 150 permeability assays were performed, which 

showed that manipulation of the cell monolayer in the permeability assay may 

contribute significantly to the flux of LY, leading to Papp values that are dependent 

on the sampling duration. The assay also leads to a small decrease in the cell 

monolayer TEER, which is fully recovered when cell monolayers are incubated 

with culture media for two full days. When this procedure is followed, the cell 

monolayers may be used for permeability assays on days 22, 25, and 28, 

triplicating the throughput of this important assay. 

IV.2 – Introduction 

 In vitro cell-based assays are the screening tool of choice for permeability 

assessment by the pharmaceutical industry, due to the right balance between 

predictability and ethical issues [176,177]. The Caco-2 cell line, derived from 

human colonic adenocarcinoma cancer cells, is the most extensively 

characterized in vitro model for predicting in vivo human oral absorption of novel 

drugs [178-181]. There are several reported protocols for the use of Caco-2 cells in 

permeability assays. They vary in the cell source, passage number, days after 

seeding in the Transwell™ filter, size and characteristics of the filter, and 

transport media, among other experimental parameters. The variety of 

procedures is an intrinsic characteristic of scientific research, which is always in 

search of better and faster protocols. In an attempt to standardize the procedures 

for well-established assays, the journal Nature Protocols publishes detailed 

protocols that may be easily followed by the scientific community. This is the case 
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for the protocol defined by Hubatsch et al. in 2007 regarding the use of Caco-2 

monolayers in permeability assays [182]. The major limitation of this reference 

protocol is its very low throughput due to the long culture period (at least 21 

days), although this has been shown to be required to obtain a fully differentiated 

and confluent monolayer [183,184]. Additionally, in the standard protocol the 

assay is performed on 12 wells per plate, leading to very high implementation 

costs for the assay of only a small number of compounds [176,182]. In an effort to 

accomplish a higher throughput, several groups have developed new protocols, 

which include accelerated processes for cell differentiation, miniaturization 

procedures, or the use of several test compounds in each assay. 

 Filter coating and the use of supplemented culture media has been shown 

to accelerate cell differentiation, and the post-seeding time has been reduced to 

3–7 days [185-188]. Despite the significant advantages of these shorter-period assay 

models, several issues have been raised regarding the presence of active 

transporters and the integrity of the cell monolayer [185,186]. Additional issues 

with patents and poor clarification of the supplement’s effect on the cell 

properties have also been pointed out as reasons for the limited use of these 

accelerated models [188]. Miniaturization to 96- and 384-well plate formats have 

been employed, allowing for the testing of more compounds and the use of 

smaller amounts of cells and test drugs [189-191]. However, the small cell surface 

area and the high total surface per volume may lead to artifacts due to compound 

loss by adsorption to the container’s material [192]. Several authors have explored 

the use of up to ten test compounds in a single permeability assay, based on the 

assumption that the multiple analytes can be quantified simultaneously with 

analytical techniques [193-195]. Although this approach has been shown to be valid 

for some groups of test molecules, it cannot be followed for poorly defined 

compounds due to possible interferences such as, for example, the coexistence of 

substrates and inhibitors of P-glycoprotein. An interesting compromise is the 

combination of a well-defined control marker and the test compound, as has been 

done previously [130,196]. 

 Despite all efforts, only moderate success has been achieved with these 

higher throughput protocols, and Caco-2 cells grown for 21 days in 12-well plates 

is still the standard procedure. An analysis of the literature in the last 5 years 

shows that in 74% of the publications the permeability assay is performed at least 

21 days after seeding (only 4% follows accelerated protocols, with ≤7 days after 

seeding), and 12-well plates are the most common setup.  
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 In the present work, we propose an alternative strategy to increase the 

throughput of this permeability assay, while following the procedure proposed 

in the reference protocol [182]. Several studies have shown that the Caco-2 cells 

maintain their morphology and functional properties from day 21 until day 30 

after seeding [183,184,197]. The maintenance of the cell monolayer properties for 

this extended period has been used to add flexibility in the choice of the day of 

the experiment while performing a single permeability assay. Although it has 

never been explored, this stability also points towards the possibility of 

performing several consecutive assays. The permeability assay requires 

manipulation of the cell monolayer and exposure to the tested compounds and 

transport media, which may lead to perturbations to the monolayer integrity. The 

use of non-toxic concentrations of the tested compounds is a general requirement 

in any permeability assay, and it can be easily pre-evaluated using standard 

assays, such as MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide) [198]. The major concern regarding the re-use of a cell monolayer in 

consecutive permeability assays is therefore the possible loss of cell monolayer 

integrity due to continued manipulation of the filter. Development of 

methodologies for the re-use of the cell monolayers must first guarantee a full 

recovery of the cell monolayer properties between assays.  

 The aim of this study is three-fold: (i) to evaluate the effect of the 

permeability assay on the monolayer integrity; (ii) to evaluate whether cell 

incubation with culture media is sufficient for recovery of the monolayer 

integrity; (iii) to determine the optimal duration of the interval between 

consecutive permeability assays. Assessment of the monolayer integrity was 

based on its transepithelial electrical resistance (TEER), on the permeability of the 

well-known marker of the paracellular pathway Lucifer Yellow (LY), and on the 

distribution of the tight junction protein zonula occludens-1 (ZO-1). A 

preliminary evaluation showed that one day of incubation with culture media is 

not enough for a full recovery. An extensive characterization has therefore been 

performed for a two-day incubation period, with consecutive permeability 

assays being performed at days 22, 25, and 28 after seeding. Single sampling (at 

60 min) and multiple time sampling (10, 20, 30, and 60 min) was evaluated to 

support the applicability of the cell monolayer re-use when following both 

procedures.  

 More than 150 permeability assays were performed, and over 50 cell 

monolayers were characterized by confocal microscopy. With this extensive 
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work, the statistical distribution of the permeability parameters could be 

described, allowing a quantitative comparison between the distinct procedures 

and conditions.  

IV.3 – Methods 

 Incubation of the cell monolayer with HBSS and the manipulation required 

for the permeability assays may lead to perturbation of the monolayer integrity. 

In fact, we (and others [196,199]) have observed a small but systematic decrease in 

the TEER value after the permeability assay. Hence, for the re-use of the cell 

monolayer in additional permeability assays, it is necessary to first ensure that 

the monolayer integrity is fully recovered. One hypothesis of this work is that 

this may be achieved by incubation of the cell monolayer in the culture media. 

Preliminary experiments showed that one day of incubation was not enough to 

re-establish the cell monolayer integrity. In the work currently described, the cells 

were incubated for 2 full days in supplemented DMEM in a humidified 

atmosphere of 5% CO2 at 37 °C. To maximize the use of the already established 

cell monolayers up to three times during the total period where the monolayers 

are stable (21–30 days) [183,184,197], the days selected for the permeability 

experiments were 22, 25, and 28 post-seeding.  

 All cell monolayers presented TEER values above 200 Ω cm2 (n= 208), both 

before and after the permeability assays and were considered for analysis. From 

each set of 12 inserts, at least one insert of the set was fixed and stained for 

confocal microscopy analysis. The remaining ones were used to perform 

permeability assays with LY (20 µM) in the A →B direction. The high fluorescence 

quantum yield of LY allows its detection by HPLC, even for the very small 

amount expected to permeate during short permeation intervals (see Chapter III, 

section III.6 for details). In this work, the transport of LY was evaluated using 

either a single sampling at t60 or multiple samplings at t10, t20, t30 and t60 min. At 

the defined time points, the inserts were moved to new wells containing 1.2 ml 

of HBSS. At the end of the assay, some selected monolayers were prepared for 

microscopy; and the remaining were incubated with culture media for re-use. 

 Experiments were carried out at least in triplicate (wells per plate) and were 

independently repeated at least two times in different cell batches and cell 

passages. The very large number of assays performed allowed for the 
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characterization of the parameter statistical distribution, which was shown to be 

a LogNormal for Papp. This is in fact the statistical distribution expected for rate 

constants [200]. The characteristic values and uncertainty associated with this 

parameter cannot therefore be obtained directly from the average and standard 

deviation of the Papp values measured. Instead, the most probable value was 

obtained from the average of LogPapp, and uncertainty is expressed as 95% 

confidence intervals (CI95) [200,201]. The CI95 values were calculated from the 

average (𝜇Log𝑃app
) and standard deviation (𝜎Log𝑃app

), and the critical t value for the 

number of replicates used in the calculations, Equation IV.1: 

( )
app app app app95 app Log Log Log LogCI Log ] , [P P P PP t t   = − +

 
IV.1 

This statistical analysis was performed using Microsoft Excel. 

 A multivariate analysis (MVA) was applied to assess the correlation 

between the parameters and all potentially relevant independent variables. The 

multivariate regression model used to fit the data is given below:  

𝑌 =  𝛽0 + 𝛽1 ∗ 𝑋1 + 𝛽2 ∗ 𝑋2 + ⋯ + 𝛽i ∗ 𝑋i 
II.7 

where the dependent variable (Y) is described as a linear function of the 

independent variables (Xi). β0 is the Y-intercept, and each coefficient (βi) reflects 

the effect of the corresponding independent variable (Xi) on Y. The values of βi 

are estimate by minimizing the sum-of-squares of the differences between the 

values of Y predicted by the equation and the Y values in the data. The 

coefficients have the units of Y divided by the units of the corresponding X. The 

confidence interval CI95 and the p-value were calculated for each βi; p < 0.05 was 

considered as statistically different from zero. This statistical analysis was 

performed using GraphPad Prism (version 8.4.2, San Diego, CA, USA). 

 A total of 52 cell monolayers were characterized by confocal microscopy to 

evaluate for possible changes in cell monolayer integrity and morphology. This 

analysis included cell monolayers at different days post-seeding (22, 25 and 28), 

both before and after the permeability assays, with cell monolayers used in a 

single permeability assay or re-used. From the acquired images, it was 

determined the cell density and the fractional area occupied by nuclei and by the 

tight junction protein ZO-1. The image area (428 × 428 µm2) was analyzed on at 

least 2 independent cell monolayers per condition. Each image was manually 
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threshold to select nuclei and ZO-1 only fluorescence. Orthogonal projections of 

the XZ-plane were created from all the z-slices to view the localization of the 

fluorescence of ZO-1 protein. 

IV.4 – Results and discussion 

IV.4.1 – Effect of re-use on the cell monolayer integrity after single-time sampling 

permeability assays. 

 Caco-2 monolayers have previously been shown to be stable and adequate 

for performing transport studies from day 21 to day 30 after seeding in the 

Transwell filter [183,184,197]. In this work, we evaluate whether the same cell 

monolayer may be re-used in consecutive permeability assays during this 

interval. Preliminary results showed that one day between the assays was not 

enough for full recovery of cell monolayer integrity. Therefore, the systematic 

study presented in this work was performed with an interval of two full days 

between consecutive permeability assays. The selected days for the assays were 

22, 25, and 28.  

 

 

 To distinguish between the effects of performing the permeability assay 

from eventual variations of the cell monolayer properties between days 22 and 

28, single use monolayers were also evaluated on day 25 and day 28. The 

tightness of the cell monolayer was first assessed by measuring its TEER, both 

before and after the permeability assays. The very large number of assays 

performed in this work permit the characterization of the distribution probability 

of TEER values, and the results obtained before the execution of the permeability 

assay are shown in Figure IV. 1.A. Broad distributions are obtained at all days, 

with a small increase at day 28 (best fit Normal distribution with µ ±  = 1228 ± 

248 Ω cm2) when compared to day 22 and day 25, which show a similar value of 

TEER (1036 ± 491 and 986 ± 432 Ω cm2, respectively), the overall distribution at all 

days being 1067 ± 473 Ω cm2. The distribution of TEER values after the execution 

of a permeability assay are represented in Figure IV. 1.B. It is observed that there 

is a small decrease in the mean value of TEER (766 ± 383 Ω cm2, for the best fit 

distribution of the cumulative data at all days), which is mostly due to a decrease 
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in the TEER values obtained after the permeability assay for monolayers on day 

22 (from 1036 to 719 Ω cm2), but also for monolayers on day 28. Nevertheless, 

TEER values above the threshold of 200 Ω cm2, which is commonly accepted for 

a confluent cell monolayer [202,203], are obtained in all cases; see Table IV. S1 in 

the supplementary material for further details. 

 

Figure IV. 1 Evaluation of the Caco-2 monolayer integrity when used for a single 

permeability assay at distinct days after seeding (22, 25, and 28). The TEER values 

obtained before are shown in Plot A, and after the permeability assay in Plot B. The lines 

are the best fit of a Normal distribution to the results obtained on each day (colored lines) 

or cumulatively at all days (black line). The grey line in Plot B is the overall distribution 

obtained before the permeability experiment. 

 After the execution of the permeability assay, the cell monolayers were 

incubated in culture media for two full days to evaluate if their barrier properties 

could be re-established. The results obtained for TEER are shown in Figure IV. 2. 

The statistical distributions achieved for the TEER values of cell monolayers not 

previously used on permeability assays are undistinguishable from those of the 

cell monolayers previously used and incubated in culture media for two full 

days. This indicates that the 2 days of incubation with the culture medium allows 

for the re-establishment of the cell monolayer integrity, overcoming the small 

perturbations induced by the permeability assay (including manipulation and 

incubation in HBSS).  
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Figure IV. 2 Evaluation of the re-establishment of Caco-2 monolayer integrity when 

incubated in culture media for two full days after being used for a permeability assay. 

The TEER values for cell monolayers not used on permeability assays are shown in dark 

colors ( , , ), and those previously used are shown in light colors (  and , TEER on 

day 25 previously used on day 22;  and , TEER on day 28 previously used on days 22 

and 25, on single   or multi-time   sampling). The lines are the best fit of a Normal 

distribution to the results obtained on single use or re-used cell monolayers (colored 

lines) or cumulatively for each day (black line), with the parameters given in the 

supplementary material — Table IV. S2. The cumulative results at all days are shown on 

the right plot (◼, TEER before assay on days 22, 25, or 28; ◼, TEER before assay on days 

25 or 28 after being used on day 22 or on days 22 and 25). 

 The analysis above is based on the average values obtained for each 

experimental condition. A closer look at the results for each individual cell 

monolayer is presented in the supplementary material—Figure IV. S1 and shows 

that: (i) a large decrease in the value of TEER after the permeability assay was 

only observed in 1/3 of the cell monolayers, while in the vast majority of the 

inserts, TEER varied by less than 20% (increase or decrease); (ii) from day 22 to 

25 (before the permeability assay in both days), the TEER value increased for all 

inserts. Thus, the decrease observed after the assay on day 22 was fully recovered 

for all inserts. When analyzing the results between the 2nd and the 3rd use of the 

cell monolayer in the permeability assays, a full recovery of TEER was also 

observed in the majority of the inserts.  

 The results obtained with TEER suggest that the procedure developed in 

this work leads to full recovery of the cell monolayer integrity and that they can 

be re-used in permeability assays at days 25 and/or 28 after being used on day 

22. However, due to the high variability in this parameter, it may be questioned 

if it accurately reflects the integrity of the cell monolayer [183,204-206]. We have 
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therefore also evaluated the effect of monolayer re-use through the results 

obtained for the permeability of a paracellular marker.  

 

 The results obtained for LY Papp, calculated from a single 60 min sampling 

interval, are shown in Figure IV. 3. At day 22, a large number of permeability 

assays were performed (N = 34), leading to a well-defined distribution frequency. 

A clear misfit is observed when the best fit of a Normal distribution is performed 

(grey dashed line), with the experimental data showing strong asymmetry 

towards high Papp values. The quality of the best fit is significantly improved 

when a LogNormal distribution is considered (black line), which is in fact the 

statistical distribution expected for rate constants [200]. Due to the asymmetry in 

the distribution, the uncertainty associated with this parameter should be 

expressed as a confidence interval [200]. This interval may be calculated from the 

parameters of the LogNormal distribution that best describes the results, or 

directly from the average and standard deviation of the observed values of 

LogPapp, leading, respectively, to [1.1, 4.0] × 10−7 cm/s and [1.2, 3.9] × 10−7 cm/s at 

95% confidence (CI95), and an average value of Papp equal to 2.1 × 10-7 cm/s for both 

analyses.  

 

Figure IV. 3 Dependence of LY Papp (one sampling at 60 min) on the day post-seeding 

and on the re-use of the monolayer for additional permeability assays after incubation 

with culture media for two full days. The left plots show the distribution of Papp values 

obtained on the different days after cell seeding; dark colors represent results for single 

use and light colors for re-used cell monolayers; the lines are the best fit of a Normal 

distribution (grey dashed) or a LogNormal distribution (black continuous). The plot on 

the right shows the cumulative results at all days and conditions; the lines are the best 

fit of a LogNormal distribution for data from each day (colored) and collectively for all 

days (black), with the parameters given in the supplementary material —Table IV. S3. 
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 The distribution frequency of LY Papp values obtained with cell monolayers 

on days 25 and 28 is also shown in Figure IV. 3. The number of assays performed 

with cell monolayers on day 25 that have been previously used on day 22 is large 

(N = 23) and leads to a well-defined distribution frequency (light green). 

However, the number of assays performed on day 25 for cell monolayers used on 

a single day (dark green, N = 6) is too small to allow the characterization of the 

frequency distribution. The characteristic value and confidence intervals must 

therefore be calculated from the average and standard deviation of the observed 

values of Log Papp, leading to µ = 1.8 × 10−7 cm/s and CI95 equal to [0.6, 5.3] × 10−7 

cm/s. The same average value is also obtained for Papp on re-used cell monolayers. 

In this case, the much larger number of assays leads to a smaller uncertainty, with 

the CI95 being [1.1, 2.6] × 10−7 cm/s. This shows that the two conditions do not lead 

to statistically different results and, thus, the cell monolayers that have been used 

on day 22 may be re-used on day 25 if following the proposed protocol. When 

this treatment is performed for cells on day 28 post-seeding, the parameters 

obtained are µ = 3.2 × 10−7 cm/s and CI95 equal to [1.7, 6.1] × 10−7 cm/s for cell 

monolayers used a single time (N = 6) and µ = 1.6 × 10−7 cm/s and CI95 equal to 

[0.7, 3.6] × 10−7 cm/s for cell monolayers previously used on day 22 and 25 (N = 

18). As observed on day 25, the small number of assays performed with single 

use cell monolayers lead to a large uncertainty, and the two conditions are not 

statistically different. The collective result led to µ = 1.9 × 10−7 cm/s and CI95 equal 

to [0.8, 4.7] × 10−7 cm/s. When the results obtained on all days are analyzed (right 

plot in Figure IV. 3), it is observed that they are very well described by a single 

LogNormal distribution. This shows that, although a small decrease is observed 

in the Papp values as cell monolayers are maintained on the inserts (specially at 

day 28), the distributions are not statistically independent. The parameters 

obtained from the collective values at all days and conditions are µ = 2.0 × 10−7 

cm/s and CI95 equal to [1.0, 3.8] × 10−7 cm/s. The small values obtained for LY 

permeability show that the cell monolayers are intact and tightly sealed at all 

conditions, Papp < 5 × 10−7 cm/s [182,202,207]. Thus, the results show that, when the 

cell monolayer is allowed to recover in culture media for 2 full days between 

assays, its integrity is not compromised, and they may be re-used on days 25 and 

28.  
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IV.4.2 – Effect of multiple sampling time points on the paracellular permeability 

through Caco-2 monolayers 

 For the evaluation of new compounds’ permeability, the use of several time 

points is usually required in order to allow the characterization of fast 

permeating compounds, while sink conditions are guaranteed. The sampling 

may be performed either with the replacement method (removing part of the 

solution in the acceptor compartment and replacing it with fresh transport 

media), or with the transfer method (where the insert is transferred to new wells 

containing fresh transport media). The latter is preferable for fast permeating 

solutes, as it takes only a few seconds to transfer several inserts and no test 

compound is present in the acceptor compartment at the beginning of each new 

time interval. 

 In this section we evaluate the impact of multiple sampling and different 

time intervals in the permeability of LY. The inserts were transferred to wells 

containing pre-warmed HBSS at time points 10, 20, 30, and 60 min. The results 

obtained for the instantaneous permeability during the first 10 min sampling 

interval are shown in Figure IV. 4 (upper plots), together with those previously 

obtained for the single-time point sampling at 60 min. As observed before (Figure 

IV. 3), the distribution frequency obtained for a 10 min sampling time interval is 

best described by a LogNormal distribution (a Normal distribution for the 

parameter represented in Figure IV. 4, LogPapp). Independent distributions, 

however, are observed for both sampling time intervals, with higher Papp values 

obtained for the shorter sampling time interval (µ = 15 × 10−7 cm/s and CI95 equal 

to [7.6, 29] × 10−7 cm/s).  

 An alternative procedure to quantify permeability is directly through the 

amount of LY that reaches the acceptor compartment (QA) during the sample 

time interval (Figure IV. 4, lower plots). In this case, it is observed that a Normal 

distribution centered at around −0.6 is obtained for LogQA during both sampling 

intervals (10 or 60 min), corresponding to QA around 0.2% (for details see the 

supplementary material — Table IV. S4). A very similar amount of LY was also 

observed to permeate through Caco-2 monolayers on day 23 post-seeding during 

a 90 min sampling interval, 0.27% [130]. This shows that, for cell monolayers on 

day 22 post-seeding, the manipulation during the permeability assay leads to a 

significant amount of LY transport and that very little permeation is observed 

during the sampling time interval, thus leading to Papp values that are strongly 
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dependent on the sampling time interval. When assessing the integrity of the cell 

monolayer using distinct incubation times, it is therefore preferable to refer to the 

observed permeability in terms of % of the control solute transported, which is 

usually indicated as below 0.5% for a tight Caco-2 monolayer [208]. 

 

Figure IV. 4 Effect of the sampling time interval on the paracellular permeability of LY 

through Caco-2 monolayers at days 22, 25, or 28, post-seeding. The LY transport 

expressed as the Logarithm of the instantaneous permeability (LogPapp) is shown in the 

upper plots, while that expressed as the Logarithm of the amount of LY that permeates 

(LogQA) is shown in the lower plots, for a sampling interval of 10 min (light colors) or 60 

min (dark colors). The lines are the best fit of a Normal distribution, with the parameters 

given in the supplementary material —Table IV. S4, the black line corresponding to the 

cumulative data from both sampling time intervals. 

 Very similar results are observed for cell monolayers on day 25 post-seeding 

(Figure IV. 4, middle plots). When considering cell monolayers on day 28 (right 

plots), the values obtained for LY Papp are still dependent on the sampling time 

interval, but a significant overlap is observed between the frequency distribution 

obtained for both conditions. Conversely, the frequency distributions of the 

amount of LY that permeates shows significant differences between the two 

sampling time intervals, being higher for the longer sampling interval.  
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 A closer look on the effect of days post-seeding in the amount of LY that 

permeates through cell monolayers shows that the major variation is observed 

for the 10 min time sampling, with a decrease from µ = 0.25% at day 22 to 0.19% 

at day 25, and 0.09% at day 28. This indicates that the contribution from the 

manipulation of the insert is very substantial on day 22 and becomes less 

significant for cell monolayers maintained in the insert for longer times, 

supporting an increase in the cell monolayer tightness, as previously suggested 

by the small increase in TEER (Figure IV. 1 and supplementary material —Table 

IV. S2). Therefore, when comparing the values of Papp for different analytes, it is 

important that the same conditions are used in the permeability assays, namely 

the day post-seeding and, most importantly, the sampling time intervals. 

 

 We have also analyzed the effect of multiple time sampling on the observed 

instantaneous amount of LY that permeates and the corresponding value of Papp; 

the results obtained for the amount of LY that reaches the acceptor compartment 

are shown in Figure IV. 5. A small increase in QA is observed for consecutive 

sampling with the same time interval: µ = 0.25, 0.29 and µ = 0.37% on day 22; µ = 

0.19, 0.25 and µ = 0.25% on day 25; and µ = 0.09, 0.10, and µ = 0.13% on day 28. 

An increase is also observed on the width of confidence intervals (see 

supplementary material —Table IV. S4). This shows that repeated manipulation 

of the cell monolayer leads to more significant perturbation and that the effect is 

not the same for all cell monolayers. When the cumulative amount of LY that 

reaches the acceptor compartment during the first 30 min (with sampling at each 

10 min) is analyzed, an upward curvature is therefore observed (supplementary 

material —Figure IV. S2). However, when the final sampling at 60 min (t = 30 

min) is included in the cumulative transport, the non-proportionality between QA 

and the sampling time interval dominates, and a downward curvature is 

observed for the whole 60 min sampling. 
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Figure IV. 5 Effect of multiple time sampling on the paracellular permeability of LY 

through Caco-2 monolayers at days 22, 25, or 28, post-seeding. The LY transport is 

expressed as the Logarithm of the amount of LY that reaches the acceptor compartment 

(LogQA) for 3 consecutive 10 min sampling intervals (at 10, 20, and 30 min): 1st 10 min 

sampling ( , , ), 2nd 10 min sampling ( , , ), and 3rd 10 min sampling ( , , ). 

The lines are the best fit of a Normal distribution, with the parameters given in 

supllementary material —Table IV. S4, the black line corresponding to the sum of the 

results from the 3 sampling time points. 

 The results shown above have been obtained with transfer of the insert into 

wells containing fresh transport media at the end of each sampling interval. 

During transfer, the level of transport media across the cell monolayer is not 

balanced, with a hydrostatic pressure being applied on cell monolayer in the 

direction A →B (top-to-bottom compartment). The results presented show that 

this force may lead to a significant amount of analyte transport, at least for 

analytes that permeate very slowly and paracellularly, as is the case of LY.  

IV.4.3 – Morphological features and integrity of the cell monolayer 

 The effects of the day post-seeding and execution of permeability assays on 

the morphological features and integrity of the cell monolayer were also 

characterized by confocal laser scanning microscopy, both for cell monolayers 

used on a single assay or re-used. Representative images of the tight junctions at 

each condition are displayed in Figure IV. 6, and a larger area including the nuclei 

is shown in the supplementary material —Figure IV. S3. A quantitative analysis 
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is discussed in Section IV.4.4.

 

Figure IV. 6 Immunofluorescence ZO-1 staining of Caco-2 monolayers. Representative 

images for cell monolayers at days 22, 25, and 28 are shown in the left, middle, and right 

panels, respectively. In the upper plots, the monolayer was not used in permeability 

assays, while in the additional plots the monolayers were previously used. The lower 

plots correspond to monolayers immediately after the LY permeability assay, and in the 

middle plots the images correspond to cell monolayers that were maintained in culture 

media for 2 days after the permeability assay. Scale bar 50 µm. 

 All cell monolayers show an extensive network of tight junctions, as stained 

by ZO-1, and a similar cell density. This suggests that the execution of the 

permeability assays does not lead to significant perturbations of the cell 

monolayers, which is not in agreement with the results obtained with the 

permeability assays that show a small increase in the leakiness for multiple time 

point sampling. It should be noted, however, that the permeating solutes are 

several orders of magnitude smaller than the resolution of confocal microscopy 

(a few Å as compared with several hundreds of nm). Although the tight 

junction’s network remains apparently intact when observed at a microscopic 
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resolution, its integrity may be compromised, allowing the passage of small 

molecules. In this respect, it is important to consider the size of the pores in the 

tight junctions of confluent Caco-2 monolayers. Using a large set of paracellularly 

permeating solutes of different radii, Adson et al. obtained an effective pore 

radius of 12 Å for Caco-2 monolayers at days 21–23 after seeding [207]. Similar 

results have recently been obtained by other authors, with an effective pore 

radius varying between 6 and 16 Å [209,210]. A strong correlation has also been 

obtained between the tight junctions’ pore radius and the LY permeability [209]. 

From this relationship, the Papp values obtained in the present work suggest a 

pore radius of approximately 6 Å. Given the several orders of magnitude 

difference between the resolution of the confocal images, and the tight junctions´ 

pores through which LY permeates, it is not surprising that a continuous tight 

junction’s network was observed despite the increased LY permeability. 

 To provide information regarding the transversal position of the tight 

junction protein ZO-1, the z-stack projection for the inserts with monolayers on 

day 28 post-seeding is show in Figure IV. 7. It is observed that ZO-1 is located 

only at the apical side in all conditions. Therefore, the execution of the 

permeability assays does not lead to a redistribution of tight junctions, even when 

three permeability assays are performed with the same cell monolayer.

 

Figure IV. 7 Staining of ZO-1 (red) and nuclei (blue) for Caco-2 monolayers at day 28 

post-seeding. In the left plots, the monolayer was not used in permeability assays, in the 

middle plots the monolayer was previously used on days 22 and 25 and maintained in 

fresh media until day 28, and the right plots correspond to cell monolayer immediately 

after a permeability assay on day 28 (after being previously used on days 22 and 25). The 

lower plots correspond to the z-stacks at the cross section, indicated by the respective 

yellow triangle. 

Post-assayPre-assay

Re-useSingle use 

Pre-assay
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IV.4.4. – Multivariate analysis 

 The very large set of experiments presented in this study (N = 156) was 

performed over several months, using a large set of cell monolayers (three 

batches at passages 95 to 105, see supplementary material —Table IV. S5 for all 

experimental results, and Figure IV. S4 for LY Papp obtained for cell monolayers 

at day 22 post-seeding). This introduces some uncertainty in the results, but 

significantly improves the robustness of the conclusions achieved. A multivariate 

analysis has been performed to evaluate the correlation between the permeability 

parameters and the independent variables. When TEER before the permeability 

assay is considered, the independent variables are the cell batch, cell passage 

number (between 95 and 105), day post-seeding, re-use of the cell monolayers, 

and sampling time points used on the previous permeability assays. For the 

TEER value after the permeability assay, the variable TEER before the assay was 

also included as an independent variable, and the TEER after the assay was also 

considered when the multivariate analysis was performed for LY transport 

(quantified by Papp and QA). The results obtained are presented in the 

supplementary material —Table IV. S6, a brief discussion of the major findings is 

given here. 

 The value of TEER before the permeability assay was found to be strongly 

correlated only with the cell batch, while the correlation of TEER after the assay 

with that before the assay is the only one that is statistically significant. However, 

the amount of LY transported showed no significant correlation between the 

value of TEER (both before and after the permeability assay), showing that the 

two variables are reporting on distinct properties of the cell monolayer. On the 

other hand, when LY transport is quantified by its Papp, a strong correlation is 

observed with the duration of the sampling interval, t, smaller sampling 

intervals leading to higher LY Papp. As discussed in Section IV.4.2, a small negative 

correlation (not statistically significant) is observed for QA. A significant 

correlation is also observed between Papp and the day post-seeding (cell 

monolayers becoming more impermeable to LY from day 22 to 28). 

 The nuclei and the tight junction protein ZO-1 of 52 cell monolayers were 

stained and analyzed by confocal microscopy. The variables considered were the 

cell density (number of nuclei in an area with 428 × 428 µm2), the area occupied 

by nuclei, and that occupied by tight junctions containing ZO-1. The results 

obtained are shown in the supplementary material —Tables IV. S7 and S8. A high 
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variability is observed for the cell density: 3.1 (±0.7) × 105 cells/cm2 at day 22 before 

any permeability assay (N = 7) and 3.3 (±0.8) × 105 cells/cm2 for all cell monolayers 

(N = 52). The correlation is not, however, statistically significant with cell batch, 

passage number, day post-seeding, or cell monolayer use/re-use. As expected, a 

positive correlation is obtained between the cell density and the area occupied by 

the nuclei. This correlation is, however, sub-linear, which indicates that cells (and 

their nucleus) are more elongated when at higher density and is consistent with 

a continuous cell monolayer in all situations. A positive correlation was also 

observed between the cell density and TEER, suggesting that the thickness of the 

monolayer may influence the value of TEER obtained. This correlation was strong 

when only the cell monolayers at day 22 (N = 7) were considered (see 

supplementary material —Figure IV. S5) but become not statistically significant 

when cell monolayers at all conditions were considered (for details see the 

supplementary material —Section IV.6.7). No correlation, however, is observed 

between the area occupied by nuclei and by tight junctions, or with the amount 

of LY that has permeated during the assay. This shows that TEER is affected by 

parameters not related to the cell monolayer tightness, this being better evaluated 

by the permeability of paracellular markers such as LY. The area occupied by 

tight junctions does not show statistically significant correlations (or any weak 

correlation) with any of the variables considered. 

 Overall, the results obtained show that the cell monolayer integrity are not 

affected by their re-use at days 25 and 28 when maintained in culture media for 

two full days between the permeability assays. 

IV.5 – Conclusions 

 The present study shows that, after using a Caco-2 monolayer in a 

permeability assay, two days of incubation in culture media are required and are 

sufficient for the re-establishment of the cell monolayer integrity. This enables 

the re-use of the cell monolayer in two additional permeability assays, 

triplicating the throughput of this in vitro model relative to the reference protocol. 

 The large set of permeability assays performed in this study allowed the 

characterization of the frequency distribution of the Papp parameter, which was 

shown to be skewed towards higher values following a LogNormal distribution. 

The characteristic value and associated uncertainty cannot therefore be obtained 
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from the average and standard deviation of the observed values of Papp. Instead, 

the more probable Papp should be calculated from the average of LogPapp and the 

confidence intervals obtained from the standard deviation of LogPapp and the 

number of assays [200,201]. 

 It is also observed that manipulation of the cell monolayer during the 

permeability assay contributes significantly to the amount of analyte transported 

from the apical (top) to the basolateral (bottom) compartment, at least for solutes 

that permeate through the paracellular route. This leading to permeability 

coefficients strongly dependent on the incubation time. It is concluded that the 

integrity of the cell monolayer should be evaluated through the amount of 

paracellular marker that reaches the acceptor compartment during the sampling 

period, and not by the calculated instantaneous permeability coefficient. 

 Another important conclusion of this work is that the leakiness of the cell 

monolayers decreases from day 22 to 28 (both for cell monolayers used on a single 

permeability assay or re-used following the proposed protocol), and that the 

contribution of cell manipulation to the observed transport is less significant for 

cell monolayers on day 28 post-seeding. Therefore, cell monolayers on day 28 

may be preferable when characterizing the permeability of a set of analytes 

requiring different sampling time intervals. 

 The full validation of the methodology proposed for the re-use of the Caco-

2 monolayer in consecutive permeability assays requires the characterization of 

the transport of analytes permeating through distinct routes, including passive 

and transporter mediated influx as well as efflux. The validation regarding cell 

monolayer integrity performed in this work represents the first step towards this 

goal.   
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IV.6 – Supplementary material 

IV.6.1 – Effect of a single-time point permeability assay (60 min) on the cell 

monolayer TEER values 

 The characteristic values of TEER before and after the LY permeability assay 

with a single sampling point at 60 min were evaluated for Caco-2 monolayers at 

different days after cell seeding. The very large number of assays performed 

allowed the characterization of the statistical distribution of TEER values, to 

obtain the characteristic average (µ) and standard deviation () from which the 

confidence intervals at 95 % confidence (CI95) were calculated. This was 

performed for µ and  obtained directly from the TEER values, and from the 

parameters obtained for the best fit of a Normal distribution to the frequencies 

observed. Both statistical analysis led to an underestimation of the lower limit of 

CI95 in some of the conditions analysed (lower than the lowest values obtained 

experimentally, values in grey) indicating that the distribution of TEER is skewed 

towards higher values. Given the expected LogNormal probability distribution 

of rate constants [200], and the inverse relation between TEER (a resistance) and 

the corresponding rate of ion permeation, the statistical analysis obtained from 

the best fit of a Normal distribution to Log(1/TEER) was also performed. This 

leads to an overestimation of the CI95 upper limits (higher than the highest values 

obtained experimentally, values in grey) indicating that the distribution of 

Log(1/TEER) is skewed towards lower values. This indicates that random 

variables other than the energy barrier for ion permeation are influencing the 

values measured for TEER, and that those are likely well described by a Normal 

distribution. Given the inadequacy of both statistical distributions to accurately 

describe the TEER variable, the simpler approach was selected, which is the 

calculation of µ and  directly from the TEER values obtained experimentally 

(columns shaded in green). 
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Table IV. S1 Characteristic TEER values and confidence intervals for the different cell 

monolayers before and after LY permeability assays with a 60 min sampling time point. 

TEER values 

(k cm2) 
Directly from TEER 

Best Fit Normal 

distribution to TEER 

values 

Best Fit Normal 

distribution to 

Log(1/TEER) 

Day    CI95a   CI95 a  CI95 a 

22 

N=34 

Before 1.0 0.5 0.1, 1.8 1.2 0.5 0.3, 2.0 0.9 0.3, 2.2 

After 0.7 0.4 0.1, 1.3 0.7 0.2 0.4, 1.1 0.6 0.3, 1.4 

25 

N=29 

Before 1.2 0.6 0.2, 2.1 1.0 0.4 0.3, 1.7 1.1 0.4, 2.6 

After 0.9 0.5 0.1, 1.6 0.9 0.5 0.1, 1.7 0.8 0.3, 2.0 

28 

N=24 

Before 1.1 0.4 0.5, 1.8 1.0 0.3 0.5, 1.5 1.1 0.6, 1.9 

After 1.0 0.3 0.5, 1.6 1.1 0.2 0.7, 1.5 1.0 0.5, 2.0 

All 

N=87 

Before 1.1 0.5 0.2, 1.9 1.0 0.5 0.2, 1.7 1.1 0.4, 2.3 

After 0.8 0.4 0.2, 1.5 0.9 0.4 0.3, 1.6 0.8 0.3, 1.8 
a lower and upper limits of the CI95 that are outside than the range of values obtained experimentally are 

shown in grey. 

 Some representative results obtained for individual cell monolayers are 

shown in Figure IV. S1. The TEER values before the permeability assay are shown 

in grey, and those after are shown in white. For a small number of cell monolayers 

it is observed a small increase in TEER after the execution of the permeability 

experiment, but for most cell monolayers a decrease in TEER is observed. This 

decrease is usually small (less than 20 % variation), although a large decrease is 

observed in 1/3 of the cell monolayers. Incubation in culture media for two full 

days leads to the complete recovery of the TEER values pre-assay which usually 

become even larger than the value observed before the permeability assay. This 

over-recovery is frequently observed between day 22 to 25, while between day 25 

and 28 the behavior observed for the individual cell monolayers is very diverse 

(from small increases to a significant decrease). In all cell monolayers analyzed, 

the TEER value observed before and after the permeability assay is always equal 

to or higher than 200 Ω cm2, which is the value usually considered for tight Caco-

2 monolayers [202,203]. 

 

 The values obtained for the permeability coefficient of LY (Papp) are also 

shown in Figure IV.S1. No systematic dependence is observed between Papp and 

TEER. This is the case for each day post-seeding when comparing distinct cell 

monolayers and for a given cell monolayer along the days post-seeding. This 

suggests that the high variability observed for the TEER values is not directly 
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related with cell monolayer integrity. Among the factors that may influence the 

value of TEER, the electrode position relative to the cell monolayer may be of 

high relevance. It should be noted that while the TEER measurement is 

performed in a single location, LY permeability assay reflects the properties of 

the whole cell monolayer.  

 

 

Figure IV. S1 Representative results obtained for individual cell monolayers in days 22, 

25 and 28 post-seeding, for the variation of their TEER values (before and after the LY 

permeability assays) and the permeability coefficient obtained for LY with a single-time 

sampling at 60 min. 
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IV.6.2 – Effect of single and multiple sampling on the cell monolayer TEER values 

Table IV. S2 Characteristic TEER values (in kΩ cm2) and confidence intervals for the 

different cell monolayers before and after LY permeability assays with a single (60 min) 

or multi (10, 20, 30, 60 min) sampling time points. The statistical analysis was performed 

directly from the TEER values obtained. 

Day 
Conditions  

(number of experiments) 

TEER values (k cm2) 

min max   CI95 a 

all all (153) 
Before 0.2 2.3 1.1 0.5 0.3, 1.9 

After 0.2 1.8 0.9 0.4 0.3, 1.5 

22 

all (62) 
Before 0.3 2.0 1.0 0.4 0.3, 1.7 

After 0.3 1.6 0.8 0.4 0.2, 1.4 

one-time (34) 
Before 0.3 2.0 1.0 0.5 0.1, 1.8 

After 0.3 1.6 0.7 0.4 0.1, 1.3 

multi-time (28) 
Before 0.4 1.7 1.1 0.3 0.5, 1.7 

After 0.4 1.5 0.9 0.3 0.4, 1.5 

25 

all (51) 
Before 0.2 2.3 1.0 0.5 0.2, 1.9 

After 0.2 1.8 0.9 0.4 0.2, 1.6 

single use all (12) 
Before 0.2 1.8 1.0 0.5 0.1, 1.9 

After 0.3 1.7 1.0 0.4 0.2, 1.8 

single use, one-time 

(6) 

Before 0.2 1.5 0.8 0.6 -0.2, 1.9 

After 0.3 1.3 0.8 0.4 0, 1.6 

single use,  

multi-time (6) 

Before 0.4 1.8 1.1 0.4 0.2, 1.9 

After 0.8 1.7 1.2 0.4 0.5, 1.9 

re-use all (39) 
Before 0.2 2.3 1.1 0.5 0.2, 2.0 

After 0.2 1.8 0.9 0.4 0.2, 1.6 

re-use,  

one-time (23) 

Before 0.4 2.3 1.2 0.5 0.3, 2.2 

After 0.2 1.8 0.9 0.5 0, 1.7 

re-use,  

multi-time (16) 

Before 0.2 1.6 0.8 0.4 0.1, 1.5 

After 0.5 1.5 0.9 0.3 0.4, 1.4 

28 

all (40) 
Before 0.5 2.0 1.2 0.4 0.5, 1.9 

After 0.2 1.8 1.0 0.4 0.3, 1.6 

single use all (12) 
Before 0.5 1.9 1.3 0.4 0.5, 2.0 

After 0.2 1.5 0.8 0.4 0.2, 1.5 

single use,  

one-time (6) 

Before 0.5 1.5 1.2 0.4 0.5, 2.0 

After 0.2 1.3 0.8 0.4 0.1, 1.6 

single use,  

multi-time (6) 

Before 0.9 1.9 1.3 0.4 0.4, 2.2 

After 0.5 1.5 0.8 0.4 0.1, 1.6 

re-use all (28) 
Before 0.5 2.0 1.2 0.4 0.4, 2.0 

After 0.5 1.8 1.0 0.4 0.4, 1.6 

re-use,  

one-time (18) 

Before 0.6 2.0 1.1 0.4 0.4, 1.7 

After 0.6 1.8 1.1 0.3 0.6, 1.6 

re-use,  

multi-time (10) 

Before 0.5 1.9 1.4 0.5 0.6, 2.3 

After 0.5 1.7 0.9 0.5 0.1, 1.7 
a lower and upper limits of the CI95 that are outside than the range of values obtained experimentally are 

shown in grey. 
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IV.6.3 – Effect of cell monolayer re-use on LY Papp for a single time point sampling 

(60 min) 

 The characteristic values of the Apparent Permeability Coefficient of Lucifer 

Yellow (LY Papp) obtained for a single-time sampling at 60 min were evaluated 

through Caco-2 monolayers at different days after cell seeding. The very large 

number of assays performed allowed the characterization of the statistical 

distribution of Papp values, to obtain the characteristic average (µ) and standard 

deviation () from which the confidence intervals at 95 % confidence (CI95) were 

calculated. This was performed for µ and  obtained directly from the Papp values, 

and from the parameters obtained for the best fit of a Normal distribution to the 

frequencies observed. Both statistical analysis led to an underestimation of the 

lower limit of CI95 in all conditions analysed (lower than the lowest values 

obtained experimentally, values in grey) indicating that the distribution of Papp is 

skewed towards higher values. Given the expected LogNormal probability 

distribution of rate constants [200], the statistical analysis obtained from Log(Papp) 

was also performed, leading to an adequate statistical description in all cases. For 

the experimental conditions where a large set of data was available (N  18) the 

statistical parameters obtained from the best fit of a Normal distribution to 

Log(Papp) are also shown. The results obtained where very similar to those 

obtained directly from Log(Papp). The simpler approach was therefore selected, 

with the calculation of µ and  directly from the Log of the values of Papp obtained 

experimentally (columns shaded in green). 
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Table IV. S3 Characteristic LY Papp values and confidence intervals at 95 % confidence 

(CI95) obtained directly from the results and from the best fit of a Normal distribution to 

the frequency distribution of the Papp or Log(Papp) values. The numbers in grey 

correspond to limits of the confidence intervals that are outside the range of 

experimentally obtained values.  

LY Papp (10-7 cm/s) 

Day 

Conditions 

(number of 

experiments) 

Directly from Papp Best Fit to Papp 
Directly from 

Log(Papp) 

Best Fit to 

Log(Papp) 

  CI95a   CI95 a  CI95 a  CI95 a 

22 all (35) 2.3 0.8 0.9, 3.6 2.0 0.7 0.9, 3.2 2.1 1.2, 3.9 2.1 1.1, 4.0 

25 

All (29) 1.9 0.7 0.8, 3.1 1.7 0.5 0.9, 2.5 1.8 1.0, 3.2 1.7 1.0, 2.9 

Single use (6) 2.1 1.1 -0.1, 4.2  1.8 0.6, 5.3  

Re-use (23) 1.9 0.5 0.9, 2.8 1.7 0.4 1.1, 2.4 1.8 1.1, 2.6 1.7 1.1, 2.6 

28 

All (24) 2.2 1.2 0.1, 4.2 1.8 1.0 0.2, 3.4 1.9 0.8, 4.7 1.8 0.8, 4.2 

Single use (6) 3.3 1.2 1.0, 5.6  3.2 1.7, 6.1  

Re-use (18) 1.8 0.9 0.2, 3.4 1.4 0.6 0.4, 2.4 1.6 0.7, 3.6 1.5 0.6, 3.5 

All 

days 

All (88) 2.1 0.9 0.6, 3.6 1.9 0.7 0.7, 3.0 2.0 1.0, 3.8 1.9 1.0, 3.9 

Single use (47) 2.4 0.9 0.8, 4.0 2.1 0.8 0.8, 3.5 2.1 1.2, 3.9 2.1 1.1, 4.0 

Re-use (41) 1.8 0.7 0.6, 3.1 1.6 0.5 0.8, 2.4 1.7 0.9, 3.2 1.7 0.9, 3.0 
a lower and upper limits of the CI95 that are outside than the range of values obtained experimentally are 

shown in grey. 

IV.6.4 – Effect of cell monolayer re-use and multiple time sampling on LY 

transport 

Table IV. S4 Statistical analysis of LY Permeability (Papp) and amount of LY transported 

into the acceptor compartment (QA (%)) for all the conditions tested. The average and 

standard deviation, and the corresponding confidence intervals at 95 % confidence 

(CI95), were obtained directly from the analysis of Log(Papp) or Log(QA). The numbers in 

grey correspond to limits of the confidence intervals that are outside the range of 

experimentally obtained values.  

 Assay Conditions  LY Papp (10-7 cm/s) LY QA (%) 

Day Sampling (N) Monolay

er use 
  CI95 µ CI95 

all 

all (346) 

S
in

g
le

 u
se

 &
 r

e-
u

se
  7.0 1.4, 34.1 0.23 0.09, 0.61 

all 1st (153)   4.0 0.8, 19.8 0.19 0.08, 0.44 

1st 60 min (88)   2.0 1.0, 3.8 0.20 0.10, 0.39 

1st 10 min (65)  10.5 3.8, 29.1 0.18 0.06, 0.49 

2nd 10 min (66)  12.8 4.4, 36.7 0.21 0.07, 0.62 
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3rd 10 min (62)  14.9 5.9, 38.1 0.25 0.10, 0.64 

4th 30 min (62)  7.0 2.7, 18.1 0.35 0.14, 0.91 

22 

all (144) 

S
in

g
le

 u
se

 

 9.4 1.8, 47.7 0.30 0.13, 0.71 

all 1st (62)   5.0 0.9, 28.2 0.23 0.12, 0.43 

1st 60 min (35)   2.1 1.2, 3.9 0.21 0.12, 0.39 

1st 10 min (27)  14.9 7.6, 29.2 0.25 0.13, 0.49 

2nd 10 min (28)  17.6 8.0, 38.5 0.29 0.13, 0.65 

3rd 10 min (26)  22.0 11.1, 43.6 0.37 0.19, 0.72 

4th 30 min (28)  9.5 3.9, 23.0 0.48 0.20, 1.16 

25 

all (117) 

S
in

g
le

 u
se

 &
 r

e-
u

se
 

 7.3 1.6, 33.9 0.23 0.11, 0.50 

all 1st (51)   4.0 0.8, 20.7 0.18 0.10, 0.34 

1st 60 min (29)   1.8 1.0, 3.2 0.18 0.10, 0.32 

1st 10 min (22)  11.2 5.5, 22.9 0.19 0.09, 0.38 

2nd 10 min (22)  14.9 7.0, 32.0 0.25 0.12, 0.54 

3rd 10 min (22)  14.8 7.3, 30.0 0.25 0.12, 0.50 

4th 30 min (22)  7.1 3.9, 13.0 0.36 0.20, 0.66 

all 1st (12)  

S
in

g
le

 u
se

 

 3.6 0.8, 16.3 0.15 0.06, 0.35 

1st 60 min (6)   1.8 0.6, 5.4 0.18 0.06, 0.54 

1st 10 min (6)  7.3 4.3, 12.4 0.12 0.07, 0.21 

2nd 10 min (6)  11.3 5.9, 21.8 0.19 0.10, 0.37 

3rd 10 min (6)  11.7 5.0, 27.6 0.20 0.08, 0.46 

4th 30 min (6)  6.1 3.6, 10.3 0.31 0.18, 0.52 

all 1st (39)  

re
-u

se
 

 4.1 0.7, 23.3 0.20 0.12, 0.33 

1st 60 min (23)   1.8 1.1, 2.9 0.18 0.11, 0.29 

1st 10 min (16)  13.2 7.6, 35.8 0.22 0.13, 0.39 

2nd 10 min (16)  16.5 7.6, 35.8 0.28 0.13, 0.60 

3rd 10 min (16)  16.2 8.5, 31.0 0.27 0.14, 0.52 

4th 30 min (16)  7.5 3.9, 14.4 0.38 0.20, 0.73 

28 

all (86) 

S
in

g
le

 u
se

 &
 r

e-
u

se
 

 4.1 1.3, 13.5 0.14 0.05, 0.37 

all 1st (40)   2.9 0.8, 10.4 0.14 0.05, 0.44 

1st 60 min (24)   1.9 0.8, 4.7 0.19 0.08, 0.47 

1st 10 min (16)  5.4 1.9, 15.7 0.09 0.03, 0.26 

2nd 10 min (16)  5.9 2.6, 13.6 0.10 0.04, 0.23 

3rd 10 min (14)  7.6 4.4, 13.1 0.13 0.07, 0.22 
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4th 30 min (16)  4.1 1.7, 9.6 0.20 0.09, 0.48 

all 1st (12)  

S
in

g
le

 u
se

 

 5.2 1.5, 18.8 0.22 0.07, 0.68 

1st 60 min (6)   3.2 1.7, 6.1 0.32 0.17, 0.62 

1st 10 min (6)  8.7 2.5, 30.2 0.15 0.04, 0.51 

2nd 10 min (6)  8.2 3.0, 22.2 0.14 0.05, 0.37 

3rd 10 min (6)  8.7 4.8, 15.6 0.15 0.08, 0.26 

4th 30 min (6)  4.7 2.4, 9.3 0.24 0.12, 0.47 

all 1st (28)  

re
-u

se
 

 2.2 0.8, 6.6 0.12 0.04, 0.33 

1st 60 min (18)   1.6 0.7, 3.6 0.16 0.07, 0.36 

1st 10 min (10)  4.1 2.0, 8.4 0.07 0.03, 0.14 

2nd 10 min (10)  4.9 2.6, 9.1 0.08 0.04, 0.15 

3rd 10 min (8)  6.8 4.0, 11.7 0.11 0.07, 0.20 

4th 30 min (10)  3.7 1.3, 10.2 0.19 0.07, 0.51 

 The average and standard deviation of the cumulative amount of LY that 

reaches the acceptor compartment is represented in Figure IV. S2, for cell 

monolayers used on days 22, 25 and 28. 

 

Figure IV. S2 Cumulative amount of LY that reaches the acceptor compartment for 

permeability experiments performed with multiple time sampling (circles) or with a 

single time sampling (squares) on cell monolayers at day 22 (left), 25 (middle) and 28 

(right) post-seeding. On days 25 and 28, the results obtained for cell monolayers used in 

a single permeability experiment are shown in dark colours, and those obtained for re-

used cell monolayers are in light colours. The average and standard deviation obtained 

for all assays in a given condition are shown as filled symbols and thick lines, and some 

representative results obtained for individual cell monolayers are shown by open 

symbols and thin lines. 
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IV.6.5 – Effect of the day post-seeding and re-use on morphological features and 

integrity of the cell monolayer 
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Figure IV. S3 Confocal microscopy images of Caco-2 monolayers stained for ZO-1 (top 

picture) and nuclei (bottom picture). Representative images for cell monolayers at day 

22, 25 and 28 are shown in the left, middle and right panels, respectively. In the upper 

plots the monolayer was not used in permeability assays, while in the additional plots 

the monolayers were previously used. The lower plots correspond to monolayers 

immediately after the LY permeability assay, and in the middle plots the images 

correspond to cell monolayers that were maintained in culture media for two days after 

the permeability assay. Images are a maximum intensity projection of 8-9 z-stacks, scale 

bar 200 µm.  
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IV.6.6 – Effect of cell batch, passage number and day post-seeding on TEER and 

LY transport  

Table IV. S5 Inter-variability between cell batches and passages regarding TEER values 

before the permeability assay and amount of LY transported during the first sampling 

interval (60 or 10 min for single or multi-time sampling, respectively). 

Day  

Cell 

conditions Monolayer 

use 
Sampling  

QA (%)a TEER (kΩ cm2) 

Batch 
Passage 

Number 
 CI95  CI95b 

22 

1 95 

Single 

One-time 0.18 0.12, 0.28 1.35 0.59, 2.11 

1 98 

Multi-time 

 

0.19 0.11, 0.31 1.10 -0.08, 2.29 

1 100 0.36 0.23, 0.56 1.06 0.63, 1.49 

1 104 0.16 0.07, 0.34 0.82 0.22, 1.42 

1 105 0.22 0.13, 0.36 1.27 0.80, 1.74 

2 95 

One-time 

0.27 0.19, 0.38 0.53 0.15, 0.90 

2 98 0.30 0.13, 0.72 0.67 -0.69, 2.02 

3 95 0.19 0.08, 0.43 0.87 0.18, 1.56 

25 

1 95 Single 
One-time 

0.13 0.04, 0.42 1.19 -0.15, 2.52 

1 95 Re-use 0.21 0.10, 0.44 2.04 1.55, 2.53 

1 98 Single 

Multi-time 

0.10 0.05, 0.21 1.31 0.33, 2.30 

1 100 Re-use 0.25 0.15, 0.43 0.80 -0.18, 1.77 

1 104 Single 0.14 0.08, 0.25 0.87 -0.05, 1.79 

1 105 Re-use 0.20 0.11, 0.38 0.84 0.30, 1.38 

2 95 Re-use 

One-time 

0.16 0.11, 0.22 0.96 0.67, 1.25 

2 98 Single 0.25 0.07, 0.87 0.51 -0.27, 1.28 

3 95 Re-use 0.19 0.14, 0.26 0.95 0.34, 1.57 

28 

1 95 Single 
One-time 

0.39 0.17, 0.90 1.35 1.03, 1.67 

1 95 Re-use 0.33 0.19, 0.59 1.59 0.04, 3.15 

1 98 Single 

Multi-time 

0.09 0.03, 0.26 1.27 0.19, 2.36 

1 100 Re-use 0.09 0.02, 0.38 1.42 0.44, 2.39 

1 104 Single 0.23 0.08, 0.69 1.29 0.02, 2.56 

1 105 Re-use 0.06 0.04, 0.09 1.44 0.43, 2.45 

2 95 Re-use 

One-time 

0.11 0.06, 0.22 0.98 0.62, 1.35 

2 98 Single 0.26 0.18, 0.37 1.11 -0.23, 2.45 

3 95 Re-use 0.17 0.10, 0.27 0.96 0.52, 1.41 
a µ and CI95 calculated from the statistical parameters obtained for LogQA.  

b lower and upper limits of the CI95 that are outside than the range of values obtained experimentally are 

shown in grey. 
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Figure IV. S4 Distribution of LogPapp obtained on permeability assays with a 60 min 

sampling for cell monolayers from different batches and distinct passage numbers, at 

day 22 post-seeding: passage 95 with cell batch 1, ; passage 95 with cell batch 2, ; 

passage 95 with cell batch 3, ; and passage 98 with cell batch 2, . The lines are the 

best fit of a Normal distribution with the colours dark grey, grey, light grey and white, 

respectively. The black line is the best fit to the cumulative results at all cell passage 

numbers and batches.  
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IV.6.6.1 – Multivariate analysis  

Table IV. S6 Multivariate analysis (MVA) to evaluate the correlation between the variables TEER (before and after the permeability assay) or the amount of 

LY transported into the acceptor compartment (QA) with the distinct experimental variables. The results obtained when this statistical analysis was 

performed for Papp were equivalent to those obtained for QA. 

 

 

 

 

TEER (Ω cm2) QA (%) Papp (cm/s) 
before assay  after assay   

Coefficient CI95 P-value Coefficient CI95 P-value Coefficient CI95 P-value 
Coefficie

nt 
CI95 P-value 

In
d

ep
en

d
en

t 
V

ar
ia

b
le

s 

co
n

si
d

er
ed

 

Cell batch -317 -437, -196 <0.0001 -101 -205, 3 0.06 -210-2 (-5, 1)10-2 0.29 -410-9 (-1, 1)10-7 0.95 

Cell passage -12 -48, 23 0.49 -21 -49, 7 0.14 -310-3 (-1, 0.5)10-2 0.49 -310-8 (-6, 0.4)10-8 0.08 

Day post-seeding 29 -6, 65 0.11 12 -17, 41 0.40 -710-3 (-2, 0.06)10-2 0.07 -710-8 (-1, -0.3)10-7 0.0002 

Re-use 67 -110, 245 0.46 83 -59, 226 0.25 -310-2 (-7, 1)10-2 0.16 210-8 (-1, 2)10-7 0.78 

Sampling time points -162 -468, 144 0.29 141 -103, 386 0.26 -510-3 (-7,6)10-2 0.89 110-6 (0.9, 1)10-6 <0.0001 

TEER before assay    0.28 0.15, 0.42 <0.0001 -210-5 (-6, 2)10-5 0.28 -810-11 (-2, 0.9)10-10 0.36 

TEER after assay       -710-5 (-5, 4)10-5 0.77 510-11 (-2, 2)10-10 0.65 

Data analysed corresponds to 152 permeability assays. CI95 is the confidence interval at 95 % confidence, p-values <0.05 are in bold. 
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IV.6.7 – Quantitative analysis of the monolayer images obtained by confocal 

microscopy 

 A very large number of cell monolayers (N=52) have been characterized by 

confocal fluorescence microscopy to evaluate the effect of the distinct conditions on 

the morphology of Caco-2 monolayers. The nuclei were stained with Hoechst 33342, 

and the tight junction protein ZO-1 was stained with rabbit polyclonal primary 

antibody and Cy3 goat anti-rabbit IgG. A quantitative analysis of the confocal images 

has been performed using ImageJ software, and the corresponding average and 

standard deviation for the cell density and area occupied by nuclei and ZO-1 is shown 

in Table IV. S7. A multivariate analysis was also performed for this set of data 

(including the cell batch and passage number, day post-seeding, cell monolayer use 

and sampling conditions, as well as the corresponding TEER values and amount of LY 

transported) and is shown in Table IV. S8.  

 

Effect of days post-seeding 

 At day 22 post-seeding, a total of 7 independent cell monolayers were 

characterized by confocal microscopy before the execution of any permeability assay. 

It is observed that the number of nuclei in the area analysed (1.8105 µm2, typically in 

the central area of the filter, selected to be representative of the cell monolayer after 

visualization of the total area of the filter) varies significantly, being 570 ± 136, leading 

to a cell density of 3.1 (±0.7)105 cm-2. The area occupied by the nuclei increases with 

the number of nuclei but not proportionally (the same behaviour is observed for the 

dependence of the fluorescence intensity from the stained nuclei due to the application 

of a threshold in the quantitative analysis of the image, to overcome differences in the 

staining efficiency). The non-proportionality between the area occupied and the 

number of nuclei indicates that the shape of the cell adjusts to the cell density in the 

monolayer, becoming wider or thicker in cell monolayers with lower or higher cell 

density respectively. A positive correlation is observed between the TEER value and 

the cell density (R2 = 0.82, Figure IV. S5), most likely due to an increase in the cell 

monolayer thickness. A very small correlation was however observed between the 

number of z-stacks required to account for the thickness of the cell monolayer (8 ± 2) 

and the cell density (R2 =0.1).  
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Figure IV. S5 Correlation between the TEER value (left plot) and normalized nuclei area (right 

plot), with the cell density for monolayers on day 22 post-seeding, before () and after (∆) the 

execution of a LY permeability assay. 

 The 3 cell monolayers characterized at day 25 post-seeding (that were not 

previously used in permeability assays, table  row single use/before) show a very small 

increase in the cell density (µ=4 %), essentially no variation in the area occupied by 

the nuclei (µ=-1 %), but a very significant increase in the area occupied by tight 

junctions (from stained ZO-1, (µ=80 %). At day 28, the cell density and the area 

occupied by the nuclei in the 4 cell monolayers characterized is essentially the same 

observed on day 22 and 25. The area occupied by tight junctions is higher than that 

observed at day 22, but smaller than at day 25.  

 The variations observed along the days post-seeding suggest that the expression 

of ZO-1 increases over time, which is consistent with the small decrease observed in 

LY permeation and the increase in TEER. However, the variations observed are 

relatively small when compared to the variability at a given condition, leading to 

differences that are not statistically significant (see Table IV. S8).  

 

 

Effect of the execution of a single permeability assay  

 The cell monolayers analysed after the execution of a LY permeability assay on 

day 22 post-seeding (3 for single time and 4 for multiple time sampling) show 

morphological characteristics very similar to those observed for unused cell 

monolayers. For single time sampling the cell density shows a small decrease which is 

not statistically significant and essentially no variation is observed in the cell 

monolayers subject to multiple time sampling. This indicates that the execution of the 
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permeability assay does not lead to significant detachment of cells from the filter. As 

observed for unused cell monolayers, there is a strong correlation between the value 

of TEER measured after the permeability assay and the cell density (R2 = 0.9). The area 

occupied by tight junctions is 9 % smaller in the cell monolayers used on single time 

permeability assays, in agreement with the lower cell density. This variation is 

however smaller than the standard deviation observed in each condition and is 

therefore not statistically significant. When the cell monolayers from the same batch 

and passage number are compared, it is usually observed a small decrease in the cell 

density after the execution of the permeability assay (5 out of 7 independent sets), 

although a small increase is observed in two sets. A very high variability is observed 

in the area occupied by the tight junctions when pairs of monolayers are compared 

(increase or decrease) with the average values showing a small effect of the execution 

of the permeability assay. This highlights the difficulty in the quantification of the 

stained ZO-1, where a continuous network may be visible in the confocal images but 

which displays very large variations in the fluorescence intensity. This difficulty may 

be related with inhomogeneities in the cell monolayer staining, due to the slow 

dynamics of the strong interactions established (between the antibody and ZO-1, and 

between these and the fluorescent antibody). 

 When compared with cell monolayers on day 25 before the permeability assay, 

the confocal images of cell monolayers after execution of a single permeability assay 

with single time sampling show a decrease in the number of nuclei (µ=-33 %), in the 

area occupied by the nuclei (µ=-15 %) and by tight junctions (µ=-55 %). It should 

however be noted that although the execution of the permeability assay leads to a 

decrease in the area occupied by tight junctions, this parameter is still higher than that 

observed on day 22 post-seeding (µ=5 %). Equivalent results are observed for 

multiple time sampling, and a very similar behaviour is observed for cell monolayers 

on day 28 post-seeding.  

 Globally, the results show that the execution of a permeability assay tends to 

decrease the number of cells in the monolayer and the area occupied by tight junctions, 

but that those effects are smaller than the variability within each condition, and thus 

not statistically significant. 
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Effect of cell monolayer re-use  

 The very high variability observed in the cell density and the relatively small 

number of cell monolayers characterized, does not allow the establishment of 

correlations between this morphological property and the re-use of the cell monolayer. 

Some tendencies are however observed which are discussed below. The cell density of 

the cell monolayers after two full days in culture media is usually similar to (or higher 

than) the density observed for cell monolayers at the same day post-seeding that were 

not previously used in permeability assays. This shows that the cell monolayer 

recovers from the small decrease observed after the execution of the permeability 

assay. The variations observed in the area occupied by tight junctions are also very 

small and always within the variability observed within each set of conditions. An 

interesting observation is that the variations induced by the execution of the 

permeability assay seems to be smaller for re-used cell monolayers than for cells used 

on a single permeability experiment.  

 

 

Effect of the sampling time points 

 Given the small decrease (although not statistically significant) observed in the 

cell density and area occupied by nuclei and tight junctions after the execution of the 

permeability assay, one could expect a higher effect for a larger number of sampling 

time points. This is not however observed in the cell monolayers characterized in this 

work. In fact, the effects observed when using multiple time sampling are smaller than 

when using only single time sampling. The differences are however within the 

uncertainty of the variables and are not statistically significant. 

 

 

Multivariate Analysis  

 The multivariate analysis performed on the set of cell monolayers characterized 

by confocal microscopy is shown in Table IV. S8. All conditions have been included in 

the statistical analysis. No strong correlations were observed between the different 

parameters, with p-values being always larger than 0.05. Correlations with p-

value < 0.2 are nevertheless identified and discussed below. 

 The number of nuclei in the area analyzed shows a positive correlation with the 

total area occupied by nuclei, and for cell monolayers used in permeability assays it 
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also shows a positive correlation with the TEER value of the monolayer. Those 

correlations were already discussed above, when analyzing the results obtained for 

day 22. The MVA shows that a weak correlation is also observed for cell monolayers 

at all days post-seeding and all conditions of the permeability assay. No correlation 

was observed between the cell density and the TEER value before the permeability 

assay (including the cell monolayers characterized before the permeability assay). In 

fact, no correlation was also observed between TEER before and after the permeability 

assay, although a strong correlation is observed when the complete set of permeability 

experiments is considered (Table IV. S6, p<0.001). This reflects the extremely large 

variability in the TEER value measured for the cell monolayers, that is statistically not 

well described by the relatively small set of cell monolayers characterized by confocal 

microscopy. 

 The area occupied by the nuclei shows the expected positive correlation with the 

cell density and a weak negative correlation with the cell passage number.  

 The area occupied by tight junctions (as seen by ZO-1 staining) shows a positive 

correlation with the sampling used in the permeability assay, being higher for cell 

monolayers used in multiple time sampling.  
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Table IV. S7 Cell density and fractional area occupied by nuclei (stained with Hoechst 33342), and by tight junctions (from ZO-1 staining with a 

rabbit polyclonal antibody and Cy3 goat anti-rabbit IgG), for images obtained by confocal microscopy (428428 µm2) of cell monolayers in 

different conditions: not used on permeability assays, before re-use in permeability assays after incubation in culture media for two full days, and 

immediately after a permeability assay with one-time sampling (60 min) or multi-time sampling (10, 20, 30, and 60 min). The images were 

analyzed using the software Image J. Each image was manually threshold to select nuclei or ZO-1 only fluorescence. 

Day  
Monolayer 

use 

Permeability assay 

conditions (N)a 

Nuclei ZO-1 

Cell density (x 105 cm-2)  Area (%)  Area (%) 

µ ±  µ (%)b µ (%)c µ ±  µ (%)b µ (%)c µ ±  µ (%)b µ (%)c 

22 Single 

Before (7) 3.1 ± 0.7   33 ± 5   6 ± 2   

One-time (3) 2.8 ± 0.4 -9 -9 34 ± 4 1 1 6 ± 2 -9 -9 

Multi-time (4) 3.2 ± 0.4 2 2 31 ± 4 -8 -8 7 ± 3 4 4 

25 

Single 

Before (3) 3.2 ± 0.8 4 4 33 ± 7 -1 -1 12 ± 5 80 80 

One-time (2) 2.2 ± 0.1 -30 -33 28 ± 2 -15 -15 5 ± 2 -20 -55 

Multi-time (2) 2.7 ± 0.3 -13 -16 30 ± 5 -9 -9 7 ± 1 5 -42 

Re-use 

Before One-time (3) 4.6 ± 2 48 63 38 ± 5 15 14 8 ± 2 31 44 

Before Multi-time (3) 3.0 ± 0.4 -4 -6 33 ± 3 -1 7 8 ± 1 28 23 

One-time (3) 4.5 ± 1 44 -3 39 ± 6 18 3 9 ± 3 43 9 

Multi-time (3) 3.0 ± 0.1 -4 1 32 ± 5 -3 -2 9 ± 2 33 4 

28 

Single 

Before (4) 3.0 ± 0.1 -3 -7 32 ± 7 -4 -4 8 ± 2 25 -31 

One-time (2) 2.8 ± 0.1 -11 -8 34 ± 3 1 5 6 ± 2 1 -19 

Multi-time (2) 2.7 ± 0.3 -12 -10 29 ± 4 -14 -10 7 ± 1 7 -14 

Re-use 

Before One-time (3) 3.3 ± 0.7 7 -26 39 ± 4 16 -2 6 ± 1 -11 -37 

Before Multi-time (3) 3.4 ± 0.6 8 12 35 ± 9 6 9 8 ± 2 30 -2 

One-time (2) 3.1 ± 0.6 1 -5 39 ± 10 18 2 5 ± 2 -28 -19 

Multi-time (3) 3.0 ± 0.1 -2 -9 33 ± 2 0 -6 8 ± 1 20 -8 

a number of cell monolayers characterized. b Percent variation relative to the first condition analysed (day 22 post-seeding, before any permeability assay). c Percent 

variation relative to the condition immediately before (e.g.  single use before day 25 vs single use before 22, one-time/multi-time vs before in the same condition, re-use one-

time/multi-time at day 25 before vs after one-time/multi-time at day 22. 
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Table IV. S8 Multivariate analysis (MVA) of the cell monolayers whose morphological characteristics have been characterized by confocal 

microscopy. The total number of cell monolayers in this analysis is 52, including cells from batches 1 and 2, in passage numbers 95 to 105, days 

post-seeding 22, 25 and 28 (single use and re-use), and one-time or multiple sampling (see Table IV. S7 for the number of cell monolayers in each 

condition). 

  

 

TEER (Ω cm2) QA (%) Cell density (cm-2) Nuclei Area (%) ZO-1 Area (%) 

Before assay After assay 

Coefficient CI95 P-value Coefficient CI95 P-value Coefficient CI95 P-value Coefficient CI95 P-value Coefficient CI95 P-value Coefficient CI95 P-value 

In
d

ep
en

d
en

t 
V

ar
ia

b
le

s 
co

n
si

d
er

ed
 

Cell batch -3102 (-9, 1)103 0.19 -1102 (-6, 4)102 0.64 -610-2 (-2, 1)10-1 0.50 -5104 (-1, 0.3)105 0.23 -3 -9, 4 0.39 2 -2, 6 0.24 

Cell passage 3101 (-3, 8)102 0.37 -1101 (-8, 5)101 0.75 110-2 (-1, 4)10-2 0.31 7103 (-0.4, 2)103 0.20 -0.6 -1, 0.2 0.12 -0.2 -0.8, 0.3 0.45 

Day post-seeding 5101 
(-0.05, 

1)102 
0.07 -1101 (-7, 5)101 0.69 -110-3 (-2, 2)10-2 0.93 -6103 (-2, 0.4)104 0.21 -110-2 -0.8, 0.7 0.97 -0.09 -0.6, 0.4 0.72 

Re-use -3101 (-3, 3)103 0.85 8102 (-3, 5)102 0.63 -110-1 (-2, 0.3)10-1 0.13 4104 (-3, 9)104 0.17 2 -2, 7 0.31 1 -2, 4 0.42 

Sampling time 

points 
-4102 (-1, 0.1)103 0.12 -1102 (-7, 4)102 0.59 -210-1 (-4, 0.5)10-1 0.12 -6104 (-2, 0.5)105 0.27 -1 -9, 6 0.79 3 -2, 8 0.18 

Cell density 310-3 
(-0.05, 

5)10-3 
0.05 210-3 (-7, 5)10-3 0.13 -110-7 (-1, 1)10-6 0.83    310-5 (-0.9, 7)10-5 0.12 910-6 (-2, 4)10-5 0.49 

Nuclei Area 1101 (-2, 5)101 0.39 -2101 (-5, 2)101 0.40 110-2 (-0, 3)10-2 0.05 5103 (-0.2, 1)104 0.12    0.01 -0.3, 0.3 0.93 

ZO-1 Area 4 (-5, 6)101 0.89 -2101 (-8, 4)101 0.42 910-3 (-1, 3)10-2 0.41 4103 (-0.7, 1)104 0.49 0.03 -0.8, 0.9 0.93    

TEER before assay    210-2 (-3, 3)10-1 0.75 -810-5 (-2, 0.2)10-4 0.11 2101 (-4, 8)101 0.34 210-3 (-2, 6)10-3 0.41 310-4 (-2, 3)10-3 0.77 

TEER after assay      410-5 (-2, 2)10-4 0.66 7101 (-0.2,2)102 0.14 -310-3 (-1, 0.4)10-3 0.40 -210-3 (-6, 3)10-3 0.42 
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V.1 – Abstract 

 Evaluation of drug permeability using cell monolayers is an important in 

vitro assay in the process of drug development, with the identification of 

compounds with favorable pharmacokinetics that may proceed to in vivo studies. 

When allowed to grow and differentiate on permeable filters for at least 21 days, 

monolayers of Caco-2 cells develop morphological and functional properties 

similar to those of the intestinal epithelium, which are maintained up to day 30. 

Permeability through Caco-2 monolayers is thus particularly relevant in the 

assessment of drug absorption after oral administration. The major drawback of 

this assay is its very low throughput, with the cell monolayers being used in a 

single permeability assay. We have previously proposed a protocol to allow the 

re-use of the cell monolayer on additional permeability assays during the stable 

period, and shown that the cell monolayer integrity is maintained when assessed 

by Lucifer Yellow permeability and TEER. 

  In this work we evaluate the effect of re-use on the permeability of several 

reference compounds that permeate through passive (paracellular and 

transcellular) and carrier-mediated routes. The cell monolayers were used in 

permeability assays on day 22 post-seeding, and re-use on days 25 and 28 after 

incubation with culture media for two full days between permeability assays. 

With more than 300 monolayers being analyzed, the results show that the cell 

monolayers can be re-used for evaluation of the permeability of passive 

permeating compounds when following the proposed regeneration protocol. 

Preliminary data was obtained regarding the maintenance of functional 

properties of transporters in cell monolayers during the re-use period. Once 

complete validated for all the transport routes, the re-use methodology can be 

potentially used to triplicate the throughput of drug permeability assessments. 

V.2 – Introduction 

 The prediction of pharmacokinetics is a major step in drug development as 

it determines drug availability at the target site. In the assessment of this 

property, the well-established Caco-2 model is one of the most extensively used 

in vitro cell based assay, before proceeding to studies using animal models 

[61,63,107]. A major limitation of this model is its low throughput. When following 
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the standard procedure [128], Caco-2 cells must be maintained in a permeable 

filter for at least 21 days to attain a confluent and fully differentiated cell 

monolayer, and are used in a single permeability assay during their stable period 

(days 21 to 30 after cell seeding) [112,113]. Moreover, this assay has a reduced 

screening capacity (12 wells per plate) and high implementation costs (media 

renewals, TranswellTM inserts, and human resources) that also contributes to its 

low throughput [60,91]. 

 An approach to increase the throughput of the standard assay is to re-use 

the Caco-2 monolayer in additional permeability assays during its stable period. 

This has been explored by us and it was shown that incubation of the cell 

monolayer in culture medium for two full days after the permeability assay is 

required and sufficient for the re-establishment of cell monolayer integrity (see 

Chapter IV and ref [211]). This would allow the use of the cell monolayers for 

three permeability assays during the period where their morphological and 

functional characteristics are maintained (between day 21 to day 30 [112,113]). An 

important advantage of this approach is that the standard protocol is followed 

for the preparation of the cell monolayer [128], thus allowing a quantitative 

comparison of the permeability coefficients obtained with the extensive data 

available in literature. More than just a need to increase throughput, the re-use of 

Caco-2 monolayers is also an obligation to reduce resources, fully aligned with 

the 3 R´s principles. However, before this procedure may become an established 

methodology, it is first necessary to guarantee that the preservation of the cell 

monolayer integrity is accompanied by the maintenance of other functional 

properties of the Caco-2 monolayers.  

 In this work, a more extensive evaluation of the effect of the re-use protocol 

on distinct cell properties is performed, using compounds that are transported 

passively through paracellular and transcellular pathways, as well as through 

carrier-mediated influx and efflux pathways. 

 The permeability of a test set of compounds was characterized on days 22, 

25 and 28 post-seeding, both for cell monolayers used in a single permeability 

assay or re-used following the regeneration protocol proposed by us. The 

following reference compounds were selected to evaluate the effects on passive 

permeation pathways: (1) sodium fluorescein and atenolol, to complement the 

results previously obtained with the paracellular marker Lucifer Yellow; and (2) 

the positively and negatively charged drugs propranolol and salicylic acid, to 

assess the effects on transcellular permeation.  
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 Carrier-mediated transport pathways were also evaluated, noting the 

presence of several transporters in the apical and basolateral membranes of 

Caco-2 monolayers that may contribute to the influx or efflux of solutes [76,212]. 

Among the influx carriers, we selected the hexoses transporters due to the 

existence of glucose analogues with a fluorescence label that may allow the 

evaluation of the glucose permeation in a high throughput manner. The analogue 

of D-glucose 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose 

(2-NBDG) has been increasingly used in several cell lines to study glucose 

absorption and to evaluate the effect of bioactive compounds from plant extracts 

on glucose absorption [84,213]. After incubating the cells with 2-NBDG, its uptake 

is usually determined by measuring the fluorescence of 2-NBDG using a 

microplate reader, flow cytometer and microscopy imaging [214]. It has been 

suggested that the transport of 2-NBDG across the apical membrane of Caco-2 

monolayers occurs mainly through the sodium dependent glucose transporter 

(SGLT1) and glucose transporters (GLUTs), similarly to D-glucose transport 

[213,215,216]. The specificity of these transporters to 2-NBDG was in fact 

demonstrated by inhibition of its uptake by D-glucose [217] and phlorizin, an 

inhibitor of SGLTs [213,215,216,218]. Nevertheless, the quantitative characterization 

of 2-NBDG permeability across cell monolayers has not been reported.  

 Caco-2 permeability assays are often used to identify the involvement of 

carrier-mediated efflux, in particular by P-glycoprotein (P-gp) which is a member 

of the ATP binding cassette transporter family [219]. The P-gp mediated efflux of 

Rhodamine 123 (Rho) was selected due to its high fluorescence quantum yield, 

providing high sensitivity in the detection of P-gp transport activity in Caco-2 

cells [220].  

 The analysis of the functional properties of glucose carriers and P-gp in 

Caco-2 monolayers during the re-use period was performed by measuring the 

transport of 2-NBDG and Rho in the apical-to-basolateral (A→B) and basolateral-

to-apical (B→A) directions. To further examine the effect of re-use on P-gp- 

mediated efflux activity, the bi-directional transport of Rho was also assessed 

after pre-incubating the cell monolayers with the well-known P-gp inhibitor, 

Verapamil. Additionally, the expression of P-gp in the plasma membrane was 

characterized through binding of a FITC-conjugated anti-P-gp antibody and 

detection by flow cytometry. 

 The structure and some molecular descriptors of the test compounds used 

in this study are shown in Table III. 1 (Chapter III). More than 300 permeability 
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assays were performed across Caco-2 monolayers to quantitatively characterize 

the distinct cell properties when applying the re-use protocol. This is an initial 

study to validate the re-use, as it does not cover all the transporters and 

permeation routes (namely transcytosis) present in Caco-2 cells. 

V.3 – Methods 

 The first permeability assay was performed for cell monolayer on day 22 

post-seeding, and two additional assays were conducted using the same cell 

monolayer on days 25 and 28. At first sight, the handling of cells during and after 

the transport experiments under aseptic conditions may be seen as a 

disadvantage of re-use methodologies relative to the standard procedure. 

However, it is also a fact that every cell culture laboratory has already 

implemented these technical norms. The high throughput that will be given by 

this methodology largely compensates the time, effort, and availability at the 

flow laminar hood to perform the protocol under aseptic conditions. Several 

parameters were used as quality control of the monolayer´s integrity to rule out 

possible toxicity after incubation with compounds and contaminations before 

perform the 2nd and 3rd assays: i) the TEER values of the cell monolayers 

measured at the beginning of the next permeability were similar or higher to 

those obtained before the first assay, and always higher than 200 Ω cm2; ii) the 

TEER value of a cell-free filter (subject to the same treatment of those with cells) 

was maintained; and iii) the paracellular marker (such as LY) was included in 

some of the tested solutions to evaluate simultaneously the cell monolayer 

integrity and the permeability of the compounds of interest.  

 All cultured cell monolayers achieved TEER values exceeding 200 Ω cm2 (n= 

334) both before and after the permeability assays. The transport of LY (20 µM), 

Flu (20 µM), atenolol (25 µM), Prop (25 µM) and SA (25 µM) was evaluated 

unidirectionally, in A→B direction. In the assays, the inserts were moved to new 

wells containing 1.2 ml of HBSS. The permeability assays were performed with 

either a single sampling at t60 and/or multiple samplings at t10, t20, t30 and t60 min.  

 To assess the functionality of transporters in the cell monolayers, the 

transport of 2-NBDG (250 µM) and Rho (5 µM) was studied in both A→B and 

B→A directions. The permeability assays were performed using samplings at t10, 

t20, t30 and t60 min for 2-NBDG and t20, t40, t60, t80, t100, and t120 for Rho. A longer 
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sampling period was chosen for Rho to avoid the appearance of experimental lag 

times in the permeability data resulting from the need of Rho to translocate into 

the inner leaflet of the plasma membrane before interaction with P-gp [221,222]. 

For the A→B assays, the inserts were moved to new wells containing 1.5 ml of 

the HBSS. For the B→A assays, samples were drawn from the apical side at the 

same time points and replaced with equivalent volumes of fresh HBSS solution. 

 The bi-directional transport of Rho was also evaluated after the pre-

incubation of the cell monolayers with the well-known P-gp inhibitor, Verapamil. 

At the time of the experiment, the cell monolayers were incubated with 100 µM 

of Verapamil in both the apical (400 µL) and basolateral compartments (1200 µL) 

during 30 min. Then, the verapamil solution was removed and Rho alone in HBSS 

was added to the donor compartments to start the permeability assays. The 

receiver compartments solution consisted of pre-warmed HBSS.  

 Experiments were carried out at least in duplicate (wells per plate for the 

same cell preparation) and were independently repeated at least two times with 

different cell preparations. The mass balance was estimated between 90–100% for 

less lipophilic compounds (LY, Flu, atenolol, SA, 2-NBDG and Rho), and 70–80% 

for more lipophilic compounds (Prop).  

 The Papp values were statistically analyzed in terms of LogPapp, since it was 

previously shown that this is the variable that follows a normal distribution [15], 

as was in fact expected [28]. The average values and the 95% confidence intervals 

(CI95) for Papp were calculated from the corresponding parameters for LogPapp 

(Equation IV.1 in chapter IV). This statistical analysis was performed using 

Microsoft Excel. 

 Generally, the existence of carrier-mediated influx or efflux transport is 

evaluated through the calculation of the ratio between the Papp obtained in both 

directions (A→B, and B→A) according to Equation V.1: 

B A
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A B
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A B
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An alternative approach to evaluate the contribution of active transport in is to 

explicitly consider that the observed Papp is the result of both passive (𝑃app
PP ) and 
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active (𝑃app
AE) processes. For the case of active efflux, the observed permeability in 

both directions is given by Equation V.2: 

A B PP AE
app app app

B A PP AE
app app app

P P P

P P P

→

→

= −

= +
 

V.2 

Rearranging Equation V.2, and assuming that the values of 𝑃app
PP  and 𝑃app

AE are the 

same in both directions, it is possible to calculate the contribution from passive 

and active processes, Equation V.3:  
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This approach has the advantage that it allows evaluation of the effect of the 

tested condition on both the passive and active processes.  

 The cell monolayers used in the permeability assays with 2-NBDG were 

characterized by confocal microscopy to evaluate the localization of this glucose 

fluorescent analogue. This analysis included cell monolayers without being used 

for assays, and cell monolayers exposed to 250 µM of 2-NBDG for 60 min during 

permeability assays in both the A→B and B→A directions. Orthogonal 

projections of the XZ-plane were created from all the z-slices to view in detail the 

localization of the fluorescence in the cell monolayers. 

 The level of P-gp expression at the apical membrane of cell monolayers was 

monitored by flow cytometry. Caco-2 monolayers at days 22, 25 and 28 post-

seeding were prepared for analysis, using both cell monolayers not used in 

permeability assays and re-used. In the later, the permeability assay has been 

performed with 5 µM Rho in the A→B direction, and the cell monolayers were 

previously washed and maintained on culture media for 2 full days.  

V.4 – Results and discussion 

V.4.1 – Effect of re-use on the passive permeation of reference compounds after 

single-time and multi-time sampling permeability assays 
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 We have previously shown that cell monolayer integrity is maintained 

when Caco-2 monolayers are re-used in permeability assays on days 25 and 28 

(after being used on day 22) and regenerated by incubation with culture medium 

between the assays. The maintenance of the monolayer integrity is the first 

requirement for the re-use of the cell monolayers. However, to validate the 

proposed protocol it is necessary to perform a systematic assessment regarding 

the effect of re-use on distinct properties of the Caco-2 monolayers. Towards this 

goal, in this study we evaluate the permeability of several reference compounds 

that are known to permeate passively or through carrier-mediated pathways 

(both influx and efflux). The solutes that permeate passively were divided in two 

sets, for low (mostly paracellular) and high (mostly transcellular) permeability 

coefficients. The permeability results of the test compounds through Caco-2 

monolayers are shown in the next sections. 

V.4.1.1 – Low passive permeability – Lucifer Yellow, Sodium fluorescein and atenolol 

 The results previously obtained with the effect of the sampling time and re-

use of the Caco-2 monolayer on the permeability of the paracellular marker 

Lucifer Yellow (LY) in Chapter IV and [211] were complemented with new data 

obtained in this study and are shown in Figure V. 1. The results are presented in 

terms of Log Papp, because it has previously shown that this is the variable that 

follows a Normal distribution [211], as is in fact expected for kinetic parameters 

[200]. The large variability in Papp at each condition reflects the intrinsic variability 

of the Caco-2 model, the results corresponding to measurements in more than 10 

independent cell preparations performed over 4 years by the same researcher and 

assay conditions.  

 As previously reported [211], no significant variation is observed in the LY 

Papp with the day post-seeding when a single sampling time at 60 min is 

performed, both for cell monolayers used in a single permeability assay or re-

used. However, a small decrease is observed in Papp with the increase in the 

sampling time. This effect was independent on cell monolayers being used a 

single time in permeability assays or re-used (dark or light colours, respectively). 

The effect of the sampling time was however dependent on the day post-seeding, 

being less significant for cell monolayers on day 28 post-seeding (blue). 
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 In spite of the small differences obtained for LY Papp from day 22 to 28 post-

seeding and with the different sampling times, all conditions lead to permeability 

values compatible with a tight cell monolayer [128,211].  

 

Figure V. 1 Dependence of LY Papp on the sampling interval, day post-seeding and re-use 

of the cell monolayers in multi-time and single-time sampling permeability assays. For 

a given data set, each data point corresponds to an independent cell monolayer. The 

mean and the corresponding CI95 of the Papp values for each data set (n ≥ 6) are also 

shown.  

 The results obtained with LY were complemented with sodium fluorescein 

(Flu), which is also commonly used to evaluate the cell monolayer integrity [223]. 

The properties of Flu are similar to those of LY, both being very polar and 

negatively charged at pH 7.4 [224] (Table III.1). The results obtained for a single 

sampling at 60 min or with multiple time samplings within 60 min are shown in 

Figure V. 2. The values measured for Flu Papp at days 22 and 25 after seeding were 

very similar to those obtained for LY. Significant differences were however 

obtained on day 28, with Papp for Flu being statistically equivalent to that obtained 

at day 22 and 25, while it was lower for LY. The variation of Papp in consecutive 

samplings and with the increase in the sampling interval is lower for Flu than 

previously observed for LY. 

 Although Flu is commonly used as a paracellular marker, the results 

obtained suggests a significant contribution of permeation through a 

transcellular pathway, which is consistent with its lower polarity when 
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compared with LY (Table III.1). This shows that LY is a better reporter of cell 

monolayer integrity.  

 

 The drug Atenolol was used as another polar compound that is considered 

to permeate mostly through the paracellular pathway. The results obtained are 

shown in Figure V. 2 and are very similar to those obtained for Flu, except for a 

smaller effect of the sampling time interval. The detailed statistical analysis of Flu 

and Atenolol Papp values are provided in supplementary material — Table V. S1.  

 

Figure V. 2 Effect of re-use and day post-seeding on Fluorescein and Atenolol passive 

permeability through Caco-2 monolayers after multi-time and single-time sampling 

assays.  

V.4.1.2 – High passive permeability – Propranolol and salicylic acid  

 To further validate the re-use protocol, two reference compounds 

commonly used to characterize fast transcellular permeation were characterized 

[81]. Propranolol (Prop), which is positively charged at pH=7.4 (the most 

lipophilic member of the class of  -blockers which also includes Atenolol); and 

salicylic acid (SA), which is negatively charged at pH=7.4 (Table III. 1). The results 

obtained are shown in Figure V. 3 and the detailed statistical analysis is provided 

in supplementary material — Table V. S2. The first observation is that the results 

obtained for the re-used cell monolayers (light colours) are undistinguishable 

from those of cell monolayers used in a single permeability assay (dark colours). 

It is also observed that, as expected, the values obtained for Papp are significantly 

larger than those obtained for the solutes that permeate mostly though 

paracellular routes (Figure V. 1 and V. 2). The effect on Papp of the sampling time 
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interval and day post-seeding is similar to that observed for Flu and Atenolol, 

and smaller than observed for LY. This reinforces the conclusion that the day 

post-seeding and manipulation of the cell monolayer has a higher impact on 

paracellular permeability. 

 

Figure V. 3 Effect of re-use and day post-seeding on Prop and SA passive permeability 

through Caco-2 monolayers after multi-time and single-time sampling assays.  

V.4.2 – Effect of re-use on the permeability of a fluorescent glucose derivative (2-

NBDG) 

 Glucose is a crucial cell nutrient, and Caco-2 cells have glucose transporters 

in their apical and basolateral membranes oriented to generate an absorptive flux 

of glucose. Glucose derivatives are commonly used to characterize glucose 

transport, to provide sensitivity in the detection method and allows an 

independent control of the glucose levels. The most commonly used glucose 

derivatives are radio- or fluorophore-labelled glucose [225], 2-NBDG being the 

most used fluorescent analogue [217,226]. However, despite the use of 2-NBDG to 

visualize and estimate the glucose accumulation in Caco-2 cells [19,20], the 

quantitative characterization of its transport across Caco-2 monolayers has not 

been reported. 

 In the present study, we determined the bi-directional transport of 2-NBDG 

through Caco-2 monolayers that were used for a single permeability assay or re-

used for additional assays, to evaluate if the functionality of glucose transporters 

remained unaltered after the re-use of the Caco-2 monolayers. The permeability 

assays were carried out in HBSS containing glucose at a concentration of 5.6 mM, 

which competes with 2-NBDG. In fact, based on the work of Yamada et al in 
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mammalian cells, the uptake of 2-NBDG at a concentration of 600 µM was 

inhibited in almost 38 % when in the presence of 5.6 mM of D-glucose [217]. Thus, 

to allow competition with glucose for transport, a relatively high concentration 

of 2-NBDG (250 µM) was used. The paracellular marker LY was added to the 2-

NBDG solution to simultaneously quantify the paracellular permeability. The 

permeability of 2-NBDG +LY was measured in the A→B and B→A directions, 

using multi-time sampling (10, 20, 30 and 60 min). The results of the cumulative 

amount of 2-NBDG that reaches the acceptor compartment in both directions are 

shown in Figure V. 4.  

 In contrast with the expectations, the amount of 2-NBDG that permeates in 

the A→B direction (absorptive pathways) is not higher than in the B→A 

direction. Also, the amount of glucose analogue that reaches the acceptor 

compartment is very small, leading to an average value of Papp  0.5×10-6 cm/s in 

both directions (see statistical analysis in the supplementary material — Table V. 

S3). This low permeability shows that 2-NBDG is not efficiently transported by 

the glucose carriers. Given the very high polarity of 2-NBDG (Table III. 1), it is 

anticipated that paracellular permeation is the most significant passive route. In 

fact, the Papp value of 2-NBDG was essentially the same as that of the paracellular 

marker LY.

 

Figure V. 4 Effect of re-use and day post-seeding on the cumulative amount of 2-NBDG 

that reaches the acceptor compartment during multi-time sampling permeability assays.  

 In an attempt to understand the interaction of 2-NBDG with the Caco-2 

monolayers, the cell monolayers were visualized by confocal fluorescence 

microscopy. Representative images obtained for the control (cell monolayers not 

used in permeability assays) and after the 60 min permeability assays with 2-

NBDG in the A→B and B→A directions are displayed in Figure V. 5. Some 

autofluorescence diffused throughout the cells surface is observed in the control 
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(panel A). Incubation with 2-NBDG leads to an increase in fluorescence, both for 

2-NBDG added to the apical (panel B) and basolateral (panel C) compartments, 

the increase in fluorescence being mainly localized along the cell plasma 

membranes. These results show that 2-NBDG associated efficiently with the cell 

membranes (supposedly due to binding to the glucose transporters), but that it 

was not internalized. The recoveries obtained with those assays were always 

higher than 95% when considering only the donor and acceptor aqueous 

compartments, showing that only a small fraction of 2-NBDG is associated with 

the cell membrane.  

 

Figure V. 5 Confocal microscopy images of Caco-2 monolayers obtained with λex= 458 

nm and λem= 459–551 nm. Representative optical section images along the z-axis (1 µm) 

are shown for (A) cell monolayers not used in permeability assays and for cell 

monolayers exposed to 250 µM of 2-NBDG for 60 min during permeability assays in the 

A→B (B) and in the B→A (C) directions. The lower insets show the localization of the 

fluorescence in the cross section of a z-x plane corresponding to the yellow line. The 

mean fluorescence intensity in the 160×160 µm2 images shown is 8.8 for (A) 11 (B) and 15 

for (C), being respectively 16, 22 and 24 in the full image acquired (supplementary 

material — Figure V. S1). 

 At the conditions studied, the overall results shows that 2-NBDG is not a 

substrate of glucose transporters. Although surprising at first given the extensive 

use of this glucose analogue to visualize and estimate the glucose accumulation 

in cells [84,225], our findings agree with recently published studies. Some 

internalization of 2-NBDG in mammalian cells was observed, but with a kinetics 

distinct from that of radio-labelled glucose, and not affected by high-affinity 

GLUT inhibitors [227-229]. The confocal results obtained in this work (Figure V. 5) 

suggest that although not transported, 2-NBDG binds efficiently to the glucose 

transporters. This may explain previous results reported in literature where 
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accumulation of 2-NBDG in the cells were observed, with the extent of 

accumulation being inhibited by the presence of glucose. This fluorescent glucose 

analogue may therefore be of interest to identify the presence of glucose 

transporters but cannot be used to monitor glucose transport. Similar results are 

anticipated for other fluorescent glucose derivatives due to the effect of the 

fluorescent moiety on glucose properties and transporter activity, invalidating 

their use in permeability assays.  

 Further, the proper validation of the function of glucose transporters upon 

re-use of cell monolayers may be carried out with radio-labelled glucose analogs 

for which glucose transport has been quantitively characterized in Caco-2 

monolayers. Nevertheless, independently of the pathway for internalization and 

transport of 2-NBDG, no significant differences were observed between the 

results obtained with Caco-2 monolayers used in a single permeability assay or 

re-used when following the proposed protocol. 

V.4.3 – Effect of re-use on the permeability of rhodamine 123 and P-glycoprotein 

expression 

 The effective transport of drug-like molecules through cell monolayers may 

be influenced by the presence of efflux transporters that actively counteract their 

accumulation in the cell membrane [59,230]. P-glycoprotein is the most studied 

efflux transporter [23,231,232], and a significant expression has been observed in 

the apical membrane of Caco-2 cells [212,233]. The expression level is dependent 

on the cell passage number, day after seeding on permeable inserts, and on pre-

incubation with P-gp substrates [115,116,234]. It is therefore important to evaluate 

whether the re-use of Caco-2 monolayers influences P-gp expression and/or 

activity. This was evaluated through the characterization of Papp for the well-

known P-gp substrate, Rhodamine 123 (Rho) [220,235]. 

 At the beginning of the assays with Rho, no lag phase appears in the 

variation of instantaneous permeability with incubation time, both in the A→B 

and in the B→A direction (see supplementary material — Figure V. S2). The 

overall Papp was calculated from the average value of the instantaneous 

permeability at each time interval and is presented in Figure V. 6A.  
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Figure V. 6 Effect of re-use and day post-seeding on Rho permeability and P-gp 

expression across Caco-2 monolayers. Plot A: LogPapp values measured in the A→B and 

B→A directions (mean and CI95, n ≥ 2), the efflux ratios are presented above the bars. Plot 

B: contribution of passive permeation (𝑷app
PP ) and active efflux (𝑷app

AE ) to the measured Rho 

Papp values, calculated using Equation (V.3). Comparison of efflux activity 𝑷app
AE  (filled 

symbols, left axis) and P-gp expression (hollow symbols, right axis). The results obtained 

for cell monolayers used in a single permeability assay are shown in dark colours, and 

those obtained for re-used cell monolayers are in light colours. 

 The first observation is that the results are not significantly influenced by 

the re-use of the Caco-2 monolayers. Some interesting observations for the effect 

of the day post-seeding are discussed below. 

 The efflux ratio is very close to 1 for cell monolayers on day 22 post-seeding, 

and increases to somewhat above 2 for cells on day 28, suggesting an increase in 

Rho efflux by P-gp. In agreement, a decrease is observed for Papp in the A→B 

direction. However, this decrease is not accompanied by the expected increase of 

Papp in the B→A direction. Those apparently conflicting results may be 

reconciliated if one considers that the observed Papp is the result of both passive 

(𝑃app
PP ) and active (𝑃app

AE ) processes, Equation V.2. For permeation in the A→B 

direction, the active efflux leads to a decrease in the observed Papp, while in the 

B→A direction both processes sum up. The contribution from passive and active 

processes may be calculated from Equation V.3 and the results obtained are 

shown in Figure V. 6B. A small decrease is observed with the day post-seeding 

for 𝑃app
PP  (from 2×10-6 cm/s on day 22 to 1.6×10-6 cm/s on day 28). In contrast, it is 

observed a significant increase on 𝑃app
AE  with the day post-seeding, from 1.5×10-7 

cm/s on day 22, to 6×10-7 cm/s on day 28 (see detailed statistical analysis in 

supplementary material — Table V. S4). The values obtained for the permeability 

coefficient through both permeation routes (𝑃app
PP  and 𝑃app

AE ) are similar and in the 
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B→A direction the opposite variation cancel out, leading to no variation in the 

overall permeability. The deconvolution of the observed Papp in the contributions 

from passive process and efflux, thus lead to a better understanding of the 

observed permeability. This treatment has the additional advantage of increasing 

the sensitivity on the evaluation of active efflux, when compared to the common 

analysis based on the efflux ratio, Equation V.1. 

 The values of 𝑃app
PP  obtained for Rho are somewhat higher than those of the 

paracellular marker LY measured in the same assays ( 0.5×10-6 cm/s), showing 

that the transcellular route is significant in the case of Rho permeation through 

the Caco-2 monolayers. This agrees with the lower global charge and higher 

hydrophobicity of Rho when compared with LY (Table S1, and [236]).  

 

 To further elucidate on the variations of the rate of Rho efflux, we have 

quantified the effect of the day post-seeding (and monolayer re-use) on the 

amount of P-gp on the plasma membrane of Caco-2 cells. The expression level 

was accessed by flow cytometry after immunostaining P-gp with a FITC-

conjugated antibody. The median fluorescence intensity (MFI) is show in Figure 

V. 6C (raw data in supplementary material — Figure V. S4). A low level of P-gp 

expression was observed at all conditions tested, in spite of a small increase with 

the day post-seeding. The low expression level of the efflux transporter P-gp 

observed in this work agree with the results previously observed by other 

authors for Caco-2 cell monolayers grown at the same conditions [115,116,212]. 

Those results support the above interpretation for the dependence of 𝑃app
𝐴→𝐵and 

𝑃app
𝐵→𝐴 on the day post-seeding, with a relatively small contribution of active efflux 

to the overall Papp at all days  

 Importantly, in what concerns the objectives of this work, regardless of the 

details on Rho permeation mechanism and P-gp expression, a similar behavior 

was observed for cell monolayers used in a single permeability assay or re-used. 

 

 As a final evaluation regarding the effect of re-use on P-gp efflux activity, 

the cell monolayers were incubated for 30 minutes with a high concentration (100 

µM) of Verapamil on both compartments. After the removal of the Verapamil 

solution, the transport of Rho across the cell monolayers was evaluated. The 

variation of instantaneous Papp with incubation time is characterized by a lag 

phase in the B→A direction. A steady-state is never attained, with Papp B→A 
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direction slighting increasing during the duration of the assay (see 

supplementary material — Figure V. S3). The average values obtained for Rho 

Papp in both directions and the contributions of 𝑃app
PP  and 𝑃app

𝐴𝐸 considering the time 

interval up to 120 min are displayed in Figure V. 7 for Caco-2 monolayers used 

at day 22 and re-used at days 25 and 28.  

 

Figure V. 7 Effect of re-use and day post-seeding on Rho permeability across Caco-2 

monolayers after the pre-incubation with Verapamil at 100 µM. Plot A: LogPapp values 

measured in the A→B and B→A directions (mean and CI95, n = 4), the efflux ratios are 

presented above the bars. Plot B: contribution of 𝑷app
PP  and 𝑷app

AE  components to the 

measured Rho Papp values, calculated using Equation V.3. The results are shown for cell 

monolayers used in a single permeability assay at day 22 and re-used at day 25 and 28. 

The pre-incubation with Verapamil leads to a small decrease in the Rho 

Papp for the transport in the A→B direction (from 1.9×10-6 cm/s for monolayers 

with no pre-incubation with Verapamil to 1.3×10-6 cm/s on day 22), while a small 

increase is observed in Rho transport in the B→A direction (from 2.5×10-6 cm/s 

for monolayers with no pre-incubation with Verapamil to 2.8×10-6 cm/s on day 

22). This result does not support inhibition of P-gp by Verapamil. In fact, it 

suggests a higher efflux activity for the cells pre-incubated with Verapamil, as 

shown by the high efflux ratios obtained at all days after cell seeding (from 1.3 to 

2.2 at day 22, from 1.9 to 7.3 at day 25, and from 2.5 to 5.4 at day 28, see 

supplementary material — Figure V. S3 for details). The contributions from 

passive (𝑃app
PP ) and active efflux (𝑃app

AE ) are presented in Figure V.7B, and show that 

𝑃app
PP  is not affected by the pre-incubation with Verapamil while 𝑃app

AE  increases. 

Altogether, the results suggest that pre-incubation with Verapamil leads to an 

increase in the amount of P-gp in the cells plasma membrane. The stimulating 
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effect of Verapamil may be caused by induction of P-gp trafficking from the intra-

cellular membranes to the apical membrane [237] or by induction of P-gp 

expression levels. A report published by Anderle et al showed that the culture of 

Caco-2 cells in medium containing Verapamil (100 µM) induced the expression 

levels of P-gp [234]. But more recently, Miao et al. reported that Verapamil 

decreased the P-gp levels in Caco-2 cells after incubation for 72h [238]. Thus, the 

effect of Verapamil on P-gp expression and activity in Caco-2 monolayers is still 

unclear and a matter of debate. The results obtained in this study support an 

increase in P-gp expression levels due to incubation with Verapamil.  

 Regarding the objectives of this work, the results obtained with Verapamil 

at days 25 and 28 with the re-used Caco-2 monolayers were similar to those 

obtained at day 22 for monolayers used a single time. These findings indicate that 

the incubation with culture medium for two days between each assay was 

sufficient and necessary for the cells lose the memory of the Verapamil treatment 

they received the day before. 

 

V.4.4 –Additional validation studies and advantages of the re-use methodology  

 For a more robust validation of the re-use of Caco-2 monolayers regarding 

the transporter’s functions, compounds targeting other transporters with 

significant levels of expression in these monolayers should be also evaluated. 

This includes the peptide influx transporter (PepT1) which active transport and 

expression has been well-characterized in Caco-2 monolayers [160,233]. Its 

substrates, namely the β-lactams antibiotics (e.g., cephalosporins) are suitable 

compounds to perform the re-use validation studies since they are effectively 

transported and the kinetics of transport have already been studied in this cells 

[160]. The transcytosis pathways, followed by large macromolecules to permeate 

across Caco-2 monolayers should also be characterized after the re-use of the cell 

monolayers. Among those pathways, the receptor-mediated endocytosis of low 

and high density lipoproteins can be evaluated in Caco-2 cells by previous 

equilibration of the lipoproteins with the fluorescent sterol dehydroergosterol 

(DHE) [239]. Iron transport through Ferritin receptor-mediated endocytosis could 

also be evaluated using iron-sensitive fluorescent probes [240]. 
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 The complete validation of the re-use methodology will require an 

extensive and systematic work. It will only be possible to generate such a 

quantity of permeability data for distinct molecules with multiple contributions 

from the scientific community over the coming years. When the Caco-2 model 

started to demonstrate its potential to predict intestinal permeability, a very low 

quantity of permeability data was available in the literature. In the present days, 

the use of this model by the scientific community generated a large amount of 

permeability data for a large set of molecules, continuously contributing to the 

validation of this permeability assay as an important tool in drug discovery and 

development. A similar path is required for the full validation (or its refusal) of 

re-use methodologies such as that proposed by us. The advantages of re-using 

the cell monolayers in permeability assays fully justify the investment by the 

scientific community in the validation of the re-use protocols. The first obvious 

advantage is the increase in the throughput of the assay, which triplicates when 

following the proposed protocol. This allows obtaining information on the 

permeability of a larger number of compounds, increasing the efficiency and 

expanding the drug chemical space evaluated. Another important advantage is 

the downscaling of the culture materials (number of TranswellTM, media 

quantity) and human resources needed per assay. Finally, the variability in the 

properties of the cell monolayers during their stable period (21 to 28 days, both 

when used in a single assay or re-used) is much lower than between different cell 

batches. Thus, re-using the cell monolayers will lead to a decrease in the 

dispersion associated with compound permeability. Overall, these advantages 

will significantly contribute to the collection of accurate Papp values for larger 

compound datasets, allowing the application of AI tools for the establishment of 

QSPRs to predict drug permeability from their structural properties. 

V.5 – Conclusions 

 The present study shows that the re-use of Caco-2 monolayers after 

applying the proposed regeneration protocol can be implemented for 

compounds that follow the passive permeation route. This allows to triplicate the 

throughput of the standard Caco-2 permeability assay. The results obtained 

regarding the glucose transporters cannot be used to accurately validate the effect 

of re-use on these transporters due to the inefficient transport of the fluorescent 
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glucose derivative 2-NBDG. Given the small size of glucose, we anticipate that 

the introduction of any fluorescent moiety will significantly influence the overall 

properties of the molecule and compromise the activity of the transporter. The 

effects on this permeation pathway must therefore be performed with better 

glucose mimetic compounds, such as with the use of radioactive or deuterated 

derivatives [216,229,241]. Additional studies are also required for the accurate 

characterization of the effect of re-use on the activity of efflux transporters. This 

includes the use of additional substrates specific for distinct transporters. A re-

design is also required regarding the standard procedure followed for evaluation 

of transport after the inhibition of the carrier, pre-incubation with Verapamil in 

the case of P-gp. Verapamil is a P-gp substrate, not an inhibitor, and the effect of 

Verapamil on P-gp efflux activity on other compounds is due to competition for 

the transporter. The effective concentration of Verapamil inside the cells is 

therefore a major determinant of the result obtained and depends on the efflux 

activity by the cells. The uncertainty in the intracellular concentration of 

Verapamil is further increased due to the removal of Verapamil from the 

transport medium before the permeability assay. The exposure of the cells to high 

levels of the efflux transporter’ substrate can also lead to an increase in its levels 

at the cell plasma membrane, introducing additional variability in the outcome 

of the assay. The limitations of this approach go beyond its applicability in the 

evaluation of cell monolayer re-use, but are of particular relevance in this case. 

Despite the limitations of the study here presented, the results clearly indicate 

that re-using Caco-2 monolayers in consecutive permeability assays shows great 

promise. We hope these findings will inspire further validation of this approach 

within the scientific community. 

 The detailed work performed in this study also provided important insights 

regarding the experimental methodology and data analysis in permeability 

assays. The results obtained in this work show that the manipulation of the 

monolayer required for sampling has some impact on monolayer integrity, and 

that those effects decrease as the days post-seeding increase from day 22 to 28, 

both for cell monolayers used in a single permeability assay or re-used following 

the proposed protocol. The impact is most significant for compounds that 

permeate paracellularly, and negligible for transcellular permeation. It is also 

shown that the intrinsic variability of the results obtained with the Caco-2 

permeability assay (regarding cell passage number and cell batch, in addition to 

the day post-seeding) is higher for compounds that permeate paracellularly. This 
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suggests that when the conditions of the assays are maintained, the major source 

of variability is the cell monolayer integrity. 

 It is also shown that the contribution from active and passive processes 

should be calculated when evaluating active transport from the overall Papp 

observed. This analysis allows the quantitative assessment of the effective 

permeation through the distinct routes, accounts for variations in the cell 

monolayer tightness, and leads to a higher sensitivity in permeation through the 

active pathway. 

 To capture the intrinsic variability of distinct cell batches, it is 

recommended that replicates for a given compound are performed with distinct 

cell preparations, not from distinct inserts with the same cell preparation. In 

following with this recommendation, the re-use assays should not be used as 

replicates for a given compound. The increase in the throughput provided by the 

re-use of the cell monolayers is however of very high value to evaluate the 

permeability of distinct compounds. 
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V.6 – Supplementary material 

 



 

 
 

V.6.1 – Effect of Caco-2 monolayer re-use on passive permeation  

V.6.1.1 – Low permeation reference compounds – Lucifer yellow, Fluorescein and Atenolol 

Table V. S1 Statistical analysis of LY, Flu and atenolol Papp and amount transported into the acceptor compartment QA (% of total amount) after 

single time and multi-time sampling permeability assays through single use (day 22) and re-use (day 25 and 28) Caco-2 monolayers. The average 

and the corresponding confidence intervals at 95 % confidence (CI95) were obtained directly from the analysis of Log (Papp) or Log (QA). 

 Assay 

Conditions 

  Lucifer Yellow Fluorescein Atenolol 

   Papp (10-7 cm/s) QA (%) Papp (10-7 cm/s) QA (%) Papp (10-7 cm/s) QA (%) 

Da

y 
 

Sampling 

(N)a 

Monolaye

r use 
 CI95  CI95  CI95  CI95  CI95  CI95 

All 

all  607 & 60 & 94 

S
in

g
le

 u
se

  

&
 r

e-
u

se
 

4.6 0.6; 33.0 0.15 0.03; 0.78 3.7 0.8, 18.3 0.11 0.03, 0.38 6.2 2.9, 13.5 0.21 0.07, 0.59 

all 1st  240 & 24 & 24 3.0 0.4; 22.7 0.12 0.03; 0.55 2.5 0.4, 15.4 0.10 0.03, 0.39 5.3 2.4, 11.9 0.22 0.05, 0.95 

1st 60 min 118 & 12 & 12 1.3 0.3; 5.1 0.13 0.03; 0.51 1.2 0.3, 5.1 0.12 0.03, 0.52 4.5 2.2, 9.1 0.45 0.22, 0.91 

1st 10 min  122 & 12 & 12 6.6 1.2; 35.5 0.11 0.02; 0.59 5.1 1.3, 19.9 0.09 0.02, 0.33 6.3 2.6, 15.1 0.11 0.04, 0.25 

2nd 10 min 124 & 12 & 12 7.4 1.4; 39.2 0.14 0.03; 0.70 6.2 1.8, 21.3 0.10 0.03, 0.36 8.5 4.1, 17.7 0.14 0.07, 0.30 

3rd 10 min  119 & 12 &29 7.9 1.3; 46.9 0.16 0.03; 0.87 6.5 1.8, 22.8 0.11 0.03, 0.38 6.9 3.1, 15.3 0.17 0.08, 0.40 

4th 30 min  124 & 12 & 29 4.0 0.7; 22.2 0.25 0.05; 1.2 3.0 0.9, 9.6 0.15 0.05, 0.49 5.7 2.9, 11.3 0.29 0.14, 0.57 

22 

all 216 & 20 & 30 

S
in

g
le

 u
se

 

6.0 0.7; 52.8 0.19 0.03; 1.2 3.3 0.8, 14.4 0.10 0.03, 0.29 6.2 2.9, 12.9 0.21 0.08, 0.54 

all 1st 87 & 8 & 8 3.4 0.4; 31.5 0.14 0.03; 0.76 2.2 0.4, 13.3 0.09 0.02, 0.34 5.7 2.5, 12.9 0.23 0.05, 1.2 

1st 60 min 45 & 4 & 4 1.4 0.4; 5.9 0.15 0.04; 0.60 1.1 0.2, 5.8 0.11 0.02, 0.58 4.8 2.2, 10.4 0.48 0.22, 1.1 

1st 10 min 42 & 4 & 4 8.5 1.2; 59.0 0.14 0.02; 0.99 4.2 1.0, 18.2 0.07 0.02, 0.30 6.8 2.4, 19.1 0.11 0.04, 0.32 

2nd 10 min 44 & 4 & 4 10 1.7; 62.0 0.18 0.03; 1.1 5.7 1.5, 21.1 0.09 0.03, 0.35 9.5 3.8, 23.7 0.16 0.06, 0.40 

3rd 10 min 41 & 4 & 9 12 1.7; 84.8 0.22 0.03; 1.5 5.8 1.9, 18.0 0.10 0.03, 0.30 6.2 2.6, 14.9 0.15 0.08, 0.29 

4th 30 min 44 & 4 & 9 5.7 0.9; 37.1 0.32 0.05; 2.0 2.6 0.7, 9.3 0.13 0.04, 0.47 5.5 3.0, 9.9 0.27 0.15, 0.50 

all 70 S i n g l e u s e 5.8 1.2; 27.9 0.17 0.06; 0.53       
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25 

all 1st 22 4.8 0.9; 25.9 0.13 0.03; 0.51  

1st 60 min 6 1.8 0.6; 5.4 0.18 0.06; 0.54 

1st 10 min 16 6.9 1.6; 30.5 0.12 0.03; 0.51       

 2nd 10 min 16 

 

7.4 1.7; 32.6 0.15 0.05; 0.45         

 3rd 10 min 16 7.9 1.7; 38.1 0.18 0.08; 0.40 

 4th 30 min 16 4.1 0.8; 21.7 0.28 0.13; 0.62 

25 

all 133 & 20 & 32 

R
e-

u
se

 

4.2 0.5; 37.9 0.14 0.02; 0.90 3.9 0.5, 30.7 0.12 0.02, 0.60 6.9 2.7, 17.5 0.23 0.07, 0.74 

all 1st  58 & 8 & 8 2.4 0.3; 22.7 0.11 0.02; 0.57 2.2 0.2, 26.3 0.09 0.02, 0.54 5.5 1.8, 16.5 0.23 0.04, 1.2 

1st 60 min  33 & 4 & 4 1.1 0.3; 4.5 0.11 0.03; 0.45 0.9 0.1, 7.6 0.09 0.01, 0.76 4.3 1.7, 10.8 0.44 0.17, 1.1 

1st 10 min 25 & 4 & 4 6.8 0.9; 51.5 0.11 0.02; 0.82 5.3 0.5, 52.5 0.09 0.01, 0.88 7.0 1.6, 30.6 0.12 0.03, 0.51 

2nd 10 min  25 & 4 & 4 8.0 1.0; 61.5 0.15 0.02; 1.2 6.6 0.7, 61.1 0.11 0.01, 1.0 8.6 2.5, 29.8 0.14 0.04, 0.50 

3rd 10 min  25 & 4 & 10 7.8 1.0; 60.2 0.15 0.02; 1.2 7.5 0.7, 76.5 0.13 0.01, 1.3 8.2 3.0, 22.0 0.21 0.07, 0.65 

4th 30 min  25 & 4 & 10 4.1 0.7; 24.2 0.23 0.03; 1.5 3.6 0.5, 28.6 0.18 0.02, 1.4 6.5 2.7, 15.8 0.33 0.14, 0.79 

28 

all 70 

S
in

g
le

 u
se

 

6.0 2.0; 18.7 0.18 0.07; 0.47         

all 1st 22 5.9 1.6; 20.6 0.16 0.04; 0.60 

1st 60 min 6 3.2 1.7; 6.1 0.32 0.17;0.62 

1st 10 min 16 7.2 2.0; 25.9 0.12 0.03; 0.43 

2nd 10 min 16 7.4 2.6; 20.9 0.14 0.07; 032 

3rd 10 min 16 7.7 3.1; 19.3 0.17 0.09; 0.30        

4th 30 min 16 4.1 1.3; 13.2 0.28 0.15; 0.53 

28 

all  118 & 20 & 32 

R
e-

u
se

 

2.4 0.6; 10.1 0.09 0.02; 0.35 4.0 1.0, 15.9 0.12 0.04, 0.33 5.7 2.9, 11.0 0.19 0.07, 0.53 

all 1st  51 & 8 & 8 1.8 0.4; 8.7 0.08 0.03; 0.28 3.1 0.5, 19.5 0.13 0.03, 0.51 4.9 2.3, 10.2 0.20 0.03, 1.1 

1st 60 min  23 & 4 & 4 1.0 0.3; 3.9 0.11 0.03; 0.38 1.6 0.3, 9.8 0.16 0.03, 0.99 4.4 1.5, 12.6 0.44 0.15, 1.3 

1st 10 min  23 & 4 & 4 3.6 1.4; 9.3 0.06 0.02; 0.16 5.9 1.4, 24.2 0.10 0.02, 0.41 5.3 2.6, 10.7 0.09 0.04, 0.18 

2nd 10 min  23 & 4 & 4 3.6 1.3; 10.3 0.07 0.02; 0.25 6.3 2.0, 19.6 0.11 0.03, 0.33 7.5 4.5, 12.7 0.13 0.08, 0.21 

3rd 10 min  23 & 4 & 10 3.5 1.0; 12.8 0.09 0.02; 0.44 6.2 1.9, 20.5 0.10 0.03, 0.34 6.4 3.3, 12.5 0.16 0.07, 0.36 

4th 30 min  23 & 4 & 10 2.0 0.5; 7.7 0.15 0.03; 0.64 2.7 1.0, 7.7 0.14 0.05, 0.39 5.2 2.6, 10.4 0.26 0.13, 0.52 

No statistically significant differences are observed between the distinct experimental days and monolayers use. a Number of time points sampled for Lucifer yellow & Flu & 

Atenolol permeability assays.  
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V.6.1.2 – High permeation reference compounds – Propranolol and salicylic acid  

Table V. S2 Statistical analysis of Papp values of Propranolol and Salicylic Acid after single 

time and multi-time sampling permeability assays through single use and re-used Caco-

2 monolayers from day 22 to 28. The average and the corresponding confidence intervals 

at 95 % confidence (CI95) were obtained directly from the analysis of Log (Papp). 

 Assay 

Conditions 

 Papp (10-6 cm/s) 

  Propranolol Salicylic Acid 

Day Sampling (N)a 
Monolayer 

use 
 CI95  CI95 

All 

all (102 & 150) 
S

in
g

le
 u

se
  

&
 r

e-
u

se
 

4.1 1.6, 10.8 2.9 1.1, 7.6 

all 1st (39 & 51) 3.0 0.8, 10.8 2.7 0.9, 8.6 

1st 60 min (18 & 18) 1.4 0.9, 2.3 1.2 0.8, 1.8 

1st 10 min (21 & 33) 5.7 3.4, 9.5 4.2 2.3, 7.9 

2nd 10 min (21 & 33) 5.8 4.7, 7.3 3.6 1.9, 7.0 

3rd 10 min (21& 33) 6.2 4.9, 7.7 3.6 1.9, 7.1 

4th 30 min (21 & 33) 3.3 2.1, 5.3 1.9 0.8, 4.9 

22 

all (34 & 50) 

S
in

g
le

 u
se

 

4.1 1.5, 10.8 2.9 0.9, 9.2 

all 1st (13 & 17) 3.1 0.8, 11.4 2.6 0.7, 10.0 

1st 60 min (6 & 10) 1.5 1.1, 2.2 1.1 0.8, 1.6 

1st 10 min (7 & 11) 5.6 2.7, 11.7 4.1 1.6, 10.7 

2nd 10 min (7 & 11) 5.8 4.4, 7.6 3.8 1.6, 9.1 

3rd 10 min (7 & 11) 6.4 4.9, 8.5 3.6 1.3, 10.1 

4th 30 min (7 & 11) 3.0 2.0, 4.5 2.1 0.6, 7.7 

25 

all (34 & 50) 

S
in

g
le

 u
se

 

&
 r

e-
u

se
 

3.9 1.4, 11.1 2.9 1.1, 7.2 

all 1st (13 & 17) 2.9 0.7, 12.4 2.8 0.9, 9.1 

1st 60 min (6 & 6) 1.3 0.6, 2.7 1.2 0.8, 2.0 

1st 10 min (7 & 11) 5.7 3.2, 9.9 4.4 2.7, 7.2 

2nd 10 min (7 & 11) 5.8 4.6, 7.3 3.3 1.9, 5.8 

3rd 10 min (7 & 11) 5.8 4.7, 7.2 3.9 2.2, 6.8 

4th 30 min (7 & 11) 3.3 2.1, 5.2 1.9 0.8, 4.7 

1st 10 min (4 & 2) 

S
in

g
le

 

u
se

 

7.0 5.1, 9.5 5.7 1.5, 21.1 

2nd 10 min (4 & 2) 6.3 5.5, 7.3 5.2 1.5, 17.6 

3rd 10 min (4 & 2) 5.8 4.2, 8.1 4.9 1.9, 12.7 

4th 30 min (4 & 2) 3.0 2.0, 4.5 2.4 2.1, 2.8 

1st 60 min (6 & 6) 

R
e-

u
se

 

1.3 0.6, 2.7 1.2 0.8, 2.0 

1st 10 min (3 & 9) 4.3 3.1, 6.0 4.2 2.8, 6.3 

2nd 10 min (3 & 9) 5.1 4.5, 5.9 3.0 2.1, 4.4 

3rd 10 min (3 & 9) 5.7 5.1, 6.4 3.7 2.1, 6.5 

4th 30 min (3 & 9) 3.7 1.8, 7.6 1.8 0.7, 5.0 

28 

all (34 & 50) 

S
in

g
le

 u
se

  

&
 r

e-
u

se
 

4.3 1.6, 11.4 2.9 1.2, 6.9 

all 1st (13 & 17) 3.1 0.8, 12.0 2.9 1.0, 8.4 

1st 60 min (6 & 6) 1.5 0.8, 2.5 1.3 0.9, 2.0 

1st 10 min (7 &11) 5.9 3.8, 9.2 4.3 2.9, 6.5 

2nd 10 min (7 & 11) 5.9 4.6, 7.6 3.8 1.9, 7.5 

3rd 10 min (7 & 11) 6.3 5.1, 7.7 3.4 2.1, 5.4 

4th 30 min (7 & 11) 3.7 2.0, 7.1 1.8 0.9, 3.7 
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1st 10 min (4 & 2) 

S
in

g
le

 

u
se

 

6.9 5.4, 8.9 4.2 2.6, 6.7 

2nd 10 min (4 & 2) 6.0 4.1, 8.8 4.6 1.8, 11.4 

3rd 10 min (4 & 2) 5.9 5.2, 6.6 4.2 1.1, 15.7 

4th 30 min (4 & 2) 3.5 1.9, 6.7 2.3 0.9, 6.2 

1st 60 min (6 & 6) 

R
e-

u
se

 

1.5 0.8, 2.5 1.3 0.9, 2.0 

1st 10 min (3 & 9) 4.8 3.4, 6.8 4.4 2.8, 6.9 

2nd 10 min (3 & 9) 5.8 5.4, 62 3.7 1.8, 7.6 

3rd 10 min (3 & 9) 6.9 5.5, 8.6 3.3 2.2, 4.8 

4th 30 min (3 & 9) 4.0 1.4, 11.3 1.7 0.8, 3.5 

No statistically significant differences are observed between the distinct 

experimental days and monolayers use. 
a Number of time points sampled for Prop & SA permeability assays. 
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V.6.2 – Effect of Caco-2 monolayer re-use on transport of 2-NBDG  

Table V. S3 Statistical analysis of Papp values of 2-NBDG in the absorptive (A→B) and 

secretory (B→A) directions and the resulting influx ratio. The paracellular marker LY 

was applied together with 2-NBDG and the resulting Papp is also show, as well as the 

ratio between the Papp values of 2-NBDG and LY. 

Day 

Monolayer use 

(number of cell 

monolayers in 

A→B & B→A)) 

2-NBDG Papp (10-7 cm/s)  LY Papp (10-7 cm/s) 
Papp 2-NBDG/ 

Papp LY 

A→B B→A Influx Ratio A→B B→A A→B B→A 

 CI95  CI95  CI95  CI95  CI95 

All  

Single use  

(12 & 12) 
3.5 1.3, 9.1 7.7 2.4, 24.4 0.5 0.1, 2.0 2.8 0.8, 10.2 8.2 2.8, 24.6 

1.2 0.9 

Re-use  

(11 & 10) 
3.5 1.6, 7.9 9.0 3.2, 25.2 0.4 0.2, 1.4 3.4 0.7, 17.5 9.0 3.8, 20.9 

1.0 0.9 

Single use & re-

use (23 & 22) 
3.5 1.4, 8.5 8.1 2.7, 24.4 0.4 0.1, 1.8 3.0 0.7, 12.9 8.5 3.1, 23.1 

1.2 0.9 

22 
Single use  

(4 & 4) 
5.0 2.1, 11.6 14 3.9, 48.4 0.4 0.09, 1.7 4.4 0.9, 21.0 14 4.2, 45.5 

1.1 1.0 

25 

Single use  

(4 & 4) 
2.6 0.9, 7.6 5.6 2.0, 15.7 0.5 0.1, 1.9 1.7 0.6, 4.7 6.2 2.4, 15.9 

1.5 0.9 

Re-use  

(3 & 2) 
3.0 1.6, 5.3 11 2.4, 48.1 0.3 0.06, 1.3 4.5 0.4, 56.3 9.3 2.7, 32.1 

0.7 1.0 

Single use & re-

use (7 & 6) 
2.8 1.2, 6.5 7.1 2.0, 24.8 0.4 0.09, 1.7 2.6 0.4, 17.2 7.1 2.5, 19.9 

1.1 0.9 

28 

Single use  

(4 & 4) 
3.2 1.5, 7.1 5.8 3.6, 9.5 0.5 0.2, 1.4 2.8 1.1, 7.1 6.5 3.4, 12.6 

1.0 0.7 

Re-use  

(7 & 4) 
3.8 1.6, 9.1 8.2 3.8, 17.7 0.5 0.2, 1.5 3.0 0.9, 10.0 8.8 4.3, 18.0 

1.3 0.9 

Single use & re-

use (11 & 8) 
3.6 1.6, 8.2 6.9 3.5, 13.7 0.5 0.2, 1.5 2.9 1.0, 8.6 7.6 3.8, 15.4 

1.2 0.8 

No statistically significant differences are observed between the distinct experimental days and monolayers use. 
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 To better understand the interaction of 2-NBDG with the Caco-2 cells, the 

monolayers were analyzed by confocal microscopy at wavelengths where the 

NBD group emits fluorescence. Representative images of the projections of 

maximum intensity of all z-stacks are shown in Figure S2. Images were taken of 

Caco-2 monolayers not used in permeability assays (panel A) and after the 

permeability assay with 2-NBDG in the A→B (panel B) and B→A (panel C) 

directions. A quantitative analysis of the fluorescence intensity was performed 

considering the total image area (428 × 428 µm2), leading to mean fluorescence 

intensity of 16 for (A) 22 for (B) and 24 for (C).  

 

 

Figure V. S1 Confocal microscopy images of Caco-2 monolayers obtained with excitation 

light at 458 nm and emission detection from 459–551 nm. Maximum intensity projections 

of z-stacks are shown for (A) cell monolayers not used for any permeability assay and 

for cell monolayers exposed to 250 µM of 2-NBDG in the A→B direction (B) and in the 

B→A direction (C) during the permeability assays at day 28 post-seeding. Scale bar 200 

µm.  

A B C



 

 161 

Chapter V 

V.6.3 – Effect of Caco-2 monolayer re-use on transport of Rho  

 

Figure V. S2 Effect of re-use and day post-seeding on Rho permeability. The upper plots 

represent the instantaneous LogPapp values as a function of the incubation time in the 

A→B and B→A direction, and lower plot is the instantaneous efflux ratio calculated from 

the 𝑷app
B→A/𝑷app

A→B.   
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Figure V. S3 Effect of re-use and day post-seeding on Rho permeability after pre-

inhibition of P-gp efflux with 100 µM of Verapamil. The upper plots represent the 

instantaneous LogPapp values as a function of the incubation time in the A→B and B→A 

direction, and lower plot is the instantaneous efflux ratio calculated from the 

𝑷app
B→A/𝑷app

A→B.  
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Table V. S4 Statistical analysis of the Papp values of Rho in the absorptive (A→B) and 

secretory (B→A) directions. The resulting efflux ratio and the contribution of passive 

permeation ( PP
appP ) and active efflux ( AE

appP ) to the measured Rho Papp values were 

determined using Equations V.2 and V.3 in the main text. The paracellular marker was 

applied together with Rho, and the permeability obtained is also shown. The 

permeability of Rho was measured after pre-incubation of the cell monolayers with 100 

µM Verapamil for a period of 30 min, and the statistical analysis of the obtained Papp 

values was also shown. 

Day 

Monolayer use 

(number of cell 

monolayers in 

A→B & B→A) 

Rho Papp (10-6 cm/s)  Rho Papp (10-6 cm/s) LY Papp (10-7 cm/s) 

A→B B→A Efflux Ratio PP
appP  AE

appP  A→B B→A 

 CI95  CI95  CI95    CI95  CI95 

All  

Single use  

(16 & 7) 
1.6 1.0, 2.8 2.2 1.3, 3.6 1.3 0.6, 2.7 1.9 0.27 6.7 2.7, 16.8 5.9 1.8, 19.4 

Re-use  

(11 & 6) 
1.2 0.8, 2.0 2.5 1.7, 3.7 2.0 1.1, 3.7 1.9 0.63 4.8 2.3, 9.8 7.3 2.6, 20.4 

Single use & re-

use (27 & 13) 
1.5 0.8, 2.5 2.3 1.5, 3.7 1.6 0.8, 3.3 1.9 0.43 5.8 2.4, 13.6 6.6 2.2, 19.5 

22 
Single use 

(11 & 3) 
1.9 1.4, 2.6 2.5 1.5, 4.1 1.3 0.7, 2.3 2.2 0.30 9.3 4.9, 17.5 8.6 3.9, 18.9 

25 

Single use  

(2 & 2) 
1.5 1.0, 2.2 1.9 1.1, 3.3 1.3 0.9, 3.1 1.7 0.22 4.7 2.4, 9.5 7.1 2.1, 23.2 

Re-use  

(8 & 3) 
1.4 1.0, 1.9 2.6 1.8, 3.8 1.9 0.7, 2.5 2.0 0.62 5.6 3.1, 9.9 11 4.2, 28.2 

Single use & re-

use (10 & 5) 
1.4 1.0, 2.0 2.3 1.4, 3.8 1.7 1.2, 3.2 1.8 0.46 5.3 3.0, 9.4 9.4 3.4, 25.8 

28 

Single use  

(3 & 2) 
1.0 0.6, 1.8 2.0 1.3, 3.1 2.0 1.2, 4.3 1.5 0.49 5.7 1.9, 17.2 2.4 1.6, 3.6 

Re-use  

(3 & 3) 
0.9 0.6, 1.5 2.4 1.6, 3.6 2.5 1.0, 3.8 1.7 0.72 4.1 1.8, 9.3 4.8 2.8, 8.2 

Single use & re-

use (6 & 5) 
1.0 0.6, 1.6 2.2 1.5, 3.4 2.3 1.4, 3.7 1.6 0.62 4.9 1.9, 12.6 3.8 1.8, 8.0 

  After pre-incubation with 100 µM Verapamil 

All 
Single use & re-

use (12 & 12) 
0.8 0.2, 2.6 3.3 1.2, 9.0 4.4 0.9, 21 2.0 1.3     

22 
Single use 

(4 & 4) 
1.3 0.3, 6.0 2.8 0.8, 10 2.2 0.3, 15 2.1 0.75     

25 
Re-use 

(4 & 4) 
0.5 0.3, 0.9 3.7 1.5, 9.2 7.3 2.5, 22 2.1 1.6     

28 
Re-use 

(4 & 4) 
0.7 0.3, 1.6 3.5 1.6, 8.0 5.4 1.7, 17 2.1 1.4     
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V.6.4 – Effect of Caco-2 monolayer re-use on P-gp expression 

 The effect of re-use and day post-seeding on P-gp expression of Caco-2 

monolayers was accessed by flow cytometry after incubation of the cells with a 

FITC-conjugated antibody to human P-gp. Caco-2 cells from monolayers 

maintained in culture and that were not used in any permeability assays were 

labeled to evaluate the P-gp expression at days 22, 25 and 28. Caco-2 cells from 

monolayers before their re-use for permeability assays with Rho at day 25 

(previously used at day 22 in Rho permeability assay) and day 28 (previously 

used at days 22 and 25 in Rho permeability assays) were also labeled. The green 

fluorescence due to FITC was recorded using a 530/30 nm band-pass filter (FL1) 

and plotted as a histogram of FL1 staining. Non-labeled Caco-2 cells were also 

analyzed for each condition to evaluate the possible contribution from cells 

autofluorescence to the FL1 signal (negative control sample). The histogram 

overlays are presented in Figure S4. The median fluorescence intensity (MFI) was 

the parameter used for comparison. The P-gp expression values were calculated 

through the shift in the MFI of the cells in the presence of the antibody in relation 

to the non-labeled cells.  

 A small population of Caco-2 cells displayed a relatively high fluorescence 

intensity for the re-used cell monolayers. Since those cell monolayers were 

previously used in permeability assays with Rho, we pose the question if all the 

Rho has been removed from the cells. To answer that we have incubated Caco-2 

cells in a 12 well-plate with Rho for 2h. After incubation, one batch of cells was 

washed with HBSS and prepared for flow cytometry. The other batch was 

maintained in culture and incubated with DMEM following the cell monolayer 

regeneration procedure proposed. 

It was observed that Rho is efficiently removed from cells after washing with 

HBSS, the fluorescence intensity becoming essentially equal to that of control 

cells. No further variation was observed for cells incubated with DMEM. This 

suggests that the presence of the cell population with higher fluorescence 

observed for the re-used cell monolayers is not due to an inefficient removal of 

Rho. The relative abundance of this population was higher when the number of 

counts was smaller, suggesting that it may be due to an artifact independent on 

the presence of the cells.  
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Figure V. S4 Representative histograms overlay of flow cytometric analysis to determine 

expression of P-gp in Caco-2 cells. The non-labeled Caco-2 cells (negative control) are 

displayed in black, and the cells incubated with P-gp antibody are displayed in colors. 

The expression of P-gp acquired in cells from monolayers at day 22, 25 and 28 are shown 

in the left, middle and right panels, respectively. The upper plots correspond to cells 

from monolayers that were not used in permeability assays, while the lower plots 

correspond to cells from monolayers before their re-use for Rho permeability assays at 

day 25 and 28. The number of events were normalized by mode. The median 

fluorescence intensity (MFI) was determined for each histogram. The experiments were 

performed for two independent cell monolayers and the average MFI is shown in Figure 

V. 6. 
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Quantitative comparison of the 

distinct permeation pathways using 

MDCK-II, MDCK-MDR1 and Caco-2 

monolayers   
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Chapter VI 

VI.1 – Abstract  

 Cell monolayers derived from the epithelial MDCK cell line have been used 

as an alternative to the traditional Caco-2 model for evaluating drug permeability 

across intestinal epithelium. The main advantage of using MDCK over Caco-2 

cells is its faster grow and differentiation on permeable filters for only 3 to 7 days, 

meaning that less time is required for the monolayers to be ready for permeability 

assays. MDCK monolayers represents a possibility for increasing the throughput 

of compound’s permeability assessments. The rationalization of drug 

permeability in terms of its structural properties using data from distinct cell 

models, first requires a quantitative comparison for reference compounds 

covering the distinct permeation routes between the models.  

 In this study we have performed a quantitative characterization of the 

morphology, tightness and distinct permeation pathways across the parental cell 

line MDCK-II, the corresponding cell line overexpressing P-gp (MDCK-MDR1) 

and Caco-2 monolayers. A systematic evaluation was performed under the same 

conditions and by the same researcher. The morphology was characterized in 

detail, regarding cell density and staining of ZO-1 protein measured by confocal 

microscopy. Also, the monolayers tightness was assessed using TEER 

measurements and the permeability of three paracellular markers with distinct 

properties. The monolayers were also evaluated for differences in the permeation 

across their membranes by analyzing the permeability of reference compounds 

that use the passive transcellular route and the contribution of efflux activity to 

the transport. The results showed the existence of small differences in cell and 

ZO-1 density among the two MDCK and Caco-2 monolayers. Although the main 

difference was found in relation to efflux activity. In the case of passive 

transcellular permeation, similar results were obtained for all cell monolayers 

tested and the data may be pooled in the same dataset for use in in silico 

approaches to predict permeability from the structure of the molecule. 

VI.2 – Introduction 

 The Caco-2 cell line has been thoroughly used in academic and industrial 

contexts to evaluate the permeability of compounds due to its ability to model in 

vivo human absorption characteristics. Although it is a well-characterized system, 
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the application of Caco-2 permeability assays in the screening of large sets of 

compounds has been hampered by the 21-day period required for monolayers 

differentiation [91,128]. Our proposed approach of re-using the Caco-2 

monolayers for additional permeability assays has shown to have the potential 

to triplicate its throughput [211]. However, before re-using the monolayers it is 

still necessary to wait for 21-days for them to be ready to conduct the 

permeability assays. It is of special interest if one intends to obtain a higher 

throughput assessment of compound´s permeability to reduce the culture time 

of the monolayers. Since this has been shown not to be possible with Caco-2 

monolayers without altering their properties [242-244], the only feasible approach 

is to replace the Caco-2 cells with a faster growing cell line with similar 

properties.  

 The Madin–Darby canine kidney (MDCK) cells, derived from dog kidney 

epithelia have also been used as a model to evaluate the ability of compounds to 

permeate across the intestinal epithelium [56,166]. Although non-intestinal, the 

epithelial origin of these cells give them the capacity to differentiate into 

polarized monolayers with tight intercellular junctions and apical brush 

microvilli, similar to the properties found in the Caco-2 system. The major 

advantages of MDCK over Caco-2 cells is that this differentiation can be 

accomplished in a much shorter time period, only 3 – 7 days [167,170,245]. 

 The MDCK-II strain, derived from high passage MDCK cells, is the most 

commonly used for permeability assays due to its electrical resistance properties 

similar to those observed in the small intestine (TEER values about 100 Ω cm2) 

[168,170,246]. Studies have pointed out that Papp values measured with MDCK-II 

monolayers for passively permeating drugs correlate well with those from Caco-

2 monolayers, which in turn correlate to in vivo human intestinal absorption 

[99,167]. Furthermore, prediction of MDCK Papp data using an in silico model that 

was constructed based on Caco-2 Papp data, indicated that passive permeability 

for the different cell lines can be predicted with similar molecular properties and 

descriptors [88]. Although these studies might indicate the utility of MDCK cells 

as a promising alternative model to Caco-2 monolayers for passive transport, it 

is important to account that MDCK cells are not of human origin. For this reason, 

inter-species differences in the expression levels of some transporters [247] and in 

carrier-mediated transport, namely in kinetic parameters and substrate 

specificity, should also be considered when performing studies using these two 

cell lines [248-250].  
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 Another advantage of MDCK-II cells is the possibility of them being stably 

transfected with the human multi-drug resistance (MDR1-1) gene encoding for 

P-gp, generating a cell line with enhanced expression levels of human P-gp 

(MDCK-MDR1) [251]. Because no other efflux transporters are highly expressed, 

the observed efflux in the assays performed with monolayers of MDCK-MDR1 

can usually be attributed directly to P-gp. This has made the use of this cell line 

as a very useful model to rapidly identify compounds that are subject to P-gp 

mediated efflux [252].  

 The existence of several differences, mainly in functionality, between the 

monolayers obtained from the Caco-2 and MDCK cell lines raises the question of 

how the permeability data generated with them are compared to each other. A 

quantitative comparison between the distinct cell models is important to gain 

valuable knowledge about the possible application of MDCK monolayers as an 

alternative to Caco-2 for high throughput assessment of compound´s 

permeability. Carrying out their comparison require that the assays must be 

performed under the same experimental conditions and preferably by the same 

researcher. Such types of systematic studies are scarce in the literature. Some of 

the works compared the transport of analogous series of compounds in both 

models, [172,253,254] or investigated only one permeation pathway [249]. The 

comparison between cell lines regarding the morphology, gene expression and 

drug transport through passive and active pathways can only be found in two 

literature works [81,82]. Although this evaluation was performed with systematic 

and detail procedures, these works do not cover a full evaluation of all 

permeation pathways. 

 The aim of the present study was to provide additional information 

regarding the quantitative comparison of the monolayers obtained by the three 

cell lines. This includes the systematic evaluation of morphology, tightness and 

transport characteristics of compounds permeating through several pathways in 

the distinct cell models.  

 Monolayers grown from MDCK-II and MDCK-MDR1 cells were first 

compared to each other. Confocal microscopy images of nuclei and ZO-1 protein 

staining were evaluated to assess their morphological features and the presence 

and location of tight junctions. Assessment of the paracellular and transcellular 

pathways in each model was performed by determining the permeability across 

these cell monolayers for reference compounds that follow these routes. P-gp-

mediated efflux was also evaluated in both cell models using Rhodamine 123 
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(Rho), which was chosen due to its high affinity for P-gp and high sensitivity in 

its quantification by fluorescence [255]. The bi-directional transport of Rho across 

the cell monolayers was analyzed regarding the contributions of passive and 

active efflux processes to the observed overall permeability. Further, the 

contributions of both processes were validated by repeating the Rho assays after 

inhibition of P-gp efflux with Verapamil.  

 Finally, the data obtained for the two variants of MDCK monolayers was 

compared with that obtained with Caco-2 monolayers, thus providing a 

systematic comparison of the distinct cell models.  

VI.3 – Methods 

 The permeability assays performed on monolayers of MDCK-II and 

MDCK-MDR1 were conducted on day 7 post-seeding. The experiments were 

carried out using the conditions that were previously established for Caco-2 

permeability assays and by the same researcher.  

 TEER values were measured both before and after the permeability assays 

and all the cell monolayers were considered for analysis (n= 52). The transport of 

LY, Flu, Atenolol, Prop and SA was evaluated in the A→B direction in multiple 

samplings at t10, t20, t30 and t60 min. The permeability assays with LY and Flu were 

also performed with a single sampling at t60. Rho transport was evaluated in the 

A→B and B→A directions, with samplings at t20, t40, t60, t80, t100, and t120. As 

discussed in Chapter V, these sampling points were used to follow the eventual 

appearance of a lag phase at the beginning of the experiments. The sampling 

method followed for transport in the A→B direction was the transfer of the 

inserts to new wells previously loaded with HBSS (transfer method). This was 

selected because it is faster and more reliable when compared with the withdraw 

of an aliquot of transport medium from the acceptor compartment and 

replacement with fresh HBSS (replacement method). The replacement sampling 

had however to be followed for the evaluation of transport in the B→A direction 

to avoid turning the insert over. In this case the acceptor compartment has a 

much better accessibility, thus reducing the time required for sampling and 

improving its reproducibility (see Chapter VII, section VII.4.2). The bi-directional 

transport of Rho was also assessed in MDCK monolayers after its pre-incubation 

with Verapamil for 30 min (in the apical and basolateral sides). The Rho 
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permeability assay was initiated immediately after the removal of Verapamil 

solution.  

 Experiments were carried out in duplicate for the same cell preparation. The 

mass balance was estimated between 90–110% for all the test compounds, with 

the exception of Prop that had recoveries of 70–80%. 

 The statistical analysis of Papp values was performed for LogPapp, since it was 

previously shown that this is the variable that follows a normal distribution (see 

Chapter IV for details). From LogPapp, the average values and the 95% confidence 

intervals (CI95) of Papp were calculated using the Equation IV.1 in Chapter IV. This 

statistical analysis was performed using Microsoft Excel. 

 After determining Rho Papp values in both directions of the assays, the 

analysis of P-gp efflux activity in the cell monolayers was performed using 3 

different steps: i) through the calculation of the efflux ratio for each cell 

monolayer. This is the most common approach and corresponds to the ratio 

between the Papp values obtained in B→A and A→B, Equation V.1, Chapter V; ii) 

and an alternative approach proposed by us based on the calculation of the 

contributions from passive (𝑃app
PP ) and active efflux (𝑃app

AE) processes to the observed 

Papp value. In this approach it is assumed that the absolute values of 𝑃app
PP  and 𝑃app

AE 

are the same in the assays performed in both directions (A→B and B→A), 

Equation V.3, Chapter V; iii) and through the calculation of the net flux ratio by 

dividing the efflux ratio obtained in MDCK-MDR1 transfected cells by those 

obtained in the MDCK-II parental cell line, using Equation VI.1: 

Net Flux Ratio =
Efflux ratioMDCK−MDR1

Efflux ratioMDCK−II

 

 

VI.1 

The later approach is generally applied when both cell lines are used 

simultaneously in experiments. It allows the correction of the efflux ratio 

observed in MDCK-MDR1 for efflux activity already present in MDCK cells. 

 The test compounds used in the permeability assays with MDCK cell lines 

were also measured across Caco-2 monolayers at days 22, 25 and 28 post-seeding. 

The Caco-2 Papp values obtained for these compounds were reported in Chapter 

IV and V and are included in the current chapter for comparison.  

 For characterization by confocal microscopy, MDCK-II and MDCK-MDR1 

monolayers were stained after being used in permeability assays with LY. The 
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cell nucleus was stained with Hoechst 33342 and ZO-1 protein was stained with 

antibodies. Two cell monolayers were analyzed for each cell model. From the 

acquired images, orthogonal projections of the XZ-plane were created from all 

the z-slices to view in detail the localization of the fluorescence of ZO-1. For each 

image, it was also determined the cell density by counting the number of nuclei 

and the fractional area occupied by ZO-1 by applying a manual threshold to 

select only ZO-1 fluorescence. The values obtained for these parameters were 

compared with those previously determined in confocal images of Caco-2 

monolayers.  

VI.4 – Results and discussion 

VI.4.1 – Quantitative comparison of permeation pathways in MDCK monolayers 

 The two variants of the MDCK cell line, MDCK-II and MDCK-MDR1, were 

grown as monolayers and used to perform permeability assays. To quantitatively 

characterize the distinct permeation pathways in both cell monolayers, the 

permeability assays were performed in a systematic manner and using the same 

experimental conditions. The passive permeability via paracellular and 

transcellular routes and active efflux transport were determined in both cell 

monolayers using reference compounds that are commonly applied for this 

purpose. The permeability of the test compounds and the morphological analysis 

obtained by confocal microscopy are shown and discussed in the next sections. 

VI.4.1.1 – Characterization of paracellular permeability 

VI.4.1.1.1 – TEER values 

 On day 7 post-seeding in the TranswellTM inserts, the TEER values of 

MDCK-II and MDCK-MDR1 monolayers were measured before and after the 

permeability assays. The TEER values obtained for cell monolayers before the 

assays were statistically equivalent, being 60 ± 5 and 69 ± 8 Ωcm2 for MDCK-II 

and MDCK-MDR1, respectively. TEER values of this magnitude for MDCK 

monolayers are systematically observed by other authors under the same 

experimental conditions [82,169]. This low TEER value is due to the many ion 
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transporters present in the MDCK cell line. These transporters are linked to the 

cell's natural function in reabsorbing ions, as it originates from kidney epithelial 

tissue. It is often overlooked that the electrical parameter of TEER represents the 

resistance to the flow of ions through the paracellular and also through the 

transcellular pathway via ion channels and pores [256]. The genes that encode for 

various types of claudin proteins with pores forming functions were found to be 

highly expressed in MDCK cells compared to other cell lines. This high level of 

ion pores facilitates the cation movement across MDCK monolayers and thereby 

it has been suggested to be responsible for decreasing their TEER [81,246,257]. As 

a consequence, the low TEER values obtained for MDCK monolayers cannot be 

directly attributed to a decreased tightness of the cell monolayer. TEER 

measurements alone cannot reflect the transport across the paracellular route, 

nor the tightness of the cell monolayer. A more informative indication regarding 

the monolayer confluence and tightness may be obtained from a morphological 

analysis by confocal fluorescence microscopy. In addition, the use of paracellular 

markers will provide a more quantitative evaluation of permeation through the 

paracellular route. 

VI.4.1.1.2 – Morphological features and staining of tight junction protein ZO-1  

 MDCK-II and MDCK-MDR1 monolayers were analyzed by confocal 

microscopy after staining for nuclei and ZO-1 protein of tight junctions. 

Representative images of the cell monolayers obtained at the end of multi-time 

sampling permeability assays are displayed in Figure VI. 1, and the 

corresponding larger area images are provided in supplementary material — 

Figure VI. S1. A confluent monolayer of cells is visible in the confocal microscopic 

images of both cell models. A striking difference is observed in the cell density, 

with the cross-section of cells and nuclei being much smaller for MDCK-MDR1. 

The distinct morphology of the cells when grown as confluent monolayers has 

been reported before [81]. The average nuclei size of MDCK-MDR1 is ~5-10 µm 

while in MDCK-II monolayers is ~10-20 µm. It is important to note that the same 

initial cell density was used to seed the cells on inserts. Due to differences in the 

properties, the number of nuclei per area varied, with MDCK-MDR1 monolayers 

exhibiting a high cell density of 1.2 (±0.1) × 106 cells/cm2 compared to 6.5 (±0.2) × 

105 of MDCK-II monolayers. 
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Figure VI. 1 Representative images of MDCK-II and MDCK-MDR1 monolayers 

observed at the confocal microscope. The nuclei were stained by Hoechst and tight 

junctions were stained by antibodies against the protein ZO-1. The images are the 

maximum intensity projection of z-stacks. Scale bar 20 µm. 

 ZO-1 staining is found in the regions of contact between the cells, both in 

MDCK-II and MDCK-MDR1 monolayers, indicating the formation of a 

continuous network of tight junctions. To provide information regarding the 

transversal position of ZO-1 in the cell monolayers, the cross-section view of the 

z-stack projections of confocal images is show in Figure VI. 2. It is observed that 

ZO-1 protein is located in the apical side on both cell monolayers, as expected. A 

quantitative evaluation of ZO-1 fluorescence shows 56% higher intensity in the 

MDCK-MDR1 monolayers. This result is in agreement with the different sizes 

observed for the two variants of the MDCK cell line, with a higher cell-cell 

interface in the case of cells with a lower cross-section. The much higher density 

of cell-cell interface in the case of monolayers from MDCK-MDR1 leads to a 

higher relative surface of the paracellular pathway when compared to 

transcellular pathways. This is expected to have important consequences in the 

permeability coefficients observed for the distinct pathways in the two cell 

monolayers. 
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Figure VI. 2 Staining of ZO-1 protein (red) and nuclei (blue) for MDCK-II and MDCK-

MDR1 monolayers. The localization of ZO-1 is shown in the lower plots that correspond 

to the z-stacks at the cross section indicated by the respective yellow line. 

VI.4.1.1.3 – Paracellular markers: Lucifer yellow, fluorescein and atenolol 

 The permeation of small hydrophilic molecules is commonly used to assess 

the tightness of the paracellular route in cell monolayers. Those paracellular 

markers cannot show significant transport through the transcellular pathways, 

both through passive or active routes. LY is a model compound that fulfills these 

requirements and may be detected with high sensitivity due to its high 

fluorescence quantum yield. The permeability of LY across MDCK-II and MDCK-

MDR1 monolayers was evaluated in assays using a single 60 min sampling or 

following multiple samplings within 60 min. The results are shown in Figure VI. 

3 and the detailed statistical analysis is provided in supplementary material — 

Table VI. S1. When a single sampling was performed at 60 min, a small value for 

LY permeability of 0.7 ]0.5;0.8[ x 10-7 cm/s was obtained in MDCK-II monolayers, 

indicating the presence of a tight cell monolayer. In MDCK-MDR1 monolayers, 

the obtained LY Papp value is high, increasing almost 13-fold in relation to MDCK-

II to a value of 8.8 ]3.9;19.9[x 10-7 cm/s. This LY Papp value is slightly above the 

expected value for a tight monolayer, Papp < 5 × 10−7 cm/s [182,202,207]. The relative 

Papp observed for the two cell monolayers can be explained based on the results 

of the morphological analysis. The surface area available for the paracellular 

permeation of LY is higher in MDCK-MDR1 monolayers due to the smaller cross-

sectional area of the cells. Therefore, the higher Papp obtained for LY with the 

MDCK-MDR1 monolayers may simply reflect the higher surface available for the 

MDCK-MDR1MDCK-II
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paracellular pathway, and cannot be taken as an indication of a lower tightness 

of the tight junctions in this cell monolayer.  

 

 

Figure VI. 3 Dependence of LY Papp values on the sampling interval in either MDCK-II 

and MDCK-MDR1 monolayers after multi-time and single-time sampling permeability 

assays.  

 The analysis of the LY Papp values on consecutive and distinct sampling 

times provides information regarding possible perturbations induced by the 

sampling and/or LY carry-over in consecutive sampling. Perturbation of the 

monolayer tightness is expected to lead to an increase in Papp for consecutive 

sampling, both using the same or different time intervals. On the other hand, 

carry-over of analyte in the acceptor compartment is expected to lead to a 

decrease in Papp as the time interval is increased. Both effects were observed in the 

case of Caco-2 monolayers (see Figure IV. 4 and IV. 5). A significant effect of the 

sampling time is also observed in the case of monolayers of MDCK-II. In these 

monolayers, LY Papp values are essentially maintained for consecutive sampling 

with a 10 min time interval, and decrease with the increase of the sampling time 

interval from 10 to 30 and to 60 min. In contrast, for MDCK-MDR1 monolayers, 

LY Papp values are essentially unchanged. These results may be interpreted in 

light of the much higher amount of LY that permeates during the sampling 

interval, thus less sensitive to small contributions from carry-over in consecutive 

sampling. It is also compatible with a lower sensitivity to manipulation for this 

thicker (and tight) cell monolayer. 

 Permeability assays were repeated with Flu and Atenolol, two other model 

compounds commonly used to access the paracellular transport. The results 

obtained are shown in Figure VI. 4 and the detailed statistical analysis is provided 
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in supplementary material — Table VI. S1. Regarding Flu permeability, the Papp 

values are similar for both cell monolayers, except in the single-time assays (60 

min), with a 2-fold increase between MDCK-II and MDCK-MDR1 monolayers. A 

small decrease in Papp with the increase in the sampling time is observed MDCK-

II monolayers, although the difference is not statistically significant. The 

sensitivity of Flu Papp regarding the sampling times and cell monolayer is much 

lower than observed for LY (Figure VI. 3). These results suggest a significant 

contribution of the transcellular pathway for the transport of Flu across the cell 

monolayers, as observed before for the Caco-2 cell line (Figure V. 2), and further 

support the superiority of LY as a paracellular marker.  

 

Figure VI. 4 Dependence of Fluorescein and Atenolol Papp values on the sampling 

interval for permeability assays performed across MDCK-II and MDCK-MDR1 

monolayers. 

 The permeability behavior of Atenolol was equivalent to that of Flu for the 

assays performed across MDCK-II monolayers. However, a distinct behavior was 

observed for MDCK-MDR1 monolayers. In contrast with what was observed for 

the transport of LY and Flu across this cell line, Atenolol shows a marked decrease 

in Papp values in consecutive sampling and with the increase of the sampling time 

intervals. This decrease was even more accentuated than that observed for 

MDCK-II, with the values of Papp for 30 min sampling being lower for this cell 

type than for the parental MDCK-II. The results can be explained if there is 

transport of Atenolol against its concentration gradient showing a lag phase, thus 

being larger at longer times of incubation. One possibility is efflux by P-gp, which 

requires the previous permeation into the cell to reach the transporter binding 

site. In agreement with this interpretation, a lag phase is observed for the efflux 
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of Rhodamine by P-gp (Figure VI. 6 plot A). Also, it has in fact been previously 

suggested that Atenolol is a substrate of P-gp [81,258,259]. Atenolol should not 

therefore be used to evaluate permeability through the paracellular pathway 

since the observed Papp includes contributions from transcellular transport, both 

passive influx and active efflux.  

 

VI.4.1.2 – Characterization of the transcellular permeability  

 Propranolol and salicylic acid were used as model compounds to evaluate 

passive transcellular permeation in MDCK-II and MDCK-MDR1 monolayers. 

The results obtained for Papp of PROP and SA are presented in Figure VI. 5, and 

the detailed statistical analysis is provided in supplementary material — Table 

VI. S2. The results obtained for the two cell monolayers were very similar. A 

tendency for smaller values of Papp were observed for MDCK-MDR1 monolayers, 

but the difference is not statistically significant. It is observed a small increase in 

Papp for consecutive samplings of 10 min, and a small decrease with the increase 

in the sampling interval for 30 min. This behavior has been observed previously 

and may reflect perturbation of the cell monolayer integrity, and/or carry-out of 

compound in the acceptor compartment when the inserts are transferred to new 

wells at the consecutive sampling time points (see Figure IV.4 and IV5, section 

IV.4.2, Figure V.3 and VII.4.2). 

 

Figure VI. 5 Propranolol and Salicylic acid Papp values after a multi-time sampling 

permeability assay across MDCK-II and MDCK-MDR1 monolayers. 
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VI.4.1.3 – Characterization of the active efflux by P-gp 

 The evaluation of efflux transport was done by measuring Papp in both 

directions (A→B and B→A). This is a standard procedure used to identify 

compounds that are substrates of efflux transporters such as P-gp. In this study, 

we compared the efflux activity in MDCK-II and in the P-gp transfected MDCK-

MDR1 cell line, using the well-known P-gp substrate Rhodamine 123 (Rho) [255].  

 The results obtained for Papp of Rho across MDCK-II and MDCK-MDR1 

monolayers are presented in Figure VI. 6. The variation of the instantaneous 

permeability with the incubation time is presented in plot A, both in the A→B 

and B→A directions. It is observed a lag phase for transport in the B→A direction, 

which lasted up to 60 min and increased the Rho Papp values during this time 

interval. A steady-state is attained after 60 min, with the instantaneous 

permeability being maintained until the end of the assay, although small 

variations are still observed for the MDCK-II monolayers with a tendency for an 

increase in Papp in the B→A direction. 

 

Figure VI. 6 Rho permeability across MDCK-II and MDCK-MDR1 monolayers. Plot A: 

Instantaneous LogPapp values as a function of the incubation time in the A→B and B→A 

directions. Plot B and C: instantaneous efflux ratio (left y-axis) and contributions of 

passive (𝑷app
PP ) and active efflux (𝑷app

AE ) to the measured Papp values (right y-axis). The 

efflux ratio is calculated from the instantaneous 𝑷app
B→A/𝑷app

A→B and the parameters 𝑷app
PP  

and 𝑷app
AE  are calculated using Equation (V. 3). 
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 The first observation is that in both cell types, Rho showed a polarized 

transport, with Papp values being higher in the B→A than in the A→B direction. 

This leads to a significant efflux ratio of Rho (Figure VI. 6 plot B and C). For 

incubation times between 60 and 120 min, the average efflux ratio was 6 ± 1 in 

MDCK-II and increased to 10 ± 1 in MDCK-MDR1 cell monolayers. As expected, 

this indicates an increase in Rho efflux by P-gp in the transfected cell monolayers. 

It is well-known that the induction of Multidrug resistance (MDR) is not only the 

result of an increased expression of efflux transporters, but also includes changes 

in the fluidity of the lipid membrane that contribute to the decrease in 

permeability [260,261]. The contribution from changes in the properties of the lipid 

membrane is particularly important when MDR is induced by cell growth in the 

presence of high concentrations of drugs [262,263]. However, the overexpression 

of efflux transporters may by itself be associated with changes in the lipid 

composition of the cell membranes [264-266]. An increase in the efflux ratio could 

be originated from an increase in the efflux activity or by a decrease in the rate of 

passive permeation due to changes in the cell membrane properties. To evaluate 

for the contribution from the two effects, the overall permeability observed was 

deconvoluted into the contribution from passive 𝑃app
PP  and active 𝑃app

AE  processes 

(Equation V.3, Chapter V). This analysis procedure has the additional advantage 

of providing a quantitative evaluation of the rate of active efflux (Figure VI. 6 plot 

B and C). The results show that the 𝑃app
PP  values were similar for the two cell 

monolayers, although slightly higher (1.2-fold) for MDCK-MDR1. A more 

significant difference was observed for the active efflux component, which was 

higher (1.4-fold) for MDCK-MDR1 monolayers. This analysis shows that the 

increase in the efflux activity of MDCK-MDR1 is the major difference when 

compared with parental cells. 

 The deconvolution between the contribution of passive permeation and 

active efflux shows that the variation observed in the efflux ratio with the time of 

the permeability assay is the result of changes in both transport pathways. 

Surprisingly, a strong increase is observed in 𝑃app
AE   for the parental cell line (from 

a Log𝑃app
AE  =-6.6 at 20 min to -5.8 at 100 min), leading to a 6-fold variation. This is 

however accompanied by a 2-fold increase in 𝑃app
PP  that partially counterbalances 

the increase in 𝑃app
AE   and leads to only a 3-fold variation in the efflux ratio. In 

contrast, the time dependence of both 𝑃app
PP  and 𝑃app

AE   is similar in MDCK-MDR1 

monolayers, with only a 2-fold increase from 20 to 120 min. The reasons for the 
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increase in permeability with the assay time are not totally clear to us, and 

comparison with literature is not possible because the time dependence of Papp 

is usually not reported. An analysis to Equations V. 3 shows that the sensitivity 

of 𝑃app
PP  and 𝑃app

AE   is much larger when the efflux ratio is lower, which may explain 

the smaller variation with the assay time obtained for MDCK-MDR1. A possible 

explanation for the relatively low 𝑃app
PP  and 𝑃app

AE   values measured at short times in 

the permeability assay may be related with a slow flip-flop of Rho between the 

membrane leaflets. Eytan et. al. reported a characteristic time of 3 min for the flip-

flop of Rho through model membranes composed of Egg Phosphatidylcholine 

with 2 15% cardiolipin [267]. The much lower fluidity of the cells plasma 

membrane [266,268] would significantly slow-down the rate of flip-flop [269] and 

could at least partially justify the lag-time observed. 

 The efflux ratio observed in MDCK-II indicates that these cells already 

express efflux transporters that are active for Rho, which may or may not include 

P-gp. An advantage of performing assays with the parental and overexpressing 

P-gp cells is the possibility of evaluating specifically the efflux activity of P-gp 

[252]. This comparison leads to a net flux ratio of 1.7 (Equation VI.1). The obtained 

value is lower than usually reported in the literature (e.g., Hellinger et al. [81] 

obtained a net flux ratio of 3.3, while Shang et al. [270] obtained a net flux ratio of 

7.2). Variations in the expression of P-gp could result from changes in the 

transfection efficiency or in the relative populations of distinct cell phenotypes 

with increased cell passages. Changes at high passage numbers have been 

observed in the expression of GFP reporter gene in transfected Caco-2 and MCF7 

cell lines [271]. The passage number and the composition of the culture medium 

have also been shown to influence the expression level of GFP in transfected 

CHO-K1 cells [272].  

 

 As a final quantitative characterization of the efflux pathway on these cell 

monolayers, the effect of Verapamil (100 µM) on Rho efflux by P-gp was 

evaluated. The results obtained are presented in Figure VI. 7.  
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Figure VI. 7 Rho permeability across MDCK-II and MDCK-MDR1 monolayers after pre-

incubation with 100 µM Verapamil for P-gp efflux inhibition. Plot A: Instantaneous 

LogPapp values as a function of the incubation time in the A→B and B→A direction. Plot 

B and C: instantaneous efflux ratio (left y-axis) and contributions of passive (𝑷app
PP ) and 

active efflux (𝑷app
AE ) to the measured Papp values (right y-axis). The efflux ratio is calculated 

from the instantaneous 𝑷app
B→A/𝑷app

A→B and the parameters 𝑷app
PP  and 𝑷app

AE  are calculated 

using Equation (V. 3). 

 At the beginning of the assay, the expected behaviour was obtained. That 

is, a markedly low efflux ratio in both MDCK-II and MDCK-MDR1 (1.3 and 3, 

respectively) due to inhibition of the efflux transporters. However, for 

incubations longer than 40 min, there is a large increase in the efflux ratio 

reaching the value obtained in the absence of Verapamil at 100 min. In an attempt 

to interpret this behavior, the observed transport was deconvoluted in the 

contributions from passive and active transport (Figure VI. 7 plot B and C). As 

observed in the absence of Verapamil, there is a significant increase in both 𝑃app
PP  

and 𝑃app
AE  over the time of the permeability assay. However, a steady state is not 

achieved during the 120 min of the permeability assay. Also, while a similar 

variation is observed for 𝑃app
PP , a much higher increase is observed in 𝑃app

AE , 

suggesting that inhibition of efflux transporters by Verapamil is becoming less 

efficient in both MDCK cells. Surprising at first, this result is actually a direct 

consequence of the methodology followed, where cells are pre-incubated with 
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Verapamil, but washed out before the permeability assay. In the initial time 

intervals, there are still large amounts of Verapamil associated with P-gp leading 

to a significant P-gp inhibition. However, at longer time intervals, the local 

concentration of Verapamil decreases due to equilibration with the transport 

media. The increase in 𝑃app
AE  is larger for MDCK-II than for MDCK-MDR1. This 

may reflect a lower concentration of Verapamil at the beginning of the assay in 

MDCK-MDR1 cells due to the higher active Verapamil efflux in these cells. 

During the incubation of the monolayers with Verapamil, passive permeation 

allows its entrance into the cells, which is counterbalanced by its active efflux by 

P-gp. Therefore, the concentration of Verapamil inside the cells is lower for the 

MDCK-MDR1 cells due to the over-expression of P-gp. After removal of 

Verapamil from the medium, the decrease in its intracellular concentration is also 

faster for the case of the MDCK-MDR1 cells. This leads to the disappearance of 

the inhibition of Rho efflux in MDCK-MDR1 monolayers, while it is still 

maintained in the MDCK-II monolayers.  

 The presence of high concentrations of Verapamil in the MDCK-II 

monolayers until 40 min may also explain the small decrease observed in Rho 

𝑃app
PP  values in this time interval. Due to the moderate lipophilicity of Verapamil 

(Kp~103 at pH=7.4 [273]), high local concentrations in the cell membranes are 

expected. Both Verapamil and Rho are positively charged at the assay pH, and 

the presence of Verapamil changes the surface potential at the cell membrane 

[274,275]. Depending on the local concentration of Verapamil, the surface potential 

will become less negative or even positive, leading to a decrease in the partition 

coefficient of Rho [274,275] and in the observed 𝑃app
PP . 

 The time-dependent variations in the properties of the cell monolayers are 

due to the pre-incubation of the cell monolayers with a very high concentration 

of Verapamil and its removal from the transport media immediately before the 

permeability assay. In an alternative protocol used by some authors, the cell 

monolayers are pre-incubated with Verapamil at 50 µM [270]and 100 µM [276]and 

this condition is maintained through the permeability assays. A decrease in the 

efflux ratio was obtained in the present of Verapamil, as it is expected for MDCK-

MDR1 cells. Calculating the 𝑃app
AE  and 𝑃app

PP  values for these assays, it is observed a 

decrease in both the parameters when Verapamil is present. Although the 

instantaneous values of Papp were not reported in those studies, this methodology 

is expected to correct for the variation in Verapamil concentration throughout the 
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permeability assay. However, this approach does not correct for the effects on 

𝑃app
PP  due to changes in the membrane electrostatic potential. At the high 

Verapamil concentrations needed to efficiently compete with P-gp, a significant 

decrease in the 𝑃app
PP  of cationic species is expected, artificially increasing the efflux 

ratio calculated from 𝑷app
B→A/𝑷app

A→B. To avoid these artifacts, the use of non-

competitive and more efficient inhibitors (e.g. Tariquidar [277,278]) may be 

recommended when evaluating the contribution of P-gp active efflux in 

permeability assays. 

VI.4.2 – Quantitative comparison of permeation pathways between Caco-2 and 

MDCK monolayers 

 Caco-2 and MDCK cells are derived from epithelial tissues with different 

physiological functions, in addition from being of different species. The transport 

of compounds across monolayers obtained from these cell lines may be altered 

as a result of different transporters expression levels, lipid composition of their 

membrane bilayers and metabolic activity. The systematic characterization of the 

distinct permeation pathways in each of the cell monolayers is important to 

quantitatively compare the permeability data obtained from them. This study 

provides a systemic evaluation of the morphology, tightness and functionality of 

MDCK-II, the corresponding cell line overexpressing P-gp MDCK-MDR1 and 

Caco-2 monolayers. The comparison with Caco-2 monolayers included the use of 

these cell monolayers on days 22, 25 and 28 post seeding. The results are 

summarized and discussed in the next sections.  

VI.4.2.1 – Morphological features and tight junctions staining 

 The confocal microscopy analysis was carried out for all cell monolayers 

after being used for a permeability assay. In the process of acquiring the images, 

the number of z-stacks needed to capture the entire cell monolayer is indicative 

of its thickness. For Caco-2 and MDCK monolayers, the number of z-stacks was 

found to be similar, ranging from 8 to 12 slices (8-12 µm). Enclosing the 

monolayers within this number of z-stacks allows them to be identified as a single 

layer of cell [81]. The most significant difference between the images of cell 

monolayers was observed for the average nuclei size. As a result, the number of 
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nuclei in the analyzed image area was different among the monolayers, and 

varied as follows: Caco-2 (day 22: 582 ± 71; day 25: 550 ± 12; day 28: 560 ±26) < 

MDCK-II (1206 ± 40) < MDCK-MDR1 (2241 ± 236). This corresponds to significant 

differences in cell density, with MDCK-MDR1 monolayers exhibiting the highest 

cell density and Caco-2 the lowest.  

 ZO-1 protein staining was detected in all cell monolayers. The area occupied 

by tight junctions was found to be much lower in Caco-2 (8 % in all days) than in 

MDCK monolayers (11 ± 3% in MDCK-II and 26 ± 3% in MDR1). These results 

reflect the different cell density in the distinct monolayers, with a higher 

contribution of cell-cell contacts in cells with a smaller size. The relative 

contribution of cell-cell interface taking into account the distinct cell size was 

estimated considering a squared cross-section for the cells and the average size 

obtained from confocal microscopy. This contribution was expected to increase 

1.5-fold for MDCK-II and 2-fold for MDCK-MDR1 when compared to Caco-2 

monolayers. This is in good agreement with the increase observed in ZO-1 

staining for MDCK-II (1.4-fold). The very large increase in ZO-1 staining 

observed for MDCK-MDR1 (3.3-fold) suggests that the cell-cell contacts have a 

higher abundance of tight-junctions. This is in light with the up-regulation of ZO-

1 expression at higher cell densities [279,280]. 

 To our knowledge, the differences found in cell size and ZO-1 density 

between the distinct cell models although previously observed [81], have never 

been highlighted nor a relationship has been made between this property and the 

observed differences in permeability through the distinct routes. This is however 

an important parameter between the distinct cell models and justifies some of the 

differences observed. 

VI.4.2.2 – Compounds with low passive permeability 

 TEER measurements have been used in many studies as the first parameter 

to assess the permeability through the paracellular pathway on cell monolayers. 

Generally, a cut-off value for TEER is defined as a criterion to consider the cell 

monolayer as confluent and tight and therefore ready to perform the 

permeability assays. This value corresponds to > 200 Ω cm2 in the case of Caco-2 

monolayers. This cut-off value cannot be applied to monolayers obtained from 

MDCK cell lines, which show TEER values about twelve times lower than those 
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of Caco-2 monolayers at day 22. If Caco-2 monolayers at day 28 are considered, 

the difference between both cell models is even higher (Table VI. 1). However, 

although the TEER values of MDCK monolayers are below the threshold, they 

do not reflect a compromise in tightness, as evidenced by the high density of ZO-

1 at the cell-cell contacts. In the case of MDCK-II, this is also supported by the 

low permeability of the paracellular marker LY, MDCK-II (0.7 x 10-7 cm/s), Caco-

2 day 22, day 25 and day 28 (from 2.1 to 1.8 and 1.9 x 10-7 cm/s, respectively). A 

relatively higher value is however observed for MDCK-MDR1 monolayers (8.8 x 

10-7 cm/s). As discussed in section VI.4.1.1.3, this reflects the higher surface 

available for this pathway due to the much smaller cell size. According to LY Papp 

results, all the cell monolayers can be employed if we intended to perform 

permeability assays using a tight cell monolayer, for instance, to predict 

permeation across the Blood-Brain Barrier. 

 

 In relation to Flu permeability, the MDCK-MDR1 model also present 

slightly higher Papp values in comparison with MDCK-II and Caco-2 models. 

Although, the differences found between the distinct cell monolayers are not 

statistically significant. The slightly higher Flu permeability in the MDCK models 

than in the Caco-2 model is also reported in the other studies in literature that 

compared the three cell models [81,82]. As discussed above for LY, this observation 

may reflect the higher surface available for the paracellular pathway. The 

relatively smaller effect observed for Flu being due to a significant permeability 

through transcellular pathways. 

Table VI. 1 Paracellular tightness of the distinct cell monolayers assessed by TEER 

measurements and permeability of model compounds that use the paracellular route. 

     
Papp (10-7 cm/s) A 

→B 
 

Cell line 

Day 

post-

seeding 

 

TEER 

Before 

Ωcm2 

TEER 

After 

Ωcm2 

Lucifer yellow Fluorescein 

  Nb µ ±  µ ±  N  CI95 N  CI95 

MDCK-II 7 23 60 ± 5.1 60 ± 6.9 2 0.7 
0.5; 

0.8 
2 2.0 1.7; 2.4 

MDCK-

MDR1 
7 23 69 ± 8.2 69 ± 6.1 2 8.8 

3.9; 

19.9 
2 4.6 3.8; 5.5 
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Caco-2 a 

22 62 1021 ± 436 807 ± 352 35 2.1 
1.2; 

3.9 
4 1.1 0.2, 5.8 

25 51 1045 ± 515 910 ± 411 29 1.8 
1.0; 

3.2 
4 0.9 0.1, 7.6 

28 40 1219 ± 428 969 ± 360 24 1.9 
0.8; 

4.7 
4 1.6 0.3, 9.8 

a TEER values and Papp values obtained in Caco-2 monolayers are reported in Chapter V and VI.  
b Number of cell monolayers used in assays. The Papp values were obtained from a single 60 min 

sampling permeability assays. Statistically significant differences from the Papp values obtained in Caco-

2 monolayers are in marked bold. 

VI.4.2.3 – Compounds with high passive permeability 

 The Papp values of the compounds Prop and SA, which permeate mainly 

through the transcellular route, did not show a significant variation when 

evaluated across the distinct cell models (Table VI. 2). This indicates that the 

permeability of these compounds was not influenced by eventual differences in 

the composition of cell membranes nor by the distinct cell morphology. 

Equivalent results for SA and other compounds with high passive permeability 

across the three cell models have also been reported in other comparative studies 

[81,82]. Thus, both the Caco-2 and MDCK derived monolayers can be employed 

to evaluate the mechanism of transcellular permeation of compounds.  

Table VI. 2 Permeability of model compounds that use the transcellular route measured 

across the distinct cell monolayers. 

  Papp (10-6 cm/s) A →B 

Cell line 
Day post-

seeding 
Propranolol Salicylic Acid 

  Nb  CI95 N  CI95 

MDCK-II 7 2 6.0 3.0; 11.9 2 2.8 1.7; 4.7 

MDCK-MDR1 7 2 3.8 2.0; 7.3 2 2.5 1.2; 5.1 

Caco-2 a 

22 7 5.0 2.6; 9.5 11 3.3 1.2; 9.4 

25 7 5.0 2.9; 8.5 11 3.2 1.5;7.1 

28 7 5.3 3.2; 8.9 11 3.2 1.4; 6.9 
a Papp values obtained in Caco-2 monolayers are reported in Chapter VI.  
b Number of cell monolayers used in assays. The value of Papp was calculated from the average 

of the instantaneous permeability at each time interval of multi-sampling assays within 60 min. 

No statistically significant differences was found between the Papp values obtained in the distinct 

cell monolayers. 
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VI.4.2.4 – P-gp mediated efflux 

 The Papp values of Rho obtained across MDCK-II, MDCK-MDR1 and Caco-

2 monolayer were compared to quantitatively evaluate the efflux activity in each 

cell model (Table VI. 3).  

Table VI. 3 Permeability of Rho across the distinct cell monolayers. The results are 

presented as the values of Papp obtained in both the transport directions and the values 

for the components of passive and active efflux processes. The analysis was also 

performed after the inhibition of P-gp efflux with Verapamil. 

 

  Rho Papp (10-6 cm/s) c 

Cell line 
Day post-

seeding 
Nc A→B d B→A d Efflux ratio 

PP
appP  AE

appP  

    CI95  CI95  CI95   

MDCK-II a 7 2 0.54 0.47; 0.61 3.0 2.0; 4.5 5.5 3.7; 8.2 1.8 1.2 

MDCK-MDR1 a 7 2 0.37 0.31; 0.45 3.7 2.6; 5.3 10.1 7.0; 14.6 2.1 1.7 

Caco-2 b 

22 3-11 1.9 1.4, 2.6 2.5 1.5, 4.1 1.3 0.7, 2.3 2.2 0.30 

25 5-10 1.4 1.0, 2.0 2.3 1.4, 3.8 1.7 1.2, 3.2 1.8 0.46 

28 5 1.0 0.6, 1.6 2.2 1.5, 3.4 2.3 1.4, 3.7 1.6 0.62 

  

Rho Papp (10-6 cm/s) 

 

After pre-incubation with 100 µM Verapamil 

Cell line 
Day post-

seeding 
N b A→B B→A Efflux ratio 

PP
appP  AE

appP  

    CI95  CI95  CI95   

MDCK-II e 7 2 0.49 0.46; 0.52 0.63 0.60; 0.67 1.3 1.2; 1.4 0.56 0.07 

MDCK-MDR1 e 7 2 0.49 0.27; 0.87 1.4 0.86; 2.2 2.9 1.3; 6.0 0.94 0.45 

Caco-2 e 

22 4 1.5 0.3; 7.2 1.3 0.41; 3.9 0.89 0.14; 5.3 1.4 0.10 

25 4 0.41 0.21; 0.81 1.9 1.1; 3.4 4.7 2.0; 10.8 1.2 0.75 

28 4 0.55 0.26; 1.2 2.1 1.3; 3.3 3.8 1.7; 8.7 1.3 0.76 
a values were calculated for time interval from 60 to 120 min  
b values were calculated for time interval from 0 to 120 min and are reported in Chapter VI 
c Number of cell monolayers used in assays. d The Papp values were calculated from the average of the instantaneous 

permeability in the time intervals considered for each cell model.  e values were calculated for time interval from 0 to 40 

min. Statistically significant differences from the Papp values obtained in Caco-2 monolayers are in marked bold. 
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 Statistically significant differences are observed for Rho permeation in the 

A→B direction, with monolayers derived from MDCK cells presenting lower Rho 

Papp values than Caco-2 monolayers. In the opposite direction of transport, the 

values obtained for Rho permeation were slightly higher in MDCK-MDR1 

monolayers relative to the other cell models. From these results, Rho efflux ratio 

is highest for both MDCK monolayers, anticipating an increase in efflux activity 

in these cells. To quantitative characterize the efflux activity in each cell model it 

was performed an analysis of the contributions of 𝑃app
PP  and 𝑃app

AE  processes to the 

overall Rho Papp values. The results showed that Rho exhibits a similar passive 

permeability component in all the cell models. Contrarily, a significant difference 

is found for the efflux activity 𝑃app
AE  component, with MDCK-II and MDCK-MDR1 

monolayers exhibit higher values than Caco-2 monolayers. The 𝑃app
AE  values 

obtained in Caco-2 monolayers are in agreement with the low expression levels 

of P-gp in these cells (Figure V. 6, Chapter V). However, the MDCK-MDR1 cells, 

which overexpress P-gp showed only a modest increase in 𝑃app
AE  values compared 

to MDCK-II monolayers which have a low P-gp expression [252]. This difference 

is not as high as expected and may reflect changes in the level of P-gp expression 

of MDCK-MDR1 cells. 

 

 

 The pre-incubation with Verapamil before the Rho permeability assays lead 

to complex results in MDCK-II and MDCK-MDR1 monolayers (section VI.4.1.3). 

The uncertainty in the intracellular concentration of Verapamil inside the cells 

was a major determinant of the result obtained. The effective concentration of 

Verapamil depends on the efflux activity by the cells, hindering the comparison 

between the 𝑃app
AE  values for the distinct cell monolayers. In addition to the 

difficulties and possible artifacts discussed in section VI.4.1.3, pre-incubation of 

the cells with high concentrations of the P-gp substrate Verapamil, could also 

lead to variations in the amount of P-gp in the plasma membrane [281]. This could 

justify the small increase in 𝑃app
AE  observed in Caco-2 monolayers previously 

incubated with 100 µM Verapamil. Altogether, this detailed analysis indicates 

that although commonly followed, pre-incubation and subsequent removal of 

Verapamil is not a convenient procedure to quantitatively evaluate the transport 

of solutes through active efflux by P-gp. 
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 Regarding the quantitative comparison performed of this study, it is 

possible to identify some significant disadvantage of Caco-2 and MDCK-II 

relative to MDCK-MDR1 monolayers. For Caco-2, is the fact that the activity of 

P-gp is low and variable among days in culture. In the case MDCK-II monolayers, 

its disadvantage comes from the fact that P-gp is from another specie. Our results 

agrees with that of the comparative study [81,82], where the MDCK-MDR1 cells 

among the other evaluated models are the one that is able to identify more 

molecules as P-gp substrates. The suitability of the MDCK-MDR1 model for 

evaluating P-gp activity is in fact expected, given its high expression of P-gp. 

However, variations in expression levels due to possible loss of transfected cells 

can be presented as a disadvantage. 

VI.5 – Conclusions 

 The present study shows a detailed and quantitative evaluation of the 

properties of monolayers derived from MDCK and Caco-2 cells, adding 

information to previous studies which have compared the two models.  

 The parental MDCK-II and the human P-gp-transfected MDCK-MDR1 

monolayers were first compared with each other. Significant differences were 

found regarding cell size, ZO-1 density, paracellular permeability and efflux 

activity.  

 MDCK-MDR1 cells were small in size, resulting in a higher cell density 

within their monolayers compared to those derived of MDCK-II cells. Moreover, 

a larger area covered by ZO-1 staining was also observed in MDCK-MDR1 

monolayers. These findings were attributed to the higher contribution of the cell-

cell contacts in these monolayers due to their small size. MDCK-MDR1 

monolayers present higher permeability values to paracellular markers 

compared to MDCK-II. However, these values, which apparently could be 

attributed to a less tight cell monolayer, may reflect the higher surface available 

for this pathway due to the much smaller cell size. These relationship between 

the paracellular permeability and the density of tight junctions in the cell 

monolayers have never been highlighted in other works.  

 In respect to efflux activity, as expected, MDCK-MDR1 monolayers showed 

a higher 𝑃app
AE  values for Rho compared to MDCK-II. However, the 𝑃app

AE  increase 

was lower than expected considering the overexpression of P-gp in these cells. 
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This result points out to the intrinsic variability within this cell line regarding the 

P-gp expression levels.  

 Verapamil is a P-gp substrate, not an inhibitor, and the effect of Verapamil 

on P-gp efflux activity on other compounds is due to competition for the 

transporter. The effective concentration of Verapamil inside the cells is therefore 

a major determinant of the results obtained and depends on the efflux activity by 

the cells. The uncertainty in the intracellular concentration of Verapamil is further 

increased due to the removal of Verapamil from the transport medium before the 

permeability assay. A re-design of the procedures to quantitatively evaluate 

transport by P-gp is necessary, possibly with the use of high affinity inhibitors 

that allow the use of lower concentrations. Except if irreversible inhibitors are 

used, maintenance of the inhibitor in the transport medium during the 

permeability assay may also be necessary. 

 The traditional model of Caco-2 monolayers on days 22, 25 and 28 post-

seeding were compared with those monolayers from the MDCK cell line. Caco-2 

model displayed the largest cell size, along with the lowest cell density which 

leads to the lower ZO-1 density among the three models. In spite of the lower 

density of tight-junctions, paracellular permeability is similar for Caco-2 and 

MDCK-II monolayers. This shows that the lower density of tight-junctions results 

from the lower contribution of cell-cell contacts due to the larger size of Caco-2 

cells, and not due to a less tight cell monolayer.  

 The three models lead to comparable results for permeability through the 

transcellular route. This further supports the potential use of MDCK monolayers 

as an alternative to enhance assay throughput for transcellularly permeating 

compounds.  

 The efflux activity 𝑃app
AE  of Rho was lower in Caco-2 monolayers than in both 

MDCK models, in agreement with the lowest P-gp expression. The 𝑃app
PP  

component was also lower for Caco-2 monolayers, in agreement with a 

significant contribution of Rho permeation by paracellular routes and the lower 

density of this pathway in Caco-2 monolayers due to their larger cell size.  
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VI.6 – Supplementary material 

VI.6.1 – Characterization of paracellular tightness  

 

Figure VI. S1 Confocal microscopy images of MDCK-II and MDCK-MDR1 monolayers 

stained for nuclei and ZO-1. Representative images were obtained for cell monolayers at 

day 7 post-seeding after performing a multi-time permeability assay with LY. Images are 

a maximum intensity projection of 10-12 z-stacks, scale bar 200 µm. 
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Table VI. S1 Statistical analysis of LY, Flu and atenolol Papp values and amount transported into the acceptor compartment QA (% of total amount) 

after single time and multi-time sampling permeability assays through MDCK-II and MDCK-MDR1 monolayers. The average and the 

corresponding confidence intervals at 95 % confidence (CI95) were obtained directly from the analysis of Log (Papp) or Log (QA). 

 

 
 
 
 
 
 
 
 
 

 

 Assay 

Conditions 

Lucifer Yellow Fluorescein Atenolol 

 Papp (10-7 cm/s) QA (%) Papp (10-7 cm/s) QA (%) Papp (10-7 cm/s) QA (%) 

Cell line Sampling  CI95  CI95  CI95  CI95  CI95  CI95 

MDCK-II 

all  1.3 0.3; 5.1 0.04 0.02; 0.09 4.2 1.6; 11.3 0.13 0.06; 0.29 3.5 1.9; 6.5 0.08 0.05; 0.13 

all 1st  1.3 0.2; 6.8 0.05 0.03; 0.10 3.6 0.8; 16.3 0.15 0.07; 0.33 
 

   

1st 60 min 0.7 0.5; 0.8 0.07 0.05; 0.09 2.0 1.7; 2.4 0.20 0.17; 0.24 

1st 10 min  2.5 1.3; 4.8 0.04 0.02; 0.08 6.6 3.1; 13.8 0.11 0.05; 0.23 5.2 4.9; 5.4 0.09 0.08; 0.09 

2nd 10 min 2.8 0.5; 1.6 0.05 0.01; 0.26 5.7 3.5; 9.4 0.10 0.06; 0.16 4.1 3.3; 5.0 0.07 0.06; 0.08 

3rd 10 min  1.5 0.9; 2.4 0.03 0.02; 0.04 5.2 1.3; 20.0 0.09 0.02; 0.34 3.2 2.8; 3.8 0.05 0.05; 0.06 

4th 30 min  0.5 0.5; 0.6 0.02 0.02; 0.03 3.4 0.5; 24.6 0.17 0.02; 1.24 2.2 2.2; 2.2 0.11 0.11; 0.11 

MDCK-MDR1 

all 9.7 7.7; 12.3 0.29 0.07; 1.17 6.4 4.1; 10.0 0.19 0.05; 0.70 2.9 0.6; 13.5 0.06 0.02; 0.18 

all 1st 9.3 8.5; 11.7 0.38 0.05; 3.18 5.0 3.5; 7.2 0.21 0.03; 1.53     

1st 60 min 8.8 3.9; 19.9 0.89 0.40; 2.01 4.6 3.8; 5.5 0.46 0.39; 0.55 

1st 10 min 9.7 7.2; 13.1 0.16 0.12; 0.22 5.5 2.8; 10.7 0.09 0.05; 0.18 7.5 4.4; 13.0 0.13 0.07; 0.22 

2nd 10 min 10.1 8.2; 12.3 0.17 0.14; 0.21 7.3 4.2; 12.8 0.12 0.07; 0.22 4.6 2.4; 8.8 0.08 0.04; 0.15 

3rd 10 min 9.7 7.0; 13.5 0.16 0.12; 0.23 7.4 7.2; 7.6 0.12 0.12; 0.13 1.9 1.0; 3.6 0.03 0.02; 0.06 

4th 30 min 10.4 7.0; 15.5 0.53 0.36; 0.78 8.0 5.5; 11.4 0.40 0.28; 0.58 1.0 0.6; 1.7 0.05 0.03; 0.08 
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VI.6.2 – Characterization of transcellular permeability  

Table VI. S2 Statistical analysis of Papp values of Propranolol and Salicylic Acid after 

multi-time sampling permeability assays through MDCK-II and MDCK-MDR1 

monolayers. The average and the corresponding confidence intervals at 95 % confidence 

(CI95), were obtained directly from the analysis of Log (Papp). 

 Assay 

Conditions 

Papp (10-6 cm/s) 

 Propranolol Salicylic Acid 

Cell line Sampling   CI95  CI95 

MDCK-II 

all 6.0 3.0; 11.9 2.8 1.7; 4.7 

1st 10 min 5.8 4.3; 7.8 2.6 2.5; 2.7 

2nd 10 min 6.7 4.1; 10.8 3.2 1.4; 7.3 

3rd 10 min 8.8 5.8; 13.4 3.6 2.1; 5.9 

4th 30 min 3.7 1.3; 10.1 2.2 0.8; 6.3 

MDCK-MDR1 

all 3.8 2.0; 7.3 2.5 1.2; 5.1 

1st 10 min 3.3 1.7; 6.2 2.7 1.6; 4.4 

2nd 10 min 4.7 3.6; 6.2 3.4 2.7; 4.3 

3rd 10 min 5.3 2.7; 10.5 3.1 2.5; 3.9 

4th 30 min 2.5 1.3; 5.2 1.4 1.2; 1.6 
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Towards reducing Papp variability: 

understand and evaluate the effects 

of distinct methodologies used in 

permeability assays across cell 

monolayers  
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VII.1 – Abstract  

 Permeability assays across cell monolayers are widely performed under 

pharmaceutical and academic context to predict the permeability of compounds. 

However, the application of different methodologies to perform the assays 

complicates the quantitative comparison and combination of the Papp data 

collected from distinct sources. In an attempt to decrease the variability in Papp 

values, the effect of some specific procedures commonly followed was 

systematically and quantitatively evaluated, exploring possible conversions of 

the measured Papp values into the value that would be obtained at reference 

conditions.  

 Measuring LY permeability in the same cell monolayers as the tested 

compounds was evaluated as a possible methodology to provide a quality control 

of each cell monolayer integrity. The use of this approach is especially important 

when mixture of compounds with unknown effects on cell monolayer integrity 

are applied in assays. The similarity of LY Papp values obtained when evaluated 

alone and with other compounds makes this methodology valid to help reduce 

the variability associated with the integrity of the cell monolayers. 

 The two existing sampling methods for carrying out multi-time assays, the 

transfer and replacement, were evaluated for their effects in the passive 

permeation using reference compounds. It was shown that insufficient 

homogenization of the acceptor solution in replacement assays prior to sample 

withdrawal can be a source of variability in the reported Papp values. 

 The use of BSA in the transport media is a common practice in permeability 

assays and its impact on the reported Papp was evaluated using a homologous 

series of amphiphiles with well-characterized properties regarding their 

interaction with BSA and lipid membranes. The 𝑃app
Unb values were recalculated 

from the observed Papp using the unbound fraction of amphiphiles. The two 

permeability estimates were significantly different, with the calculated 𝑃app
Unb 

correlating better with the compound’s molecular properties.  

VII.2 – Introduction 

 The variety of protocols used to perform permeability assays across Caco-2 

monolayers has been the main factor attributed to the variability found in Papp 
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data [75,92,107,108]. In most cases, it is not possible to quantitatively compare the 

permeability data obtained following different approaches [103]. Attempts to 

establish reliable quantitative comparisons need to be developed, opening the 

way to the use of the large amount of Papp data available to develop quantitative 

structure-permeability relationships and gain predictive value. Normalizing Papp 

data for the change of a particular experimental parameter between studies may 

be a promising approach to improve the consistency of already available Papp 

values. The aim of this study is to contribute to this goal through understanding 

and quantitatively evaluating the effects of some common methodologies used 

in the permeability assays. With this knowledge it may be possible to uniform 

Papp data to standard conditions [128]. With this purpose, a systematic study was 

performed by the same researcher in the same laboratory, to complement the 

insufficient and disperse information already present in literature. Three 

experimental variables were evaluated i) possible effects of the tested compounds 

on cell monolayer integrity, through the simultaneous measurement of Papp for a 

paracellular marker; ii) the effect of using transfer or replacement as a sampling 

method; and iii) the effect of including BSA in the transport media.  

 The assessment of cell monolayer integrity is an essential methodology in 

permeability assays, which is often achieved using a control solute with high 

polarity such as LY [203,282-284]. This test is usually carried out in dedicated cell 

monolayer inserts prepared from the same batch of cells, or in the same 

monolayer insert but before or after the test compound (in the later providing 

additional evidence for eventual toxicity) [285]. To reduce the duration of the 

incubation with the transport media and the manipulations of the cell 

monolayers, a better approach could be to evaluate the permeability of both the 

control (LY) and the test compound in the same cell monolayer. This procedure 

has the advantage of including a quality control for each filter, thus facilitating 

the identification of cell monolayers with compromised integrity (outliers), and 

therefore decreasing the variability. This procedure has been followed before in 

the case of compounds with anticipated possible cytotoxicity [198], and has been 

used recently by us when evaluating the permeability of complex extracts from 

biological origin [130,286]. To validate the use of this methodology, LY 

permeability was evaluated alone and in the presence of reference compounds 

for passive (SA) and active efflux (Rho) permeation. The results obtained by us 

for the studies using complex mixtures of compounds with unknown effects on 

cell monolayer integrity are also shown. Namely for the permeability of a 
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cholesterol analogue in the presence of a bile salt and coffee extracts [286], and the 

permeability of paralytic shellfish toxins [130]. 

 In the permeability assays across cell monolayers, the use of several time 

points is usually required to allow the characterization of fast permeating 

compounds while sink conditions are guaranteed. The sampling can be 

performed by two methodologies: the replacement method (removing part of the 

solution in the acceptor compartment and replacing it with fresh transport 

media), or the transfer method (where the insert is transferred to new wells 

containing fresh transport media). The use of the replacement approach for 

sampling is suggested in the reference protocol for Caco-2 permeability assays, 

and the steps to perform it are well detailed there [128]. This is also the sampling 

method used in most of the permeability studies reported in the literature. The 

major advantage is that the insert containing the cell monolayer is maintained in 

the same position during the assay. However, when carrying out this method to 

evaluate permeation in the apical-to-basolateral direction, the low accessibility of 

the basolateral compartment leads to relatively long times to withdraw the 

sampling solution. Consequently, in the reference protocol, the transfer approach 

has been proposed for the case of compounds with fast permeation [128]. This is 

because it only takes a few seconds to move the insert to another well in the plate. 

Also, the transfer method can reproduce better the physiological situation of the 

clearance of compounds in the capillaries. For researchers who are new in the 

field, the choice of the sampling method to follow may come into question. Both 

sampling approaches has advantages and disadvantages, as mentioned before. 

But what is important to know is whether the Papp values obtained are influenced 

by the sampling method followed. To our knowledge, this has never been 

discussed in the literature. For a better understanding of this possible source of 

variability, in this study we have evaluated the effect of the sampling method on 

the Papp of LY (with slow paracellular permeability) and Prop (with moderate 

transcellular permeability). 

 The incorporation of solubilizing agents in the transport media of the 

permeability assays is a common practice to improve the permeability 

assessment of poorly soluble and strongly lipophilic compounds, to increase the 

solubility in the transport media and to decrease sequestration in the cell 

monolayer, respectively [144]. BSA is the most commonly used solubilizing agent, 

as it has several advantages over other agents such as surfactants, amphiphilic 

polymers, or organic solvents. The main advantage of BSA is that its presence in 
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the media does not influence the properties of the cell monolayer, which is in 

agreement with the absence of strong interactions between the BSA and cell 

membranes [157]. However, the presence of BSA in the donor side of the assays 

will likely have an impact on the measured Papp values. In the case of compounds 

that bind moderately or strongly to BSA, a decrease in Papp is expected due to a 

reduction in the fraction of compound available for permeation (the unbound 

fraction) [136,138,139]. If the binding affinity for BSA is known, the Papp value of the 

compound in the absence of BSA may be obtained by reverse calculation [136,138], 

thus allowing a direct comparison between distinct compounds and procedures. 

This approach was further explored in this study using a homologous series of 

amphiphiles, with a polar 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) moiety 

covalently bound to an alkyl chain of varying lengths (NBD-Cn; n = 4, 6, 8). The 

main reason for choosing this series of compounds is the large amount of high-

quality data available for all their relevant properties. Namely, i) their solubility 

in aqueous medium, ii) their ionization behaviour both in water and when 

associated with membranes, iii) the kinetics and thermodynamics of their 

interaction with BSA, namely the association constant (KB), and iv) their partition 

coefficient (Kp) towards phosphatidylcholine (POPC) lipid bilayers mimicking 

the cell membranes. These properties and parameters have been previously 

characterized experimentally and are present in Table VII.1. Knowledge of the 

properties of the NBD-Cn series represent a major additional advantage in 

understanding and interpreting their permeation behaviour across the more 

complex in vitro systems such as Caco-2 monolayers. The measured Caco-2 Papp 

values and the recalculated Papp values that account for the unbound fraction 

(𝑃app
Unb) were interpreted considering the NBD-Cn interaction with BSA in the 

transport media as well as with the lipid membranes.  

Table VII. 1 Solubility in aqueous medium and parameters for the ionization and 

equilibrium interaction of the amphiphiles NBD-Cn with BSA and POPC bilayers at 

pH=7.4. The solubility is at 25 C, and the association constants are at 37 C, calculated 

from the values at 25 C and the temperature dependence reported in ref [173]. 

Amphiphile CAC (µM) 
pKa 

water           POPC membranes 

KB (M-1) 

BSA 

Kp 

POPC membranes 

NBD-C4 250 ± 30   1.3 ± 0.1 × 104 9 ± 1 × 103 

NBD-C6 13 ± 1 10 10.3 4.9 ± 0.3 × 104 5 ± 1 × 103 

NBD-C8 0.91 ± 0.01   3.9 ± 0.3 × 105 3.8 ± 0.3 × 104 
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VII.3 – Methods 

Assessment of LY permeability simultaneously with test compounds 

 

 The permeability coefficients of LY, SA and Rho across Caco-2 monolayers 

were evaluated individually by applying donor solutions prepared with each 

compound alone. In complementary assays, the permeability of the compounds 

was evaluated simultaneously by applying mixed solutions of LY with SA or Rho 

(LY+SA, LY+Rho). These solutions were prepared by adding a small aliquot of the 

LY stock to the final solution of SA or Rho. The same cell preparation was used 

to perform the assays with the compounds alone and mixed. The permeability 

assays were carried out in the A→B direction across Caco-2 monolayers at day 22 

post-seeding, and at days 25 and 28 through the re-use of the cell monolayers, 

following the regeneration protocol previously established by us (Chapters IV, 

and V and reference [211]). In the assays with SA, LY, and LY + SA, the 

permeability was evaluated using either a single sampling at t60 and multiple 

samplings at t10, t20, t30 and t60 min. The assays with Rho, LY, and LY+Rho were 

performed with sampling at t20, t40, t60, t80, t100, and t120. The transfer of the inserts 

to new wells containing HBSS was used to carried out the multiple samplings. 

The quantification of LY, SA and Rho in the samples collected from the assays 

was performed by HPLC following the analytical procedures described in section 

III.6, Chapter III.  

 Solutions of the cholesterol analogue ergosta-5,7,9(11),22-tetraen-3β-ol 

(DHE) emulsified by the bile salt glycocholic acid (GCA) at several concentrations 

and solutions of several coffee extracts (L1, L3, D1, D3) were prepared as 

described in Chapter III. A small aliquot of the LY stock was added to the final 

mixture solutions of DHE/GCA alone and in the presence of the coffee extracts. 

Also, a solution with LY only was applied in a dedicated cell monolayer from the 

same cell preparation. The permeability assays were performed across Caco-2 

monolayers on day 24 after seeding in the A→B direction, with a single sampling 

after 6h incubation or with multiple sampling at 2, 4, and 6h. The transfer of 

inserts to new wells containing the acceptor transport media was used for the 

sampling in the multi-time assays. Although both DHE and LY are fluorescent, 

their spectroscopic properties are different, with DHE absorbing light and 

emitting fluorescence in the UV region while LY absorbs light in the blue region 

of the spectrum and emits fluorescence in the green. No interference of DHE in 
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LY fluorescence intensity was therefore observed, allowing the direct 

quantification of LY by fluorescence intensity using a SpectraMax iD5 Multi-

Mode Microplate Reader at excitation/emission wavelengths of 435/560 nm. 

However, LY fluorescence interfered with the direct quantification of DHE. 

Accordingly, DHE was extracted from the samples using a well-defined and 

validated procedure and quantified by HPLC with fluorescence detection at 

excitation/emission wavelengths of 324/372 nm. For details on the extraction and 

quantification procedures see Pires et al. [286]  

 A crude extract of paralytic shellfish toxins was prepared at 15% (v/v) in 

HBSS and a solution with only the toxin Gonyautoxin-5 (GTX-5) was also 

prepared in HBSS as described in Rodrigues et al. [130]. A small aliquot of LY 

stock solution was added to both the final solutions of toxins. LY was also applied 

in a dedicated cell monolayer from the same cell preparation. The permeability 

assays were performed across Caco-2 monolayers on day 23 after seeding in the 

A→B direction, with a single sampling after incubation for 90 min. The 

quantification of GTX-5 and LY in the samples collected from the assays was 

determined by HPLC with fluorescence detection at excitation/emission 

wavelengths of 337/395 nm (for crude extract and GTX-5) and at 337/530 nm (for 

LY). A small interference of GTX-5 in the quantification of LY was found, leading 

to an apparent increase in LY Papp. The impact of the interference was always less 

than 10% (smaller than the variability in independent assays) and was therefore 

not considered in the values reported.  

 

Effect of the sampling method  

 

 To compare the values obtained for Papp when following the transfer and the 

replacement sampling methods, the replacement method was also followed in 

the case LY and Prop, applied as a mixed solution and with the permeability 

evaluated in the A→B direction across Caco-2 monolayers. At the beginning of 

the assay, the insert was placed on a well plate containing HBSS, and the donor 

solution was immediately added. At the multiple time intervals of t10, t20, t30 and 

t60 min, an aliquot of the HBSS solution was removed (600 µL) from the acceptor 

compartment and replaced by adding an equal volume of new HBSS. During this 

procedure the insert containing the cell monolayer and the donor compartment 

was maintained in the same position on top of the acceptor compartment. At the 

end of the assay, to collect the last aliquot, the insert was transferred into an 
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empty well, and 600 µL and 50 µL were taken from the acceptor and donor 

compartments, respectively. The experiments were performed on Caco-2 

monolayers at day 22 post-seeding, and at days 25 and 28 through the re-use of 

the cell monolayers, following the regeneration protocol previously established 

by us (Chapters IV, and V and reference [211]). The permeabilities of LY and Prop 

across the same cell preparation and under the same experimental conditions but 

obtained with the transfer method are reported in this chapter for LY and in 

Chapter V for Prop. 

 

Effect of BSA on the observed permeability 

 

 The transport of NBD-C4, NBD-C6 and NBD-C8 was evaluated in A→B 

direction in the presence of BSA in both the donor and acceptor compartments. 

A BSA concentration of 100 µM was used, since it was sufficient to increase the 

solubility of the most lipophilic compound (NBD-C8) to provide enough 

sensitivity in its detection, and to achieve a good recovery. Also, this corresponds 

to the BSA concentration usually found in interstitial tissues which correspond 

to the acceptor compartment under in vivo absorptive transport conditions [287]. 

NBD-C8 has very low solubility in water and forms aggregates at concentrations 

above 0.1 µM (Table VII. 1). This concentration is not sufficient to permit its 

analytical quantification. However, since this compound binds to BSA with high 

affinity 𝐾𝐵=5.2 × 105 at 25 C [173], at a BSA concentration of 100 µM, the solubility 

of NBD-C8 in water at 25 C increases to slightly above 5 µM. The higher 

temperature used in the assay allows for an additional small increase in 

solubility, allowing the use of a total concentration of NBD-C8 equal to 10 µM, 

which was the concentration chosen to perform the assays with all NBD-Cn 

amphiphiles. The donor solutions of the amphiphiles were prepared in the day 

before in HBSS+100 µM BSA and allowed to equilibrate overnight under orbital 

agitation at 100 rpm at 37 C. The transfer method was followed in the 

permeability assays, with the inserts moved to new wells containing the fresh 

acceptor solution of HBSS + 100 µM BSA. The permeability assays were 

performed with multiple samplings across monolayers derived from the Caco-2, 

MDCK-II and MDCK-MDR1 cell lines. The mass balance was between 90–100% 

for the less lipophilic amphiphile NBD-C4, 80–90% for NBD-C6 and 70–80% for 

the more lipophilic amphiphile NBD-C8. 
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 The 𝑃app
Unb of the amphiphiles was recalculated from the observed Papp 

considering that only the concentration of compound free in the aqueous 

medium is available for permeation and therefore acts as the driving force in Eq. 

III.2 (use 𝑄0 unbound
𝐷  rather than 𝑄0

𝐷). The concentration of unbound NBD-Cn was 

calculated using the equilibrium association constant to the highest affinity site 

on BSA (𝐾𝐵), according to the following Equation [138,173]: 

 

where [𝑁𝐵𝐷 − 𝐶𝑛]𝑊, represents the concentration of the amphiphile in the 

aqueous medium, [𝑁𝐵𝐷 − 𝐶𝑛]𝑇 the total concentration in the donor 

compartment and [BSA] the concentration of BSA in the donor compartment. The 

𝐾𝐵 values at 37 °C were taken from literature [173], and are indicated in Table 

VII.1.  

 Experiments were carried out in duplicate and were independently 

repeated with a different cell preparation in the case of MDCK-II and MDCK-

MDR1 monolayers. The statistics of the Papp values was analysed in terms of 

LogPapp [15][28], and the average values of Papp and the 95% confidence intervals 

(CI95) (Equation IV.1 in chapter IV) were calculated using the Microsoft Excel.  

VII.4 – Results and discussion 

VII.4.1 – Assessment of LY permeability simultaneously with test compounds 

 In this work, the effect of measuring the permeability of LY simultaneously 

with the test compounds in the same Caco-2 monolayer was evaluated as a 

methodology that can be used to decrease Papp variability due to changes in cell 

monolayer integrity. To validate this approach, it is first necessary to verify that 

the compounds do not interfere with each other in their permeation through the 

cell monolayer. LY is anticipated to be a good control compound in this respect 

because its high polarity prevents association with the cell membrane and will 

therefore avoid interference with membrane permeating solutes [196]. 

Additionally, it is not a substrate of membrane transporters (influx or efflux) [288]. 

[𝑁𝐵𝐷 − 𝐶𝑛]𝑤

[𝑁𝐵𝐷 − 𝐶𝑛]𝑇

 =  
1

1 + 𝐾𝐵[𝐵𝑆𝐴]
 VII.1 
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It is also necessary to guarantee that the presence of LY and test compounds in 

the samples collected from the assays do not interfere with the analytical method 

for their quantification. In this section, the permeability of LY was evaluated 

alone and in simultaneous with test compounds and the resulting Papp values 

were compared. Possible interference in the quantification of the compounds was 

also evaluated.  

VII.4.1.1 – Assays with reference compounds 

 A reference compound for the passive (SA) and active efflux (Rho) 

permeation routes was selected. At the assay pH, LY and SA are anionic while 

Rho is cationic, which introduces an additional validation assessment. Also, SA 

and Rho are not toxic and no effect on cell monolayer integrity is expected. 

Therefore, possible effects on LY Papp values reflect interference between the two 

compounds.  

 The permeability of LY, SA and Rho was determined in assays where each 

of the compounds were applied alone and as a mixture (LY+SA and LY+Rho). 

This evaluation was performed in assays using single and/or multi-time 

sampling across Caco-2 monolayers at days 22, 25 and 28 post-seeding. The Papp 

values obtained are presented in Table VII. 2.. The individual permeability of LY 

in the mixture with SA and Rho is similar to the Papp value of LY when it is 

evaluated as a single compound. The results obtained are independent of the day 

of culture of Caco-2 monolayers and whether they are acquired in single or multi-

time assays. The same effect was obtained for SA and Rho, with their Papp values 

obtained in single assays being similar to those obtained when they are assessed 

in the presence of LY. These results indicates that no significant interactions 

between the compounds in the mixtures are observed. The lack of effect on LY 

Papp values of the other compounds may address LY as an ideal paracellular 

marker to be used as control for integrity when the permeability of more complex 

mixtures is evaluated across Caco-2 monolayers. 

Table VII. 2 Permeability of LY when applied in the donor compartment of Caco-2 

monolayers alone in solution and in simultaneous with references compounds that use 

passive (SA) and active efflux (Rho) pathways for permeation. The permeability of SA 

and Rho were also determined when each one of the compounds was applied alone and 
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mixture in solution with LY. The assessment of compounds Papp values was performed 

in single and/or multi-time assays in the A→B transport direction. 

  LY Papp (10-6 cm/s) SA Papp (10-6 cm/s) 

Assay Conditions Alone + SA Alone + LY 

Sampling Day Na  CI95 N  CI95 N  CI95 N  CI95 

One time point 

22 2 0.05 0.02; 0.08b 3 0.03 0.02; 0.06 3 1.3 0.9; 1.6 3 0.9 0.8; 1.2 

25 2 0.06 0.03; 0.08b 3 0.03 0.02; 0.07 3 1.5 1.0; 2.2 3 1.1 0.6; 1.8 

28 2 0.11 0.11; 0.12b 3 0.04 0.02; 0.08 3 1.5 0.9; 2.6 3 1.2 0.8; 1.6 

Multiple time 

points c 

22 4 0.43 0.09; 2.2 5 0.24 0.03; 2.4 3 2.1 0.7; 6.5 5 2.8 1.4; 5.8 

25 7 0.25 0.03; 1.8 5 0.31 0.03; 2.8 3 3.2 1.3; 8.0 5 3.7 1.9; 7.2 

28 11 0.28 0.09; 0.89 5 0.32 0.08; 1.3 3 3.2 1.1; 9.7 5 3.4 1.7; 6.8 

  LY Papp (10-7 cm/s) Rho Papp (10-6 cm/s) 

  Alone + Rho Alone + LY 

Sampling Day N  CI95 N  CI95 N  CI95 N  CI95 

Multiple time 

points d 

22    2 0.92 0.49; 1.8 9 1.9 1.4; 2.6 2 2.0 1.6; 2.7 

25    3 0.53 0.30; 0.94 7 1.5 1.0; 2.1 3 1.2 0.9; 1.7 

28 2 0.13 0.07; 0.28 4 0.49 0.19; 1.3 2 1.2 1.0; 1.5 4 0.9 0.5; 1.5 
a Number of cell monolayers used in assays. b given the low number of experiments, the values obtained in the 

two experiments are shown instead of CI95  

For multi-time sampling assays, the value of Papp was calculated from the average of the instantaneous Papp at 

each time interval c multi-time points of 10,20,30,60 min d multi-time points of 20,40,60,80,100,120 min 

No statistically significant differences are observed between the distinct samples. 

VII.4.1.2 – Assays with mixtures of compounds having unknown effects on cell 

monolayer integrity 

 The assessment of LY permeability simultaneously with test compounds 

gains more importance when dealing with compounds or mixture of compounds 

that have unknown effects on the integrity of the cell monolayer. These effects 

may be caused by their properties in aqueous solution, such as aggregation or 

precipitation, their interaction and permeation across the cells, and possible 

metabolism. Before measuring their permeability across cell monolayers, it is 

generally first necessary to ensure that these compounds are not toxic to cells. 

The cytotoxicity is usually determined in assays to assess cells viability (e.g. MTT 

assay). However, although cytotoxicity may not have been observed, this does 

not guarantee that the test compounds cannot affect the integrity of the cell 

monolayers during the assays. This is because small changes in the cell condition 

may lead to large effects in the integrity of the cell monolayer and result in a 
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significantly higher permeability for slowly permeating compounds. Thus, the 

integrity control during the assays with these compounds is justified to ensure 

that their permeability is being properly assessed. 

 In this study, the effect of complex solutions containing the analogue of 

cholesterol DHE on the integrity of Caco-2 monolayers was evaluated in the 

presence of LY. The solubility of DHE in aqueous media is very low, forming 

aggregates in the form of crystals that can damage cells. To reduce its propensity 

for aggregation, DHE was previously emulsified in micelles of the bile salt 

glycocholic acid (GCA), for which a non-toxic concentration was selected. 

Solutions of DHE/GCA with increasing DHE concentrations of 10, 50 and 100 µM 

were incubated for 6h with Caco-2 monolayers. Its effects on the integrity of the 

cell monolayers were evaluated by determining the permeability of LY, which 

was measured simultaneously with DHE/GCA solutions. The obtained LY Papp 

values are shown in Table VII. 3. No significant effect was observed on LY 

permeability when evaluated alone or together with DHE (average value of 1.3 × 

10−7 cm s−1). This result shows that possible DHE crystals formed did not influence 

the cell monolayer integrity, even at high DHE concentrations. A coffee extract, 

derived directly from a cup of coffee was added to the DHE/GCA mixture 

increasing the complexity of the solutions to be measured across Caco-2 

monolayers. The coffee extract is composed of several bioactive compounds, 

which can have different interactions between each other and the cells. After 6 h 

of exposure to the Caco-2 monolayers, the presence of the coffee extract in the 

DHE/GCA solutions does not lead to an increase in the LY Papp values.  

 

Table VII.3 Permeability of LY across Caco-2 monolayers determined when it is applied 

alone and in mixture with complex solutions of compounds. The evaluation include 

increasing concentrations of DHE in DHE/GCA solution, alone and in the presence of 

several types of coffee extracts. The effect on LY Papp values of a natural extracts of 

shellfish toxins and a toxin is also shown.  

LY in 

solution 
Sample 

DHE 

[µM] 

Incubation and 

Sampling times 

LY Papp (10-7 

cm/s) 

    assay 1 assay 2 

Alone LY - 
 

Single time  

at 6h 

2.7  

Mixture DHE/GCA  

10 1.1  

50 1.8  

100 1.1  
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DHE/GCA +Coffee extract 

10 1.3 1.0 

50 1.0 1.1 

100 0.51 0.80 

Alone LY  

Multiple 

sampling at 2h  

for a total of 6h  

 

6.4  

Mixture  

DHE/GCA 10 4.7 3.3 

DHE/GCA + Coffee extract L1 

10 

5.7 2.7 

DHE/GCA + Coffee extract L3 1.8 2.0 

DHE/GCA + Coffee extract D1 1.7 4.3 

DHE/GCA + Coffee extract D3 4.3 1.7 

  
Toxins 

[µM] 
   

Alone [130] LY - 
Single time at 

90min 

1.3 4.9 

Mixture [130] 
Toxin crude extract 15 1.4 1.2 

GTX-5 15 1.2 1.0 
No statistically significant differences are observed between the samples. 

 

 Coffee extracts obtained with different processing conditions (named D1, 

D3, L1, L3 ) have a different composition regarding the bioactive compounds. To 

evaluate their effects on the integrity of Caco-2 monolayers, LY was added to the 

solutions of DHE alone and in the presence of the several types of coffee extracts. 

The permeability assay had a duration of 6h, with successive samplings at 2 h of 

incubation. The corresponding LY Papp values were calculated in the last interval 

of 2h and are presented in Table VII. 2. The results obtained shows that LY Papp 

values varied from 0.19 × 10−6 cm/s for L3 to 0.42 × 10−6 cm/s for L1 coffee. These 

values are lower than the 0.5 × 10−6 cm/s, value which is indicative of cell 

monolayer integrity [33]. The observed LY permeability assessed alone is slightly 

higher (0.64 × 10−6 cm/s), although still within the expected result for cell 

monolayers on day 24 after seeding [31]. Overall, the results indicate that DHE, 

GCA, coffee extracts and samplings time points did not affect the permeability of 

LY in each of the cell monolayers used. 

 To address the advantages and utility of evaluating LY permeability in 

simultaneous with complex mixture of compounds, another example is provided 

in this work in collaboration with Rodrigues et al. [130]. Permeability assays of an 

extract containing different types of paralytic shellfish toxins were performed in 

the presence of LY. The obtained Papp values for LY alone does not significantly 

vary in relation to those obtained in simultaneous incubation with the toxins 

extract. The conservation of LY Papp values is observed when evaluated with a 

solution of one of the toxins present in the extract (GTX-5). The LY Papp values 
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measure in all conditions are always smaller than the threshold considered for a 

tight Caco-2 monolayer, confirming that the integrity of the cell monolayers 

remain unaffected after incubation with natural toxins.  

VII.4.1.3 – Use of LY Papp values to reduce variability arising from changes in cell 

monolayer integrity  

 The intrinsic variability in results obtained with Caco-2 monolayers was 

shown to be higher for compounds that permeate paracellularly compared to 

other routes, pointing to the integrity of the cell monolayers as the main 

contributor to variability (Chapter V). After validating the simultaneous 

assessment of LY Papp with test compounds, this approach was evaluated for its 

potential use in reducing variability arising from changes in cell monolayer 

integrity. To distinguish between different cell monolayers, the Papp values of the 

compounds were plotted against LY Papp values in Figure VII: 1. A large 

variability in LY Papp values is observed, consistent with previous results. 

However, all LY Papp values are ≤ 10-6 cm/s, indicating that the integrity of the cell 

monolayers is adequate for permeability assays. This result discards the existence 

of outliers, decreasing the variability among the cell monolayers. Regarding the 

test compounds, their Papp values fall in distinct ranges according to their 

properties. In spite of that, correlations of the Papp of each individual compound 

with LY Papp are observed. This correlation shows that the tighter monolayers, 

being more impermeable to LY are also more impermeable to the other 

compounds. These correlations also indicate that the assay and detection method 

has lower uncertainty than cell monolayer variability, being able to detect the 

differences in monolayers tightness.  

 In the view of the results, LY Papp values can be used as a strategy to reduce 

variability, by applying a ratio that allows correcting for variations in paracellular 

permeability. Additionally, this approach may facilitate comparisons between 

Caco-2 monolayers used on distinct days post-seeding when correcting the Papp 

of compounds for the effect of the day. Lower LY Papp values will also lead to 

lower Papp values of the test compounds. 
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Figure VII. 1 Representation of the Papp values of several test compounds plotted against 

LY Papp values obtained with the same cell monolayers in the A→B transport direction. 

Although the correlations are stronger for compounds that permeate passively through 

the paracellular pathways (paralytic shellfish toxins), significant correlations are also 

observed for compounds that permeate through passive transcellular pathways (SA and 

DHE) and substrates of active efflux (Rho). 

VII.4.2 – Effect of the sampling method  

 For permeability assays with multiple-time sampling, samples from 

intermediate time-points may be obtained by two methods the denominated as 

transfer and replacement. The transfer method was the sampling approach 

previously followed to perform the permeability assays of reference compounds 

by the distinct pathways, including the passive permeation (Chapter IV and V). 

The results of these assays indicated that manipulation of the insert for sampling 

lead to a significant amount of compound transport, with a higher impact on 

compounds that permeate very slowly and paracellularly, as is the case of LY. In 

this section we have performed permeability assays for LY and Prop with the 

sampling performed using the replacement method. The comparison between 

the results obtained with the two sampling methods will allow to evaluate if the 

perturbation of the cell monolayer observed was due to lifting the insert during 

the transfer method, and whether a smaller (or larger) perturbation is obtained 

when using the replacement method.  

VII.4.2.1 – Slow passive permeation- Lucifer yellow 
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 The effect of distinct sampling methods on the resulting LY Papp values was 

evaluated under identical assay conditions in the same cell preparation, changing 

only the method of sampling. The results obtained are presented in Figure VII. 2 

and the detailed statistical analysis is provided in supplementary material — 

Table VII. S1.  

 

Figure VII. 2 Dependence of LY Papp on the sampling method and sampling time 

intervals. Papp values were obtained with replacement or transfer methods in multi-time 

permeability assays across Caco-2 monolayers. The results include cell monolayers used 

a single time at day 22 and re-used at days 25 and 28 when following the regeneration 

protocol previously established by us (Chapters IV, and V and reference [21]).  

 When following the replacement method for sampling, the values for LY 

permeability are always low, usually lower than for the transfer method. An 

increase in consecutive sampling with the same interval is obtained, as 

previously observed for the transfer method, suggesting that some perturbation 

of the cell monolayer may still be occurring. The major difference between the 

results obtained with the two approaches is the extremely large variability 

obtained with the replacement method. The variability is so large that to include 

all the results with the same scale for both approaches, the Papp values obtained 

with transfer appear independent on the sampling interval. Another important 

observation is that the values of Papp obtained at longer time intervals are larger 

than for smaller time intervals, in clear contrast with what is observed with the 

transfer method. This increase in Papp leads to an upward curvature in the 

cumulative amount of LY (QA) that reaches the acceptor compartment 

(supplementary material — Figure VII. S1). It is also relevant to note that the 

variability decreases as the sampling interval increases, and that the average Papp 

approaches that obtained with the transfer sampling method.  
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 Another cause that may explain the sampling effect is that the solution of 

the residual layer formed below the insert contains a significant amount of the 

transported LY and that its diffusion to the acceptor solution is slow. Therefore, 

at the time of sample removal, the acceptor solution may not be completely 

homogenized in the basolateral wells. Because only the solution on the sides of 

the insert is accessible for sampling, the solution withdraw underestimates the 

total amount transported. In fact, this effect explains the lower Papp values 

obtained for short time intervals when following the replacement when 

compared with the transfer method. The concentration of analyte in the 

withdrawn solution will depend on several variables, namely the location 

relative to the insert, as well as the sampling time interval and the stirring 

efficiency. These factors may explain the large variability found for LY Papp values 

in the consecutive samplings of 10 min. For the final sampling the insert is 

removed and is therefore equivalent to the transfer method. It is therefore not 

surprising that the LY Papp values in the last interval are similar when using the 

different sampling methods. 

 To reduce the effect of the low diffusion of the residual layer, a stirring rate 

sufficient to homogenize the acceptor solution before sample removal must be 

implemented. However, care must be taken as the high agitation rate can damage 

the integrity of the cell monolayer. The agitation rate of 50 rpm used in this work, 

which appears to the human eye to agitate the basolateral solution, proved to be 

ineffective. 

 From the results presented in this section, it is also observed that, similar to 

transfer, Caco-2 monolayers can be re-used when the sampling is performed with 

the replacement method.  

VII.4.2.2 – Fast passive permeation - Propranolol 

 The effect of sampling method on Papp values was also characterized for 

Prop, a compound with permeation mainly through the transcellular route. The 

results obtained are presented in Figure VII. 3 and the detailed statistical analysis 

of the data obtained using the replacement method is provided in supplementary 

material — Table VII. S1. As previously found for LY, an extremely large 

variability in Prop Papp values is observed when employing the replacement 
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instead of the transfer method. The Prop Papp values obtained at shorter time 

intervals are so small that its permeation can be confused with that of a low 

passive permeation compound. This result suggests that the amount of Prop 

transported is being underestimated in the replacement assays. The incomplete 

homogenization of the acceptor solution in the basolateral wells is the factor that 

likely contributes to the variability in collected samples. At the end of the assay, 

the Prop Papp values are comparable regardless of the sampling method used, as 

the samples are collected after homogenization in both cases.  

 

Figure VII. 3 Effect of the sampling method and sampling interval on Prop permeability 

in multi-time permeability assays across Caco-2 monolayers. The Papp values were 

obtained with replacement or transfer methods. The results are also shown for cell 

monolayers used a single time at day 22 and re-used at days 25 and 28. 

 Overall, the results obtained in this study suggests that an effect of the 

sampling method on compounds Papp values is inherent in multi-time 

permeability assays across cell monolayers, whether sampled by replacement or 

transfer. This leads to Papp values dependent on the sample time interval when 

distinct time intervals are used. It also leads to a non-proportionality between the 

amount of compound transported and the sampling time interval. In fact, the 

analysis of data from the literature shows that small deviations from linearity are 

usually observed in the cumulative amount of analyte transported (both when 

using the transfer and the replacement approach) [289-292]. When comparing the 

two sampling methods, it is clear that deviations from linearity are more 

pronounced for the replacement method. The variability obtained for the 

composition of the solution withdrawn at each sampling time was also much 

larger for this method, both effects supporting a better performance for the 

transfer sampling approach.  
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VII.4.3 – Effect of BSA on the observed permeability  

BSA is commonly added to the transport media of permeability assays 

across cell monolayers as a solubilizing agent to improve the reliability of 

permeability assessment of poorly water-soluble and highly lipophilic 

compounds. The addition of BSA constitutes an experimental variation to the 

standard protocol, thus it is important to understand what are the implications 

of its use on the reported Papp data. Having an in-depth knowledge of the 

physicochemical properties and interaction of compounds with the components 

present in the assay media allows for a reliable evaluation of the impact of BSA 

on permeability assessments. In this work, to carry out this evaluation, a 

homologous series of small amphiphiles, the NBD-C4, NBD-C6 and NBD-C8 was 

used due to their well-characterized properties (Table VII.1). The affinity of these 

amphiphiles for lipid membranes is moderate-to-high, with partition coefficients 

varying from  103 for NBD-C4 to 4×104 for NBD-C8. These amphiphiles are 

therefore expected to be passively transported across Caco-2 monolayers via the 

transcellular route. The polar moiety of the amphiphiles is the same (the NBD 

group), and therefore a similar rate of diffusion through the lipid membrane is 

expected for all amphiphiles. A faster permeation is therefore expected for the 

most lipophilic amphiphiles. The results for Papp of each NBD-Cn across Caco-2 

monolayers obtained in the presence of BSA in the donor and acceptor 

compartments are shown in Figure VII. 4, and the detailed statistical analysis is 

provided in supplementary material — Table VII. S2.  

The transport rates obtained for the amphiphiles are ≥ 10-6 cm/s, which are 

consistent with their relatively high lipophilicity and overall neutral charge. 

However, the rank order of Caco-2 transport among the amphiphiles in the series 

is inverse to the expected based on their interaction with lipid membranes, with 

NBD-C4 showing the larger Papp value while being the less lipophilic amphiphile. 

Additionally, the results indicate that re-using Caco-2 monolayers allows to 

triplicate the assessment of the effect of BSA on Papp of NBD-Cn, since the 

measured Papp values are not significantly different from those in single used 

monolayers. 
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Figure VII. 4 Effect of BSA on the permeability of NBD-Cn amphiphiles across Caco-2 

monolayers in multi-time sampling assays. BSA at a concentration of 100 M was added 

to the donor and acceptor compartments (open symbols). For NBD-C4, a permeability 

assay was also performed for 10 min in the absence of BSA (filled symbols). 

The Papp values shown do not consider the binding of the amphiphiles to 

the BSA present in the transport media. The amphiphiles have however a 

significant binding to BSA, with KB determined in the order of 104 to 105 M. In 

these circumstances, the use of the total amount of NBD-Cn to calculate Papp leads 

to an underestimation of the Papp values, as has been previously observed by other 

authors [136,138,139]. The correct evaluation of permeability data obtained in the 

presence of BSA needs to consider that the amount of amphiphile available for 

permeation is only the fraction free in the aqueous media. This analysis of Papp 

values is shown and discussed in the next section. 

VII.4.3.1 – Effect of correcting of Papp value for unbound fraction of NBD-Cn to BSA: 

calculation of the 𝑃app
Unb value  

 The unbound fraction of each NBD-Cn was determined using the measured 

KB and BSA concentration (Equation VII. 1). The amount of NBD-C4, NBD-C6 

and NBD-C8 free in the aqueous medium was 43 %, 17 %, and 3 % of the total 

amount in the donor compartment, respectively. The 𝑃app
Unb values for amphiphiles 

were recalculated from the observed Papp considering only the unbound fraction 

as the driving force for permeation The results obtained are shown in Figure VII. 

5 (see supplementary material — Table VII. S2 for a detailed statistical analysis). 

The recalculated 𝑃app
Unb values are larger than those obtained directly, now ranging 

from 10-5 to 10-4 cm/s, which is consistent with their relatively high lipophilicity 
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and neutral charge. More importantly, NBD-C8 is now the amphiphile with 

larger Papp (10×10-5 cm/s), followed by NBD-C6 (2.2×10-5 cm/s), and NBD-C4 

(1.7×10-5 cm/s). The relative values obtained for NBD-C8 and NBD-C6 are in 

agreement with their respective affinities for the cell membrane. However, a 

more significant decrease in Papp was expected for NBD-C4. The maintenance of 

its high Papp in spite of the significant decrease in lipophilicity suggests that this 

small amphiphile may also permeate significantly through paracellular 

pathways. 

 

Figure VII. 5 Effect of BSA on the permeability of NBD-Cn amphiphiles through Caco-

2 monolayers when the 𝑷app
Unb values are recalculated from the observed Papp using the free 

amount of each amphiphile as the driving force for permeation. The multi-time sampling 

assays were performed in the presence of 100 M BSA in the donor and acceptor 

compartments. For NBD-C4, a permeability assay was also performed for 10 min in the 

absence of BSA (filled symbols).  

 

 

Table VII. 4 summarizes the effect of BSA on the permeability values and 

ranking order of the amphiphiles, when considering the Papp values measured in 

the Caco-2 assays and the recalculated 𝑃app
Unb values. The presence of BSA in the 

donor compartment not only influences the Papp values measured for the 

amphiphiles, it can even change their permeability ranking order. To confirm 

that 𝑃app
Unb is the parameter that best estimates the true permeability of 

amphiphiles, its value was compared to the Papp value obtained in the absence of 

BSA in the transport media. The 𝑃app
Unb value of NBD-C4 (2.3 x 10-5 cm/s) is in good 

agreement with Papp value obtained in the absence of BSA (2.6 x 10-5 cm/s). 
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Table VII. 4 Summary of the effect of adding 100 µM BSA to the transport media on the 

permeability of a homologous NBD-Cn series across cell monolayers derived from Caco-

2, MDCK-II and MDCK-MDR1 cell lines. The rank order of their permeabilities is shown 

when considering the Papp values measured in the assays and the recalculated 𝑃app
Unb 

values that account for the unbound fraction. The fold change between the two Papp 

values was calculated. 

 
 

 
With 100 µM BSA 

Cell model Amphiphile Na Papp (10-5 cm/s) 
Permeability 

rank order 
𝑃app

Unb (10-5 cm/s) 
Permeability 

rank order 

Relative 

variation in 

Papp value c 

    CI95   CI95   

Caco-2b 

NBD-C4 4 0.7 0.3; 2.0 1º 1.7 0.6; 4.7 3º 2.4 

NBD-C6 4 0.3 0.1; 0.7 2º 2.2 1.0; 5.1 2º 6.3 

NBD-C8 4 0.2 0.1; 0.4 3º 10.0 5.3; 19.0 1º 50 

         

MDCK-II 

NBD-C4 2 1.6 0.6; 3.9 1º 3.6 1.5; 9.0 3º 2.3 

NBD-C6 1 0.7 0.2; 2.1 2º 4.2 1.4; 12.6 2º 6.0 

NBD-C8 1 0.5 0.3; 1.0 3º 21.5 11.9; 38.9 1º 43 

 
 

 
 

     

MDCK-MDR1 

NBD-C4 2 0.9 0.4; 1.9 1º 2.0 0.9; 4.4 3º 2.2 

NBD-C6 2 0.4 0.2; 0.8 2º 2.2 1.0; 4.7 2º 5.5 

NBD-C8 2 0.3 0.2; 0.6 3º 12.5 6.2; 25.1 1º 42 
a Number of cell monolayers used in assays. b In Caco-2 assays, the Papp corresponds to the mean values obtained for monolayers at 

22 and re-used at 25 and 28 days post-seeding. The value of Papp was calculated from the average of the instantaneous permeability 

at each time interval of multi-sampling assays within 60 min. Statistically significant differences were found between the Papp values 

measured in the assays and the 𝑃app
Unbvalues for all the amphiphiles and across the distinct cell monolayers. c ratio between 𝑃app

Unb  
and Papp. 

 As an additional quantitative assessment of the impact of BSA on the 

observed Papp values, the permeability of NBD-Cn was also evaluated across cell 

monolayers derived from MDCK-II and MDCK-MDR1 cells. BSA is also 

commonly employed in permeability assays performed across these cell 

monolayers for the same reasons as in the Caco-2 assays. Table VII. 4 presents the 

results for the effect of 100 µM BSA on the permeability values and ranking order 

of the amphiphiles using MDCK monolayers. The NBD-Cn permeabilities 

estimated by the measured Papp values and recalculated 𝑃app
Unb values were 

significantly different. The two estimates affected the categorization of the 

transport of the amphiphiles, with the order being reversed between the shorter 

and the longer acyl chain NBD-Cn. The calculated 𝑃app
Unb correlating better with 
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the compound’s molecular properties, for both MDCK cell types and as 

previously observed for Caco-2 monolayers.  

The results presented in this work highlight the importance of correcting 

Papp values for the unbound fraction of solutes, ensuring an accurate report of 

their permeability for assays performed in the presence of BSA.  

VII.5 – Conclusions 

 The systematic study present in this work allow to understand and evaluate 

the effects that a specific experimental methodology has on the measured Papp 

values of compounds. The quantitative characterization of the effects of the 

distinct methodologies used to perform the assays is important to help reduce 

variability in Papp by attempting to uniform the Papp values to standard conditions. 

 The evaluation of LY permeability in the same cell monolayer with test 

compounds was validated as it was shown that the simultaneously permeability 

assessment had no effect on the Papp values of either the LY or the test compounds. 

The use of this methodology revealed to be advantageous and useful as a quality 

control for each cell monolayer integrity, especially in cases where complex 

mixtures of compounds with unknown effects were used. This approach will 

avoid additional incubations with LY after a permeability assay with the test 

compounds and ensure that compromised cell monolayers are discarded from 

the analysis. In this way, this methodology can help reduce the variability 

associated with the integrity of the cell monolayers.  

 The use of transfer or replacement as sampling method influenced the 

measured Papp values of LY and Prop at distinct time intervals. The manipulation 

by both methods leads to the transport of a significant amount of compound, 

which is retained in the residual layer formed above the insert. The Papp values 

for LY and Prop were lower when obtained with replacement than transfer. This 

was mainly attributed to the low diffusion of the residual layer into the acceptor 

compartment. The sampling method may be a source of variability in the 

evaluation of passive permeating compounds, in particular when the agitation 

rate is not sufficient to homogenize the acceptor solution in replacement assays.  

 Another important conclusion from this work is that the addition of BSA to 

the transport media was shown to affect the measurement of the true Papp of a 

homologous series of amphiphiles. The direct result of this effect was observed 
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in the ranking order of their permeabilities across the cell monolayers, which was 

inverse to what was expected given their interaction with lipid membranes. 

Considering the unbound fraction of the amphiphiles and the BSA concentration, 

the 𝑃app
Unb was recalculated from the observed Papp. The rationalization of 

permeability using the 𝑃app
Unb values of each amphiphile showed that this 

parameter correlates better with the molecular properties of the amphiphiles. 

Thus, the presence of BSA in the assays might not necessarily introduce 

variability in Papp collected from distinct sources, regarded that the 𝑃app
Unb values 

of compounds are considered. The use of a series of molecules with well-

characterized properties represents a significant advancement with respect to 

previous studies on the effects of BSA in the transport medium. Its use allows the 

discrimination between the effects of the decrease in the amount of compound 

available to permeate (the unbound fraction), and effects on the increase in the 

compound solubility and/or a decrease in adsorption to the apparatus and 

sequestration by cell membranes. 

 During the execution of this study, the re-use of Caco-2 monolayers 

revealed to be a high-throughput approach with a great potential to be used for 

the quantitative characterization of the effect on Papp values of passive permeating 

compounds of the most common alterations observed in experimental protocols 

among literature.  
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VII.6 – Supplementary material 

Table VII. S1 Statistical analysis of LY and Prop Papp values obtained when using the 

replacement method for sampling in multi-time permeability assays across Caco-2 

monolayers. The average and the corresponding confidence intervals at 95 % confidence 

(CI95) were obtained directly from the analysis of Log (Papp) or Log (QA). 

 
Assay 

Conditions 

   

  Lucifer Yellow  Propranolol 

  Papp (10-6 cm/s) QA (%)  Papp (10-6 cm/s) 

Day Sampling (N)a 
Monolayer 

use 
 CI95  CI95  CI95 

All 

all (107) 

S
in

g
le

 u
se

  

&
 r

e-
u

se
 0.12 0.009; 1.6 0.03 0.001; 0.69 0.4 0.03; 6.3 

1st 10 min (26) 0.02 0.007; 0.09 0.004 0.001; 0.01 0.07 0.01; 0.5 

2nd 10 min (26) 0.07 0.007;0. 77 0.01 0.001; 0.13 0.3 0.03; 2.8 

3rd 10 min (26) 0.15 0.02; 1.14 0.03 0.003; 0.19 0.5 0.1; 3.3 

4th 30 min (26) 0.63 0.23; 1.73 0.32 0.12; 0.87 2.5 1.3; 4.7 

22 

all (12) 

S
in

g
le

 u
se

 0.21 0.01; 3.96  0.05 0.001; 1.55 0.7 0.04; 11.1 

1st 10 min (3) 0.03 0.002; 0.38 0.01 0.0004; 0.06 0.2 0.008; 3.8 

2nd 10 min (3) 0.13 0.003; 5.67 0.02 0.001; 0.95 0.3 0.003; 26.9 

3rd 10 min (3) 0.39 0.01; 10 0.06 0.002; 1.73 0.9 0.05; 18.6 

4th 30 min (3) 1.2 0.6; 2.4 0.6 0.3; 1.19 3.7 1.8; 7.6 

25 

all (40) 

R
e-

u
se

 

0.13 0.01; 1.89 0.03 0.001; 0.72 0.4 0.03; 5.9 

1st 10 min (10) 0.03 0.004; 0.17 0.005 0.001; 0.03 0.06 0.008; 5.1 

2nd 10 min (10)) 0.10 0.007; 1.35 0.02 0.001; 0.23 0.3 0.03; 3.4 

3rd 10 min (10)) 0.19 0.02; 1.7 0.03 0.004; 0.28 0.6 0.1; 3.1 

4th 30 min (10)) 0.64 0.64; 0.64 0.32 0.32; 0.32 2.2 2.2; 2.2 

28 

all (55) 

R
e-

u
se

 

0.09 0.007; 1.10 0.02 0.001; 0.61 0.4 0.03; 6.4 

1st 10 min (13) 0.02 0.01; 0.04 0.003 0.002; 0.01 0.06 0.01; 0.4 

2nd 10 min (13) 0.04 0.004; 0.46 0.01 0.001; 0.08 0.3 0.03; 3.3 

3rd 10 min (13) 0.11 0.02; 0.66 0.02 0.003; 0.11 0.5 0.07; 3.4 

4th 30 min (13) 0.53 0.2; 1.5 0.27 0.10; 0.74 2.4 1.3; 4.7 

aNumber of time points sampled for LY + Prop permeability assays. 
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Figure VII. S1 Cumulative amount of LY that reaches the acceptor compartment for 

permeability experiments performed with multiple time assays following the 

replacement sampling method. The results are presented for cell monolayers on 22 (left), 

re-used on day 25 (middle) and re-used on day 28 (right) post-seeding. The average 

values obtained for all assays in a given condition are shown as filled and colored 

symbols. The open symbols are some representative results obtained for individual cell 

monolayers. 
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Table VII. S2 Statistical analysis of Papp values of NBD-C4, NBD-C6 and NBD-C8 after multi-time sampling permeability assays through single use and re-used 

Caco-2 monolayers from day 22 to 28. Their permeability across monolayers derived from MDCK-II and MDR1 cell lines were also evaluated. The average and 

the corresponding confidence intervals at 95 % (CI95) were obtained directly from the analysis of Log (Papp). 

    Papp (10-5 cm/s) Papp (10-5 cm/s) corrected for unbound fraction 

Cell line  Assay Conditions  NBD-C4 NBD-C6 NBD-C8 NBD-C4 NBD-C6 NBD-C8 

 Day Sampling 
Monolayer 

use 
 CI95  CI95  CI95  CI95  CI95  CI95 

Caco-2 

All 

1st 10 min 

S
in

g
le

 

u
se

 

&
 r

e-
u

se
 0.8 0.3; 1.9 0.3 0.2; 0.5 0.2 0.1; 0.3 1.9 0.8; 4.5 2.2 1.2; 3.9 9.4 6.2; 14.2 

2nd 10 min 1.0 0.5; 1.8 0.4 0.2; 0.6 0.2 0.2; 0.3 2.4 1.3; 4.4 2.8 1.7; 4.7 12.2 10.2; 14.5 

3rd 10 min 1.0 0.5; 2.0 0.4 0.2; 0.8 0.3 0.2; 0.3 2.4 1.2; 4.8 3.2 1.8; 5.8 14.9 12.6; 17.7 

4th 30 min 0.3 0.1; 0.8 0.2 0.08; 0.3 0.1 0.08; 0.2 0.8 0.4; 1.9 1.2 0.6; 2.4 5.9 4.4; 8.1 

22 

1st 10 min 
S

in
g

le
 

u
se

 
1.0 0.2; 5.1 0.4 0.1; 1.0 0.2 0.1; 0.3 2.6 0.6; 10.6 2.6 0.9; 7.5 8.8 5.5; 14.0 

2nd 10 min 1.4 0.5; 3.6 0.4 0.2; 1.0 0.2 0.2; 0.3 3.4 1.6; 7.5 3.2 1.3; 7.8 12.5 9.4; 16.6 

3rd 10 min 1.2 0.3; 4.8 0.5 0.2; 1.8 0.3 0.2; 0.4 3.1 0.9; 9.9 3.9 1.2; 12.7 15.0 11.9; 18.9 

4th 30 min 0.5 0.1; 2.2 0.2 0.06; 0.7 0.1 0.1; 0.2 1.3 0.4; 4.4 1.5 0.4; 5.3 6.4 5.3; 7.9 

25 

1st 10 min 

R
e-

u
se

 0.6 0.3; 1.2 0.2 0.2; 0.4 0.2 0.1; 0.2 1.5 0.7; 3.2 1.8 1.1; 2.9 8.7 5.9; 12.9 

2nd 10 min 0.8 0.7; 0.9 0.3 0.2; 0.5 0.2 0.2; 0.3 1.9 1.6; 2.3 2.4 1.6; 3.6 12.0 10.4; 14.0 

3rd 10 min 0.8 0.4; 1.4 0.4 0.3; 0.4 0.3 0.2; 0.3 2.0 1.1; 3.7 2.7 2.3; 3.1 14.2 12.7; 16.0 

4th 30 min 0.3 0.2; 0.3 0.1 0.09; 0.2 0.1 0.06; 0.2 0.6 0.5; 0.8 1.1 0.6; 1.7 5.8 3.4; 9.8 

28 

1st 10 min 

R
e-

u
se

 0.7 0.6; 1.0 0.3 0.2; 0.4 0.2 0.1; 0.4 1.9 1.2; 2.9 2.2 1.7; 2.8 10.9 6.1; 19.3 

2nd 10 min 0.8 0.6; 1.1 0.4 0.3; 0.6 0.2 0.2; 0.3 2.1 1.6; 2.8 2.9 1.9; 4.4 12.0 9.4; 15.2 

3rd 10 min 0.9 0.6; 1.2 0.4 0.4; 0.5 0.3 0.2; 0.4 2.2 1.4; 3.6 3.1 2.6; 3.7 15.6 12.1; 20.1 

4th 30 min 0.3 0.2; 0.5 0.2 0.1; 0.3 0.1 0.08; 0.2 0.7 0.4; 1.4 1.2 0.7; 1.8 5.7 4.0; 8.0 

MDCK-II 7 

1st 10 min 

S
in

g
le

 

u
se

 

2.1 0.8; 5.8 0.9  0.5  4.8 1.7; 13.4 5.5  19.5  

2nd 10 min 1.7 1.6; 1.8 1.0  0.6  3.9 3.7; 4.1 5.8  26.0  

3rd 10 min 2.2 1.7; 3.0 0.9  0.7  5.1 3.8; 6.9 5.1  27.8  

4th 30 min 0.8 0.3; 2.2 0.3  0.4  1.8 0.7; 5.0 2.0  15.2  
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MDCK-MDR1 7 

1st 10 min 

S
in

g
le

 

u
se

 

1.2 0.7; 2.3 0.4 0.2; 0.8 0.3 0.2; 0.4 2.9 1.5; 5.4 2.1 1.0; 4.5 11.7 8.3; 16.5 

2nd 10 min 0.8 0.8; 0.8 0.5 0.5; 0.5 0.4 0.2; 0.8 1.8 1.8; 1.9 3.0 2.9; 3.1 16.4 8.4; 31.9 

3rd 10 min 1.2 0.8; 1.7 0.5 0.5; 0.5 0.4 0.4; 0.4 2.7 1.8; 3.9 3.1 2.9; 3.2 16.9 16.1; 17.8 

4th 30 min 0.5 0.3; 0.8 0.2 0.2; 0.2 0.2 0.09; 0.4 1.1 0.6; 1.9 1.2 1.1; 1.2 7.5 3.7; 15.3 

The number of cell monolayers used to perform the permeability assays was 4 and 2  for monolayers derived from Caco-2 and MDCK cells, respectively.  
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 The large variability in Papp values reported for the same compound poses 

challenges in the establishment of reliable QSPRs. The present work aimed to 

contribute to the solution of this problem through the quantitative evaluation of 

the effects of differences in experimental methodologies employed across 

laboratories. 

 The first approach addressed in this work focused on increasing the 

throughput of the permeability assays using Caco-2 monolayers. This was 

performed in order to enable the assessment of the effect on Papp values of a larger 

number of experimental conditions. The study presented in this thesis carried out 

an evaluation of two approaches aimed at improving the throughput of Caco-2 

assays.  

 As a first alternative, a methodology was developed and implemented to 

allow the re-use of Caco-2 monolayers for additional permeability assessments. 

The assays were performed sequentially on days 22, 25 and 28 after cell seeding. 

The results demonstrated that the incubation period of two full days with culture 

media between each permeability assay was necessary and sufficient to re-

establish the integrity of the cell monolayer. This allowed triplicating the 

throughput of the assay while following the procedure proposed in the reference 

protocol. The consistent Papp values obtained in permeability assays with 

compounds following the passive permeation route further supports the validity 

of re-using Caco-2 monolayers in subsequent assays employing this permeation 

pathway. Concerning the impact of re-use on carrier-mediated transport, two 

transporters were evaluated, glucose transporters (using the commonly used 

glucose derivative, NBD-G) and the efflux transporter P-gp (using 

rhodamine123, Rho). The results showed that although NBD-G binds efficiently 

to Caco-2 cell membranes, supposedly due to association with the glucose 

transporters, it is not transported and is thus not adequate in the evaluation of 

this permeation route. The results obtained for the transport of Rho were also 

inconclusive, mostly due to the low expression of P-gp in the Caco-2 cells at the 

passages used. A more comprehensive evaluation of active transport is therefore 

still needed for the full validation of the proposed protocol for re-use of Caco-2 

monolayers in permeability assays. Although the re-use methodology has not 

been fully validated in this work, the overall results provided important insights. 

Namely, they indicated that the variability associated with the re-use approach 

was low compared to performing the assay with a new batch of cells, thus 
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highlighting the contribution of cell variability to the dispersion of Papp values in 

literature, and contributing to its decrease.  

 The second alternative evaluated in this work to increase the throughput of 

assays involved replacing the monolayers derived from Caco-2 cells with those 

of the faster-growing MDCK-II and MDCK-MDR1 cells. The quantitative 

comparison study between the two MDCK strains showed significant variations 

regarding the cell size, ZO-1 density, paracellular permeability and efflux 

activity. MDCK-MDR1 cells were small in size, resulting in a higher cell density 

within their monolayers compared to those derived of MDCK-II cells. Moreover, 

a larger area covered by ZO-1 staining was also observed in MDCK-MDR1 

monolayers. These findings were attributed to the higher contribution of the cell-

cell contacts in these monolayers due to their small size. This observation further 

supported the higher Papp values obtained for paracellular markers in MDCK-

MDR1 compared to MDCK-II monolayers. The relationship between these two 

parameters have never been highlighted in other works.  

 The traditional Caco-2 model displayed the largest cell size, along with the 

lowest cell density and leading to the lower ZO-1 density among the three 

models. In spite of the lower density of tight-junctions, paracellular permeability 

is similar for Caco-2 and MDCK-II monolayers. This shows that the lower density 

of tight-junctions results from the lower contribution of cell-cell contacts due to 

the larger size of Caco-2 cells, and not due to a less tight cell monolayer. As 

previously observed in other studies, all three cell lines exhibited comparable 

passive transcellular permeability, further supporting the potential use of MDCK 

monolayers as an alternative to enhance assay throughput for transcellularly 

permeating compounds. 

 In this work we propose an innovative data analysis approach that allows 

a more detailed and quantitative evaluation of the contribution from active (𝑃app
AE) 

and passive (𝑃app
PP ) transport to the overall Papp observed. The presence of active 

transport is usually evaluated through the ratio of Papp obtained for transport in 

the B→A and A→B directions, ratios higher/lower than 1 indicating active 

efflux/influx transport. Although providing information regarding the direction 

of the active transport and the relative contributions of active and passive 

pathways, this approach does not provide quantitative information for the rate 

of permeation through the distinct transport routes. In contrast, the analysis 
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approach proposed provides all the relevant parameters, namely i) the direction 

of the active transport, ii) the relative contribution of passive and active transport, 

and iii) a quantitative measure of Papp through the distinct pathways. The latter 

is important when comparing distinct cell lines, as a larger ratio of active/passive 

transport may be due to an increase in 𝑃app
AE or a decrease in 𝑃app

PP . 

 The efflux activity 𝑃app
AE in the three cell lines studied was compared using 

the P-gp substrate Rho. As expected, this activity was larger in MDCK-MDR1 

monolayers. However, this activity was lower than expected considering the 

overexpression of P-gp in these cells. This result points out to the intrinsic 

variability within this cell line. The efflux activity was lower in Caco-2 

monolayers than in both MDCK models, in agreement with the lowest P-gp 

expression. The comparison of Rho 𝑃app
PP  through the different cell lines provides 

important information regarding the properties of the cell membranes and/or cell 

monolayer tightness. This parameter was similar for all cell lines, although 

somewhat higher for MDCK-MDR1 and lower for Caco-2 monolayers, in 

agreement with a significant contribution of Rho permeation by paracellular 

routes and the lower density of this pathway for larger cells. 

 

 The detailed work performed in the above studies also provided important 

insights regarding the experimental methodology and data analysis in 

permeability assays. The extensive number of permeability assays performed 

was of utmost importance in order to allow the analysis of the frequency 

distribution of Papp values. As expected, the Papp parameter revealed a skewed 

LogNormal distribution. Thus, the statistical analysis of Papp values should be 

performed from LogPapp, with the Papp values being then calculated from 

LogPapp distribution, and described by their average and confidence intervals.  

 The analysis of the Papp values on consecutive and distinct sampling times 

showed that when following the transfer methodology, the manipulation of the 

monolayer required for sampling led to perturbations on monolayer integrity 

and/or that there is compound in the acceptor compartment being carried over 

in consecutive sampling time points. As a consequence, in multi-time assays the 

Papp values obtained were time-dependent. For this reason, it was proposed that 

the evaluation of monolayer integrity should done through the amount of 

paracellular marker transported rather than by the instantaneous Papp value.  
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 The second approach addressed in this work focused on contributing to the 

reduction of variability in Papp values by systematically evaluating the effect of 

some specific methodologies that are commonly used in the assays on the 

measured compounds permeability. The results showed that the inclusion of LY 

in the transport medium, together with the test compounds, is a promising 

approach to evaluate the monolayer integrity of each cell monolayer. This 

approach was validated for the reference compounds SA and Rho, with a global 

negative and positive charge, respectively. This approach was then used for test 

mixtures with unknown effects on cell properties (coffee and paralytic shellfish 

toxins extracts), highlighting its importance in helping to reduce the variability 

associated with the integrity of the cell monolayers. 

 The choice between transfer or replacement as the sampling method for 

performing permeability assays was also assessed. It was shown that both 

methods have impact on the measured Papp values of passive permeating 

compounds. The replacement approach resulted in lower Papp values and a much 

higher variability when compared to transfer. This was mainly attributed to 

insufficient homogenization of the acceptor solution in permeability assays 

performed in the A→B direction, and points towards the preferential use of the 

transfer sampling method. 

 Regarding the inclusion of BSA in the transport media, the results showed 

that the presence of BSA in the donor compartment not only influences the Papp 

values measured, it can even alter their permeability ranking order. The effect of 

BSA was evaluated using a homologous series of fluorescent amphiphiles with 

all the relevant parameters well known. Namely, their solubility in aqueous 

medium, the equilibrium association affinity for both BSA and lipid membranes, 

as well as the rate of permeation through the membranes. This represents a 

significant advancement with respect to previous studies on the effects of BSA in 

the transport medium, allowing the discrimination between the effects of the 

decrease in the amount of compound available to permeate (the unbound 

fraction), and effects on the increase in the compound solubility and/or a decrease 

in adsorption to the apparatus and sequestration by cell membranes. By 

considering the fraction of unbound amphiphiles, it was possible to calculate the 

𝑃app
Unb value of each amphiphile from the observed Papp value. The former leading 

to the expected permeability ranking order given their lipophilicity and 

interaction with lipid membranes. Therefore, if the 𝑃app
Unb values of compounds 
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were considered when compiling Papp data from multiple sources, the presence 

of BSA in the assays might not necessarily introduce variability. 

 

 

 In the future, the effect of common alterations on Caco-2 permeability 

protocols could be systematically characterized in a high-throughput manner, at 

least for compounds following the passive permeation route. The use of a 

quantitative measure as a correction factor of Papp values to standard conditions 

has potential as an approach to improving the accuracy of permeability data. Its 

application does not requires that the experimental conditions in the studies are 

all equal, although they must be well-described to allow the quantitative 

conversions. Although time-consuming, this strategy will definitely be faster 

than obtaining new permeability data for a large number of compounds under 

the same conditions.  
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