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A B S T R A C T   

The absorption of orally administered drug products is a complex, dynamic process, dependant on a range of 
biopharmaceutical properties; notably the aqueous solubility of a molecule, stability within the gastrointestinal 
tract (GIT) and permeability. From a regulatory perspective, the concept of high intestinal permeability is 
intrinsically linked to the fraction of the oral dose absorbed. The relationship between permeability and the 
extent of absorption means that experimental models of permeability have regularly been used as a surrogate 
measure to estimate the fraction absorbed. Accurate assessment of a molecule’s intestinal permeability is of 
critical importance during the pharmaceutical development process of oral drug products, and the current review 
provides a critique of in vivo, in vitro and ex vivo approaches. The usefulness of in silico models to predict drug 
permeability is also discussed and an overview of solvent systems used in permeability assessments is provided. 
Studies of drug absorption in humans are an indirect indicator of intestinal permeability, but both in vitro and ex 
vivo tools provide initial screening approaches and are important tools for assessment of permeability in drug 
development. Continued refinement of the accuracy of in silico approaches and their validation with human in 
vivo data will facilitate more efficient characterisation of permeability earlier in the drug development process 
and will provide useful inputs for integrated, end-to-end absorption modelling.   

1. Introduction 

Oral drug administration continues to be the most common, conve
nient and economical route for drug therapy for patients (Mullard, 2020; 
Shahiwala, 2011). Oral bioavailability, therefore, remains a highly 
desirable property for molecules in development pipelines. Modern high 
throughput screening of compound libraries facilitates rapid lead iden
tification of molecules with optimal pharmacodynamic and safety po
tentials. Once sufficient activity and safety have been demonstrated by a 
lead molecule, the focus of development will then shift to demonstrating 
high ‘druggability’ through assessing the key factors likely to impact 
drug absorption (Agoni et al., 2020; Benet et al., 2016; Egan and Lauri, 

2002). Central to the concept of druggability is that new chemical en
tities must display sufficient absorption across the gastrointestinal tract 
(GIT) to achieve effective plasma concentration-time profiles. Modern 
small molecule drug candidates for oral absorption increasingly display 
high hydrophobicity and poor aqueous solubility. Consequently, some of 
the properties that provide optimal receptor binding may result in poor 
pharmacokinetic (PK) properties, including reduced and highly variable 
oral absorption and bioavailability (Bennett-Lenane et al., 2020; 
Bergström and Porter, 2016; Davies et al., 2020; Ditzinger et al., 2019). 
Therefore, the capacity to predict and measure a molecule’s absorption, 
metabolism, excretion, and toxicity (ADMET) is of critical importance to 
drug product development and is central to the effective design of new 
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chemical entities and their delivery systems. 
Bioavailability (F) after oral administration is a function of the ki

netic processes by which a molecule crosses the enterocyte epithelial cell 
layer into the portal vein, reaches the liver and ultimately the systemic 
circulation in its intact form (Fig. 1) (Wu et al., 1995). The bioavail
ability of a drug molecule is the product of the fraction of a dose 
absorbed (fa), the fraction of intact drug escaping intestinal metabolism 
in the lumen and gut wall (fg) and the fraction escaping hepatic first pass 
extraction (metabolism and/or biliary transport) (fh), as described by 
(Eq. (1)) (Tozer, 2015; Wu et al., 1995): 

F = fa × fG × fH (1) 

Metabolism within both the gut wall and the liver is primarily 
mediated by the cytochrome P450 (CYP) superfamily (Fig. 1A & 
Fig. 1G), of which CYP3A alleles are the most abundant in the small 
intestine, with CYP2D, CYP1A, and CYP2C also playing a role (Benet 
et al., 1999; Paine et al., 2006; Thelen and Dressman, 2009; Thummel 
et al., 1997; Ungell, 2010). Eq. (1) can be further refined and described 
in relation to the extraction ratio of intestinal and hepatic metabolism 
(Eq. (2)) (Rautio et al., 2008; Wu et al., 1995). 

F = fa × (1 − EG) × (1 − EH) (2)  

where F is the bioavailability, and EG and EH are the fractions extracted 
by the gut wall and liver, respectively (Dahlgren and Lennernäs, 2019; 
Pond and Tozer, 1984; Rautio et al., 2008). The fraction of the admin
istered dose that permeates the intestinal epithelium intact is, therefore, 
a crucial determinant of overall bioavailability. Prior to entering the 
systemic circulation and accessing its (non-GI) site of action, molecules 
delivered via the oral route must first demonstrate sufficient perme
ability and stability in the gut wall, followed by stability against liver 
enzymes. 

The establishment of the Biopharmaceutic Classification System 
(BCS) and Developability Classification System (DCS), where drug ab
sorption characteristics are categorised on the basis of solubility and 

fraction absorbed (fa), provided a framework to identify the key bio
pharmaceutical factors that influence in vivo performance; namely dose, 
solubility, permeability and dissolution rate (Amidon et al., 1995). 
Effective oral absorption of a drug molecule, with high bioavailability 
and low variability, requires that the molecule must display sufficient 
solubility and stability in the GI fluids as well as small intestine epithelial 
permeability (Section 2). The fundamental relationship between a 
permeability coefficient, a quantitative measure of the rate at which a 
molecule can cross a biological membrane (the intestinal epithelium in 
this case), and extent of absorption means that experimental models of 
permeability have regularly been used as a surrogate measure to predict 
fa (Sinko et al., 1991; Volpe, 2010). The effective intestinal permeability 
(Peff), is therefore, seen as one of the key biopharmaceutical parameters 
that determines the rate and extent of intestinal drug absorption (Di 
et al., 2020). Identifying the factors that contribute to determining a 
molecule’s permeability is critical to understanding the drug absorption 
process and determination of these factors on the basis of accurate 
pre-clinical in vitro, in silico and/or in situ experimental techniques is 
crucial for an efficient drug development process (Amidon et al., 1995). 
The capability to screen drug candidates for effective permeability is, 
therefore, of paramount importance during drug product development. 

The purpose of the current review, therefore, is firstly to provide an 
overview of drug absorption mechanisms in the GIT together with 
theoretical approaches underpinning drug absorption and permeability 
assessments. Secondly, we discuss approaches to determining perme
ability and/or permeability class as supported by the regulators (FDA, 
2017; ICH, 2020). A discussion of solvent systems utilised in perme
ability screening is also included. Finally, a recent extension of the 
permeation assessment tool-box is discussed, which aims to reveal the 
interdependence between dissolution and permeation kinetics within a 
single experiment, developing insight into the mechanistic interplay 
behind, and the performance ranking of candidate-enabling 
formulations. 

Fig. 1. Oral drug absorption process from the GIT. Schematic depiction of the three major processes (fa, fg and fh) affecting absorption of drug from the site of 
administration to the systemic circulation i.e. oral bioavailability (F). Inset: schematic of mechanisms types of intestinal drug transport and metabolism; enteric 
metabolism (A); passive transcellular diffusion (B); Carrier-mediated uptake transport (C); Passive paracellular diffusion (D); Carrier-mediated efflux transport (E); 
Transcytosis (F); hepatic first pass metabolism (G) – adapted from (Griffin and O’Driscoll, 2007). 
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2. Fundamentals of gastrointestinal drug absorption 

Absorption of orally administered drugs principally occurs in the 
small intestine, due to its unique anatomical properties, including the 
increased absorptive surface area attributed to the presence of micro
villi, as well as the presence of specific drug transporters in the intestinal 
epithelium, which facilitate drug transport (Harwood et al., 2013; 
Helander and Fändriks, 2014; Sjögren et al., 2014; Varma et al., 2011; 
Wilson, 1967) and can occur by a variety of mechanisms, as shown in 
Fig. 1(B-F). These mechanisms of absorption can be broadly classified 
into (i) passive processes and (ii) carrier-mediated processes (Sugano 
et al., 2010). 

Passive drug transport occurs via one of two primary mechanisms, 
passive transcellular diffusion (Fig. 1B) or passive paracellular diffusion 
(Fig. 1D). Passive transcellular diffusion occurs down a concentration 
gradient from the apical to the basolateral side of the intestinal epithe
lium according to Fick’s first law. This energy independent process re
quires drug molecules to partition across the lipid bilayer in the apical 
plasma membrane of intestinal epithelial cells, and is strongly depen
dant on the physicochemical properties of the drug molecule (Section 
3.2). Passive transcellular diffusion is the most common mechanism for 
small molecule drug absorption, but it exists in combination with other 
methods, most notably carrier-mediated absorption processes (Dahlg
ren and Lennernäs, 2019; Lennernäs, 2007; Matsson et al., 2005; Smith 
et al., 2014). Passive paracellular absorption involves movement of 
molecules through the narrow passages between intestinal epithelial 
cells. These narrow spaces, due to the presence of tight junctions, are 
designed to prevent the passage of hydrophilic molecules above a 
particular molecular weight, and therefore present a significant barrier 
to drug absorption (Artursson et al., 1993; P. Berben et al., 2018b; 
Salamat-Miller and Johnston, 2005). In addition, the total surface area 
of these paracellular spaces relative to the intestinal membrane, as a 
whole, is extremely low (~0.1%), so the overall contribution of para
cellular diffusion in the drug absorption process is limited (Fagerholm 
et al., 1999; Xu et al., 2021). 

Uptake of drug molecules by specific membrane transporters on the 
apical membranes of enterocytes facilitates drug uptake, typically 
against a concentration gradient (Fig. 1C). Carrier-mediated transport 
which occurs according to a concentration gradient is not energy-driven, 
thus is another type of passive process, termed facilitated uptake 
(Sugano et al., 2010). Energy dependant transport processes are also 
facilitated by membrane transporters of either the ATP-binding cassette 
(ABC) or solute carrier (SLC) super-families, and such processes are 
defined as active processes (Sugano et al., 2010; Tsuji and Tamai, 1996; 
Volpe, 2016). Carrier-mediated transport processes, either passive or 
active, may be subject to inhibition by both specific and non-specific 
interactions related to either drug-drug interactions, or the presence of 
food or food components (Di et al., 2012; Kell et al., 2013; O’Shea et al., 
2019; Sugano et al., 2010). As these processes depend on the presence of 
specific membrane transporters and the capacity of drug molecules to 
act as substrates for these transporters, carrier-mediated processes are 
also more specific, both with regard to the molecules absorbed and cell 
types where absorption occurs (Sugano et al., 2010). In addition to these 
influx transporters, ATP-dependant efflux transporters, notably P 
glycoprotein (P-gp or also known as multidrug resistance protein 1 
(MDR1, ABCB1) and the breast cancer resistance protein (BCRP, 
ABCG2) transport susceptible, mostly hydrophobic, drug molecules out 
of the cell (Fig. 1E). Efflux transporters can limit absorption of particular 
substrates by transporting them back to the lumen (Benet et al., 1999; 
Chan et al., 2004; Takano et al., 2006; Tannergren et al., 2003b; Zhang 
and Benet, 2001). 

The complex interplay of these processes serves to determine the 
fraction of drug absorbed and, ultimately, the quantity of drug available 
within the body to exert its pharmacodynamic effect. A key element of 
determining intestinal absorption is assessment of a molecule’s intesti
nal epithelial permeability. 

3. Mathematical modelling and prediction of drug absorption 
and permeability 

3.1. Theoretical models of drug permeability 

In order to develop predictive models of permeability, and hence 
drug absorption, it is necessary to consider the mathematical descriptors 
of the absorption process (Griffin and O’Driscoll, 2007). Peff quantifies 
the permeability across the intestinal membrane independent of the 
mechanism. The coefficient is measured based on the cylindrical nature 
of the intestinal segment, as represented in Fig. 2, where R is the radius 
of the small intestine, L is the length of the perfused segment and ΔC is 
the concentration gradient across the epithelial membrane (Johnson and 
Amidon, 1988). 

Assuming sink conditions in the portal vein, the rate of drug ab
sorption can be described according to Eq. (3)(Lennernäs et al., 1992): 

dM
dt

= A⋅Peff ⋅Clumen (3)  

where A is the intestinal surface area and CLumen is the concentration of 
dissolved drug in the intestinal lumen. Peff is calculated assuming the 
area and flow rate through the intestine is known. The methods of 
directly measuring Peff in both humans and pre-clinical species are dis
cussed in Section 4.2.1. Where it is difficult or impractical to measure 
Peff directly in vivo, various techniques have been developed to deter
mine a surrogate measure of Peff through either ex vivo or in vitro ap
proaches using non-cylindrical, polarised epithelia. Such approaches 
generate an apparent permeability co-efficient (Papp) by relating the rate 
of drug transfer (dM/dt) across the membrane barrier, which may be 
tissue, cell or non-cell based and can be related to human Peff (Akamatsu 
et al., 2009; Artursson, 1990; Dahlgren and Lennernäs, 2019; Sjöberg 
et al., 2013), as outlined in Sections 4.2.2, 4.2.3 and 4.3 below. 

The intestinal permeability is a critical biopharmaceutical property 
that affects the rate and extent of intestinal drug absorption, and the first 
order absorption rate constant (ka) can be directly related to Peff using 
Eq. (4) (Cao et al., 2008; Curatolo, 1987): 

ka =
A
V
∗ Peff (4)  

where A is the surface area available for absorption and V is the volume. 
Implementing ka allows estimation of the maximal absorbable dose 
(MAD), utilising Eq. (5): 

MAD = S⋅ka⋅V⋅T (5)  

where S is drug solubility, ka is absorption rate constant, V is intake of 
fluid (generally standardised as 250 mL), and T is transit time in the 
small intestine (~3–4 h). Such an approach has been suggested to 
identify rate limiting steps in absorption and guide molecule 

Fig. 2. Schematic diagram of the mass balance for intestinal perfusion adapted 
from(Johnson and Amidon, 1988) and (Ni et al., 1980). 
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developability and formulation choice (Butler and Dressman, 2010). 
Combining Eqs. (4) and (5), this can be further simplified, according 

to the model proposed by Sun and co-workers (Sun et al., 2004)., giving 
rise to Eq. (6). 

MAD = Peff ⋅S⋅A⋅T (6) 

In addition to the above, the concept of MAD, estimation of the Peff 
may also allow for calculation of fa, according to Eq. (7) 

fa = 1 − e− 2Peff ⋅TR (7)  

where T is the transit time in the human small intestine and R is the 
radius of small intestine (approx. 2 cm) (Amidon et al., 1995, 1988; Oh 
et al., 1993). 

Using such approaches it is possible to quantify the likely rate and 
extent of drug absorption by accurate assessment of Peff (Yu et al., 1996; 
Yu and Amidon, 1999). Reliable methods for its measurement are 
important during the drug development process. A more extensive and 
broader use of theoretical models in the future will require a productive 
collaboration of pharmacokinetic, physical chemistry, formulation, and 
physiology experts to improve oral absorption physiologically-based 
pharmacokinetic (PBPK) modelling (Sugano, 2021). 

3.2. Estimating drug permeability from physiochemical characteristics 

Absorption of drugs from the GIT is a complex, dynamic process 
dependant on a range of biopharmaceutical properties (Table 1). 

The intestinal permeability of drugs is determined by a range of 
biopharmaceutical properties related to both the physiology and anat
omy of the GIT itself as well as the formulation design, but it is pro
foundly impacted by the physicochemical properties of the drug 
molecules. The capacity of simplistic molecular and/or physicochemical 
descriptors to estimate drug permeability has been widely reported, 
with molecular weight, lipophilicity (LogP/ LogD), acid dissociation 
constant (pKa), polar surface area and hydrogen bonding potential 
commonly used as such simplistic predictors of either the magnitude or 
route of absorption (Bergström et al., 2003; Lipinski et al., 2001; Veber 
et al., 2002). The specific epithelial permeability mechanism used by 
molecules, as outlined in Section 2, is considered to be largely depen
dant on their physicochemical properties, and many attempts have been 
made to relate such properties to passive drug diffusion across biological 
membranes, and, therein, to predict the fraction absorbed from the GIT 
(Griffin and O’Driscoll, 2007). Traditionally, the rule of thumb is such 
that moderately lipophilic molecules tend to be transported by passive 

diffusion across enterocytes, while low molecular weight, hydrophilic 
molecules can be absorbed paracellularly (Artursson et al., 1993; 
Camenisch et al., 1996; Daugherty and Mrsny, 1999). 

Efforts to correlate diffusion across biological barriers, including 
across the intestinal epithelium, with physicochemical descriptors have 
long existed, ranging back to the pH-partition hypothesis proposed by 
Overton (Overton, 1899). This theory states that for an ionizable 
molecule, only the unionised form will diffuse across a lipophilic 
membrane, and though this is an overly simple description of the ab
sorption process, it paved the way for further models of drug absorption 
(Griffin and O’Driscoll, 2007). The lipophilic nature of biological 
membranes has led to drug lipophilicity and hydrophilic-lipophilic 
balance (HLB) to be considered as a critical determinant of drug ab
sorption (Ho et al., 1977; Ho and Higuchi, 1974; Milanetti et al., 2016; 
Seddon et al., 2009). The octanol/water partition coefficient (LogP) 
and/or the octanol/buffer partition coefficient at a selected pH (logD) 
are key indicators of lipophilicity, and are widely used as a crude esti
mate of a drug’s capacity to diffuse across lipid bilayers, and hence as an 
estimation of intestinal permeation. Ho et al. demonstrated a sigmoid 
relationship between logP and fraction absorbed through an intestinal 
segment (Ho et al., 1977). However, the concept of a relationship be
tween logP and membrane permeability has generally only been 
demonstrated for groups of structurally similar, passively absorbed 
molecules (Griffin and O’Driscoll, 2007). Hydrogen-bonding potential, 
which provides a measure of hydrophilicity, and surface charge char
acteristics of a molecule, including polar surface area (PSA), have also 
been used as predictors of passive membrane permeability and intestinal 
absorption, with theoretical models used to predict human intestinal 
absorption with reasonable success (Conradi et al., 1996; Diamond and 
Wright, 1969; Goetz et al., 2017; Palm et al., 1997, 1996; Winiwarter 
et al., 2003, 1998). 

Perhaps the most widely implemented approach to the use of phys
icochemical descriptors in characterisng intestinal drug absorption is 
Lipinski’s rule of five (Ro5). It has been extensively used as a qualitative 
model of the capacity of molecules to be absorbed via the oral route 
(Lipinski et al., 2001). Recognising that for a drug molecule to cross a 
biological membrane it requires sufficiently small size to fit into phos
pholipid bilayers, sufficient lipophilicity to partition into the bilayer and 
exist in an unionised state. The Ro5 established limits on properties such 
as LogP, molecular weight (MW), and number of hydrogen donors 
(HBD) and acceptors (HBA), beyond which oral absorption is predicted 
to be limited. Compounds that violate the Ro5 are more likely to have 
poor oral absorption and these include compounds with greater than 
five HBD, greater than ten HBA, MW greater than 500 Daltons, a LogP 
greater than five. Lipinski’s rule has prompted the discovery of several 
measures of ‘drug likeness’, such as that proposed by Veber et al., where 
the significance of molecular weight was questioned, while also pro
posing additional predictors of absorption of fewer than 10 rotatable 
bonds and a PSA less than 140 Å2 (Veber et al., 2002). While such tools 
are simple, they continue to play a strong role in drug development, 
emphasizing the concept of ‘druggability’ or ‘drug likeness.’ Despite 
increased focus on successful oral delivery of drugs which possess 
properties which are outside the Ro5 (known as beyond Rule of 5 
compounds; bRo5) and further scrutiny of the concept of “drug-like” 
properties, delivery of bRo5 compounds carries a higher development 
risk than those within the Ro5 (DeGoey et al., 2018; Di et al., 2020; 
Matsson et al., 2016; Shultz, 2019). 

3.3. In silico methods of absorption and permeability prediction 

The use of computational or in silico models to predict drug release, 
dissolution, permeability and absorption is now widely employed within 
the pharmaceutical industry and in regulatory agencies to support the 
drug development process. Computational models can be broadly 
classed into two differing approaches; simple models based on overall 
trends relating physicochemical properties to permeability and 

Table 1 
Biopharmaceutical factors affecting intestinal absorption.  

Physicochemical Properties Anatomical/ 
Physiological 
Factors 

Formulation Factors 

GI Solubility Gastric emptying rate Disintegration rate 
Lipophilicity (Octanol/ water 

partition coefficient: LogP/ 
Octanol/ water distribution 
coefficient at specified pH: 
LogD) 

Intestinal transit 
time/ motility 

Dissolution rate 

Acid dissociation constant 
(pKa) 

Gut metabolism Excipient effects e.g. 
solubilizers, permeation 
enhancers 

Molecular weight Membrane surface 
area 

Release mechanism 

H-bonding potential Membrane receptors/ 
transporters and 
mechanisms 

Supersaturation/ 
precipitation 

Polar surface area Intestinal metabolism   
Intestinal secretions – 
bile salts, mucous, 
enzymes   
Intestinal blood flow   
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involving broad classifications, and quantitative structure property re
lationships (QSPR), focusing on development of mathematical models to 
describe a correlation between molecular descriptors and the perme
ability (Cabrera-Pérez and Pham-The, 2018). The former are primarily 
based on simple physicochemical descriptors and include classification 
systems such as Lipinski’s Ro5, described above. 

The QSPR approaches are more complex mathematical, chemo
metric models used to develop a correlation between molecular de
scriptors and an ADMET property of interest (Bergström et al., 2016; 
Cabrera-Pérez and Pham-The, 2018). This approach has been widely 
used to create models that are predictive of intestinal absorption or 
permeability, through the use of either measured or derived molecular 
descriptors of drug molecules, with varying degrees of success 
(Bergström et al., 2016; Tropsha, 2010; Tropsha and Golbraikh, 2007; 
van de Waterbeemd and Gifford, 2003). The approach of such models is 
to:  

1 Curate the experimental dataset including chemical structures and 
associated biopharmaceutical properties e.g. fraction absorbed, Papp, 
Peff  

2 Calculate molecular descriptors  
3 Split into training, test and validation sets  
4 Construct a statistical model using appropriate modelling technique 

– e.g. simple linear regression, multiple linear regression, multivar
iate analysis, partial least squares, neural networks, self-organising 
maps  

5 Cross-validate the model with appropriate external validation sets 
and tools 

When generating a predictive biopharmaceutical model, three fac
tors are critical to the performance of the model; i) selection of the 
response or endpoint of interest and appropriate molecular descriptors, 
ii) a sufficiently large dataset and iii) appropriate selection of the correct 
mathematical/ statistical approach (Gozalbes et al., 2011; Tropsha, 
2010; van de Waterbeemd and Gifford, 2003). An in-depth under
standing of gastrointestinal physiology and physical chemistry is critical 
to reach in vivo relevant modelling and simulation results. Generating, 
obtaining and selecting the appropriate molecular descriptors is vital to 
ensure accuracy of the generated model. The capability of any model 
generated is dependant on the quality of the input data and its appli
cability domain, that is the chemical space occupied by the training set 
and which has been validated during model generation. In this sense this 
can be viewed as the calibration curve of the model, meaning that in 
order for reliable prediction to be made, molecules should be within this 
chemical space. While molecules sitting outside the chemical space can 
be investigated by generated models, such molecules are flagged to 
indicate that they are not well described by the training set (Bergström 
et al., 2016; Taskinen and Norinder, 2007). A large range of different 
molecular descriptors has been used to generate mathematically sound 
models of absorption and permeability, and a second element for 
consideration is the relationship between predictability, i.e. the math
ematical robustness and accuracy of the model, and interpretability, i.e. 
where the molecular descriptors included in the model provide a 
mechanistic understanding of model performance, creating an intuitive 
model. These aims may, on occasion, coincide, but in most cases a bal
ance is required to be struck between these two goals, and the devel
opment priorities of the model to be generated must be considered 
(Cabrera-Pérez and Pham-The, 2018; Norinder et al., 1997). Specific 
software packages are available to calculate thousands of molecular 
descriptors based on the 1D, 2D and 3D structure of molecules, and have 
recently been summarised (Cabrera-Pérez and Pham-The, 2018). 

When considering permeability as the response variable, QSPR 
models have utilised various approaches to either model the fraction 
absorbed as a measure of intestinal absorption and permeability, to 
directly predict effective intestinal permeability or model a surrogate 
measure of permeability. A common approach is to indirectly model Peff, 

through modelling of in vitro experimental assessments of permeability, 
most notably Papp across Caco-2 monolayers (Fujiwara et al., 2002; 
Gozalbes et al., 2011; Jung et al., 2006; Norinder et al., 1997; Palm et al., 
1996; Pham-The et al., 2018, 2013; van De Waterbeemd et al., 1996; 
Wang et al., 2016), while Papp measurements across cell-free permeation 
assays have also been described (Akamatsu et al., 2009; Oja and Maran, 
2015; Sun et al., 2017; Verma et al., 2007) (Section 4.3). The use of such 
approaches has prompted the question “Why model the model of human 
absorption?” (van de Waterbeemd and Gifford, 2003). It has repeatedly 
been demonstrated that it is possible to accurately model these processes 
using molecular descriptors, with reported accuracy of 0.39–1.43 log10 
Peff units (Bergström et al., 2016; S. Palmer et al., 2015)(Bergström et al., 
2016; Pham-The et al., 2018; Stenberg et al., 2001). The predictive ca
pacity of these in vitro tools is discussed later. 

In silico models which directly predict human Peff have not been as 
widely investigated, due to the paucity of data relating to direct esti
mation of Peff, particularly for low permeability compounds, and the 
datasets available for such direct models tend to be limited to a small 
number of drug molecules (Bergström et al., 2016). Examples of such 
approaches are described here and summarised in Table 2. Winiwarter 
et al. have studied the correlation of human intestinal permeability (Peff) 
with hydrogen bonding parameters using Projection to Latent Structures 
Partial Least Squares analysis (PLS). Through their analysis, it was 
demonstrated that the combination of a hydrogen bond donor 
descriptor, a general hydrogen bonding descriptor and a lipophilicity 
descriptor enabled prediction of human intestinal permeability within 
0.7 units, though the test set of four molecules was quite small 
(Winiwarter et al., 2003), while additionally hydrogen bond donors, 
polar surface area and log D (measured at either pH 5.5 or 6.5) provided 
a strong correlation with log Peff (Winiwarter et al., 1998). Sun et al. 
have developed a QSPR model using multiple linear regression with a set 
of 30 compounds for which Peff has been directly measured (Lennernäs, 
2007; Sun et al., 2013). By using a training set (n = 20) and test set (n =
10) of molecules, a QSPR was developed based on seven parameters 
related to the size, topology, lipophilicity and charge of the molecule. 
The observed R2 (0.78) and adjusted-R2 (0.712) demonstrated high 
predictive performance, though the model was poorly capable of pre
dicting the permeability of molecules with low permeability values (Sun 
et al., 2013). The model was further utilised to correlate human fa with 
predicted Peff (R2 = 0.717), allowing identification of a cut-off Peff value 
corresponding to high permeability (90% fa) as per BCS classification 
(Amidon et al., 1995). The generated categorical model was capable of 
correctly categorising 70% of compounds according to their BCS 
permeability class (Sun et al., 2013). A notable feature of this model is 
that the parameters identified are largely reflective of passive perme
ability of compounds, as discussed in Section 3.2. This is a common 
feature of many QSPR models of permeability, which are somewhat 
more effective in predicting passive relative to carrier-mediated 
permeability. This may prove challenging for in silico prediction of Peff 
in early drug development, where the mechanisms of drug transport 
may not yet be known. In a recent study, Lee et al. attempted to address 
the limitation of the relatively low number of molecules for which 
directly measured human Peff values are available through prediction of 
rat intestinal Peff, as measured by single pass intestinal perfusion (SPIP), 
by implementing a machine learning approach - Hierarchical Support 
Vector Regression (HSVR) (Lee et al., 2020). The resultant model 
demonstrated high correlation within the training set (R2 = 0.93, Q2 =

0.84) and reasonable predictability of the test set (Q2 = 0.75–0.89, 
RMSE = 0.26). A further validation was provided in the form of com
parison of the ability of both the observed (n = 7; r = 0.8) and predicted 
(n = 11; r = 0.79) rat Peff to accurately reflect that observed in humans, 
with both models performing similarly (Lee et al., 2020). 

In addition to those in the published scientific literature, several 
commercial software packages are available to predict ADMET proper
ties, including permeability (Cabrera-Pérez and Pham-The, 2018). A 
widely utilised commercial example of such is that of Simulations Plus® 
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(CA., USA) permeability model (S+Peff), as outlined in ADMET™ Pre
dictor, where a predictive model was developed through a combination 
of in vivo permeability measured in human subjects, in situ rat wall 
permeability, human jejunal Papp measured ex vivo and in vitro. Through 
a combination of regression analysis and neural networks, a predictive 
model was generated, which demonstrated a reasonable capacity to 
predict the passive permeability for a test set of 62 molecules. The model 
descriptors used in model generation were reflective of the relative 
lipophilicity, size and charge of the molecules, thus providing an intu
itive model with readily interpretable variables (Simulations Plus, 
2019). 

As prediction of intestinal permeability is regularly carried out as a 
surrogate for prediction of the extent of absorption in vivo, a logical step 
is to attempt to directly model the fraction absorbed, often modelled as 
human intestinal absorption (Hou et al., 2006; Volpe, 2010). Models 
developed to predict fraction absorbed appear to be the most widely 
investigated indicator of intestinal permeability based on molecular 
descriptors (Basant et al., 2016; Cabrera-Perez et al., 2012; Klopman 
et al., 2002; Lee et al., 2020; Newby et al., 2013; Norinder and 
Bergström, 2006; Pérez et al., 2004; Suenderhauf et al., 2011; Wang 
et al., 2017; Wessel et al., 1998; Zhao et al., 2001). Several challenges 
exist when taking such an approach, which need to be considered during 
model generation. Firstly, the response dataset quality can be variable 
owing to the range of experimental methods used to calculate fa and the 
large variability associated with it. Secondly, fa will be affected by a 
range of complex biopharmaceutical factors in vivo, including 

dissolution/solubility limitations, role of intestinal uptake and efflux 
transporters, GI motility and the complex and highly dynamic intestinal 
milieu, which can vary in response to the presence or absence of food. 
Such variability makes it difficult to derive a statistically and mecha
nistically sound model of permeability. Finally, owing to the fact that 
such models are by necessity derived from absorption data for approved 
pharmaceutical products, they may be biased towards active compounds 
that demonstrate high absorption, with those demonstrating limited oral 
bioavailability underrepresented due to the paucity of data detailing 
their fraction absorbed (Norinder and Bergström, 2006). 

A further extension of rules of thumb and both categorical and 
quantitative QSPR models is in modelling overall bioavailability of a 
compound (Andrews et al., 2000; Fagerholm et al., 2021; Hou et al., 
2007; Kim et al., 2014; Yoshida and Topliss, 2000). While the perfor
mance of such models is somewhat outside the scope of the current re
view, which focuses on intestinal permeability rather than 
bioavailability, and they have been reviewed by Cabrera-Pérez and 
Pham-The (2018) it is nevertheless important to consider them as ex
tensions to the modelling and simulation toolkit relating to oral ab
sorption and identify the role of in silico, in vitro and ex vivo models of 
permeability as inputs into such models. A significant challenge in QSPR 
models of intestinal absorption and bioavailability lies in the challenges 
of modelling the complex ADME processes from relatively simplistic 
molecular and physicochemical descriptors and the lack of a mecha
nistic approach. One suggestion to improve the predictive capabilities of 
such models is through incorporating in vitro or ex vivo measurements of 

Table 2 
Summary of QSPR models predicting Peff.  

Model type Method Compound Datasets Descriptors Model performance References 
Correlation Prediction 

Regression PLS Training: 5 passively 
absorbed compounds with in 
vivo Peff 

Test: 8 passively absorbed 
compounds with in vivo Peff  

1 HBD, PSA, LogD5.5  

2 HBD, PSA  
3 HBD, PSA, CLogP  

1 Q2 = 0.81, R2 =

0.94  
2 Q2 = 0.80, R2 =

0.88  
3 Q2 = 0.96, R2 =

0.98  

1 Q2 = 0.90, R2 = 0.93  
2 Q2 = 0.82, R2 = 0.85  
3 Q2 = 0.85, R2 = 0.88 

(Winiwarter 
et al., 1998) 

Regression PLS 13 passively absorbed 
compounds with in vivo Peff 

measurements  

1 29 descriptors  
2 15 descriptors  
3 HB, ΣQH, LogP  
4 PSA, HBD, LogP  
5 PSA, HBD  
6 PSA, CWPSAHBD  

7 HBD, PSA/NPSA  
8 HB, ΣQH, LogPCr  

9 PSA, HBD, LogPCr  

1 R2 = 0.960, Q2 

= 0.873  
2 R2 = 0.953, Q2 

= 0.907  
3 R2 = 0.952, Q2 

= 0.942  
4 R2 = 0.945, Q2 

= 0.935  
5 R2 = 0.864, Q2 

= 0.815  
6 R2 = 0.863, Q2 

= 0.824  
7 R2 = 0.855, Q2 

= 0.846  
8 R2 = 0.947, Q2 

= 0.935  
9 R2 = 0.945, Q2 

= 0.932 

Predict log Peff to within 
0.7 units 

(Winiwarter 
et al., 2003) 

Regression/ 
Classification 

MLR Training set: n = 20 
Test set: n = 10 

Log molecular mass, Shape index, Balaban 
topological index, HBD, Ionizational 
potential, Vamp octupole YYX, log P 

R2 0.782; adj-R2 

0.712; 
S.E. of the 
Estimate 1.816  

1 R2= 0.86  
2 Correlation of Fa with 

predicted Peff - R2=

0.717  
3 70% of drugs correctly 

classified as per BCS 
criterion 

(Sun et al., 
2013) 

Regression* HSVR Training set: n = 53 
Test set: n = 13 

µ, LogD6.5, LogP, HBD, nN+O, Shadow-v, 
MR 

R2 = 0.93, Q2 =

0.84, RMSE = 0.17 
Q2 = 0.75–0.89, RMSE =
0.26 

(Lee et al., 
2020) 

Abbreviations: HB; Number of hydrogen bonding atoms (HBA + HBD), HBA; Number of hydrogen bond acceptor atoms, HBD; Number of hydrogen bond donor atoms, 
LogD; Partition coefficient between octanol and water at pH specified, LogP; Partition coefficient between octanol and water, LogPCr; Partition coefficient between 
octanol and water (calculated according to (Ghose and Crippen, 1987)), PSA; Polar surface area, PSA/NPSA – ratio of polar surface area to non-polar surface area, 
CWPSAHBD; Sum of charge weighted surface area of all HBD-atoms, ΣQH; Sum of the partial charges of all H-atoms attached to an O-, N-, or S-atom, µ; Dipole moment of 
molecule, nN+O; Number of nitrogen and oxygen atoms, Shadow-v; Ratio of largest to smallest molecular dimension, MR; Sum of molar refractivity of substituents. 
PLS; Partial Least Square regression, MLR; Multiple Linear Regression, HSVR; Hierarchical Support Vector Regression, RMSE; Root Mean Square Error. 
* Peff in rat measured by Single-pass intestinal perfusion. 
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passive permeability, as determined by the methods outlined in Section 
4, into the model and such models have routinely been proposed 
(Cabrera-Pérez and Pham-The, 2018; Esaki et al., 2019; Wang et al., 
2008). However, while introduction of such a summary parameter may 
improve the overall predictive capacity of the model, this data may not 
always be available early during clinical development and the proposed 
models still lack a mechanistic predictive basis. 

PBPK models are a potential alternative approach, designed to 
facilitate mechanistic, bottom-up predictions of oral bioavailability and 
simulation of plasma concentration-time profiles (Kostewicz et al., 
2014). PBPK models are mathematical models which integrate knowl
edge of physiological processes, such as gastrointestinal transit times, 
intestinal luminal conditions and distribution related parameters, with 
compound physicochemical parameters, such as solubility, PSA, and 
lipophilicity, as well as formulation related characteristics such as 
dissolution rate, stability and release mechanism, in order to simulate 
complex ADME processes (Bergström et al., 2014; Jamei et al., 2009; 
Rowland et al., 2011). Such approaches have been widely used as 
computational tools in the prediction of oral absorption and for mech
anistic investigation of drug-drug interactions, food effects on 
bioavailability, age and disease state related changes in absorption, 
setting of clinically relevant product specifications and formulation 
performance (Ahmad et al., 2020; Flanagan et al., 2016; Kaur et al., 
2018; Kesisoglou et al., 2016; Kostewicz et al., 2014; Lin and Wong, 
2017; Pepin et al., 2016; Stillhart et al., 2019; Tistaert et al., 2019; 
Wang, 2019). A vital element of an accurate PBPK model is a reliable 
prediction or measurement of Peff, which can be input either as an 
externally (in vitro, ex vivo or in vivo – Section 4) measured summary 
parameter or predicted from molecular descriptors as outlined above 
(Dahlgren et al., 2015). There are numerous commercial examples of 
PBPK models utilised in drug development, notably GastroPlus™, Sim
cyp™ and GI-SIM™, each with their own, proprietary, in-built model 
designed to predict absorption by correlation to human intestinal 
permeability, such as that outlined above for the S+Peff model used in 
ADMET™ Predictor, and incorporated within GastroPlus™ (Dahlgren 
et al., 2015; Sjögren et al., 2014). A typical approach is to initially use 
values predicted through QSPR methods, before replacing these values 
with experimentally derived measurements extrapolated to Peff through 
in vitro- in vivo correlation (IVIVC), and thus refining the model as more 
data becomes available (Effinger et al., 2018; Suarez-Sharp et al., 2020). 
As these are mechanistic models, where in vivo pharmacokinetic data is 
available, a model may be refined to better reflect the observed data 
through a ‘top down’ approach, usually incorporating a sensitivity 
analysis to determine the effects of parameter adjustment on modelled 
outcomes (Stillhart et al., 2019). This iterative process of model 
refinement and integration of experimentally determined and in vivo 
measured biopharmaceutical properties and PK measures allows 
mechanistic understanding of the oral absorption process. It also facil
itates identification of potentially limiting factors in oral absorption and 
can direct optimisation of drug candidate and formulation design 
(Cabrera-Pérez and Pham-The, 2018). 

4. Experimental methods to determine drug permeability and 
permeability class 

The capacity to predict permeability based on simple physicochem
ical or molecular descriptors is an attractive prospect in lead identifi
cation and optimisation during drug discovery. However, the predictive 
capacity of such approaches, particularly in a quantitative sense is 
limited. The complex biopharmaceutical processes that influence drug 
absorption within the GIT and transport into the systemic circulation 
require more than simplified, empirical relationships. Accurate tech
niques, capable of identifying the rate limiting steps to in vivo absorption 
are critical to understanding the gastrointestinal drug absorption. 
(Griffin and O’Driscoll, 2007). To this end, various approaches have 
been developed to characterise drug permeability within the human 

GIT. The FDA, in their guidance on how to obtain biowaivers based on 
BCS classification have identified two major mechanisms to determine 
the permeability class; PK studies in humans and intestinal permeability. 
These classifications can be further subdivided, with PK studies 
comprising either mass-balance studies or absolute bioavailability 
studies (FDA, 2017). In their guidance, the FDA specifically identify in 
vivo or in situ intestinal perfusion studies in both humans and animal 
models, in vitro permeation studies using excised human and animal 
intestinal tissues and in vitro permeation studies across a monolayer of 
cultured epithelial cells as intestinal permeability methods utilised to 
determine permeability class, approaches described in the present re
view and considered in order of regulatory acceptability. It is important 
to note that where such approaches are used in regulatory filings, they 
are limited to molecules which are passively absorbed, due to the vari
ability in transporter expression in isolated tissues and cell cultures 
(Giacomini et al., 2010). In addition, there is growing use of novel 
methods to further refine permeability determination, notably 
non-cellular based assays which are also discussed as part of this review 
(Berben et al., 2018a). In addition, the solvent systems used in these 
experimental approaches are critical to ensure accuracy and consis
tency. In particular, the requirement to maintain sink conditions while 
maintaining the viability and integrity of biomimetic barriers during in 
vitro and ex vivo studies is crucial and is discussed in Section 5. These 
models represent the most widely used current models of in vivo 
permeability in both drug development and in support of regulatory 
submissions and are the subject of the current best practice review. 
Novel techniques for permeability are continuously emerging, notably 
microfluidic (gut-on-a-chip), organoid and intestinal slice cultures, and 
have recently been well reviewed elsewhere, and are beyond the scope 
of the current review (Youhanna and Lauschke, 2021). These systems 
are, largely, developed as refinements of existing approaches, designed 
to improve user-friendliness, reproducibility or biorelevance, however 
the principles and theoretical basis on which they operate is largely 
similar to existing cellular and non-cellular based methods, in that they 
measure transport across a biomimetic membrane. 

4.1. In vivo pharmacokinetic studies in humans 

Investigation of the PK behaviour of any new compound is a standard 
part of all drug development programs, that will often be started with 
single ascending dose studies in human healthy volunteers followed by 
multiple ascending dose studies. Combined with studies in either 
healthy volunteers or patients, these constitute the clinical pharma
cology package of a new drug application (NDA). From a regulatory 
point of view, a compound is considered to be highly permeable when 
the fraction absorbed from the GIT is greater than 85% of the adminis
tered dose (FDA, 2017; ICH, 2020), with the regulators preferred 
method for high permeability determination being in vivo PK studies. 
From a pharmaceutical perspective all these studies are highly relevant 
for the guidance of the formulation development, where in particular 
two studies stand out, the mass balance study and the absolute 
bioavailability study, including investigations of potential food effects. 
These will be described in further detail in the two following sections. 

4.1.1. Mass balance studies 
The human mass balance study, also often referred to as the ab

sorption, distribution, metabolism, and excretion (ADME) study, is one 
of the clinical pharmacokinetic studies conducted as a part of a NDA 
(Coppola et al., 2019). The study is special in the context that a drug 
molecule containing a radioactive isotope, e.g. carbon 14 (Penner et al., 
2009), is used for the dosage. In such cases attempts are made to collect 
as much of the radiolabel administered as possible. The radiolabel is 
collected in excreta, including urine, faeces, and other excreta as needed 
(e.g., expired air, sweat, etc.), while monitoring the exposure of radio
activity and drug in whole blood, plasma, cerebrospinal fluid (CSF) or 
other accessible tissues of interest, hence the term mass balance. 
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The primary objectives of a mass balance study are typically to;  

• Identify and quantify circulating parent molecule and metabolite(s) 
including measure of their relative ratios  

• Elucidate the primary elimination pathways of the medicinal product  
• To determine the mass balance of drug related materials following 

administration 

This information is important because it helps to define if other 
nonclinical or clinical investigations that might provide an accurate 
clinical pharmacological description of the new molecule are needed. 
The study should explore whether there are any metabolites contrib
uting substantially to the safety profile of the drug substance that makes 
it necessary to conduct a specific non-clinical study, i.e. to evaluate the 
toxicity of the specific metabolite. The identification of the metabolites 
should also help to identify if there are any that may contribute to 
pharmacological activity and, hence, have a potential risk to cause drug 
interactions. Understanding the mass balance and the elimination 
pathways helps to understand the fa and clearance mechanism, i.e. 
determine if there is a specific need to investigate the molecule in sub
jects with organ impairment and/or define clinical drug–drug interac
tion (DDI) studies. 

Not all administered radioactive materials are recovered in mass 
balance studies. The studies may include collection of urine and faeces 
over 14 days, but other elimination routes may be relevant and missed 
samples, analytical methods etc. can be an issue (Coppola et al., 2019; 
Penner et al., 2009). High recovery of radioactive material hence pro
vides information about a well permeable/absorbed molecule, but low 
recovery could mean potential study errors and the difficulty in defining 
the reason. 

4.1.2. Absolute bioavailability studies 
A bioavailability (F) study provides an estimate of the fraction of the 

drug absorbed as well as information related to the PK of the drug, the 
effects of food on the absorption of the drug, dose proportionality or 
linearity in the PK of the active moieties and - when relevant - inactive 
metabolites (FDA, 2019). 

The terms “absolute” and “relative” bioavailability refers to the 
design of the study. Absolute bioavailability is defined as the amount of 
drug from a formulation that reaches the systemic circulation relative to 
an intravenous administration, assuming that the intravenous (i.v.) dose 
is 100% bioavailable, according to Eq. (8). 

Absolute bioavailabilty

F(%) =
AUCoral

AUCiv
×

Doseiv
Doseoral

× 100
(8) 

Where AUCoral and AUCiv are the areas under the plasma concen
tration time profile following oral and intravenous administration, 
respectively, while Doseoral and Doseiv are the dose administered by 
each of these routes. 

Relative bioavailability is the amount of drug absorbed from a 
formulation relative to that administered by any route other than i.v as 
per Eq. (9). 

Relative bioavailabilty

Frel(%) =
AUCA

AUCB
×

DoseB
DoseA

× 100
(9) 

Where A and B, are both formulations administered by any extra
vascular route of administration. 

Relative bioavailability can be measured if an i.v. formulation cannot 
be produced, e.g. due to very poor solubility. Another approach that may 
overcome the limitation of poor solubility, amongst other shortcomings 
of an absolute bioavailability study, is simultaneously dosing of subjects 

with an orally therapeutic dose and a micro dose of i.v. 14C marked 
molecule (Lappin, 2016; Lappin et al., 2006). This is often termed a 
microtracer Phase 0 study and defines an i.v. dose of an isotopically 
labelled drug and is typically ≤ 1% of the therapeutic dose (Lappin, 
2016). The approach has some advantages, for instance it is not neces
sary to develop a stable i.v. formulation of the drug and toxicology 
studies are not required (Beaumont et al., 2014; Lappin et al., 2013; Xu 
et al., 2014). Moreover, even poorly soluble drug substances can often 
be easily formulated as a solution for i.v. administration at very low 
doses (Lappin et al., 2006; Xu et al., 2014), and problems with 
non-equivalent clearance between the i.v. and the non-i.v. route are 
eliminated (Lappin et al., 2013). 

For well absorbed compounds with similar clearance and tissue 
distribution between the i.v. and non- i.v. route a high absolute 
bioavailability is a clear indication for a high permeability across the 
relevant membrane. However, similar to the mass balance studies, if the 
bioavailability is low, it may not necessarily be due to poor perme
ability, as this could be driven by high first-pass metabolism. Informa
tion from the mass balance study or in vitro studies in hepatocytes can 
help elucidate if first pass metabolism is limiting. In summary, the ab
solute bioavailability study is an important study to define the formu
lation and to search for relevant administration routes. 

4.2. Intestinal permeability methods 

4.2.1. In vivo intestinal perfusion studies in humans 
Intestinal Peff, together with solubility, dissolution rate and gastro

intestinal (GI) transit, is one of the key biopharmaceutical variables that 
determine the in vivo rate and extent of intestinal drug absorption and 
bioavailability following oral dosing (Amidon et al., 1995; Lennernäs 
et al., 1992). In vivo predictions of intestinal absorption require accurate 
determinations of Peff. Different intestinal perfusion techniques have 
been developed over the last 70 years (Dahlgren et al., 2015; Sjögren 
et al., 2015). 

4.2.1.1. Assay protocol. In short, four clinical intestinal perfusion sys
tems have been developed and extensively used. They are the two open 
systems, double lumen (Double-L) and triple lumen (Triple-L), the semi- 
open proximal balloon (Prox-B) system, and the double-balloon system 
(Loc-I-Gut) (Fig. 3). The Double-L was the first system used to assess 
permeability by intestinal perfusion. It consists of two catheters sepa
rated by the test segment; one placed proximally to the test region 
within the intestine which is used to perfuse the test solution and the 
second, located distally, where sampling takes place. A key limitation to 
the Double-L system is its inability to control flow within the perfused 
segment. As a result, the infused solution can flow in either direction, 
resulting in reflux above the point of perfusion. Additionally, contami
nation of the test region with endogenous secretions proximal to the test 
segment may occur. To overcome some of these limitations, further 
systems were developed. The Triple-L setup was designed to limit the 
impact of the artifacts described above by creating a ‘mixing segment’ 
distal to the point of infusion and proximal to the test segment. Here the 
solution and GI fluids are mixed, and at the distal end of the mixing 
segment a baseline sample is taken. Peff is calculated from a second 
outlet sample taken at the end of the test segment, which usually is 
20–30 cm distal to the mixing segment (Dahlgren et al., 2019, 2015; 
Lennernäs, 1998; Sjögren et al., 2015). By measuring the concentration 
in and concentration out of the test segment, limiting the impact of this 
mixing effect, though control of flow was still not possible. The perfusate 
composition changes along both mixing regions, which makes it difficult 
to apply constant luminal and absorption conditions. The perfusate will 
also flow in both directions, which limits the estimation of the cylinder 
surface area in an open system. A further refinement was the develop
ment of the semi-open, Prox-B model, where an occluding balloon is 
inflated proximal to the test region, preventing reflux of the perfusate. A 
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multi-lumen tube avoids this shortcoming with proximal contamination 
by using an occluding balloon proximal to the test segment. There is also 
a separate tube aboral to the occluding balloon to continuously drain 
and prevent proximal luminal contamination of the single-pass perfused 
test segment. This method decreases proximal leakage and therefore the 
luminal composition will be kept at equilibrium and drug permeability 
can be determined under well-defined conditions. However, these 
methods have the disadvantage that they have a low recovery of the 
non-absorbable volume marker, usually PEG 4000, and they also use a 
rather high single-pass perfusion rate (usually 5–20 mL/min) (Dahlgren 
et al., 2019, 2015; Lennernäs, 1998; Sjögren et al., 2015). To overcome 
this challenge, the double-balloon (Loc-I-Gut) perfusion system was 
developed, where occluding balloons compartmentalise a segment of 
intesting, preventing both both proximal and distal contamination. This 
set-up facilitates high recovery (>95%) of nonabsorbable marker, while 
maintaining physiological flow rates of 2–3 mL/min - and is further 
discussed below (Dahlgren et al., 2015; Lennernäs, 1997; Lennernäs 
et al., 1992). 

4.2.1.2. Considerations in study design. The most common approach to 
determine Peff has been to calculate it based on the disappearance from a 
perfused intestinal segment. However, the Lennernas group at Uppsala, 
Sweden have also validated a data analysis approach to calculate Peff 
from appearance rate of the drug in plasma (Dahlgren et al., 2019, 2015; 
Lennernäs et al., 1992; Sjögren et al., 2015). It is necessary to monitor 
luminal and brush-border chemical stability/metabolism and to correct 
for binding to the tubing as these processes may strongly affect the ac
curacy for Peff determinations for both disappearance and appearance 
methods (Lennernäs et al., 2002b, 1997a, 1994, 1992). With regard to 
disappearance methods, accurate calculation of Peff requires consider
ation of the intraluminal hydrodynamics the perfusion experiment and 
varies with the design the chosen technique. For the open (double-L, 
triple-L) and semi-open (Prox-B), a parallel tube model is used, where 
the luminal drug concentration is assumed to decrease exponentially 

along the perfused segment according to Eq. (10) 

Peff = Qin ×
(Cin − Cout)

A
(10)  

where Qin is the flow rate, Cin and Cout are the concentrations of the 
substance entering and exiting the perfused segment, and A is the area 
available for permeation. Drug concentrations are sampled at the 
beginning and end of the perfused sample, as shown in Fig. 3, the flow 
rate is controlled through the experimental design and the area available 
for absorption is calculated by assuming the perfused region is a cylinder 
with radius, r, and length, L. The area can then be simply calculated 
using Eq. (11) (Komiya et al., 1980) 

A = 2π.r.L (11) 

For the double-balloon (Loc-I-Gut) method, the most appropriate 
model is considered to be a well-stirred model, due to immediate mixing 
within the perfused area of the intestine, as described by Eq. (12) 
(Dahlgren et al., 2015; Lennernäs et al., 1997a) 

Peff = Qin ×
(Cin − Cout)

(Cout ∗ A)
(12) 

Calculation of Peff based on appearance in plasma requires decon
volution of plasma concentration-time profile followed by correction for 
first pass metabolism, in both enterocytes and hepatocytes, to allow 
calculation of the intestinal absorption rate (ka), the fraction absorbed 
(fa), thus allowing calculation of the remaining quantity of API and 
concentration with the lumen (Sjögren et al., 2015). Regional Peff can 
subsequently by calculated using Eq. (13) 

Peff =
ka × r

(AmtLumen ∗ 2)
(13) 

Where ka is the calculated absorption rate, r is the radius of the small 
intestine and Amtlumen is the remaining amount of API in the intestinal 
lumen. The derivation of this equation has been well-described by 

Fig. 3. Schematic representation of the clinical intestinal perfusion models. (a) The open double lumen (Double-L) perfusion system. (b) the open triple lumen 
(Triple-L) perfusion system. (c) The semi-open proximal balloon (Prox-B) perfusion system. (d) The double-balloon (Loc-I-Gut) perfusion system. Adapted from 
Dahlgren et al. (2015). 
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Sjögren et al. (2015). 
The intestinal Peff is a direct measurement of the local absorption rate 

and reflects the transport velocity (cm/s) across the epithelial barrier 
(Amidon et al., 1995; Lennernäs et al., 1992). The enterocyte is the most 
common cell type in the epithelial barrier, which also contains a sig
nificant number of lymphocytes, mast cells, endocrine cells, goblet cells, 
macrophages and stem cells (localised to the crypts). Peff for passively 
transcellularly transported drugs reflects the diffusion across the com
plex apical membrane into the cytosol and from there it diffuses across 
the basolateral membrane (Lande et al., 1995; Tannergren et al., 2004, 
2003a, 2003b). Therefore, intestinal perfusion models, which measure 
the disappearance of the drug from the perfusion solution, directly 
describe uptake into the enterocyte. Intracellular metabolism, by CYP 
3A4 and/or di- and tripeptidases (in the case of peptides), is/are not 
localized in the vicinity of the outer apical leaflet and are considered less 
likely to influence the disappearance rate (Peff). Intracellular metabolism 
can be a further limitation to the bioavailability of the drug. 

One of the main advantages of these techniques is the capacity to 
perfuse distal parts of the small intestine, as shown in several open- 
perfusion studies by Gramatté and co-workers (Gramatté, 1994; 
Gramatté et al., 1994; Gramatté and Oertel, 1999; Gramatté and 
Richter, 1994). In recent reports, the intestinal Peff from these 
open-perfusion studies were calculated and in accordance with what 
was expected (Dahlgren et al., 2019, 2015; Sjögren et al., 2015). 
Single-pass perfusions with double-balloon system in both the proximal 
small intestine (Loc-I-Gut) and colo-rectal regions (Loc-I-Col®) have 
been reported earlier (Lennernäs et al., 2002a, 1995, 1992). When using 
Loc-I-Gut, a 10 cm segment is compartmentalised between two balloons, 
thereby enabling single-pass perfusion of a well-defined region of 
jejunum. One of the advantages with this design is that the occlusion of 
the test segment between two intraluminal balloons minimizes 
contamination with luminal fluids both proximally and distally into the 
perfused segment. In addition, the leakage out from the segment over 
the balloons is small, so the recovery of the non-absorbable marker is 
almost complete (Lennernäs et al., 2002a, 1995, 1992; Nyberg et al., 
2007). These qualities enable control of the absorption conditions in the 
intestinal segment, and thus facilitate the study of mechanisms of 
transport and metabolism of xenobiotics and nutrients in the human 
intestine. Another important advantage is the ability to assess the degree 
of metabolism in the gut and liver by simultaneously determining the 
extent of absorption and bioavailability (Lennernäs et al., 1992; Nilsson 
et al., 1994; Tannergren et al., 2003a, 2003b). This cannot be done with 
the same accuracy using other perfusion techniques, since in those cases 
the degree of absorption cannot be estimated unless a radiolabelled 
molecule is used. The human jejunal permeability data obtained with 
the Loc-I-Gut system has been one of the cornerstones in the develop
ment and establishment of the BCS (Amidon et al., 1995; Lennernäs 
et al., 1992). In addition, human jejunal Peff data also formed the basis of 
several in silico software, showing correlation with cell monolayer flux 
data and also with animal models for prediction of intestinal absorption 
(Fagerholm et al., 1999, 1996; Sjögren et al., 2013; Sun et al., 2002). 

4.2.1.3. Ability to predict in vivo permeability. Human jejunal Peff has 
been determined by applying the double-balloon system (Loc-I-Gut) and 
the data from these studies have been reported earlier (Dahlgren et al., 
2019, 2015; Lennernäs et al., 1992; Sjögren et al., 2015). This provides a 
direct measurement of intestinal absorption, calculating Peff regardless 
of transport mechanism in a fully integrated in vivo model incorporating 
physiological, biochemical and environmental factors (Lennernäs, 
2007). Human Peff values are determined in the most absorptive region, 
i.e. the proximal small intestine, but the Peff has also been calculated 
from other more distal intestinal regions with perfusion data based on 
open (or semi-open) systems (Lennernäs, 1997; Sjögren et al., 2015; 
Winiwarter et al., 1998). It is clear that the data between the systems are 
comparable and that low permeability drugs have high intra- and 

inter-individual variability in their Peff determinations (Dahlgren et al., 
2019, 2015). This is most likely explained by the fact that the disap
pearance calculations are sensitive to small differences in fa during a 
single-pass perfusion. Additionally, the perfusion techniques themselves 
are by necessity invasive procedures and risk disturbing natural physi
ology, and intestinal motility in particular (Davis and Wilding, 2001). 

Despite the limitations, human in vivo Peff measured via perfusion 
techniques is the most relevant biopharmaceutical output capable of 
estimating fraction absorbed. As a result, it is used as a reference stan
dard for the prediction of both rate and extent of human drug absorption 
(Lennernäs, 2007; Winiwarter et al., 1998). Over the last 30 years, the 
double ballon, Loc-I-Gut system has been the most widely used tech
nique to assess permeability in proximal jejunam. These studies of je
junal Peff were used to develop, validate, and implement the BCS system, 
now widely used as a drug development and regulatory tool. This was 
possible owing to the good correlation observed between Peff, as 
measured via in vivo perfusion, and fraction absorbed in vivo, as shown in 
Fig. 4. On the basis of the regulatory definition of high permability being 
defined as a fraction absorbed greater than 85%, compounds with a Peff 
in proximal small intestine above approximately 1.5 × 10− 4 cm/s are 
generally classified as high-permeability, though no definitive value is 
set (Dahlgren et al., 2015; Lennernäs, 2007). 

4.2.2. In vivo/ in situ intestinal perfusion in animal models 
Since its introduction in 1958 (Schanker et al., 1958), the in situ in

testinal perfusion technique in animal models has been a biorelevant 
and versatile tool to determine intestinal permeability and to explore 
mechanisms underlying drug absorption (Stappaerts et al., 2015a). The 
technique is usually performed in rats, but mice can be also used. In an 
anaesthetized animal, a laparotomy is performed to cannulate and clean 
a segment of the intestine before perfusing it with a solution (or sus
pension) containing the drug(s) of interest. Since any segment of the 
small or large intestine can be perfused, the technique is well suited to 
evaluate regional permeation. Usually, the perfusion solution passes 
once through the intestinal segment (i.e., single-pass perfusion), but 
when only a limited amount of molecule and/or perfusion medium is 
available, a closed-loop perfusion can be considered, in which case the 
perfusion solution is continuously recirculated (Caldeira et al., 2018), as 
represented in Fig. 5A and 5B. The absorption of the drug can be 
assessed based on either the disappearance of the drug from the perfu
sion solution, the appearance of the drug in the systemic circulation, or 
the appearance of the drug in the mesenteric vein that drains the blood 
from the perfused segment. As each of these approaches has its own 
strengths and limitations, a careful choice should be made depending on 
the molecule of interest and the research question (Fig. 6). In situ 
intra-intestinal instillations, a further simplification of the closed-loop 

Fig. 4. Human in vivo permeability values (Peff) determined by intestinal je
junal perfusion correlated to fraction absorbed (fa) following oral administra
tion. Reproduced from Dahlgren et al. (2015). 
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perfusion technique, where a fixed volume of solution is administered to 
an isolated intestinal segment may also be considered as an alternative 
approach to measure intestinal absorption (Fig. 5C) (Cheng et al., 2010; 
Maher et al., 2009; Presas et al., 2018). These models have proven useful 
in assessing intestinal epithelial transport and bioavailability (absolute 
or relative) following intestinal administration and are discussed in this 
context below, though such models lack the capacity to provide an 
estimation of Peff. 

4.2.2.1. Assay protocol. The disappearance of a drug from the perfusion 
solution is by far the easiest measure to determine the intestinal 
permeability for the drug in the perfused segment, as no blood samples 
need to be collected and analysed. Peff is calculated from the decrease in 
drug concentration between the inlet (Cin) and the outlet (Cout) of the 
intestinal segment, taking into account the perfusion flow rate (F) and 
the radius (R) and length (L) of the perfused intestinal segment, ac
cording to Eq. (14): 

Peff = F ×

(

− ln
(
Cout

Cin

))

×
1

2πRL (14) 

Drug concentrations are most often quantified using HPLC along 
with an appropriate detection method (e.g. UV absorbence, mass spec
troscopy) though direct UV absorbence or fluorescence has also been 
employed. The outlet concentration should be corrected for the water 
flux across the intestinal mucosa during perfusion, either gravimetri
cally or by using a non-absorbable marker in the perfusion solution 
(Sutton et al., 2001). The calculation further assumes that no other 
processes than permeation or water flux affect the drug concentration in 
the perfusion solution. Sinko et al. and Fagerholm and co-workers found 
correlations for passive drug permeability values between the rat in
testinal perfusion and human single pass jejunal perfusion (Amidon 
et al., 1988; Fagerholm et al., 1996). In rats, this experimental approach 
has been applied to determine the effective intestinal permeability for 
over 90 drugs (Dubbelboer et al., 2019). However, care should be taken 
to ensure that the difference between Cin and Cout can be accurately 

Fig. 5. Schematic representation of (A) open loop and (B) closed loop intestinal perfusion, and (C) intra- intestinal instillation in rats. Adapted from Stappaerts 
et al. (2015a). 

Fig. 6. Schematic representation of the in situ intestinal perfusion technique (single-pass) in rats, including a comparison between the different methods to assess 
permeation. The coloured areas are optional, depending on the selected method: drug disappearance from the perfusion solution (green), drug appearance in the 
systemic circulation (blue) or drug appearance in the mesenteric vein draining the perfused segment (yellow). 
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quantified. For moderate to low permeability molecules, the difference 
can be small (< 10%), resulting in an inaccurate assessment of Peff 
(Dahlgren et al., 2019). In this case, one may attempt to increase the 
difference between Cin and Cout by extending the time available for 
absorption (e.g., increased segment length, reduced perfusion flow rate, 
or using a closed-loop instead of single-pass perfusion), but this is still 
usually insufficient for low permeability drugs. 

Recently, Dahlgren et al. proposed the appearance of a drug in the 
systemic circulation following intestinal perfusion as a more accurate 
measure to determine the Peff for low permeation drugs (Dahlgren et al., 
2019). During the intestinal perfusion, blood samples are collected from 
the femoral artery to assess a systemic concentration-time profile. 
Deconvolution of this profile allows calculating the absorption rate, and 
thus the Peff. A disadvantage is the need for i.v. PK data of the drug in the 
animal model to compensate for intestinal and hepatic first-pass 
extraction during deconvolution. The approach has been successfully 
applied to assess intestinal permeability in rats, dogs and humans 
(Ailiani et al., 2014; Dahlgren and Lennernäs, 2019; Sugano, 2021). 

To avoid the need for intravenous PK data and deconvolution, in
testinal permeability in perfusion models can also be determined based 
on a drug’s appearance in the mesenteric vein that drains the blood from 
the perfused segment. The mesenteric vein is cannulated and blood 
samples are quantitatively collected at predefined time intervals. To 
maintain the hemodynamic balance in the animal, donor blood is sup
plied via the jugular vein. The Papp can then be determined based on the 
slope of the cumulative amount of drug appearing in the mesenteric 
blood samples over time (dQ/dt), taking into account the radius (R) and 
length (L) of the perfused intestinal segment, and the donor concentra
tion in the perfusion solution (Cdonor), according to Eq. (15): 

Papp =
dQ
dt

×
1

Cdonor
×

1
2πRL (15) 

This calculation assumes a stable donor concentration during 
perfusion, implying that the preferred perfusion flow rate (around 1 mL/ 
min in rats) is typically higher in this method as compared to the flow 
rate during disappearance-based permeability determination (around 
0.2 mL/min in rats). Obviously, the obtained apparent permeability 
values reflect drug permeation across the intestinal mucosa rather than 
uptake into the intestinal monolayer and cannot be directly compared to 
effective permeability values. Permeation evaluation based on mesen
teric blood sampling is not straightforward to implement as a rapid 
screening tool in a drug discovery or development setting, as the can
nulation of the fragile mesenteric vein requires advanced technical skills 
and sensitive and robust analytical assays for the drugs in blood or 
plasma are essential. From a research perspective, however, evaluating 
permeation based on drug appearance in the mesenteric vein rather than 
disappearance from the perfusion solution, opens additional possibilities 
for intestinal perfusion studies in animals (Stappaerts et al., 2015a). 
Firstly, the method can accurately evaluate not only high and moderate 
permeability drugs, but also low permeability drugs. Secondly, the 
method allows a deeper evaluation of the biochemical barrier function 
of the intestine on drug absorption, including the impact of transporters 
and metabolizing enzymes in enterocytes. Finally, the method can 
handle scenarios in which the luminal drug concentration is affected by 
processes other than permeation, including non-specific binding to 
perfusion tubing or the intestinal mucosa, as well as luminal drug 
degradation, dissolution or precipitation. In those cases, it is advised to 
determine the absorptive flux (J) (Eq. (16)), rather than the Papp, since 
the luminal drug concentration (Cdonor) is not stable: 

J =
dQ
dt

×
1

2πRL (16)  

4.2.2.2. Considerations in study design. Irrespective of the method of 
permeability assessment, the in situ intestinal perfusion approach in 
animals is highly technically demanding and many factors may affect 

the outcome of the experiments. In a recent meta-analysis of 635 
permeability determinations using intestinal perfusion in rats, Dubbel
boer et al. observed high variability in permeability values obtained in 
different laboratories and even within the same laboratory (Dubbelboer 
et al., 2019). Although several factors (including rat strain, experimental 
method (single-pass versus closed-loop perfusion), pH of the perfusion 
solution, donor concentration, intestinal region) were explored, none 
could be identified to explain this variability. Therefore, permeation 
data from different intestinal perfusion studies should not be compared 
directly, unless reference molecules are included, such as atenolol (for 
paracellular transport) and metoprolol (for transcellular transport). 

When planning in situ intestinal perfusion studies, several aspects 
need to be considered. Depending on the drug of interest and the pur
pose of the study, the method of permeability determination should be 
carefully selected and the experimental setup adjusted accordingly (see 
above and Fig. 6). Irrespective of the method, permeability calculations 
should be based on steady-state data (i.e., a constant absorption rate). 
During the perfusion experiments, care should be taken to maintain the 
normal physiology of the animal as much as possible. For this reason, 
ketamine/xylazine or inactin are preferred anaesthetic, as their impact 
on intestinal functions is limited Ailiani et al., 2014; Saphier et al., 
2020). The body temperature of the animal should be maintained by the 
use of a heating pad or an overhead lamp in combination with a rectal 
thermometer. To maintain the hemodynamic balance in the case of 
mesenteric blood sampling, blood pressure should be monitored 
throughout the experiment, and donor blood should be infused through 
the jugular vein at a similar rate as the mesenteric blood flow. At the end 
of the perfusion experiment, the surface area of the perfused intestinal 
segment (described as a smooth cylinder) needs to be assessed to allow 
calculation of the permeability coefficient (see Eqs. (14) and ((15)). 
While the radius is usually estimated to be 0.2 cm for rat small intestine 
and 0.35 cm for rat colon, the segment length needs to be measured. 
Although this seems a trivial task, the elasticity of the intestine makes 
this measurement a source of variability and standardization between 
experiments is needed. 

Apart from experimental factors, inter-subject differences may 
further increase the variability in permeation assessment using the in
testinal perfusion technique in animal models. In mechanistic studies 
that compare the impact of multiple conditions on permeation, each 
tested in a different group of animals (e.g. drug-drug or drug-food 
interaction studies), these inter-subject differences may confound 
possible condition-dependant effects. To reduce this issue, a differential 
in situ perfusion experiment can be considered, in which the condition- 
dependant effect is evaluated within the same group of animals by 
exposing the perfused intestinal segment in each animal to a sequence of 
two or three conditions (Brouwers et al., 2010; Hanafy et al., 2001). The 
rat intestinal perfusion method is considered as very valuable as rat and 
human have similar drug intestinal absorption profiles and similar 
transport proteins expression patterns in the small intestine, while the 
two species have different expressions for intestinal tissue metabolizing 
enzymes (Cao et al., 2006). 

4.2.2.3. Ability to predict in vivo permeability. Despite being technically 
complex and labour-intensive, the in situ intestinal perfusion technique 
in animals still has a prominent position in biopharmaceutical research 
and drug development, not only as a pure permeability assessment tool 
but recently also as a dynamic and integrated absorption tool. The close 
resemblance with the in vivo situation, including the intact membrane 
integrity, biochemical barrier functionality, physiological feed-back 
systems, blood flow and innervation, makes the in situ intestinal perfu
sion technique in animals the most physiologically relevant and versatile 
non-clinical tool to assess the intestinal permeation of drugs. Strong 
correlations between Peff in rats and human fraction absorbed have been 
demonstrated (Lennernäs, 2014), supporting the predictive value of the 
technique and its role in the BCS classification and biopharmaceutical 
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selection of drug candidates (Caldeira et al., 2018; Dezani et al., 2017; 
Lozoya-Agullo et al., 2015b). The ability to perform regional permeation 
studies in the small and large intestine is important for the rational 
development of modified release formulations (Lozoya-Agullo et al., 
2015a; Roos et al., 2017). In addition, numerous studies have reported 
on the use of the intestinal perfusion technique to better understand the 
interaction of drugs with the physical and biochemical barrier function 
of the intestinal mucosa, and to identify potential drug-drug, drug-food, 
and drug-excipient interactions (Stappaerts et al., 2015a). In this 
respect, the use of knockout mice, deficient for specific transporters or 
enzymes, extends the possibilities even further (Mols et al., 2009). 
Recently, intestinal perfusion in rats, combined with blood sampling, 
has become a versatile tool to investigate the dynamic interplay between 
intestinal drug permeation and intraluminal processes simulated in the 
perfusion media, such as drug dissolution, precipitation, solubilization 
and degradation. Examples include absorption studies with ester pro
drugs, nanoparticles and lipid-based formulations (Presas et al., 2021; 
Roos et al., 2018; Stappaerts et al., 2015b; Yeap et al., 2013b, 2013a). 
The integration of intraluminal processes in the intestinal perfusion 
technique is possible thanks to the robustness of the perfused intestine to 
biorelevant media, as was illustrated by the use of human and simulated 
intestinal fluids as perfusion media to explore food-effects on drug 
permeability (Stappaerts et al., 2014). An extensive overview of appli
cations of the in situ intestinal perfusion technique in animals can be 
found in recent reviews (Dahlgren and Lennernäs, 2019; Dezani et al., 
2017; Stappaerts et al., 2015a). 

4.2.2.4. In situ intra-intestinal instillations. The in situ intestinal perfu
sion methods, in either human or animal models have proven useful in 
measuring Peff and to identify the mechanisms underlying drug ab
sorption, and their robustness has led to their identification as suitable 
methods for determining permeability class by drug product regulators 
(Davit et al., 2016; FDA, 2017). However, such studies can be difficult 
and cumbersome to perform, particularly during drug product devel
opment, where comparison of drug absorption from numerous formu
lation approaches may be required. In situ, intra-intestinal instillations 
have been used as a simpler alternative to intestinal perfusion studies in 
such cases, allowing determination of intestinal epithelial transport and 
absolute or relative bioavailability in development settings. In these 
instillation studies the intestinal segment of interest, often the jejunum 
and occasionally the colon, is isolated using occluding ligatures in 
anaesthetized rats, before a solution/ suspension preparation of the 
formulation of interest is injected directly into the isolated intestinal 
segment – represented schematically in Fig. 5C (Aguirre et al., 2015; 
Maher et al., 2009). Such an administration approach maintains the 
benefit of in situ perfusion in providing a best-case scenario approach for 
delivery of formulations to the intestine, bypassing the stomach, which 
may be beneficial as an early screening tool for novel formulation 
platforms prior to oral gavage studies (Presas et al., 2018; Sladek et al., 
2020). As with in situ intestinal perfusion, by-passing the stomach, and 
administration directly into the intestine allows direct measurement of 
intestinal epithelial transport as it reduces variability in exposure due to 
acid lability, gastric transit and digestion by pancreatic secretions 
(Taverner et al., 2015). 

Following the intestinal instillation, a PK or pharmacodynamic (PD) 
response of interest is monitored for a fixed time-period in order to 
compare the extent of absorption of the administered preparations. 
Presas et al. used such an approach when assessing the potential for 
cyclodextrin based nanoparticles to deliver insulin glulisine (Presas 
et al., 2018) using an aqueous solution as a subcutaneous control in both 
cases. Determination of plasma concentrations of insulin glulisine 
following intestinal administration allowed calculation of the relative 
bioavailability (Frel) according to Eq. (17) 

Frel(%) =
AUCinstallation × Dosecontrol
AUCControl × DoseInstallation

× 100 (17)  

where AUCinstillation is the area under the concentration curve over the 
instillation period, four hours in this case, and AUCControl is the area 
under the plasma concentration versus time curve after injection of 
control formulation over the same time-period. The pharmacodynamic 
response was also monitored in this case, as measured by reduction in 
blood glucose following administration (Presas et al., 2018). Taverner 
et al. (2015) have further developed this approach to identify the 
mechanisms which limit the bioavailability of insulin as being either 
related to enteric or hepatic related extraction, by sampling both the 
systemic and portal circulation, allowing direct quantification of the 
extent of epithelial transport in the small intestine (Taverner et al., 
2015). Overall, the intestinal instillation method facilitates characteri
sation of intestinal epithelial transport in drug development, prior to 
further formulation related challenges, such as the impact of gastric and 
pancreatic secretions. 

4.2.3. In vitro permeation studies using excised human or animal tissues 
Diffusion chambers to assay fluxes across isolated intestinal tissue 

mucosae from GI regions originate from the original Ussing chamber 
(Ussing and Zerahn, 1951), which was first used to measure electrogenic 
ion transport across epithelial tissue mucosae. Typically, chamber res
ervoirs have equal volumes of physiological Kreb’s Henseleit (KH) buffer 
on the apical and basolateral sides of the intestinal epithelium, with a 
carbogen gas air-lift system to maintain a mixed circulation at a pH of 
7.4, along with an outer water jacket to maintain 37 ◦C (Westerhout 

Fig. 7. Diagram of the key components of Ussing-type systems for epithelial ion 
transport and diffusion studies across isolated intestinal mucosae. (A) the 
original design used for frog skin by Ussing & Zerhan (1951), reproduced with 
permission. Abbreviations: A and A′: voltage-sensing electrodes; a: air tubes; B 
and B′: current electrodes; C: two half-chambers; S: isolated skin; D: battery; W: 
voltage clamp to zero (i.e., short-circuited); P: voltmeter; M: the microammeter. 
(B) a modern compact chamber design for drug diffusion with lower volumes of 
bathing fluids and single perspex materials. (C) TNO’s InTESTine™ system 
designed for high throughput in a 24 well plate. Image reproduced from (Ste
vens et al., 2019) with permission. 
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et al., 2015). Fig. 7A shows Ussing’s design for epithelial ion transport 
and how it has been modified for drug diffusion (7B). Measurement of 
electrophysiological parameters is recommended as part of flux pro
tocols and these are monitored by an integrated Voltage Clamp system. 
Ag/AgCl voltage and current electrodes are set in agar or glass bridges 
and they provide real time measurement of open-circuit electrical po
tential (PD, mV) and short-circuit current (Isc, µA.cm− 2), from which 
transepithelial electrical resistance (TEER, Ω•cm2) is calculated. Itera
tions for diffusion studies are designed with low donor and receiver side 
volumes and single surface perspex, important when using expensive 
molecules and in avoiding surface binding, respectively. Tissue mucosae 
are stripped of their longitudinal and circular muscle within 30 min of 
excision and are mounted between the two chamber halves, with win
dow areas ranging from 0.2 – 1.2 cm2. This dissection allows the tissue to 
be stretched over the window pins and provides more reliable electro
physiological data than non-stripped tissue because the surface area 
calculation is more accurate. The system is designed to measure trans
epithelial flux from the apical to the basolateral side of the mounted 
tissue over a period of 120 min, while monitoring TEER, and then 
examining tissue histology at the end of the period. By using several 
donor-side concentrations, a molecule’s Papp can be calculated from the 
slope of the linear part of the flux curve (following an initial lag phase) 
according to Eq. (18): 

Papp = dQ
/
dt × 1

/
A ⋅ C0 (18)  

where dQ/dt is the transport rate across the epithelium (mol.s− 1), A is 
the surface area of the cell monolayer, and C0 is the initial concentration 
apical donor compartment (mol•ml− 1) (Kisser et al., 2017). 

Mucosal sites to study electrophysiology and drug diffusion include 
duodenum, jejunum, ileum, and colon. These are sourced primarily from 
rats (Forner et al., 2017; McCartney et al., 2019), and mice (Feighery 
et al., 2008). Sources used less commonly are pigs (Aschenbach et al., 
2002), dogs, rabbits and monkeys (Jezyk et al., 1992), as well as humans 
(Söderholm et al., 1998). In view of a study showing that the permeation 
enhancer, salcaprozate sodium (SNAC), acted in the stomach of ligated 
dogs to facilitate delivery of semaglutide (Buckley et al., 2018) (the basis 
of the mechanism of absorption of Rybelsus®, Novo-Nordisk, Copen
hagen, Denmark), there is renewed interest in examining isolated 
stomach mucosae as a permeation enhancement site, where the dissec
tion method for rat is available (Hopkins et al., 2002). 

4.2.3.1. Assay protocol. Minor variations on the Ussing chamber pro
tocol for intestinal tissue have been published by several labs. Differ
ences in buffers, dissection methods, and chamber design are the main 
variants. A step-by-step protocol for murine tissue was published by 
Clarke (Clarke, 2009) in which chamber designs, trouble shooting, and 
electrophysiology interpretations were discussed. Kisser et al. (Kisser 
et al., 2017) also wrote a protocol for human intestinal tissue in which 
the emphasis was on drug transport and metabolism. For murine and 
human tissue, samples can be small and may require chamber adapta
tion by vendors or lab workshops. In respect of porcine and bovine 
sourcing from abattoirs, there is an emphasis on maintaining tissue in 
ice-cold buffer and reducing the time taken to mount tissue in chambers. 
Much of the literature on human tissue originates from the Artursson lab 
where they carried out nanoparticle uptake studies in human jejunal 
tissue in the Ussing system as part of the EU TRANS-INT FP7 project 
(Lundquist and Artursson, 2016). The technique is also useful to assess 
particle uptake by intestinal Peyer’s patches from ovine and bovine 
sources where a mini-diffusion chamber was designed with a protocol 
using a horizontal format of the perfusion setup (Soni et al., 2006). Much 
focus has been on testing permeation enhancers on isolated human colon 
due to good access to tissue from colonoscopies in local hospitals (Fat
tah et al., 2020). Major contributions to assay development were made 
by the Ungell lab at Astra-Zeneca Pharma (Sweden), where 28 drugs 
were assessed for fluxes in Ussing chambers across four human intestinal 

regions (Sjöberg et al., 2013). The use of the Ussing chamber by phar
maceutical companies for screening permeability of large numbers of 
molecules reflects their high analytical capacity, which typically ex
ceeds that of academic labs. 

Basal Papp value ranges for paracellular flux markers including [14C]- 
mannitol, FITC-4000, and Lucifer Yellow are required when examining 
effects of permeation enhancers, as these values are established within 
and between labs. When KH or adapted buffers are used, high salt 
compositions need to be checked for compatibility with HPLC, uHPLC 
and LC-MS/MS, especially when used with peptides. Routine 
haemotoxylin-eosin (H & E) histology to assess tissue damage can 
confirm if an enhanced flux is due to artefact or compromised tissue. 

4.2.3.2. Considerations in study design 
4.2.3.2.1. Advantages of the method. The versatile Ussing chamber 

system allows a series of molecules to be compared for Papp values across 
intestinal regions isolated from rats and humans. This gives comparative 
data, which can inform oral solid dosage formulation approaches. This 
aspect can be improved by using buffers more relevant to luminal 
compositions found in regions of the rat and human GI in vivo (Wuyts 
et al., 2015). Other uses are in the investigation of paracellular and 
transcellular mechanisms of permeability, screening of intestinal 
permeation enhancers (within concentration constraints), and effects on 
electrophysiology and histology. The technique is also useful to probe 
whether carrier-mediated transport across the epithelium is present 
(Gleeson et al., 2017), or whether P-glycoprotein and other efflux pumps 
play a role (Huang et al., 2018); which is important when assessing 
possible DDIs. Drug transport can be linked to expression and function of 
proteins in the different GI regions of different species. Additional in
formation on functional changes in epithelial ion transport can be 
ascertained in the same assay. The technique can also be used to assess 
uptake of particulates by advanced imaging. 

Generations of graduate students have been trained in the Ussing 
chamber technique. Skills to be practised are speed of consistent 
dissection of epithelial tissue from delicate small intestinal regions. 
Modern systems comprise banks of six chambers in a single unit and 
occupy much less lab space than the original Ussing system. Consider
able assay expense is, however, associated with LC-MS/MS, use of ELI
SAs or radiolabelled payloads assayed through liquid scintillation 
counting to measure low concentrations of permeated molecules on the 
basolateral side of mucosae. An alternative lower cost assay option is to 
use fluorescently labelled payloads. It is important to rule out artefacts 
in fluxes from fractions of labelled materials obtained through meta
bolism or chemical degradation of the API in transit, so HPLC, uHPLC 
and LC-MS/MS are useful tools to confirm flux of unlabelled molecules. 
Troubleshooting requires establishing a mass balance so that all API is 
accounted for, showing that TEER is within an acceptable range for the 
tissue (thereby confirming accurate dissection), and that there are no 
physical leaks between the two chamber halves. 

4.2.3.2.2. Limitations. Isolated intestinal mucosae are devoid of 
blood supply and have limited viability beyond 120 min in the cham
bers. Because the dissected tissues are delicate, the ability to withstand 
biorelevant buffers is low, although recent work suggests that modified 
fasted simulated small intestinal fluid (FaSSIF) with lower concentra
tions of bile salts and lecithin may be tolerated on the apical side of 
tissue mounted in chambers from specific small intestinal regions 
(Forner et al., 2017, 2016). Without such modifications, payload per
formance in the milieu of the GI tract will be difficult to model. The 
system has physiological deficiencies and cannot model dilution, 
spreading, and absorption present in the dynamic GI environment in 
vivo. The static feature means that intestinal permeation enhancers are 
presented in a best-case scenario in terms of maintaining apical-side 
concentration for an extended period, though this can provide useful 
initial screening information on permeation enhancers, such as SNAC, 
sodium caprate or glyceride/ macrogol based surfactants e.g. Labrasol® 
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ALF (caprylocaproyl macrogol-8 glycerides) (Maher et al., 2016; 
McCartney et al., 2019). Yet, because the tissue is delicate, the range of 
concentrations of most enhancers that can be tested have an upper limit 
in view of the membrane damage seen at high concentrations that 
induced permeability. Similarly, solvents cannot be used at concentra
tions higher than 1% v/v if artefacts in fluxes are to be avoided. Finally, 
the technique is based on solution-solution flux unlike the design of 
Franz Cells for transdermal delivery, so it is limited to admixtures in 
solution and not solid-dose formulations. Despite these limitations, 
fluxes across rat, canine, and human intestinal mucosae mounted in 
adapted diffusion chambers can relate well to absorption in humans, at 
least across small molecule datasets. The technique offers quite low 
throughput overall. A typical design would be to use four regions from a 
single rat in a four-hour protocol, repeated for a second rat the same day 
for an N = 2 for each region. Human and porcine tissues are obtained 
from hospital operations and abattoirs, respectively; such supplies can 
be irregular and are usually some distance from the lab, thereby 
reducing tissue quality and lowering throughput compared to lab ani
mals. Von Erlach et al. (von Erlach et al., 2020) have established a ro
botic system based on 96-well plates to address low throughput for fresh 
porcine jejunal mucosae and for mucosae grown as explants for several 
days. They used this chamber design as a rapid screen of tens of excip
ients in pairs to boost flux of oxytoxin without damaging tissue. Stevens 
and co-workers (Stevens et al., 2019) from TNO (The Netherlands) have 
also increased throughput for isolated human intestinal tissue mounted 
in a disposable 3D-printed two compartment systems designed for 6- and 
24-well plates, the InTESTine™ system (Fig. 7C). The InTESTine™ 
system has also been utilised with mini-pig intestinal tissue in combi
nation with biorelevant matrices, demonstrating that porcine jejunal 
tissue may be a suitable alternative to human intestinal tissue in such 
setups, though further characterisation of metabolism and transport in 
porcine intestinal tissue is necessary to improve predictability of such a 
set-up (Westerhout et al., 2014). 

4.2.3.3. Ability to predict in vivo permeability. The ability to predict the 
in vivo permeability is central to the rationale for investment in the 
technology by the pharmaceutical sciences, both in academia and in
dustry. Working with a limited range of small molecules, Lennernas and 
co-workers found correlations for passive drug fluxes between the 
Ussing method with rat intestinal tissue and human single pass jejunal 
perfusion (Lennernäs et al., 1997b), but noted deviations in respect of 
carrier-mediated transport which is subject to species variation. Sjoberg 
et al. (Sjöberg et al., 2013) found a sigmoidal relationship between Papp 
values obtained in isolated jejunal and colonic mucosae and the fraction 
absorbed from those regions following oral administration of selected 
molecules to humans. Because data from humans was used in that study, 
carrier-mediated flux and efflux pumps could be compared and used for 
in vivo prediction. In respect of intestinal permeation enhancers, 
Dahlgren et al. (Dahlgren et al., 2018) reported that the Ussing method 
tended to over-predict efficacy of a selection of enhancers relative to rat 
single pass perfusion studies, reflecting limitations of the static system 
where concentrations of enhancers can be maintained for up to 120 min 
in the absence of the dilution and spreading seen in vivo. Table 3 sum
marises key attempts to relate flux data from isolated intestine mounted 
in Ussing chambers with human oral absorption. 

4.2.4. In vitro permeation across a monolayer of cultured epithelial cells 
The use of cultured Caco-2 monolayers of human intestinal epithelial 

cells grown on semi-permeable filters for the screening of drug fluxes 
was pioneered by the labs of Ron Borchardt (Hidalgo et al., 1989), Phil 
Burton (Hilgers et al., 1990) and Per Artursson (Artursson, 1990). Often 
forgotten is that the discovery and development of the Caco-2 cell line, 
from which such applications emerged, was originally made in Alan 
Zweibaum’s lab in the 1980s (Pinto et al., 1983). The Pharmaceutical 
industry sought predictive preclinical screening tools to assess molecule 

permeability, assays that would yield more useful data than artificial 
membrane systems. The Caco-2 system is still a mainstay of early dis
covery programmes and is used to provide Papp values for series of 
molecules, mechanistic data on routes of permeation, cytotoxicity data, 
as well as information on interaction with P-gp, a potential source of 
DDIs. For flux studies across monolayers, a well-stirred apical-side 
reservoir reduces the unstirred water layer above the monolayer, which 
is otherwise an impediment to fluxes of permeable lipophilic molecules 
(Hidalgo et al., 1991; Karlsson and Artursson, 1992). Monolayers have 
also recently been used retrospectively to re-examine efficacy and 
mechanism of action of two intestinal epithelial permeation enhancers, 
SNAC and sodium caprate, following extensive clinical trial experience 
(e.g. (Twarog et al., 2020)). 

Though originating from a colonic adenocarcinoma, Caco-2 cells 
express receptors and uptake carriers and transporters that better reflect 
small intestinal function. The gene expression profile and function of 
these proteins has been extensively analysed (Hayeshi et al., 2008). 
Monolayer TEER values are electrically tighter than any region of the 
human GI tract and their tight junctions are especially sensitive to being 
opened by excipients and emulsifiers (Glynn et al., 2017), the biological 
relevance of which has yet to be ascertained. Other epithelial lines used 
to obtain similar information include the canine kidney MDCK epithelial 
line, as well as variations including multidrug resistance associated 
protein-transfected and carrier-transfected MDCK monolayers to probe 
drug-drug interactions and uptake pathways (e.g. (Sasaki et al., 2001)). 
Because Caco-2 monolayers do not comprise goblet cells, the unstirred 

Table 3 
Selection of studies relating flux data from Ussing chamber studies with isolated 
intestinal mucosae from several species to human oral absorption data.  

Reference Models and molecules Relationship to in vivo 
bioassays 

Lennernas et 
al. (1997) 

Isolated rat proximal jejunum 
(Papp) versus human intestinal 
perfusion effective permeability 
(Peff) in vivo; 12 molecules, split 
between passive-and carrier 
mechanisms of permeability 

Matched rank order for 
passively-permeating 
molecules, but not for carrier- 
mediated. Peff values were 
higher 

Rozehnal 
et al. 
(2012) 

Papp of 11 molecules across human 
small intestinal and colonic 
mucosae compared to Fa 

Predicted absorption for 
poorly and moderately 
absorbed molecules 

Sjöberg et al., 
(2013) 

Papp of 25 molecules across human 
jejunal mucosae and 10 molecules 
across human colonic mucosae 
and compared them to fractioned 
absorbed from those regions in 
humans (Fa) 

Sigmoidal relation between 
Papp and Fa in both regions. 
Papp values similar for highly 
permeable molecules in both 
regions, but lower in colon for 
highly polar ones 

Wuyts et al. 
(2015) 

Papp of rat intestinal mucosae 
mounted in human simulated fed- 
and fasted state buffers and 
compared to human Fa for 16 
molecules 

Strong correlation with 
human Fa using fasted state 
buffers, whereas fed-state 
buffer over-estimated Fa 

Miyake et al. 
(2017) 

Transport Index (TI, the sum of 
tissue and basolateral drug 
concentrations) measured in rat, 
dog, and monkey small- and large 
intestinal mucosae versus human 
Fa for FITC-dextran 4000 (FD-4), 
atenolol, and metoprolol 

Good prediction between TI 
obtained in rat and dog 
mucosae for human Fa in both 
regions for the three drugs 

Arnold et al. 
(2019) 

Papp values cross porcine small 
intestinal mucosae in KH and 
biorelevant buffers compared to 
Peff in humans for 11 molecules 
ranging across the 
Biopharmaceutical Classification 
System (BCS) 

Good correlation for passively 
permeating molecules in all 
buffers; contribution of P-gp 
and Cytochrome P4503A4 
demonstrated 

Stevens et al. 
(2019) 

Papp of 10 molecules across human 
intestinal tissue mounted in a 
miniaturised device 
(InTESTine™) for 24 well plates 
versus Papp in Ussing chamber and 
versus Fa in humans 

Very close correlation 
between the two in vitro 
assays; good correlation with 
fa in humans  
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water layer above the monolayer does not contain protective mucus. A 
consequence is an increased sensitivity to cytotoxic effects of excipients 
compared to in vivo. This has led to co-culture variations in which Caco-2 
cells were, for example, co-cultured with mucus-producing HT29-MTX 
cells in order to better mimic flux (Lozoya-Agullo et al., 2017), as well as 
with Raji B lymphocytes to convert Caco-2 cells to M-like cells of the 
Peyer’s patch in order to study particle uptake (Beloqui et al., 2017). 

4.2.4.1. Assay protocol. A definitive standard operating procedure for 
the Caco-2 bioassay for permeability studies was produced as a Nature 
Protocol by the Artusson lab (Hubatsch et al., 2007). Fig. 8A shows a 
cartoon of the typical monolayer on a filter. In the protocol, the authors 
emphasise bi-directional transport and efflux ratio calculations in 
examining the role of efflux pumps, basolateral side sampling details, 
calculation of Papp, values, quality control, and troubleshooting in 
relation to assay of permeated molecules by HPLC and LC-MS. Useful 
notes were given on how to interpret flux data using the paracellular 
markers [14C]-mannitol and Lucifer Yellow, the importance of main
taining sink conditions with a maximum of 10% flux on the basolateral 
side, use of < 1% w/v DMSO as a solvent for molecules added to the 
donor side to avoid flux artefacts. A more comprehensive discussion of 
solvent systems used in these models, including the use of biorelevant 
media is provided in Section 5 of this review. Inclusion of 4% bovine 
serum albumin in the receiving basolateral well can reduce non-specific 
binding of lipophilic drugs, but its inclusion can create an extra sink 
which has to be factored into Papp calculations. 

4.2.4.1.1. Validation/acceptance criteria. Reference molecules are 
used as internal standards to establish a validated range of low, mod
erate, and high fluxes of passively transported molecules across Caco-2 
monolayers. This is necessary because of large inter-lab variability in 
fluxes even for the same reference molecule. The 2017 FDA guidance for 
industry on “waivers of in vivo bioavailability and bioequivalence studies for 
immediate release solid oral dosage forms based on a BCS” gives an 
extensive set of molecules fulfilling criteria for high, moderate, and low 
permeability (mapped to fa from human PK studies) (FDA, 2017). 
Reference molecules demonstrating negligible permeability are also 
needed to establish membrane integrity. The Guidance advises that 
these reference molecules should be used to establish and validate 
permeability assays in a lab, which applies to Caco-2 monolayers being 
used to provide Papp values for BCS Class I drug products in search of 
biowaivers. A reference lab must therefore establish a set of Papp values 
based on a minimum of 20 molecules across a range of permeabilities to 
produce a correlation curve mapping Papp across monolayers with fa in 

humans. 
More specifics in relation to use of Caco-2 monolayers were given in 

the subsequent ICH “harmonised guidelines on biopharmaceutics classifi
cation system-based biowaivers”, which came into effect in 2020 (ICH, 
2020). Because Caco-2 have variable expression of uptake transporters 
(PepT1, OATP2B1, MCT1) and efflux pumps (e.g. P-gp, BCRP, MRP2), 
the ICH guideline also states that any flux data used to argue for bio
waivers is limited to passively permeable molecules. Nonetheless, a 
reference set of molecules is provided for which efflux ratios can be 
established, denoting functional expression of P-gp in monolayers: 
digoxin, vinblastine, paclitaxel, and rhodamine-123. The ICH guide re
quests that TEER values of monolayers be provided before and after 
molecule exposure, as part of QA to establish maintenance of monolayer 
integrity TEER value ranges depend on the passage and clone used and 
range from 300 Ω .cm2 up to 1800 Ω .cm2. If studies are internally 
controlled, absolute TEER values are less important than relative 
changes comparing values to the starting TEER of the monolayer. 

4.2.4.2. Considerations in study design 
4.2.4.2.1. Advantages of the method. Caco-2 monolayers are useful 

in early discovery to assess basal permeability of a series of molecules. 
They are also of importance for industry in determining a molecule’s 
Papp in respect of BCS Class I molecules as a route to a biowaiver for 
expensive human studies. Flux assays are simple to carry out and 
analytical tools give reliable data in physiological buffers. Monolayers 
also give information on uptake pathways of molecules and particulates 
and these can be probed using pharmacological inhibitors and with 
advanced imaging. The Caco-2 cell line possesses many of the known 
intestinal uptake transporters, and assessment of permeability in both 
the presence and absence of transport inhibitors has been used to 
facilitate DDI assessment, while transfection with cDNA resulting in 
efflux transporter expression has also been carried out to identify sub
strates for and inhibitors of efflux in vitro (Sun et al., 2008). In addition, 
calculation of Caco-2 permeability has been utilised in prediction of in 
vivo pharmacokinetics as a vital input into PBPK models, as outlined in 
Section 3.3 (Kostewicz et al., 2014). 

Caco-2 monolayers are a standard methodology that can be estab
lished in most labs with basic tissue culture expertise. Lamson et al. 
(Lamson et al., 2019) recently calculated that tissue culture mainte
nance of a 24-well plate of Caco-2 Transwells® for 21 days costs ~$170 
per plate, so consumable costs on a large project using many filters can 
be high. Analytical methods such as scintigraphy, fluorescence, confocal 
microscopy, HPLC, and LC-MS/MS need to be factored into costs. 

Fig. 8. (A) Cartoon of a Caco-2 monolayer grown on a semi-permeable filter. (B) Correlation of human fraction absorbed (fa) from historical PK data and apparent 
permeability coefficients (Papp) determined in the Caco-2 model. Dotted line represents cut-off values for fa of 50% and 85%. Graph reproduced from Jarc et al. 
(2019) with publisher permission. 
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Through-put can be adapted for robotics in 96 well and 356 well plates 
with automated TEER value capacity and sampling. Flux assays can be 
completed within 24 h using mature monolayers. 

4.2.4.2.2. Limitations. One of the main limitations of the Caco-2 
monolayer system is that it takes cells up to 21 days to differentiate, 
which requires logistical planning to keep throughput high. Efforts have 
been made to reduce this period by altering the culture medium 
composition to a 3-day system (Lamson et al., 2019). In addition to the 
exceptionally high TEER values of monolayers, Caco-2 tight junctions 
seem to be overly sensitive to potential tight junction openers, a result 
that can yield false positives in terms of screening for enhancers and 
cytotoxicity. Overall, monolayers have not been very predictive of 
enhancer efficacy in less reductive models, but a corollary is that if en
hancers show no efficacy in the monolayer system, they are unlikely to 
do so in animal models. Finally, Caco-2 cells express carriers and efflux 
pumps to a variable extent compared to human intestinal tissue 
(Ölander et al., 2016), although some standardisation can be addressed 
by transfecting cells following knock-out of the defined genes of interest 
(Ye et al., 2020). There are also drawbacks for their use in metabolism 
studies, as Caco-2 do not express cytochrome P450 3A4, though this can 
be induced by culturing in the presence of Vitamin D3 (van Breemen and 
Li, 2005). The advantages and limitations of Caco-2 in permeability 
studies and intestinal transporter research have been summarised by 
Sun et al., (Sun et al., 2008). Overall, while industry uses in silico 
methods and PAMPA systems to estimate passive permeability, Caco-2 
monolayers continue to be used in parallel for pre-clinical studies 
where they can provide additional biological mechanistic information 
on transport processes (Kerns et al., 2004). 

4.2.4.3. Ability to predict the in vivo permeability/ correlations with in vivo 
data. The most important aspect is whether fluxes of molecules across 
Caco-2 relate to fa from oral formulations in humans. Numerous aca
demic and industrial labs have attempted to make such a correlation 
over several decades and the results show linkage, at least for highly 
passive-permeable molecules moving across the epithelium (Cheng 
et al., 2008; Sun et al., 2004). Yet, as more detail emerged on the vari
ability of carrier and transporter expression in Caco-2, it became 
apparent that correlations in respect of molecules permeating by such 
pathways across the human intestine were unreliable. 

Regulatory guidance documents have therefore encouraged oral 
drug developers to show that their in-house Caco-2 method is suitable as 
an in vitro permeability assay to allow permeability classification. One 
recent example (Jarc et al., 2019), demonstrated a correlation coeffi
cient of 0.86 across 21 reference molecules versus human fa (Fig. 8B), 
along with demonstration of P-gp function and expression of 84 trans
porters. Pertinent findings were that all molecules with fa of >85% were 
accurately classified using the Papp value for metoprolol as the reference 
for highly permeable agents, whereas molecules with fa < 84% tended to 
be underestimated according to the Papp values obtained. Reasons 
offered for the discrepancy for moderately permeable molecules were 
the restricted paracellular pathway in Caco-2 (underestimates the true 
flux of hydrophilic molecules), sequestration of lipophilic molecules by 
Caco-2 cells, non-specific binding, along with reduced expression of 
uptake carriers. 

4.3. In vitro permeation using cell-free permeation tools 

The permeability methods discussed in this section are all less labour 
intensive and time consuming than both in vivo and in situ methods as 
well as cellular methods. On the other hand, cell-free permeation tools 
cannot predict carrier-mediated transport. However, for the vast ma
jority of drugs described in literature, passive (transcellular) transport is 
the primary pathway of intestinal absorption (Sugano et al., 2010). Even 
in cases with substantial contribution of carrier-mediated transport, 
cell-free permeation tools are regarded useful to clarify permeation 

pathways when combined with other techniques (e.g. Caco-2) (Kerns 
et al., 2004). Cell-free permeation tools may be classified, according to 
their barrier type, into two classes: 1) biomimetic barriers that contain 
(phospho)lipids and 2) non-biomimetic barriers that are lipid-free. 
Biomimetic cell-free permeation tools include the parallel artificial 
membrane permeation assay (PAMPA) (Kansy et al., 1998), the phos
pholipid vesicle-based permeation assay (PVPA) (Flaten et al., 2006) 
and the Permeapad® model (di Cagno et al., 2015). In a broad sense, 
non-biomimetic cell-free permeation tools are based on dialysis mem
branes (molecular weight cut off (MWCO) <14 kDa). Examples are the 
artificial membrane insert (AMI) system (Berben et al., 2018a), poly 
(dimethyl siloxane) (PDMS) membranes (Lovering and Black, 1973; 
Sinko et al., 2017) or hollow fibre membrane modules (Blanquet et al., 
2004) based on e.g. poly(ether sulfone) (Hate et al., 2017). Berben et al. 
recently provided an overview on cell-free permeation tools and their 
applications (Berben et al., 2018a). 

With regard to their application in oral drug delivery research, cell- 
free permeation tools can be divided into two main categories, 1) 
permeability profiling of drug candidates (discussed in section 4.3.1) 
and 2) predictive biopharmaceutical characterisation of formulations 
(discussed in section 4.3.2.). The best practice conditions of these two 
applications are described separately because the aim and working hy
pothesis differ substantially. An overview of cell-free permeation bar
riers, their components, and construction/preparation is given 
inTable 4. Table 5 and Table 6 summarise the literature on predictive 
biopharmaceutical characterisation of formulations using cell-free 
permeation tools. Specifically, Table 5 summarises permeation 
devices/set-ups and Table 6 gives an overview of literature comparing 
the in vitro results to in vivo absorption data. 

4.3.1. Permeability profiling of drug compounds using cell-free permeation 
tools 

4.3.1.1. Assay protocol. The experimental set-up for permeability 
profiling using cell-free barriers is basically the same as for in vitro 
permeation studies using tissue or cell-based barriers. The set-up con
sists of a donor and a receiver/acceptor compartment separated by a 
barrier. Cell-free permeation set-ups come in a variety of geometries that 
range from small-volume devices (e.g. 96-well plates) to devices with 
larger volume (e.g. side-by-side cells). Independently of the barrier and 
the device, the Papp is typically derived from the amount of drug 
reaching the receiver within a given timeframe and is calculated using 
one of two main approaches. In the first approach, the permeability is 
calculated from a single measurement of the drug concentration in the 
receiver and the donor compartment after a given incubation time, may 
be expressed either as percent transport or as apparent permeability 
coefficient following correction for incubation time and membrane 
surface area (see e.g. (Wohnsland and Faller, 2001; Zhu et al., 2002)). 

In the second approach, the drug amount in the receiver compart
ment is determined at several timepoints. The permeability is then 
derived from the slope of the linear part of the cumulative permeation 
curve (i.e. the cumulative amount of drug permeated per area vs time 
interval), which is referred to as (steady-state) flux. To calculate the Papp 
value, the steady-state flux is normalized by the (measured) drug con
centration in the donor at the beginning of the experiment, as per Eq. 
(19) (see e.g. (P. Berben et al., 2018b; di Cagno et al., 2015; Flaten et al., 
2006)). 

Papp =
J

A(CD − Ca)
(19)  

where J is the observed flux rate at steady-state, as assessed from the 
linear section of a permeated amount vs time graph, A is the surface area 
of the barrier and Cd and Ca are concentrations of solution in donor and 
acceptor chambers, respectively. Where sink conditions are maintained, 
the concentration of drug in the acceptor chamber can be negated, and 
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Table 4 
Overview of cell-free permeation barriers, including their components and preparation method.*.  

Category Cell-free permeation tool Components of the barrier Preparation of the barrier Reference(s)*** 

Biomimetic PAMPA Filter support (e.g. hydrophobic PVDF), 
(phospho) lipids dissolved in an organic solvent (e.g. 10%  
egg-lecithin in n-dodecane)** 

The filter is impregnated with a solution of (phospho)lipids in 
an organic  
solvent (1–20% lipid content). Pre-dissolved phospholipid 
solution is available  
(Pion Inc., Billerica, MA, USA). 

(Avdeef et al., 2001; Kansy et al., 1998; Sugano et al., 
2001; Zhu et al., 2002) 

Hexadecane method (HDM) 
PAMPA 

Polycarbonate filter, 
n-hexadecane 

The filter is impregnated with 5% hexadecane in hexane, 
hexane is evaporated  
on standing (>10 min). 

(Wohnsland and Faller, 2001) 

Precoated PAMPA PVDF filter support, lipid/oil/lipid tri-layer The tri-layer is formed by coating the filter stepwise with 
hexadecane (i.e. ‘oil’)  
and phospholipids dissolved in hexane, hexane is evaporated 
on standing. Available  
as ready-to-use format (Corning Inc., New York, USA). 

(Chen et al., 2008) 

PVPA Filter support (mixed cellulose ester), liposomes (from e.g. egg 
phosphatidylcholine)** 

Small and large liposomes prepared by film hydration/ 
extrusion are deposited  
stepwise on the filter support by centrifugation starting with 
the small liposomes.  
Alternatively, large liposomes are formed after depositing 
small liposomes by a  
freeze/thaw cycle. 

(Flaten et al., 2006; Naderkhani et al., 2014) 

Mucus-PVPA As PVPA, mucin To prepare the mucus-PVPA, a suspension of mucin is pipetted 
onto the PVPA  
barriers directly before the experiment. 

(Falavigna et al., 2018) 

Permeapad® Two polymeric support sheets (e.g. cellulose hydrate),  
phospholipids (e.g. soy phosphatidylcholine) 

Phospholipids are deposited in between two support sheets. 
The barrier has thus a ‘ 
sandwich’ structure. Available as ready-to-use format (innoME 
GmbH, Espelkamp,  
Germany) 

(di Cagno et al., 2015; Jacobsen et al., 2020) 

Non- 
biomimetic 

Cellulose membranes (e.g. 
AMI-system) 

e.g. regenerated cellulose (MWCO <2 kDA) (used in  
AMI-system) 

Ready-to-use, wetted before the experiment (P. Berben et al., 2018b) 

PDMS membrane poly(dimethyl siloxane) Dependant on the pdms type. available as two-part elastomer 
kits consisting of a  
polymer base and a curing agent (e.g. sylgard 184, dow 
corning, midland, mi, usa).  
available as ready-to-use membranes (e.g. silastic®) 

(Garrett and Chemburkar, 1968; Sinko et al., 2017) 

* Abbreviations used in Table 4: AMI, artificial membrane insert, HDM, hexadecane method, MWCO, molecular weight cut-off, PAMPA, parallel artificial membrane permeability assay, PDMS,  
poly(dimethylsiloxane), PVDF, polyvinylidene fluoride, PVPA, phospholipid vesicle-based permeation assay. 
** Variants of PAMPA and PVPA are reviewed in (Berben et al., 2018a). 
*** References solely describe drug permeability profiling applications. 
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Table 5 
Overview of (dissolution/)permeation devices/set-ups used for biopharmaceutical characterisation of formulations including their geometries and employed barriers. 
*.  

Setup Brief description Barrier Area 
[cm2] 

Volume 
Donor 
[mL] 

Volume 
Acceptor 
[mL] 

A/VDonor 

[cm− 1] 
Reference** 

96-well plate A ‘sandwich’ of two 96-well plates (i.e. a 
bottom plate and an insert plate). The insert 
plate comprises the membrane. 

PAMPA 0.3 – – – (Bendels et al., 
2006) 

PAMPA-HDM 0.3 0.2 0.3 1.5 (Miller et al., 
2012a) 

Precoated PAMPA 0.3 0.3 0.2 1.0 (Beig et al., 
2015) 

Permeapad® 0.15 0.2 0.4 0.75 (Nazir et al., 
2020) 

Dialysis membrane (i.e. 
Permeapad® Plain Plate) 

0.15 0.3 0.2 0.5 (Jacobsen 
et al., 2019b) 

Reusable 96-well high- 
throughput dialysis 
device (HTD 96b) 

A 96-well plate assembled of 8 PTFE blocks. 
Each well is vertically separated into a 
donor and receiver by a dialysis membrane 
strip. 

Dialysis membrane (MWCO 
12–14 kDa 

– 0.15 0.15 – (Holmstock 
et al., 2013) 

AMI-system The membrane is mounted between two 
plastic rings. The assembly is placed in a six- 
well plate. 

Regenerated cellulose 
(MWCO 2 kDa or 25 kDa) 

4.91 0.7 2 7.38 (P. Berben 
et al., 2018c) 

Membrane filter inserts Membrane filter inserts are placed in a 
carrier plate (6, 12 or 24-wells) 

PVPA – – – – (Kanzer et al., 
2010) 

PVPA ±mucus – – – – (Falavigna 
et al., 2018) 

Vertical membrane flux 
cell 

A vessel build on the µDiss Profiler (Pion 
Inc.). 

PAMPA 4.90 5 10 0.98 (Stewart et al., 
2017b) 

Franz-cell A donor and a receiver cell separated by a 
barrier horizontally 

PDMS (Silastic®) 1.6 1 5 1.6 (Pellett et al., 
1994) 

Permeapad® 0.64 5 1 0.13 (Volkova 
et al., 2018) 

Cellulose membrane 
(MWCO 12–14 kDa) 

1 8 2 0.13 (Fong et al., 
2016) 

Side-by-side diffusion 
cells 

A donor and a receiver cell separated by a 
barrier vertically 

PAMPA 0.64 3 3 0.21 (Ruponen 
et al., 2018) 

Permeapad® 1.77 7 6 0.25 (Sironi et al., 
2017a) 

Hydrophilic cellulose 
hydrate membrane 

1.77 5 5 0.35 (Sironi et al., 
2017b) 

Regenerated cellulose 
(MWCO 6–8 kDa) 

7.1 30 30 0.24 (Raina et al., 
2015) 

µFLUX™ A side-by-side cell set-up with broad 
openings for UV-probes. 

PAMPA 1.54 20 20 0.08 (Tsinman 
et al., 2018) 

Regenerated cellulose 
(MWCO 1 kDa) 

1.54 18 18 0.09 (Borbás et al., 
2018b) 

PermeaLoop® Receiver and donor vessels connected to a 
pump and permeation cells with a spiral- 
shaped interior via tubing. 

Hydrophilic cellulose 
hydrate membrane 

27.6 20 35 1.38 (Sironi et al., 
2018) 

Permeapad® 27.6 20 35 1.38 (Ilie et al., 
2020) 

Tangential flow 
absorption model 
(TFAM) 

Based on a tangential flow filtration (TFF) 
unit. A dissolution vessel, a dissolution 
buffer reservoir, a pump and a TFF unit 
connected with tubing. 

Stabilized cellulose based 
membrane (Hydrosart®; 
MWCO 5 kDa) 

50 100 – 0.5 (Haering 
et al., 2020) 

Dissolution vessel 
combined with dialysis 
bag 

A dialysis bag (receiver) is submerged into a 
dissolution vessel (donor). 

Regenerated cellulose 
tubular membrane (MWCO 
50 kDa) 

– 200 5 – (Hens et al., 
2015) 

Hollow fibre membrane 
module (absorptive 
dissolution testing 
apparatus) 

A dissolution vessel, a receiver, a buffer 
reservoir and two pumps connected with 
tubing to a hollow fibre membrane module. 

Dialysis membrane 
(polyethersulfone; MWCO 
10 kDa) 

115 100–400 flow- 
through 

0.29–1.15 (Hate et al., 
2017) 

BioFLUX USP 1 or 2 dissolution apparatus with 
incorporated absorption compartment 

PAMPA 3.69 250 20 0.015 (Borbás et al., 
2019) 

MacroFLUX™ USP 1 or 2 dissolution apparatus with 
incorporated absorption compartment 

PAMPA 3.80 1062 13 0.004 (Borbás et al., 
2018a) 

UTLAM absorption 
system 

Based on rotating membrane diffusion cell PDMS (Sylgard 184 kit) 21.8 250 70 0.09 (Sinko et al., 
2020) 

TNO’s TIM-1 and tiny- 
TIM 

A multicompartment system simulating the 
gastro-intestinal tract. 

Hollow fibre membrane 
dialysis type (MWCO 5.8 
kDa) 

– – – – (Blanquet 
et al., 2004) 

Hollow fibre membrane 
microfiltration type (pore 
size 50 nm) 

– – – – (Dickinson 
et al., 2012) 

Polysulfone plasma filter 
(50 nm cut-off) 

– – – – (Verwei et al., 
2016) 
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thus equation can be simplified to Eq. (20) 

Papp =
J

A(CD)
(20) 

Since Papp is normalized by the donor starting concentration and 
surface area, Papp values obtained using different concentrations and 
different geometries should be directly comparable (provided that sink 
conditions are maintained and the thickness of unstirred water layer is 
comparable, see below). An advantage of the single time-point approach 
is the low number of samples making it suitable for high-throughput 
applications. Disadvantages are that a single measurement does not 
give information about a possible lag-time (i.e. time needed to reach 
steady-state flux) nor at which point sink conditions are exceeded. 

When setting up a cell-free permeation assay for permeability 
profiling, the experimental parameters should be chosen such that sink 
conditions are ensured. This means that over the duration of the 
experiment, 1) the concentration of dissolved drug in the donor 
compartment should be maintained and 2) the concentration of dis
solved drug in the receiver compartment is virtually ‘zero’. To ensure 
that sink conditions are maintained, the following parameters should be 
considered carefully: media composition, starting concentration of the 
drug in the donor compartment, drug solubility in the donor and 
acceptor media, as well as sampling timepoint(s), sampling frequency 
and volume. Especially when the receiver volume to barrier surface area 
ratio is small or the drug is poorly soluble, sink conditions may collapse 
rapidly resulting in non-steady state permeation rates. Addition of sur
factants or albumin to the receiver can help to reduce the concentration 
of (molecularly) dissolved drug and thus maintain sink conditions 
(Bermejo et al., 2004). Also, unspecific adsorption to plastic material or 
membrane retention, which often is observed with poorly soluble drugs, 
can be reduced by addition of surfactants/albumin, as further discussed 
in section 5. 

Other experimental parameters that generally should be considered 
are: temperature (Sironi et al., 2017a; Vizserálek et al., 2014), pH 
(Flaten et al., 2008; Jacobsen et al., 2020; Kerns et al., 2004) and mixing 
conditions (Avdeef et al., 2004; Borregaard Eriksen et al., 2021; 
Jacobsen et al., 2020). Mechanical agitation is said to reduce the 
thickness of the so-called ’adherent/unstirred water layer’ and is con
ducted using shaking, stirring, or pumping. Though an influence of 
stirring or shaking is not always observed on permeability (within limits 
of barrier integrity) (Flaten et al., 2007). Considering the many relevant 
experimental parameters, one should keep in mind that even when using 
the same cell-free permeation tool, permeability values may not be 
comparable in an absolute manner when the experimental conditions 
differ. 

4.3.1.2. Considerations in study design. Poorly soluble drugs represent 
an extraordinary challenge when determining permeability. In these 
cases, the drug concentration in the donor side is low leading to even 
lower concentrations on the receiver side, thereby challenging quanti
fication. Some researchers have suggested adding the drug in a water- 
miscible vehicle (e.g. DMSO-solutions) into the aqueous donor side 
and/or to use surfactants to overcome poor water-solubility. Several 
reports indicate, however, that Papp values from donor solutions con
taining significant amounts of solubilizing additives may be lower than 
those obtained with merely aqueous donors (Beig et al., 2012; Fischer 
et al., 2011a). With the aim of increasing in vivo relevance, the use of 
artificial intestinal fluids as the donor medium has been suggested. The 
authors of this review, however, do not recommend calculating Papp 
values in cases, where the donor contains both molecularly dissolved 
and solubilized drug (see Section 4.3.2). 

When permeability profiling is conducted using additives e.g. 

surfactants/co-solvents, the barrier stability in the presence of these 
additives should be validated. Barrier stability can be studied by e.g. 
measuring the electrical resistance (Fischer et al., 2011a) or by 
measuring the permeability of ‘zero’ permeability markers e.g. lucifer 
yellow (Liu et al., 2003) or calcein (Bibi et al., 2015). The stability of 
PAMPA, PVPA, Permeapad® and AMI-system in the presence of 
co-solvents, surfactants, other excipients, and biomimetic media has 
previously been reviewed (Berben et al., 2018a). 

4.3.1.3. Ability to predict in vivo permeability. To attain a reliable cell- 
free assay for drug permeability profiling, the range of permeability 
values that typically are obtained using a given tool with given experi
mental conditions should be established. Such a ‘calibration’ is con
ducted using low and high permeability markers and is necessary to 
interpret permeability data. Typically, the permeability values are or
ders of magnitude lower than those from intestinal perfusion experi
ments (Dahlgren et al., 2015) but are in the same order of magnitude as 
Caco-2 permeability values (Zhu et al., 2002). The applicability of 
permeability profiling using cell-free tools is usually demonstrated by 
correlating the in vitro permeability to fa. Commonly, this yields a hy
perbolic correlation and has been reported for PAMPA (Kansy et al., 
1998; Zhu et al., 2002), PVPA (Flaten et al., 2006) and Permeapad® 
(Jacobsen et al., 2020). This correlation consists of two regions, a steep 
slope region and a plateau region where low/moderate permeability 
compounds (Fa=0–80%) and high permeability compounds are found 
(Fa=80–100%), respectively. Thereby, drug compounds can only be 
categorized broadly with respect to their permeability. The absorption 
potential of compounds falling within the steep slope region is especially 
difficult to assess due to the very broad range of fa values found in this 
region. 

Even though the broad categorization into low and high permeability 
compounds is a limitation, the low cost and easy application justifies 
using cell-free permeation tools for permeability profiling in drug dis
covery. Ready-to-use tools or tools with a simple preparation technique 
and small-volume permeation devices are advantageous (see Table 4, 5 
and 6, ). Permeation devices in 96-well format are particularly suitable 
for (automated) high-throughput drug permeability assays with liquid 
handling systems (Flaten et al., 2009). 

4.3.2. Cell-free permeation tools in formulation development 
Within formulation development, cell-free permeation tools are used 

to investigate how excipients or formulations influence permeation 
behaviour. For this, permeation is often combined with dissolution to 
mimic the complete absorption process (Berben et al., 2018a; Boyd 
et al., 2019; Butler et al., 2019). Whereas drug permeability profiling is a 
well-established application (with PAMPA being conducted routinely by 
many pharmaceutical companies), formulation development using 
cell-free permeation tools is a less established application, even though 
it was first described in 1973 (Lovering and Black, 1973). Recently, 
interest in this application is increasing with a vast number of set-ups 
described in literature (see Table 5 and 6). 

4.3.2.1. Assay protocol. As described in Section 4.3.1., the basic 
(dissolution/) permeation set-up for formulation development consists 
of a donor and a receiver/acceptor compartment separated by a cell-free 
barrier. Also, the formulation performance/excipient effect is evaluated 
from the amount of drug reaching the receiver over a given timeframe, 
which may be supported by dissolution data. However, a Papp value 
typically cannot be calculated because the drug concentration in the 
donor is not constant during the experiment and/or the drug is present 
in different ‘dissolved’ states (e.g. complexed drug or micelle bound 

* Abbreviations used in Table 5: AMI, artificial membrane insert, HDM, hexadecane method, MWCO, molecular weight cut-off, PAMPA, parallel artificial membrane 
permeability assay, PDMS, poly(dimethylsiloxane), PVPA, phospholipid vesicle-based permeation assay, UTLAM, ultrathin large-area membrane. 
** As reference the first publication found in literature where a given device/set-up was used with a given barrier is provided. 
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Table 6 
Summary of literature comparing in vitro (dissolution/)permeation and in vivo 
absorption. The summary includes the (dissolution/)permeation set-up/device 
(see also Table 5) and barrier (see also Table 4) employed, the formulation(s) 
studied, and the in vivo model used for comparison.*.  

Set-up/device Barrier Formulation In vivo 
model 

Reference 

96-well plate Precoated 
PAMPA 

Nanosuspension of 
efavirenz 

rabbit (Patel et al., 
2014) 

Precoated 
PAMPA 

Lyophilized 
eprosartan 
mesylate 
nanosuspension 

rat (Shekhawat 
and 
Pokharkar, 
2019) 

Permeapad® Solid mono- and 
diacyl 
phospholipid 
dispersions of 
celecoxib with 
high phospholipid 
content 

rat (Jacobsen 
et al., 2021) 

Dialysis 
membrane (i.e. 
Permeapad® 
Plain Plate) 

Tadalafil ASD 
(Soluplus® 
matrix) 

rat (Jacobsen 
et al., 
2019b) 

AMI-system Regenerated 
cellulose 
(MWCO 2 kDa 
or 25 kDa) 

Supersaturated 
loviride solutions, 
Sporanox® 
(itraconazole), 
Lipanthyl® 
(fenofibrate), 
Lipanthylnano® 
(fenofibrate), 
Noxafil® 
(posaconazole) 

human (P. Berben 
et al., 
2018c) 

Reusable 96- 
well high- 
throughput 
dialysis 
device (HTD 
96b) 

Cellulose 
membrane 
(MWCO 12–14 
kDa) 

Nano- and 
microsized 
fenofibrate 
(Lipanthyl® and 
Lipanthylnano®) 
in fasted and fed 
conditions. 

human (Hens et al., 
2015) 

Vertical 
membrane 
flux cell 

PAMPA Sporanox® and 
itraconazole ASDs 
at different levels 
of SIF 

rat (Stewart 
et al., 
2017a) 

Side-by-side 
diffusion 
cells 

Permeapad® Sub- and 
supersaturated 
LCM or MCM 
LBDDS containing 
celecoxib** 

rat (Ilie et al., 
2020) 

Polyether 
sulfone (pore 
size 0.03 µm) 

Crystalline and 
amorphous 
dispersions of 
carbamazepine 
(Eudragit® L100 
matrix) 

mice (Warnken 
et al., 2018) 

Regenerated 
cellulose 
(MWCO 6–8 
kDa) 

Enzalutamide 
ASDs (HPMC-AS 
and PVPVA 
matrix) 

rat (Wilson 
et al., 2018) 

µFLUX™ PAMPA 11 weakly basic 
drugs in normal 
and 
hypochlorhydric 
gastric conditions 
(pH-dependant 
drug-drug 
interactions; DDI) 

human (Zhu et al., 
2016) 

PAMPA Itraconazole 
ASDs, 
nanosuspensions 
and Sporanox® 

rat (Tsinman 
et al., 2018) 

PAMPA Six cyclic peptides 
in the presence or 
absence of 
Labrasol® 

rat (Gadgil 
et al., 2019) 

PAMPA rat  

Table 6 (continued ) 

Set-up/device Barrier Formulation In vivo 
model 

Reference 

Fenofibrate and 
megestrol acetate 
microcrystal- and 
nanocrystal 
suspensions 

(Imono 
et al., 2020) 

PAMPA Dipyridamole 
suspension, 
ketoconazole, 
Sporanox® oral 
solution and 
capsule 
(itraconazole) 

human (O’Dwyer 
et al., 2020) 

PermeaLoop® Permeapad® Sub- and 
supersaturated 
LCM or MCM 
LBDDS containing 
celecoxib ** 

rat (Ilie et al., 
2020) 

Permeapad® Dipyridamole 
granules 
containing an 
acidic modifier 
(fumaric acid) 

rat (Eriksen 
et al., 2020) 

Dissolution 
vessel 
combined 
with dialysis 
bag 

A dialysis bag 
(receiver) is 
submerged into 
a dissolution 
vessel (donor). 

Nano- and 
microsized 
fenofibrate 
(Lipanthyl® and 
Lipanthylnano®) 
in fasted and fed 
conditions. 

human (Hens et al., 
2015) 

BioFLUX PAMPA Sporanox® 
capsule and 
solution, SUBA- 
itraconazole 
capsule (Lozanoc/ 
Itragerm) 

human (Borbás 
et al., 2019) 

MacroFLUX™ PAMPA Micardis®, 
generic 
telmisartan 
products 

human (Borbás 
et al., 
2018a) 

PAMPA IR tablets of GDC- 
0810 meglumine 
salt, GDC-0941 
dimethylate salt 
and Compound A 
(a triprotic base) 
in normal and 
hypochlorhydric 
gastric conditions 
(pH-dependant 
DDI) 

dog, 
human 

(Li et al., 
2018) 

PAMPA Ritonavir ASD 
(HPMC-AS matrix) 
and Norvir® 

dog ( 
Ellenberger 
et al., 2018) 

ENA, a 
combined 
lipolysis/ 
permeation 
set-up 

PAMPA Fenofibrate 
LBFs** 

pig (Hedge and 
Bergström, 
2020) 

TNO’s TIM-1, 
tiny-TIM 

Hollow fibre 
membrane 
dialysis type 
(MWCO 5.8 
kDa) 

Lyophilized 
lactobacillus 
(Bacilor®), 
paracetamol IR/ 
SR tablets 

human (Blanquet 
et al., 2004) 

Hollow fibre 
membrane 
microfiltration 
type (pore size 
50 nm) 

AZD8055 
solutions and 
suspensions, 
AZD8055 
fumarate salt 
suspensions and 
tablet 

human (Dickinson 
et al., 2012) 

Hollow fibre 
membrane 
microfiltration 
type (pore size 
50 nm) 

Nine AstraZeneca 
compounds with 
>2 IR 
formulations. 

dog, 
human 

(Barker 
et al., 2014) 

(continued on next page) 
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drug). Instead, drug accumulated amounts/concentrations from a single 
or several measurement(s) are compared relatively to each other (see e. 
g. (P. Berben et al., 2018c; Jacobsen et al., 2019b; Kanzer et al., 2010; 
Tsinman et al., 2018)). Alternatively, a flux value (i.e. permeability not 
normalized according to the donor concentration) can be estimated for 
specific time intervals e.g. early or late measurements (Borbás et al., 
2019). As can be seen from Table 5 and 6 , various set-ups/devices have 
been used for (dissolution/) permeation studies with focus on formula
tion development. These range from simple 96-well plates to intricate 
hollow fibre membrane module set-ups (e.g. TNO gastric small intestinal 
model/TIM-1). In the context of device design, the geometric flexibility 
and stability of cell-free barriers is an advantage. The geometry of 
(dissolution/) permeation set-ups has gained increasing attention 
recently. Specifically, the surface area to donor volume ratio is regarded 
as an important factor to obtain a dynamic interplay between dissolution 
and permeation (Sironi et al., 2017a, 2017b) and thus in vivo relevant 
drug absorption rates (Boyd et al., 2019; Eliasen et al., 2020; Hate et al., 
2017; Sinko et al., 2020; Sironi et al., 2018). As the experimental pro
cedure highly depends on the device/set-up, the reader is referred to 
references given in Table 5 and 6 for more details. 

When setting up a cell-free permeation assay for formulation 
development, the same experimental parameters as described in Section 
4.3.1. should be considered (i.e. temperature, pH, mixing, sampling, 
receiver additives, donor media). As compared to drug permeability 

profiling applications, the composition of the donor medium should be 
considered more carefully for formulation evaluation (see Section 5.2) 
as indicated by recent studies comparing different levels of simulated 
intestinal fluids (Stewart et al., 2017a). Additionally, it should be 
considered if the parameters affect the excipient(s) (e.g. pH-dependant 
solubility). To validate a permeation assay for formulation develop
ment, a ‘calibration’ with high and low permeability markers is often not 
necessary because only a single drug is studied, and formulations are 
compared relatively to each other. More importantly, the stability of the 
cell-free barrier in presence of the excipient(s)/formulation should be 
validated using a suitable method (see Section 4.3.1). Furthermore, the 
nature of the formulation (i.e., liquid/solid, complete dosage 
form/down-scaled dosage form, etc.) should be considered when 
choosing a cell-free permeation tool and designing the assay protocol. 

Table 6 (continued ) 

Set-up/device Barrier Formulation In vivo 
model 

Reference 

Hollow fibre 
membrane 
microfiltration 
type (pore size 
50 nm) 

Celecoxib IR 
tablets (fasted/ 
fed) 

human (Lyng et al., 
2016) 

Polysulfone 
plasma filter 
(50 nm cut-off) 

Ciprofloxacin IR/ 
SR tablets 
(Ciprobay®; 
Ciproxin®), 
posaconazole 
immediate 
suspension 
(Noxafil®), 
nifedipine IR 
capsule and SR 
tablets (Adalat®), 
fenofibrate 
(Lipanthyl® 
capsule, 
Lipanthylnano® 
tablet) 

human (Verwei 
et al., 2016) 

Hollow fibre 
membrane 
dialysis type 
(MWCO 5 kDa) 

Zovirax® 
(acyclovir) tablets 
in the presence or 
absence of 
chitosan 

human (Kubbinga 
et al., 2019) 

Polysulfone 
plasma filter 
(50 nm cut-off) 

A6197 sodium salt 
IR/SR tablets, 
mini-tablets, 
pellets 

human ( 
Schilderink 
et al., 2020) 

Polysulfone 
plasma filter 
(50 nm cut-off) 

Norvir® 
(ritonavir) tablets 
in normal and 
hypochlorhydric 
gastric conditions 

human (Van Den 
Abeele 
et al., 2020) 

* Abbreviations used in Table 6: ASD, amorphous solid dispersion, DDI, drug- 
drug interaction, HDM, hexadecane method, HPMC-AS, hydroxypropyl meth
ylcellulose acetate succinate, IR, immediate release, LBDDS, lipid-based drug 
delivery system, LCM, long chain mono/di-glycerides, MCM, medium chain 
mixed glycerides, MWCO, molecular weight cut-off, PAMPA, parallel artificial 
membrane permeability assay, PDMS, poly(dimethylsiloxane), PVPVA, poly
vinylpyrrolidone vinyl acetate, SIF, simulated intestinal fluid, SR, sustained 
release. 
** The in vitro study included lipolysis. 

Table 7 
Composition of simple salt solutions and buffers used as transport media adapted 
from (Ingels et al., 2007).  

Component Hanks’ balanced 
salt solution 
(HBSS) 

HBSS-like- 
transport 
medium (TM) 

Modified Krebs 
Bicarbonate 
Ringer’s Solution 
(KBR) 

g/L mM g/L mM g/L mM 

CaCl2•2H2O 0.19 1.29 0.19 1.29 0.18 1.22 
KCl 0.40 2.72 0.40 2.72 0.37 2.52 
KH2PO4 0.06 0.41 0.06 0.41   
NaH2PO4.H2O     0.05 0.34 
MgCl2•6H2O 0.10 0.68 0.10 0.68 0.24 1.63 
MgSO4•7H2O 0.10 0.68 0.10 0.68   
NaCl 8.00 54.42 8.00 54.42 6.54 44.49 
NaHCO3 0.35 2.38 0.35 2.38 2.10 14.28 
Na2HPO4 0.05 0.34 0.05 0.34   
Na2HPO4•2H2O     0.28 1.90 
D-glucose 1.00 6.80 ad 25 mM 2.07 14.08 
HEPES or MES  10*  10   
NaOH   ad pH 7.4 or 6.5 ad pH 7.4 
NaGlutamate     0.83 5.65 
NaPyruvate     0.54 3.67 
Na2Fumarate     0.86 5.85 

*Standard HBSS does not contain a buffer: HEPES or MES (10 mM) should be 
added. 

Table 8 
Recommendations for transport media composition (adapted from Ingels et al., 
2007). Osmotic balance and pH in the systems is maintained by HBSS+HEPES 
(cell-free systems), TM (cell-based systems) or KBR (tissue-based systems). The 
composition of HBSS, TM and KBR is provided in Table 7.  

Early screening for drug permeability ranking 
Cell-free system (AMI, PAMPA, 
PermeaPad) 

Cell-based system Tissue-based 
system 

Donor: 
2% DMSO*, pH = 6.5 
Acceptor: 
Sink creating excipient**, pH =
7.4 

Donor: 
1% DMSO*, pH = 6.5 
Acceptor: 
1% DMSO*, pH = 7.4 

Donor: 
1% DMSO***, pH 
= 6.5 
Acceptor: 
1% DMSO***, pH 
= 7.4 

Mechanistic studies 
Biorelevant study Bidirectional transport mechanism 

studies 
Constant pH pH-dependant 

Donor: 
FaSSIF, pH = 6.5 
Acceptor: 
4% Albumin or 0.5% TPGS, pH = 7.4 

Donor: 
1% DMSO*, pH 
= 7.0 
Acceptor: 
1% DMSO*, pH 
= 7.0 

Donor: 
1% DMSO*, pH =
5–8 
Acceptor: 
1% DMSO*, pH =
7.4 

*DMSO 1 or 2% can be replaced by dimethylacetamide 4–5% or 1-methylpyrro
lidone 2.5.% 
**0.5% TPGS can also be used. 
***DMSO can be replaced by 0.3% Solutol. 
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4.3.2.2. Ability to predict the in vivo permeability/ correlations with in vivo 
data. Commonly, the usefulness of (dissolution/) permeation assays for 
formulation development is demonstrated by correlating the permeation 
data (and/or dissolution data) to in vivo absorption (i.e. area under the 
plasma concentration curve and/or maximum plasma concentration). 
IVIVCs have been established using various set-ups/devices by corre
lating to in vivo absorption mainly from animal experiments (see 
Table 6). Compared to in vitro testing, animal experiments are expensive 
and laborious. Furthermore, a reduction of animal experiments is 
generally desired from an ethical point of view according to the 3R 
principles of reduce, replace and refine, as outlined in Article 4 of EU 
Directive 2010/63/EU (European Parliament, 2010). One of the most 
prominent ways in which the EU supports the protection of animals used 
for scientific research is the promotion of the 3Rs principle. The prin
ciple has been widely adopted by national and international policy 
makers, health and research agencies, research institutions and com
panies. While many multinational pharmaceutical companies actively 
promote the 3Rs principle in drug development research, by reporting 
numbers of animals in testing annually, encourage implementation of 
the 3R initiatives and seek to promote the use of non-animal alternatives 
whenever possible (Zane et al., 2019), over 10 million animals are used 
in scientific, medical and veterinary research annually in Europe alone 
(European Commission, 2021). Both economically and ethically, bio
predictive in vitro testing of formulations is therefore an attractive 
alternative to traditional in vivo methods. 

5. Donor- and acceptor-media for permeability assays 

5.1. Solvent systems for permeability screening of drug compounds 

A crucial aspect of all classical in vitro permeability models is the 
choice of the transport medium (Ingels et al., 2007; Ingels and Augus
tijns, 2003). Although frequently overlooked, the donor and acceptor 
media properties can have a dramatic impact on the outcome of a 
permeability study (Aungst et al., 2000; Bibi et al., 2015; Flaten et al., 
2008; Saha and Kou, 2000; Yamashita et al., 2000). Sodium taurocholate 
(a common component of simulated small intestinal fluids) was shown 
to inhibit P-gp efflux in Caco2 monolayers, hence changing the 
measured permeation rate of cyclosporin A considerably (Ingels et al., 
2002b). In another example, Saha and Kou showed that the application 
of solubilizing excipients to enhance drug solubility in the donor 
compartment can have a variable and unpredictable effect on drug 
permeation in Caco2 monolayers (Saha and Kou, 2000). If the goal is to 
perform a biorelevant permeability study, the conditions a drug en
counters during absorption in vivo should be replicated as closely as 
possible: e.g. the media used in the donor compartment should corre
spond to the composition of human intestinal fluids, whereas the 
acceptor should represent the in vivo acceptor accurately, which acts as 
sink. In practice, a myriad of technical issues prevents the imple
mentation of this concept (Ingels et al., 2007). Some of these include 
incompatibility between the barrier and the donor media (e.g. bile salts 
can compromise the integrity of Caco-2 monolayers) (Anderberg et al., 
1992; Ingels et al., 2002b), whereas a biorelevant composition of the 
acceptor (e.g. albumin) results in laborious procedures for sample 
preparation prior to analysis, which reduces throughput and reproduc
ibility. On the other hand, if the aim is to perform a bi-directional 
mechanistic study (e.g. transporter characterization), then the media 
at both sides of the barrier should be the same. 

The issues outlined above were the reason for the historical use of 
simple buffers (see Table 7) as transport media (Mathieu et al., 1999; 
Walgren and Walle, 1999). Although the use of such a simple approxi
mation of the physiological reality facilitated the throughput of the 
assay and resolved issues with analysis and barrier compatibility, it still 
had significant disadvantages. amongst those are the adsorption and 
non-specific binding of the drug to the barrier and/or the walls of the 
experimental setup (Augustijns et al., 1993; Helen Chan et al., 1996; 

Krishna et al., 2001). These issues are even more pronounced for lipo
philic drugs, for which the low solubility of the drug in the transport 
media results in a small concentration gradient across the barrier and 
difficult-to-impossible maintenance of sink conditions in the acceptor. 
Obviously, the contrast between the simple composition of the media 
used and the real in vivo conditions was also a significant downside of the 
approach. 

To resolve the issues encountered when simple phosphate-based 
buffer solutions are used as transport media in permeability screening, 
and to bring the experimental conditions closer to the in vivo situation, a 
plethora of donor and acceptor media have been developed. For the 
purpose of the current review, the major components of the transport 
media are classified depending on their chemical properties as: (1) co- 
solvents, (2) surfactants and molecular containers and (3) biorelevant 
additives. These modified media enhance the properties of the simple 
buffered solutions by offering enhanced (apparent) solubility of the drug 
(critical for lipophilic drugs), reduced (non-specific) adsorption and/or 
increased biorelevance. In the following paragraphs, the main advan
tages, pitfalls, and representatives of each of the classes are briefly dis
cussed. At the end of the section, recommendations for the composition 
of standard transport media are presented. A comprehensive review of 
the transport media components, including individual concentration 
ranges etc. is available in the literature (Avdeef, 2012; Ingels et al., 
2007; Ingels and Augustijns, 2003). One should bear in mind that similar 
ingredients/additives may be used in combined dis
solution-/permeation-assays, i.e. in settings where the drug is not or not 
completely dissolved at the start of the experiment; here, however the 
ingredients/additives play a different role. For details see paragraphs 
4.3.2 and 5.2. 

5.1.1. Co-solvents 
A useful way to improve the solubility of poorly water-soluble drugs 

is to introduce co-solvents into the solution. Significant concentrations 
of co-solvent (up to 20%) are usually required to impact drug solubility 
(Ingels et al., 2007). In addition, considering that the magnitude of the 
solubility-enhancing effect depends on the physicochemical properties 
of both the drug and the solvent, it is difficult to define a “best” 
co-solvent. As a result, a diversity of co-solvents systems have been 
explored as transport medium and their scope of application, including 
working concentrations, have been described in detail elsewhere (Ingels 
et al., 2007; Ingels and Augustijns, 2003). One of the most widely 
accepted approaches is the use of DMSO as a co-solvent, as it is 
compatible with classical cell-based permeation models (Caco-2 cells) 
(Ingels et al., 2007). The concentrations of DMSO that are usually used 
are summarized in Table 8. It should be stressed that when using 
co-solvents one should always carefully consider their impact on the 
permeation model used: cell-based models and lipid-impregnated filters 
(PAMPA, Permeapad etc.) can be adversely affected by co-solvents, due 
to their effect on membrane proteins and lipid layer integrity. Another 
limitation of this method is that it is even further away from biorelevant 
conditions: (1) co-solvents are not present in vivo and (2) the mecha
nisms of increased solubility (solubilization in intestinal colloids) and 
sink conditions (binding to plasma proteins and blood flow) that operate 
in vivo are fundamentally different from the polarity-based concept 
applied here. Also, the concentration of the co-solvent and the used drug 
concentration should not be borderline in respect to drug solubility (in 
cases where the solvent is used only at the donor or acceptor side), in 
order to limit the possibility for precipitation due to equilibration of 
solvent concentration on both sides of the membrane. 

5.1.2. Surfactants and molecular containers 
Another approach to mitigate the poor drug solubility in simple 

buffer systems and resolve the issue with maintaining sink conditions in 
the acceptor chamber is to use surfactants or molecular containers in the 
media. Although both of these increase drug solubility, their mecha
nisms of action are different: surfactants self-assemble in colloidal 
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aggregates and solubilize drug molecules in the hydrophobic interior or 
in the palisade layer of the micelles (Vinarov et al., 2018), whereas the 
molecular containers – or complexing agents – are much larger mole
cules (oligomers) that incorporate the drug in their cavity (Fine-Shamir 
et al., 2017). The complexing excipients that have most frequently been 
used in transport media are cyclodextrins and their derivatives (Ingels 
et al., 2007), while more recently discovered compounds such as the 
acyclic cucurbit[n]urils (Ma et al., 2012) have not been evaluated yet. 
On the other hand, the structural diversity of the surfactants has 
prompted an equally diverse range of media being studied in the context 
of permeability assessment, including tocopherol PEG 1000 succinate 
(TPGS), polysorbates (Tween 20, 60, 80, 85), sodium lauryl sulfate 
(SLS), sodium oleate etc. In addition, the surface active 
polyethyleneglycol(PEG)-polypropyleneglycol(PPG) block copolymers 
of the Pluronic family (F68, L81 and P85) have also been evaluated. 

The advantage of surfactants and complexing agents over the 
cosolvent approach lies in their different solubility-enhancing mecha
nism. The drug-surfactant or drug-complexing agent interactions 
required for solubilization, allow the use of typically lower concentra
tions of the additive. The mechanism of improving drug solubility is also 
closer to the drug solubilization observed in vivo. Drug adsorption to the 
walls of the experimental set-up can also be reduced in the presence of 
surfactants like Cremophor EL (Neuhoff, 2005; Udata et al., 2003). 
Nonetheless, the compatibility of these media with cell-based models 
should be carefully evaluated, due to the possible interactions with 
membrane fluidity and transporters (Ingels et al., 2007). The application 
of surfactants in the acceptor compartment (to achieve sink conditions), 
could cause analytical issues that should also be considered. Hence, 
surfactants which do not interfere significantly with analysis must be 
selected (TPGS has been shown to be useful for various drugs) (P. Ber
ben et al., 2018b; Deferme et al., 2002; Ginski et al., 2000; Yu et al., 
1999). 

5.1.3. Biorelevant media: pH, intestinal fluids and proteins 

5.1.3.1. pH considerations. The first item to consider when selecting a 
biorelevant medium for transport studies should be the pH in the donor 
and acceptor compartments. In vivo, a pH gradient exists on two sides of 
the intestinal barrier: the acidic microclimate on the apical side of the 
small intestinal epithelium is characterized by lower pH (5.8–6.3) 
(Lucas, 1983), compared to the pH at the basolateral side (pH = 7.4). 
Systematic studies have demonstrated an improved correlation to in vivo 
data when pH gradient conditions are used in the in vitro permeability 
setup, hence this is the recommended approach for ranking studies 
(Avdeef et al., 2007; Sugano et al., 2001; Yamashita et al., 1997). 

However, the pH difference in the donor and acceptor compartments 
can impact the ionization and speciation of drugs with pKa in the same 
range (e.g. between 6 and 8), which will affect the concentration of the 
drug on one or both sides of the membrane, resulting in a change of the 

permeation rate. This is especially problematic when performing bidi
rectional mechanistic studies on membrane transporters or efflux pumps 
and can lead to incorrect (“false efflux”) or difficult interpretation of the 
results (Neuhoff, 2005; Neuhoff et al., 2003; Ungell, 2002). Therefore, 
the use of identical pH at both sides of the barrier is advised when 
mechanistic studies are considered. 

In terms of the pH compatibility of the barriers, the usual rule is also 
followed here: cell-free methods are the most robust and can sustain a 
wide variation of pHs (determined by the membrane material proper
ties), followed by the lipid-impregnated membranes (acceptable pH 
from 4 to 10 for PAMPA) and cell-based methods (pH from 5 to 8 for 
Caco-2 monolayers), whereas the pH tolerance of excised tissue is not 
well defined (Ingels et al., 2007). 

5.1.3.2. Intestinal fluid components. Bile salts are one of the main com
ponents of human intestinal fluids which are responsible for drug solu
bilization in vivo. Hence, the use of bile salts in the donor compartment 
was considered as a viable option to simultaneously resolve the issue 
with poorly water-soluble drugs and improve the biorelevance of the 
media. Several bile salt species and phospholipids have been shown to 
be compatible with lipid-impregnated membranes such as PAMPA and 
Permeapad® (Bibi et al., 2015; Markopoulos et al., 2013) and with 
cell-based models (Caco-2 cells), when passive diffusion and active 
absorptive transport were considered (Anderberg et al., 1992; Ingels 
et al., 2002b; Lo and Huang, 2000). However, care must be taken when 
assessing the impact of efflux pumps, as bile salts may have an inhibitory 
effect (Ingels et al., 2002b). 

The effect of lipid digestion products on the membrane integrity of 
lipid-impregnated filters and cell-based models has not been systemat
ically evaluated yet, hence one should be careful, especially considering 
the permeation-enhancing properties of medium-chain fatty acids on 
Caco-2 monolayers (Lindmark et al., 1998). The application of 
enzyme-containing digestion media adds another layer of complexity, in 
which unpredictable effects of the generated lipid digestion products 
can be added to those created by membrane or lipid layer degradation 
by lipases. Hence, due to the insufficient data available, such complex 
biorelevant media are currently not recommended as a best practice for 
standard cell-based or lipid-impregnated filter permeation studies. 
Similar issues could also be expected if HIF is considered as donor 
media, due to the presence of enzymes (and possibly lipid digestion 
products) therein. The viable options in cases where such highly bio
relevant conditions are a priority for the permeation experiment, are 
either to use simpler, membrane-based permeation models (e.g. AMI (P. 
Berben et al., 2018b)), or more complex ex vivo (Ussing chamber; see 
Section 4.2.2) and in situ techniques (see Section 4.2.1). 

5.1.3.3. Proteins. In vivo, sink conditions during drug absorption are 
achieved by two main factors: the constant blood flow and the binding of 
drug to plasma proteins. Hence, a biorelevant setup could include pro
teins in the acceptor compartment, which would both reduce the free 
drug concentration and facilitate the flux across the barrier. Serum al
bumin (whether present in the cell culture medium itself, or added on 
purpose) has been widely studied, and a concentration of 4% bovine 
serum albumin (BSA) has been proposed as biorelevant (Ingels et al., 
2007). Although albumin decreases drug adsorption (Chan et al., 1996) 
and promotes drug partitioning from the cell layer to the acceptor 
(Krishna et al., 2001), it was also shown to affect the BCS ranking of 
highly lipophilic new drug candidates (Saha and Kou, 2000). In addi
tion, the use of such high protein concentrations in the acceptor requires 
additional sample pre-treatment before analysis, which can impact the 
throughput and robustness of the method. 

As an alternative to proteins, sink conditions could be maintained by 
using surfactants to solubilize the permeated drug molecules. A typically 
used surfactant in this case is 0.2–0.5% TPGS, which provides sufficient 
increase of drug solubility (ensuring sink conditions), often without 

Fig. 9. Schematic overview of frequently encountered issues and proposed 
solutions for tissue-based, cell-based and cell-free in vitro permeability models 
(Ingels and Augustijns, 2003)). 
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significant analytical issues (Ingels et al., 2007). Another option is to use 
a non-specific “lipophilic sink”, as introduced in the double-sink PAMPA 
(DS-PAMPA) (Avdeef, 2012). 

5.1.4. Recommendations 
The overview provided above describes the diverse realm of possi

bilities, which is available when selecting transport media for a 
permeability study. The reason for the development of such a vast 

number of options has been to tackle the various issues related to in vitro 
permeability testing (Fig. 9). While this allows for significant flexibility 
in the study design and facilitates the work of the experienced 
researcher, it is a major challenge to anyone new in the area of intestinal 
permeability studies. The matter is further complicated by the lack of 
standardised transport media, and one could easily get lost in the myriad 
of donor/acceptor combinations, which solve one or several issues 
commonly encountered during in vitro permeability testing. Additional 

Table 9 
Summary of advantages, disadvantages and method suitability requirements of experimental measures of permeability – adapted from (Volpe, 2010).  

Class Model Advantages Disadvantages Parameters to standardize Acceptance Criteria 

Intestinal Tissue 
Based 
Methods 

In situ perfusion  • High biorelevance  
• Maintains in vivo anatomy  
• Can screen passive, active, efflux 

transport and intestinal 
metabolism  

• Expensive, complex and 
cumbersome to perform  

• Low throughput  
• Limited suitability for LP 

molecules  
• Requires surgery and 

anaesthesia  
• Ethical considerations relating 

to human/animal studies  

• Species utilised  
• Intestinal region  
• Perfusion buffer 

composition, osmolarity and 
pH  

• Perfusion rate  
• Drug analysis and Peff 

calculation  

• Peff of non-absorbable 
marker  

• Peff of highly permeable 
marker  

• Peff of active transport 
marker 

Ex vivo tissue 
diffusion  

• Can utilise either human or 
animal tissue  

• Retains intestinal anatomy/ 
physiology  

• Can screen for regional 
differences in permeability  

• Can screen passive, active and 
efflux transport and intestinal 
metabolism  

• Low throughput  
• Maintenance of tissue viability  
• Hydrodynamic/ flow 

considerations  
• Buffer biocompatibility issues  
• Tissue availability  

• Animal species and age  
• Fed/fast status of animal  
• Anaesthesia regimen  
• Stripped or unstripped 

tissue  
• Intestinal region  
• Time to equilibrium  
• Diffusion buffer 

composition, osmolarity, 
and pH  

• Monitoring of viability and 
integrity  

• Oxygenation of buffer and 
mixing process  

• Sink conditions and 
sampling method  

• Drug analysis and Papp 
calculation  

• Measure of tissue 
viability/integrity  

• Transepithelial  
• Papp of non-absorbable 

marker  
• Papp of high and low 

permeability markers  
• Papp of active transport 

marker 

In vitro In vitro cell 
monolayers  

• In vitro approach recognised by 
regulators (Caco-2 monolayers)  

• Cell cultures/ co-cultures can be 
tailored to molecule of interest  

• Increasing biorelevance in newer 
models (e.g. addition of mucus 
layer)  

• Can screen passive, active and 
efflux transport  

• Inter- and intra-laboratory 
variability  

• Labour intensive  
• Buffer and excipient 

biocompatibility  
• Only one cell type  
• Absence of mucous  

• Cell clone and passage 
number  

• Culture media composition  
• Filter type, diameter, pore 

size  
• Initial seeding density  
• Feeding regimen  
• Monolayer age  
• Transport buffer 

composition and pH  
• Transport temperature and 

time  
• Co-solvent effects on cells  
• Sink conditions and stirring 

process  
• Sampling method  
• Drug analysis and Papp 

calculation  

• Measure of monolayer 
integrity  

• Papp of non-absorbable 
marker  

• Papp of high and low 
permeability markers  

• Efflux of substrate 
molecule 

Cell free 
membranes  

• High throughput  
• User friendly preparation  
• Membrane composition can be 

tailored  
• Increasing biorelevance of 

modern membrane  
• Reduced concern regarding 

buffer biocompatibility  

• Transport may vary based on 
membrane utilised  

• Membrane dependant 
biorelevance  

• Only measures passive diffusion  

• Filter type, diameter, and 
pore size  

• Transport buffer 
composition and pH  

• Transport temperature and 
time  

• Stirring process and sink 
conditions  

• Sampling method  
• Drug analysis and Papp 

calculation  

• Papp of non-absorbable 
marker  

• Papp of high and low 
permeability markers 

In silico QSPR Modelling 
approaches  

• Limited experimental data for 
model compound required  

• High throughput  
• Low cost  
• Accessible/ open source  

• Dataset to build model may be 
limited  

• “Modelling the model of 
permeability” in the case of 
predicting Papp  

• Limited ability to predict 
transport of carrier mediated 
compounds  

• Molecular/ physicochemical 
descriptors utilised  

• Modelling approach 
implemented e.g. MLR, PLS, 
HSVR  

• Response/ output variables 
i.e. Peff, Papp, Fa, F  

• Correlation with training 
set  

• Prediction of test/ 
validation set (e.g. 
RMSE, R2)  
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caution should be exercised when the experiment is performed at 
gradient conditions, where there is a difference in the chemical 
composition of the donor and the acceptor (e.g. solvent concentration, 
pH), as the equilibration kinetics and their impact on permeation have 
not yet been studied in detail. 

To standardize the transport media composition across labs and 
facilitate comparative studies, a set of conditions to use in “standard” 
permeability studies should be available. Such a list was proposed by 
Ingels and co-workers, which still provides a useful guideline for setting 
up permeability studies in both academic and industrial conditions 
(Ingels et al., 2007). The purpose of the study (ranking, biorelevant or 
mechanistic) and the concentrations of the corresponding components 
in the donor and acceptor compartments are described in detail in 
Table 8. It should be stressed that to validate any permeation setup and 
to ensure comparison between different labs, reference compounds 
should always be characterized. For cell-free permeation methods, these 
should include at least one poorly and one highly permeable compound 
(passive diffusion). For cell- and tissue-based methods, the list could be 
expanded to accommodate active transport-dependant drug(s) and 
substrates of the efflux pumps. In a best-case scenario, a list of 10 to 20 
reference compounds is suggested for model validation (FDA, 2017; 
Ingels et al., 2007). 

Finally, the transport media suggested here may serve only as a 
guideline for researchers new to the field of intestinal absorption 
studies. To delve into the mechanisms of intestinal absorption and to 
provide results closer to the in vivo reality, it is necessary to advance the 
currently available experimental setups and transport media. However, 
one should be aware of the extensive validation that is required when 
any methodological changes are introduced, due to the multi-fold im
plications on drug permeation. 

5.2. Donor-media for combined dissolution- /permeation-testing of 
formulations 

When choosing a donor medium for combined dissolution-/perme
ation experiments, some groups argue that one should bear in mind, that 
different means to enhance the solubility of a poorly water-soluble drug 
impacts its permeability differently (summarised in (Buckley et al., 
2013)): Additives suited to solubilize the drug compound (enhanced 
apparent solubility), typically do not affect or even reduce the com
pound’s drive to overcome the membrane barrier. This holds true for 
non-ionic surfactants, bile salts, cyclodextrins or co-solvents (Beig et al., 
2013; Fischer et al., 2011b; Frank et al., 2012b; Miller et al., 2012b, 
2011). In contrast, formulations suited to generate a supersaturated 
state (enhanced concentration of molecularly dissolved drug) enhance 
the compound’s drive to overcome the membrane barrier. Examples for 
the latter are amorphous solid dispersions, nanoparticles, weak bases 
within pH-modified formulations or under pH-jump conditions (Eriksen 
et al., 2020; Frank et al., 2012a; Sironi et al., 2017b). But, solubilizing 
and supersaturating conditions often co-exist and combined dis
solution-/permeation can be useful to elucidate the mechanistic inter
play (Frank et al., 2012a; Jacobsen et al., 2021, 2019b, 2019a) if 
properly designed. To this end, it is regarded counterproductive to add 
solubilizing agents to the donor beyond those that are part of the 
formulation. The only exception from this general rule are bile-salts if 
one wishes to mimic physiological luminal conditions. The acceptor 
medium should be selected such that maximum trans-barrier gradients 
are achieved and maintained throughout the whole experiment. In this 
respect the recommendations given in paragraph 5.1.4 in terms of sol
ubilizing additives hold true for combined dissolution-/permeation 
setups as well. 

6. Method comparability, validation and acceptance criteria 

The range and variety of approaches outlined above, developed to 
assess drug permeability within the GIT is broad, with each approach 

demonstrating its own unique characteristics and challenges. With such 
a range of approaches for permeability assessment, it is critical that a 
developed method is shown to be reliable, accurate and appropriate for 
the compound assessed and the likely route of absorption (Matsson 
et al., 2005; Volpe, 2010; Xu et al., 2021). Such characteristics are 
determined by the models’ ability to reliably predict in vivo perme
ability, as described in the relevant section for each approach above. In 
addition to the ability to forecast in vivo permeability, sources of vari
ation need to be considered both between and within the methods uti
lised. One of the most widely utilised applications for permeability 
assessment is in permeability class assignment (according to the BCS) in 
support of waivers for in vivo studies during drug development, as pro
moted by global regulators (Cardot et al., 2016; Davit et al., 2016; Eu
ropean Medicines Agency, 2010; FDA, 2017; ICH, 2020). According to 
the guidance, as directed by the seminal BCS paper by Amidon et al. 
(1995) high permeability is demonstrated when the fraction absorbed is 
>85%. Thus, while such compounds are designated as ‘highly perme
able’, the criterion is in fact indirectly based on extent of absorption 
within the GIT (Benet and Larregieu, 2010), meaning that in vivo studies 
as outlined in Section 4.1 are the preferred method of determining 
permeability class (FDA, 2017; ICH, 2020). Such approaches allow the 
fullest consideration of the dynamic ADMET process in vivo, including 
regional differences in absorption, the complex luminal environment 
and the effects of first pass metabolism (Amidon et al., 2011; Bransford 
et al., 2020). 

However, if permeability is to be determined via methods other than 
in vivo pharmacokinetic studies, the challenges of standardisation and 
method suitability are paramount. Permeability estimates for the same 
drugs will vary both between methods and between laboratories, 
regardless of the method implemented, thus it is critical that the suit
ability of the method is validated (Hidalgo, 2001; Ingels et al., 2002a; 
Volpe, 2010). This is particularly pertinent where permeability mea
surement via these mechanisms is used to support high permeability 
classification in a regulatory filing but applies also to the utility of 
permeability assessment during drug development. A general approach 
to method development, standardisation and validation was proposed 
by Volpe (Volpe, 2010, 2008). This approach is split in to three stages; 
method development, demonstration of IVIVC and permeability mea
surement of new compounds. The first step is to develop, optimise and 
parameterise the experimental method, taking into consideration the 
experimental variables which may affect assay performance, as outlined 
in the relevant section above and summarised in Table 9. In order for 
method suitability to be demonstrated, a range of model drugs need to 
be utilised to demonstrate a rank-order correlation between experi
mentally determined permeability values and fraction absorbed in 
humans. These model compounds should represent a range of perme
ability values, including non-absorbed markers (e.g. inulin, mannitol), 
low permeability (LP; e.g. famotidine, nadolol), moderate permeability 
(MP; e.g. furosemide, atenolol) and high permeability (HP; e.g. meto
prolol, theophylline). Once the assay has been developed and demon
strated to be suitable, utilisation of the same experimental procedure 
allows for permeability measurement and classification of new com
pounds. Depending on the method utilised, additional validation may be 
required, such as assessment of cell monolayer or tissue integrity by 
means TEER measurement, or characterisation for the presence/ 
absence or abundance of uptake or efflux transporters by means of 
application of known standards subject to transport via such mecha
nisms. Table 9 summarises the approach to methods parameterisation, 
the associated acceptance criteria as well as the advantages and disad
vantages of in situ, ex vivo, in vitro and in silico methods of permeability 
screening. 

7. Concluding remarks 

Accurate assessment of a drugs intestinal permeability is of critical 
importance during the drug development process, serving to guide both 
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drug development and regulatory decisions. While such measurements 
may be inferred or estimated directly from physicochemical and mo
lecular descriptors of molecule structure, in vivo, in situ, ex vivo and in 
vitro techniques continue to be the mainstay of intestinal permeability 
assessment. From a regulatory perspective, the concept of high perme
ability is intrinsically linked to the fraction of an administered dose that 
is absorbed and in vivo assessments of drug absorption or pharmacoki
netic study in humans remain the gold standard in such an assessment. 
Over the past three decades, significant development has been made in 
optimising in situ, ex vivo and in vitro techniques as predictors of human 
intestinal permeability. Such models are essential tools for predictive 
assessment of intestinal permeability in drug development, and current 
trends are focussed on increasing the biomimetic nature of such models 
with improved clinical relevance and increased correlation with human 
in vivo data, along with the overall reduction in use of animal models in 
accordance with the 3Rs principle. In addition, continued refinement of 
in silico approaches and their validation with observed in vivo data to 
accurately predict drug permeability and transport mechanisms will 
allow for more efficient assessment in drug development. The integra
tion of molecular and physicochemical based in silico modelling ap
proaches with PBPK models will allow for more accurate prediction of 
drug absorption and disposition following oral administration. Overall, 
the use of intestinal permeability assessments has profoundly impacted 
the drug development and regulatory processes. 
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Sinkó, B., 2018a. The effect of formulation additives on in vitro dissolution- 
absorption profile and in vivo bioavailability of telmisartan from brand and generic 
formulations. Eur. J. Pharm. Sci. 114, 310–317. https://doi.org/10.1016/j. 
ejps.2017.12.029. 
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Morgan, P., McGinnity, D.F., 2020. Improving the accuracy of predicted human 
pharmacokinetics: lessons learned from the astrazeneca drug pipeline over two 
decades. Trends Pharmacol. Sci. 41, 390–408. https://doi.org/10.1016/j. 
tips.2020.03.004. 

Davis, S.S., Wilding, I.R., 2001. Oral drug absorption studies: the best model for man is 
man! Drug Discov. Today 6, 127–130. https://doi.org/10.1016/s1359-6446(00) 
01653-6. 

Davit, B.M., Kanfer, I., Tsang, Y.C., Cardot, J.-.M., 2016. BCS biowaivers: similarities and 
differences among EMA, FDA, and WHO requirements. AAPS J 18, 612–618. https:// 
doi.org/10.1208/s12248-016-9877-2. 

Deferme, S., Van Gelder, J., Ingels, F., Van den Mooter, G., De Buck, S., Balzarini, J., 
Naesens, L., De Clercq, E., Kinget, R., Augustijns, P., 2002. Intestinal absorption 
characteristics of the low solubility thiocarboxanilide UC-781. Int. J. Pharm. 234, 
113–119. https://doi.org/10.1016/s0378-5173(01)00952-8. 

DeGoey, D.A., Chen, H.-.J., Cox, P.B., Wendt, M.D., 2018. Beyond the rule of 5: lessons 
learned from AbbVie’s drugs and compound collection. J. Med. Chem. 61, 
2636–2651. https://doi.org/10.1021/acs.jmedchem.7b00717. 

Dezani, T.M., Dezani, A.B., de Silva, M.M.C., dos Reis Serra, C.H., 2017. In situ intestinal 
perfusion in rodents: future perspectives for application on absorption studies and 
classification of drugs. Mini-Reviews Med. Chem. 17, 746–757. https://doi.org/ 
10.2174/1389557516666160921145613. 

di Cagno, M., Bibi, H.A., Bauer-Brandl, A., 2015. New biomimetic barrier Permeapad™ 
for efficient investigation of passive permeability of drugs. Eur. J. Pharm. Sci. 73, 
29–34. https://doi.org/10.1016/j.ejps.2015.03.019. 

Di, L., Artursson, P., Avdeef, A., Benet, L.Z., Houston, J.B., Kansy, M., Kerns, E.H., 
Lennernäs, H., Smith, D.A., Sugano, K., 2020. The critical role of passive 
permeability in designing successful drugs. ChemMedChem 15, 1862–1874. https:// 
doi.org/10.1002/cmdc.202000419. 

Di, L., Artursson, P., Avdeef, A., Ecker, G.F., Faller, B., Fischer, H., Houston, J.B., 
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Dubbelboer, I.R., Dahlgren, D., Sjögren, E., Lennernäs, H., 2019. Rat intestinal drug 
permeability: a status report and summary of repeated determinations. Eur. J. 
Pharm. Biopharm. 142, 364–376. https://doi.org/10.1016/j.ejpb.2019.07.005. 

Effinger, A., O’Driscoll, C.M., McAllister, M., Fotaki, N., 2018. Vitro and In Silico ADME 
Prediction. ADME Processes in Pharmaceutical Sciences. Springer International 
Publishing, pp. 301–330. https://doi.org/10.1007/978-3-319-99593-9_13. 

Egan, W.J., Lauri, G., 2002. Prediction of intestinal permeability. Adv. Drug Deliv. Rev. 
54, 273–289. https://doi.org/10.1016/S0169-409X(02)00004-2. 

Eliasen, J.N., Berthelsen, R., Slot, A.L., Müllertz, A., 2020. Evaluating side-by-side 
diffusion models for studying drug supersaturation in an absorptive environment: a 
case example of fenofibrate and felodipine. J. Pharm. Pharmacol. 72, 371–384. 
https://doi.org/10.1111/jphp.13218. 

Ellenberger, D.J., Miller, D.A., Kucera, S.U., Williams, R.O., 2018. Generation of a 
weakly acidic amorphous solid dispersion of the weak base ritonavir with equivalent 
in vitro and in vivo performance to norvir tablet. AAPS PharmSciTech 19, 
1985–1997. https://doi.org/10.1208/s12249-018-1060-x. 

Eriksen, J.B., Messerschmid, R., Andersen, M.L., Wada, K., Bauer-Brandl, A., Brandl, M., 
2020. Dissolution/permeation with PermeaLoop™: experience and IVIVC 

exemplified by dipyridamole enabling formulations. Eur. J. Pharm. Sci. Off. J. Eur. 
Fed. Pharm. Sci. 154, 105532 https://doi.org/10.1016/j.ejps.2020.105532. 

Esaki, T., Ohashi, R., Watanabe, R., Natsume-Kitatani, Y., Kawashima, H., Nagao, C., 
Komura, H., Mizuguchi, K., 2019. Constructing an in silico three-class predictor of 
human intestinal absorption with Caco-2 permeability and dried-DMSO solubility. 
J. Pharm. Sci. 108, 3630–3639. 

European Commission, 2021. Summary Report on the statistics on the use of animals for 
scientific purposes in the Member States of the European Union and Norway in 2018. 

European Medicines Agency, 2010. CPMP/EWP/QWP/1401/98 Rev. 1 Committee for 
medicinal products for human use (CHMP) guideline on the investigation of 
bioequivalence. 

European Parliament, 2010. DIRECTIVE 2010/63/EU OF THE EUROPEAN 
PARLIAMENT AND OF THE COUNCIL of 22 September 2010 on the protection of 
animals used for scientific purposes. 

Fagerholm, U., Hellberg, S., Spjuth, O., 2021. Advances in predictions of oral 
bioavailability of candidate drugs in man with new machine learning methodology. 
Molecules 26. https://doi.org/10.3390/molecules26092572. 

Fagerholm, U., Johansson, M., Lennernäs, H., 1996. Comparison Between Permeability 
Coefficients in Rat and Human Jejunum. Pharm. Res. 13, 1336–1342. https://doi. 
org/10.1023/A:1016065715308. 

Fagerholm, U., Nilsson, D., Knutson, L., Lennernäs, H., 1999. Jejunal permeability in 
humans in vivo and rats in situ: investigation of molecular size selectivity and 
solvent drag. Acta Physiol. Scand. 165, 315–324. https://doi.org/10.1046/j.1365- 
201x.1999.00510.x. 

Falavigna, M., Klitgaard, M., Brase, C., Ternullo, S., Škalko-Basnet, N., Flaten, G.E., 2018. 
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Gramatté, T., el Desoky, E., Klotz, U., 1994. Site-dependent small intestinal absorption of 
ranitidine. Eur. J. Clin. Pharmacol. 46, 253–259. https://doi.org/10.1007/ 
BF00192558. 
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Thu, H., Casañola-Martin, G.M., 2018. In silico assessment of ADME properties: 
advances in caco-2 cell monolayer permeability modeling. Curr. Top. Med. Chem. 
18, 2209–2229. https://doi.org/10.2174/1568026619666181130140350. 
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Roos, C., Dahlgren, D., Sjögren, E., Sjöblom, M., Hedeland, M., Lennernäs, H., 2018. 
Jejunal absorption of aprepitant from nanosuspensions: role of particle size, prandial 
state and mucus layer. Eur. J. Pharm. Biopharm. 132, 222–230. https://doi.org/ 
10.1016/j.ejpb.2018.09.022. 
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