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Abstract

Oral administration is the most commonly used route for drug delivery owing to its cost-
effectiveness, ease of administration, and high patient compliance. However, the absorption of
orally delivered compounds is a complex process that greatly depends on the interplay between
the characteristics of the drug/formulation and the gastrointestinal tract. In this contribution,
we review the different preclinical models (in vitro, ex vivo and in vivo) from their development
to application for studying the transport of drugs across intestinal barriers. This review also
discusses the advantages and disadvantages of each model. Furthermore, the authors have
reviewed the selection and validation of these models and how the limitations of the models
can be addressed in future investigations. The correlation and predictability of the intestinal
transport data from the preclinical models and human data are also explored. With the
increasing popularity and prevalence of orally delivered drugs/formulations, the need of
sophisticated preclinical models with higher predictive capacity for absorption of oral

formulations used in clinical studies will be required.
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1. Introduction

The oral route is the most preferred administration routes for existing and new chemical
compounds, with more than one-half of conventional small-molecule drugs administered orally
[1]. Despite innovations and developments in the field of drug delivery, the oral route remains
the most popular administration route, and the market share of oral solid-dosage forms is
expected to grow to 900 billion US dollars worldwide by 2027 [2]. The high patient
compliance, compound stability and low production costs associated with the oral route
medications have facilitated their popularity [3-6]. Nonetheless, to achieve effective
therapeutic concentrations, the drugs must demonstrate suitable solubility and intestinal
permeability. The poor pharmacokinetic properties of newly developed molecules have been
among the major challenges faced during the drug discovery and development phases.
Therefore, the prediction of intestinal absorption remains one of the key facets in the design
and development of drug products as it is one of the determinant factors of the efficacy of the

drugs and their delivery system [7, 8].

Drug transport across the intestinal epithelium is a complex and dynamic process that involves
numerous mechanisms and pathways. Passive intestinal transport can occur either through the
intestinal cells (transcellular transport) or through the tight junctions between adjacent
enterocytes (paracellular transport) [9]. Additionally, several energy-dependent (active),
carrier-mediated and endocytic pathways are exploited to promote compound permeation
across the intestinal epithelium [9-11]. The absorption of a compound by the intestinal
epithelium is a multivariate process, making it difficult to use a single model to accurately
predict the intestinal absorption of drugs in humans [12]. Furthermore, there are several barriers
and factors which may limit the rate and extent of intestinal absorption of orally delivered drugs
[5]. The physicochemical properties of the drug compound (such as molecular weight,
solubility, lipophilicity, and stability) and formulation design have significant impact on its fate
in the GI tract. Additionally, the GI tract also present several physiological and biochemical
barriers that influence the intestinal absorption [5, 13]. The mucosal layer and the intestinal
epithelium represent physical barriers, whereas the regional differences and harsh
gastrointestinal (GI) milieu constitute biochemical barriers [1, 14]. Knowledge of these factors
and barriers that influence drug absorption is necessary to develop drug formulations with

optimal therapeutic efficiency.



Achieving enhanced oral bioavailability and reducing the variability of bioavailability of
currently available and new drug entities is one of the crucial objectives in the pharmaceutical
industry [7]. To fill this gap in knowledge, an in-depth understanding of the underlying
mechanisms and different factors involved in drug absorption, along with a good predictive
model, is needed at different stages of drug development. In the early development phase,
analyzing intestinal drug absorption allows researchers to select potential drug candidates with
a desired absorption profile. The understanding of the absorption mechanism of the drug
candidate using absorption models greatly aids in developing drug delivery systems with
optimal features [8]. A number of techniques and models are used to screen and predict drug
absorption at different stages of drug discovery and development, including in silico, in vitro,
ex vivo and in vivo methodologies [3]. However, animal experiments represent intact organisms
necessary to simulate the complex interplay of different process which is crucial for studying
intestinal drug absorption. Thus, in vivo methodologies are widely used despite being
expensive, time consuming and poorly correlating with humans [15-17]. Recent developments
in molecular and cellular biology have allowed the development of powerful models and tools,
especially cell-based in vitro models, to study absorption in specific cell lines and specific
biological barriers. /n vitro methods provide less expensive, faster, more ethical and less labor
intensive options to evaluate drug absorption [18]. Furthermore, with advancements, in vitro
methods have been able to incorporate multiple cell lines and different facets (the mucus layer
and extracellular matrix) to closely mimic the conditions in the human gastrointestinal tract,
thus providing adequate predictability of the potential absorption behavior of the candidate
drug in humans [19-22]. Additionally, human cell lines are being used for improving the
predictability of in vitro transport studies [23, 24]. Ex vivo models have greater similarity,
including greater complexity, to human conditions for enhancing the predictions of intestinal
absorption while retaining advantages such as faster and systematic study, robustness and
compatibility with high-throughput processes, making them viable alternative approaches [25-
27]. However, the maintenance of tissue viability and integrity throughout an ex vivo study is
of utmost importance [28, 29]. In both the in vitro and ex vivo methods, the establishment of
system predictability and its correlation with the in vivo performance of the drug are crucial.
Overall, there are a number of models available to study drug transport, each of which has its
own benefits and limitations. In this review, different in vitro, ex vivo and in vivo models used

to study drug transport across intestinal barriers are discussed in detail.



2. Gastrointestinal tract

2.1 Anatomy and physiology

The natural progression of orally ingested nutrients in the diet involves breaking down its
components, which are then absorbed via the intestinal epithelium. Similarly, orally ingested
drugs follow the same route, but most therapeutics are poorly dissolved and/or have low
permeability, and these challenging setbacks are based on their own physicochemical
properties and on the different barriers encountered in the gastrointestinal tract (GIT) [4, 5].
Thus, it is very important to understand the physiology of the GIT and the different barriers it
presents to identify the fate of orally delivered drugs and to develop an effective drug delivery

system.

The anatomy and physiology of the human GIT has been discussed in detail in several reviews
[30-32]. In addition to its role in digestion and absorption, the human GIT also acts as a
protective barrier against unwanted pathogens and toxins and is involved in immune responses.
The dynamic nature of the GIT and regional differences in pH, enzyme activity, mucosal
thickness, drug residence time and surface area characterize site-specific absorption
capabilities [13]. The small intestine is the major site of absorption, accounting for
approximately 90% of total intestinal absorption [31, 33]. The GIT comprises four concentric
layers that are connected by connective tissue and neural and vascular networks: the mucosa,

the submucosa, the muscularis propria, and the serosa [31, 34, 35].

Several distinct cellular mechanisms, such as cell proliferation, differentiation and apoptosis,
occur in the intestinal mucosa. Intestinal epithelial stem cells are found at proliferative crypts
and differentiate mainly into two types of populations: absorptive enterocytes and secretory
cells [36-38]. The different types of cells found in the intestinal epithelium are depicted
schematically in Figure 1. Absorptive enterocytes comprise the largest population (more than
80%) of intestinal cells and renew rapidly (life span of 3-4 days). Enterocytes are polarized
cells with apical and basolateral sides and are tightly packed into a single layer. The apical
layer of enterocytes comprises well-ordered microvilli structures, which significantly increase
the surface area, thus enabling augmented absorption of nutrients [39]. Secretory cells include
goblet cells, enteroendocrine cells and Paneth cells. Goblet cells are the second most abundant

cells in the intestine and are interspersed among enterocytes. These cells are critical for



producing and secreting mucin, which is one of the major parts of the mucus layer [4, 40].
Paneth cells are found in the Lieberkiihn crypt base and are critical for secreting proteins that
can kill bacteria [26]. Enteroendocrine cells produce and secrete gut hormones in response to
stimuli such as rate of nutrient absorption, the composition of the luminal milieu and the
integrity of the epithelial barrier [41]. Secreted hormones control intestinal functions, insulin
secretion, nutrient assimilation and food intake. In addition, the intestine harbors microfold
cells (M cells), tuft cells and cup cells [42]. M cells are found in Peyer’s patches, specialized
regions in the intestine with no mucus layer protection, and exhibit low aminopeptidase
activity. The high endocytic potential of M cells allows the transport of macromolecules,
antigens and microorganisms. Furthermore, these cells are also crucial for initiating the
mucosal immune response [43]. The specific roles of tuft cells and cup cells are still unknown;
however, the involvement of tuft cells in the immune response has recently been identified

[44]. The roles of different types of intestinal cells are summarized in Table 1.

Table 1: Different types of intestinal cells and their functions

Cell type Total fraction | Functions

Enterocytes 800, The absorptive cells critical for the absorption of nutrients by the
> 0
epithelium [39].

Goblet cells These cells produce and secrete mucins, which are a major
~16% components of the mucus layer and protects the intestinal

epithelium from components in the lumen [45].

Enteroendocrine These cells coordinate gut functioning through specific hormonal
cells ~1% secretions, such as glucagon-like peptide-1 (GLP-1), somatostatin,

and Peptide YY [41].

Paneth cells These cells secrete antimicrobial proteins (lysozyme and
- phospholipases A2 (sPLA2) and defensins and are involved in

innate immunity [26].

M cells These specialized cells are involved in the transepithelial transport
<1% of macromolecules, particles, and microorganisms. They also

sensors of luminal antigens, triggering immune response [42, 43].

Tuft cells These cells have roles in the immune response by providing a
0.4% reservoir for chronic norovirus infection and contribute to thymic

function [46]

Cup cells - The specific function of these cells is not yet known [44].
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Figure 1: Graphic description of the intestinal epithelial monolayer.

2.2 Drug transport mechanisms

The transport of drug molecules across the intestinal epithelium is a complex process involving
several pathways throughout the small and large intestine (illustrated in Figure 2). Transport
can be either an active or passive process [47, 48]. Active transport involves the movement of
the molecule against a concentration gradient and requires energy consumption (direct or
indirect). On the other hand, passive transport follows Fick’s law of diffusion and involves the
passage of molecules in the direction of a concentration gradient [31, 49]. Passive transport can
be either paracellular (between neighboring cells) or transcellular (passage through the cells)
transport of drug molecules from the intestinal lumen to enter systemic circulation [31]. The
transport pathways the drug molecule follow greatly depend on the physicochemical properties
of the drug, such as size, chemical structure, and hydrophilic-lipophilic balance. For example,
low molecular weight hydrophilic molecules tend to paracellular route of transport, whereas
hydrophobic molecules can cross the intestinal epithelium by partitioning into lipid bilayers

[50, 51].
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Paracellular passage involves movement of molecules through the narrow and convoluted
water-filled intercellular space between adjacent intestinal epithelial cells. The presence of
tight junctions between adjoining cells along with the narrow pathway (10 A) greatly hinders
the passage of molecules taking this route [52, 53]. Furthermore, the paracellular space
represents a very small fraction of the total intestinal surface area (0.01%-0.1%), suggesting
that this pathway offers a limited window for absorption, and is complemented by other

transport pathways [54, 55].

Passive transcellular transport is a non-energy-dependent process and is less likely to cause
saturation or be inhibited. It might involve diffusive permeability across the cell membrane or
it might be catalyzed by transporters in non-energy dependent manner. During transcellular
passage, the molecules diffusing across the cell membrane exist as desolvated species [47].
Macropinocytosis and clathrin- and caveolae-mediated endocytosis are examples of active
transcellular pathways [56]. Carrier-mediated transport involved in drug intestinal permeability
could be via drug transporters (for some small molecules) or can be a receptor mediated
phenomenon. Carrier-mediated transport can be either active or passive, depending on the
transporters involved. In receptor-mediated transport, the drug acts as a ligand that binds to a
specific receptor on the surface of the intestinal epithelial cells. Carrier-mediated transport is a
saturable process and depends on the stereochemical specificity of the ligand interacting with
the receptor [47]. In endocytosis, molecules enter the cell after being engulfed by membrane-
attached vesicles that are pinched off from the apical membrane [57]. It enables the cell to
engulf micron-sized particles. The high transcytosis capability of M cells was demonstrated in
an in vitro system, where intestinal models of M cells showed five-fold higher transport than
intestinal models with only enterocyte-like cells [58]. The fate of the drugs undergoing cellular
internalization in these pathways is highly dependent on ligand-receptor binding combination

[59].

The membrane transporter family are classified into adenosine triphosphate (ATP)-binding
cassette (ABC) transporters and the solute carrier (SLC) transporter superfamily [4, 60]. ABC
family includes efflux transporters such as P-glycoprotein (P-gp) and multidrug resistance-
associated proteins (MRP) on both apical and basolateral side of the intestinal epithelia [10].
These transporters secrete molecules into the intestinal lumen, thus greatly interfering with
drug absorption, which in turn reduces drug bioavailability. SLC transporters include

oligopeptide transporter (PepT1/SLCI15A1), the apical sodium-dependent bile acid transporter
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(ASBT/SLC10A2), the sodium-dependent vitamin transporter SVCT1 (SLC23Al), the
sodium-dependent multivitamin transporter (SMVT/SLC5A6), the monocarboxylate
transporter MCT1 (SLC16A1), amino acid transporters (LATI/SLC7A5 and ATB®'/
SLC6A14 and the organic cation/carnitine transporter OCTN2 (SLC22A5) [4, 10]. SLC
transporters are crucial for uptake and transport of a number of drug molecules (such as

acyclovir, saquinavir and docetaxel [61].
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Figure 2: Schematic representation of transport mechanisms across the intestinal epithelium.
(A) Paracellular transport; (B) macropinocytosis; (C) clathrin-mediated endocytosis; (D)

caveolae-mediated endocytosis; and (E) transporter-mediated transport.

2.3 Intestinal barriers to oral drug delivery

To successfully achieve therapeutic concentrations after oral administration, the drug molecule
must overcome several intestinal barriers. The first barrier is the biochemical barrier present in
the GI milieu, followed by the protective mucosal layer and the physical epithelial barrier [31,
53].

Biochemical barrier: The biochemical barrier includes the pH variations found throughout the

GIT and the presence of a complex intestinal lumen [55]. The wide pH variations in the GIT

range from highly acidic pH (pH 1.5 - 3.5) in the stomach to near neutral pH (pH 6.6 - 7.5) in

the small intestine, decreasing to pH 6.4 in the cecum. These vast pH variations challenge the

integrity and stability of the drug molecules in the GIT. Additionally, complex components of
13



the intestinal lumen, including proteolytic and digestive enzymes, bile salts and pancreatic
secretions, present harsh conditions that additionally impact the solubility and stability of the
drug molecules [62, 63]. Enzymatic degradation can occur at different sites, such as the

intestinal lumen, brush border, cytosol and lysosomes [62].

Mucosal barrier: The mucus layer covering the intestinal epithelium presents another limiting
barrier for intestinal drug absorption. The mucus layer is a highly hydrated and viscoelastic
fluid that acts as a protective barrier for the underlying intestinal epithelium [45, 55, 64]. It
allows free passage of permeable nutrients, water, and small molecules but hinders the entrance
of pathogens and foreign particles [1]. The mucus layer is comprised of distinct layers.
Glycocalyx, membrane-attached mucin, is the layer residing on top of the intestinal epithelium,
where it serves as a docking system for the second layer comprising mucus [65]. The mucus
layer is comprised of mucin glycoproteins, enzymes, electrolytes and water, which acts like a
protective gel-like structure. The epithelium secretes bicarbonate ions into the mucus gel
layers, creating a pH gradient across the layer with near-neutral pH at the epithelial surface.
This bicarbonate rich mucus layer acts a protective barrier against luminal acid [66]. Moreover,
bicarbonate ions also play a vital role in regulating the viscosity of mucins and mucus by
controlling their swelling and dispersion behaviors [67]. The mucus layer acts as a protective
shield for the intestinal epithelium and defends it against pathogens, the GI milieu and foreign
particles. Mucus is highly hydrated complex heterogeneous mixture of mucin fibers, lipids,
proteins, carbohydrates, cell debris, bacteria, etc. [68]. Mucin fibers are the main components
of the mucus layer and are secreted from goblet cells (specialized intestinal epithelial cells)
[69]. Mucin fibers are glycoproteins that are rich in negatively-charged glycosylated regions
and hydrophobic domains. Mucin fibers are entangled and crosslinked with each other by
disulfide linkages and hydrophobic interactions, resulting in a dense porous structure with the
ability to sterically block large molecules/particles [45, 70, 71]. The thickness of the mucus
layer varies along the length of the GIT, with the thickest layers found in the gastric (170 pm)
and colonic (100 pm) regions. The jejunum region has the thinnest mucus layer (10 pm) [1].
The dynamic nature of mucus secretion involves its continuous renewal, in which the old layer
is recycled, digested or removed [45]. This clearance of mucus, along with the complex nature

of the mucus layer, is a major limiting factor to achieve optimal drug absorption.

Physical barrier: The intestinal epithelium presents a physical barrier against the transport of

drug molecules. The small intestine is a highly absorptive surface that acts as the major site of

14



absorption. The different types of cells found in the GIT have been discussed in the previous
section. The tight junctions (TJs) or Zona Occludens (ZO) between the intestinal cells ensure
the integrity of the epithelium [72, 73]. TJs act as rate-limiting barriers for paracellular
diffusion across the intestinal epithelium, as they limit the passage of particles with sizes
greater than 2 nm. TJs are complex structures comprising transmembrane integral proteins
(claudins and occludins), intracellular plaque proteins (ZO-1, ZO-2, ZO-3, cingulin, and 7H6),
and regulatory proteins [5, 72]. The organized interactions between these components and the
architecture of the actin cytoskeleton are essential for the assembly and functioning of TJs [5,

72, 73].

Efflux transporters are other limiting barriers for the absorption of orally delivered drugs. There
are numerous efflux transporters that are found abundantly on the apical membrane of
enterocytes, such as P-glycoprotein (P-gp), multidrug resistance-associated protein 2 (MRP 2)
and breast cancer resistance protein (BCRP). These efflux transporter along with metabolizing
enzyme cytochrome P450 (CYP) have been identified as one of the major limiting factors for
intestinal absorption [10, 74]. In addition to the barriers in GIT, other limiting factors have
considerable effects on oral drug bioavailability, such as first pass metabolism by the liver,
rapid elimination from the circulation, the immune response, and loss by unwanted uptake by

non-target cells.

2.4 Factors influencing intestinal permeability

There are several factors that determine the intestinal permeability of orally delivered drugs.
These factors are associated with the GIT (physiological, anatomical and biochemical aspects)
and the physicochemical properties of the drugs and drug delivery systems. The physiological,
anatomical and biochemical factors that influence intestinal absorption are discussed in detail
in the previous section and are summarized in Table 2. There are several physicochemical
properties of the drug molecules (molecular size, water solubility and dissolution profile, and
hydrophilic-lipophilic balance) and formulation than have an impact on their fate in vivo [10].
The involvement of several factors makes prediction of oral absorption from a drug formulation
very complicated [75, 76]. The drug solubility/dissolution and permeability of drug across the

GI membrane are the fundamental processes that regulate the oral drug absorption.

The solubility of drug in GI milieu is a perquisite for oral drug absorption, as such poor aqueous

solubility often leads to poor oral bioavailability. Poor aqueous solubility is a common
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limitation of new chemical entities, and are usually overcome by solubility enhancing
formulation approaches such as lipid-based systems, cyclodextrins, nanoparticles, co-solvents
and amorphous solid dispersions [25, 77, 78]. The solubility and dissolution of drug molecules
depend on the pH and nature of the luminal content and gastrointestinal residence time [16, 26,
79, 80]. Intestinal permeability refers to how easily a drug molecule can pass through the
intestinal wall. Mathematically, intestinal permeability is directly related to drug’s partitioning
between GI membrane/milieu, which in turn is dependent on drug solubility. Thus, there is an
interplay between the solubility and permeability, the two major factors that influence the oral

drug absorption, and it is not enough to consider them separately.

Lipophilicity is one of the major factors that is used for predicting absorption. Previously, the
octanol-water partition coefficient (Log P) was used as a tool for predicting absorption process.
However, it is now understood that using LogP alone is not accurate, as it oversimplifies a
complex process of drug transport across biological membrane [12]. The drug influx and efflux
process include both passive and carrier-mediated route. For drug molecules which are
transported mainly via passive route, there is a relationship between permeability and
lipophilicity. However, a more diverse set of molecules has been shown to follow other
mechanisms in combination with passive transport for drug absorption, in which case the

correlation between permeability and lipophilicity is deficient [12].

The hydrophilic-lipophilic balance of the molecule determines how the drug interacts with the
lipid bilayer of the intestinal epithelium, thus impacting its permeation [79]. For transcellular
passage of drugs, the drugs must demonstrate sufficient hydrophilic-lipophilic balance to
ensure partitioning of the drug from aqueous GI milieu to lipid bilayer of the cell membrane.
This route is mainly used by hydrophobic molecules. Drug molecules with low permeability
are only partially absorbed in the lipid bilayer of the membrane [12, 76]. There are several
formulation approaches used to improve the permeability profile of such drugs such as using
permeation enhancers, tight junction modulators and surfactants [4, 25, 81]. Small and
ionizable drug molecules can transit through tight junctions, which is limited to molecules
lower than 200 Da due to small pore sizes [50, 51, 82]. In the case of protein and peptide
therapeutics, several additional factors impact oral absorption, such as molecular weight, three-

dimensional conformation, charge distribution and aggregation potential [34, 83].
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Therefore, by understanding and identifying the different physicochemical properties of drugs
and physiological factors that affect drug absorption, scientists can develop advanced and

efficient formulations that can maximize drug bioavailability.

Table 2: Factors influencing the fate of drug absorption

GI aspects: Physiological Transit time
Gastric emptying
Fluid dynamics
Physiological response to feeding
Membrane receptors
Membrane transporters

GI aspects: Anatomical Gut mucosa

GI aspects: Biochemical Luminal complexation
Gut metabolism
Liver uptake

Physicochemical properties of drug molecule Solubility at GI pH
Intestinal permeability
Lipophilicity (pKa)
Molecular weight and size

Physicochemical properties of protein/peptide Immunogenicity

drugs (additional factors) Three-dimensional structure
Aggregation
Charge distribution

Formulation aspect Dosage delivery system
Release profile
Absorption enhancers
Solubilizers
Enzyme inhibitors (proteins)

In addition to the relation between the physicochemical properties of the compound and the
absorption profile, the type and characteristics of the drug delivery system also influence the
absorption of an encapsulated drug molecule [9]. Dissolution of the drug based on its
formulation and the GI milieu is one of the highly relevant factors that is used for in vitro-in
vivo correlation of GI absorption and bioavailability. The dissolution of a drug depends on the
region of the GIT where the drug is released, as varied pH profiles in different regions can
greatly affect the solubility of a drug. Similarly, fasted or fed state of the organism can also
influence the resultant absorption of a drug [16, 80]. Furthermore, the use of either conventional
or advanced drug delivery systems (targeted delivery systems, smart delivery systems, micro-
and nanosystems) can greatly influence how the drug interacts with GI components. Therefore,

drug delivery systems are designed and optimized to overcome limitations associated with drug
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molecules [4-6]. For instance, a drug molecule with high solubility and low permeability can
be formulated for a system containing absorption enhancers that can significantly increase
intestinal permeation [84]. Overall, there are several factors that can influence the intestinal
permeability of drug molecules, and they should be considered when developing dosage forms

and regimens.

3. General descriptions of intestinal drug transport models

The identification of the intestinal absorption behavior of selected drugs is an essential step in
the development of their oral dosage forms. Prior to clinical translation, the effect of the
intestinal barriers (physical, biochemical and mucosal) on the oral drug delivery systems are
evaluated using a versatile range of laboratory techniques, including in vitro, ex vivo and in
vivo methods [3]. These methodologies have become indispensable tools for predicting the

intestinal permeability of drugs and ultimately bioavailability.

In vitro models are commonly used during the initial stages of drug selection and innovative
formulation development for predicting their potential behaviors in vivo. In vitro techniques
for transport studies are primarily divided into non-cell-based models and cell-based models.
The main advantages of these models include cost-effectiveness and relatively easier system
establishment, and they provide a system with some resemblance to the human GIT
environment. /n vitro techniques also offer rapid predictions of the potential interactions and
fate of the tested product in the GIT in vivo [85]. For example, the Caco-2 monolayer has been
considered as the reference in vitro tool to predict intestinal transport, as it allows easy and
rapid evaluation under different testing conditions and with various parameters. The in vitro
permeability values of passively absorbed compounds measured on the Caco-2 monolayers
have been demonstrated to correlate well with human intestinal permeability in vivo. To be
specific, the permeability coefficients 1) are > 1 x 107% cm/s when drugs are completely
absorbed in humans; 2) are between 0.1 x 1076 to 1.0 x 107 cm/s when drugs are absorbed to

> 1% but < 100%; 3) are < 1 x 1077 cm/s when drugs are absorbed to < 1% [86]. However,
for the drugs partially transported by carriers-mediated pathway the correlation was much less
[87, 88]. An in vitro Caco-2-based model also enables the gathering of important information
(e.g., transport mechanisms and associated toxicity) regarding drug permeability across the

polarized epithelium, which improves insight into drug design and development [42, 89]. In
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vitro techniques are also beneficial from an ethical point of view, as they prevent the
unnecessary use of animals at different stages of drug development. Nevertheless, none of the
current in vitro models can entirely simulate the integrated environment of the human gut. Each
of the established in vifro models is partially devoid of the anatomical and physiological
features of the intestine (e.g., improper integrity of the mucus layer [90] and deficient effect of
intestinal peristalsis [91]). Other major drawbacks of the in vitro models are the significant
inter- and intra-laboratory variability resulting from differing culture conditions and cell
passages and the lack of interindividual differences [79, 92, 93]. Thus, the in vitro drug
permeability profile offers only limited information and is suitable merely for the initial phase
of pharmaceutical research. More detailed information regarding how drugs cross intestinal

barriers must be obtained from ex vivo and in vivo models.

Tissue-based ex vivo models, including the everted gut sac models [94], the Ussing chamber
method for isolated intestinal mucosae [95, 96], and rat/mouse intestinal loop/perfusion
techniques [97], provide alternative strategies useful for elucidating the fate of drugs crossing
the intestine. Intestine-based ex vivo techniques are relatively inexpensive and simple, offering
a compromise between an expensive and complex in vivo model and a simple in vitro model.
These models more closely mimic the physiological conditions due to the preservation of tissue
integrity and viability and the use of replaceable biomimetic buffer, thus providing more
detailed information on how drugs and/or other formulations will behave in the in vivo
environment compared to that obtained with in vitro methodologies. Ex vivo transport studies
use animal tissues (e.g., rat, mouse, pig, rabbit, dog or monkey [98-101]) to predict human
intestinal absorption in vivo. Additionally, in these tissue-based techniques, different intestinal
region can be used [102-104], which provides further information on how drugs and drug
delivery systems behave at specific intestinal regions. Notably, the transport data generated
from these species do not necessarily reflect the true drug permeation behavior in the human
GIT. The use of resected human gut tissues from surgeries in ex vivo models reflects the actual
human in vivo conditions more closely, since these tissues maintain the morphological structure
of the intestine, the metabolism of various GI enzymes, and the expression of different
transporter proteins [96], and they have become increasingly common for use in ex vivo
permeability studies [95, 96, 105, 106]. However, in contrast to other species and standardized
conditions, the state of excised human gut tissues, such as extent of pathological change, and
the differences in physiological conditions (e.g., gender, age and diet), may preclude the

acquisition of systematic data about intestinal transport [5, 107]. The use of in vitro and ex vivo
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techniques inherently raise questions regarding the validity of inferring in vivo conditions; thus,

findings on intestinal transport based on these systems need to be verified.

In vivo animal tests are a crucial stage in the development of drug products in preclinical studies
and are considered as valuable and powerful tools to assess intestinal absorption of a specific
dose of drugs and/or formulations in a living organism; however, they are expensive and time-
consuming. The common animal models used for evaluating the performance of oral dosage
forms mainly include rats, mice, rabbits, pigs and dogs [16, 108]. The in vivo intestinal
transport behavior of drugs/formulations in animal models are generally obtained by analyzing
and evaluating a considerable amount of in vivo data, especially their pharmacokinetic and
pharmacodynamic parameters. Other important in vivo data, such as the toxicities, distribution,
etc., are also crucial parameters that reflect the efficiency of intestinal transport after oral
delivery. However, due to the differences between experimental animals and humans in terms
of the physiology, anatomy, diet and gut microflora, etc. [16], in vivo experimental models are
not identical to humans. Nonetheless, the substantial data gathered from these species are
sufficient to predict the intestinal transport of drugs and their efficacy in related disease

treatments in preclinical phases.

Despite the availability of a wide range of preclinical methodologies used for the evaluation of
the intestinal transport of drugs (as mentioned above), each model has its own advantages and
disadvantages (summarized in Table 3). These models (in vitro, ex vivo and in vivo) are usually
developed to study the interaction with one or more intestinal barriers [5], including the
intestinal milieu, the mucus layer, tight junctions of the epithelium, intestinal epithelial cells
and the subepithelial tissue. At each stage of preclinical studies, proper selection of
experimental techniques to determine intestinal transport capacity is critical to ensure the best
prediction of clinical translation potential. In the subsections below, the authors review
currently available models used for the evaluation of intestinal permeability and transport in

vitro, ex vivo and in vivo.

Table 3: Summary of the benefits and limitations of in vitro, ex vivo and in vivo models for

evaluating the intestinal transport of drugs

Models Benefits Limitations

of experimental conditions; feasibility of

In vitro Low cost relative to in vivo; ease of system | Lack of actual anatomy or physiology of the
establishment; no ethical considerations; control | intestine; large inter- and interlaboratory
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transport mechanism study

variability; lack interindividual differences

Maintain the integrity of the intestine; | Relatively complex system establishment;
. availability of human intestinal segments; | uncontrolled experimental conditions; tissue
Exvivo . . . . e . .
different segments of the intestine available viability; static system lacking blood supply.
The gold standard in preclinical phases; intact | Time-consuming and expensive; ethical
In vivo physiological processes and disease features considerations; species differences between

humans and experimental animals

4. In vitro models

In the early stages of oral dosage form development, in vitro permeability assays represent
valuable and vital techniques to characterize the transport capacity of the drug/formulation
across intestine barriers. Currently used in vitro models for intestinal transport studies are either
based on biomimetic membranes (non-cell-based transport models), such as
phospholipids/phospholipid vesicle-coated filter or cells (cell-based transport models), such as
Caco-2 cells, TC7 cells, and Madin-Darby canine kidney (MDCK) cells [3, 21, 25, 109, 110].
Despite these models only partially mimicking the physiological features of the intestine, they
still have use in studies of mechanism of transport across epithelia. In addition, the economic
and ethical benefits render in vitro models valuable as decision-making tools during initial drug
development stages when used to evaluate the transport efficacies and mechanisms of

drugs/formulations in the intestine.

Understanding the transport process of drugs/formulations crossing into the intestine is crucial
to the development of drugs. The basic transport processes include transcellular and
paracellular pathways, which can be evaluated using in vitro models. The apparent
permeability (P,,) is the most commonly used parameter to predict the ability of drugs to cross

the gut barrier via the. The P, is expressed as cm/s and is calculated by equation (1).
Papp = (dQ/dt) x (1/(A % Co)) Equation (1)

where dQ/dt (mol/s) is the drug transport rate from the donor to the receptor chamber, A (cm?)

is the area of the membrane, and C, (mol/L) is the initial drug concentration in the donor
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chamber [111-113]. Transepithelial electrical resistance (TEER), is a generally exploited

noninvasive method for quantitatively measuring the integrity of TJs in live cells [114].

In recent decades, a large number of research publications have revealed the intestinal
processes of drug/formulation transport using different in vitro systems. Table 4 summarizes
examples of the in vitro models used for investigating intestinal transport with oral delivery

systems.

4.1 Non-cell-based transport models

Non-cell-based transport systems were developed as alternative in vitro permeation evaluation
tools because they allow rapid evaluation of intestinal drug transport [115]. They have attracted
considerable attention for drug development and have become common tools to investigate the
passive intestinal absorption of drugs/formulations. Current non-cell-based transport models
mainly include parallel artificial membrane permeability (PAMPA) [116], vesicle-based
permeation assay (PVPA) [117] and PermeaPad® [110]. These models are based on artificial
biomimetic membranes. They are more suitable for intestinal transport of drugs using high-
throughput screening [116], although there are limited studies on the intestinal transport of drug
formulations [118, 119]. They were developed to overcome the limitations of in vitro cell-
based models, including 1) time-consuming and expensive model establishment, 2)
incompatibility with certain pharmaceutical excipients due to the sensitivity and viability of
cultured cell lines, and 3) large inter- and intra-laboratory variability due to different culture
conditions, various cell passages and technical issues. In this section, the authors review the

most commonly used non-cell-based transport models.

4.1.1 PAMPA

PAMPA is based on a filter infused with phospholipids in an organic solvent to mimic the lipid
composition of the intestinal membrane [109, 115]. Egg lecithin, a mixture of lipids primarily
containing phosphatidylcholine (an important component of the phospholipid portion of the
cell membrane), has been used to simulate the phospholipid components of mammalian
membranes [120]. Kansy ef al. initially used 10 % egg lecithin and n-dodecane to develop the
original PAMPA for measuring the intestinal permeability of various compounds with a wide
range of physicochemical properties [120]. The experimental data obtained from PAMPAs

showed that the in vivo absorption ability of approximately 80% of the tested compounds was
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accurately predicted. During recent decades, several PAMPA variants have been developed by
adjusting the composition and concentration of the phospholipids, the type of organic solvent,
the pH of the donor/acceptor medium, the material of the hydrophobic membrane, and the
presence of a sink in the acceptor chamber. These variants have been extensively used in the
rapid screening of drug permeability of the human intestine. Examples include the hexadecane
membrane-PAMPA [121], biomimetic-PAMPA [122, 123], dioleoyl phosphatidylcholine-
PAMPA [124], Double-Sink ™ PAMPA [116] and precoated PAMPA [125].

When transported through cells via a transcellular route, drugs/formulations must cross two
lipid bilayer membranes, the apical cell membrane and the basal cell membrane. However, in
most PAMPA models, the tested drugs/formulations involve only a single permeation step
across a single lipid filter. Considering this, Kataoka et al. recently established a double
artificial membrane permeation assay (DAMPA) containing an intracellular compartment to
mimic the intracellular space between membranes to investigate the intestinal permeability of
20 compounds with different physicochemical properties [126]. When compared to those of
conventional PAMPAs, the results of the DAMPAs showed improved accuracy of predictions
of drug intestinal transport, to a certain extent. Moreover, controlling the environmental
conditions of the biomimetic intracellular compartment of a DAMPA may be a potential tool
for evaluating certain mechanisms of specific formulations (e.g., the hydrolytic activation of

prodrugs) during intestinal transport processes [126].

PAMPASs have become an effective in vitro alternative tool to predict the intestinal passive
permeability in the pharmaceutical industry. Although the drug transcellular permeability data
obtained by PAMPASs largely correlated with those measured in cell-based models (e.g., a
Caco-2 monolayer), this simplified approach to determining permeability predicted neither the
paracellular or active transport of drugs nor did it account for the membrane retention of
lipophilic compounds. Moreover, since there is no physical boundary separating the donor
medium from the lipophilic artificial membrane, the possibility that the barrier components

dissolve and/or emulsify into the medium must be carefully considered [115].

4.1.2 PVPA

Since PAMPA models are based on a simple phospholipid/organic solvent-coated filter serving
as a permeability barrier, they lack biomembrane-like structures, resulting in poor biomimetics.

To make an artificial biomimetic membrane that better simulates the structures of the intestinal
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epithelium, Flaten et al. developed a liposome-saturated filter membrane as an advanced in
vitro non-cell-based model, PVPA [127]. Originally, the membrane comprised phospholipid-
made liposomes (mainly composed of phosphatidylcholine) deposited into the pores and onto
the surface of a nitrocellulose filter support. The authors have used the PVPA model to rapidly
predict the passive transport of different drugs and formulations (e.g., micelles, liposomes and
solid solutions) through the intestinal epithelium [127-132]. These studies showed that under
comparable conditions, the PVPA model seemed to mimic in vivo transport better than the

PAMPA model and to perform as well as the Caco-2 cell model.

A good in vitro transport model should demonstrate a high correlation between its predicted
drug permeability values and the true in vivo permeability data. For this purpose, the same
group who developed the PVPA model improved the biomimetic properties of this liposome-
based membrane by using negatively charged liposomes that more closely mimic the lipid
composition of intestinal cells [133]. Moreover, by supplementing the model with an additional
layer of porcine mucus on top of the liposome-based membrane, they recently developed a
novel mucus-PVPA model that has proven to be a reliable tool for permeability screening of

drugs/formulations, particularly for transmucosal drug delivery systems [134].

Although these PVPA models have high similarity with the intestinal epithelium structure, a
laborious preparation procedure is generally needed to improve the stability and short shelf life

of these models [127, 133, 134], thus limiting their application to drug development.

4.1.3 PermeaPad®

In 2015, di Cagno et al. developed another biomimetic membrane, PermeaPad®, a fast,
economical and reliable means of determining passive transcellular drug transport [135]. The
authors measured the permeability coefficients of various drugs with different properties by
using PermeaPad®. The study demonstrated a good correlation between the tested permeability
values obtained from using PermeaPad® and the permeability values from PAMPAs and/or
Caco-2 cells as described in the literature [135]. In contrast to the PAMPA and PVPA
biomimetic barriers, the PermeaPad® biomimetic barrier is not based on a filter support but is
constructed as a sandwich-like structure consisting of a layer of dry phospholipids (soybean
phosphatidylcholine S-100) wrapped in two support layers (cellulose-hydrate membranes)
[135]. Moreover, the sandwich-like structure prevents the erosion of the wrapped lipid layer

and the leakage of lipids into the aqueous environment [115, 135]. Due to its unique design,
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the PermeaPad® barrier exhibits stronger resistance to pH changes and aggressive additives
(e.g., cosolvents) compared to the PAMPA and PVPA models. In recent years, the PermeaPad®
model has been used to conduct transport studies of several formulations, including lipid-,
polymer- and surfactant-based formulations [136-139]. For these studies, the PermeaPad®
model was prepared manually in the laboratory. Interestingly, a more recent study reported a
new PermeaPad® format, a 96-well PermeaPad® plate, that was produced on an industrial scale
[110]. The 96-well PermeaPad® plate considerably improved the throughput, allowing the

measurement of drug permeability in a fast and reproducible manner [110, 140-142].

Although the non-cell-based transport models reviewed above were considered promising tools
in specific cases of oral drug development, these models still need to be optimized and
improved to ensure widespread application. The intestinal epithelium is a complex
environment and involves complicated transport mechanisms (including active transport,
passive transport and paracellular transport). Therefore, simulating a simple bilayer structure
of the intestinal cell membrane provides very limited information and are entirely based on
passive transcellular diffusion. In other words, the currently available in vitro non-cell-based
models lack TJ structures, organelles and the expression of receptors and transporters; thus,
they fail to capture other important intestinal transport mechanisms of drugs/formulations (e.g.,
paracellular and active drug transport). Overall, the application of current non-cell-based
transport models for predicting drug/formulation transport across intestine barriers is limited

to passively-permeating small molecules that dissolve in plasma membrane lipids.

4.2 Cell-based transport models

A wide variety of cells line the luminal surface of the intestinal epithelium, including
enterocytes, goblet cells, M cells and dendritic cells (Figure 2). To simulate the intestinal
epithelium in vitro, various immortalized cell lines derived from tumoral and healthy tissues
of animals and humans have been successfully employed. In addition, some primary cells
derived from human or animal intestines (e.g., primary human intestinal epithelial cells
(hInEpCs)) have also been exploited as cell models to study the transport of drugs crossing into
the intestine [143]. Among these cell models, different cell lines mimic the different
heterogeneous compositions of in vivo intestinal barriers. For instance, Caco-2 cells grow into
a polarized monolayer acquiring enterocyte-like morphology, whereas HT29-MTX cells grow

into a monolayer of polarized goblet cells that produce a mucus layer. The in vitro cell-based
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models range from simple monoculture models to three-dimensional (3D) multiculture models.
A simple model can be designed to simulate only one of the barriers associated with a single
type of epithelium. On the other hand, to establish an in vitro model that closely resembles the
human intestinal epithelium, coculture-/triple-culture models, 3D culture models and
microfluidics-based systems have been successively developed. Although these sophisticated
models provide more predictive results, to some extent, the use of these complex in vitro
systems can be justified only after the in vitro-in vivo correlation is improved substantially.
Currently in vivo cell-based models include Transwell®-based systems [5], membrane vesicles

[144] and microfluidics-based systems [145].

Cell-based in vitro models use for conducting mechanistic transport studies when the involved
barriers, cells and protein expression levels and function are accurately characterized [146-
149]. The widely-used techniques for elucidating the drug transport mechanism across the
intestinal epithelium include chemical inhibitors, quantitative reagents, qualitative markers,
radio- and fluorescent-labelled drugs and genome editing (e.g., specific genes knocked-out or
-in cells) [150-153]. Recent advances have allowed development of wide range of transgenic
cell lines, where in specific transporters, receptors and components of endocytic pathway are
knocked down or overexpressed, which is a more efficient approach to find drug transport

mechanism, as compared to chemical inhibitors.

4.2.1 Transwell®-based cell models

Transwell®-based systems are potent in vitro tools for studying cargo permeability. The
Transwell® intestinal transepithelial apparatus consists of a thick polyester/polycarbonate
membrane (10 pm) with a range of pore sizes ideal for use with cell cultures (0.4-3.0 um).
Single or multiple cell lines are seeded on the membrane of the insert, which separates the
apical compartment from the basolateral compartment, corresponding to the intestinal lumen
and submucosa, respectively, as schematically demonstrated in Figure 3. The
compartmentalized model simulates the intestinal epithelium in a relatively realistic manner.
Transwell®-based cell models include monoculture models (e.g., an enterocyte-like Caco-2
model), coculture models (e.g., mucus-secreting models and follicle-associated epithelium
models), triple-culture models (e.g., Caco-2, HT29-MTX, and Raji B triple-culture models),
3D models (e.g., collagen-based 3D coculture models), and “inflamed” intestinal models
(Caco-2 and proinflammatory factors or PMA-differentiated THP-1 co-culture) [11, 20, 25,
154].
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Coculture models: Monoculture models:

Mucus-secreting models: Caco- Gold standard cell line: Caco-2 cells:
2/HT29-MTX, Caco-2/HT29-MTX-E12: 21-day culture

Mucus layer - Forming tight TJs

Similar Ts - Well-developed apical microvilli

Various transporters expressed: P-
gp, MRP, OCT1, ect.
Brush border enzymes expressed:
disaccharidase, peptidase, alkaline
phosphatase, etc.

- Lacking drug metabolizing
Basolateral side enzymes (e.g., CYPs)

No mucin protein expression

P-gp expression
Transwell® insert
FAE models: Caco-2/mouse

lymphocytes, Caco-2/Raji B, inverted
Caco-2/Raji B cells

Form M-like cells Porous membrane

Apical side

Cell monolayer

Alternative cell lines: primary hinEpCs,
TC7, MDCK, IEC-18, IPEC-J2 cells, etc.

Transwell*-based cell models

Triple-culture models: I l 3D cell models: fusing human intestinal cells into various scaffolds.
Cell lines: Caco-2, HT29-MTX and Raji B - Stimulate the morphology and physiology of human Gl barriers
cells. - Seeded epithelial cell lines: Caco-2, HT29-MTX, T84

Ratio of Caco-2/HT29: 90/10 or 70/30 - Added proinflammatory compounds (inflamed models)

Scaffold-embedded cells: primary human macrophages, human
dendritic cells, THP-1, MUTZ-3, etc.

The types of scaffolds: collagen, Matrigel®, PLGA, nanofibrous, L-
pNIPAM, etc.

Enterocytes, goblet cells and M cells
Complex

Figure 3: Schematic illustration of Transwell®-based cell models and a summary of

Transwell®-based cell models.

Monoculture models

Caco-2 is the most widely used cell line to simulate the intestinal epithelial barrier. The
descriptions, utilization, advantages and limitations of Caco-2 cells compared to model human
enterocytes to evaluate the intestinal transport of drugs/nanocarriers have been thoroughly
reviewed elsewhere [3, 5, 11, 155]. Although originally derived from human colorectal
adenocarcinoma cells, Caco-2 cells can spontaneously differentiate and polarize in culture with
features similar to the enterocytes of the small intestine. For the establishment of an in vitro
enterocyte-like model, Caco-2 cells are seeded and grown on the membrane of Transwell®
inserts with a density of ~1x10° cells/cm? and cultivated for 21 days [156]. The differentiated
and polarized Caco-2 monolayer is characterized by apical microvilli and the formation of TJs
between two adjacent cells [157]. In addition, Caco-2 cells also express various enzymes that
are typically expressed in intestinal cells, such as disaccharidase and peptidase. Caco-2 cells
have widely been used in the assessment of intestinal transport of drugs and formulations [88,
151, 158]. Many examples have demonstrated the Caco-2 monolayer as a good in vitro cell
model to predict the absorption of orally administered drugs through measurements of
permeability coefficients for the monolayers. During recent decades, Caco-2 monolayers have
been used to study nanoparticle-based drug delivery systems, especially those devoted to the

transport of fragile or hydrophobic molecules across the intestinal barrier. Multiple studies have
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focused on elucidating the relative transport mechanism behind these designed nanosystems

(e.g., micelles, lipid-based nanoparticles and polymeric nanoparticles) [11].

The well-established protocol for culturing Caco-2 cell monolayers follows a 21-day procedure
[89, 159]. Multiple modified protocols have been developed to simplify and shorten the process
of Caco-2 cell culturing, such as supplementing and/or modifying the composition of the cell
culture medium with growth factors [160-162], hormones [160, 161], and/or puromycin [163]),
sodium butyrate [162], or changing the cell-seeding density [ 164, 165]. By implementing these
changes in the culturing process, the modeling cycle can be reduced from 21 to 7 days, even as
few as 3 days. Nevertheless, these accelerated models may not allow time for TJs to form
between the cells, which may express fewer efflux pumps, resulting in a deviation in the
expression of transporters and enzymes, and/or changes in cell morphology [161, 164], which
limits the feasibility of these models for the evaluation of intestinal transport. Therefore, in the
future, more efforts are needed to develop accurate Caco-2 models with shortened culture
duration that do not compromise the advantageous features of the original Caco-2 cell
monolayer. Currently, Caco-2 models with shortened culture duration are mainly used in the

rapid determination of the intestinal permeability of candidates [166].

Alternative human and nonhuman cell lines have also been used as models of absorptive
intestinal epithelial cells and alternatives to Caco-2 cells to overcome the heterogeneity of
Caco-2 cells [167] or to better reproduce in vivo intestinal phenotypes [143]. The TC7 human
cell line, isolated from late-passage Caco-2 cells, has been used to measure drug intestinal
transport [168-170]. In terms of the most representative function of entero-epithelial cells in
the small intestine, TC7 cells are a more homogeneous population with better developed TJs
[167] than the parental Caco-2 cells. Additionally, TC7 cells express CYP enzymes,
particularly CYP3A [171]), which is highly expressed in the intestinal epithelium and is
involved in the metabolism of many therapeutics (approximately 50 %) [172]). In contrast, the
extensively used Caco-2 cell line lacks the expression and functions of CYP enzymes [173].
Turco et al. recently reported a study in which the intestinal permeability of nearly 30 synthetic
and natural compounds was tested, and the results indicated that TC7 cells provide reliable
absorption results for compounds transported via passive diffusion. Notably, specific
compounds are particularly suitable for testing with TC7 monolayer, including poorly absorbed
and highly lipophilic drugs or drugs with mediated transporters or involved in first-pass

metabolism [168]. Kauffman et al., recently discovered that two other human intestinal cell
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lines, primary hInEpCs and induced pluripotent stem cell (iPSC)-derived intestinal cells, are
attractive alternatives for use in furthering the understanding of drug transport [143]. In
addition, various non-human cell lines, such as the MDCK cell line (originating from canine
kidney) [174], the IEC-18 cell line (originating from rat intestine) [175], and the IPEC-J2 cell
line (originating from porcine intestine) [176, 177], have also been used as in vitro cell models
to predict the behavior of drugs and/or formulations in the human intestine. However, the use
of these nonhuman cells has been limited. Notably, IPEC-J2 cells better mimic human
physiology than the other available nonhuman cell lines [176]. Moreover, suitable polarized
IPEC-J2 monolayers can be formed with low or high TEER by adjusting the type of serum
added to the culture medium [178]. The use of IPEC-J2 cells as mature in vitro transport models
is still under investigation, and further studies are needed to establish it as a feasible alternative

for the evaluation of intestinal permeability [176, 177].

Coculture models

Although intestinal epithelial cells are mainly composed of enterocytes, other cell types also
play important roles in intestinal adsorption and transport. The mucus layer, secreted by goblet
cells, is one of the major barriers to the transport of drugs/formulations across the human
intestine. Lesuffleur et al. discovered that HT29 cells (originating from human colorectal
adenocarcinoma) cultured in a medium containing methotrexate (MTX) were able to
differentiate into mature goblet cells capable of producing mucus [179]. One of the key
limitations of enterocyte-like monolayers is the lack of a protective mucus layer, which has
been addressed through the use of cocultured Caco-2 and HT29-MTX cells at a ratio of 90:10
on Transwell® membranes. The coculture condition results in the formation of an intestinal
monolayer with mucus, thus mimicking the true human intestinal conditions more closely.
However, the Caco-2/HT29-MTX coculture model does not form TJs as tightly as they do in
Caco-2 cell monocultures, thus increasing the paracellular transport pathway. The loose TJs in
the coculture model more closely resemble those in the small intestine in vivo [180]. This
coculture model has been largely used to evaluate the ability of goblet cell-targeting
nanocarriers [181, 182], mucus penetrating particles (MPPs) [183, 184] and mucoadhesive
systems [185, 186] aimed at improving the absorption of drug cargo. The major drawback of
the Caco-2/HT29-MTX coculture model is the nonuniformity, both in terms of mucus layer
coverage and mixing of two different cell lines, which leads to the formation of mucus-free

patches in the coculture model. In contrast, a subclone of the HT29-MTX cell line, the HT29-
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MTX-E12 cell line is able to form confluent monolayers with suitable TJs and a continuous
mucosal layer with a thickness similar to human intestinal mucus [187]. This subclone has also
been used to form co-culture model with Caco-2, and has been widely used to investigate the
impact of intestinal mucus on the transport of drugs/formulations [188-190]. In particular,
HT29-MTX-E12 shares many similarities with gastric cells, as its mucus composition is more
similar to that of stomach mucin than to that of intestinal mucin [191]. The differentiated HT29-
MTX-E12 cells mainly express MUC5SAC, MUCI1 and MUC 6. In contrast, there is only trace
amounts of intestinal mucin MUC2 expressed on the differentiated HT29-MTX-E12 cells
[192].

M cells are specialized intestinal cells that are mainly found in the follicle-associated
epithelium (FAE) of Peyer’s patches in the small intestine [4, 193]. Although M cells are found
in small proportions in the human GIT (<1%), they perform as efficient antigen deliverers and
have the ability to transport particulate matter [194]. Owing to these high transcytotic ability,
M cells have been exploited in oral delivery systems (e.g., vaccines) [4, 195], thereby leading
to the requirement of cocultures of Caco-2 cells and lymphocytes for the development of in
vitro cell models that present the M cell phenotype. The initial M cell-like model was developed
by Kernéis et al. [196]. This model was established by adding primary lymphocytes (isolated
from mouse Peyer's patches) into the upper chamber of a Transwell® system with the
basolateral side filled with differentiated Caco-2 monolayers (14 days). After maintaining the
culture for several days, the culture in the Transwell® system was able to produce the main
features of M cells and the FAE [196]. The main limitations of the Caco-2/mouse lymphocyte
coculture model are the lack of uniformity and the use of nonhuman lymphocytes. To overcome
these limitations, Gullberg et al. developed a new M cell-like coculture system based on
normally oriented Transwell® inserts, in which human Burkitt's lymphoma Raji B cells were
seeded into the basolateral compartment and a monolayer of two-week-old differentiated Caco-
2 cells on the apical side [197]. des Rieux et al. used this model to study the impact of M cells
on the intestinal transport of drug-loaded nanoparticles. This study emphasized the importance
of M cells in the transport of oral delivery systems across intestine barriers [198]. To favor a
closer contact between Raji B cells and Caco-2 cell in the monolayer, the authors inverted the
orientation of the insert 3-5 days after seeding the Caco-2 cells on the apical side of the
membrane. After approximately 10 days, Raji B cells were seeded on the basolateral side of
the inverted inserts. Ultimately, the inserts were used in their normal orientation to conduct

transport studies [22, 195]. The results of the morphologic analysis confirmed that the inverted
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FAE model led to approximately 15-30% cells being morphologically similar to M cells. This
improved model offers some advantages, such as 1) cocultures using classic differentiated
human cell lines, 2) not using primary cells (avoiding animal use) and 3) reducing the high
variability between experiments and different laboratories [22, 195]. Currently, the FAE
coculture models have been used to investigate the transport mechanism of various
nanoparticulate systems, including nontargeted/targeted polymeric nanoparticles and lipid
nanoparticles [199-202]. The researchers found that the tested polymeric nanoparticles made
from carboxylated polystyrene [195], PLGA [201], B-glucan [203], chitosan [201] or its N-
trimethylated derivative (TMC) [201], increased the M cell-specific transport within the FAE
to a differing degrees. The researchers further grafted different ligands (RGD [202], RGD
peptidomimetic [201] and Glycine-Arginine-Glycine-Aspartic Acid-Serine (GRGDS) [204])
onto the surface of drug carriers to further increased drug transport via M cell targeting. For
instance, Lee et al. found GRGDS-conjugated B-glucan carriers (GRGDS-BG) had more
targeting affinity for Caco-2 cell/Raji B cell co-culture model than for Caco-2 monoculture
model [204]. Due to the highly efficient M cell targeting, antigen PR8-loaded GRGDS-BG
demonstrated significant antibody concentration (IgA/IgG) in serum, intestine, and mucus after
21 days of first oral dose [204]. Additionally, in contrast to polymeric nanoparticles, submicron

nanostructured lipid carriers (NLCs) failed to increase the drug permeability of M cells [199].

Triple-culture models

Although coculture models have been extensively used as in vitro tools for the evaluation of
intestinal transport, neither mucus-secreting nor FAE models simulate the intestinal epithelial
layer entirely. Considering the importance of three main types of epithelial cells in intestinal
physiology (e.g., absorptive enterocytes, mucus-secreting goblet cells and antigen-delivering
M cells), Prof. Sarmento’s group developed a triple-culture in vitro cell model with three
human cell lines (Caco-2, HT29-MTX and Raji B cells) to investigate the intestinal transport
of insulin in solution and encapsulated within nanoparticles [205, 206]. They found that the
normally oriented triple-culture model with a Caco-2:HT29-MTX cell ratio of 90:10 exhibited
a more physiological, functional, and reproducible in vitro intestinal transport model compared
to those comprising different cell-seeding orientations and ratios [205, 206]. The triple-culture
model has been successfully used to evaluate the intestinal permeability of several drug
molecules, including protein drugs such as insulin, delivered by nanoparticles [207, 208].

Recently, Prof. Sarmento’s group assessed the intestinal permeability of 12 model drugs in
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Caco-2 cell culture monolayers, Caco-2/HT29-MTX cell coculture monolayers and a triple-
culture Caco-2/HT29-MTX/Raji B cell model [20]. The findings of this study suggest that the
sophisticated triple-culture model could be a suitable tool for elucidating the comprehensive
transport mechanism of drugs [20]. Schimpel et al. also developed a triple-culture Caco-
2/HT29-MTX/Raji B cell model using a Caco-2:HT29-MTX cell seeding ratio of 70:30 to
investigate the intestinal transport of polystyrene nanoparticles with sizes of 50 and 200 nm,
respectively [209]. The resulting permeability data indicated a good correlation between the in
vitro triple-culture cell model and an ex vivo porcine intestinal mucosa model, suggesting that
this triple-culture Caco-2/HT29-MTX/Raji B cell model is also a reliable in vitro model to
study particle uptake [209].

3D cell models

3D intestinal transport models that simulate the morphology and physiology of human
gastrointestinal barriers have recently attracted the attention of the scientific community and
are expected to become standard approaches to studying intestinal transport. Despite the limited
number of studies performed thus far, 3D intestinal cell models developed to date are typically
based on human intestinal cells fused into different scaffolds (promoting cell proliferation and
differentiation [210, 211]) on the apical side of Transwell® membranes. The establishment and
improvement of 3D intestinal cell models are realized by fusing different scaffold-embedded

cells or changing the type of scaffold used.

Collagen gel has been the most commonly used scaffold material for constructing 3D intestinal
models. Leonard et al. developed a 3D “inflamed” intestinal cell model by incorporating
primary human macrophages and dendritic cells into a collagen scaffold and seeding three
epithelial cell lines (Caco-2/HT29-MTX/T84 cells) on top of the collagen scaffold to form a
differentiated monolayer. Then, proinflammatory cytokines (e.g., interleukin-1p) were added
to the apical compartment of a Transwell® system [212]. The “inflamed” 3D model has been
used to evaluate the potential efficacy of budesonide-encapsulated nanocarriers (PLGA
nanoparticles and liposomes) for the treatment of inflammatory bowel disease (IBD)
administered via the oral route [213]. In a more recent study, the same group reported another
variation to this model wherein one single-cell line (Caco-2 cells) was seeded on the top of the
collagen scaffold containing two other cell lines (THP-1 human macrophages and MUTZ-3
dendritic cells) [214]. Li et al. also used collagen gel as a scaffold to develop a 3D intestinal

mucosa model comprising a coculture Caco-2/HT29-MTX cell monolayer and two types of
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stromal cells (fibroblasts and immunocytes) incorporated into the collagen gel [215].
Compared to the classic 2D Caco-2 cell monoculture model, this model more closely mimics
the native intestinal layer (e.g., it has a higher correlation coefficient), representing a better
predictive tool for the study of drug intestinal transport [215]. Overall, these 3D intestinal
models that use collagen gel as a scaffold may be promising tools for studying drug transport
in the intestine. However, one should take into account certain limitations, such as the culturing
of Caco-2 cells on top of the collagen scaffold, shortened height of villi and the formation of
multiple layers as cells penetrate the matrix due to the degradation of collagen during the long-

term culturing period (21 days) [216].

To establish improved 3D intestinal models, other scaffolds have been exploited to ameliorate
the limitations of the collagen scaffold-built models. For instance, the architecture of villi in
3D intestinal models can be reproduced using polymeric scaffolds. Costello et al. used
biopolymeric PLGA as a scaffold with villus-like features [210]. This study showed that
culturing Caco-2 and HT29-MTX cells on top of PLGA scaffolds simulates the native
morphology and differentiation observed in the human intestine [210]. Patient ef al. also found
that nanofibers can be used as 3D scaffolds. The transport model established using 3D
nanofibrous scaffolds more closely mimicked native intestinal tissue and was particularly
suitable for evaluating passive intestinal epithelial transport [217]. In addition, more recent
studies have demonstrated that L-pNIPAM hydrogel scaffolds not only capitalize on the 3D
structure of human intestinal villi but also support the long-term coculture of a 3D model (up
to 12 weeks), suggesting that it is a promising scaffold for developing robust in vitro 3D
intestinal models for studying drug transport in normal intestine and/or in abnormal intestine

expressing a chronic disease (e.g., IBD) [218, 219].

The complicated in vitro cell-based transport models reviewed above, including co-cultured
models, triple-cultured models and 3D models, have been widely used for the prediction of
intestinal transport of oral formulation since these models show high relevant physiological

features of human intestine [220-223]. We have collected some examples in Table 4.

4.2.2 Brush border membrane vesicles (BBMVs) and basolateral membrane vesicles

(BLMVs)

BBMYV models are high-throughput models used in physiological studies and drug discovery

and development to evaluate drug uptake by enterocytes, drug stability, enzyme interactions or
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transport mechanisms [34, 107]. BBMV models are based on isolated apical membranes from
different parts of the GIT, thus allowing evaluation of apical membrane transport without the
influence of the basolateral membrane or regional differences in the GIT. The purified fraction
of apical membranes is extracted from a homogenate of frozen inverted intestine [107, 224,
225]. BBMVs have been successfully extracted from different sources, including the human
GIT. The purification of BBMVs is performed using calcium ions, which can easily remove
microsomal fragments by forming large aggregates that can be separated using slow speed
centrifugation [224, 226]. BLMVs, on the other hand, contain only purified fractions from the
basolateral membranes of the intestinal epithelium [227]. The orientation and functionality of
the vesicles can be assessed by enzyme markers and specific carriers, respectively [107]. Drug
uptake is evaluated by quantifying the amount of drug in both vesicles and the medium. In one
study, 23 reference drugs were evaluated for accumulation in BBMVs prepared using rabbit
small intestine. The drug accumulation data demonstrated good correlation (R? = 0.853) with
human oral absorption data [228]. Despite having all the components of the epithelial
membrane, these models provide incomplete information about the absorption process both for
movement into and out of cells via the apical and basolateral membranes. Thus, transport
mechanisms such as paracellular transport cannot be studied with these models [107].
Moreover, intraday variations in vesicle formation and drug leakage from the vesicles are some
of the drawbacks associated with these systems [95]. In addition, evaluating highly lipophilic
compound with these models can lead to false positive results due to high non-specific binding
to the lipid membranes [229]. Therefore, the possibility of such misleading results should be
carefully considered. However, the advantages associated with these models, such as the quick
and easy-to-use protocol, the possibility of performing high-throughput screening and the use
of human intestinal tissues make these models good options for screening drug absorption

during the early phases of drug discovery and development.

4.2.3 Microfluidics-based systems

Conventional in vitro cell-based models, including 3D intestinal models, are produced in a
static environment; that is, these models lack the dynamic and active microenvironment
observed in vivo. To ameliorate these limitations in vitro, microfluidics-based systems,
including gut-on-a-chip and human-microbial cross talk (HuMiX), have emerged as cell-

culture models for studying drug transport across intestine barriers. These models utilize
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microfluidic technology for in vitro cell culture, thus reproducing the 3D topology, dynamic

environment and gut microbiome observed in the human intestine [230, 231].

The most common design for gut-on-a-chip microdevices consists of a porous membrane that
supports a monolayer of intestinal epithelium cells and separates two compartments, simulating
the intestinal lumen and blood circulation, respectively. Kim et al. developed a human gut-on-
a-chip system that mimicked intestinal luminal fluid flow and peristalsis-like motions (Figure
4) [230]. This chip supplies low shear stress flow and cyclic strain to Caco-2 cells that are
seeded on extracellular matrix-coated porous membranes during cell culture, thus promoting
differentiation of the monolayer cells, forming villi-like folds and increasing the intestinal
barrier function. Moreover, this system was also able to achieve coexisting microbial flora and
epithelial cells for at least one week [230]. The development and morphologic identification of
the Caco-2 monolayer on this chip has also been described. The system exposes cultured cells
to physiological peristalsis-like motions and liquid flow, inducing the Caco-2 cells to
spontaneously develop 3D intestinal villi (Figure 4B), basal proliferative crypts (Figure 4C)
and four different intestinal cells (absorptive cells, mucus-secreting cells, enteroendocrine
cells, and Paneth cells) (Figure 4D) [145]. In another work, these authors demonstrated that
this human gut-on-a-chip can be established as a stable ecosystem since commensal microbes
and immune cells can be cultured to coexist with intestinal epithelial cells for a relatively long
period (from many days to weeks) [232]. By mimicking the destructive effects of pathogenic
bacteria on the intestinal villi in vitro, they created a human intestinal disease model (IBD; gut
inflammation-on-a-chip) [233]. The same group also found that other patient-specific disease
models can be established by modeling the intestinal disease pathophysiology on the chip
[234]. In addition to seeding Caco-2 cells, human pluripotent stem cells derived from intestinal
organoids or human primary epithelial cells isolated from healthy regions of intestinal biopsy
samples have recently been cultured on the porous membrane of gut-on-a-chip microdevices
[235, 236]. Notably, these models can be used to analyze how selected drugs are transported
through normal and/or pathological intestines in a controlled manner, which is not possible

using other existing in vitro models or in vivo animal models.

Using gut-on-a-chip to establish an intestinal ecosystem is challenging, as the cocultured
commensal and/or mutualistic microorganisms only grow under aerobic conditions [232, 233],
which limits the applications of this model to some extent. To overcome these limitations, Shah

et al. developed another modular microfluidics-based model named HuMiX that consists of
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three co-laminar microchannels: a medium perfusion microchamber, a human epithelial cell
culture microchamber and a microbial culture microchamber (Figure 5) [231]. This system
mimics the intestinal human-microbe interface by coculturing representative human epithelium
cells (Caco-2 cells) and microbial cells, Lactobacillus rhamnosus (L. rhamnosus) GG (a
commensal facultative anaerobe), or Bacteroides caccae (obligate anaerobe) [231]. The
transcription, metabolism and immune response data from Caco-2 cells cocultured with L.
rhamnosus GG can be replicated in vivo [231]. Although the HuMiX model was originally
developed to study host-microbial interactions and is still under the stage of development and
refinement, it exhibited the potential to be an advanced in vitro model for drug discovery, drug

screening, and drug transport.

Although a growing number of studies have recently described the establishment and
improvement of these advanced in vitro models, to our knowledge, there are no examples of
these approaches being utilized to investigate the drug intestinal transport of oral delivery
systems. These advanced microfluidic devices exhibit striking similarities with the physiology
of the epithelium, the dynamic microenvironment and the microbiome coexisting in the human
gut. Thus, they bridge the gap between conventional cell culture and animal models and are

expected to serve as useful tools for future research on drug transport across intestine barriers.
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Figure 4: Human gut-on-a-chip device mimicking the intestinal luminal fluid flow and

peristalsis-like motions and forming the intestinal villi (including various intestinal epithelial
cell subtypes) and basal proliferative crypts. (A) Schematic illustrations of the device
simulating intestinal luminal fluid flow and peristalsis-like motions. (B) The transformation of
a planar intestinal epithelium into 3D villus structure as captured in a scanning electron
microscopy (SEM) image (scale bar: 10 mm) and a confocal image (tight junction protein ZO-1
(red); scale bar: 25 mm). (C) Regeneration of basal proliferative crypts. Fluorescence
microscopic basal crypt after a 2 h EAU (5-ethynyl-20-deoxyuridine) labeling pulse (left) and
5 h after EAU was washed out (right) (scale bar: 20 mm). Nuclei were stained with Hoechst
33342 (blue). Positively proliferating cells were labeled with EAU. The white dashed line
represents the upper lumen boundary of villi. (D) Reconstitution of multiple differentiated
intestinal cell types. Confocal images of differentiated Caco-2 cell villi and crypt regions,
labeled with specific markers of absorptive enterocytes (sucrase-isomaltase), mucus-secreting
goblet cells (mucin 2, 3, and 17), enteroendocrine cells (chromogranin A) and Paneth cells
(lysozyme) (scale bar: 25 mm). Reproduced, with permission, from ref. [145, 230]. (The details

and explanations of this figure legend can be found in the web version of these articles.)
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Figure 5: Scheme of the HuMiX model mimicking the intestinal human-microbe interface with

cocultured gut epithelial cells and bacterial cells. Reproduced, with permission, from ref. [231].

4.3 Practical aspects of in vitro transport models

Table 5 summarizes the current in vitro models used for drug transport studies. The degree to
which these models simulate true human GI conditions determines the accuracy of the
predicted human data. Therefore, the validity of these models is essential when they are

established and used for the study of the transport of drugs across intestine barriers.

The non-cell-based transport models are based on the simple idea of using biomimetic artificial
membranes to mimic the intestinal epithelium barrier. The existing non-cell-based models are
usually validated by comparing the correlation between the permeability values obtained from

the tested model and Caco-2 or human absorption values [125, 127, 135, 237].

Various cell lines have used to establish different in vitro cell-based transport models. These
cell lines have their own unique morphological and functional features, as well as specific cell
markers, which simulate different intestinal cells, such as enterocytes, goblet cells and M cells.
The validation of in vitro models established by different cell lines includes the integrity of the
monolayer, the characteristics of differentiation and the functionality of the model, which can
be evaluated using a wide variety of techniques. Among these morphological and functional
parameters, it is easiest to determine the integrity of the model by measuring TEER. In general,

tighter TJs form between epithelial cells, resulting in higher TEER values. Since TJs regulate
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the transport of molecules via the paracellular pathway, the P, of small molecules (e.g., lucifer
yellow [238], mannitol [239], and FITC-dextran [240]) that are known to pass through
paracellular transport can be used to validate the integrity of the cell membrane. The
differentiation characteristics and the specific features of the cell lines in the model are
examined using specific intestinal cell markers and evaluating the cell morphology. There are
several techniques that could be used to assess cell morphology, such as immunofluorescence
cytochemistry, immunohistochemistry, transmission electron microscopy (TEM), SEM, and
atomic force microscopy (AFM). In addition, model functionality is mainly assessed by the
expression and activity of specific efflux transporters on the cell surface (e.g., P-gp, breast
cancer resistance protein (BCRP) and multidrug resistance-associated protein (MRP)), which
can be confirmed by immunofluorescence staining and/or chemo-competitive inhibitors.
Validation studies of the aforementioned in vitro cell-based models can be found elsewhere
[21, 195, 206, 241]. Pereira et al. validated the cell morphology of Caco-2 and Caco-2/HT29-
MTX cell coculture models by using TEM technology [21]. They found that the apical
microvilli and TJs were observed in the TEM image of 21 day-differentiated Caco-2
monolayers. Some residual mucus was detected on the surface of microvilli in the coculture
model. In this coculture model, they visualized intracellular granules, which are similar to in
vivo mucin granules in goblet cells [21]. des Rieux ef al. validated the inverted Caco-2/Raji B
cell coculture model using various techniques, including TEER and P,,, value determination,
and immunohistochemistry, immunofluorescence cytochemistry, TEM and SEM images [195].
Considering these validation studies, the authors showed that, although it may overestimate the
number of M cells, the inverted Caco-2/Raji B cell coculture model is a useful tool for studying
the impact of M cells on nanoparticle transport [195]. Zhang et al. recently developed a novel
in vitro 3D intestinal model consisting of an epithelium, subepithelial fibroblast network and
extracellular matrix [242]. The TEM images of this model revealed structures similar to those
of the intestine. The validation of this new 3D model was confirmed with the TEER values and
transporter (P-gp and BCRP) activities, which were closer to the physiological characteristics
of the human small intestine [242]. The most advanced in vitro intestinal models, gut-on-a-
chip and HuMiX, exhibit similar characteristics to the physiology of intestine, such as

peristalsis-like motions, villi-like folds and the intestinal human-microbe interface [145, 231].

The use of a proper in vitro transport model can provide useful information during the initial
drug/formulation development phase, which may help to assess associated risks, as well as save

time and expense. The information provided in Table 5 is helpful for selecting appropriate in
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vitro models according to the needs of the experiment and to obtain valuable preclinical data.
There are two crucial principles that need to be considered when selecting in vitro models.
First, the properties of the drugs, excipients, carrier materials should be considered as some
tested drugs/formulations because they 1) may harm the intestinal barriers in vitro; 2) may fail
to be transported by specific cell lines; and 3) may be strongly adsorbed by the membrane or
plastic components. In addition, the purpose of the experiments is another important
consideration in the selection of models. For instance, the least expensive artificial membrane-
based in vitro transport models are used not only in the high-throughput screening of drugs,
but also in understanding the influence of GI fluids on drug transport. The biomimetic GI fluids
generally cover a wide range of pH (2-8) and contain phospholipids, bile salts, enzymes and/or
various fatty acids that are present in human GIT [186, 243].These factors and components
play important roles in the intestinal transport of oral drugs/formulations. It is well known that
these well-developed biomimetic media as apical transport buffer could compromise the
integrity of these biological barriers [244]. In contrast to the cell-based transport models, the
non-cell-based transport models are good alternatives for the study the impact of GI fluids on
the intestinal transport of some specific drugs. On the other hand, to optimize the tested
drug/formulation, it is necessary to investigate the comprehensive transport mechanism. At that
level, choosing a valid cell-based in vitro model is crucial. Additionally, some other factors
that need to be considered are 1) the expression of enzymes, transporters and receptors; 2) the
simulation of physiological and pathological conditions; and 3) the impact of the gut

microbiome on drug transport.

Table 4: Examples of intestinal drug transport studies evaluated in in vitro models.

Drugs Drug delivery systems Assessment models Performed studies References
. . Self-microemulsifying -
Aciclovir . PAMPA Permeability study [245]
drug delivery systems
. Multistage silicon- Caco-2 inflamed 3D cell Permeability study;
BudSRE™ PLGA particles model cytokine analysis [223]
o-Lactalbumin Caco-2/HT29-MTX-
Curcumin E12 3D co-culture cell ~ Permeability study [189]
nanotubes
model
Caco-2 monoculture;
L Chitosan-coated Caco-2/HT29-MTX/ .
Ferulic acid PLGA nanoparticles  Raji B triple-culture Permeability study [246]
model
A Recombinant MDCK monoculture o
GLP-1 Lactococcus Lactis model Permeability study [247]
GLP-1/ppp-4  Multifunctional - Caco 2/HTIO-MIX/ o o uiiy sudy; DPP4
e tailorable composite ~ Raji B triple-culture . .. [186]
inhibitor enzymatic activity study

systems

model
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Insulin

Insulin
Insulin
Insulin
Insulin

Insulin/exenati
de

Insulin

Naproxen,
indomethacin
and
metronidazole

Ovalbumin

Paclitaxel

PRS

Carnitine

siRNA

Silymarin

Chitosan nanoparticles

Trimethyl chitosan
nanoparticles

Trimethyl chitosan
nanoparticles

pHPMA-coated NPs

Solid lipid
nanoparticles

Silica nanoparticles

Chitosan-coated and
PEGylated liposomes

pH-responsive
bacterial
nanocellulose/polyacr
ylic acid hydrogel
microparticles

PEG-b-PCL micelles

GRGDS-conjugated f-
glucan nanoparticles

Lipidoid nanoparticles

Nanostructured lipid
carriers

Fluorescent latex
microparticles

Caco-2 monoculture
model

Caco-2/HT29-MTX co-
culture model
Caco-2/HT29-MTX-
E12 co-culture model
HT29-MTX-E12
monoculture model
Caco-2 monoculture
model

Caco-2 monoculture
model

Caco-2/HT29-MTX 3D
co-culture model

mucus-PVPA

Caco-2/HT29-MTX/
Raji B triple-culture
model

MDCK monoculture
model

Caco-2/Raji B co-
culture model

Mouse intestinal brush-
border and basolateral
membrane vesicles
Caco-2 monoculture
model

PAMPA; Caco-2
monoculture model
Caco-2/mouse
lymphocytes, Caco-
2/Raji B and inverted
Caco-2/Raji B co-
culture models

Permeability study;
transport mechanism
studies

Permeability study; TJs
opening mechanism study

Permeability study; TJs
integrity study
Permeability study;
Mucus effect study

Permeability study

Permeability study;
transport mechanism
studies

Permeability study

Permeability study

Permeability study; TJs
opening study

Permeability study

Permeability study

Uptake and transport
study

Permeability study; TJs
integrity study

Permeability study

Permeability study

[248]

[182, 249]
[113]
[222, 250]

[251]

[252]

(21]

[134]

[221]

[253]

[204]

[254]

[255]

[256]

[257]
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Table 5: A summary of different in vitro models for drug transport studies

systems
HuMiX

intestine
For studying drug transport through the normal
and/or pathological intestine in a controlled

In vitro models Complexity Intestinal barriers Advantages Disadvantages
A filter support soaked with Easy to use Poor biomimetic membrane
PAMPA Low phospholipids dissolved in an High-throughput screening Barrier components may dissolve and/or
organic solvent emulsify into the aqueous medium
Measures only passive transcellular transport
A filter support onto which Easy to use Laborious preparation procedure
Non-cell- PVPA phosphatidylcholine liposomes are H%gh-t}.lr().ugl.lput §creening Poor storage stability ‘ N
based deposited ngh §1m11ar}ty Wlth the biostructure of the Shows general poor resistance to additives
models intestinal epithelium Measures only passive transcellular transport
A sandwich-like structure consisting | Fast and economical tool Measures only passive transcellular transport
of a layer of dry phospholipids High-throughput screening
PermeaPad® wrapped in two support layers Good resistance to pH changes and aggressive
additives
Industrial scale manufacturing
Good storage stability (at least one year)
Monoculture Single-cell enterocyte-like cell lines | Gold .in vitro transport model Lacking mucus layer and M-like cell
models seeded on a polycarbonate Relatively easy to use Underestimates paracellular transport
membrane For studying transport mechanism Large inter- and intra-laboratory variability
Coculture Enterocyteflike/got)'let cell-like cell Compensatory mucus layer or M cells Lacking some mgin types of intestin_al ge'lls
models or M cell-like cell lines seeded ona | Reliable paracellular transport. Large inter- and intra-laboratory variability
Transwell®-based polycarbonate membrane For studying transport mechanism
cell models Triple-culture Enterpcyte-like/goblet cell-like/M Thr;e main types of intestinal cells Time clonsuming. o
models cell-like cell lines seeded on a Reliable paracellular transport Large inter- and intra-laboratory variability
polycarbonate membrane For studying transport mechanism
Different human cell lines fused to Relatively complete intestinal morphology and Easily degrades specific scaffolds
3D cell models various scaffolds on a polycarbonate | physiology Time-consuming
membrane Can simulate pathological intestine (e.g., IBD) Large inter- and intra-laboratory variability
Cell-based For studying transport mechanism
models Isolated and purified human Allows the study the interaction with specific It is not possible to isolate completely pure
intestinal epithelial cell, either brush | membrane of intestinal epithelia vesicles
border or basolateral side Study interaction of drugs and formulations at Isolation process can damage transporters,
Membrane vesicles BBMV cellular level enzymes associated with the membrane
(BLMV) Specific transporters can be isolated and used to Sensitive analytical method is needed
evaluate the interaction with drug
Very small quantity of drugs is required.
The vesicles can be cryopreserved
) Different human cell lines seeded on | Reproduces the 3D topology, dynamic No practical application for drug development
Microfluidics-based Gut-on-a-chip High a porous membrane in microdevices | environment and gut-microbiome in human Time-consuming and expensive
icrofluidics-base

Complex techniques
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5. Ex vivo models

Ex vivo studies are based on experiments/measurements performed on tissue extracted from organisms
in a controlled external environment that resembles the natural conditions [26]. Ex vivo models are
considered to be a compromise between in vitro and in vivo models. One major advantage of using
functionally isolated tissues as part of an intact mucosa is the presence of the entire intestinal epithelium
with a mucus layer and the expression of transport and drug metabolism proteins [258, 259]. Thus, this
model allows higher interplay and cross talk among the cellular components and mimics the in vivo
condition more closely than in vitro models [260]. Furthermore, ex vivo models can be used as
alternative models to perform experiments that cannot be performed in living organisms because of
ethical considerations [261]. Another advantage of this system is that the use of excised human tissues
can provide more in-depth knowledge about the intestinal absorption process of the tested compound
[5]. Ex vivo experimentation for orally delivered systems have included evaluating drugs in terms of
intestinal absorption, interaction with the intestinal epithelia and the mucus layer and
immunomodulatory responses. Some of the common intestinal ex vivo models include everted rings
and sacs, diffusion and perfusion models [107, 259]. A detailed introduction of each type of ex vivo
model is given in the subsections below, and the advantages and disadvantages of different models are

also summarized in Table 6.

5.1 InNTESTine™

InTESTine™ is a recently developed commercially available physiologically relevant intestinal tissue
model developed by TNO [262]. This new system is a predecessor of TIM systems, which only mimic
the condition in the intestinal tract. However, the INTESTine™ model uses freshly isolated healthy
porcine intestinal tissue from different regions of the animal’s GIT. The model promises to be a cost-
effective way to study absorption, metabolism and the complex physiology of the intestine. The system
is a medium-throughput system that is available in 24- to 96-well plate format. The schematic
representation of the InTESTine™ system is shown in Figure 6A. To date, there have been no
published investigations demonstrating the use of this system, but it presents a novel way to perform

ex vivo studies with porcine intestinal tissue [262].
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5.2 Intestinal rings/slices

Intestinal rings/slices are intestinal models first described by Otto et al. (1954) and were commonly
used for analyzing the kinetics of carrier-mediated transport and drug accumulation in enterocytes [107,
263]. In this model, the excised intestine is everted and cut into either rings or slices (2—5 mm in width)
and submerged in oxygenated buffer containing the test drug compound. The intestinal rings and
segments remain viable for 30-60 min and 2 h, respectively [107, 264]. At the end of the experiment,
the drug content is quantified in both tissues and buffer. The intestinal rings are easy to use and can be
used to test multiple compounds simultaneously. Ungell ef al. have demonstrated that uptake in everted
intestinal rings is similar to in vivo bioavailability results, under appropriate conditions [265]. Intestinal
rings have been shown to have good correlation with in vivo bioavailability results. However, this
model also has several disadvantages, such as drug absorption from the serosa side of the intestine,
limited viability of the tissue, and limited applicable analytical methods [265]. Moreover, this

technique cannot easily distinguish between uptake and binding.

With improvements in precision cutting and cryopreservation techniques, precision cut intestinal slices
have emerged as a newer generation of ex vivo intestinal models used to evaluate absorption,
distribution, metabolism, excretion and toxicity [263]. This model is a simple, fast and reliable
technique and has a viable duration ranging from 8-24 h, which is significantly higher than that of
traditional techniques. The slices should have thicknesses up to 400 um to ensure adequate oxygen and
substrate supply to the intestinal slices [266, 267]. Precision-cut intestinal slices are easy to handle and
require only a short training period. A more detailed review of precision cut intestinal slices was
published by Li et al. [263], and the standardized protocol to prepare precision cut models is described
in detail elsewhere [268]. In a specific region, more than 100 slices can be prepared, and they can be
used to perform a large number of experiments. Despite having clear benefits, these models are also
limited by not enabling the directional transport of drugs to be measured [263].Nonetheless, precision
cut models are suitable and useful tools for studying regional differences in the intestine and drug

metabolism and the regulation of enzymes and transporters involved in drug disposition [268-271].

5.3 Intestinal sacs

Wilson and Wiseman first introduced everted intestinal sac models using rat and hamster intestines
[272]. The everted intestinal sacs were used to determine drug accumulation and drug transport across
the intestinal mucosal layer. This model has been extensively used for pharmacokinetic, efflux

transport, multidrug resistance, and drug interaction studies [42, 273]. Test compounds can be
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monitored on the luminal side and on the serosal side. The intestinal sections are cut into small tubes
(2-3 cm long), which are inverted on glass rods and tied on both ends. The mucosal surface is exposed
towards the buffer solution present in the receiving compartment, and the serosal layer forms the inside
of the sac, which is filled with buffers. The ligated everted sac is placed in a container with buffer and
test compound. At the end of the experiment, the drug content is quantified on both luminal and serosal
sides, and the weight of the sac is also measured [26, 107, 265]. Another variation to this model is
designed using a polypropylene ring at one end of the sac, which makes sampling easier. Under optimal
experimental conditions and handling, the integrity of the intestinal tissue is observed for 120 min
[274]. The model can be based on intestinal sections with or without the muscularis mucosa stripped.
However, the effect of stripping or not stripping must be considered carefully, as models without
stripping can provide results that underestimate drug transport due to probable loss due to binding to
muscle tissues [273]. There are several advantages associated with this model: it is relatively fast and
inexpensive, the mucosal layer is present, no specialized equipment is needed, multiple drugs can be
tested simultaneously and the low volume of the serosal compartment allows quantification of poorly
permeable drugs [26]. The major drawback of this model is the viability of the tissue (total disruption
of epithelia is observed after one hour) and the possible diffusion through the lamina propria. Possible
morphological damage during eversion can also greatly impact the validity of the study [273, 275].
Moreover, stress-induced mucus overproduction in everted models and unwanted removal of mucosal
layer can also impact the study [12, 276-278]. From a practical aspect, the tissue excision time and
preparation must be quick, and the tissue must be submerged in oxygenated buffer to ensure minimal

structural damage to the tissue.

Ultimately, to avoid possible structural damage to the tissue, the sac may be formed without eversion.
In addition to minimal morphological damage, the non-everted sacs are simpler to use and require a
small amount of test compounds. Furthermore, in these modified models, sampling can be performed

for different time intervals without disturbing the intestinal tissue [279, 280].

5.4 Diffusion chambers

Diffusion chambers are one of the most common models used for ex vivo intestinal experiments. Ussing
chambers and Franz cells are the two variants of diffusion chamber models and are briefly discussed

in the subsection below.

Ussing chamber
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The Ussing chamber was established by Hans Henriksen Ussing in the 1950s, and it has been widely
studied since its discovery, with several variants of this model developed and commercially available
[281]. This model has been used to evaluate drug transport across numerous types of epithelial tissues
from both animal (mouse, rat, rabbits, dogs, rats and monkeys) and human biopsy samples [106, 282,
283]. This technique is used for both free drug solution and oral formulations [282-284]. In this model,
intestinal segments are removed and cut open into planar epithelial sheets. The intestinal tissue can
include the serosal layer and muscle tissues or they can be removed. The flat tissue is mounted between
two half-cells that are both filled with oxygenated buffer solutions. The continuous bubbling of both
chambers with carbogen (95% oxygen and 5% carbon dioxide) ensures stabilization of buffer pH,
sufficient oxygenation of the tissue and reduces the unstirred water layer [285]. A schematic
representation of a Ussing chamber is shown in Figure 6B. The sampling is done from the receiving
chamber at regular intervals, which is then replaced by the same volume of fresh prewarmed buffer.
The apparent permeability of the tested compounds is calculated based on the calculated rate of
transport, exposed area and initial concentration of the test compound. Electrodes between the two
chambers allow the continuous measurement of the transepithelial resistance of the membrane, short-
circuit current and potential difference, which in turn enables continuous monitoring of the integrity
and viability of the tissue [26, 27, 95]. In addition, histological evaluation and lactate dehydrogenase
assays can be performed to ensure the viability of the tissue [95, 286, 287]. The Ussing chamber allows
the measurement of bidirectional transport of the drugs (absorption and secretion). The use of a Ussing
chamber allows measurements of drug absorption in different regions of the gut and under different
physiological conditions (pH and simulated media) and the evaluation of transport mechanisms [288,
289]. It also allows the evaluation of different drug transporters on the intestinal epithelium [95].
Moreover, the presence of the mucosal layer allows a closer approximation of the permeability of drugs
to in vivo data. This model has been successfully used with human intestinal biopsy samples [95, 96,
105, 290, 291]. However, the use of this model is time-consuming (for both tissue preparation and
setup) and requires Ussing chambers to perform experiments. Moreover, the underestimation of drug
transport has been found for this model, especially for lipophilic drugs [26]. There is also discussion
regarding the use of stripped and unstripped intestinal tissue. With unstripped tissues, studies have
shown that different types of drugs are impacted differently by the presence of the serosal and muscular
layers, as both of these layers depend on the size and lipophilicity of the test compounds [26, 286].
Additionally, this model is low throughput, and there is a possibility that tissue viability is lost during

the preparation and mounting stages [292]. Nonetheless, the Ussing chamber can be used as a screening
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tool for new drug candidates, because compared to many other methods, the data from this model

depending on species and tissue region origin are closely related to the in vivo situation in humans.

Franz cells

Franz cells are based on principle a similar to that of the Ussing chamber, but the tissue sections are
placed horizontally compared to the vertical arrangement in the Ussing chamber. Initially, the Franz
cell model was used for in vivo skin and buccal permeation studies; however, its application as a tool
for determining intestinal permeability is increasing [293, 294]. Similar to the Ussing chamber, there
are temperature-controlled donor and acceptor compartments separated by the tissue. The test sample
is introduced in the donor compartment, and sampling is performed from the acceptor compartment at
different time intervals. The receptor chamber is continuously mixed using a magnetic stirrer, which
significantly reduces the unstirred water layer [26]. This effect can lead to higher permeation of the
test compound, as observed for metoprolol, a permeability marker, in Franz diffusion cells compared

to that in the Ussing chamber [293].

G tissue robotic interface system (GI-TRIS)

GI-TRIS is an interfacial device that has been recently developed which ensures long-tern tissue
culture and allows high-throughput evaluation of drug transport [295]. In this system, the pig intestinal
tissue is set up in a 96 well plate compartmentalized design. In this study, the geometry and
compression force have been studied and optimized. The transport study was performed with wide
array of model compounds in different intestinal regions and with different incubation parameters.
This advanced model allows high throughput investigation of a large number of test compounds
through the different regions of the GIT. The robotically handled-tissue culture system would not only
help in evaluating drug transport but it can also be a valuable tool for toxicity evaluation, excipient
selection, and solubility and dissolution optimization for poorly soluble drugs. Overall GI-TRIS could
have a great impact in the advancement and acceleration of drug screening and formulation

development process [295].

5.5 Perfusion models

The gut loop model is a simplified perfusion model. In this model, the experimental animal is
anesthetized, and a section of the intestine is separated while the link to the blood circulation is
maintained [107]. The intestinal segment is washed, and a loop (ca. 10 cm long) is formed by clamping,

and then, a known volume of drug solution in physiological buffer is injected in the loop. At the end
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of the experiment, the test compound is quantified inside the loop and in the blood samples [3, 7, 284,
296]. This method enables the evaluation of the regional differences in drug absorption in the same
animal, thus eliminating intervariability among the test subjects [283]. Furthermore, this simple model
does not require expensive equipment and can be performed by researchers trained with in vivo animal
experiments. However, a large number of animals are needed for this experiment compared to other
models. Another major disadvantage of this model is the use of anesthesia and the absence of stirring

conditions [107, 297].

The isolated intestinal perfusion model is used for drug absorption studies and has also been used as
an in situ perfusion model [107]. Unlike the gut loop model, in this model, a 10-30-cm-long segment
of the intestine is cannulated at both ends and is perfused continuously with buffer. The rat circulation
can also be cannulated via the mesenteric vein and artery, which can provide information regarding the
impact of hepatic clearance [34, 292, 298]. Mannitol is used as a permeability marker. This single pass
perfusion model has demonstrated good correlation with human oral bioavailability and permeability
of different types of drugs [293, 299]. A major benefit of this model is the presence of blood supply,
which ensures continuous tissue oxygenation and proper flow features on the serosal side. Moreover,
the presence of other components, such as the enteric nerves and enteroendocrine system, gives better
control of drug transport and viability. Nonetheless, the use of anesthesia has also been shown to
influence drug absorption. This method is very time-consuming and requires a large number of animals,
which makes this model unsuitable for screening libraries of test compounds. Several studies have also
reported the loss of the drug in the systemic solution due to enzymatic degradation or adsorption onto

the plastic components used [107, 259, 300].
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Figure 6: Schematic representation of a (A) InTESTine™ model [262] (B) Ussing chamber, (C) Franz
diffusion cell [26], and (D) Single pass intestinal perfusion model, [301]) (Reprinted with permission)
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Table 6: A summary of different ex vivo models used for drug transport studies

Complexity compared to

Disadvantages

Directed transport

Ex vivo models Lo Advantages
in vivo
Easy to use . . . .
. . < -
. . . Low Large number of experiments from one animal Jpgsuc n tegr} ty .Of 10-20 min
Intestinal rings/slices . . Unspecific binding
High-throughput screening
Both animal and human tissue used
Easy to use Ellsfi‘ieuﬁlzgggt (iisllilzees during transportation
IntesTINE ™ Medium throughput i ”
Commercially available Poor stirring condition
Y Possible unspecific binding
Ee.lsy to use Tissue integrity of <30 min
Directed transport Structural damage to intestinal tissue durin
Everted Intestinal sacs Intermediate number of experiments from one animal . & &
High-throughput screening eversion o
Both animal and human tissue used Poor stirring conditions
Apparent permeability measurement
Continuous measurement of tissue viability Tissue integrity limited to 2-3h Expensive
Diffusion chamber: Ussing D1re'cted transport . equipment nee':ded
Regional difference in drug absorption and drug Time consuming
Chamber . . .
mechanism can be tested Less number of experiments per animal
Reduced unstirred water layer
Both animal and human tissues can be used
Apparent permeability measurement Tissue integrity limited to 2h
Directed transport Specialized equipment needed
Diffusion chamber: Franz Regional difference in drug absorption and drug p quip
. Time consuming
Cells mechanism can be tested . .
. Less number of experiments per animal
Reduced unstirred water layer
Both animal and human tissues can be used
Directed transport Requires anesthesia and animal surgery
Gut loop Blood flow maintained Loss of drug in circulation
Poor stirring conditions
Kot st nd il s
Intestinal perfusion model High Can be performed with or without blood supply Less number of experiments per animal

Complex process
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5.6 Practical aspects of ex vivo models

There are several practical aspects of ex vivo experiments that need to be considered to ensure the
validity and reliability of the results. First and foremost, the source of the animal tissues used is very
important. Although human tissues are the most relevant source, a lack of standardization of human
tissue samples (age, gender, medication, diet, etc.), inability to perform regional studies, limited
availability and ethical aspects greatly diminish its applicability [302]. Rat intestinal tissue is one of
the most commonly used tissues for determining intestinal drug permeability, owing to its relatively
high correlation with human tissue [303]. In addition, mouse, rabbit, pig, dog and monkey are other
sources that have also been used. The similarities in morphological parameters (such as the physiology,
anatomy, and intestinal environment) of the excised tissue with its human counterpart is an important
criterion to consider when selecting the source of the tissue [12]. However, there are few to no studies
that correlate the drug absorption data obtained from an ex vivo experiment with data obtained the in
vivo [26]. In addition to the source, the age and the species of animal selected, the fasted/fed state of
the animal, segment harvesting time and method of sacrifice can also influence the study [302].
Moreover, the use of anesthesia during the perfusion experiments affects drug transport. However, for
experiments where the tissues are extracted, the use of anesthesia can ensure the integrity of the drug
transporter [273]. Following the selection of the source of the tissue, the handling and preparation of
the animal tissues are other important aspects. Proper care must be taken during handling of the tissue
to ensure minimal structural damage to the tissue. Both stripped and unstripped tissues are used for
intestinal studies. Studies have shown that the absence of the muscular layer closely mimics the
physiological condition, electrical biases due to sporadic muscle contractions are eliminated, and the
viability of the tissue endures because it is adequately oxygenated [304]. Moreover, quick harvesting

of the intestinal segments ensures maximum transporter and enzyme activity in the tissue [302].

The experimental setup also be meticulously designed to ensure the validity of the study. The buffer
used, equilibration time, viability and integrity marker used, oxygenation of buffer, sink condition,
sampling method, drug quantification technique and apparent permeability calculation are some of the
important experimental factors that need to be optimized [26, 290]. Krebs-Ringer bicarbonate buffer
is the most common incubation buffer used for drug transport studies [285]. This buffer can be
supplemented with other compounds where necessary; for example, mannitol can be added for osmotic
balance, and bovine serum albumin can be added to eliminate unspecific binding [79]. Other commonly
used buffers include 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and phosphate

buffer saline solution. For closer resemblance to physiological conditions, simulated gastrointestinal

51



fluids have also been used to study intestinal transport [305, 306]. However, prolonged exposure to the
simulated intestinal medium has been shown to diminish the viability of rat intestinal tissue in a Ussing
chamber, as observed by two fold increase in mannitol permeability and substantial damage to
microvilli after 120 min of exposure [289, 307]. The morphological characteristics of the isolated
intestine are easily damaged by the conditions of the artificial environment (such as the incubation
buffer e.g., FASSIF or FESSIF). The viability and integrity of gut tissues before and after the
experiment can be monitored by a variety of experimental techniques, such as electrical measurements,
lactate dehydrogenase (LDH) leakage, histological tools, and marker molecules (summarized in Table
7). Electrical measurements, including TEER, short-circuit current (SCC), and potential difference
(PD), are common approaches to monitoring intestinal integrity and viability in a Ussing chamber
model [95]. TEER, SCC, and PD are measured by placing two electrodes in both apical and basolateral
chambers. TEER is the measurement of electrical resistance across a cellular monolayer, and it is a
sensitive and reliable indicator of the integrity of the tight junctions and of the cell monolayer. TEER
measures the ionic conductance via the paracellular pathway in the epithelial monolayer. The factors
affecting TEER measurement include temperature, cell passage number, cell culture medium
composition, TEER-related mechanoelectronics and shear stress [114]. PD reflects the voltage gradient
generated by the tissue, and SCC reflects electrogenic ionic flux across the epithelium [307-309]. Both
TEER and PD depends on the expression and conductance of channels present on both apical and
basolateral membranes, and the functions of tight junctions that control paracellular ion transport [310].
Based on the Ohm’s law, any changes in the ion conductivity across epithelial membrane will influence
these electrical measurements. TEER measurement is a non-invasive technique that allows continuous
monitoring of the integrity of the membrane and also can give information on paracellular flux [114].
LDH release is used to measure the damage to the intestinal cell membrane [311]. Histological tools
can be used to visually identify the morphology of the intestine [312, 313]. The common markers used
to assess the functionality of intestinal tissues include passive paracellular transport markers (e.g.,
mannitol, Lucifer yellow), transcytosis (horseradish peroxidase, HRP), passive transcellular transport
markers (e.g., caffeine), and metabolic activity markers (e.g., testosterone and midazolam) [95, 286,
290, 314, 315]. There are no general probes for active transporter, selective probes for specific
transporters are used. For instance, digoxin is an important clinical substrate of MDR1 and midazolam
is a specific and selective probe for CYP3A [316]. Similarly, dabigatran etexilate (DABE) is a selective
and sensitive probe for gut P-gp [317].
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Another important factor to be considered is the quantification technique. Since the analytical methods
involve very small concentrations of the test compound, the quantification method selected must have
a good range quantification limit. It should not be impacted by the different components in the

incubation buffer and a high recovery of the drug from the matrix sample must be ensured.

Table 7: Markers used for viability measurement and flux pathways in ex vivo models.

Viability/Functional marker

Measurement type

Chemical viability markers
Mannitol

Caffeine

Lucifer yellow

Metoprolol

Fluorescein

Selective probes for specific transporter

Passive paracellular transport
Passive transcellular transport
Passive paracellular transport
High permeability marker
Low permeability marker

Active transport

Lactate dehydrogenase release assay

Cellular membrane damage

Electrical measurements

Transepithelial electrical resistance

Potential difference

Integrity of intestinal barrier
TEER Porcine Jejunum: < 100 Q cm? [290]
TEER Rat Jejunum: > 40 Q cm?, 70-100 Q cm? [318]

PD Rat small intestine: > -4 mV [319]

PD Human small intestine: > -4 mV [283]
PD Human Colon: > -5 mV [283]

Short-circuit current SCC Human small intestine: > 100 pA/cm? [283]

SCC Human colon: < 120 pA/cm? [283]

6. In vivo models

The use of human subjects to evaluate the therapeutic efficacy of a drug can provide the most
significant information, but the cost, time, throughput and ethical issues related to human studies
greatly limit their application until the final stages of drug discovery and development. On the other
hand, in vitro and ex vivo studies consider only limited aspects and thus provide only partial information
regarding drug efficacy in humans. Thus, multifactorial in vivo studies are used because they allow
experiments on intact organisms that embody the complex interplay between different physiological

processes [3, 320]. Pharmacokinetics, pharmacodynamics and toxicological studies are key parameters
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that are evaluated with in vivo studies. In vivo studies generate detailed information regarding the
therapeutic efficacy of the tested compound and are crucial for making informed decisions for
successful clinical application [321]. In addition to pharmacokinetics, in vivo studies provide relevant
information regarding drug interactions, mechanism of action, and interaction with organ systems
compared to in vitro and ex vivo systems that do not mimic a living biological system completely [3,

16, 108].

For in vivo preclinical studies, the selection of appropriate animal species that closely resemble humans
in terms of anatomy and physiological condition is a critical step in the experimental design [16]. In
addition, experimental setup parameters, such as sampling technique, dosage form administration and
quantification techniques, are also crucial for designing reliable in vivo experiments [108]. The
differences in animal species and different experimental parameters used for in vivo studies are detailed
later. The ethical issues related to animal experimentation must be considered, acknowledging the
principle of replacement, reduction and refinement (3Rs) investigations, as described in the EU
directive 150 2010/63/EU on the protection of animals used for scientific purposes [322]. In vivo
studies constitute a very important step of drug discovery and development; thus, the validity,
reliability, reproducibility and sensitivity of these models are crucial. In this section, the authors strive

to present different animal models used in the evaluation of oral drug absorption.
6.1 Animal models

In vivo models encapsulate the complex dynamics of different factors of the GIT that affect drug
absorption. Animal models can be homologous (identical to humans), isomorphic (resembling a human
disorder) and predictive (allowing the prediction of human disease and treatment) [108]. There is no
single animal species displaying gastrointestinal physiology identical to that of humans, which
increases the risk of poor predictions of human outcomes [16]. Therefore, the selection of the animal
model must be done cautiously. There are a number of physiological features of the GIT influencing
oral absorption, such as surface area, intestinal transporters, tight junctions, pH profile, residence time,
gastrointestinal fluids, enzyme profile and gut wall metabolism. Some of the commonly used animal
species used for drug absorption studies are mouse, rat, pig and dog. Since this review aims to review
the in vivo models used for drug absorption studies, only relevant animal models are discussed. A more
detailed review of this topic was published by Sjogren et al. [16]. Table 8 summarizes the comparison

of the physiological parameters of humans with those of rat, mouse, dog and pig animal models.

In addition to selecting the species of the animal models, other factors of the animal model need to be
considered, such as age, gender, and disease state [323, 324]. For example, in diabetic rats, possible
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differences in the metabolic patterns and responses to induced stress were observed between males and
females [325]. Similarly, when selecting animal models with human disease, careful consideration
must be taken to incorporate as many disease-related features as possible, as animal models rarely
completely mimic the corresponding conditions in humans [324]. The confounding effects of the
disease, disease heterogeneity, and limited lifespan of animal models are other important aspects, as
the obtained results may reflect either the effect of the treatment or complications associated with the
disease [323]. Furthermore, to perform animal experimentation, authorization from the respective
ethical committee(s) is required. This ensures that ethical considerations have been taken into account

including the principle of 3Rs to minimize stress and pain [326].

6.1.1 Mouse and rat models

The most common species used for evaluating orally administered drugs are rats, representing
approximately 80% of the total studies [323]. There are several differences and similarities in the
gastrointestinal physiology of rats and humans (Table 8). The gastric emptying rate of liquids in rats
(15-30 min) in the fasted state is somewhat similar to humans, which is a significant factor when
determining drug absorption in Biopharmaceutics Classification System (BCS) class I drugs [327].
Saphier et al. demonstrated that commercially available capsules (length 7.18 mm) were retained in
the rat stomach, whereas short capsules (3.5 and 4.8 mm in length) in the stomach were eliminated.
The study also demonstrated that the rats in the fasted state retained the capsules for a longer time than
rats in the fed state [328]. In general, rats are considered to be a good predictive model for oral
absorption, as a high correlation between human and rat jejunal permeability has been reported by
several studies. The GeneChip technique also demonstrated a high correlation for jejunal permeability
(R? = 0.8) but showed only a moderate correlation for the expression levels of transporters (R? = 0.56)
and no correlation for metabolic enzymes [323, 329]. In addition, the Ussing chamber studies with rat
small and large intestine tissues has demonstrated rat colon a useful and predictive for the absorption
of drugs from modified release dosage forms [16, 330, 331]. Despite being used as a good predictive
preclinical model for GI absorption, there are several limitations associated with the rat model. First,
rats are nocturnal animals, and this rhythm has greatly impacted the feeding and dosing regimen. The
differences in dietary intake and the susceptibility of rats to coprophagy is also a limitation [323, 332].
Second, the low pH of the small and large intestines of rats can also greatly limit the application of
evaluating drugs and their delivery systems [333]. For example, acidic drugs can precipitate in the rat
intestine but not in the human intestine. The metabolism enzyme type and distribution also differ

between rat and human models, for example, the expression of CYP3A4/CYP3A9 and uridine 5'-
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diphospho-glucuronosyltransferase (UDPG) existed 12- to 193-fold differences between them [334],
which impact the translation of the effects observed in rats to humans in a relevant manner [335]. In
addition, the rat GIT differs from human GIT in aspects such as gut microflora, reuptake and fecal

excretion and the absence of a gall bladder in rats [323, 332].

Although mice are among the most extensively used animal models, relevant biopharmaceutical
information on the use of mouse models is limited [16]. The anatomical and physiological data of the
mouse model compared to humans and other animal models are summarized in Table 8. The GIT of
mice shares some similarity with the human GIT; for instance, both have finger-shaped villus
morphology [336]. However, similar to rats, mice have lower pH in the small and large intestines than
humans, which may have implications for evaluating the absorption of acidic drugs and oral drug
delivery systems, especially pH responsive systems. The very low luminal content in the mouse GIT
can greatly impact the dissolution of oral dosage forms [333]. In contrast, Escribano and coworkers
demonstrated that the mouse model is an adequate tool for the evaluation of intestinal permeability,
showing good predictability of absorption in the human GIT [16, 337]. Information regarding the
metabolic enzymes in mice is not plentiful compared to other animal models and is mainly limited to
ABC transporters and CYP450 enzymes [335, 338, 339]. Furthermore, in both rat and mouse models,
one major limitation is the size of the species, which does not allow the use of intact dosage forms,
such as tablets or capsules. The inability to administer final intact dosage form orally is a crucial

limiting factor for screening formulations in rodents.

6.1.2 Dog model

Dogs are acceptable models for evaluating drug absorption owing to their similarity with humans in
terms of anatomy, gastrointestinal motility patterns in the fasted state, residence times and secretory
factors [16]. A comparison of dog models and humans based on anatomy and physiological features of
the GIT is summarized in Table 8. Briefly, the stomach of dogs is anatomically similar to that of
humans based on volume of stomach 0.5—-1 L (living beagle), however they differ in terms of pH range
and transit times (Table 8) [328]. Studies have demonstrated an unstirred water layer with similar GI
thickness in both dogs and humans, which is a critical parameter for rapidly absorbed drugs [340].
Despite having differences in the small intestine, a good correlation has been established between the
relative bioavailability of 11 drugs administered to dogs and the human colon [341]. Haller and
coworkers studied the gene expression pattern of drug transporters in the livers and intestines of beagles
[342]. The study demonstrated similarities in the expression of UGT1A6, ABCC1 (MRP1), ABCG2
(BCRP), ABCB1 (multidrug resistance mutationl, MDR1), SLCI5A1 (PEPT1), and SLC22Al1
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(Organic cation transporter-1, OCT1). However, significant differences were observed in the case of
P-gp expression in dogs and humans [342]. Furthermore, the pH profile of dogs in intestine is found
to be similar to that of humans, which is crucial when determining the absorption of drug molecules
whose properties are pH dependent. Nonetheless, we cannot ignore the gastric pH differences between
dog and human in the fasted state, in which the pH of canine stomach was found to be to be on average
higher and more variable than in humans [343]. Additionally, the colonic bioavailability of drugs given
to dogs have been shown to have good correlation with those of humans (R? = 0.8) [344]. Dog models
have been shown to be reasonable animal models, but there are clear species differences in regional
intestinal metabolism that still need to be further evaluated. These models have been used to evaluate
the in vivo performance of several oral formulations such as modified release multiparticulate systems

[345] and nanoparticle based systems [346, 347].

6.1.3 Pig model

Pigs, especially minipigs, are considered alternative translational species for biomedical and
pharmaceutical research. Pigs have used increasingly as preclinical models to assess the oral
bioavailability of drug products in recent years. The principal advantage of this model is their
similarities to humans in terms of their anatomical, physiological and biochemical features of the GIT
[348, 349]. For instance, the pH profiles of pigs and humans are fairly comparable, with similar pH
ranges and patterns throughout the GIT. This similarity is a unique advantage for this model (versus
the canine model), making pig models suitable for evaluating pH-responsive drugs and drug delivery
systems [350, 351]. Moreover, when the luminal surface area of the small intestine of pigs and humans
were examined, considering both basic cylindrical estimates and the apical ‘brush border’, comparable
absorptive surfaces were estimated for pigs and humans at 168-210 m? and 252 m?, respectively [352,
353]. The small intestine residence time is similar between pigs and humans, but gastric emptying is
slower and variable in pigs [350, 354-356]. In addition, the intestinal microbiome in the pig colon and
the digestive properties of the small intestine are also considered to be similar to those of humans [357].
Thus, considering the above similarities, pigs can be considered good models for evaluating the
absorption profiles of drugs mainly absorbed in the small intestine, with the potential slower gastric
emptying rate taken into account. Based on previous literature and a study by Henze et al, despite of
low number of studies with only 20 drugs, the porcine model demonstrates good correlation (RZ=0.52,
excluding justifiable outliers) with oral bioavailability in human, which is higher than that of rat (r*> =
0.29, 121 drugs) or dog (r> = 0.38, 128 drugs) [329, 353, 358]. It has been reported that CYP enzymes

in pig showed high similarities with CYP enzymes in human. For instance, enzyme CYP3A4, the most
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important enzyme family in man, is relatively well preserved in pigs [359]. Moreover, enzyme
CYPIAI1, 1A2, 2B, 2E1 and 3A in pig also have no big differences compared to humans [360]. Owing
to the similarities in CYP enzymes, pigs are considered good models for studying drugs metabolized
by some CYP enzymes that show a very high similarity with human [349]. On the other hand, the pigs
differ from humans in metabolizing enzymes CYP2C and CYP2D. These enzymes are critical for the
metabolization of 22% (CYP2C) and 12% (CYP2D) of drugs [361, 362]. There are few studies that
have used porcine model to study the in vivo performance of oral formulations [363, 364]. Therefore,
the porcine model is considered a suitable model for preclinical drug absorption studies; however, it

needs further optimization for use in investigating intestinal permeability, metabolism and transporters.
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Table 8: The anatomical and physiological parameters relevant to drug absorption studies of the human GIT compared to the parameters of rat,

mouse, dog and pig models. (Adapted from Sjogren et al [16])

Human

Mouse

Rat

Dog

Pig (Landrace)

pH range

Stomach (fasted): 1-3.5
Stomach (Fed): 3.0-6.0
Small intestine (fasted): 6.0-8.0
Small intestine (fed): 5.0-6.5
Large intestine (fasted): 5.5-8.0
Large intestine (fed): na

Stomach (fasted): 4.0
Stomach (Fed): 3.0
Small intestine (fasted): 5.0
Small intestine (fed): 4.8
Large intestine (fasted): 5.7
Large intestine (fed): 4.5

Stomach (fasted): 4.5-7
Stomach (Fed): na
Small intestine (fasted): 4.5-7.5
Small intestine (fed): 3.8- 5.0
Large intestine (fasted): na
Large intestine (fed): 6.6-6.9

Stomach (fasted): 1.5-6.8
Stomach (Fed): na
Small intestine (fasted): 6.1-7.6
Small intestine (fed): 5.5-7.2
Large intestine (fasted): ca. 6.5
Large intestine (fed): ca. 6.5

Stomach (fasted): 1.2-4
Stomach (Fed): 4.4
Small intestine (fasted): 7-8
Small intestine (fed): 4.4-7.2
Large intestine (fasted): na
Large intestine (fed): 6.6-6.1-
6.6

Stomach (fasted): 10-15 min
Stomach (Fed): 0.5-3h

Stomach (fasted): na
Stomach (Fed): 1 h

Stomach (fasted): 15-30 min
Stomach (Fed): 5.4-13.3 h
Small intestine (fasted): 60-111

Stomach (fasted): 2-76 min
Stomach (Fed): na

Stomach (fasted): 1-28 days
Stomach (Fed): na
Small intestine (fasted): < 1-3

time

Small intestine (fasted): 3-4h . . . min . . )
Transit time Small intestine (fed): 3-4h Small intestine (fasted): na | g svectine (fed): 150-180 | Small intestine (fasted): 3-4h _ days
. . : Small intestine (fed): 1-2h . Small intestine (fed): na Small intestine (fed): na
Large intestine (fasted): 8.0- . . . min . . ’ . . ;
Large intestine (fasted): na . . . Large intestine (fasted): 10-11h Large intestine (fasted): < 1-3
18.0h . . A Large intestine (fasted): < . ) .
. . . Large intestine (fed): < 3h Large intestine (fed): na days
Large intestine (fed): na human Large intestine (fed): na
Large intestine (fed): < human & )
Length small 3-5m 40.2cm 102-148cm 2.5-4.1m 17-19 em/kg
intestine
Le.ngth !arge 1.5m 8.3 cm 26 cm Colon: 34-60 cm 4.3 cm/kg
intestine
Permeability - Less than in humans, good Higher than‘huma.ln due to . Less than in humans due to the
Reference Similar to human . shorter small intestinal transit . .
values correlation slow gastric emptying
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0.4. rerrusion models

The gut loop model is a simplified perfusion model. In this model, the experimental animal is
anesthetized, and a section of the intestine is separated while the link to the blood circulation is
maintained [107]. The intestinal segment is washed, and a loop (ca. 10 cm long) is formed by
clamping, and then, a known volume of drug solution in physiological buffer is injected in the loop.
At the end of the experiment, the test compound is quantified inside the loop and in the blood samples
[3, 7, 284, 296]. This method enables the evaluation of the regional differences in drug absorption in
the same animal, thus eliminating intervariability among the test subjects [283]. Furthermore, this
simple model does not require expensive equipment and can be performed by researchers trained with
in vivo animal experiments. However, a large number of animals are needed for this experiment
compared to other models. Another major disadvantage of this model is the use of anesthesia and the

absence of stirring conditions [107, 297].

The isolated intestinal perfusion model is used for drug absorption studies and has also been used as
an in situ perfusion model [107]. Unlike the gut loop model, in this model, a 10-30-cm-long segment
of the intestine is cannulated at both ends and is perfused continuously with buffer. The rat circulation
can also be cannulated via the mesenteric vein and artery, which can provide information regarding
the impact of hepatic clearance [34, 292, 298]. Mannitol is used as a permeability marker. This
perfusion model has demonstrated good correlation with human oral bioavailability and permeability
of different types of drugs [293, 299]. A major benefit of this model is the presence of blood supply,
which ensures continuous tissue oxygenation and proper flow features on the serosal side. Moreover,
the presence of other components, such as the enteric nerves and enteroendocrine system, gives better
control of drug transport and viability. Nonetheless, the use of anesthesia has also been shown to
influence drug absorption. This method is very time-consuming and requires a large number of
animals, which makes this model unsuitable for screening libraries of test compounds. Several studies
have also reported the loss of the drug in the systemic solution due to enzymatic degradation or

adsorption onto the plastic components used [107, 259].

6.3. Experimental techniques and parameters

In vivo preclinical studies provide information regarding oral bioavailability, which is an indirect
measure of intestinal permeability. In addition, these studies also generate other information, such as
pharmacodynamics, imaging, pharmacokinetic profiles and toxicology. This information is key to

accurately predicting pharmacokinetics parameters in humans and clinical efficacy of the tested oral
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and the experimental setup.

Since no animal model can replicate the human condition perfectly, the selection of a validated in
vivo model is critical to address the clinical situation. The validation of in vivo models can be
conducted based on different criteria, including face validity, predictive validity and target validity.
Denayer et al. offered a detailed summary for each validation criterion of in vivo models [366]. In
this summary, the validation procedure of in vivo models designed to study orally delivered drugs
and delivery systems was briefly addressed. For oral drug delivery, the gastrointestinal environment
(e.g., enzymes), morphology (e.g., villi) and digestive process (e.g., transit time) of animal models
should be validated. Furthermore, the pathophysiological features of the disease induced in the
selected model species need to be validated. Theoretically, the more similar a species is to humans,
the more likely the pathophysiology of the disease induced in that model species will be similar to
the disease in humans [366]. The validation studies in the selected animal models are based on a wide
range of biotechnological approaches, such as histological tools, gene analysis and blood tests. In
addition, evaluating the intestinal permeability and/or oral bioavailability correlation between the
animal models and humans could also be considered as an intuitive validation method for the given
model [323, 329]. However, validation studies comparing the intestinal permeability and/or oral

bioavailability between in vivo animal models and humans are limited.

There are several experimental parameters that need to be considered when designing a reliable
experimental setup for oral absorption studies. The administration technique, dosage volumes,
sampling techniques, and analytical methods are a few of the key parameters that need to be
considered [108]. The selection of the administration technique greatly depends on the type and size
of the dosage forms and the experimental objective. The administration techniques used for oral
dosing are oral gavage, intragastric and intestinal instillation, and syringe feeding techniques. Oral
gavage is one of the most common administration techniques for orally dosing animals, and it can be
used to precisely dose both solids and liquid formulations [367]. A range of gavage needles made of
different materials and sizes is available from which a selection can be made based on the selected
animal species and type of dosage [367]. The size of the capsules has a remarkable influence on their
fate after administration [328, 368]. Positive displacement pipetting is another technique that can be
used for administering powders [369]. Despite being a noninvasive process with only moderate
personnel training required, the use of oral gavage is limited by a restricted dosing volume, which
greatly limits its application in the initial phase. Intragastric and intestinal instillation are invasive

processes that require highly experienced personnel with the skills to use anesthesia and perform
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surgery. lhe use OI anestnesla raises tne risks OI otner conrounding eIrrects on pnysiological
parameters such as blood glucose levels, blood pressure and cardiovascular reflexes [323]. Thus,
insertion of biocompatible cannula into the intestine allows experiments in unanesthetized animals.
Despite having limitations, instillations have been shown to have a high correlation with human oral

bioavailability [323, 367].

The evaluation of drug transport and absorption is a component of pharmacokinetics studies, and the
measures include absorption, distribution, metabolism and excretion of a compound over a time
course. One of the important techniques for evaluating drug absorption is sampling blood from animal
models. The tail vein is the most common site for blood samples withdrawal from rats, whereas
arterial and venous blood sampling are the most common methods used for dog models [370]. The
withdrawn blood samples are treated to avoid coagulation and are then analyzed using appropriate
analytical techniques, such as enzyme-linked immunosorbent assay (ELISA), mass spectrometry, a
reader for fluorescently labeled compounds and scintigraphy for radiolabeled samples [323]. In
addition to blood sampling, intestinal tissues can also be extracted and evaluated for determining the
uptake of test compounds. Evaluating intestinal tissues from different regions provides information

regarding regional differences in the uptake of the test compounds.

Fluorescently labeled or radiolabeled drugs or formulations can also be used to ensure easier
quantification. Nevertheless, the high fluorescence background of tissue homogenates can interfere
with the final readouts, resulting in misinterpretations of the results [108]. The labeled drugs
(radioisotopes, fluorophores and bioluminescence markers) also allow imaging of whole animals or
excised portions to visualize the absorption behavior of the drugs throughout the GIT at different time
points. Imaging also allows studying regions for determining drug dissolution, interactions with
gastrointestinal components, and the extent it is released from formulations. Radioactive labeling is
a noninvasive technique that can be used to visualize the drug absorption process in high definition
and real-time after oral administration [371]. The exposure to radiation and instability of
radioisotopes are the major drawbacks of this method. Single-photon emission computed
tomography/computed tomography (SPECT-CT) and positron emission tomography (PET) are
alternative high-resolution techniques that can be used to obtain 3D sensitive and high-resolution

imaging, which can help reveal the specific site of drug absorption [372].
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1. Correlations between in vitro studies, preclinical in vivo studies and

human data

The oral bioavailability of drugs is the key parameter that determines the fate of orally delivered drugs
and is primarily determined by the rate and extent of drug absorption across intestine barriers.
Although the physicochemical properties of oral drugs/formulations have an impact on their intestinal
transport, this process largely depends on the anatomical (e.g., intestinal mucosal layer, epithelial
cells and the expression of receptors and transporters), physiological (e.g., (e.g., gastric emptying
times, transit times, acid and the dynamic environment) and biochemical features (e.g., drug
metabolism in intestine) of the intestine. It is impossible, impractical, and even unethical to use
humans as experimental subjects without any preclinical studies due to the potential for severe,
unknown and unwanted adverse effects associated with a drug/formulation. Over the last century,
scientists and researchers have developed and used a wide range of preclinical tools to study the
transport of drugs across intestine barriers, including in vitro, ex vivo and in vivo models. These
models were conceived to overcome issues associated with using human subjects, such as expense,
safety and ethical problems. In this review, we have reviewed the development, characterizations and
applications of these models in detail. These models have been widely used to predict and/or measure
the pharmacokinetic characteristics of new oral drugs/formulations. The accuracy of the prediction
of clinical results is mainly determined by the degree to which these models simulate the human
environment. In addition, the correlation between preclinical data obtained from these models and

human data is critical to drug design and development.

The initial understanding of the ability of drugs/formulations to cross the human intestine barriers is
based on in vitro studies. Thus, researchers have developed a wide range of in vitro models that link
the components of human intestine environments and barriers to measure the performances of
drugs/formulations to predict their efficacies in the human intestine. The utilization of these models
minimizes the likelihood of lead drugs/formulations with poor PK profiles being used for costly in
vivo preclinical and clinical research. The use of more complex in vitro transport models that
incorporate multiple physiologically relevant factors has possibly enabled the development of better
in vitro-in vivo correlation (IVIVC). IVIVC serves as a surrogate for in vivo pharmacokinetics, thus
reducing the number of human studies needed for the development of new drugs/formulations.
However, using more complex and advanced in vitro models correspondingly makes the process more
expensive and time-consuming. Notably, since these models are primarily used as predictive tools in

the development of drugs/formulations, the potential products should be validated in vivo.
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rurtnermore, each model has 11s own unique adavantages and disaavantages, as we summarize in
Tables 5. In summary, in vitro non-cell-based models are mainly developed for high-throughput drug
studies. The relevance of the predictions based on these models to clinical trials is very limited. In
vitro cell-based models are mostly produced by abnormal cancerous cell lines, failing to simulate all
the characteristics of the healthy intestinal epithelium. The abnormal cancerous cell lines never
completely behave like normal intestinal cells; thus, we cannot expect these models to have high
capacity for clinical predictivity. Furthermore, the sensitivity of different cell lines to
drug/formulation differs, which affects the clinical prediction accordingly. In addition, the assessment
of the concentrations for the drug and excipient (e.g., proteins and lipids) adsorbed onto plastic
devices (e.g., cell plates) should be considered when in vitro models are used to extrapolate the
intestinal permeability of drugs/formulations to humans [373]. To our knowledge, there are currently
no available in vitro transport models that can adequately replicate human intestinal physiology and
environment. Therefore, choosing valid in vitro models for the evaluation of intestinal transport of
drugs/formulations, which highly correlates with in vivo data in preclinical studies, even in clinical
trial studies, is imminently needed. For example, Ji ef al. developed chitosan-coated insulin-loaded
nanocomposites for oral delivery [374]. In their study, considering the results obtained from in vitro
Caco-2 monolayers, the authors found that chitosan-coated nanocomposites harmlessly opened TJs
to increase the paracellular transport of insulin better than noncoated nanocomposites. The promising
results gained from their study on in vitro Caco-2 monolayers prompted them to perform further
pharmacological and pharmacokinetic studies on diabetic rats in vivo, where the chitosan-coated
formulation exhibited a stronger hypoglycemic effect than the noncoated formulation, with increased
oral bioavailability, up to 15.19% [374]. The excellent IVIVC in this study not only showed the valid
application of the in vitro Caco-2 model but also suggested that the oral product may have the

potential to be promoted into clinical phases after more follow-up trials.

Tissue-based ex vivo models offer a tradeoff between in vitro models and in vivo models. Since ex
vivo models exploit living intestinal segments from animals and humans, they offer some unique
advantages for predicting clinical outcomes compared with other models. The intestinal permeability
data from different intestinal segments provide a strong basis for the design of final market products
for human trials. In general, ex vivo models mostly exploit the use of tissues from different animals,
with those of rats and pigs, compared to those of other animals, being the most similar to tissues of
humans [12, 375]. Moreover, many studies have reported that permeability studies generated from
rat or pig tissues correlate better with those obtained for human tissue [290, 376]. Importantly, the

use of human intestinal tissues to directly perform transport studies eliminates the boundaries between
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animal species and numans, proviaing good clinical predaictions | 1Ud, 100, 29Y1]. INonetneless, tne
availability of healthy intestinal tissue derived from humans is very limited. Most human intestinal
tissues exploited in ex vivo transport studies present under pathological conditions, which may lead

to a large gap between experimental and true clinical data

Animal models with reliable predictability for pharmacology and toxicology are widely used in drug
development and have effectively facilitated the clinical translation of drugs. Nevertheless, the overall
success rate of drugs/formulations in clinical development remains low, despite a large number of
drugs/formulations exhibiting good therapeutic efficacy in animal models. One obvious reason for
this outcome is that the use of animal data to predict or estimate the efficacy of drugs/formulations in
humans is not necessarily deterministic. When conducting clinical transformation based on animal
data, special attention should be paid to differences in body size between experimental animals and
humans. Due to the different metabolic requirements associated with different ratios of body weight
to body volume, the extrapolation of dosage levels of animals to humans may lead to inaccurate or
incorrect predictions. Another reason for the different outcomes is that preclinical animal studies
usually begin with a small homogeneous laboratory animal population, such as rats and mice, while
clinical studies are usually conducted in heterogeneous human populations. Therefore, in the late
stages of preclinical studies, the interspecies differences in the pharmacokinetic parameters, such as
metabolism of oral drugs/formulations (e.g., intestinal permeability and liver metabolism) must be
carefully considered. In addition, performing pharmacological and toxicological studies in large

animals that are more similar to humans is also essential.

8. Conclusion and future perspectives

The therapeutic efficacy of oral drugs is determined by a vast array of factors, from the
physicochemical properties of the drug formulations to gastrointestinal barriers. A tremendous
amount of research effort has been devoted to designing, characterizing and validating versatile
models to evaluate the fate of orally delivered drugs in the GIT. This review details the most
commonly used in vitro, ex vivo and in vivo models for studying the transport of drugs across intestinal
barriers. Although these models have made great contributions to the development of oral
drugs/formulations, the intrinsic defects of these models have led to limited and/or unreliable

predictions in clinical studies.
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1ne models 1n tne 1ntestinal transport studies were originally developea 1o accelerate tne
development, improvement and clinical translation of orally delivered products. To achieve this goal,
current research must be focused on improving current models and/or creating novel biomimetic
models. As models continue to evolve, more information about the tested drug/formulation will
emerge during the preclinical evaluation, thus improving the decision-making process. In addition,
the proper selection of validated models and experimental techniques is also crucial. Another
important design challenge, which is often easy to ignore, involves the development of models that
are simple and practical. Overall, it is quite clear that the data obtained from the preclinical models
greatly impact the development and market translation of oral drugs/formulations. These important

issues have been emphasized and discussed in this review.

In addition to the use of classic models (in vitro, ex vivo and in vivo), the emergence of in silico
models has promoted the development of techniques in the study of drugs/formulation crossing
intestinal barriers. In silico models use heavy computational resources to provide information on
drug/formulation intestinal transport. They can accurately predict the transport mechanism of drugs
(e.g., passive diffusion and drug-receptor interaction) by using molecular modeling or quantitative
structure—activity relationship approaches or predict the behavior of drugs in intestinal tissues and/or
systemic circulation via physiology-based pharmacokinetics models. Considering the importance of
in silico models in finding drugs that cross intestinal barriers, their use for in-depth study will be a

new trend for model development and improvement in the future.

Acknowledgements

Y.X. is a postdoctoral researcher supported by the funding from the European Research Council
(ERC) under the European Union's Horizon 2020 research and innovation programme (grant
agreement No. 850997; recipient A.B.). N.S. is a postdoctoral researcher and A.B. is a research

associate from the FRS-FNRS (Fonds de la Recherche Scientifique), Belgium.

66



Y. Reterences

[1] L.M. Ensign, R. Cone, J. Hanes, Oral drug delivery with polymeric nanoparticles: the gastrointestinal mucus barriers,
Adv Drug Deliv Rev, 64 (2012) 557-570.

[2] Sales of Oral Solid Dosage Pharmaceutical Formulation Market to Decelerate in 2020 as COVID-19 Pandemic Takes
its Toll on Global Market, Future Market Insights, 2020.

[3] J.M. Gamboa, K.W. Leong, In vitro and in vivo models for the study of oral delivery of nanoparticles, Adv Drug
Deliv Rev, 65 (2013) 800-810.

[4] Y. Xu, N. Shrestha, V. Preat, A. Beloqui, Overcoming the intestinal barrier: A look into targeting approaches for
improved oral drug delivery systems, J Control Release, 322 (2020) 486-508.

[5] P. Lundquist, P. Artursson, Oral absorption of peptides and nanoparticles across the human intestine: Opportunities,
limitations and studies in human tissues, Adv Drug Deliv Rev, 106 (2016) 256-276.

[6] C.B. Fox, J. Kim, L.V. Le, C.L. Nemeth, H.D. Chirra, T.A. Desai, Micro/nanofabricated platforms for oral drug
delivery, J Control Release, 219 (2015) 431-444.

[71 W. Liu, H. Pan, C. Zhang, L. Zhao, R. Zhao, Y. Zhu, W. Pan, Developments in Methods for Measuring the Intestinal
Absorption of Nanoparticle-Bound Drugs, Int J Mol Sci, 17 (2016).

[8] H.M. Braakhuis, S.K. Kloet, S. Kezic, F. Kuper, M.V. Park, S. Bellmann, M. van der Zande, S. Le Gac, P. Krystek,
R.J. Peters, .M. Rietjens, H. Bouwmeester, Progress and future of in vitro models to study translocation of nanoparticles,
Arch Toxicol, 89 (2015) 1469-1495.

[9] D. Dahlgren, H. Lennernas, Intestinal Permeability and Drug Absorption: Predictive Experimental, Computational
and In Vivo Approaches, Pharmaceutics, 11 (2019).

[10] M. Estudante, J.G. Morais, G. Soveral, L.Z. Benet, Intestinal drug transporters: An overview, Adv Drug Deliv Rev,
65 (2013) 1340-1356.

[11] A. Beloqui, A. des Rieux, V. Preat, Mechanisms of transport of polymeric and lipidic nanoparticles across the
intestinal barrier, Adv Drug Deliv Rev, 106 (2016) 242-255.

[12] P.V. Balimane, S. Chong, R.A. Morrison, Current methodologies used for evaluation of intestinal permeability and
absorption, J Pharmacol Toxicol Methods, 44 (2000) 301-312.

[13] P.R. Kiela, F.K. Ghishan, Physiology of Intestinal Absorption and Secretion, Best Pract Res Clin Gastroenterol, 30
(2016) 145-159.

[14] T. Pelaseyed, J.H. Bergstrom, J.K. Gustafsson, A. Ermund, G.M. Birchenough, A. Schutte, S. van der Post, F.
Svensson, A.M. Rodriguez-Pineiro, E.E. Nystrom, C. Wising, M.E. Johansson, G.C. Hansson, The mucus and mucins of
the goblet cells and enterocytes provide the first defense line of the gastrointestinal tract and interact with the immune
system, Immunol Rev, 260 (2014) 8-20.

[15] A. Akhtar, The flaws and human harms of animal experimentation, Camb Q Healthc Ethics, 24 (2015) 407-419.

[16] E. Sjogren, B. Abrahamsson, P. Augustijns, D. Becker, M.B. Bolger, M. Brewster, J. Brouwers, T. Flanagan, M.
Harwood, C. Heinen, R. Holm, H.P. Juretschke, M. Kubbinga, A. Lindahl, V. Lukacova, U. Munster, S. Neuhoff, M.A.
Nguyen, A. Peer, C. Reppas, A.R. Hodjegan, C. Tannergren, W. Weitschies, C. Wilson, P. Zane, H. Lennernas, P.
Langguth, In vivo methods for drug absorption - comparative physiologies, model selection, correlations with in vitro
methods (IVIVC), and applications for formulation/API/excipient characterization including food effects, Eur J Pharm
Sci, 57 (2014) 99-151.

[17] B. Sarmento, 1 - Introduction, in: B. Sarmento (Ed.) Concepts and Models for Drug Permeability Studies, Woodhead
Publishing2016, pp. 1-2.

[18]J.E. Polli, In vitro studies are sometimes better than conventional human pharmacokinetic in vivo studies in assessing
bioequivalence of immediate-release solid oral dosage forms, AAPS J, 10 (2008) 289-299.

[19] E. Araujo, C. Pereira, J. Costa, C. Barrias, P.L. Granja, B. Sarmento, In vitro M-like cells genesis through a tissue-
engineered triple-culture intestinal model, J Biomed Mater Res B Appl Biomater, 104 (2016) 782-788.

[20] 1. Lozoya-Agullo, F. Araujo, I. Gonzalez-Alvarez, M. Merino-Sanjuan, M. Gonzalez-Alvarez, M. Bermejo, B.
Sarmento, Usefulness of Caco-2/HT29-MTX and Caco-2/HT29-MTX/Raji B Coculture Models To Predict Intestinal and
Colonic Permeability Compared to Caco-2 Monoculture, Mol Pharm, 14 (2017) 1264-1270.

67



|£1] ©. reciclila, r. Aldujo, L.C. Ddlllds, I'.L. Uldlljd, D. SdllLCIILO, 1LJISSCCLLE SUULAdI=CPIUICHIdL HICIdCUUIS 111 da S 111
vitro cellularized intestinal model for permeability studies, Biomaterials, 56 (2015) 36-45.

[22] A. Beloqui, D.J. Brayden, P. Artursson, V. Preat, A. des Rieux, A human intestinal M-cell-like model for
investigating particle, antigen and microorganism translocation, Nat Protoc, 12 (2017) 1387-1399.

[23] T. Takenaka, N. Harada, J. Kuze, M. Chiba, T. Iwao, T. Matsunaga, Application of a Human Intestinal Epithelial
Cell Monolayer to the Prediction of Oral Drug Absorption in Humans as a Superior Alternative to the Caco-2 Cell
Monolayer, Journal of Pharmaceutical Sciences, 105 (2016) 915-924.

[24] S. Ayehunie, T. Landry, Z. Stevens, A. Armento, P. Hayden, M. Klausner, Human Primary Cell-Based Organotypic
Microtissues for Modeling Small Intestinal Drug Absorption, Pharm Res, 35 (2018) 72.

[25] B.J. Boyd, C.A.S. Bergstréom, Z. Vinarov, M. Kuentz, J. Brouwers, P. Augustijns, M. Brandl, A. Bernkop-Schniirch,
N. Shrestha, V. Préat, A. Miillertz, A. Bauer-Brandl, V. Jannin, Successful oral delivery of poorly water-soluble drugs
both depends on the intraluminal behavior of drugs and of appropriate advanced drug delivery systems, European Journal
of Pharmaceutical Sciences, 137 (2019) 104967.

[26] R. Nunes, C. Silva, L. Chaves, 4.2 - Tissue-based in vitro and ex vivo models for intestinal permeability studies, in:
B. Sarmento (Ed.) Concepts and Models for Drug Permeability Studies, Woodhead Publishing2016, pp. 203-236.

[27] S.C. Pearce, H.G. Coia, J.P. Karl, I.G. Pantoja-Feliciano, N.C. Zachos, K. Racicot, Intestinal in vitro and ex vivo
Models to Study Host-Microbiome Interactions and Acute Stressors, Frontiers in Physiology, 9 (2018).

[28] L. Barthe, J. Woodley, G. Houin, Gastrointestinal absorption of drugs: methods and studies, Fundam Clin Pharmacol,
13 (1999) 154-168.

[29] A. Thomson, K. Smart, M.S. Somerville, S.N. Lauder, G. Appanna, J. Horwood, L. Sunder Raj, B. Srivastava, D.
Durai, M.J. Scurr, A.V. Keita, A.M. Gallimore, A. Godkin, The Ussing chamber system for measuring intestinal
permeability in health and disease, BMC Gastroenterology, 19 (2019) 98.

[30] M.C. Chen, K. Sonaje, K.J. Chen, H.W. Sung, A review of the prospects for polymeric nanoparticle platforms in
oral insulin delivery, Biomaterials, 32 (2011) 9826-9838.

[31]J. Renukuntla, A.D. Vadlapudi, A. Patel, S.H. Boddu, A.K. Mitra, Approaches for enhancing oral bioavailability of
peptides and proteins, Int J Pharm, 447 (2013) 75-93.

[32] H. Cheng, C.P. Leblond, Origin, differentiation and renewal of the four main epithelial cell types in the mouse small
intestine. I. Columnar cell, Am J Anat, 141 (1974) 461-479.

[33] G.J. Tortora, B.H. Derrickson, Principles of anatomy and physiology, John Wiley & Sons2018.

[34] G. Patel, A. Misra, 10 - Oral Delivery of Proteins and Peptides: Concepts and Applications, in: A. Misra (Ed.)
Challenges in Delivery of Therapeutic Genomics and Proteomics, Elsevier, London, 2011, pp. 481-529.

[35] M. Schenk, C. Mueller, The mucosal immune system at the gastrointestinal barrier, Best Pract Res Clin Gastroenterol,
22 (2008) 391-4009.

[36] T.H. Yen, N.A. Wright, The gastrointestinal tract stem cell niche, Stem Cell Rev, 2 (2006) 203-212.

[37] A.J. Watson, C.A. Duckworth, Y. Guan, M.H. Montrose, Mechanisms of epithelial cell shedding in the Mammalian
intestine and maintenance of barrier function, Ann N'Y Acad Sci, 1165 (2009) 135-142.

[38] H. Cheng, C.P. Leblond, Origin, differentiation and renewal of the four main epithelial cell types in the mouse small
intestine. V. Unitarian Theory of the origin of the four epithelial cell types, Am J Anat, 141 (1974) 537-561.

[39] M.R. Hellmich, B.M. Evers, CHAPTER 15 - Regulation of Gastrointestinal Normal Cell Growth, in: L.R. Johnson
(Ed.) Physiology of the Gastrointestinal Tract (Fourth Edition), Academic Press, Burlington, 2006, pp. 435-458.

[40] A. MacAdam, The effect of gastro-intestinal mucus on drug absorption, Adv Drug Deliv Rev, 11 (1993) 201-220.

[41]0O.J. Mace, B. Tehan, F. Marshall, Pharmacology and physiology of gastrointestinal enteroendocrine cells, Pharmacol
Res Perspect, 3 (2015) e00155-e00155.

[42] P.V. Balimane, S. Chong, Cell culture-based models for intestinal permeability: a critique, Drug Discov Today, 10
(2005) 335-343.

[43] A. Dillon, D.D. Lo, M Cells: Intelligent Engineering of Mucosal Immune Surveillance, Frontiers in Immunology,
10 (2019).

[44] H.-A. Ting, J. von Moltke, The Immune Function of Tuft Cells at Gut Mucosal Surfaces and Beyond, J Immunol,
202 (2019) 1321-1329.

68



|94o] AL LCOULC, DAILICT PIOPCIUCS U1 IIUCuUS, AUV DIiug DIV ROV, U1 (LUVUT) /0-00.

[46] H.-A. Ting, J. von Moltke, The Immune Function of Tuft Cells at Gut Mucosal Surfaces and Beyond, The Journal
of Immunology, 202 (2019) 1321-1329.

[47] K. Sugano, M. Kansy, P. Artursson, A. Avdeef, S. Bendels, L. Di, G.F. Ecker, B. Faller, H. Fischer, G. Gerebtzoff,
H. Lennernaes, F. Senner, Coexistence of passive and carrier-mediated processes in drug transport, Nat Rev Drug Discov,
9(2010) 597-614.

[48] F. Danhier, E. Ansorena, J.M. Silva, R. Coco, A. Le Breton, V. Préat, PLGA-based nanoparticles: An overview of
biomedical applications, Journal of Controlled Release, 161 (2012) 505-522.

[49] 1. Ott, 3.32 - Biodistribution of Metals and Metallodrugs, in: J. Reedijk, K. Poeppelmeier (Eds.) Comprehensive
Inorganic Chemistry II (Second Edition), Elsevier, Amsterdam, 2013, pp. 933-949.

[50] N. Salamat-Miller, T.P. Johnston, Current strategies used to enhance the paracellular transport of therapeutic
polypeptides across the intestinal epithelium, Int J Pharm, 294 (2005) 201-216.

[51] A.L. Daugherty, R.J. Mrsny, Transcellular uptake mechanisms of the intestinal epithelial barrier Part one,
Pharmaceutical science & technology today, 2 (1999) 144-151.

[52]J.R. Turner, M.M. Buschmann, I. Romero-Calvo, A. Sailer, L. Shen, The role of molecular remodeling in differential
regulation of tight junction permeability, Seminars in Cell & Developmental Biology, 36 (2014) 204-212.

[53] P. Artursson, S.D. Knight, Breaking the intestinal barrier to deliver drugs, Science, 347 (2015) 716-717.

[54] J.R. Pappenheimer, Physiological regulation of transepithelial impedance in the intestinal mucosa of rats and
hamsters, J Membr Biol, 100 (1987) 137-148.

[551 Y. Yun, Y.W. Cho, K. Park, Nanoparticles for oral delivery: targeted nanoparticles with peptidic ligands for oral
protein delivery, Adv Drug Deliv Rev, 65 (2013) 822-832.

[56] A. des Rieux, V. Fievez, M. Garinot, Y.-J. Schneider, V. Préat, Nanoparticles as potential oral delivery systems of
proteins and vaccines: A mechanistic approach, Journal of Controlled Release, 116 (2006) 1-27.

[57] V.K. Pawar, J.G. Meher, Y. Singh, M. Chaurasia, B. Surendar Reddy, M.K. Chourasia, Targeting of gastrointestinal
tract for amended delivery of protein/peptide therapeutics: Strategies and industrial perspectives, Journal of Controlled
Release, 196 (2014) 168-183.

[58] I. Kadiyala, Y. Loo, K. Roy, J. Rice, K.W. Leong, Transport of chitosan-DNA nanoparticles in human intestinal M-
cell model versus normal intestinal enterocytes, Eur J Pharm Sci, 39 (2010) 103-109.

[59] S.D. Conner, S.L. Schmid, Regulated portals of entry into the cell, Nature, 422 (2003) 37-44.

[60] H. Xiaopeng, S. Jin, W. Yongjun, H. Zhonggui, PepT1, ASBT-Linked Prodrug Strategy to Improve Oral
Bioavailability and Tissue Targeting Distribution, Current Drug Metabolism, 16 (2015) 71-83.

[61] A. César-Razquin, B. Snijder, T. Frappier-Brinton, R. Isserlin, G. Gyimesi, X. Bai, Reinhart A. Reithmeier, D.
Hepworth, Matthias A. Hediger, Aled M. Edwards, G. Superti-Furga, A Call for Systematic Research on Solute Carriers,
Cell, 162 (2015) 478-487.

[62] P. Langguth, V. Bohner, J. Heizmann, H.P. Merkle, S. Wolffram, G.L. Amidon, S. Yamashita, The challenge of
proteolytic enzymes in intestinal peptide delivery, Journal of Controlled Release, 46 (1997) 39-57.

[63] J.F. Woodley, Enzymatic barriers for GI peptide and protein delivery, Crit Rev Ther Drug Carrier Syst, 11 (1994)
61-95.

[64] D.J. Thornton, J.K. Sheehan, From mucins to mucus: toward a more coherent understanding of this essential barrier,
Proc Am Thorac Soc, 1 (2004) 54-61.

[65] A.P. Corfield, Mucins: A biologically relevant glycan barrier in mucosal protection, Biochimica et Biophysica Acta
(BBA) - General Subjects, 1850 (2015) 236-252.

[66] A. Allen, G. Flemstrom, Gastroduodenal mucus bicarbonate barrier: protection against acid and pepsin, Am. J.
Physiol. Cell Physiol., 288 (2005) C1-19.

[67]1 E.Y.T. Chen, N. Yang, P.M. Quinton, W.-C. Chin, A new role for bicarbonate in mucus formation, American journal
of physiology. Lung cellular and molecular physiology, 299 (2010) L542-1.549.

[68] A. Sosnik, J. das Neves, B. Sarmento, Mucoadhesive polymers in the design of nano-drug delivery systems for
administration by non-parenteral routes: A review, Progress in Polymer Science, 39 (2014) 2030-2075.

69



O] VLA IVICUOUCKILLL, S.0N. LINJCLH, . SUullVll, 1.r1. riolil, 1Iviucll dyldlllices diid CHWCLHIC PdUIVgLILS, INdLUIC RNCVICWS

Microbiology, 9 (2011) 265-278.

[70] S.K. Lai, Y.-Y. Wang, J. Hanes, Mucus-penetrating nanoparticles for drug and gene delivery to mucosal tissues, Adv
Drug Deliv Rev, 61 (2009) 158-171.

[71] J.K. Sheehan, K. Oates, 1. Carlstedt, Electron microscopy of cervical, gastric and bronchial mucus glycoproteins,
Biochem J, 239 (1986) 147-153.

[72] N.N. Salama, N.D. Eddington, A. Fasano, Tight junction modulation and its relationship to drug delivery, Adv Drug
Deliv Rev, 58 (2006) 15-28.

[73] A. Nusrat, J.R. Turner, J.L. Madara, Molecular physiology and pathophysiology of tight junctions. IV. Regulation
of tight junctions by extracellular stimuli: nutrients, cytokines, and immune cells, Am J Physiol Gastrointest Liver Physiol,
279 (2000) G851-857.

[74] L.M.S. Chan, S. Lowes, B.H. Hirst, The ABCs of drug transport in intestine and liver: efflux proteins limiting drug
absorption and bioavailability, European Journal of Pharmaceutical Sciences, 21 (2004) 25-51.

[75] H. Lennernds, Human intestinal permeability, J Pharm Sci, 87 (1998) 403-410.

[76] A. Dahan, A. Beig, D. Lindley, J.M. Miller, The solubility-permeability interplay and oral drug formulation design:
Two heads are better than one, Adv Drug Deliv Rev, 101 (2016) 99-107.

[77] Y. Kawabata, K. Wada, M. Nakatani, S. Yamada, S. Onoue, Formulation design for poorly water-soluble drugs
based on biopharmaceutics classification system: basic approaches and practical applications, International journal of
pharmaceutics, 420 (2011) 1-10.

[78] A. Singh, Z.A. Worku, G. Van den Mooter, Oral formulation strategies to improve solubility of poorly water-soluble
drugs, Expert Opinion on Drug Delivery, 8 (2011) 1361-1378.

[79] S.T. Buckley, S.M. Fischer, G. Fricker, M. Brandl, In vitro models to evaluate the permeability of poorly soluble
drug entities: challenges and perspectives, Eur. J. Pharm. Sci., 45 (2012) 235-250.

[80] U. Fagerholm, Prediction of human pharmacokinetics--gastrointestinal absorption, J Pharm Pharmacol, 59 (2007)
905-916.

[81] A. Yamamoto, H. Ukai, M. Morishita, H. Katsumi, Approaches to improve intestinal and transmucosal absorption
of peptide and protein drugs, Pharmacology & Therapeutics, (2020) 107537.

[82] M.D. Hamalainen, A. Frostell-Karlsson, Predicting the intestinal absorption potential of hits and leads, Drug Discov
Today Technol, 1 (2004) 397-405.

[83] H.P. Merkle, G.J. Wolany, Intraoral peptide absorption, Biological Barriers to Protein Delivery, Springer1993, pp.
131-160.

[84] S. Maher, R.J. Mrsny, D.J. Brayden, Intestinal permeation enhancers for oral peptide delivery, Adv Drug Deliv Rev,
106 (2016) 277-319.

[85] C. Pereira, J. Costa, B. Sarmento, F. Araujo, Cell-based in vitro models for intestinal permeability studies, Concepts
and Models for Drug Permeability Studies, Elsevier2016, pp. 57-81.

[86] P. Artursson, J. Karlsson, Correlation between oral drug absorption in humans and apparent drug permeability
coefficients in human intestinal epithelial (Caco-2) cells, Biochem Biophys Res Commun, 175 (1991) 880-885.

[87] C.A. Larregieu, L.Z. Benet, Drug discovery and regulatory considerations for improving in silico and in vitro
predictions that use Caco-2 as a surrogate for human intestinal permeability measurements, AAPS J, 15 (2013) 483-497.

[88] P. Artursson, K. Palm, K. Luthman, Caco-2 monolayers in experimental and theoretical predictions of drug transport,
Adv Drug Deliv Rev, 46 (2001) 27-43.

[89] P. Artursson, Cell cultures as models for drug absorption across the intestinal mucosa, Critical reviews in therapeutic
drug carrier systems, 8 (1991) 305-330.

[90] C.A.M. Fois, T.Y.L. Le, A. Schindeler, S. Naficy, D.D. McClure, M.N. Read, P. Valtchev, A. Khademhosseini, F.
Dehghani, Models of the Gut for Analyzing the Impact of Food and Drugs, Adv Healthc Mater, 8 (2019) ¢1900968.

[91] H. Kimura, Y. Sakai, T. Fujii, Organ/body-on-a-chip based on microfluidic technology for drug discovery, Drug
Metab Pharmacokinet, 33 (2018) 43-48.

[92] R. Hayeshi, C. Hilgendorf, P. Artursson, P. Augustijns, B. Brodin, P. Dehertogh, K. Fisher, L. Fossati, E.
Hovenkamp, T. Korjamo, C. Masungi, N. Maubon, R. Mols, A. Miillertz, J. Monkkonen, C. O'Driscoll, H.M. Oppers-

70



LICHISSCIL, LT, Rdgldlssull, 1vi. ROOSCLLULIL, ALL. ULECLL, COLIpalldSOll U1l ulug udlsporlcs goic CXpIoSsivll diu

functionality in Caco-2 cells from 10 different laboratories, Eur J Pharm Sci, 35 (2008) 383-396.

[93] J.B. Lee, A. Zgair, D.A. Taha, X. Zang, L. Kagan, T.H. Kim, M.G. Kim, H.Y. Yun, P.M. Fischer, P. Gershkovich,
Quantitative analysis of lab-to-lab variability in Caco-2 permeability assays, Eur ] Pharm Biopharm, 114 (2017) 38-42.

[94] K. Chan, Z.Q. Liu, Z.H. Jiang, H. Zhou, Y.F. Wong, H.X. Xu, L. Liu, The effects of sinomenine on intestinal
absorption of paeoniflorin by the everted rat gut sac model, J Ethnopharmacol, 103 (2006) 425-432.

[95] A. Sjoberg, M. Lutz, C. Tannergren, C. Wingolf, A. Borde, A.L. Ungell, Comprehensive study on regional human
intestinal permeability and prediction of fraction absorbed of drugs using the Ussing chamber technique, Eur J Pharm Sci,
48 (2013) 166-180.

[96] V. Rozehnal, D. Nakai, U. Hoepner, T. Fischer, E. Kamiyama, M. Takahashi, S. Yasuda, J. Mueller, Human small
intestinal and colonic tissue mounted in the Ussing chamber as a tool for characterizing the intestinal absorption of drugs,
Eur J Pharm Sci, 46 (2012) 367-373.

[97]1 H.H. Lu, J.D. Thomas, J.J. Tukker, D. Fleisher, Intestinal water and solute absorption studies: comparison of in situ
perfusion with chronic isolated loops in rats, Pharm Res, 9 (1992) 8§94-900.

[98] N. Jezyk, W. Rubas, G.M. Grass, Permeability characteristics of various intestinal regions of rabbit, dog, and
monkey, Pharm Res, 9 (1992) 1580-1586.

[99] W. Rubas, N. Jezyk, G.M. Grass, Comparison of the permeability characteristics of a human colonic epithelial (Caco-
2) cell line to colon of rabbit, monkey, and dog intestine and human drug absorption, Pharm Res, 10 (1993) 113-118.

[100] P.W. Swaan, G.J. Marks, F.M. Ryan, P.L. Smith, Determination of transport rates for arginine and acetaminophen
in rabbit intestinal tissues in vitro, Pharm Res, 11 (1994) 283-287.

[101] A. Fortuna, G. Alves, A. Falcao, P. Soares-da-Silva, Evaluation of the permeability and P-glycoprotein efflux of
carbamazepine and several derivatives across mouse small intestine by the Ussing chamber technique, Epilepsia, 53
(2012) 529-538.

[102] I. Gines, K. Gil-Cardoso, P. Robles, L. Arola, X. Terra, M. Blay, A. Ardevol, M. Pinent, Novel ex Vivo
Experimental Setup to Assay the Vectorial Transepithelial Enteroendocrine Secretions of Different Intestinal Segments,
J Agric Food Chem, 66 (2018) 11622-11629.

[103] Y. Masaoka, Y. Tanaka, M. Kataoka, S. Sakuma, S. Yamashita, Site of drug absorption after oral administration:
assessment of membrane permeability and luminal concentration of drugs in each segment of gastrointestinal tract, Eur J
Pharm Sci, 29 (2006) 240-250.

[104] A. Dahan, B.T. West, G.L. Amidon, Segmental-dependent membrane permeability along the intestine following
oral drug administration: Evaluation of a triple single-pass intestinal perfusion (TSPIP) approach in the rat, Eur J Pharm
Sci, 36 (2009) 320-329.

[105] M. Miyake, H. Toguchi, T. Nishibayashi, K. Higaki, A. Sugita, K. Koganei, N. Kamada, M.T. Kitazume, T.
Hisamatsu, T. Sato, S. Okamoto, T. Kanai, T. Hibi, Establishment of novel prediction system of intestinal absorption in
humans using human intestinal tissues, J Pharm Sci, 102 (2013) 2564-2571.

[106] M. Miyake, T. Koga, S. Kondo, N. Yoda, C. Emoto, T. Mukai, H. Toguchi, Prediction of drug intestinal absorption
in human using the Ussing chamber system: A comparison of intestinal tissues from animals and humans, Eur J Pharm
Sci, 96 (2017) 373-380.

[107] A.-L. Ungell, Transport studies using intestinal tissue ex vivo, Cell culture models of biological barriers: In vitro
test systems for drug absorption and delivery, (2002) 164-188.

[108] N. Shrestha, V. Préat, Chapter 15 - In vivo testing of orally delivered nanoparticles, in: J.P. Martins, H.A. Santos
(Eds.) Nanotechnology for Oral Drug Delivery, Academic Press2020, pp. 459-480.

[109] J.M. Reis, B. Sinko, C.H. Serra, Parallel artificial membrane permeability assay (PAMPA) - Is it better than Caco-2
for human passive permeability prediction?, Mini Rev Med Chem, 10 (2010) 1071-1076.

[110] A.C. Jacobsen, S. Nielsen, M. Brandl, A. Bauer-Brandl, Drug Permeability Profiling Using the Novel Permeapad(R)
96-Well Plate, Pharm Res, 37 (2020) 93.

[111] M. Akamatsu, M. Fujikawa, K. Nakao, R. Shimizu, In silico prediction of human oral absorption based on QSAR
analyses of PAMPA permeability, Chem Biodivers, 6 (2009) 1845-1866.

[112] P. Artursson, Epithelial transport of drugs in cell culture. I: A model for studying the passive diffusion of drugs
over intestinal absorptive (Caco-2) cells, J Pharm Sci, 79 (1990) 476-482.

71



L[11o] I'. £1dllg, Y. AU, A. 211U, I. rudlg, JOLICL CCLL Ldl gCULLE 11dal10PdlLUCIC COLlLldE alug=-10aucd 1HICCLC COICS 101

oral delivery of insulin, Int J Pharm, 496 (2015) 993-1005.

[114] B. Srinivasan, A.R. Kolli, M.B. Esch, H.E. Abaci, M.L. Shuler, J.J. Hickman, TEER measurement techniques for
in vitro barrier model systems, J Lab Autom, 20 (2015) 107-126.

[115] P. Berben, A. Bauer-Brandl, M. Brandl, B. Faller, G.E. Flaten, A.C. Jacobsen, J. Brouwers, P. Augustijns, Drug
permeability profiling using cell-free permeation tools: Overview and applications, Eur J Pharm Sci, 119 (2018) 219-233.

[116] M. Bermejo, A. Avdeef, A. Ruiz, R. Nalda, J.A. Ruell, O. Tsinman, I. Gonzalez, C. Fernandez, G. Sanchez, T.M.
Garrigues, V. Merino, PAMPA--a drug absorption in vitro model 7. Comparing rat in situ, Caco-2, and PAMPA
permeability of fluoroquinolones, Eur. J. Pharm. Sci., 21 (2004) 429-441.

[117] Y. Lee, H.R. Lee, K. Kim, S.Q. Choi, Static and Dynamic Permeability Assay for Hydrophilic Small Molecules
Using a Planar Droplet Interface Bilayer, Anal Chem, 90 (2018) 1660-1667.

[118] V. Piazzini, L. Cinci, M. D'Ambrosio, C. Luceri, A.R. Bilia, M.C. Bergonzi, Solid Lipid Nanoparticles and
Chitosan-coated Solid Lipid Nanoparticles as Promising Tool for Silybin Delivery: Formulation, Characterization, and
In vitro Evaluation, Curr Drug Deliv, 16 (2019) 142-152.

[119] M. Falavigna, M. Klitgaard, C. Brase, S. Ternullo, N. Skalko-Basnet, G.E. Flaten, Mucus-PVPA (mucus
Phospholipid Vesicle-based Permeation Assay): An artificial permeability tool for drug screening and formulation
development, Int J Pharm, 537 (2018) 213-222.

[120] M. Kansy, F. Senner, K. Gubernator, Physicochemical high throughput screening: parallel artificial membrane
permeation assay in the description of passive absorption processes, J Med Chem, 41 (1998) 1007-1010.

[121] F. Wohnsland, B. Faller, High-throughput permeability pH profile and high-throughput alkane/water log P with
artificial membranes, ] Med Chem, 44 (2001) 923-930.

[122] K. Sugano, H. Hamada, M. Machida, H. Ushio, K. Saitoh, K. Terada, Optimized conditions of bio-mimetic artificial
membrane permeation assay, Int J Pharm, 228 (2001) 181-188.

[123] C. Zhy, L. Jiang, T.M. Chen, K.K. Hwang, A comparative study of artificial membrane permeability assay for high
throughput profiling of drug absorption potential, Eur ] Med Chem, 37 (2002) 399-407.

[124] A. Avdeef, M. Strafford, E. Block, M.P. Balogh, W. Chambliss, I. Khan, Drug absorption in vitro model: filter-
immobilized artificial membranes. 2. Studies of the permeability properties of lactones in Piper methysticum Forst, Eur J
Pharm Sci, 14 (2001) 271-280.

[125] X. Chen, A. Murawski, K. Patel, C.L. Crespi, P.V. Balimane, A novel design of artificial membrane for improving
the PAMPA model, Pharm Res, 25 (2008) 1511-1520.

[126] M. Kataoka, S. Tsuneishi, Y. Maeda, Y. Masaoka, S. Sakuma, S. Yamashita, A new in vitro system for evaluation
of passive intestinal drug absorption: establishment of a double artificial membrane permeation assay, Eur J Pharm
Biopharm, 88 (2014) 840-846.

[127] G.E. Flaten, A.B. Dhanikula, K. Luthman, M. Brandl, Drug permeability across a phospholipid vesicle based
barrier: a novel approach for studying passive diffusion, Eur J Pharm Sci, 27 (2006) 80-90.

[128] G.E. Flaten, G. Kottra, W. Stensen, G. Isaksen, R. Karstad, J.S. Svendsen, H. Daniel, J. Svenson, In vitro
characterization of human peptide transporter hPEPT1 interactions and passive permeation studies of short cationic
antimicrobial peptides, ] Med Chem, 54 (2011) 2422-2432.

[129] T. Hansen, D. Ausbacher, G.E. Flaten, M. Havelkova, M.B. Strom, Synthesis of cationic antimicrobial beta(2,2)-
amino acid derivatives with potential for oral administration, ] Med Chem, 54 (2011) 858-868.

[130] J. Svenson, R. Karstad, G.E. Flaten, B.O. Brandsdal, M. Brandl, J.S. Svendsen, Altered activity and
physicochemical properties of short cationic antimicrobial peptides by incorporation of arginine analogues, Mol Pharm,
6 (2009) 996-1005.

[131] J. Kanzer, 1. Tho, G.E. Flaten, M. Magerlein, P. Holig, G. Fricker, M. Brandl, In-vitro permeability screening of
melt extrudate formulations containing poorly water-soluble drug compounds using the phospholipid vesicle-based
barrier, J Pharm Pharmacol, 62 (2010) 1591-1598.

[132] S.M. Fischer, G.E. Flaten, E. Hagesaether, G. Fricker, M. Brandl, In-vitro permeability of poorly water soluble
drugs in the phospholipid vesicle-based permeation assay: the influence of nonionic surfactants, J Pharm Pharmacol, 63
(2011) 1022-1030.

[133] E. Naderkhani, J. Isaksson, A. Ryzhakov, G.E. Flaten, Development of a biomimetic phospholipid vesicle-based
permeation assay for the estimation of intestinal drug permeability, J Pharm Sci, 103 (2014) 1882-1890.

72



L1o4] 1Ivl. rdldvigld, 1vl. NIllgddiU, C. DIddC, OS. 1CIHUlY, IN. SKdIKO-DASIICL, U.L. CldlCll, IviuCus-r verAa  (1ucus
Phospholipid Vesicle-based Permeation Assay): An artificial permeability tool for drug screening and formulation
development, Int J Pharm, 537 (2018) 213-222.

[135] M. di Cagno, H.A. Bibi, A. Bauer-Brandl, New biomimetic barrier Permeapad for efficient investigation of passive
permeability of drugs, Eur J Pharm Sci, 73 (2015) 29-34.

[136] M. Agafonov, T. Volkova, R. Kumeev, E. Chibunova, I. Terekhova, Impact of pluronic F127 on aqueous solubility
and membrane permeability of antirheumatic compounds of different structure and polarity, Journal of Molecular Liquids,
274 (2019) 770-7717.

[137] T.V. Volkova, E.N. Domanina, R.S. Kumeev, A.N. Proshin, I.V. Terekhova, The effect of different polymers on
the solubility, permeability and distribution of poor soluble 1,2,4-thiadiazole derivative, Journal of Molecular Liquids,
269 (2018) 492-500.

[138] H.A. Bibi, R. Holm, A. Bauer-Brandl, Simultaneous lipolysis/permeation in vitro model, for the estimation of
bioavailability of lipid based drug delivery systems, Eur J Pharm Biopharm, 117 (2017) 300-307.

[139] A.C. Jacobsen, P.A. Elvang, A. Bauer-Brandl, M. Brandl, A dynamic in vitro permeation study on solid mono- and
diacyl-phospholipid dispersions of celecoxib, Eur J Pharm Sci, 127 (2019) 199-207.

[140] D. Sironi, J. Rosenberg, A. Bauer-Brandl, M. Brandl, PermealLoop, a novel in vitro tool for small-scale drug-
dissolution/permeation studies, J Pharm Biomed Anal, 156 (2018) 247-251.

[141] J.B. Eriksen, R. Messerschmid, M.L. Andersen, K. Wada, A. Bauer-Brandl, M. Brandl, Dissolution/permeation
with Permealoop: Experience and IVIVC exemplified by dipyridamole enabling formulations, Eur J Pharm Sci, 154
(2020) 105532.

[142] R. Berthelsen, M. Klitgaard, T. Rades, A. Mullertz, In vitro digestion models to evaluate lipid based drug delivery
systems; present status and current trends, Adv Drug Deliv Rev, 142 (2019) 35-49.

[143] A.L. Kauffman, A.V. Gyurdieva, J.R. Mabus, C. Ferguson, Z. Yan, P.J. Hornby, Alternative functional in vitro
models of human intestinal epithelia, Front Pharmacol, 4 (2013) 79.

[144]]J. Schmitz, H. Preiser, D. Maestracci, B.K. Ghosh, J.J. Cerda, R.K. Crane, Purification of the human intestinal brush
border membrane, Biochim Biophys Acta, 323 (1973) 98-112.

[145] H.J. Kim, D.E. Ingber, Gut-on-a-Chip microenvironment induces human intestinal cells to undergo villus
differentiation, Integr Biol (Camb), 5 (2013) 1130-1140.

[146] C.U. Nielsen, R. Andersen, B. Brodin, S. Frokjaer, M.E. Taub, B. Steffansen, Dipeptide model prodrugs for the
intestinal oligopeptide transporter. Affinity for and transport via hPepT1 in the human intestinal Caco-2 cell line, J Control
Release, 76 (2001) 129-138.

[147] S. Neuhoff, A.L. Ungell, I. Zamora, P. Artursson, pH-dependent bidirectional transport of weakly basic drugs across
Caco-2 monolayers: implications for drug-drug interactions, Pharm Res, 20 (2003) 1141-1148.

[148] D. Dahlgren, H. Lennernés, Intestinal Permeability and Drug Absorption: Predictive Experimental, Computational
and In Vivo Approaches, Pharmaceutics, 11 (2019).

[149] M. Olander, J.R. Wisniewski, P. Matsson, P. Lundquist, P. Artursson, The Proteome of Filter-Grown Caco-2 Cells
With a Focus on Proteins Involved in Drug Disposition, J Pharm Sci, 105 (2016) 817-827.

[150] Y. Xu, J. Xu, W. Shan, M. Liu, Y. Cui, L. Li, C. Liu, Y. Huang, The transport mechanism of integrin av33 receptor
targeting nanoparticles in Caco-2 cells, Int J Pharm, 500 (2016) 42-53.

[151] B. He, P. Lin, Z. Jia, W. Du, W. Qu, L. Yuan, W. Dai, H. Zhang, X. Wang, J. Wang, X. Zhang, Q. Zhang, The
transport mechanisms of polymer nanoparticles in Caco-2 epithelial cells, Biomaterials, 34 (2013) 6082-6098.

[152] M. Lopes, N. Shrestha, A. Correia, M.A. Shahbazi, B. Sarmento, J. Hirvonen, F. Veiga, R. Seica, A. Ribeiro, H.A.
Santos, Dual chitosan/albumin-coated alginate/dextran sulfate nanoparticles for enhanced oral delivery of insulin, J
Control Release, 232 (2016) 29-41.

[153] C. Moon, K.L. VanDussen, H. Miyoshi, T.S. Stappenbeck, Development of a primary mouse intestinal epithelial
cell monolayer culture system to evaluate factors that modulate IgA transcytosis, Mucosal Immunol, 7 (2014) 818-828.

[154] A.A.M. Kampfer, P. Urban, S. Gioria, N. Kanase, V. Stone, A. Kinsner-Ovaskainen, Development of an in vitro
co-culture model to mimic the human intestine in healthy and diseased state, Toxicol. In Vitro, 45 (2017) 31-43.

[155] A. Braun, S. Hammerle, K. Suda, B. Rothen-Rutishauser, M. Gunthert, S.D. Kramer, H. Wunderli-Allenspach, Cell
cultures as tools in biopharmacy, Eur J Pharm Sci, 11 Suppl 2 (2000) S51-60.

73



L10o0] A. ldldlllll, I\, LdlCCICul, A. IVIOULUL, IVI. 1. Ldvdull, J. UdsSlCiou, J. Jdlly, . ITUgCVeCll, V. rossdid, 10XICILY,
genotoxicity and proinflammatory effects of amorphous nanosilica in the human intestinal Caco-2 cell line, Toxicol In
Vitro, 29 (2015) 398-407.

[157] P. Simon-Assmann, N. Turck, M. Sidhoum-Jenny, G. Gradwohl, M. Kedinger, In vitro models of intestinal
epithelial cell differentiation, Cell Biol Toxicol, 23 (2007) 241-256.

[158] L.N. Thwala, A. Beloqui, N.S. Csaba, D. Gonzalez-Touceda, S. Tovar, C. Dieguez, M.J. Alonso, V. Préat, The
interaction of protamine nanocapsules with the intestinal epithelium: A mechanistic approach, J Control Release, 243
(2016) 109-120.

[159] I. Hubatsch, E.G. Ragnarsson, P. Artursson, Determination of drug permeability and prediction of drug absorption
in Caco-2 monolayers, Nature protocols, 2 (2007) 2111.

[160] S. Chong, S.A. Dando, R.A. Morrison, Evaluation of Biocoat intestinal epithelium differentiation environment (3-
day cultured Caco-2 cells) as an absorption screening model with improved productivity, Pharm Res, 14 (1997) 1835-
1837.

[161] K.A. Lentz, J. Hayashi, L.J. Lucisano, J.E. Polli, Development of a more rapid, reduced serum culture system for
Caco-2 monolayers and application to the biopharmaceutics classification system, Int J Pharm, 200 (2000) 41-51.

[162] N.G. Lamson, R.L. Ball, K.C. Fein, K.A. Whitehead, Thrifty, Rapid Intestinal Monolayers (TRIM) Using Caco-2
Epithelial Cells for Oral Drug Delivery Experiments, Pharm Res, 36 (2019) 172.

[163] E. Sevin, L. Dehouck, A. Fabulas-da Costa, R. Cecchelli, M.P. Dehouck, S. Lundquist, M. Culot, Accelerated Caco-
2 cell permeability model for drug discovery, J Pharmacol Toxicol Methods, 68 (2013) 334-339.

[164] Y. Cai, C. Xu, P. Chen, J. Hu, R. Hu, M. Huang, H. Bi, Development, validation, and application of a novel 7-day
Caco-2 cell culture system, J Pharmacol Toxicol Methods, 70 (2014) 175-181.

[165] Y. Peng, P. Yadava, A.T. Heikkinen, N. Parrott, A. Railkar, Applications of a 7-day Caco-2 cell model in drug
discovery and development, Eur J Pharm Sci, 56 (2014) 120-130.

[166] S. Miret, L. Abrahamse, E.M. de Groene, Comparison of in vitro models for the prediction of compound absorption
across the human intestinal mucosa, J Biomol Screen, 9 (2004) 598-606.

[167] F. Zucco, A.F. Batto, G. Bises, J. Chambaz, A. Chiusolo, R. Consalvo, H. Cross, G. Dal Negro, I. de Angelis, G.
Fabre, F. Guillou, S. Hoffman, L. Laplanche, E. Morel, M. Pincon-Raymond, P. Prieto, L. Turco, G. Ranaldi, M. Rousset,
Y. Sambuy, M.L. Scarino, F. Torreilles, A. Stammati, An inter-laboratory study to evaluate the effects of medium
composition on the differentiation and barrier function of Caco-2 cell lines, Altern Lab Anim, 33 (2005) 603-618.

[168] L. Turco, T. Catone, F. Caloni, E. Di Consiglio, E. Testai, A. Stammati, Caco-2/TC7 cell line characterization for
intestinal absorption: how reliable is this in vitro model for the prediction of the oral dose fraction absorbed in human?,
Toxicol In Vitro, 25 (2011) 13-20.

[169] C. Dugardin, O. Briand, V. Touche, M. Schonewille, F. Moreau, C. Le May, A.K. Groen, B. Staels, S. Lestavel,
Retrograde cholesterol transport in the human Caco-2/TC7 cell line: a model to study trans-intestinal cholesterol excretion
in atherogenic and diabetic dyslipidemia, Acta Diabetol, 54 (2017) 191-199.

[170] M.C. Gres, B. Julian, M. Bourrie, V. Meunier, C. Roques, M. Berger, X. Boulenc, Y. Berger, G. Fabre, Correlation
between oral drug absorption in humans, and apparent drug permeability in TC-7 cells, a human epithelial intestinal cell
line: comparison with the parental Caco-2 cell line, Pharm Res, 15 (1998) 726-733.

[171] V. Carri¢re, T. Lesuffleur, A. Barbat, M. Rousset, E. Dussaulx, P. Costet, I. de Waziers, P. Beaune, A. Zweibaum,
Expression of cytochrome P-450 3A in HT29-MTX cells and Caco-2 clone TC7, FEBS Lett, 355 (1994) 247-250.

[172] M. Li, L.A. de Graaf, S. Siissalo, M.H. de Jager, A. van Dam, G.M. Groothuis, The Consequence of Drug-Drug
Interactions Influencing the Interplay between P-Glycoprotein and Cytochrome P450 3a: An Ex Vivo Study with Rat
Precision-Cut Intestinal Slices, Drug Metab Dispos, 44 (2016) 683-691.

[173] J. Kiiblbeck, J.J. Hakkarainen, A. Petsalo, K.S. Vellonen, A. Tolonen, P. Reponen, M.M. Forsberg, P. Honkakoski,
Genetically Modified Caco-2 Cells With Improved Cytochrome P450 Metabolic Capacity, J Pharm Sci, 105 (2016) 941-
949.

[174] A. Avdeef, K.Y. Tam, How well can the Caco-2/Madin-Darby canine kidney models predict effective human jejunal
permeability?, ] Med Chem, 53 (2010) 3566-3584.

[175] C.W. Marano, L.A. Garulacan, N. Ginanni, J.M. Mullin, Phorbol ester treatment increases paracellular permeability
across IEC-18 gastrointestinal epithelium in vitro, Dig Dis Sci, 46 (2001) 1490-1499.

74



L1/0] 1. vCIgauwclll, 11C 1roi-J4 CCIL LIIC, 111, I\, VCIIUCCKX, I'. COLCL, 1. LOPCZ-DXPOSIWY, L. NIClvClalld, 1. LCd, A.
Mackie, T. Requena, D. Swiatecka, H. Wichers (Eds.) The Impact of Food Bioactives on Health: in vitro and ex vivo
models, Cham (CH), 2015, pp. 125-134.

[177] MM. Geens, T.A. Niewold, Optimizing culture conditions of a porcine epithelial cell line IPEC-J2 through a
histological and physiological characterization, Cytotechnology, 63 (2011) 415-423.

[178] S.S. Zakrzewski, J.F. Richter, S.M. Krug, B. Jebautzke, L.F. Lee, J. Rieger, M. Sachtleben, A. Bondzio, J.D.
Schulzke, M. Fromm, D. Gunzel, Improved cell line IPEC-J2, characterized as a model for porcine jejunal epithelium,
PLoS One, 8 (2013) €79643.

[179] T. Lesuffleur, A. Barbat, E. Dussaulx, A. Zweibaum, Growth adaptation to methotrexate of HT-29 human colon
carcinoma cells is associated with their ability to differentiate into columnar absorptive and mucus-secreting cells, Cancer
Res, 50 (1990) 6334-6343.

[180] A. Beduneau, C. Tempesta, S. Fimbel, Y. Pellequer, V. Jannin, F. Demarne, A. Lamprecht, A tunable Caco-2/HT29-
MTX co-culture model mimicking variable permeabilities of the human intestine obtained by an original seeding
procedure, Eur J Pharm Biopharm, 87 (2014) 290-298.

[181]Y. Song, Y. Shi, L. Zhang, H. Hu, C. Zhang, M. Yin, L. Chu, X. Yan, M. Zhao, X. Zhang, H. Mu, K. Sun, Synthesis
of CSK-DEX-PLGA Nanoparticles for the Oral Delivery of Exenatide to Improve Its Mucus Penetration and Intestinal
Absorption, Mol Pharm, 16 (2019) 518-532.

[182]Y.Jin, Y. Song, X. Zhu, D. Zhou, C. Chen, Z. Zhang, Y. Huang, Goblet cell-targeting nanoparticles for oral insulin
delivery and the influence of mucus on insulin transport, Biomaterials, 33 (2012) 1573-1582.

[183] A. Akbari, A. Lavasanifar, J. Wu, Interaction of cruciferin-based nanoparticles with Caco-2 cells and Caco-2/HT29-
MTX co-cultures, Acta Biomater, 64 (2017) 249-258.

[184] H. Yuan, C.Y. Chen, G.H. Chai, Y.Z. Du, F.Q. Hu, Improved transport and absorption through gastrointestinal tract
by PEGylated solid lipid nanoparticles, Mol Pharm, 10 (2013) 1865-1873.

[185] N. Shrestha, M.A. Shahbazi, F. Araujo, E. Makila, J. Raula, E.I. Kauppinen, J. Salonen, B. Sarmento, J. Hirvonen,
H.A. Santos, Multistage pH-responsive mucoadhesive nanocarriers prepared by aerosol flow reactor technology: A
controlled dual protein-drug delivery system, Biomaterials, 68 (2015) 9-20.

[186] F. Araujo, N. Shrestha, M.A. Shahbazi, D. Liu, B. Herranz-Blanco, E.M. Makila, J.J. Salonen, J.T. Hirvonen, P.L.
Granja, B. Sarmento, H.A. Santos, Microfluidic Assembly of a Multifunctional Tailorable Composite System Designed
for Site Specific Combined Oral Delivery of Peptide Drugs, ACS Nano, 9 (2015) 8291-8302.

[187] L. Behrens, P. Stenberg, P. Artursson, T. Kissel, Transport of lipophilic drug molecules in a new mucus-secreting
cell culture model based on HT29-MTX cells, Pharm Res, 18 (2001) 1138-1145.

[188] M. Yu, L. Xu, F. Tian, Q. Su, N. Zheng, Y. Yang, J. Wang, A. Wang, C. Zhu, S. Guo, X. Zhang, Y. Gan, X. Shi,
H. Gao, Rapid transport of deformation-tuned nanoparticles across biological hydrogels and cellular barriers, Nat
Commun, 9 (2018) 2607.

[189] C. Bao, B. Liu, B. Li, J. Chai, L. Zhang, L. Jiao, D. Li, Z. Yu, F. Ren, X. Shi, Y. Li, Enhanced Transport of Shape
and Rigidity-Tuned alpha-Lactalbumin Nanotubes across Intestinal Mucus and Cellular Barriers, Nano Lett, 20 (2020)
1352-1361.

[190] Y. Xu, J. Xu, W. Shan, M. Liu, Y. Cui, L. Li, C. Liu, Y. Huang, The transport mechanism of integrin alphavbeta3
receptor targeting nanoparticles in Caco-2 cells, Int J Pharm, 500 (2016) 42-53.

[191] M.T. Cairns, A. Gupta, J.A. Naughton, M. Kane, M. Clyne, L. Joshi, Glycosylation-related gene expression in
HT29-MTX-E12 cells upon infection by Helicobacter pylori, World J Gastroenterol, 23 (2017) 6817-6832.

[192] B. Dolan, J. Naughton, N. Tegtmeyer, F.E. May, M. Clyne, The interaction of Helicobacter pylori with the adherent
mucus gel layer secreted by polarized HT29-MTX-E12 cells, PLoS One, 7 (2012) e47300.

[193] A. Beloqui, D.J. Brayden, P. Artursson, V. Préat, A. des Rieux, A human intestinal M-cell-like model for
investigating particle, antigen and microorganism translocation, Nat Protoc, 12 (2017) 1387-1399.

[194] A. Gebert, H.J. Rothkotter, R. Pabst, M cells in Peyer's patches of the intestine, Int Rev Cytol, 167 (1996) 91-159.

[195] A. des Rieux, V. Fievez, I. Theate, J. Mast, V. Preat, Y.J. Schneider, An improved in vitro model of human intestinal
follicle-associated epithelium to study nanoparticle transport by M cells, Eur J Pharm Sci, 30 (2007) 380-391.

[196] S. Kerneis, A. Bogdanova, J.P. Krachenbuhl, E. Pringault, Conversion by Peyer's patch lymphocytes of human
enterocytes into M cells that transport bacteria, Science, 277 (1997) 949-952.

75



L17/7] &, JulluClLg, Ivl. L.CULdLU, J. NdlISSOLL, ALLVI. TTIOPKILLS, . DIdyUCll, A.VV. DdllU, I'. ALLULISSUILL, CXPICSSIVIL U1 SPCCILLIC
markers and particle transport in a new human intestinal M-cell model, Biochem Biophys Res Commun, 279 (2000) 808-
813.

[198] A. des Rieux, E.G. Ragnarsson, E. Gullberg, V. Preat, Y.J. Schneider, P. Artursson, Transport of nanoparticles
across an in vitro model of the human intestinal follicle associated epithelium, Eur J Pharm Sci, 25 (2005) 455-465.

[199] A. Beloqui, M. Solinis, A.R. Gascon, A. del Pozo-Rodriguez, A. des Rieux, V. Préat, Mechanism of transport of
saquinavir-loaded nanostructured lipid carriers across the intestinal barrier, J Control Release, 166 (2013) 115-123.

[200] B. Sliitter, L. Plapied, V. Fievez, M.A. Sande, A. des Rieux, Y.J. Schneider, E. Van Riet, W. Jiskoot, V. Préat,
Mechanistic study of the adjuvant effect of biodegradable nanoparticles in mucosal vaccination, J Control Release, 138
(2009) 113-121.

[201] V. Fievez, L. Plapied, A. des Rieux, V. Pourcelle, H. Freichels, V. Wascotte, M.L. Vanderhaeghen, C. Jerome, A.
Vanderplasschen, J. Marchand-Brynaert, Y.J. Schneider, V. Préat, Targeting nanoparticles to M cells with non-peptidic
ligands for oral vaccination, Eur J Pharm Biopharm, 73 (2009) 16-24.

[202] M. Garinot, V. Fiévez, V. Pourcelle, F. Stoffelbach, A. des Rieux, L. Plapied, I. Theate, H. Freichels, C. Jérome, J.
Marchand-Brynaert, Y.J. Schneider, V. Préat, PEGylated PLGA-based nanoparticles targeting M cells for oral
vaccination, J Control Release, 120 (2007) 195-204.

[203] H. Huang, G.R. Ostroff, C.K. Lee, C.A. Specht, S.M. Levitz, Robust stimulation of humoral and cellular immune
responses following vaccination with antigen-loaded beta-glucan particles, mBio, 1 (2010).

[204] D.Y. Lee, M. Nurunnabi, S.H. Kang, M. Nafiujjaman, K.M. Huh, Y.K. Lee, Y.C. Kim, Oral Gavage Delivery of
PR8 Antigen with B-Glucan-Conjugated GRGDS Carrier to Enhance M-Cell Targeting Ability and Induce Immunity,
Biomacromolecules, 18 (2017) 1172-1179.

[205] F. Antunes, F. Andrade, F. Araujo, D. Ferreira, B. Sarmento, Establishment of a triple co-culture in vitro cell models
to study intestinal absorption of peptide drugs, Eur J Pharm Biopharm, 83 (2013) 427-435.

[206] F. Araujo, B. Sarmento, Towards the characterization of an in vitro triple co-culture intestine cell model for
permeability studies, Int J Pharm, 458 (2013) 128-134.

[207] M. Lopes, N. Shrestha, A. Correia, M.A. Shahbazi, B. Sarmento, J. Hirvonen, F. Veiga, R. Seica, A. Ribeiro, H.A.
Santos, Dual chitosan/albumin-coated alginate/dextran sulfate nanoparticles for enhanced oral delivery of insulin, J
Control Release, 232 (2016) 29-41.

[208] N. Shrestha, F. Araujo, M.-A. Shahbazi, E. Mékild, M.J. Gomes, B. Herranz-Blanco, R. Lindgren, S. Granroth, E.
Kukk, J. Salonen, J. Hirvonen, B. Sarmento, H.A. Santos, Thiolation and Cell-Penetrating Peptide Surface
Functionalization of Porous Silicon Nanoparticles for Oral Delivery of Insulin, Advanced Functional Materials, 26 (2016)
3405-3416.

[209] C. Schimpel, B. Teubl, M. Absenger, C. Meindl, E. Frohlich, G. Leitinger, A. Zimmer, E. Roblegg, Development
of an advanced intestinal in vitro triple culture permeability model to study transport of nanoparticles, Mol Pharm, 11
(2014) 808-818.

[210] C.M. Costello, J. Hongpeng, S. Shaffiey, J. Yu, N.K. Jain, D. Hackam, J.C. March, Synthetic small intestinal
scaffolds for improved studies of intestinal differentiation, Biotechnol Bioeng, 111 (2014) 1222-1232.

[211] C.M. Costello, R.M. Sorna, Y.L. Goh, I. Cengic, N.K. Jain, J.C. March, 3-D intestinal scaffolds for evaluating the
therapeutic potential of probiotics, Mol Pharm, 11 (2014) 2030-2039.

[212] F. Leonard, E.M. Collnot, C.M. Lehr, A three-dimensional coculture of enterocytes, monocytes and dendritic cells
to model inflamed intestinal mucosa in vitro, Mol Pharm, 7 (2010) 2103-2119.

[213] F. Leonard, H. Ali, E.M. Collnot, B.J. Crielaard, T. Lammers, G. Storm, C.M. Lehr, Screening of budesonide
nanoformulations for treatment of inflammatory bowel disease in an inflamed 3D cell-culture model, ALTEX, 29 (2012)
275-285.

[214] J. Susewind, C. de Souza Carvalho-Wodarz, U. Repnik, E.M. Collnot, N. Schneider-Daum, G.W. Griffiths, C.M.
Lehr, A 3D co-culture of three human cell lines to model the inflamed intestinal mucosa for safety testing of
nanomaterials, Nanotoxicology, 10 (2016) 53-62.

[215] N. Li, D. Wang, Z. Sui, X. Qi, L. Ji, X. Wang, L. Yang, Development of an improved three-dimensional in vitro
intestinal mucosa model for drug absorption evaluation, Tissue Eng Part C Methods, 19 (2013) 708-719.

[216] J. Yu, S. Peng, D. Luo, J.C. March, In vitro 3D human small intestinal villous model for drug permeability
determination, Biotechnol Bioeng, 109 (2012) 2173-2178.

76



|£1 /7] J.. IdUuCliL, 1. ridjldil, . ridiils, D. AULLdIdlS>OL, U, 1dICIEICH, L.J. VVIILC, ALVI. UldClidgidlll, r.ivl.
Williams, C.J. Roberts, F. Rose, Nanofibrous Scaffolds Support a 3D in vitro Permeability Model of the Human Intestinal
Epithelium, Front Pharmacol, 10 (2019) 456.

[218] R.H. Dosh, A. Essa, N. Jordan-Mahy, C. Sammon, C.L. Le Maitre, Use of hydrogel scaffolds to develop an in vitro
3D culture model of human intestinal epithelium, Acta Biomater, 62 (2017) 128-143.

[219] R.H. Dosh, N. Jordan-Mahy, C. Sammon, C.L. Le Maitre, Long-term in vitro 3D hydrogel co-culture model of
inflammatory bowel disease, Sci Rep, 9 (2019) 1812.

[220] A. des Rieux, V. Fievez, I. Théate, J. Mast, V. Préat, Y.J. Schneider, An improved in vitro model of human intestinal
follicle-associated epithelium to study nanoparticle transport by M cells, Eur J Pharm Sci, 30 (2007) 380-391.

[221] X.Y. Chen, A.M. Butt, M.C.I. Mohd Amin, Enhanced paracellular delivery of vaccine by hydrogel microparticles-
mediated reversible tight junction opening for effective oral immunization, J Control Release, 311-312 (2019) 50-64.

[222] W. Shan, X. Zhu, M. Liu, L. Li, J. Zhong, W. Sun, Z. Zhang, Y. Huang, Overcoming the diffusion barrier of mucus
and absorption barrier of epithelium by self-assembled nanoparticles for oral delivery of insulin, ACS Nano, 9 (2015)
2345-2356.

[223] F. Leonard, S. Srinivasan, X. Liu, E.M. Collnot, M. Ferrari, C.M. Lehr, B. Godin, Design and in vitro
characterization of multistage silicon-PLGA budesonide particles for inflammatory bowel disease, Eur. J. Pharm.
Biopharm., 151 (2020) 61-72.

[224] M. Kessler, O. Acuto, C. Storelli, H. Murer, M. Miiller, G. Semenza, A modified procedure for the rapid preparation
of efficiently transporting vesicles from small intestinal brush border membranes. Their use in investigating some
properties of D-glucose and choline transport systems, Biochimica et Biophysica Acta (BBA)-Biomembranes, 506 (1978)
136-154.

[225] J. Schmitz, H. Preiser, D. Maestracci, B. Ghosh, J. Cerda, R. Crane, Purification of the human intestinal brush
border membrane, Biochimica et Biophysica Acta (BBA)-Biomembranes, 323 (1973) 98-112.

[226] 1. Osiecka, P.A. Porter, R.T. Borchardt, J.A. Fix, C.R. Gardner, In vitro drug absorption models. I. Brush border
membrane vesicles, isolated mucosal cells and everted intestinal rings: characterization and salicylate accumulation,
Pharm Res, 2 (1985) 284-293.

[227] HM. Said, R. Redha, W. Nylander, Biotin transport in basolateral membrane vesicles of human intestine,
Gastroenterology, 94 (1988) 1157-1163.

[228] N. Oulianova, D. Cheng, N. Huebert, Y. Chen, Human oral drugs absorption is correlated to their in vitro uptake
by brush border membrane vesicles, International Journal of Pharmaceutics, 336 (2007) 115-121.

[229] M. Gameiro, R. Silva, C. Rocha-Pereira, H. Carmo, F. Carvalho, M.d.L. Bastos, F. Remido, Cellular Models and
In Vitro Assays for the Screening of modulators of P-gp, MRP1 and BCRP, Molecules (Basel, Switzerland), 22 (2017)
600.

[230] H.J. Kim, D. Huh, G. Hamilton, D.E. Ingber, Human gut-on-a-chip inhabited by microbial flora that experiences
intestinal peristalsis-like motions and flow, Lab Chip, 12 (2012) 2165-2174.

[231] P. Shah, J.V. Fritz, E. Glaab, M.S. Desai, K. Greenhalgh, A. Frachet, M. Niegowska, M. Estes, C. Jager, C. Seguin-
Devaux, F. Zenhausern, P. Wilmes, A microfluidics-based in vitro model of the gastrointestinal human-microbe interface,
Nat Commun, 7 (2016) 11535.

[232] H.J. Kim, H. Li, J.J. Collins, D.E. Ingber, Contributions of microbiome and mechanical deformation to intestinal
bacterial overgrowth and inflammation in a human gut-on-a-chip, Proc Natl Acad Sci U S A, 113 (2016) E7-15.

[233] W. Shin, H.J. Kim, Intestinal barrier dysfunction orchestrates the onset of inflammatory host-microbiome cross-
talk in a human gut inflammation-on-a-chip, Proc Natl Acad Sci U S A, 115 (2018) E10539-E10547.

[234] W. Shin, H.J. Kim, Pathomimetic modeling of human intestinal diseases and underlying host-gut microbiome
interactions in a gut-on-a-chip, Methods Cell Biol, 146 (2018) 135-148.

[235] M. Kasendra, A. Tovaglieri, A. Sontheimer-Phelps, S. Jalili-Firoozinezhad, A. Bein, A. Chalkiadaki, W. Scholl, C.
Zhang, H. Rickner, C.A. Richmond, H. Li, D.T. Breault, D.E. Ingber, Development of a primary human Small Intestine-
on-a-Chip using biopsy-derived organoids, Sci Rep, 8 (2018) 2871.

[236] M.J. Workman, J.P. Gleeson, E.J. Troisi, H.Q. Estrada, S.J. Kerns, C.D. Hinojosa, G.A. Hamilton, S.R. Targan,
C.N. Svendsen, R.J. Barrett, Enhanced Utilization of Induced Pluripotent Stem Cell-Derived Human Intestinal Organoids
Using Microengineered Chips, Cell Mol Gastroenterol Hepatol, 5 (2018) 669-677 €662.

77



<2 7] VLA, LdDICLA-ICICZ, I1. Illdll-11C, IVL.I'. UCLVCld, I\, rClIdIIUCZ-AILIICIZOUL, U. lvilldllud-rCICZ Uuc AICJU, 1. DIIWW-
Ferrer, Integrating theoretical and experimental permeability estimations for provisional biopharmaceutical classification:
Application to the WHO essential medicines, Biopharm Drug Dispos, 39 (2018) 354-368.

[238] T. Lea, Caco-2 Cell Line, in: K. Verhoeckx, P. Cotter, I. Lopez-Exposito, C. Kleiveland, T. Lea, A. Mackie, T.
Requena, D. Swiatecka, H. Wichers (Eds.) The Impact of Food Bioactives on Health: in vitro and ex vivo models,
Springer2015, pp. 103-111.

[239] T. Chen, X. Liu, L. Ma, W. He, W. Li, Y. Cao, Z. Liu, Food allergens affect the intestinal tight junction permeability
in inducing intestinal food allergy in rats, Asian Pac J Allergy Immunol, 32 (2014) 345-353.

[240] Y. Zong, S. Zhu, S. Zhang, G. Zheng, J.W. Wiley, S. Hong, Chronic stress and intestinal permeability: Lubiprostone
regulates glucocorticoid receptor-mediated changes in colon epithelial tight junction proteins, barrier function, and
visceral pain in the rodent and human, Neurogastroenterol Motil, 31 (2019) e13477.

[241] E.F. Brandon, T.M. Bosch, M.J. Deenen, R. Levink, E. van der Wal, J.B. van Meerveld, M. Bijl, J.H. Beijnen, J.H.
Schellens, I. Meijerman, Validation of in vitro cell models used in drug metabolism and transport studies; genotyping of
cytochrome P450, phase II enzymes and drug transporter polymorphisms in the human hepatoma (HepG2), ovarian
carcinoma (IGROV-1) and colon carcinoma (CaCo-2, LS180) cell lines, Toxicol Appl Pharmacol, 211 (2006) 1-10.

[242] J. Zhang, J. Penny, J.R. Lu, Development of a novel in vitro 3D intestinal model for permeability evaluations, Int J
Food Sci Nutr, 71 (2020) 549-562.

[243] Y. Xu, D. Carradori, M. Alhouayek, G.G. Muccioli, P.D. Cani, V. Préat, A. Beloqui, Size Effect on Lipid
Nanocapsule-Mediated GLP-1 Secretion from Enteroendocrine L Cells, Mol Pharm, 15 (2018) 108-115.

[244] N. Patel, B. Forbes, S. Eskola, J. Murray, Use of simulated intestinal fluids with Caco-2 cells and rat ileum, Drug
Dev Ind Pharm, 32 (2006) 151-161.

[245] J. Jankovi¢, L. Djekic, V. Dobri¢i¢, M. Primorac, Evaluation of critical formulation parameters in design and
differentiation of self-microemulsifying drug delivery systems (SMEDDSs) for oral delivery of aciclovir, Int J Pharm,
497 (2016) 301-311.

[246] L.A. Lima, N.M. Khalil, T.T. Tominaga, A. Lechanteur, B. Sarmento, R.M. Mainardes, Mucoadhesive chitosan-
coated PLGA nanoparticles for oral delivery of ferulic acid, Artif Cells Nanomed Biotechnol, 46 (2018) 993-1002.

[247] P. Agarwal, P. Khatri, B. Billack, W.K. Low, J. Shao, Oral delivery of glucagon like peptide-1 by a recombinant
Lactococcus lactis, Pharm Res, 31 (2014) 3404-3414.

[248] W. Fan, D. Xia, Q. Zhu, X. Li, S. He, C. Zhu, S. Guo, L. Hovgaard, M. Yang, Y. Gan, Functional nanoparticles
exploit the bile acid pathway to overcome multiple barriers of the intestinal epithelium for oral insulin delivery,
Biomaterials, 151 (2018) 13-23.

[249] J. Zhang, X. Zhu, Y. Jin, W. Shan, Y. Huang, Mechanism study of cellular uptake and tight junction opening
mediated by goblet cell-specific trimethyl chitosan nanoparticles, Mol Pharm, 11 (2014) 1520-1532.

[250] M. Liu, J. Zhang, X. Zhu, W. Shan, L. Li, J. Zhong, Z. Zhang, Y. Huang, Efficient mucus permeation and tight
junction opening by dissociable "mucus-inert" agent coated trimethyl chitosan nanoparticles for oral insulin delivery, J
Control Release, 222 (2016) 67-77.

[251]1 Y. Xu, Y. Zheng, L. Wu, X. Zhu, Z. Zhang, Y. Huang, Novel Solid Lipid Nanoparticle with Endosomal Escape
Function for Oral Delivery of Insulin, ACS Appl Mater Interfaces, 10 (2018) 9315-9324.

[252] N.G. Lamson, A. Berger, K.C. Fein, K.A. Whitehead, Anionic nanoparticles enable the oral delivery of proteins by
enhancing intestinal permeability, Nat Biomed Eng, 4 (2020) 84-96.

[253] L.P. Sze, H.Y. Li, K.L.A. Lai, S.F. Chow, Q. Li, K.-W. KennethTo, T.N.T. Lam, W.Y.T. Lee, Oral delivery of
paclitaxel by polymeric micelles: A comparison of different block length on uptake, permeability and oral bioavailability,
Colloids Surf B Biointerfaces, 184 (2019) 110554.

[254] K. Lahjouji, C. Malo, G.A. Mitchell, I.A. Qureshi, L-Carnitine transport in mouse renal and intestinal brush-border
and basolateral membrane vesicles, Biochimica et Biophysica Acta (BBA) - Biomembranes, 1558 (2002) 82-93.

[255] R.L. Ball, P. Bajaj, K.A. Whitehead, Oral delivery of siRNA lipid nanoparticles: Fate in the GI tract, Sci Rep, 8
(2018) 2178.

[256] V. Piazzini, L. Micheli, C. Luceri, M. D'Ambrosio, L. Cinci, C. Ghelardini, A.R. Bilia, L. Di Cesare Mannelli, M.C.
Bergonzi, Nanostructured lipid carriers for oral delivery of silymarin: Improving its absorption and in vivo efficacy in
type 2 diabetes and metabolic syndrome model, Int J Pharm, 572 (2019) 118838.

78



|£0/7] 1. Allllldd, 1vi. JOUgdily, L.\J. Vvdldll, DJ.J. DIdyJucCll, A Collpdaiidon ol ulcc reycr s pdilil  IvI-IIKC - COLL CuluLc

models: particle uptake, bacterial interaction, and epithelial histology, Eur ] Pharm Biopharm, 119 (2017) 426-436.

[258] J. Westerhout, E. van de Steeg, D. Grossouw, E.E. Zeijdner, C.A. Krul, M. Verwei, H.M. Wortelboer, A new
approach to predict human intestinal absorption using porcine intestinal tissue and biorelevant matrices, European Journal
of Pharmaceutical Sciences, 63 (2014) 167-177.

[259] Z. Luo, Y. Liu, B. Zhao, M. Tang, H. Dong, L. Zhang, B. Lv, L. Wei, Ex vivo and in situ approaches used to study
intestinal absorption, Journal of pharmacological and toxicological methods, 68 (2013) 208-216.

[260] G. Roeselers, M. Ponomarenko, S. Lukovac, H.M. Wortelboer, Ex vivo systems to study host-microbiota
interactions in the gastrointestinal tract, Best Practice & Research Clinical Gastroenterology, 27 (2013) 101-113.

[261] R. Kapila, S. Kapila, R. Vij, Chapter 23 - Efficacy of Milk-Derived Bioactive Peptides on Health by Cellular and
Animal Models, in: R.R. Watson, R.J. Collier, V.R. Preedy (Eds.) Nutrients in Dairy and their Implications on Health and
Disease, Academic Press2017, pp. 303-311.

[262] TNO, InTESTine™: PHYSIOLOGICALLY RELEVANT INTESTINAL TISSUE MODEL, The Netherlands.

[263] M. Li, L.LA. de Graaf, G.M. Groothuis, Precision-cut intestinal slices: alternative model for drug transport,
metabolism, and toxicology research, Expert opinion on drug metabolism & toxicology, 12 (2016) 175-190.

[264] K.M. Hillgren, A. Kato, R.T. Borchardt, In vitro systems for studying intestinal drug absorption, Medicinal research
reviews, 15 (1995) 83-109.

[265] A.-L. Ungell, In vitro absorption studies and their relevance to absorption from the GI tract, Drug development and
industrial pharmacy, 23 (1997) 8§79-892.

[266] M. Martignoni, G. Groothuis, R. de Kanter, Comparison of mouse and rat cytochrome P450-mediated metabolism
in liver and intestine, Drug Metabolism and Disposition, 34 (2006) 1047-1054.

[267] E.G. van de Kerkhof, A.-L.B. Ungell, A.K. Sjéberg, M.H. de Jager, C. Hilgendorf, I.A. de Graaf, G.M. Groothuis,
Innovative methods to study human intestinal drug metabolism in vitro: precision-cut slices compared with ussing
chamber preparations, Drug metabolism and disposition, 34 (2006) 1893-1902.

[268] L.A. De Graaf, P. Olinga, M.H. De Jager, M.T. Merema, R. De Kanter, E.G. Van De Kerkhof, G.M. Groothuis,
Preparation and incubation of precision-cut liver and intestinal slices for application in drug metabolism and toxicity
studies, Nature protocols, 5 (2010) 1540.

[269] R. De Kanter, M. De Jager, A. Draaisma, J. Jurva, P. Olinga, D. Meijer, G. Groothuis, Drug-metabolizing activity
of human and rat liver, lung, kidney and intestine slices, Xenobiotica, 32 (2002) 349-362.

[270] E.G. van de Kerkhof, I.A. de Graaf, M.H. de Jager, D.K. Meijer, G.M. Groothuis, Characterization of rat small
intestinal and colon precision-cut slices as an in vitro system for drug metabolism and induction studies, Drug metabolism
and disposition, 33 (2005) 1613-1620.

[271] R. De Kanter, M. Monshouwer, A. Draaisma, M. De Jager, I. De Graaf, J. Proost, D. Meijer, G. Groothuis,
Prediction of whole-body metabolic clearance of drugs through the combined use of slices from rat liver, lung, kidney,
small intestine and colon, Xenobiotica, 34 (2004) 229-241.

[272] T.H. Wilson, G. Wiseman, The use of sacs of everted small intestine for the study of the transference of substances
from the mucosal to the serosal surface, The Journal of physiology, 123 (1954) 116-125.

[273] M.A. Alam, F.I. Al-Jenoobi, A.M. Al-mohizea, Everted gut sac model as a tool in pharmaceutical research:
limitations and applications, Journal of Pharmacy and Pharmacology, 64 (2012) 326-336.

[274] E.G. van de Kerkhof, [.A. de Graaf, G.M. Groothuis, In vitro methods to study intestinal drug metabolism, Current
drug metabolism, 8 (2007) 658-675.

[275] P. Dixit, D.K. Jain, J. Dumbwani, Standardization of an ex vivo method for determination of intestinal permeability
of drugs using everted rat intestine apparatus, Journal of pharmacological and toxicological methods, 65 (2012) 13-17.

[276] J.Y. Lock, T.L. Carlson, R.L. Carrier, Mucus models to evaluate the diffusion of drugs and particles, Adv Drug
Deliv Rev, 124 (2018) 34-49.

[277] S.W. Mateer, J. Cardona, E. Marks, B.J. Goggin, S. Hua, S. Keely, Ex Vivo Intestinal Sacs to Assess Mucosal
Permeability in Models of Gastrointestinal Disease, J Vis Exp, (2016) ¢53250.

[278] J. Demaude, C. Salvador-Cartier, J. Fioramonti, L. Ferrier, L. Bueno, Phenotypic changes in colonocytes following
acute stress or activation of mast cells in mice: implications for delayed epithelial barrier dysfunction, Gut, 55 (2006)
655-661.

79



£ /7] L.-I. Nudll, 5. ULICH, D.- 1. I U, J.=IN. 211U, UJ. COLUCLL, O. YI1U, I'ICUICUOUILL U1 1TUllldll dUSUIPUOLILL Ol 1ldLluldl Collpoulus
by the non-everted rat intestinal sac model, European journal of medicinal chemistry, 41 (2006) 605-610.

[280] N. Shrestha, F. Aratjo, M.-A. Shahbazi, E. Mikild, M.J. Gomes, M. Airavaara, E.I. Kauppinen, J. Raula, J. Salonen,
J. Hirvonen, B. Sarmento, H.A. Santos, Oral hypoglycaemic effect of GLP-1 and DPP4 inhibitor based nanocomposites
in a diabetic animal model, Journal of Controlled Release, 232 (2016) 113-119.

[281] K. Hamilton, Ussing's “Little Chamber”: 60 Years+ Old and Counting, Frontiers in Physiology, 2 (2011).

[282] M. Miyake, T. Koga, S. Kondo, N. Yoda, C. Emoto, T. Mukai, H. Toguchi, Prediction of drug intestinal absorption
in human using the Ussing chamber system: A comparison of intestinal tissues from animals and humans, European
Journal of Pharmaceutical Sciences, 96 (2017) 373-380.

[283] A. Sjéberg, M. Lutz, C. Tannergren, C. Wingolf, A. Borde, A.-L. Ungell, Comprehensive study on regional human
intestinal permeability and prediction of fraction absorbed of drugs using the Ussing chamber technique, European Journal
of Pharmaceutical Sciences, 48 (2013) 166-180.

[284] F. McCartney, V. Jannin, S. Chevrier, H. Boulghobra, D.R. Hristov, N. Ritter, C. Miolane, Y. Chavant, F. Demarne,
D.J. Brayden, Labrasol® is an efficacious intestinal permeation enhancer across rat intestine: Ex vivo and in vivo rat
studies, Journal of Controlled Release, 310 (2019) 115-126.

[285] L.L. Clarke, A guide to Ussing chamber studies of mouse intestine, Am J Physiol Gastrointest Liver Physiol, 296
(2009) G1151-1166.

[286] B. Bajka, C. Gillespie, C. Steeb, L. Read, G. Howarth, Applicability of the Ussing chamber technique to
permeability determinations in functionally distinct regions of the gastrointestinal tract in the rat, Scandinavian journal of
gastroenterology, 38 (2003) 732-741.

[287] V. Rozehnal, D. Nakai, U. Hoepner, T. Fischer, E. Kamiyama, M. Takahashi, S. Yasuda, J. Mueller, Human small
intestinal and colonic tissue mounted in the Ussing chamber as a tool for characterizing the intestinal absorption of drugs,
European Journal of Pharmaceutical Sciences, 46 (2012) 367-373.

[288] S. Mazzaferro, K. Bouchemal, R. Skanji, C. Gueutin, H. Chacun, G. Ponchel, Intestinal permeation enhancement
of docetaxel encapsulated into methyl-B-cyclodextrin/poly (isobutylcyanoacrylate) nanoparticles coated with thiolated
chitosan, Journal of controlled release, 162 (2012) 568-574.

[289] N. Patel, B. Forbes, S. Eskola, J. Murray, Use of simulated intestinal fluids with Caco-2 cells and rat ileum, Drug
development and industrial pharmacy, 32 (2006) 151-161.

[290] J. Westerhout, E. van de Steeg, D. Grossouw, E.E. Zeijdner, C.A. Krul, M. Verwei, H.M. Wortelboer, A new
approach to predict human intestinal absorption using porcine intestinal tissue and biorelevant matrices, Eur. J. Pharm.
Sci., 63 (2014) 167-177.

[291] P. Mardones, D. Andrinolo, A. Csendes, N. Lagos, Permeability of human jejunal segments to gonyautoxins
measured by the Ussing chamber technique, Toxicon, 44 (2004) 521-528.

[292] P.-A. Billat, E. Roger, S. Faure, F. Lagarce, Models for drug absorption from the small intestine: where are we and
where are we going?, Drug Discovery Today, 22 (2017) 761-775.

[293] A.B. Dezani, T.M. Pereira, A.M. Caffaro, J.M. Reis, C.H. dos Reis Serra, Determination of lamivudine and
zidovudine permeability using a different ex vivo method in Franz cells, Journal of Pharmacological and Toxicological
methods, 67 (2013) 194-202.

[294] A. B Sanchez, A. C Calpena, M. Mallandrich, B. Clares, Validation of an ex vivo permeation method for the
intestinal permeability of different BCS drugs and its correlation with caco-2 in vitro experiments, Pharmaceutics, 11
(2019) 638.

[295] T. von Erlach, S. Saxton, Y. Shi, D. Minahan, D. Reker, F. Javid, Y.L. Lee, C. Schoellhammer, T. Esfandiary, C.
Cleveland, L. Booth, J. Lin, H. Levy, S. Blackburn, A. Hayward, R. Langer, G. Traverso, Robotically handled whole-
tissue culture system for the screening of oral drug formulations, Nat Biomed Eng, 4 (2020) 544-559.

[296] F. McCartney, M. Rosa, D.J. Brayden, Evaluation of sucrose laurate as an intestinal permeation enhancer for
macromolecules: Ex Vivo and In Vivo studies, Pharmaceutics, 11 (2019) 565.

[297] H. Mirchandani, Y. Chien, A multi-loop in situ technique to study intestinal drug aborption, STP pharma sciences,
5(1995) 145-151.

[298] U. Fagerholm, M. Johansson, H. Lennernés, The correlation between rat and human small intestinal permeability
to drugs with different physico-chemical properties, Pharm Res, 13 (1996) 1335-1341.

80



|£77] I1. LCIUICLIAS, Alllllldl Udld. U1C COLUILDUUOULS U1 UIC USSIITE CUlHdIHIDCL dlltd PCLIUSIOLL SYSLCLIS WU PICUICULLE 1HHullldll

oral drug delivery in vivo, Adv Drug Deliv Rev, 59 (2007) 1103-1120.

[300] N. Shrestha, O. Bouttefeux, K. Vanvarenberg, P. Lundquist, J. Cunarro, S. Tovar, G. Khodus, E. Andersson, A.V.
Keita, C.G. Dieguez, The stimulation of GLP-1 secretion and delivery of GLP-1 agonists via nanostructured lipid carriers,
Nanoscale, 10 (2018) 603-613.

[301]Y. Zhang, Q.-S. Wang, Y.-L. Cui, F.-C. Meng, K.-M. Lin, Changes in the intestinal absorption mechanism of icariin
in the nanocavities of cyclodextrins, Int J Nanomedicine, 7 (2012) 4239-4249.

[302] D.A. Volpe, Application of method suitability for drug permeability classification, AAPS J, 12 (2010) 670-678.

[303] H. Lennernds, Human in vivo regional intestinal permeability: importance for pharmaceutical drug development,
Molecular pharmaceutics, 11 (2014) 12-23.

[304] P. Nejdfors, M. Ekelund, B. Jeppsson, B. Westrom, Mucosal in vitro permeability in the intestinal tract of the pig,
the rat, and man: species-and region-related differences, Scandinavian journal of gastroenterology, 35 (2000) 501-507.

[305] B. Wuyts, D. Riethorst, J. Brouwers, J. Tack, P. Annaert, P. Augustijns, Evaluation of fasted and fed state simulated
and human intestinal fluids as solvent system in the Ussing chambers model to explore food effects on intestinal
permeability, Int J Pharm, 478 (2015) 736-744.

[306] S. Fattah, M. Ismaiel, B. Murphy, A. Rulikowska, J.M. Frias, D.C. Winter, D.J. Brayden, Salcaprozate sodium
(SNAC) enhances permeability of octreotide across isolated rat and human intestinal epithelial mucosae in Ussing
chambers, European Journal of Pharmaceutical Sciences, 154 (2020) 105509.

[307] S. Deferme, P. Annaert, P. Augustijns, In vitro screening models to assess intestinal drug absorption and
metabolism, Drug absorption studies, Springer2008, pp. 182-215.

[308] J.M. Alarcon, L. Quevedo, P. Reyes, Inhibitory action of hydrogen peroxide on a high-resistance epithelium,
Pharmacology, 50 (1995) 111-118.

[309] M. Hemlin, A. Mellander, Evidence for an electrically silent, neurogenic fluid secretion in the rat jejunum in vivo,
Acta Physiol Scand, 145 (1992) 239-251.

[310] A. Gianotti, L. Delpiano, E. Caci, In vitro Methods for the Development and Analysis of Human Primary Airway
Epithelia, Front. Pharmacol., 9 (2018).

[311] G. Zengin, C. Ferrante, L. Menghini, G. Orlando, L. Brunetti, L. Recinella, A. Chiavaroli, S. Leone, M. Ronci,
M.Z. Aumeeruddy, M.F. Mahomoodally, Protective effects of Cotoneaster integerrimus on in vitro and ex-vivo models
of H(2) O(2) -induced lactate dehydrogenase activity in HCT116 cell and on lipopolysaccharide-induced inflammation
in rat colon, J Food Biochem, 43 (2019) e¢12766.

[312] I. Rohe, F.J. Hiittner, J. Plendl, B. Drewes, J. Zentek, Comparison of different histological protocols for the
preservation and quantification of the intestinal mucus layer in pigs, Eur J Histochem, 62 (2018) 2874.

[313] V.H. Hryn, Y.P. Kostylenko, Y.P. Yushchenko, M.M. Ryabushko, D.O. Lavrenko, Comparative histological
structure of the gastrointestinal mucosa in human and white rat: a bibliographic analysis, Wiad Lek, 71 (2018) 1398-1403.

[314] C.B. Woitiski, B. Sarmento, R.A. Carvalho, R.J. Neufeld, F. Veiga, Facilitated nanoscale delivery of insulin across
intestinal membrane models, Int J Pharm, 412 (2011) 123-131.

[315] A.B. Dezani, T.M. Pereira, A.M. Caffaro, J.M. Reis, C.H. Serra, Determination of lamivudine and zidovudine
permeability using a different ex vivo method in Franz cells, J Pharmacol Toxicol Methods, 67 (2013) 194-202.

[316] C.B. Eap, T. Buclin, G. Cucchia, D. Zullino, E. Hustert, G. Bleiber, K.P. Golay, A.-C. Aubert, P. Baumann, A.
Telenti, Oral administration of a low dose of midazolam (75 pg) as an in vivo probe for CYP3A activity, Eur. J. Clin.
Pharmacol., 60 (2004) 237-246.

[317] T. Prueksaritanont, D. Tatosian, X. Chu, R. Railkar, R. Evers, C. Chavez-Eng, R. Lutz, W. Zeng, J. Yabut, G. Chan,
X. Cai, A. Latham, J. Hehman, D. Stypinski, J. Brejda, C. Zhou, B. Thornton, K. Bateman, I. Fraser, S. Stoch, Validation
of a microdose probe drug cocktail for clinical drug interaction assessments for drug transporters and CYP3A, Clin.
Pharmacol. Ther., 101 (2017) 519-530.

[318] A. Fortuna, G. Alves, A. Falcgo, P. Soares-da-Silva, Evaluation of the permeability and P-glycoprotein efflux of
carbamazepine and several derivatives across mouse small intestine by the Ussing chamber technique, Epilepsia, 53
(2012) 529-538.

[319] B.I. Polentarutti, A.L. Peterson, A K. Sjoberg, E.K.I. Anderberg, L.M. Utter, A.-L.B. Ungell, Evaluation of viability
of excised rat intestinal segments in the Ussing chamber: investigation of morphology, electrical parameters, and
permeability characteristics, Pharm. Res., 16 (1999) 446-454.

81



|D4£V] I'. SCWCIL, IVl. ARRdiwdl, UJ. DdACIICL, A. DIOAULIICAUUW, IN. UClldluy, L. IVIOUIC, 3. NOUILISOILL, VI, ROOUSCOOULLL, A,
Stevens, C. Terry, N. Burden, The current status of exposure-driven approaches for chemical safety assessment: A cross-
sector perspective, Toxicology, 389 (2017) 109-117.

[321] K. Brake, A. Gumireddy, A. Tiwari, H. Chauhan, D. Kumari, In vivo studies for drug development via Oral delivery:
challenges, animal models and techniques, Pharm. Anal. Acta, 8 (2017) 560.

[322] L. Ricceri, A. Vitale, The law through the eye of a needle: How and when to apply the new European Directive on
animals used in research, EMBO reports, 12 (2011) 637-640.

[323] S. Harloff-Helleberg, L.H. Nielsen, H.M. Nielsen, Animal models for evaluation of oral delivery of
biopharmaceuticals, Journal of Controlled Release, 268 (2017) 57-71.

[324] S.J. Morgan, C.S. Elangbam, S. Berens, E. Janovitz, A. Vitsky, T. Zabka, L. Conour, Use of Animal Models of
Human Disease for Nonclinical Safety Assessment of Novel Pharmaceuticals, Toxicologic Pathology, 41 (2012) 508-
518.

[325] F. Franconi, G. Seghieri, S. Canu, E. Straface, I. Campesi, W. Malorni, Are the available experimental models of
type 2 diabetes appropriate for a gender perspective?, Pharmacological Research, 57 (2008) 6-18.

[326] M. Ghasemi, A.R. Dehpour, Ethical considerations in animal studies, Journal of medical ethics and history of
medicine, 2 (2009).

[327] P. Langguth, K.M. Lee, H. Spahn-Langguth, G.L. Amidon, Variable gastric emptying and discontinuities in drug
absorption profiles: dependence of rates and extent of cimetidine absorption on motility phase and pH, Biopharmaceutics
& drug disposition, 15 (1994) 719-746.

[328] S. Saphier, A. Rosner, R. Brandeis, Y. Karton, Gastro intestinal tracking and gastric emptying of solid dosage forms
in rats using X-ray imagining, International Journal of Pharmaceutics, 388 (2010) 190-195.

[329] X. Cao, S.T. Gibbs, L. Fang, H.A. Miller, C.P. Landowski, H.-C. Shin, H. Lennernas, Y. Zhong, G.L. Amidon,
X.Y. Lawrence, Why is it challenging to predict intestinal drug absorption and oral bioavailability in human using rat
model, Pharmaceutical research, 23 (2006) 1675-1686.

[330] H. Lennernds, Human jejunal effective permeability and its correlation with preclinical drug absorption models, J
Pharm Pharmacol, 49 (1997) 627-638.

[331] A.L. Ungell, S. Nylander, S. Bergstrand, A. Sjoberg, H. Lennernds, Membrane transport of drugs in different
regions of the intestinal tract of the rat, J Pharm Sci, 87 (1998) 360-366.

[332] F. Antunes, F. Andrade, D. Ferreira, H. Morck Nielsen, B. Sarmento, Models to predict intestinal absorption of
therapeutic peptides and proteins, Current drug metabolism, 14 (2013) 4-20.

[333] E.L. McConnell, A.W. Basit, S. Murdan, Measurements of rat and mouse gastrointestinal pH, fluid and lymphoid
tissue, and implications for in-vivo experiments, Journal of Pharmacy and Pharmacology, 60 (2008) 63-70.

[334] X. Cao, S.T. Gibbs, L. Fang, H.A. Miller, C.P. Landowski, H.C. Shin, H. Lennernas, Y. Zhong, G.L. Amidon, L.X.
Yu, D. Sun, Why is it challenging to predict intestinal drug absorption and oral bioavailability in human using rat model,
Pharm Res, 23 (2006) 1675-1686.

[335] H. Komura, M. Iwaki, In vitro and in vivo small intestinal metabolism of CYP3A and UGT substrates in preclinical
animals species and humans: species differences, Drug Metab Rev, 43 (2011) 476-498.

[336] L. De Zwart, C. Rompelberg, A. Sips, J. Welink, J. Van Engelen, Anatomical and physiological differences between
various species used in studies on the pharmacokinetics and toxicology of xenobiotics. A review of literature, (1999).

[337] E. Escribano, X.G. Sala, J. Salamanca, C.R. Navarro, J.Q. Regué, Single-pass intestinal perfusion to establish the
intestinal permeability of model drugs in mouse, Int J Pharm, 436 (2012) 472-477.

[338] Q.Y. Zhang, D. Dunbar, L.S. Kaminsky, Characterization of mouse small intestinal cytochrome P450 expression,
Drug Metab Dispos, 31 (2003) 1346-1351.

[339] D.M. Mutch, P. Anderle, M. Fiaux, R. Mansourian, K. Vidal, W. Wahli, G. Williamson, M.A. Roberts, Regional
variations in ABC transporter expression along the mouse intestinal tract, Physiol Genomics, 17 (2004) 11-20.

[340] U. Fagerholm, H. Lennernés, Experimental estimation of the effective unstirred water layer thickness in the human
jejunum, and its importance in oral drug absorption, European journal of pharmaceutical sciences, 3 (1995) 247-253.

[341] S.C. Sutton, Companion animal physiology and dosage form performance, Adv Drug Deliv Rev, 56 (2004) 1383-
1398.

82



|o4<£] OS. MdlcL, r. dSCHuIct, S.L. LdZIC, J. DACHI-CUHCLLL, S.1J. NIdIICL, IN.J. FdllOL, J. SLCLICL, S. DCIl, CXPICSSIVILL
profiles of metabolic enzymes and drug transporters in the liver and along the intestine of beagle dogs, Drug Metabolism
and Disposition, 40 (2012) 1603-1611.

[343] L.J. Henze, N.J. Koehl, J.P. O'Shea, E.S. Kostewicz, R. Holm, B.T. Griffin, The pig as a preclinical model for
predicting oral bioavailability and in vivo performance of pharmaceutical oral dosage forms: a PEARRL review, J Pharm
Pharmacol, 71 (2019) 581-602.

[344] S.C. Sutton, L.A. Evans, J.H. Fortner, J.M. McCarthy, K. Sweeney, Dog colonoscopy model for predicting human
colon absorption, Pharmaceutical research, 23 (2006) 1554-1563.

[345] M.J. Whitaker, M. Debono, H. Huatan, D.P. Merke, W. Arlt, R.J. Ross, An oral multiparticulate, modified-release,
hydrocortisone replacement therapy that provides physiological cortisol exposure, Clinical Endocrinology, 80 (2014)
554-561.

[346] S.Y. Park, Z. Kang, P. Thapa, Y.S. Jin, J.W. Park, H.J. Lim, J.Y. Lee, S.-W. Lee, M.-H. Seo, M.-S. Kim, S.H.
Jeong, Development of sorafenib loaded nanoparticles to improve oral bioavailability using a quality by design approach,
International Journal of Pharmaceutics, 566 (2019) 229-238.

[347] Y. Wu, A. Loper, E. Landis, L. Hettrick, L. Novak, K. Lynn, C. Chen, K. Thompson, R. Higgins, U. Batra, S.
Shelukar, G. Kwei, D. Storey, The role of biopharmaceutics in the development of a clinical nanoparticle formulation of
MK-0869: a Beagle dog model predicts improved bioavailability and diminished food effect on absorption in human,
International Journal of Pharmaceutics, 285 (2004) 135-146.

[348] K.L. Helke, M.M. Swindle, Animal models of toxicology testing: the role of pigs, Expert opinion on drug
metabolism & toxicology, 9 (2013) 127-139.

[349] E. Puccinelli, P. Giovanni Gervasi, V. Longo, Xenobiotic metabolizing cytochrome P450 in pig, a promising animal
model, Current drug metabolism, 12 (2011) 507-525.

[350] M. Hossain, W. Abramowitz, B.J. Watrous, G.J. Szpunar, J.W. Ayres, Gastrointestinal transit of nondisintegrating,
nonerodible oral dosage forms in pigs, Pharmaceutical research, 7 (1990) 1163-1166.

[351] J. Dressman, K. Yamada, Animal models for oral drug absorption, Drugs and the pharmaceutical sciences, 48
(1991) 235-266.

[352] J.M. DeSesso, A.L. Williams, Contrasting the gastrointestinal tracts of mammals: factors that influence absorption,
Annual reports in medicinal chemistry, 43 (2008) 353-371.

[353] L.J. Henze, N.J. Koehl, J.P. O'Shea, E.S. Kostewicz, R. Holm, B.T. Griffin, The pig as a preclinical model for
predicting oral bioavailability and in vivo performance of pharmaceutical oral dosage forms: a PEARRL review, Journal
of Pharmacy and Pharmacology, 71 (2019) 581-602.

[354] S. Davis, L. Illum, M. Hinchcliffe, Gastrointestinal transit of dosage forms in the pig, Journal of pharmacy and
pharmacology, 53 (2001) 33-39.

[355] W. Brener, T.R. Hendrix, P.R. Mchugh, Regulation of the gastric emptying of glucose, Gastroenterology, 85 (1983)
76-82.

[356] C. Suenderhauf, N. Parrott, A physiologically based pharmacokinetic model of the minipig: data compilation and
model implementation, Pharmaceutical research, 30 (2013) 1-15.

[357] A.M. Rowan, P.J. Moughan, M.N. Wilson, K. Maher, C. Tasman-Jones, Comparison of the ileal and faecal
digestibility of dietary amino acids in adult humans and evaluation of the pig as a model animal for digestion studies in
man, Br J Nutr, 71 (1994) 29-42.

[358] H. Musther, A. Olivares-Morales, O.J. Hatley, B. Liu, A. Rostami Hodjegan, Animal versus human oral drug
bioavailability: do they correlate?, Eur J Pharm Sci, 57 (2014) 280-291.

[359] S. Rendic, Summary of information on human CYP enzymes: human P450 metabolism data, Drug Metab Rev, 34
(2002) 83-448.

[360] E. Puccinelli, P.G. Gervasi, V. Longo, Xenobiotic metabolizing cytochrome P450 in pig, a promising animal model,
Curr Drug Metab, 12 (2011) 507-525.

[361] H.A. Thorn, A. Lundahl, J.A. Schrickx, P.A. Dickinson, H. Lennernds, Drug metabolism of CYP3A4, CYP2C9
and CYP2D6 substrates in pigs and humans, European journal of pharmaceutical sciences, 43 (2011) 89-98.

[362] S. Rendic, Summary of information on human CYP enzymes: human P450 metabolism data, Drug metabolism
reviews, 34 (2002) 83-448.

&3



|205] I'. guv, 1. vuyallg, 1. rceig, A. 2Zndlg, b. AlC, A. 1dllg, . Lldalg, 1. £21101g, DIdCeCU Oldl dDSOIPUOUIL O HISULLL
using colon-specific nanoparticles co-modified with amphiphilic chitosan derivatives and cell-penetrating peptides,
Biomaterials Science, 7 (2019) 1493-1506.

[364] C.A. McCarthy, W. Faisal, J.P. O'Shea, C. Murphy, R.J. Ahern, K.B. Ryan, B.T. Griffin, A.M. Crean, In vitro
dissolution models for the prediction of in vivo performance of an oral mesoporous silica formulation, Journal of
Controlled Release, 250 (2017) 86-95.

[366] T. Denayer, T. Stohr, M. Van Roy, Animal models in translational medicine: Validation and prediction, New
Horizons in Translational Medicine, 2 (2014) 5-11.

[367] P.V. Turner, T. Brabb, C. Pekow, M.A. Vasbinder, Administration of substances to laboratory animals: routes of
administration and factors to consider, Journal of the American Association for Laboratory Animal Science, 50 (2011)
600-613.

[368] M. Bonnichsen, N. Dragsted, A.K. Hansen, The welfare impact of gavaging laboratory rats, Animal Welfare, 14
(2005) 223.

[369] W. Norred, A simple method for intragastric administration of powdered materials to rats, Laboratory animal
science, 33 (1983) 585-586.

[370] S. Parasuraman, R. Raveendran, R. Kesavan, Blood sample collection in small laboratory animals, Journal of
pharmacology & pharmacotherapeutics, 1 (2010) 87.

[371] I. Wilding, A. Coupe, S. Davis, The role of y-scintigraphy in oral drug delivery, Adv Drug Deliv Rev, 46 (2001)
103-124.

[372] D. Delbeke, H. Schoder, W.H. Martin, R.L. Wahl, Hybrid imaging (SPECT/CT and PET/CT): improving
therapeutic decisions, Seminars in nuclear medicine, Elsevier, 2009, pp. 308-340.

[373] H. Bahadar, F. Magbool, K. Niaz, M. Abdollahi, Toxicity of Nanoparticles and an Overview of Current
Experimental Models, Iran Biomed J, 20 (2016) 1-11.

[374] N. Ji, Y. Hong, Z. Gu, L. Cheng, Z. Li, C. Li, Chitosan coating of zein-carboxymethylated short-chain amylose
nanocomposites improves oral bioavailability of insulin in vitro and in vivo, J Control Release, 313 (2019) 1-13.

[375] M.A. Groenen, A.L. Archibald, H. Uenishi, C.K. Tuggle, Y. Takeuchi, M.F. Rothschild, C. Rogel-Gaillard, C. Park,
D. Milan, H.J. Megens, S. Li, D.M. Larkin, H. Kim, L.A. Frantz, M. Caccamo, H. Ahn, B.L. Aken, A. Anselmo, C.
Anthon, L. Auvil, B. Badaoui, C.W. Beattie, C. Bendixen, D. Berman, F. Blecha, J. Blomberg, L. Bolund, M. Bosse, S.
Botti, Z. Bujie, M. Bystrom, B. Capitanu, D. Carvalho-Silva, P. Chardon, C. Chen, R. Cheng, S.H. Choi, W. Chow, R.C.
Clark, C. Clee, R.P. Crooijmans, H.D. Dawson, P. Dehais, F. De Sapio, B. Dibbits, N. Drou, Z.Q. Du, K. Eversole, J.
Fadista, S. Fairley, T. Faraut, G.J. Faulkner, K.E. Fowler, M. Fredholm, E. Fritz, J.G. Gilbert, E. Giuffra, J. Gorodkin,
D.K. Griffin, J.L. Harrow, A. Hayward, K. Howe, Z.L. Hu, S.J. Humphray, T. Hunt, H. Hornshoj, J.T. Jeon, P. Jern, M.
Jones, J. Jurka, H. Kanamori, R. Kapetanovic, J. Kim, J.H. Kim, K.W. Kim, T.H. Kim, G. Larson, K. Lee, K.T. Lee, R.
Leggett, H.A. Lewin, Y. Li, W. Liu, J.E. Loveland, Y. Lu, J.K. Lunney, J. Ma, O. Madsen, K. Mann, L. Matthews, S.
McLaren, T. Morozumi, M.P. Murtaugh, J. Narayan, D.T. Nguyen, P. Ni, S.J. Oh, S. Onteru, F. Panitz, E.W. Park, H.S.
Park, G. Pascal, Y. Paudel, M. Perez-Enciso, R. Ramirez-Gonzalez, .M. Reecy, S. Rodriguez-Zas, G.A. Rohrer, L. Rund,
Y. Sang, K. Schachtschneider, J.G. Schraiber, J. Schwartz, L. Scobie, C. Scott, S. Searle, B. Servin, B.R. Southey, G.
Sperber, P. Stadler, J.V. Sweedler, H. Tafer, B. Thomsen, R. Wali, J. Wang, J. Wang, S. White, X. Xu, M. Yerle, G.
Zhang, J. Zhang, J. Zhang, S. Zhao, J. Rogers, C. Churcher, L.B. Schook, Analyses of pig genomes provide insight into
porcine demography and evolution, Nature, 491 (2012) 393-398.

[376] H. Lennernas, Human in vivo regional intestinal permeability: importance for pharmaceutical drug development,
Mol Pharm, 11 (2014) 12-23.

84



In vitro models
Oral drug delivery s I & ______ } |

c y
| Biochemical

L barrier
o /7 INTESTINAL e i
~7 { ) Physical barrier
t"'-’@ﬂ ) | _ BARRERS _ ]

} Mucosal barrier

uondiosqe |eiQ
Ajiqeawsad jeunsaiul

Highlights:

e Oral absorption depends on drug, formulation and gastrointestinal tract

e Different preclinical models are used to evaluate the intestinal drug transport

e Preclinical models greatly impact development and translation of oral formulations
e Advanced preclinical models with better correlation to clinical data are needed
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