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For successful delivery of orally given drug products, the drug compounds must have adequate
solubility and permeability in the human gastrointestinal tract. The permeability of a compound
is determined by its size and lipophilicity, and is usually evaluated in various pre-clinical models,
including rat models.
This thesis had three major aims: 1) investigate regional permeability in human and
rat intestines and evaluate two different rat models, 2) investigate the mechanisms behind
absorption in nanosuspensions, and 3) investigate the effect of food on the absorption of
drug molecules in solutions and suspensions, and also food’s effect on absorption modifying
excipients (AMEs).
Effective human permeability values obtained using regional intra-intestinal dosing and
a deconvolution method agreed with values established by perfusion from the jejunum,
demonstrating the accuracy and validity of the intra-intestinal bolus-dosing approach. Singlepass intestinal perfusion (SPIP) in rats showed better correlation with human effective
permeability than the Ussing chamber, and was therefore deemed the better model for predicting
drug permeability in humans.
Absorption of microsuspensions and nanosuspension was investigated using rat SPIP,
which showed that microsuspensions are subject to pronounced food effects, probably by
partitioning of drug into the colloidal structures formed by bile acids, lecithin, and fatty
acids. Nanosuspensions were less affected by food, which was attributed to fewer available
nanoparticles in the fed state due to partitioning into colloidal structures, and because
nanoparticles are able to cross the aqueous boundary layer on their own, increasing the
concentration of drug adjacent to the epithelial membrane.
AMEs had less effect in the fed state than the fasted state when investigated using SPIP. This
difference may be caused by AMEs partitioning into luminal colloidal structures, decreasing
the AMEs’ effects on the intestinal membrane. It thus seems that AMEs as well as drug
compounds are subject to food-drug interactions, which may either increase or decrease the
effect or absorption, something that needs to be considered during development of new drug
products.
In summary, this thesis has improved the knowledge of pre-clinical absorption models and
the understanding of several biopharmaceutical mechanisms important for drug absorption.
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“I have not failed. I've just found
10,000 ways that won't work.”
Thomas A. Edison
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Introduction

The use of oral drug products to treat diseases have long been the favored
route of administration 1. Benefits for health care systems and patients include
convenience and ease of administration. For pharmaceutical companies, these
patient-related benefits mean that oral formulations are the most desirable, not
only from the compliance and manufacturing perspective, but also from the
sales and marketing perspective. Indeed, three of the five top-selling drug
products in the US in 2013 were orally administered formulations (IMS Health
2013). The most basic type of oral formulation is the immediate release (IR)
tablet. This tablet can be fairly simple, consisting of an active pharmaceutical
ingredient (API), excipients to achieve an adequately sized tablet with desired
properties, and in some cases a coating to facilitate swallowing or mask unpleasant tastes. The fate of an IR tablet when it enters the gastrointestinal (GI)
tract is as follows (Figure 1): 1, it disintegrates from a solid tablet to smaller
fragments; 2, it dissolves into drug monomers (drugs dissolve directly from
the large solid tablet also, but at a lower rate because of less total surface area);
3, the drug monomers permeate the enterocytes lining the intestinal wall 2.

Figure 1. An overview of three key processes involved in the gastrointestinal absorption of solid dosage forms. 1, Disintegration; 2, dissolution; 3, permeation.
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In addition to the processes described in Figure 1, the API can be subject to
processes in the intestinal lumen that may decrease the bioavailability (F) or
decrease the rate of absorption across the enterocytes. These luminal processes
include precipitation, enzymatic degradation, and complexation 3. It is important to consider these processes when formulating a new drug product, as
they may affect the rate and extent of absorption. The fraction of the dose
given that is not affected by these processes and is absorbed into the enterocytes is called the fraction absorbed (fabs). The fabs together with the extraction
in enterocytes (EG) and the extraction in the liver (EH) constitute the three factors describing F (Equation 1)4:
1

1

Eq. 1

Once the API has crossed the apical membrane of the enterocyte, it enters the
cytosol, and the API (or drug compound as it is usually called after entering
the cells) may be metabolized by a variety of enzymes, including the cytochrome P450-enzymes (abbreviated CYP or CYP450). The drug compound
subsequently permeates across the basolateral membrane of the cell, after
which it enters the mesenteric blood. Smaller capillary vessels are joined to
form the vena porta, which transports the drug to the liver (the final step before
entering the systemic circulation). The liver is the body’s main metabolic organ, responsible for metabolizing, inactivating, and detoxifying both endogenous and exogenous molecules in the blood. Similarly to the metabolism in
the gut, there are an abundance of CYP-enzymes present, which are important
for metabolizing drug compounds 5, 6. The hepatocytes in the liver express a
number of uptake transport proteins, the most important for drug compounds
belonging to the solute carrier family (SLC) 7, 8. In addition to metabolism in
the liver, the drug compound may also be subject to biliary excretion via efflux
proteins like P-glycoprotein (P-gp) and the breast cancer resistance protein
(BCRP) 9. A drug compound that escapes the liver reaches the systemic circulation and may now exert its desired pharmacological actions.
Drug candidates can be classified based on their biopharmaceutical properties (solubility and permeability) according to the biopharmaceutics classification system (BCS, Figure 2) 4. The ideal drug candidate has high solubility
in the gastric and intestinal fluids and high permeability across the enterocytes.
Such compounds are classified as BCS class I. Class II compounds have low
solubility but high permeability, while class III compounds have a high solubility but a low permeability. Finally, class IV compounds have both low solubility and low permeability. Class IV is obviously the least desirable from an
oral formulation perspective, as the challenges of getting a sufficient amount
of API into the systemic circulation may prove insurmountable. An in-depth
description of intestinal permeability and different methods for evaluating permeability is presented starting on page 17.
12

Figure 2. The biopharmaceutics classification system (BCS).

The biopharmaceutical properties of a drug compound are determined by its
physicochemical characteristics. According to the well-known “Lipinski’s
rule-of-5”, the ideal oral drug candidate should be less than 500 Da large, have
fewer than five hydrogen-bond donors, fewer than 10 hydrogen-bond acceptors, and have a calculated log P under 5 10. Historically, adhering to this rule
has proven a successful strategy in the development of drugs. However, most
drugs developed over the last decades do not adhere to this rule, as many are
larger and/or more lipophilic, extending beyond the rule-of-5 11, 12. Clearly
there should be a balance between hydrophilicity and lipophilicity; a very hydrophilic API may have high solubility but a limited permeability, with the
opposite being true for a very lipophilic API 10, 13. There is also a strong correlation between the polar surface area (PSA) of the molecule and the permeability or fraction absorbed, where PSA is defined as the contributions of nitrogen and hydrogen atoms to the total surface area 14, 15. In general, it has been
shown that molecules that have a PSA above 140 Å2 do not have an adequate
potential for permeation 14, 16. If a drug candidate has sub-optimal biopharmaceutical properties, there may still be opportunities for achieving sufficient
plasma exposure by using different oral formulation strategies. Some of these
strategies, which include particle size reduction and the use of absorption
modifying excipients (AMEs), will be discussed starting on page 29.

Gastrointestinal anatomy and physiology
The human gastrointestinal tract
The human gastrointestinal (GI) tract is an open-ended canal lined with epithelium, starting at the mouth and ending at the anus 17. The definition usually
comprises (at least) the stomach, duodenum, jejunum, ileum, colon, rectum,
and anus, however the definition sometimes also includes parts in front of the
stomach, namely the buccal cavity, pharynx, and esophagus 17. For the sake of
13

relevance to this thesis, only the stomach, duodenum, jejunum, ileum, and colon will be included here when the acronym GI tract is used, as these are the
primary sites of interest for conventional oral dosages 17. A summary of anatomical and physiological variables of the GI tract are presented in Table 1.
Table 1. A summary of key anatomical and physiological variables for different
gastrointestinal regions in human in vivo 17-24.
Region

pH fasted

pH fed

Length

Water volume

Stomach

1.0-3.0

3.0-6.0

n/a

Fasted: <50 mL, Fed: depending on
food intake, up to approx. 1 L

Duodenum
Jejunum
Ileum
Colon

6.0-7.0
6.0-7.7
6.5-8.0
5.5-8.0

5.0-5.5
5.0-6.5
6.5-8.0
5.5-8.0

25 cm
Small intestine: Water present in pock150 cm
ets, total volume around 50-100 mL
150 cm
150 cm Colon: negligible

The hollow inside of the GI tract is usually called the intestinal lumen. The
inner surface of the entire GI tract is lined with a mucous membrane, or mucosa, which is composed of a single layer of epithelial cells covering connective tissue containing nerve fibers and small blood vessels (the lamina propria)
25
. The epithelial cells contain small membrane protrusions called microvilli,
which increase the surface area of these epithelial cells 26. The mucosa extends
into the intestinal lumen as finger-like protrusions known as villi. Underlying
the mucous membrane, there is a thin muscular layer called the muscularis
mucosae 25. Contractions of the muscularis mucosae allow the villi to move
back and forth, possibly increasing the flow of molecules across the epithelial
cells by reducing the stagnant layer (the aqueous boundary layer, ABL, or the
unstirred water layer) adjacent to the membrane 17, 27. Under the muscularis
mucosae is the submucosa, which is a second region of connective tissue containing larger blood vessels than the lamina propria 25. The submucosa also
contains the submucosal plexus, one of two major enteric nervous system networks 28. The final muscular layer of the GI tract is the muscularis externa,
which consists of two layers of muscle fibers, with the inner layer encircling
the GI tract and the outer layer oriented longitudinally 25. Together, these muscle layers produce propulsive and mixing motions of the luminal contents, the
action of which is controlled by the myenteric plexus, the other major enteric
nervous system networks 28, 29. Finally, another layer of connective tissue (the
serosa) lines the outer wall of the tube of the GI tract 25.

Functions of different regions of the gastrointestinal tract
The stomach can be divided into three functional parts 30. The upper part of
the stomach is the fundus, which acts as a reservoir for any ingested food.
Below the fundus is the corpus or body, which is the main part of the stomach.
The third part is the antrum, which sieves and mills particles, and enables
14

emptying through the pyloric sphincter into the duodenum 30. Once ingested,
food (or an oral formulation) enters the stomach and is immediately subject to
digestion. The pH in the stomach in the fasted state is around 1–3 in healthy
humans 19, 31. After ingestion of food, the stomach’s pH in the subsequent fed
state rises to around 5, and gradually returns to the fasted state pH 30, 32, 33.
Peristaltic motions know as mixing waves combined with the low pH in the
stomach begins digesting macronutrients (larger protein, lipids, and carbohydrates), and the low pH also activates pro-enzymes secreted by cells in the
stomach mucosa 34. Digestion is a necessary step for breaking down macronutrients into their respective smaller constituents. For drug products the peristaltic motion of the stomach combined with the low pH may may facilitate
dissolution, especially for basic compounds as they are more soluble at acidic
pH 35, 36. However, for drug molecules sensitive to low pH or to peptidases
(which might be found in e.g. oral peptide formulations), the stomach is a
hostile environment. These potentially detrimental conditions can be ameliorated by using gastro-resistant coatings on tablets (entero-coatings) 37.
The stomach also serves another important (and possibly rate-limiting)
function, which is the pyloric sphincter’s regulation of the flow of the stomach
contents (now called chyme) into the duodenum. The rate of flow is normally
limited to 2–4 mL/min, although up to 40 mL/min have been observed after
ingestion of particularly large volumes 35, 38, 39. Depending on the composition
of the meal, gastric emptying time can vary substantially. For instance, noncaloric liquids are emptied within a few minutes, whereas a solid meal high in
fat content may not have fully emptied after as much as 6 hours 40, 41.
After leaving the stomach through the pyloric sphincter, the chyme enters
the 25 cm long duodenum, where the low pH is quickly neutralized by bicarbonate secretions from Brunner’s glands, bile, and pancreatic secretions 42.
The chyme is then propelled along the small intestine by peristaltic contractions. Throughout the small intestine, nutrients are continuously absorbed, and
the pH gradually increases from around 6.0–6.5 in the duodenum to 7.4–7.8
in the distal ileum 23, 42, 43. The chyme, which has changed in composition and
consistency, enters the first part of the colon (the caecum) approximately 4
hours after first entering the duodenum 44-46. In the caecum, the pH is rapidly
lowered to around 5.0–6.0 by bacterial fermentation of undigested carbohydrates 47. Transit time through the colon is highly variable, but is generally
assumed to be 6–48 hours 44, 46, 48. In the colon, the majority of the remaining
water and nutrients is absorbed, further altering the nature of the chyme (forming feces) compared to the contents of the stomach 22. This difference in composition and texture may have implications for the solubility, dissolution, and
diffusion of drug molecules 49.
In addition to the differences in pH and composition of the chyme along
the GI tract, several additional factors may influence regional differences in
rate and extent of absorption. First, the different regions have quite different
15

epithelial surface areas. In the small intestine, intestinal folds, villi, and microvilli all help to multiply the epithelial surface area by around 300–750 (although it has recently been suggested that the size enlargement in fact is more
modest, based on macroscopic data from non-invasive techniques) 26, 50, 51. The
stomach and large intestine lack these permanent folds, although both have
folds induced by muscular contractions 26. The large intestine has microvilli,
but even so, the result is a much lower surface area enlargement than in the
small intestine, reflecting the large intestine’s smaller role in nutrient absorption 26. Second, there is a big difference in transporter protein expression and
abundance. The small intestine has a wider and greater expression of transporter proteins than the large intestine, allowing for a higher active uptake of
different molecules (including drug molecules) 52. Third, the space between
the epithelial cells in the colon (the colonocytes) is narrower than the corresponding space between the cells in the small intestine (the enterocytes) 53.
This means that the potential for paracellular transport is greater in the small
intestine, which may be of importance for small and hydrophilic molecules
(discussed starting on page 19).

Rat gastrointestinal anatomy
The morphology of the rat intestine is similar to that of humans at the epithelial
level, and drug absorption in rat has shown many similarities to human 17, 54.
There are however important differences that need to be accounted for, if drug
absorption is to be predicted in humans based on drug absorption observed in
rats. For one thing, the surface area enlargement is less pronounced in the rat
due to a lack of intestinal folds and lesser enlargement from villi 55, 56. The
length of the human GI tract is only five times longer than the rats, even
though the standard human weighs over 200 times more than the standard lab
rat 57. However, total available surface area available is around 200 times
higher in humans, demonstrating the importance of the size enlargement 17.
The radii of the different intestinal regions for humans are 1.75, 1.5, and 2.0
cm, for the jejunum, ileum, and colon, respectively 58. The corresponding radii
for the rat are 0.2, 0.2, and 0.35 cm 17, 54. The relative lengths of the GI tract
also differ. In rat, the small intestine accounts for 83% of the total length of
the GI tract, and within that, 90% is the jejunum 17, 59. In human, the small
intestine is 81% of the total GI tract length and the jejunum comprises 38% of
the small intestine. Furthermore, the rat has a large caecum comprising 26%
of the total length of the colon, compared to 5% in humans 17, 59. Even though
there is such a large difference in the dimensions of the intestines, the transit
time through the small intestine is similar in both species (3-4 h) 17, 54.
There are also pronounced differences in the nature of the luminal contents
throughout the intestinal tract. Chyme in rats has a paste-like consistency
when entering the duodenum, while the human chyme is more watery 17, 54.
This difference is even more pronounced in the colon, where rats feces is
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formed as semi-solid pellets. This difference in consistency may have implications for the mucosa, and consequently affect the possibilities for permeation or absorption.

Predicting human permeability from rat permeability
Using rat as a model species for predicting drug permeability in humans has
been proven successful, primarily for passively transported compounds, but
also for those transported via carrier proteins 4, 60-66. It has been shown that the
rat and human intestinal tract share similar expression profiles in terms of
many absorptive transporters, however there are significant differences in the
expression of various metabolizing enzymes in the enterocytes. For instance,
expression of CYP3A4 (or the rat isoform CYP3A9) and glucuronosyltransferase, which are both involved in the metabolism of many drug molecules,
showed 12- to 193-fold differences when comparing rat to human models,
while also exhibiting pronounced regional differences within the GI tract 67-69.
Despite this, rat models are generally well-suited for investigating drug permeation, as long as the metabolic differences are understood and accounted
for when using rat plasma data for predicting human absorption.

The concepts of intestinal drug permeation processes
For a drug molecule to have a systemic effect, it first needs to enter the systemic circulation. Only dissolved monomers of a drug can cross the apical and
basolateral membranes of enterocytes and reach the circulation. The flux (J)
of a drug compound from the intestinal lumen can be described by Equation
2:
Eq. 2
where P is the permeability, A is the surface area of the intestine, and ΔC is
the concentration gradient across the membrane 4, 70. There are two different
paths by which a drug compound can enter the systemic circulation, namely
transcellular and paracellular (Figure 3).
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Figure 3. Schematic representation of the different processes of the enterocytes
(beige boxes) associated with permeation. The intestinal lumen is at the top of the
figure, while the circulatory system is at bottom. 1, Paracellular transport through
the spaces between cells; 2, active carrier-mediated transport via transport proteins
requiring ATP or co-transport of another solute; 3, facilitated diffusion via transport
proteins; 4, passive lipoidal diffusion directly through the cell membrane ; 5; intracellular metabolism of API; 6, efflux transport of API (or subsequent) metabolite via
efflux proteins; 7, basolateral transport of the API or its metabolites to the circulation through either passive or carrier-mediated transport.

Transcellular permeation
Most drug molecules enter the circulation by crossing the apical and basolateral membranes of the epithelial cells 71. This can either be done by passive
lipoidal diffusion or by carrier-mediated (CM) transport, which can be further
divided into active (primary or secondary) and facilitated CM transport . There
is (and has been for a very long time) a consensus that passive lipoidal diffusion is the most important mechanism for absorption 72, 73. This consensus has
been challenged in the last few years by the suggestion that CM transport is
the major mechanism, and that yet-to-be discovered transporter proteins are
responsible for the uptake that has previously been accredited to passive diffusion 74-76. Although an intriguing thought, there are no data yet to support
this claim, meaning that the extensive data supporting passive diffusion as the
key route of intestinal absorption is more compelling at this point in time.
Lipophilic molecules (logP > 0) are predominantly absorbed through passive
lipoidal diffusion, and it has been estimated that over 80% of drug molecules
are lipophilic; therefore most drugs are absorbed via this route 71.
The rate-limiting step for passively transported drugs is the crossing of the
apical membrane 77, 78. The exact mechanism of lipoidal diffusion has not been
shown, but it includes partitioning from the aqueous intestinal lumen to the
18

lipid membrane, diffusion within the membrane, and partitioning from the
membrane to the cytosol of the enterocyte 78, 79. Passive diffusion can be described by Fick’s law of diffusion, which states that the driving force for absorption is a concentration difference, and diffusion increases the total entropy
in the system (Eq. 2) 80. Hence, the process does not require any other source
of energy, while in contrast additional energy is needed for active CM
transport 80. Properties such as low molecular weight, high lipophilicity, and
low PSA have all been shown to be associated with a high passive lipoidal
diffusion 14, 71, 78, 81.
There are two main forms of CM transport, namely facilitated diffusion and
active transport 80. In facilitated diffusion, molecules move via membrane proteins down the concentration gradient in a process that does not consume energy. Active CM transport can be either primary or secondary 80. Primary
transport means that molecules are moved against their concentration gradients at the cost of hydrolyzing ATP, whereas secondary transport means that
the transporters simultaneously transport ions (like sodium ions) down the
concentration gradient (which can be in either direction), thus enabling
transport of another molecule against its concentration gradient 80.
CM transport may become the main mechanism for absorption if the drug
molecule has a high affinity for one or more transport proteins. For nutrients
like glucose, vitamins, and amino acids, CM transport is dominant 82.
Transport can be categorized as either influx or efflux depending on the direction 80. The efflux transporters which are of most clinical importance are Pgp, the multidrug resistance proteins (MRPs) 1-5, and BCRP 83. Among the
potentially important influx transporters that can be used for drug compounds
are the oligonucleotide transporter PEPT1 and the organic anion transporters
(OATPs) 84, 85.

Paracellular permeation
Paracellular transport of molecules occurs in the intercellular spaces between
enterocytes. Because there is no membrane barrier, the process is energy-independent, and the driving force for transport is therefore only the concentration gradient 86. The spaces between cells are sealed by negatively charged
tight junctions, making the pore size too narrow for molecules larger than
around 4-8 Å 53, 61. The primary proteins responsible for sealing the tight junctions are the claudins, with important contributions also from the transmembrane protein occludin 86, 87. For the majority of drug molecules, the contribution of paracellular transport is limited, but for small (<200-300 Da) and hydrophilic compounds, this pathway may contribute substantially 61, 88, 89.
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Intestinal metabolism and efflux transport
Once drug molecules have entered the cytosol of the enterocytes, they may be
subject to metabolism. The most important metabolizing enzymes are the
CYP-enzymes 5, 6. CYP3A4 is the most abundant isoform the intestine, accounting for approximately 70% of the total CYP content 90. It has been estimated that around 50–60% of all orally administered drugs will be subject to
oxidative metabolism by CYP3A4, which demonstrates the clinical importance of this enzyme 91. Despite the relatively low expression of CYPs in
the intestine compared to the liver, metabolism in the intestine may have an
impact on the bioavailability of drug compounds. This is thought to be in part
attributed to a substrate overlap between CYPs and efflux transporters in general, and specifically between CYP3A4 and the efflux transporter P-glycoprotein (P-gp) 92. Such a synergistic interplay would effectively prolong the residence time for the drug compounds in the enterocytes, and thus increase the
fraction of the drug compound which may undergo metabolism 92. The magnitude of this apical recycling has not been shown to be clinically relevant in
vivo, but it remains clear that P-gp and other efflux transporters may have a
role in limiting the bioavailability of xenobiotics, which includes drug compounds 90, 93. Consequently, inhibiting the activity of either the metabolizing
enzymes or the efflux transporters may increase the bioavailability of a drug
compound.

Apparent and effective permeability
Permeability is defined as the speed at which a molecule is transported across
a membrane (cm/s) regardless of which type of mechanism is responsible for
the transport 58. Permeability is the most common way of comparing the potential of different compounds for transport across the intestinal membrane.
The permeability of a drug compound depends both on the membrane permeability and the permeability through the ABL 70, 94. Two different variants of
permeability are commonly described in literature, namely effective permeability (Peff) and apparent permeability (Papp). Peff is determined by measuring
the disappearance of an API from the intestinal lumen by perfusion, according
to Equation 3:
⁄

Eq. 3

where Qin is the perfusate flow rate, Cout and Cin are the concentrations of API
leaving and entering the intestinal segment, and A is the surface area of the
perfused intestinal segment, which is assumed to be a smooth cylinder 95. Depending on whether the tube is open, semi-open, or the closed Loc-I-Gut
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(which influences the hydrodynamics of the perfused segment), the Peff can be
calculated by either Eq. 3 (open and semi-open) or Equation 4 (Loc-I-Gut):
/

Eq. 4

where Qin is the perfusate flow rate, Cout and Cin are the concentrations of drug
compound leaving and entering the intestinal segment, and A is the surface
area of the intestinal segment, assumed to be a smooth cylinder. Eq. 3 is based
on a parallel tube model and Eq. 4 is based on a well-mixed model, which has
been shown to best describe the hydrodynamics within the segment during a
perfusion using the respective perfusion tubes 70, 95, 96. Because Peff only
measures disappearance from the intestinal lumen, this method gives no information about cytosolic processes within the intestinal cells or basolateral
transport. Peff is hence a direct measurement of the permeability of a drug compound across the apical membrane of the epithelial cells. Peff is exclusively
determined in vivo in humans or rats, which has several advantages, the major
one being that permeability is determined in a living organism (and therefore
respiration, blood flow, and other physiological characteristics that could affect permeability are held intact) 60, 64, 97.
Papp is the second common measure of permeability, differing from Peff in
that it measures the amount of drug compound that crosses the membrane.
This means that Papp takes into account not only transport across the apical
membrane, but also transport across the basolateral membrane, and potential
metabolism and/or intracellular binding 98, 99. Papp is determined by measuring
the appearance of an drug compound on the basolateral side (which represents
the blood) of a membrane or a cell monolayer, and is usually determined using
either excised intestinal tissue from rat or human in Ussing chamber, or by
using a cell monolayer or an artificial membrane in multi-well systems 100-103.
The rate of drug compound appearance in the basolateral chamber gives Papp
according to Equation 5:
Eq. 5
where dQ/dt is the appearance over time in the basolateral chamber, A is the
area of the membrane, and C0 is the concentration in the apical chamber 102.
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In vitro and in vivo methods for determining drug
permeability
Determining solubility and permeability for a drug candidate is important for
assessing whether or not that candidate has the appropriate biopharmaceutical
properties for successful oral drug delivery. Depending on the stage in the
development process, there are a variety of different methods for determining
permeability. In general, the more complex and time-consuming the experiment is, the more information can be gained. It is important to note that in
some stages of development, the need to generate data quickly for many candidate drugs is more important than generating in-depth mechanistic information for a single drug candidate.

Artificial membranes and cell-based methods
Artificial membrane emulating cell membranes were first used experimentally
in 1962 104. By placing phospholipid or lipid solutions on a microfilter, an
artificial membrane with a bilayer structure similar to that in intestinal epithelia can be formed. After adding the drug candidate in buffer to the apical side
of the membrane, its appearance over time is monitored in a buffer on the
basolateral side. Papp can then be calculated according to Eq. 5. These experiments are referred to as parallel artificial membrane permeability assays, or
PAMPA. Because the membrane used in these assays is artificial, there is no
CM transport, paracellular transport, or metabolism. The Papp determined is
thus only based on passive lipoidal diffusion. In a high-throughput setting,
where limited information on many compounds is desired, PAMPA assays
can be very useful, because they are cheap, easy to set up in a multi-well plate,
and have shown a reasonable correlation to fraction dose absorbed in human
100
.

Figure 4. Illustration of a Caco-2 monolayer set-up. An apical (representing the intestinal lumen) and a basolateral chamber (representic the circulation), each filled
with buffer, are separated by a monolayer of Caco-2 cells that have been grown on a
permeable polycarbonate membrane (PCM).

22

Once initial permeability screening has been conducted using PAMPA, more
in-depth knowledge is needed to assess whether the candidates selected are
suitable for continued development. Rather than going directly to animal studies at this stage, it is common to use a cell-based method to investigate not
only passive lipoidal diffusion, but also CM transport 105, 106. The most common cell-line used in these studies is the Caco-2 cell line, which is derived
from human colon adenocarcinoma 107. Compared to other cells lines, these
cells are robust, show decent reproducibility, and most importantly, they have
spontaneous differentiation, which allows them to express morphological and
biochemical properties similar to in vivo 101. The Caco-2 cells have tight junctions and many of the transporters and enzymes found in the human intestine,
although in many cases at different levels of expression108-110. Using Caco-2
cell lines have shown a good correlation towards human permeability for compounds that are absorbed via passive lipoidal diffusion 111. There are however
significant inter-laboratory differences in protein expression, which may result in very different permeability estimates from different laboratories 112.
Furthermore, the tight junctions in Caco-2 cells are narrower than those in the
human small intestine, meaning that the paracellular transport derived from
Caco-2 data may be underestimated 113. Other cell-lines, like the kidney-derived MDCK and the colon-derived HT29, may also be used to investigate
intestinal absorption 114, 115.

Ussing chamber
The Ussing chamber, an in vitro method for examining excised animal tissue,
dates back to the 1950s, when Hans Ussing investigated electrical currents in
frog skin 116. In an Ussing chamber, small tissue specimens are mounted between two chambers filled with buffer and nutrients, where the temperature is
maintained at 37○C by water jackets. The compound(s) under investigation is
added to the donor compartment, which can be the apical or the basolateral
side, depending on which direction of transport is being investigated. The appearance or accumulation of drug in the receiver chamber is monitored over
time, and apparent permeability (Papp) can be calculated according to Eq. 5.
In permeability assessments, the most common type of tissue is excised rat
intestine, or preferably human intestine from gastric bypass or colon cancer
patients. Human intestinal tissue is expected to generate more predictive data,
although permeability values based on rat tissue have been shown to be well
correlated to human Peff and fabs 65. The integrity of the tissue is usually assessed by monitoring the electrical parameters epithelial potential difference
(PD) and short-circuit current (Isc). Using electrical parameters instead of reference marker compounds (such as mannitol) to monitor integrity has the advantage of removing potential effects of the markers on the membrane and/or
the investigated compounds, and this method is routinely used, either alone or
in combination with marker compound 117, 118.
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Because the tissue used in the Ussing chamber is excised from living organisms, all parts of the intestinal wall are present, not only the epithelial cells,
which may improve predictions based of this model 117, 118. The expression of
transporters and metabolizing enzymes is also similar to that of the in vivo
situation, especially if human tissue is used 97. The drawback of the method is
that since the tissue is removed from the animal, it loses viability over time
117
. Certain measures can be taken to improve viability, such as bubbling the
tissue with carbogen gas and adding nutrients to the buffer 102. Despite these
improvements, the experiments generally cannot last more than 2–3 hours. In
addition, using excipients or compounds that affect the membrane may increase the tissue’s stress response compared to in vivo 64. The activity of the
transport proteins and metabolizing enzymes may also decrease as the viability decreases, so careful consideration needs to be taken when designing and
analyzing experiments.

Single-pass intestinal perfusion (SPIP) in rat
Determination of the effective permeability (Peff) can be done with intestine in
situ using a variety of methods based on the same general procedure: a solution containing one or several drug compounds are perfused (either in a single
pass or recirculated) through an intestinal segment, and this solution is quantitatively collected after a given distance. The Peff is calculated by relating the
concentration in the perfusate entering the intestine to the concentration in the
perfusate leaving the intestine, according to Eq. 3. Typically, a non-permeable
marker (like PEG-4000) is present to account for potential differences in water
content due to absorption or secretion in the segment. The water flux can also
be quantified by the gravimetric method, that is by weighing the collected
samples, and relating those weights to the flow rate multiplied by the time
span during which the sample was collected 119.
The most commonly used method is the single-pass intestinal perfusion
(SPIP, Figure 5). The basic method is as described above: a ~10 cm segment
of intestine is cannulated using e.g. polypropylene tubing; a solution or suspension is perfused through the segment in a single pass; the perfusate is quantitatively collected into fractions and the drug concentration is determined using a method like LC-MS. After an equilibration period, the disappearance
rate reaches a steady state, and Peff can be calculated using Eq. 3. This method
has been used to evaluate permeability for several decades and has shown a
high correlation to both human permeability and fraction dose absorbed 61, 64,
97
. To further improve the method, blood can be simultaneously sampled from
either systemic or mesenteric veins or arteries 120. Doing so allows the appearance rate of a drug compound in the blood to be calculated, which can give
information complementary to the disappearance rate.
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It is possible to place the cannulated intestinal segment within the abdomen
and use sutures to close the abdomen, or to place the cannulated segment outside the animal and cover the segment and the opening with transparent plastic
wrap. Placing the segment within the abdomen makes temperature control easier, and may also reduce stress caused by the environment. It does however
increase the risk of uneven flows and removes the possibility of optical monitoring.

Figure 5. Graphical illustration of a single-pass intestinal perfusion (SPIP) set-up in
rat with the intestinal segment placed on the outside of the abdomen. 1, The perfusion solution/suspension on heating plate with constant stirring, perfused using a
peristaltic pump; 2, a syringe pump allows co-administration of additions like enzymes; 3, the perfusate is collected after passing through an intestinal segment; 4, intravenous infusion of a blood to lumen marker; 5, blood sampling from the femoral
artery; 6, body temperature is monitored using a rectal probe, connected to a heating
pad; 7, blood pressure and heart rate are monitored in the femoral artery.

Using a living animal has several advantages compared to excised tissue or
cell-based assays. The intact blood supply and functioning respiratory system
provide continuous oxygenation and combined with normal neural and endocrine regulations allow for adequate responses to stress or harmful stimuli 97.
Monitoring the animal’s body temperature, heart rate, and blood pressure
gives detailed information of the status of the animal, which in turn allow for
a better understanding of deviating data points. Because the animal is alive
throughout the entire experiment, experiment durations can be at least twice
as long as Ussing chamber experiments, provided that a suitable anaesthetizing agent is used and that breathing is facilitated through a tracheotomy.

Human intestinal perfusion
To intubate and perfuse drug solution in situ in healthy human volunteers has
long been considered the gold standard of permeability determinations. This
approach has been used for over 50 years, and Peff values determined by this
method give the best indication as to whether a drug compound has a sufficient
potential for absorption 58, 95, 121-125. To perfuse a drug solution in a human, a
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radiopaque perfusion tube containing multiple small channels is inserted
through the mouth, and positioned into the desired intestinal segment, usually
confirmed by fluoroscopy. Typically only the proximal to mid-small intestine
is available for such experiments due to the relative bulkiness of the perfusion
tube. Once the position of the tube has been verified, a perfusion solution is
continuously administered through one of the channels in the tube, and subsequently collected from other channels in the tube. Like with the rat perfusion
experiments, a non-permeable marker is often used to account for water flux.
The obvious key benefit to using human perfusion is that values determined
in the human intestine give the most accurate information about the absorption
behavior of the candidate drug in vivo. Furthermore, determining permeability
in situ in a healthy volunteer, as opposed to excised tissue from gastric bypass
patients in Ussing chambers, comes with all the benefits previously mentioned
of using living models. One drawback to this technique is that it is difficult to
investigate food effects, since undigested food may physically prevent the
tube from reaching the desired intestinal site. Obviously, the largest drawback
to human perfusions are that they are demanding of both time and resources.

Intra-intestinal bolus dosing
A more convenient method of regional administration in humans is intra-intestinal bolus-dosing, using capsules that can be remotely triggered to release
their contents once in the correct position. There are several different versions
of this technique, but they can generally be divided into standalone capsules
and capsules attached to a thin tube 126-128. In the standalone capsule, the drug
compound(s) is contained within the capsule and released by for instance radio
frequency triggering, whereas for the capsule attached to the tube, the drug
compound in solution is contained in a syringe at the other end of the tube and
is injected through the tube out through the capsule. Both devices typically
contain a contrast agent that allows for verifying intestinal position before administration. The primary advantage of using the standalone capsule is the
limited discomfort associated with swallowing a capsule (typically 1 x 3 cm).
The dimensions of the capsule does however limit the amount of drug solution
that can be administered, making it more suitable for use with powder. The
capsule attached to tubing allows for much larger doses to be administered, as
they are injected using a syringe. This process is however restricted to the
administration of solutions or suspensions, and the long length of the small
diameter tubing means that highly viscous fluids may not work well. Using a
tube gives an additional opportunity for verifying intestinal position by measuring the length of tube that has entered through the nose, and calculating the
distance to different intestinal segments 127.
In contrast to intestinal perfusion, intra-intestinal bolus dosing does not allow for sampling of the contents in the intestinal lumen. Thus, in order to de26

termine drug permeation, blood sampling is required. However, simply determining the drug concentration in the plasma can not distinguish absorption
from distribution and elimination, and in certain cases it is imperative to know
the differences in permeation or flux across the enterocytes in order to determine the mechanisms underlying any observed changes in absorption. Quantifying flux is typically done using the deconvolution method, which briefly
means that an intravenous reference injection of the drug compound is given
from which distribution and elimination rates can be calculated. These rates
are then subtracted from the plasma concentration-time curves following the
intra-intestinal bolus dosing, and when accounting for first-pass metabolism
an absorption-time profile is generated. From this profile, Peff or flux can be
calculated by relating the rate of appearance of the drug in the plasma to the
concentration in the intestinal lumen and the area of the exposed intestinal
segment. The Peff determined using this method has shown very good correlation with values determined using human intestinal perfusion, making this an
excellent alternative for human studies when regional permeability is of interest 127, 129.

Overcoming biopharmaceutical hurdles in intestinal
drug absorption
In recent decades, a large number of new drugs and drug candidates in devlopment have less than optimal biopharmaceutical properties; that is, they are
compounds in BCS class II, III, or IV 13, 130. Problems with limited solubility
and/or permeability may decrease the fraction dose absorbed, and reduce the
absorption rate to such an extent that plasma exposure may be subpar. Furthermore, drugs with low solubility/permeability may exhibit highly variable
plasma exposure in different individuals, and may have pronounced food-drug
interactions. To increase the absorption and the bioavailable dose, and to reduce the inter- and intra-individual variability, more extensive formulation
strategies may be required.

Increasing solubility and/or dissolution rate
The number of lipophilic drug candidates in early development are increasing
as a result of techniques like in silico screening of receptor-ligand interactions
32, 131
. While in silico screening proposes candidates with high potentials for
interacting with designated target receptors, these candidates are usually quite
lipophilic 130. Lipophilic compounds tend to have adequate permeability
across enterocytes, but at the same time have limited solubility and dissolution
13
. Several strategies attempt for addressing this issue, the most common of
which is probably to form the salt of an acidic or basic drug compound with a
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counter ion such as HCl, which increases the solubility and dissolution rate in
the diffusion layer adjacent to the particles 132. Two other commonly used
strategies are (i) to alter the solid state properties of the compounds from crystalline stable structures to metastable polymorphs with lower intra-molecular
cohesive forces, or (ii) to reduce the particle size, which increases the surface
area of the drug compound and consequently the dissolution rate according to
the Noyes-Whitney equation:
Eq. 6
where dC/dt is the dissolution rate, D is the diffusion coefficient, A is the total
surface area of all particles of the drug compound, Cs is the concentration of
drug compound in the diffusion layer, C is the concentration of drug compound in the bulk, and h is the thickness of the diffusion layer adjacent to the
particle 132, 133.

Figure 6. Illustration of the factors involved in the dissolution of a particle in an unrestricted volume.

Reducing the size of the particles increases the dissolution rate and consequently increases the bioavailability of drug compounds with dissolution-limited absorption. However, as particle sizes decrease to the scale of nanometers,
increases are seen in absorption that cannot be explained solely by increased
dissolution rate and other mechanisms must be present 134.
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Formulation of nanosuspensions
As a logical consequence of size reduction, and due to improvements in processing and manufacturing, particle sizes on the order of nanometers are becoming increasingly popular. Nanosuspensions have the benefit of greatly increased dissolution rates compared to suspensions at the higher micrometer
scale, and have been shown to increase the bioavailability of several poorly
soluble compounds 135-139. Theoretically, size reduction will reach a point at
which dissolution is no longer the rate-limiting step in absorption, meaning
that further reducing size will not result in increased absorption 32. However,
at present, absorption has continued to increase with decreasing particle size,
which has raised the possibility that other absorption-promoting processes are
occurring simultaneously 2, 94, 134. The most prevalent theory is that the nanoparticles may be crossing the lumen’s aqueous boundary layer (ABL) to a
greater extent than larger particles like microparticles 140. Commercially available nanoparticles are typically around 100–300 nm, which would potentially
allow them to traverse the mucin-based mesh structure in the mucous layer to
a larger extent 141. Since the diffusivity for a spherical particle increases with
decreasing radius, smaller particles cross the ABL adjacent to the enterocytes
more easily than larger particles 142. The primary mechanism of transport
through this layer is diffusion, compared to the bulk of the intestinal lumen,
where the primary mechanism of transport is convection 27, 143. It seems likely
that mucous penetration and increased diffusivity working together are sufficient to increase absorption for nanoparticles compared to larger particles.

Increasing permeation
There are not as many viable strategies for dealing with poorly permeable drug
compounds as there are for poorly soluble compounds, and the strategies that
are available often come with potentially big drawbacks or risks. Two approaches for managing poorly permeable compounds are (i) altering the molecule or (ii) manipulating the intestinal membrane. By altering the chemical
structure of the molecule, it is possible to mask regions like polar groups that
limit passive lipoidal diffusion. This masking can be either permanent or reversible upon entry into the cells or the systemic circulation (such temporary
masking is called making a pro-drug). However, when the chemical structure
of a molecule is changed, there is always a risk of changing the pharmacokinetics and the pharmacological/toxicological potency of the molecule. Thus,
an increase in absorption may come at the cost of more undesirable side-effects or reduced clinical effects. By using the pro-drug approach, it is possible
to work around these drawbacks, as the original molecules are recreated in
vivo by enzymatic cleaving. This approach is not readily available for all molecules, because it requires the molecules to have specific structural elements
for metabolizing enzymes to recognize and cleave.
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The other approach is to manipulate the intestinal barrier, to increase the
transport of drug molecule across the enterocytes and into the systemic circulation. Typically this manipulation is done by using absorption-modifying excipients (AMEs), which are chemicals or compounds that interact with some
component of the membrane and reduce membrane integrity 144, 145. Generally,
either the fluidity/integrity of the membrane or the paracellular space between
the enterocytes is affected, depending on the mechanism of action of a given
AME 146. While this approach may be very useful for increasing the flux of
drug compound into the blood stream, it also increases the possibility that
other xenobiotics, even bacteria and virus, could enter the systemic circulation. It is therefore important that the effect is transient, allowing the drug
compound to enter the circulation in sufficient quantity but without producing
any lingering or persistent changes to the membrane’s barrier function and
integrity.
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Aims of the thesis

The overall aim of this thesis is to increase the understanding of physiological
and biopharmaceutical factors influencing intestinal drug absorption. The investigations focus specifically on increasing the understanding of regional intestinal drug permeability, absorption processes of nanoparticles, and the effect of absorption-modifying excipients (AMEs).
The individual aims of the papers included in the thesis are











Paper I: for the first time, to investigate the regional intestinal permeability in humans for three model compounds, to establish reference human
values, and to validate the method of determining permeability using deconvolution.
Paper II: to investigate regional intestinal permeability in two different
rat models, and to determine which model is the most robust and predictive of the human values determined in Paper I, and thus most suitable
for use in complex biopharmaceutical mechanistic investigations
Paper III: to investigate the influence and interplay of nanoparticles and
colloidal structures and how that interplay affects intestinal absorption of
a poorly soluble, highly permeable compound.
Paper IV: to investigate the differences in intestinal absorption between
microsuspensions and nanosuspensions of a poorly soluble, highly permeable model compound, and to investigate different luminal conditions (i.e.
different prandial states) and the effect of the mucous layer on intestinal
absorption.
Paper V: to investigate the effect of three different AMEs with different
mechanisms of action on the intestinal absorption of four drug compounds
with different physicochemical properties in different luminal conditions
(i.e. different prandial states).
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Methods

The following sections summarize the methods used in the research papers
that form the basis for this thesis. For more detailed descriptions, the reader is
referred to the respective papers.

Model compounds
Two sets of model compounds were used for the different studies. The key
physicochemical and biopharmaceutical properties of these model compounds
are summarized in Table 2. In Paper I, atenolol, metoprolol, and ketoprofen
were investigated. Papers II and V investigated atenolol, metoprolol, and ketoprofen as well, with the addition of enalaprilat. In Papers III and IV, the
primary compound was aprepitant, but ketoprofen was also investigated as a
high-permeability marker compound. The primary mechanism of intestinal
absorption for all compounds is passive lipoidal diffusion, but the selected
compounds represent different classes of the biopharmaceutics classification
system (BCS).
Table 2. A summary of key physicochemical and biopharmaceutical properties of
the investigated drug compounds 147.
Atenolol

Metoprolol

Enalaprilat

Ketoprofen

Aprepitant

Papers

I, II, V

I, II, V

II, V

I, II, III, IV, V

III, IV

BCS class

III

I

III

II

II

MW (Da)

266

348

254

535

3.2b/7.8a

3.9a

2.4b/9.2a

102

54

88

pKa(s)

9.6

267
9.7b

PSA

88

58

fabs

0.4-0.6

0.9-1

0.2

1

-

Human Peff

0.2

1.3

0.2

8.7

-

b

Log P

0.18

2.1

-0.13

3.4

4.7

Log D6.5

<-2

-0.5

-1.0

0.8

-

Log D7.4

2.0

0.0

-1.0

0.1

-

Footnotes: aacidic pKa, bbasic pKa. Abbreviations: MW – molecular weight, PSA – polar
surface area, fabs – fraction absorbed, Peff – effective permeability, Log P – uncharged octanol-water partitioning coefficient, Log D6.5 – octanol-water partitioning coefficient at pH
6.5, Log D7.4 –octanol-water partitioning coefficient at pH 7.4.
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Study subjects
In Paper I, healthy volunteers were used as study subjects. In the remaining
four papers, rats were used. The experiments for Papers II and III were conducted at AstraZeneca in Gothenburg, and the experiments for Papers IV and
V were conducted at the Biomedical Centre in Uppsala. In both labs, the same
strain of rats, weighing approximately the same and obtained from the same
breeder, were used to minimize inter-laboratory differences.

Healthy volunteers in the clinical study
Paper I included 14 volunteers (11 male and 3 female) between 18 and 55
years of age with body mass indices (BMI) of 19–30 kg/m2. The study was
conducted in association with Clinical Trial Consultants AB at the University
Hospital in Uppsala. The study was approved by the Swedish Medical Products Agency (No. 5.1-2015-49712), the regional ethics committee for human
research (No. 2015/243), and the radiation protection committee (No.
D15/27). The study was conducted in accordance with the Declaration of Helsinki, and all participations signed their informed consent and were subject to
a health screening before entering the trial.

Rats used in the pre-clinical studies
In Papers II–V, male Wistar Han rats (strain 273) from the same breeder were
used. Papers II and III were conducted at animal facility at AstraZeneca in
Gothenburg, Sweden, and were approved by the local ethics committee for
animal research (No. 48-2013). Papers IV and V were conducted at the Department of Physiology, Uppsala University, Sweden, and were approved by
the local ethics committee for animal research (No. 64/16). All animals arrived
at the respective animal facility least one week prior to the experiments to
allow for acclimatization.

Investigation of regional intestinal permeability
The regional intestinal permeability of atenolol, metoprolol, and ketoprofen
were evaluated in three models: a clinical human intra-intestinal bolus dosing
in Paper I and excised rat intestinal tissue in Ussing chamber and single-pass
intestinal perfusion in rats in Paper II. In the two rat models, the BCS class
III compound enalaprilat was also included.
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Human intra-intestinal bolus dosing
To establish reference human Peff values from all parts of the intestine, a clinical study was conducted in Paper I. A total of 14 healthy volunteers were
randomly assigned to one of three study groups, each of which had a different
order of the intestinal regions dosed (see Table 3). All participants received
an intravenous (i.v.) reference dose of the study compounds at least one week
prior to the first intra-intestinal dose to acquire individual disposition values,
which were then to be used in the deconvolution of the plasma concentrationtime curves following the intra-intestinal dosing. Between each administration, there was at least one week of washout-period. The study participants
were fasted for at least 8 hours prior to the start of the i.v. and the intra-intestinal dosing, to reduce food-effects and to ensure unrestricted capsule transit.
Approximately 4 hours after the intravenous dose and 1 hour after intra-intestinal administration, the participants were given a standardized meal.
Table 3. Order of visits to the clinic for three study groups.
Visit number

Study group 1
Study group 2
Study group 3

1

2

3

4

IV
IV
IV

Jejunum
Colon
Ileum

Ileum
Jejunum
Colon

Colon
Ileum
Jejunum

Preparation of study solutions
The study solutions were all manufactured from commercially available GMP
products for injection. The ketoprofen solution for intravenous dosing was
made by diluting the commercial product with saline to a final concentration
5 mg/mL. The concentration of the the commercially available atenolol and
metoprolol tartrate solutions were 0.5, and 0.78 mg/mL, respectively.
Administration of study solutions
On the first study occasion, the intravenous reference dose was given as serial
injections in a peripheral vein in the forearm. The doses were 1 mg atenolol
(2 mL volume), 0.78 mg metoprolol tartrate (1 mL), and 5 mg ketoprofen (1
mL). After the final injection, the catheter was rinsed with 3 mL saline solution to ensure complete administration of the drug compounds. Venous blood
samples were collected immediately prior to administration, and after 5, 10,
20, 30, 40, 50, 60, 120, 240, 360 min, and after 8 and 24 h.
On the second, third, and fourth study occasions, intra-intestinal administration in different regions were conducted. 10 mL of solution containing 10
mg atenolol, 25 mg metoprolol, and 5 mg ketoprofen were administered using
the Bioperm capsule at each of the occasions (jejunum, ileum, colon). The
Bioperm capsule is a five meter long tube (outer and inner diameter of 0.6 and
0.3 mm, respectively) attached to a radiopaque capsule serving as a position
34

verifier (by fluoroscopy) and to allow the tube to descend through the GI tract.
After the capsule reached its intended position, the solution was injected
through the tube and rinsed with saline to ensure a complete administration.
Venous blood samples were collected immediately prior to administration,
and after 5, 10, 20, 30, 40, 50, 60, 120, 240, 360 min.

Regional intestinal permeability in the Ussing chamber
Preparation of study buffers
Two phosphate buffers were prepared, one at pH 6.5 and one at pH 7.4. Amino
acids and glucose were added to both buffers to increase the viability of the
intestinal tissue. Atenolol, metoprolol, ketoprofen, and enalaprilat were added
to the respective buffers from DMSO stocks. The final concentration of each
of the drug compounds were 25 µM.
Experimental procedures
Both regional differences as well as pH effects on permeation were investigated in the Ussing chamber in Paper II. Tissue from rat jejunum, ileum, or
colon was excised from anesthetized male Wistar Han rats (strain 273). Immediately after excision, the intestinal tissue was put in ice-cold Krebs-Ringer
buffer (KRB) bubbled by carbogen gas (95% O2, 5% CO2). A tissue specimen
was mounted in the Ussing chamber, and ice-cold KRB was added to both the
serosal and mucosal side. The tissue was allowed a 30 min equilibration period, over which the temperature was increased to 37○C by water jackets. After
30 minutes, the KRB was replaced by KRB containing drug compounds and
with a pH of 6.5 or 7.4 in the mucosal chamber, and KRB without drug compounds and a pH of 7.4 in the serosal chamber. Samples were taken from the
mucosal chamber at times 0 and 150 min, and from the serosal chamber every
30 minutes for 150 minutes total. Equivalent volumes of KRB were added to
the chambers after sampling. The samples were frozen immediately and kept
at –20○C pending analysis. For a tissue segment to be deemed viable, cut-off
values for the potential difference (PD) and the electrical resistance (R) over
the tissue segment were applied. For the jejunum and the ileum, these values
were –4 mV (PD) and 30 Ohm • cm2 (R), and for the colon they were –6 mV
(PD) and 70 Ohm • cm2 (R). Tissue segments with values below these were
replaced with a new tissue segment.

Regional permeability in single-pass intestinal perfusion
The regional differences and the pH effects on permeation were also investigated using single-pass intestinal perfusion (SPIP) in Paper II. In total, three
different buffers containing atenolol, metoprolol, ketoprofen, and enalaprilat
were investigated in situ in jejunum, ileum, and colon.
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Preparation of the study buffers
Three phosphate buffers were prepared: 1, a pH 6.5 buffer with low buffer
strength (6.7 mM, hereafter called LBS); 2, a pH 6.5 buffer with high buffer
strength (67 mM); 3, a pH 7.4 buffer with high buffer strength (100 mM).
Atenolol, metoprolol, ketoprofen, and enalaprilat were all added from DMSO
stock, yielding a final concentration of 100 µM for each of the drug compounds.
Surgical and experimental procedure
Male Wistar Han rats weighing 270–370 g were anesthetized with Isoflurane
and placed on a heating table (37○C). A midline incision in the abdomen was
made, and an intestinal segment of 6–12 cm was cannulated using polypropylene tubing. After rinsing the segment with saline solution, the segment was
placed inside the abdomen, and the abdomen was sutured closed to prevent
heat and moisture loss. The respective intestinal segment was single-pass perfused at 0.2 mL/min with the respective buffers containing 100 µM atenolol,
metoprolol, ketoprofen, and enalaprilat. Outlet samples were collected at 45,
60, 75, 90, and 105 min and immediately stored at –20 ○C for later analysis.

Jejunal absorption of nanosuspensions in single-pass intestinal
perfusion
The intestinal absorption of aprepitant from nanosuspensions in buffer and in
fasted state simulated intestinal fluid (FaSSIF) was investigated using rat SPIP
in Paper III. Two different concentrations of aprepitant (20 and 200 µM)
were investigated in both phosphate buffer and in FaSSIF. Nanoparticles were
present in all compositions except for 20 µM in FaSSIF, as the apparent solubility of aprepitant in FaSSIF is 39 µM, meaning all aprepitant was either dissolved or partitioned into colloidal structures (such as micelles or vesicles),
consisting of bile acids and lecithin present in FaSSIF.
Preparation of study formulations
A phosphate buffer of pH 6.5 was prepared. From this buffer, FaSSIF was
prepared by addition of lecithin and sodium taurocholate. The pH of FaSSIF
was also 6.5. To produce the aprepitant nanosuspensions, a stock suspension
was made each day by suspending a commercially available aprepitant capsule (Emend®) in water, sonicating the mixture to disrupt potential aggregates, and aspirating the resulting suspension. Depending on the concentration
of the final nanosuspension, different volumes of the stock were added to produce 20 or 200 µM nanosuspensions in buffer, a 20 µM solution in FaSSIF,
or a 200 µM nanosuspension in FaSSIF. Ketoprofen and phenol red were
added from DMSO stocks to give a final concentration of 139 and 25 µM.
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Surgical and experimental procedures
The surgical and experimental procedures followed that described above for
Paper II, with the addition of a catheter being surgically inserted in the jugular
vein of the anesthetized rat to allow for blood sampling.

Jejunal absorption of nano- and microsuspensions in single-pass
intestinal perfusion
The jejunal absorption of nano- and microsuspensions in buffer, FaSSIF, and
fed state simulated intestinal fluid (FeSSIF) was investigated in Paper IV.
The single-pass intestinal perfusion used in Paper IV was modified from the
method used in Papers II and III.
Preparation of the study formulations
A phosphate buffer was prepared using the same procedure as for Paper III.
To produce FaSSIF and FeSSIF, freeze-dried instant FaSSIF or FeSSIF powder was added to the phosphate buffer, and the mixture was allowed to equilibrate for 1 hour before start of the experiment.
The nanosuspensions were produced using a commercial aprepitant capsule
as described for Paper III. The microsuspensions were produced by suspending microsized aprepitant in buffer, FaSSIF, or FeSSIF. The final concentration of apreptiant was 200 µM in all the suspensions. Ketoprofen was added
from a stock solution (in phosphate buffer) to give a final concentration of 100
µM dissolved ketoprofen in both the aprepitant nano- and microsuspensions.
Surgical and experimental procedure
The surgical procedure for Paper IV was modified from that used in Paper
II and III. Male Wistar Han rats weighing 250-350 g were anesthetized by an
intraperitoneal injection of pentobarbital. A tracheotomy was performed to
ensure unobstructed breathing. The body temperature was kept at 37.5○C and
important physiological functions were monitored by a catheter in the right
femoral artery, which was also used for blood sampling. The abdomen was
opened with a 3–5 cm incision and an approximately 10 cm segment of the
jejunum was cannulated using polypropylene tubing. The common bile duct
was cannulated adjacent to the intestine to prevent build up of secretions in
front of the segment. An injection of the blood-to-lumen permeability marker
51
Cr-EDTA was given through the right femoral vein, followed by a constant
infusion over the course of the experiment.
After an equilibration period of 30 min, a single-pass perfusion of one of
the study formulations was commenced. After the first 75 min (control period), the mucolytic agent N-acetyl-cysteine (NAC) was added to the formulation and perfused for an additional 75 min (study period). Blood was sam-
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pled at time 0 and every 15 minutes for 150 minutes. The blood was immediately centrifuged and the plasma stored at –80○C to await analysis. Equivalent
volumes of 7% saline bovine serum albumin solution were given to mitigate
any blood loss effects.

Effect of AMEs in simulated intestinal fluids in SPIP
Preparation of study formulations
Two maleic acid buffers were prepared, one for FaSSIF with pH 6.5, and one
for FeSSIF with pH 5.8. On the day of each experiment, freeze-dried instant
FaSSIF or FeSSIF powder was added to the respective buffer, and atenolol,
metoprolol, ketoprofen, and enalaprilat were added from a stock solution (in
maleic acid buffer). The final concentration of all drug compounds were 200
µM.
Surgical and experimental procedures
The surgical procedure for Paper V followed that described for Paper IV.
The experimental procedure was similar with a 75 minute control period of
perfusing only the study drugs in FaSSIF or FeSSIF; however, in addition to
NAC, the effects of sodium dodecyl sulphate (SDS) and sodium caprate were
also investigated. All excipients were investigated at two different concentrations, 0.1 and 0.5%, and in both FaSSIF and FeSSIF. As 0.5% NAC changed
the pH substantially, an additional group of 0.5% NAC where the pH was
adjusted to 5.8 or 6.5 was included, labelled 0.5% NAC pH adj.

Bioanalytical methods
The plasma samples from Papers I, III, IV, and V were analyzed using liquid
chromatography and tandem mass spectrometry (LC-MS/MS). In addition,
the perfusate samples in Paper III were analyzed using by dissolving all particles present in the perfusate and then quantifiying the samples using LC-UV.
In Paper II, the concentrations of the samples from the Ussing chamber and
SPIP were analyzed using LC-MS (single quadropole). In all studies, quantifications were performed in a single run, and only the parent compounds were
quantified (no metabolites were investigated). The specific details for each
analytical method can be found in the research papers this thesis is based on,
but on a general level all methods adhered to the European Medicines Agencys’s guidelines for method validation, except for the perfusate analysis in
Paper III, which used an in-house designed and validated method at AstraZeneca, Gothenburg.
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Data analysis
Human intra-intestinal bolus dosing
In Paper I, a deconvoluted effective permeability (Peff) was calculated. An
input rate of the different drug compounds was acquired by deconvolution of
the plasma concentration-time profiles following intra-intestinal bolus dosing,
using the disposition parameters established by individual intravenous administration. The input rate was compensated for first pass metabolism which was
based on known PK values of blood flow, fraction metabolized, and assuming
a blood-to-plasma ratio of 1. A deconvoluted Peff was calculated from the compensated input rate by relating it to the radius of the intestinal segment and the
amount of drug compound in the lumen according to Equation 6:
Eq. 6
The mean Peff during the first 30 minutes for each compound was used in further calculations and comparison in order to reduce the effect of dispersion in
the intestine, thereby ensuring that the absorption occurred in the pre-determined intestinal segment.

Regional permeability in rats
In Paper II, the apparent permeability (Papp) in the Ussing chamber was calculated according to Eq. 5 during the time when the increase in the donor
chamber was linear, typically from 30–150 min. The exposed tissue surface
area was 1.14 cm2.
The effective permeability (Peff) in the SPIP was calculated according to
Equation 3 using a flow rate of 0.2 mL/min and radius of 0.2, 0.2, and 0.35
cm for jejunum, ileum, and colon, respectively. The concentration of the perfusate leaving the segment was corrected for water flux according the change
in concentration of the absorption marker phenol red:
1.15

,
,

Eq. 7

where Ccorr is the corrected concentration, Csample is the concentration determined using LC-MS, 1.15 is an additional correction factor to account for absorption of phenol red, and Cin,PhRed and Cout,PhRed are the concentrations of phenol red entering and leaving the segment 119.
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Absorption of nanosuspensions in single-pass intestinal
perfusion
In Paper III, the Peff for both ketoprofen and aprepitant was calculated as described previously (Eq. 3), including the corrections for water flux (Eq. 7). For
most preparations of aprepitant, the total concentration of drug compound was
above the solubility (except for 20 µM in FaSSIF), meaning the total concentration of drug compound was used (dissolved and particles).
In addition to standard Peff, deconvoluted absorption flux (Japp) and disappearance flux (Jdisapp) were also calculated. An intravenous injection of aprepitant allowed for acquiring disposition PK parameters, in analogy with that
described for Paper I. The Jdisapp was calculated according to Equation 8 with
the concentration corrected for water flux as previously described:
Eq. 8
In analogy, Japp was calculated based on the deconvolution approach described
for Paper I (Eq. 9), but without correcting for the luminal amount:
Eq. 9

Jejunal absorption of nano- and microsuspensions in single-pass
intestinal perfusion
In Paper IV, Japp was calculated according to the method described for Paper
III using the disposition parameters acquired in Paper III as well.
A blood-to-lumen clearance of 51Cr-EDTA (CLCr-EDTA) (infused intravenously during the entire experiment) was also calculated based on the 51CrEDTA activity in all luminal samples, and relating them to the activity in the
blood. The CLCr-EDTA, expressed in mL/min/100g wet tissue, was calculated
using Equation 10:
100

Eq. 10

where Cperfusate is the radioactivity in the perfusate sample (cpm), Cplasma is the
radioactivity at the corresponding time in the plasma, Qin is the flow rate entering the intestinal segment (0.2 ml/min), and the tissue weight is the ex vivo
weight of the perfused intestinal segment (g). Mean CLCr-EDTA from 15–75 min
was used to represent the control period and from 90–150 min for the study
period.
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Effect of absorption-modifying excipients in simulated intestinal
fluids
In Paper V, Japp for atenolol, metoprolol, ketoprofen, and enalaprilat, and the
CLCr-EDTA were calculated according to the method described previously for
Paper IV. The disposition PK parameters used were based on previous studies
from the same laboratory using the same drug compounds and the same type
of rats from the same breeder 148.

Statistical analyses
Values (Peff, Papp, Japp, Jdisapp, CLCr-EDTA) from all papers are expressed as mean
± standard deviation (SD) unless otherwise specifically stated. The number of
experiments conducted were based on power calculations and assumptions
based on previous experiences from the respective laboratories. Statistical differences were evaluated using one-way ANOVA, two-way ANOVA, or multiple t-tests, with post hoc corrections as appropriate. Log transformations of
values were performed when the data were not normally distributed. A p-value
less than 0.05 was considered statistically significant for all comparisons.
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Results and Discussion

I. Human regional intestinal permeability
The traditional way of determining the human intestinal permeability in vivo
has been by using different perfusion techniques. Because these methods have
limitations in reaching the distal parts of the intestine, other methods are commonly used, such as regional bolus dosing with different capsule techniques.
The goal of the study in Paper I was to use one such technique, the Bioperm
capsule, to establish reference permeability values from all three parts of the
intestine using a deconvolution technique, and to compare this approach to
previously published human jejunal Peff values. Even though the small intestine is the primary site for absorption of nutrients and drug molecules, the colon may play an important role in the delivery of modified release formulations or when the drug molecule is not fully absorbed in the small intestinal.
The regional intestinal permeabilities determined in Paper I are shown in Table 4.
Table 4. Human effective permeability (Peff) of atenolol, metoprolol, and ketoprofen
in the jejunum, ileum, and colon, determined in vivo using the Bioperm capsule
and a deconvolution approach. The values were determined in 14 healthy volunteers and are expressed as median values (range).
Peff (• 10-4 cm/s)
Intestinal site

Atenolol
a

Metoprolol

Ketoprofen

Jejunum

0.45 (0.07-1.46)

1.72 (0.016-3.38)

8.85 (0.49-16.14)a

Ileum

0.15 (0.06-0.42)a

0.72 (0.09-7.53)

6.53 (1.49-10.44)

Colon

0.013 (0.01-0.10)

1.30 (0.54-7.74)

3.37 (0.98-9.07)

Footnotes: a significantly higher than the corresponding value in colon for that drug compound.

For the BCS class III compound atenolol, the permeability was significantly
lower in the colon compared to both jejunum and ileum (>10 fold difference).
For the BCS class I compound metoprolol, there were no significant differences, while for the BCS class II compound ketoprofen, there was a significant
difference between the jejunum and the colon, however the permeability was
still high in both regions. This observation is in line with the common theory
that poorly permeable compounds use the entire villi for absorption, while
highly permeable compounds only use the villi tips 149. The smaller surface
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area of the colon compared to the small intestine would thus have a higher
impact on the poorly permeable compounds. The results also confirm that
modified release formulations are more suitable for highly permeable compounds, as the permeability in colon is sufficient for a high absorption from
this region.
Figure 7 shows a comparison between the jejunal values determined in Paper I and values determined using the Loc-I-Gut perfusion method (based on
disappearance) 71, 95. There was a good agreement between the results, suggesting that intra-intestinal bolus dosing coupled with deconvolution is a valid
and valuable tool in the determination of regional intestinal permeability.

Figure 7. Comparison between the deconvoluted jejunal Peff determined in Paper I
and jejunal Peff that had been determined using Loc-I-Gut intestinal perfusion.

II. Pre-clinical assessment of regional intestinal
permeability
Even though determining intestinal permeability in human volunteers is the
“gold standard”, it is not possible to routinely evaluate permeability this way.
Instead, several pre-clinical models have been established, of which the
Ussing chamber and single-pass perfusion in rats (SPIP) are two common
models. The aim of Paper II was to investigate regional permeability in these
pre-clinical models, for the compounds investigated in Paper I, with the addition of one poorly permeable compound (enalaprilat). The effect of luminal
pH on absorption was also evaluated to allow a better understanding of how
the pH in the different intestinal regions may influence absorption.
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The apparent permeabilities (Papp) and effective permeabilities (Peff) for the
different compounds in the different intestinal regions, with the two different
buffers, are shown in Table 5 and Table 6, respectively.
Table 5. Regional intestinal apparent permeability (Papp) determined using excised
intestinal rat tissue in the Ussing chamber.
Atenolol

Metoprolol

Ketoprofen

Enalaprialt

Jejunum
Ileum
Colon

11.5 ± 4.09a,b
7.81 ± 4.76
12.2 ± 3.88a,b

4.22 ± 1.42b
16.8 ± 7.67a
7.66 ± 3.12b

26.0 ± 13.4a
24.6 ± 8.38a
17.9 ± 10.6a

4.74 ± 3.25a,b
2.87 ± 1.69
4.21 ± 1.24a

pH 7.4
Jejunum
Ileum

3.41 ± 1.76
4.58 ± 2.29

3.39 ± 1.91b
23.9 ± 11.8

15.8 ± 9.24
13.8 ± 6.66

1.42 ± 0.74
1.56 ± 0.64

3.69 ± 2.65

10.1 ± 6.55b

8.22 ± 3.92

pH 6.5

Colon
a

1.62 ± 1.14
b

Footnotes: significantly different from the same segment at pH 7.4, significantly different
from ileum at the same pH.

Table 6. Regional intestinal effective permeability (Peff) determined using singlepass intestinal perfusion in rats.
Atenolol

Metoprolol

Ketoprofen

Enalaprilat

Jejunum
Ileum
Colon

0.21 ± 0.13
0.28 ± 0.10a
0.24 ± 0.10a

0.63 ± 0.16
0.92 ± 0.26a
0.64 ± 0.10

2.92 ± 0.70
2.10 ± 0.44
1.53 ± 0.48

0.32 ± 0.19
0.34 ± 0.05
0.29 ± 0.13

pH 7.4
Jejunum
Ileum
Colon

0.30 ± 0.04
0.34 ± 0.14a
0.20 ± 0.10a

1.04 ± 0.19
1.10 ± 0.49a
0.72 ± 0.19

2.35 ± 0.70
2.88 ± 0.67
1.33 ± 0.46 b

0.45 ± 0.06
0.36 ± 0.16
0.29 ± 0.04

pH 6.5 LBS
Jejunum
Ileum
Colon

0.50 ± 0.19b
0.79 ± 0.30
0.51 ± 0.26

0.99 ± 0.22b
1.60 ± 0.41
0.80 ± 0.20b

3.63 ± 1.70b,c
2.01 ± 0.29
1.41 ± 0.29

0.98 ± 1.30
0.77 ± 0.30
0.45 ± 0.13

pH 6.5

Footnotes: a significantly different from the same segment at pH 6.5 LBS, b significantly different from ileum with the same buffer, c significantly different from colon with the same
buffer.

In both models, ketoprofen and metoprolol showed high permeability in all
segments and in all buffers, with one exception: the Papp for metoprolol in the
jejunum was substantially lower than in the other intestinal segments. This
trend is not seen for the Peff, indicating that the lower permeability observed
in the Ussing chamber might be related to processes within the enterocytes,
such as metabolism within the cytosol 150. The values determined for both ketoprofen and metoprolol were in line with historical data 151-153.
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Atenolol had an unexpectedly high Papp for all segments at pH 6.5. The
reason for this remains unclear, but it is evident that there were no issues with
barrier integrity, because the electrical parameters showed no adverse signals
and the permeability of the other three drug compounds remained stable. Apart
from this, the two poorly permeable compounds atenolol and enalaprilat exhibited low permeability across all conditions and in both models, which was
in agreement with previously published values 65, 154.
When perfusing with the pH 6.5 LBS buffer in SPIP, the pH changed dramatically in the ileum, from 6.5 in the inlet perfusate to 8.3 in the outlet perfusate. This difference shows the very high buffering capacity of the intestine,
and consequently demonstrates the importance of using buffers with sufficient
strength if investigating potential pH effects. Furthermore, there were significant increases for both atenolol and metoprolol when perfused with the LBS
buffer, which is in line with the pH partitioning theory, as both compound are
weak bases with pKa’s of 9.6 and 9.7.

Comparing pre-clinical to clinical permeability
To assess the correlation between the values determined using the pre-clinical
models in Paper II, a correlation was established between these values and
the deconvoluted values for human intestinal permeability from Paper I.

Figure 8. Deconvoluted human intestinal effective permeability (Peff) values for
atenolol, metoprolol, and ketoprofen administered using a Bioperm capsule, plotted
against the corresponding (upper panels) rat intestinal effective permeability (Peff)
and (lower panels) rat apparent permeability (Papp) values determined with the
Ussing chamber. In the upper panel, circles (●) represent values for the three drugs
determined with the pH 6.5 buffer, while squares (■) represent values determined
with the pH 7.4 buffer, and triangles (▲) represent values determined with the pH
6.5 buffer at low buffer strength (LBS). In the lower panel, the three circles (●) represent values for the three drugs determined at pH 6.5 and the squares (■) represent
values determined at pH 7.4. Note that the Peff scales are different for the different
regions.
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For the Peff determinations in rat, there was a good linear correlation with the
deconvoluted human Peff in all intestinal regions (Figure 8, upper panels). The
highest correlations were found when applying a buffer with a pH similar to
that found in the respective region (jejunum 6.5, R2 = 0.99; ileum 7.4, R2 =
0.99; colon 6.5, R2 = 1.0). In contrast, no significant correlations were present
between the Papp values determined in the Ussing chamber and the human intestinal Peff (Figure 8, lower panels). This pattern may, to some extent, be because disappearance and appearance does not always follow the same pattern
due to factors like intracellular metabolism or binding. However, the results
clearly demonstrate that SPIP is the more useful method because it has the
highest potential for accurately predicting intestinal permeability in humans.

III. In vivo absorption mechanisms of aprepitant
nanosuspensions
Having established that the single-pass intestinal perfusion was better suited
for pre-clinical evaluation of drug absorption than the Ussing chamber, SPIP
was used to investigate the absorption of nanosuspensions under different luminal conditions in Paper III.
Table 7. Effective permeability (Peff), appearance flux (Japp), and disappearance
flux (Jdisapp) for aprepitant in the four investigated formulations. All values are
shown as means ± SD.
Peff
(10-4 cm/s)

Japp
(nmol/(h × cm2))

Jdisapp
(nmol/(h × cm2))

20 µM in buffer
20 µM in FaSSIF

1.49 ± 0.20
1.68 ± 0.16a

1.26 ± 0.17
2.38 ± 0.43

2.38 ± 0.32
2.23 ± 0.24

200 µM in buffer

0.54 ± 0.07a,b

6.31 ±1.26a

9.36 ± 1.11a,b

200 µM in FaSSIF

0.93 ± 0.41b

14.2 ± 3.96a,b,c

14.8 ± 5.78a.b

a significantly

b

Footnotes:
different from 20 µM in buffer, significantly different from 20
µM in FaSSIF, c significantly different from 200 µM in buffer.

The Peff (calculated by Eq. 3) for aprepitant from the four different investigated
formulation are shown in Table 7. The highest permeability was seen for 20
µM aprepitant solution in FaSSIF, however that 20 µM aprepitant in FaSSIF
should have the highest Peff was not consistent with the plasma-concentration
time profiles (Figure 9), but rather was due to the fact that Eq. 3 uses the total
concentration of API, not only the dissolved concentration. Instead, an appearance flux (Japp) was calculated from Eq. 9 (see Table 7). The rank order of the
Japp values were 20 µM in buffer < 20 µM in FaSSIF < 200 µM in buffer <
200 µM in FaSSIF, which is in line with the plasma concentration-time profiles. Evidently, increasing the number of nanoparticles as well as increasing
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the apparent solubility (by including colloidal structures which the drug molecules can partition into) increases the intestinal absorption. The increase seen
when increasing the concentration ten-fold was consistent between both buffer
and FaSSIF, indicating a similar behavior of nanoparticles in both cases. Because the dissolution rate of aprepitant achieved in systems containing nanosuspensions is sufficient to keep the lumen constantly saturated, we propose
that the increase in absorption is due to diffusion/deposition of nanoparticles
across the ABL 32. It has previously been suggested that nanoparticle may in
fact cross the ABL to provide a higher total concentration of API closer to the
enterocytes apical membrane 134. Furthermore, an increased deposition of nanoparticle compared to microparticles has been found in the mucus, further
supporting this theory 155.

Figure 9. Plasma-concentration time profiles for aprepitant after single-pass perfusion of the four different formulations in the rat jejunum. Values are shown as means
± SD.

In addition to Japp, disappearance flux (Jdisapp) was calculated based on the concentrations in the perfusate using Eq. 8 (Table 7). Jdisapp values were similar to
Japp values for the formulations in FaSSIF, while Jdisapp values were significantly lower than Japp values for the formulations in buffer, indicating that
there is a luminal process present in buffer that is not present in FaSSIF. This
luminal process could possibly result from particles drifting into the mucus,
which seems to be more pronounced in buffer potentially due to a higher number of particles compared to FaSSIF and/or an effect of partitioning into colloidal structures present in FaSSIF.
The effect seen in the presence of nanoparticles and colloidal structures can
be explained as an increased ability of the API to cross the ABL. In quantitative terms, this effect can be explained as an increase in the effective diffusion
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coefficient (Deff) across the ABL, or as a reduction in the effective thickness
of the ABL (Figure 10)134. Deff values increased 6-fold for the composition
with 20 µM aprepitant in FaSSIF compared to 20 µM in buffer. The possibility
of partitioning into the additional colloidal structures increases the ability to
cross the ABL compared to unpartitioned particles at this concentration. The
same level of increase is seen comparing the 200 µM in buffer and the 20 µM
in buffer, which means that an increase in the number of particles also has a
positive effect on absorption. This increase is further evidence that the dissolution rate is not the only factor responsible for nanosuspensions increase in
absorption, because the bulk is constantly saturated even at 20 µM. Finally,
the increase is 17-fold comparing the formulation with 200 µM in FaSSIF to
20 µM in buffer, which demonstrates the very powerful absorption-promoting
effect of combining colloidal structures and nanoparticles. These findings
mean that in addition to the API monomers diffusing across the ABL, nanoparticles and API partitioned into the colloidal structures also cross the ABL94.
Even though the diffusion of nanoparticles and colloidal structures probably
occurs at a slower speed due to their much larger size, their contributions may
still be substantial because the particles consist of a high number of molecules.

Figure 10. A visualization of how the effective diffusion coefficient (Deff) affects the
concentration gradient across the aqueous boundary layer (ABL). Cb = concentration
of API in the bulk.

IV. Absorption of nanosuspensions compared to
microsuspensions
Having established that both the drifting/deposition of nanoparticles and colloidal structures may contribute to an increase in the absorption of nanosuspensions, the next objective was to further investigate the mechanisms for the
increased absorption. We also wanted to further develop and validate the rat
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SPIP model as a tool for investigating complex biopharmaceutical issues. In
Paper IV, absorption of microsuspensions was compared to absorption of
nanosuspensions against a background of buffer and fasted and fed state simulated intestinal fluids (FaSSIF and FeSSIF). To evaluate the influence of the
mucus layer on absorption, a mucolytic agent (N-acetyl-cysteine) was also included during the study period.
The plasma concentration time-curves following perfusion of the two different suspensions in buffer, FaSSIF, and FeSSIF are shown in Figure 11. The
luminal fed condition had a pronounced effect on microsuspensions (Figure
11A), while the effect of food was largely eliminated with nanosuspensions
(Figure 11B). The plasma AUC0-150min for microsuspensions in FeSSIF were
9- and 38-fold higher than microsuspensions in FaSSIF and buffer, respectively. For the nanosuspensions, no significant differences were observed in
plasma AUC0-150min. These differences are in line with previously published
data from both dog and humans, where it was seen that nanosuspensions
seemed to prevent variation in plasma exposure between different prandial
states, while microsuspensions show significant food-effects 156-158. The differences between microsuspensions and nanosuspensions in the different
prandial states (that is, differences in buffer and FaSSIF but no difference in
FeSSIF) are also in line with previously published data 156, 159.

Figure 11. Mean (± SEM) plasma concentration-time profiles for aprepitant following jejunal single-pass perfusion. A, Microsuspension in buffer (●), FaSSIF (■), or
FeSSIF(▲). B, Nanosuspension in buffer (●), FaSSIF (■), or FeSSIF(▲). The mucolytic agent N-acetyl-cysteine (NAC) was added after 75 minutes (highlighted areas).

To quantify the flux of aprepitant across the enterocytes, Japp was calculated
according to Eq. 9 (Table 8). There were no significant differences between
any of the formulations, which was rather surprising considering the differences in plasma exposure. There were, however, large non-significant differences for the microsuspensions; for instance, the differences in Japp for microsuspensions in FeSSIF were 64 and 4.8 times higher than for the microsuspensions in buffer and FaSSIF, respectively, during the control period. For the
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nanosuspensions the Japp were all within a 1.6-fold range, again reiterating the
effective elimination of a luminal food effect by the nanoformulation.
Table 8. In vivo absorption flux (Japp) for aprepitant nano- and microsuspensions
determined in the jejunum of the single-pass perfused rat. During the control period, buffer, FaSSIF, and FeSSIF were perfused without excipient, and after 75
minutes the mucolytic NAC was added to the perfusate for duration of the study
period.
Flux (nmol / (hr x cm2)
Control period

Study period

Formulation

Media

Average

SD

Average

SD

Nanosuspension

Buffer

2.91

1.02

1.21

0.639

Study:control
ratio
0.42

Nanosuspension

FaSSIF

3.57

1.97

3.73

1.40

1.04

Nanosuspension

FeSSIF

2.25

1.69

3.44

4.62

1.52

Microsuspension

Buffer

0.104

0.0810

0.113

0.0780

1.09

Microsuspension

FaSSIF

1.58

2.10

1.36

2.31

0.86

Microsuspension

FeSSIF

6.63

7.32

7.23

7.67

1.09

To investigate the influence of mucus on absorption, a study period was included during which NAC was co-administered in the perfusate. There were
no differences between the study period and the control period for any of the
investigated compounds (Figure 12). There was a 58% non-significant decrease in flux for nanosuspension in buffer during the study period. This result
could be interpreted as a reduction in the amount or the integrity of the mucus,
which would reduce the possibility for particles get caught in the mucus, with
the consequence that a larger number of particles would leave the intestine
unabsorbed. The opposite trend was seen for nanosuspensions in FeSSIF,
where there is a non-significant increase in flux of 52%.

Figure 12. Mean (± SEM) absorption flux ratios (study period after addition of
NAC/control period without NAC) for aprepitant for all six investigated compositions. Nanosized aprepitant suspensions in buffer, FaSSIF, and FeSSIF are shown as
filled circles (●), squares (■), and triangles (▲), respectively. Microsized aprepitant
suspensions in buffer, FaSSIF, and FeSSIF are shown as hollow circles (○), squares
(□), and triangles (∆), respectively.
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One explanation for the increase in flux in fed-state nanosuspensions is variability (as the relative standard deviation is above 100%). Mechanistic studies
on the role of mucus in absorption of nanosuspensions are needed to be able
to fully elucidate whether the mucus is a barrier to or enhancer of absorption
of nanosuspensions.

V. Effects of AMEs in simulated intestinal fluids
While nanosuspensions clearly have great potential for solubility limited
drugs, this approach is generally not considered for highly soluble drug compounds with limited intestinal permeability, hence other pharmaceutical approaches are needed to increase the permeation. As previously discussed, one
such approach is the use of absorption-modifying excipients (AMEs). In previous publications, the effect of three AMEs were evaluated with the SPIP
model using buffer as the perfusion media and also with the rat intra-intestinal
bolus model 148, 160. The magnitude of absorption increase was different in the
two models, and the SPIP tended to overestimate the effect. In Paper V, we
sought to investigate the effect of these AMEs on absorption of the four model
compounds used in Paper II, and to see whether using simulated intestinal
fluids could predict the AME effect observed in vivo.
The plasma concentration-time profiles for each of the AMEs in FaSSIF is
shown for atenolol (Figure 13) as an example of these profiles (all of which
are presented in Paper V). During the control period, the plasma concentration increased evenly in all formulations. However, after addition of AME, the
profiles differ significantly depending on the type and concentration of AME.

Figure 13. Mean (± SEM) plasma concentration-time profiles for atenolol in FaSSIF
with different AEMs. The white area is the control period (75 min) and the shaded
area is the study period (75 min) in which the respective AEMs were added.
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Japp values were calculated for control and study periods according to Eq. 9.
The fluxes of the investigated compounds from the control periods in FaSSIF
and FeSSIF are shown in Figure 14. For all investigated compounds, the flux
was higher in FaSSIF than in FeSSIF, which suggests a greater extent of partitioning of drugs into colloidal structures in FeSSIF, which reduces the free
monomer concentration available for permeation. The flux ratios between
fasted and fed luminal conditions were 1.9 for atenolol, 1.5 for enalaprilat, 1.4
for ketoprofen, and 13 for metoprolol. These results are corroborated by previous reports using the same or similar techniques 161-163. Metoprolol was
shown to have an increased bioavailability in a human in vivo study when
given with food 164. However, this increase can not be attributed to increases
in absorption, because metoprolol has complete absorption in all prandial
states 71. The increase seen in the in vivo study must therefore be due to
changes in the first pass metabolic extraction, possibly because of increases in
splanchnic blood flow while ingesting and digesting food 165, 166.

Figure 14. Jejunal absorption flux (Japp) values (mean ± SEM) from the control period in all experiments. Asterisks * indicate statistical significance (p-value < 0.05).

The Japp ratios for the study and control periods for both FaSSIF and FeSSIF
are shown in Figure 15. Unsurprisingly, the two poorly permeable compounds, enalaprilat and atenolol, are the most affected by addition of AMEs
148, 160
. For enalaprilat (human fraction absorbed <10%), SDS had a very strong
effect on absorption in both media, with significant increases in both media
for 0.5% SDS and for 0.1% SDS in FeSSIF 71, 167, 168. The 26-fold increase seen
in for 0.1% SDS in FaSSIF was not statistically significant, but it is clear that
SDS does indeed greatly increase absorption of enalaprilat. Caprate shows a
weak non-significant effect on the absorption of enalaprilat, which is consistent with previous reports, indicating that caprate’s effect on transcellular
permeation is very weak at best 148, 160, 169. A significant increase in the absorption of enalaprilat was seen with 0.5% NAC, but no such increase was seen
with 0.5% NAC pH adj. It can therefore be assumed that the increase was due
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to an effect of low luminal pH rather than NAC itself. The effect of acidic pH
on the jejunum has previously been shown to increase leakage from the blood
to the lumen of the barrier integrity marker 51Cr-EDTA, which agrees with our
findings 170. Atenolol (human fraction absorbed 50–60%) exhibits a similar
pattern to enalaprilat, which is in line with previous results 71, 148, 160, 167. In
general, the changes are smaller in magnitude, reflecting the lower potential
for increasing absorption using AMEs.

Figure 15. Ratios between study and control periods jejunal absorption flux (Japp) for
atenolol, enalaprilat, ketoprofen, and metoprolol in FaSSIF (●) and FeSSIF (■). Values are shown as mean ± SEM. Asterisks * indicate statistical significance (p-value
< 0.05).

For the two highly permeable compounds metoprolol and ketoprofen, none of
the AMEs had positive effects on Japp. The lack of effect on compounds with
a fraction absorbed of 0.95–1 is not surprising, and in line with previous findings 148, 160, 169. Ketoprofen showed several significant reductions in Japp during
the study period, which is most likely not due to the AMEs. Rather, one explanation may be that sink conditions were not maintained due to the high
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concentration in the perfusate and the long duration of the experiments 171.
Regardless of the mechanism behind this decrease, it is evident that no additional benefit is gained from combining AMEs with BCS class I and II compounds.
The blood to lumen clearance of 51Cr-EDTA agreed with the results seen
for the poorly permeable drug compounds in this study, and also with previous
reports 148, 169. In summary, the increases seen in CLCr-EDTA were higher in FaSSIF than in FeSSIF.
As observed both for investigated drug compounds and CLCr-EDTA, the effects of AMEs were greater in FaSSIF than in FeSSIF. Both these simulated
intestinal media contain bile acids and lecithin, but they differ in relative
amounts. In FeSSIF, the concentrations of bile acids and lecithin are 10 and 3
mM respectively, while in FaSSIF the concentrations are 3 and 0.2 mM respectively 172. In addition, FeSSIF also contains 5 mM glyceryl monooleate.
In solution, in FaSSIF the colloidal structures formed are fewer in number but
larger in size (40–100 nm), while in FeSSIF the colloidal structures are more
abundant but smaller in size (10–20 nm) 173, 174. These differences result in a
generally higher capacity for drug partitioning into colloidal structures in FeSSIF, as evident by the differences in apparent solubility in FeSSIF and FaSSIF
for a vast number of compounds 175, 176. Both drug compounds and AMEs can
partition into these colloidal structures to a higher degree in FeSSIF, meaning
that the free fractions of drug compound and AME decrease. Since only free
drug monomers can cross the apical membrane of the enterocytes, the driving
force for absorption is thus decreased in FeSSIF compared to FaSSIF. By analogy, only the free AMEs can interact with the membrane (or another site of
action), meaning the AME effect is decreased in FeSSIF. This theory has previously been shown valid for maltosides, both in Caco-2 cells and in rat perfusion 177. Finally, when comparing the results from our study to a previous
perfusion study using plain phosphate buffer (without colloidal structures) and
an intra-intestinal bolus study in rat and dog, the results using simulated intestinal fluid could better predict the in vivo values from the bolus study 148, 160.
Using simulated intestinal fluids instead of phosphate buffer when conducting
AME evaluations could therefore be beneficial.
Comparing historical data from Caco-2 cell models to our results, it is apparent that Caco-2 cells have tended to over predict the magnitude of AMEs’
effects. For instance, 0.005–0.025% SDS increased the flux of mannitol 20–
142-fold in two different studies 178, 179. In contrast, in in vivo methods (such
as intestinal instillations and perfusion), the addition of 0.1–2% SDS gave increases in flux of zero to 6-fold, which is in line with our findings using SPIP
180-183
. The same pattern was seen for caprate as well, further validating this
conclusion about Caco-2 cells 108, 184, 185. The differences in results can probably be attributed to the lower biorelevance of the Caco-2 model, meaning that
results based on the cell lines usually used in laboratories should be interpreted
with caution 101, 116, 146.
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Conclusions

Papers I and II investigated the absorption in different intestinal regions of
four drug compounds in humans and in two pre-clinical rat models. In Paper
II, the impact of luminal pH was also assessed in two pre-clinical models. The
main findings from these investigations were:
 The human permeability of the poorly permeable atenolol was significantly lower in the colon than in the jejunum or ileum. The highly permeable compounds metoprolol and ketoprofen showed no such pronounced
differences.
 The deconvoluted Peff values from Paper I showed a good agreement with
historical human Peff values from in vivo intestinal perfusion. The deconvolution approach is therefore deemed suitable for determining regionally-based Peff in human intestine.
 Single-pass intestinal perfusion determination of Peff showed a higher correlation to human Peff than did Papp determined with the Ussing chamber,
indicating that SPIP is the more predictive of the two pre-clinical models.
 Neither of the two pre-clinical models in Paper II were able to capture
the intestinal region differences observed in Paper I. However, if appropriate correction factors are applied, these models may still be useful for
regional determinations of permeability.
Papers III and IV investigated the mechanisms behind the greater absorption
seen in nanosuspensions than in microsuspensions. The main findings from
these investigations were:
 Increases in the number of nanoparticles increases the absorption, even
after reaching a dissolution rate which maintains the dissolved concentration at saturation.
 Colloidal structures facilitate transport across the aqueous boundary layer
(ABL) by drug partitioning into them, followed by diffusion across the
ABL. This process results in an increased concentration of free drug monomer adjacent to the apical membrane of the enterocytes, thereby increasing the driving force for absorption.
 Nanoparticles are more likely than microparticles to drift into the mucus,
which increases the concentration closer to the apical membrane of the
enterocytes, similar to the effect seen for colloidal structures.
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The role of the mucus layer in absorption of nanoparticles is not fully understood. It seems that a reduction in the mucus layer decreases absorption, possibly by reducing the number of drifting particles that are caught
by the mucus, thus decreasing the transport of drug through the ABL.

Paper V investigated the effect of absorption-modifying excipients on the rat
intestinal mucosa when single-pass perfused in simulated intestinal fluids. The
main findings from this investigation were:
 No positive effects on absorption could be seen for the highly permeable
compounds metoprolol and ketoprofen, showing the limited benefits of
combining AMEs with BCS class I and II compounds.
 The poorly permeable (BCS class III) compounds atenolol and enalaprilat
both showed concentration-dependent increases in absorption for sodium
dodecyl sulphate, an agent that interferes with the membrane of the enterocytes and increases the transcellular flux.
 The effect of the AMEs were more potent in fasted state simulated intestinal fluid (FaSSIF) than in fed state simulated intestinal fluid (FeSSIF).
The magnitude of the effects with FeSSIF closely resembled that seen the
in vivo in rat under fed state, highlighting the benefits of using simulated
intestinal fluids in permeability assessments.
In summary, these studies using the single-pass intestinal perfusion in rats,
and investigating simulated intestinal fluid, absorption modifying excipients,
and nanoparticles, have increased the understanding of several physiological
and biopharmaceutical aspects that affect gastrointestinal absorption.
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Populärvetenskaplig sammanfattning

De flesta av läkemedlen som används ges via munnen och då det för de flesta
är enkelt att svälja en tablett, förväntas detta sätt att ta läkemedel fortsätta vara
dominerande. För att ett läkemedel som tas på detta sätt ska kunna ha effekt
måste det aktiva ämnet i tabletten absorberas, dvs. tas upp över tarmslemhinnan in i blodet. Hur väl ämnet absorberas avgörs dels av molekylens storlek
och dess fettlöslighet, men också av sammansättningen av tarmslemhinnan.
En liten och fettlöslig läkemedelsmolekyl har bättre förutsättningar att absorberas snabbt än en stor och vattenlöslig molekyl. Eftersom tarmslemhinnan
ser olika ut beroende på vilken del av tarmen som undersöks, innebär det också
att läkemedelsabsorptionen kan vara olika snabb i olika delar. Absorptionen
av läkemedel, men även näringsämnen sker framförallt i den första delen av
tunntarmen. Tarmarnas rörelser gör både så att innehållet blandas om, men
också så att innehållet transporteras framåt. Om ett läkemedel inte hinner absorberas i den första delen av tunntarmen, kan det fortfarande absorberas i den
senare delen av tunntarmen eller i tjocktarmen. Detta kan vara viktigt för läkemedelstabletter som har en långsam absorption och således inte hinner absorberas i den första delen av tunntarmen, eller för tabletter som av olika anledningar löses upp väldigt sent.
För att undersöka om ett läkemedel absorberas snabbt eller långsamt, är det
vanligt i forskningsvärlden att använda sig av olika råttmodeller för att studera
transporten över tarmslemhinnan. Kunskapen om hur väl dessa djurmodeller
kan förutsäga absorptionen i människa är dock inte fullständig. Första delen
av denna avhandling hade därför som mål att utvärdera två råttmodeller. Detta
gjorde dels genom en studie i människa för att studera absorption i alla delar
av tarmen och dels genom en studie där absorptionen från alla delar av tarmen
i råtta studerades i två olika modeller: en modell där sövda råttor användes och
en modell där utskuren tarm användes. I människa visade det sig att läkemedel
som har en snabb absorption i första delen av tunntarmen, också har en snabb
absorption i den senare delen av tunntarmen och i tjocktarmen. För läkemedel
med långsam absorptionshastighet i tunntarmen, var absorptionshastigheten i
tjocktarmen ännu långsammare. I båda råttmodellerna kunde man se att läkemedel som absorberades snabbt i människans tunntarm också absorberades
snabbt i råttans tunntarm. Däremot såg man inte den stora skillnaden mellan
absorptionen i tunntarm för läkemedel som absorberades långsamt som man
såg i människa. Dessutom visades det att den av råttmodellerna som använde
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sövda råttor var bättre på att förutsäga absorptionen i människa, jämfört med
den modell som använde enbart utskuren tarm från råttan.
För läkemedel som kroppen inte kan ta upp fullständigt på grund av att de
har svårt att lösa sig i tarmvätskan, är det vanligt att man försöker förbättra
lösligheten eller göra så att läkemedlet löser upp sig snabbare. Ett sätt att göra
detta är att göra läkemedelspartiklarna mindre, för att större yta ska komma i
kontakt med vätskan i tarmen. När partiklarna blir mindre än en tusendels millimeter, brukar man kalla dessa partiklar för nanopartiklar. I avhandlingens
andra del undersöktes vilka anledningar det finns till att läkemedel som består
av nanopartiklar kan absorberas så mycket bättre än läkemedel som består av
större partiklar. Genom att studera absorptionen i tarmen på sövda råttor kunde
det konstateras att dessa nanopartiklar kan ta sig in mycket närmare tarmslemhinnan än vad större partiklar kan. När de kommit nära tarmslemhinnan kan
de släppa ifrån sig många enskilda molekyler som sedan kan ta sig över celler
i tarmslemhinnan och in i blodet. Det visade sig även att det finns olika strukturer inuti tarmen som bildats av nedbrytningsprodukter från mat och från ämnen från kroppen. Dessa strukturer har förmågan att fånga upp läkemedelsmolekyler och transportera dem till tarmslemhinnan för att sedan släppa ifrån sig
läkemedelsmolekyler där. Detta gör att man kan få skillnader i hur mycket
läkemedel som kroppen kan ta upp om man tar en tablett med eller utan mat.
Om tabletten däremot innehöll nanopartiklar såg man att det inte var någon
skillnad i hur mycket som togs upp, vare sig det var med mat eller utan.
För läkemedel som har låg absorptionshastighet över tarmslemhinnan kan
man ibland använda så kallade absorptionsförbättrande tillsatser för att förbättra absorptionen över tarmslemhinnan. Den sista delen av avhandlingen
hade som syfte att försöka förstå hur intag av dessa tillsatser, med eller utan
mat, kan påverka transporten av läkemedel över tarmslemhinnan. Effekten på
läkemedelsabsorptionen av tre olika tillsatser som gavs med och utan mat studerades i sövda råttor. Det kunde fastställas att effekten av tillsatserna var
större utan mat än med mat. Detta tros bero på att de strukturer som består av
nedbrytningsprodukter av mat blandat med ämnen som utsöndras från kroppen kan fånga upp tillsatser och på så vis hindra dem från att utöva en effekt
på tarmslemhinnan. Man kunde även se att de absorptionsförbättrande tillsatserna endast förbättrade transporten över tarmslemhinnan för läkemedel med
en långsam absorption. För läkemedel med en snabb absorption ger således
denna typ av tillsatser ingen effekt och bör därför inte användas.
Sammantaget har denna avhandling bidragit till att förbättra kunskapen om
försöksdjurs nytta vid forskning om läkemedelsabsorption, förbättrat förståelsen för hur läkemedel med nanopartiklar kan tas upp av kroppen och slutligen
ökat förståelsen för hur födointag kan påverka effekten av absorptionsförbättrande tillsatser.
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