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Abstract
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Therapeutic macromolecules including peptides, proteins, and nucleotide-based ones (such
as antisense oligonucleotides and RNAs) have great potential as drug candidates. One
drawback is that they typically need to be administered parenterally via subcutaneous,
intramuscular or intravenous injections. Patients and healthcare professionals, however,
generally prefer medicines that are taken orally. Absorption of therapeutic macromolecules after
oral administration is unfortunately limited due to their instability in the gastrointestinal tract, as
well as their poor permeability across the mucosa, owing to their large and hydrophilic nature.

Different formulation approaches can improve the absorption of macromolecules after oral
administration. Permeation enhancers are the most studied technology for this purpose, and has
resulted in two approved products. Yet despite many years of studying permeation enhancers,
the bioavailability in clinical studies remains low and highly variable. Because of this, the use
of permeation enhancers is currently limited to potent compounds with wide safety margins and
long half-lives. Increasing the bioavailability and reducing variability thereof, would allow a
wider range of drug candidates to be delivered using this formulation technology.

This thesis aims to improve the understanding of the low and variable absorption of solid
dosage forms containing permeation enhancers. It includes studies on the absorption of different
macromolecules co-delivered with the permeation enhancer sodium caprate (C10) in three pre-
clinical models. To investigate the impact of intestinal C10 concentration, formulations with
increasing C10 concentrations were administered to the upper small intestine of rats. C10
was rapidly absorbed and for the proteolytically stable macromolecules, a strong correlation
between the C10 concentration and their bioavailability was observed. Furthermore, FITC-
dextrans displayed an increase in both the initial rate and duration of absorption. In contrast,
only the duration of increased absorption was prolonged for MEDI7219. Histological evaluation
of the intestinal mucosa indicated that macromolecule absorption was correlated with erosion
of the epithelium. On the basis of these results in rat, solid dosage forms designed to release
C10 and peptide in high concentrations were studied in both pig and dog. A dosage form that
achieved highly localized release showed promise in decreasing the absorptive variability of a
model peptide.
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PK Pharmacokinetic 
PVAP  Polyvinyl acetate phthalate  
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SD Standard deviation 
SDS Sodium dodecyl sulfate 
SNAC Salcaprozate sodium, also known as sodium N-(8-[2-hy-

droxybenzoyl]amino) caprylate 
TBS TRIS buffered saline 
tmax Time of maximum plasma concentration 
USP United States Pharmacopeia 
Vd Volume of distribution 

 
  



  



Introduction 

Background 
The pipelines across the pharmaceutical industry are becoming increasingly 
diverse. Between 2016 and 2020 FDA approved 228 new drugs, only 105 of 
which (46%) were small molecules[1]. In 2021 the proportion was similar, 
with 56% of the total FDA approvals being small molecules[2]. The drugs not 
included in the traditional small molecule category are often referred to as new 
modalities[3-5]. This category consists of a wide array of molecules such as 
nucleotide-based drugs (for instance antisense oligonucleotides or siRNA), 
proteolysis-targeting chimeras (PROTACs), amino acid-based therapeutics 
such as proteins, monoclonal antibodies, and antibody-drug conjugates, and 
also smaller peptides including stapled, cyclic, and bicyclic peptides. New 
modalities are important in drug discovery as they can target receptors and 
targets that are undruggable with small molecules. Additionally, new modali-
ties often display a high specificity towards their targets, which can lead to 
fewer adverse effects. A common trait for the majority of the molecules in the 
new modalities class is that they need to be administered parenterally by in-
travenous, intramuscular, or subcutaneous injections. Parenteral medicines re-
quire sterile manufacture, often require cold storage and the injections can 
cause discomfort to patients. Approximately 20% of the general population 
fear needles and a smaller proportion (2–10%) have more severe needle pho-
bia[6-9]. Patients thus generally prefer orally administered medicines over 
parenterally administered ones. Because of this, there is a great interest to de-
velop new modalities into orally administered dosage forms. 

Barriers to gastrointestinal absorption of 
macromolecules  
The gastrointestinal tract allows the body to digest food into nutrients that can 
be absorbed alongside water and electrolytes, while at the same time prevent-
ing the absorption of pathogens such as viruses, bacteria, and toxins[10]. Ther-
apeutic macromolecules, including peptides, proteins, and oligonucleotides, 
are made up of the same building blocks as nutrients and pathogens i.e. amino 
acids, lipids, carbohydrates, and nucleotides. The gastrointestinal tract 
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naturally digests this type of content in order to absorb nutrients and keep us 
healthy. This means that orally administered therapeutic macromolecules need 
to overcome several barriers before they can be absorbed and eventually reach 
the systemic circulation.  

The first barrier is the harsh environment of the stomach. Parietal cells in 
the gastric epithelium secrete hydrochloric acid which lowers the pH of the 
stomach to approximately 1.5–3 in healthy individuals[11]. Factors such as 
prandial state, age, morbidities, and medication can affect (typically increase) 
the pH of the stomach. Many macromolecules, including proteins, peptides, 
and nucleic acids, are sensitive to the acid environment since it can lead to 
denaturation, or irreversible unfolding, of their secondary-, tertiary- or quater-
nary structure. 

Digestive enzymes are secreted along the gastrointestinal tract and can be 
a major obstacle to the absorption of macromolecules. In the stomach, pepsin 
hydrolyses peptide linkages to effectively break down peptides and proteins. 
Gastric lipase is also secreted in the stomach and catalyses the hydrolysis of 
triglycerides[12]. Pancreatic secretions into the duodenum contain the pepti-
dases trypsin, chymotrypsin, elastase, carboxypeptidase A and carboxypepti-
dase B. The brush border membrane of enterocytes also contains peptidases 
such as endopeptidases, aminopeptidases, carboxypeptidases, dipeptidyl pep-
tidase IV, and gamma-glutamyl transpeptidases, that break down proteins and 
peptides[13]. Fats are digested by the pancreatic lipase and bile salts excreted 
from the gallbladder; these help solubilize the lipids in the intestinal lumen. 
Carbohydrates are digested to disaccharides by amylase secreted by the pan-
creas, and are further digested to monosaccharides by the intestinal brush bor-
der enzymes α-dextrinase, maltase, sucrase, trehalase, and lactase[10]. 

The gastrointestinal tract is covered in a viscoelastic hydrogel called mu-
cus. The mucus layer facilitates the propulsion of food, chyme, and faeces 
through the gastrointestinal tract. The mucus layer also protects the mucosa 
from bacteria and from the low pH in the stomach. Mucus mainly consists of 
mucins, a class of glycosylated glycoproteins that forms gels due to their ani-
onic, and interconnected, mesh-like structure. Other constituents of mucus in-
clude sloughed epithelial cells, lipids, proteins, DNA, and inorganic salts[14]. 
Goblet cells in the epithelium secret mucus, and the turnover of the mucus 
layer is estimated to be in the range of 24–48 h[14, 15]. Due to the negative 
charge of the mucus network, positively charged compounds can get trapped 
in the gel due to ionic interactions and negatively charged ones may be re-
pelled which may reduce their diffusion through the mucus layer. A study by 
Li et al. found that the diffusion of cationic peptides is reduced to a higher 
degree than anionic peptides and that the spatial arrangement of the charges 
along the peptide chain can impact the diffusion of the peptide through the 
mucus layer[16]. Bernkop-Snürch and Fragner reported reduced diffusion rate 
of polypeptides larger than 12 kDa in small intestinal porcine mucus, 
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suggesting that the mucus barrier can limit the absorption of proteins larger 
than this[17].  

The anatomy of the small intestine is presented in Figure 1. The intestinal 
mucosa consists of the epithelium, the lamina propria, and muscularis muco-
sae[10, 18]. The epithelium is anchored to the lamina propria via an acellular 
basement membrane, which is part of the extracellular matrix[19-21]. The 
lamina propria is a loose connective tissue that contains blood- and lymph 
capillaries as well as immune cells[20]. The capillary endothelium in the lam-
ina propria has leaky tight junctions and fenestrations (20–100 nm)[22]. The 
basement membrane, the lamina propria, and the capillary endothelium, are 
not thought to be significant barriers to the absorption of smaller peptides[22, 
23]. Macromolecules larger than 20–40 kDa are, however, preferentially ab-
sorbed into the lymph vessels rather than to the blood capillaries[24].  

Figure 1. Anatomy of the small intestine. Pig small intestine stained with hematox-
ylin and eosin. Scale bar represents 300 µm.  

The epithelium is the part of the intestinal mucosa that faces the intestinal 
lumen and constitutes a formidable barrier to macromolecule absorption. It 
consists of columnar epithelial cells tightly connected by tight junctions[18]. 
The main cell type in the epithelium is enterocytes, but mucin-producing gob-
let cells, enteroendocrine cells, microfold cells (M cells), Paneth cells, and 
stem cells also make up the epithelium[21, 25]. The pore between epithelial 
cells has a radius of approximately 7 Å[26-28]. Small molecules can be ab-
sorbed by diffusing between the epithelial cells, a pathway called paracellular 
absorption. Molecules with radii smaller than 4–5 Å (corresponding to 200–
300 Da) can diffuse across this paracellular space[29-34]. Because of the tight 
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junctions, macromolecules are too large to utilize the paracellular absorption 
pathway. Therapeutic macromolecules are also typically too hydrophilic to 
partition into the lipid bilayer, preventing passive diffusion across the plasma 
membrane (transcellular absorption, also known as lipoidal diffusion). The 
small fraction of macromolecules that enter into the enterocytes via passive 
diffusion can be hydrolysed by peptidases in the cytosol or returned to the 
intestinal lumen via efflux proteins at the apical membrane[13]. Macromole-
cules taken up into enterocytes via endocytosis can be degraded by peptidases 
and nucleases (DNases, RNases) in the lysosomes.  

The above mentioned barriers effectively limit the absorption of therapeu-
tic macromolecules. Administration of natural proteins and peptides in the ab-
sence of enabling formulations therefore does typically not yield any mean-
ingful extent of absorption. 

Methods to overcome the barriers 
Multiple strategies exist to increase the gastrointestinal absorption of thera-
peutic macromolecules after oral administration. The strategies typically in-
volve improving the stability of the macromolecule, improving the permeabil-
ity across the mucus layer and intestinal epithelium, or a combination of both 
approaches. 

Improving stability 
The stability of a macromolecule in the gastrointestinal tract can be improved 
by chemically altering the macromolecule, by formulation approaches, or a 
combination of the two. In the case of peptides and proteins, enzymatically 
labile parts of the amino acid chain can be removed by substituting one or 
several amino acids. The replacement amino acid can be another natural amino 
acid or unnatural ones, such as D-amino acids, α-methyl amino acids, or β3-
homo amino acids[35]. Cyclisation of a peptide removes the C- and N-termini 
of the peptide. These termini are sensitive to exopeptidases, which digest pep-
tides by removing amino acids at the end of the peptide chain[36]. Cyclisation 
on its own, however, is not a guaranteed way to improve peptide stability 
against enzymatic digestion in the gastrointestinal tract[35]. In addition to im-
proving gastrointestinal stability, chemical modification can also improve the 
stability in the systemic circulation, which can be favourable for the pharma-
cokinetic properties of the compound. Chemical modification of the macro-
molecule can also impact the physicochemical properties as well as its affinity 
to the target site. Therefore it is essential to evaluate the pharmacological ac-
tivity of the modified macromolecule.  

The gastrointestinal stability of a compound can also be addressed by for-
mulation approaches. The harsh environment of the stomach can be avoided 
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by using enteric coated dosage forms. The principle is to coat the dosage form 
with a polymer that is insoluble in the acidic gastric environment but soluble 
in the neutral environment of the intestine. Examples of polymers used for 
enteric coating include methacrylic acid copolymers, hydroxypropyl methyl-
cellulose acetate succinate (HPMCAS), hydroxypropyl methylcellulose 
phthalate (HPMCP), polyvinyl acetate phthalate (PVAP), and cellulose ace-
tate phthalate (CAP)[37]. Excipients that reduce the efficiency of the digestive 
enzymes can also be included in the formulation. One way of achieving this 
is by altering the pH of the local environment where drug release takes place. 
Altering the pH prevents the digestive enzymes from operating at their pH 
optimum, thereby reducing their efficiency. Citric acid is commonly used for 
this purpose to lower the pH in the intestine and SNAC has been reported to 
raise the pH in the stomach[22, 38, 39]. Peptidase inhibitors are another class 
of excipients that can reduce the degradation of peptides and proteins. This 
class includes peptides and proteins such as soybean trypsin inhibitor, Bow-
man-Birk inhibitors, and aprotinin (bovine pancreatic trypsin inhibitor), as 
well as the trace elements zinc and copper[39, 40]. 

Improving permeability 
Permeation enhancers 
The most explored way of improving the absorption of macromolecules is the 
use of permeation enhancers, which can increase the transport of the macro-
molecule across the gastrointestinal epithelium. More than 250 permeation 
enhancers have been studied and reviewed[22, 41-49]. Here a few key classes 
and examples will be mentioned. Sodium caprate, which has been used 
throughout this thesis, will be discussed in more detail.  

Permeation enhancers typically work by one of two mechanisms. The first 
is by affecting tight junctions, which widens the paracellular space and allows 
macromolecules to diffuse between the epithelial cells. The other mechanism 
is by insertion of the permeation enhancer into the plasma membrane, thereby 
increasing the fluidity of the membrane and the permeability of macromole-
cules through the membrane. Some permeation enhancers can act by increas-
ing both the paracellular- and transcellular absorption pathways. 

Many permeation enhancers are surface active, allowing them to incorpo-
rate into the plasma membrane of the intestinal epithelium. One common class 
of surface active permeation enhancers are the sodium salts of medium-chain 
fatty acids: sodium caprylate (C8), sodium caprate (C10), and sodium laurate 
(C12). The glyceride forms (mono-, di- and triglycerides) of medium-chain 
fatty acids have also been used as permeation enhancers. These release free 
fatty acids in situ as the glycerides are digested in the gastrointestinal tract, 
but they also have permeation enhancing effects on their own. N-acetylated 
amino acid derivates such as N-[8-(2-hydroxybenzoyl)amino]caprylate, also 
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known as salcaprozate sodium (SNAC), and N-(5-chlorosalicyloyl)-8-ami-
nocaprylic acid (5-CNAC), are part of the Eligen permeation enhancer library 
developed by Emisphere (USA)[50-53]. These permeation enhancers are 
thought to increase transcellular transport of macromolecules and have been 
studied in several clinical studies. SNAC is also the permeation enhancer used 
for oral delivery of semaglutide (Novo Nordisk, Denmark). Another well stud-
ied class of surfactant permeation enhancers are the acyl carnitines, including 
lauroyl carnitine chloride and palmitoyl carnitine chloride. Acyl carnitines are 
used in combination with citric acid in the Peptelligence technology developed 
by Enteris BioPharma (USA). Acyl carnitines carry a carboxylate group and 
a quaternary ammonium group and are zwitterionic at intestinal pH values. 
Bile salts are produced in the liver, stored in the gallbladder, and released into 
the small intestine when fatty acids enter the duodenum[10]. In addition to 
being an important part of lipid digestion, bile salts are also well-documented 
permeation enhancers.[48, 54, 55]. 

Chelating agents such as ethylenediamine tetraacetic acid (EDTA) and eth-
ylene glycol tetraacetic acid (EGTA) bind divalent cations such as Ca2+ and 
Zn2+. Chelation of Ca2+ increases paracellular transport by disruption of the 
Ca2+ dependent E-cadherin at adhesion junctions[22, 56]. In addition, it can 
reduce intestinal digestion as divalent cations are common co-factors for pep-
tidases.  

Some toxins and toxin derivatives are known to affect tight junction pro-
teins and can thereby increase paracellular transport. These include zonula oc-
cludens toxin, melittin, and the C-terminal fragment of Clostridium 
perfringens enterotoxin (C-CPE)[22, 57, 58]. One drawback of the typically 
protein-based toxin derivates is their slow onset compared to surfactant type 
enhancers[42, 59]. The slow onset can make them difficult to use for solid 
dosage forms as the active ingredient may have been degraded or transported 
to other parts of the gastrointestinal tract before increased permeability in the 
region is achieved.  

Several polymers have been used as permeation enhancers. Examples in-
clude the mucoadhesive chitosan and the chitosan derivate N,N,N,- trimethyl-
chitosan hydrochloride, as well as the thiolated polymers of polyacrylates, -
cellulose, and -chitosan[60]. N-acetylcysteine has been used to increase mac-
romolecule permeation through the mucus layer and has been shown to in-
crease macromolecule absorption. Recently, ionic liquids have shown promise 
in increasing the permeability of macromolecules, for instance insulin[61].  

Sodium caprate 
Capric acid, also known as decanoic acid, is a saturated aliphatic carboxylic 
acid that belongs to the medium-chain fatty acid class. Capric acid is found in 
foods such as milk, palm kernel oil, and coconut oil[62-64]. As the aliphatic 
tail consists of ten carbon atoms, capric acid and its sodium salt, sodium 
caprate, are commonly referred to as C10. In this thesis, C10 refers to sodium 
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caprate, which is the form typically used in solid dosage forms. C10 is an 
anionic surfactant and the unimer (monomer) has a pKa of approximately 4.8. 
The amphiphilic molecule self-associates in aqueous solution, which increases 
the apparent pKa to around 7 when in the aggregated form[65-67]. C10 dis-
plays complex aggregation behaviour in aqueous solution that depends on the 
fraction of ionized (caprate) and unionized (capric acid) species, as well as the 
total concentration of C10 in the system[66, 68]. In alkaline solution, >pH 8.1, 
where C10 predominantly exists in the ionized form, micelles are formed. As 
the pH is reduced and more C10 exists in the unionized form, lamellar bilayers 
form, which in dilution solution take the form of vesicles. At pH below 6, 
phase separation occurs, with C10 precipitating out as an oily phase[66]. The 
critical aggregation concentration is pH dependent. At pH higher than 8.5, the 
critical micelle concentration (cmc) is high; reported cmc values range from 
50 to 100 mM[66, 68, 69]. The main reason for this is that the charged head 
groups cause a high surface charge density and concomitant high counter-ion 
binding at the micelle surface. This reduces the entropy of the counter ions, 
thereby counteracting micelle formation[70]. Additionally, the often cited re-
pulsion between the ionized head groups also contributes to the higher cmc 
observed at higher pH[65]. At neutral pH values (pH 6.5–7.5), more unionized 
species are present, which reduces the critical vesicle concentration to approx-
imately 10–20 mM as the unionized molecules lower the surface charge den-
sity. The type of counterion or counterions, and the ionic strength of the aque-
ous solution also affect the critical aggregation concentration, adding further 
complexity to the aggregation behaviour of C10. This complex aggregation 
behaviour likely accounts for part of the wide range of values reported for 
what is often referred to as the cmc of C10[41]. 

C10 transiently and reversibly increases the permeability of the gastroin-
testinal epithelium. Studies have demonstrated that C10 can increase paracel-
lular transport by affecting the tight junction proteins claudins, occludin, zon-
ula occludens 1, and tricellulin[71-77]. However, C10 is also thought to in-
crease transcellular transport of macromolecules by inserting into the plasma 
membrane, thereby transiently increasing membrane fluidity and perturbating 
the integrity of the enterocytes of the intestinal epithelium[43]. A study by 
Twarog et al. showed that the same concentrations that increased FD4 
transport across Caco-2 cell monolayers (8.5–10 mM) are also associated with 
plasma membrane perturbation[77]. Another study, by Maher et al., found that 
a C10 concentration of 10.3 mM increases the transport of mannitol across rat 
colonic mucosae by a factor of 6 but also results in mild to moderate pertur-
bation and injury of the intestinal mucosae[78]. These studies suggest that the 
transcellular pathway is likely an important part of the permeation enhancing 
mechanism of C10 when formulated in solid dosage forms at a dose of ap-
proximately 500 mg. 

C10 was used in the GIPET (Gastrointestinal Permeation Enhancement 
Technology) developed by Merrion Pharmaceuticals (Dublin, Ireland). 
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GIPET I uses 500 mg of C10 in an enteric coated solid dosage form and has 
been evaluated in several clinical studies for oral delivery of desmopressin 
(1059 Da), acyline (1533 Da), and low-molecular weight heparins (4400-6010 
Da), as well as small molecules with low permeability such as alendronate 
(523 Da) and zoledronic acid (272 Da)[79-81]. GIPET has also been evaluated 
for the oral delivery of insulin 338, a long-acting insulin analogue (Novo 
Nordisk, Denmark)[82, 83]. Ionis (previously ISIS) has also evaluated C10 
for oral delivery of antisense oligonucleotides[84-86]. Recently, AstraZeneca 
has also evaluated C10 for oral delivery of an antisense oligonucleotide[87]. 

Ingestible devices 
A different way of overcoming the problem of gastrointestinal stability and 
the intestinal epithelial barrier is by injections into the gastrointestinal mucosa. 
This is can be achieved with an ingestible device that after a certain delay or 
trigger will deploy an injection into the mucosa of the stomach or intestine. 
The injection can be a single needle, an array of microneedles, or by needle-
free jet injection. Examples include the SOMA technology[88-90], LUMI mi-
croneedle system[91], the Rani pill[92], the JetCAP oral capsule device (Bay-
wind Bioventures)[93], the oral biotherapeutic delivery system (Biora Thera-
peutics)[94], and the BIONDD capsule (Biograil)[95].  

Preclinical models to study absorption of 
macromolecules 
The intestinal absorption of small molecular drugs can be predicted reasona-
bly well using physiologically based biopharmaceutics modelling (PBBM) 
and physiology based pharmacokinetics (PBPK) modelling[96-100]. Key in-
put to these in silico models includes the permeability, solubility and dissolu-
tion properties of the drug. These in silico models are not validated for pre-
dicting the oral absorption of macromolecules with, or without, permeation 
enhancers included in the formulation. The very low passive permeability as 
well as the local time- and concentration-dependent changes in permeability 
that permeation enhancers typically result in, are currently not captured in 
commercially available biopharmaceutics modelling software.  

In vitro methods, such as cell culture and excised gastrointestinal tissue 
mounted in diffusion chambers (Ussing chambers), can be useful for studying 
absorption mechanisms and the permeability of macromolecules, both in the 
presence and absence of permeation enhancers. The drawback of these static 
in vitro models is that they do not capture the dynamic environment of the 
gastrointestinal tract. Thus, they may overestimate the effectiveness of the 
permeation enhancer. Cell monolayers and excised tissue also have limited 
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capacity for repair and regeneration, excluding the use of high concentrations 
of many permeation enhancers owing to their surfactant properties. 

Preclinical in vivo models remain the most clinically relevant models to 
study the absorption of macromolecules. Perfusion type setups using an iso-
lated intestinal segment are well suited for mechanistic studies[101, 102]. The 
intestinal segment is either single-pass perfused (single-pass intestinal perfu-
sion, also known as open loop), or perfused in a closed loop between two sy-
ringes (Doluisio method). However, assessment of plasma pharmacokinetics 
following gastrointestinal (oral/intragastric/intraintestinal) administration to 
preclinical species, such as rats, dogs, and pigs, is considered the most clini-
cally relevant model for studying the absorption of therapeutic macromole-
cules delivered with permeation enhancers[103, 104]. There are several bene-
fits of a whole body model. They capture a complexity that in vitro models 
cannot, such as a native mucus layer, intact neural-, endocrine-, lymphatic- 
and vascular systems, and functional repair mechanisms of the gastrointestinal 
mucosa. Moreover, the whole body model allows for measurement of absorp-
tion into the circulatory system whereas in vitro systems measure transport 
across a cell- or tissue layer. Solid dosage forms can be studied in larger ani-
mal species (such as dog or pig) where release and dissolution of drug and 
excipients can be captured due to the relevant gastrointestinal fluid volumes 
and motility. However, motility can be negatively impacted by anaesthesia 
and abdominal surgery, resulting in reduced motility or intestinal ileus[105, 
106]. Selective cyclooxygenase-2 (COX-2) inhibitors can be used to alleviate 
the reduced motility[107, 108]. 

Previous attempts and their implications for the design 
and performance of drug products 
Many years of research on permeation enhancers have so far only resulted in 
two orally delivered peptide drugs, oral semaglutide (Novo Nordisk, Den-
mark) and oral octreotide (Chiasma, Israel). Both of these use permeation en-
hancers to deliver the respective peptides to the systemic circulation. Several 
other peptides and permeation enhancers have also been evaluated in clinical 
trials for oral peptide delivery. Table 1 lists some examples together with the 
resulting bioavailability and its variability if available[109].  
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As seen in Table 1, even when formulated with a permeation enhancer, the 
peptide bioavailability is low, in the range of a few percent. The absorption 
and resulting bioavailability is, furthermore, highly variable, with coefficients 
of variation ranging from 40 to 130% and typically from 80 to 100%. This is 
problematic for product performance as the variable absorption and exposure 
can lead to subtherapeutic plasma concentrations and a lack of efficacy, and/or 
too high plasma concentrations with concomitant adverse effects and in the 
worst case, potential safety concerns.  

The impact of variable absorption on the resulting plasma concentrations 
in a population is illustrated in Figure 2[109]. In the simulation, a drug with a 
volume of distribution (Vd) of 14 L, an absorption rate constant (Ka) of 1 h-1, 
and a half-life of 10 h is taken once daily. A coefficient of variation (CV) for 
the bioavailability of 25%, representing a small molecule drug, and 100% CV, 
representing a peptide delivered with a permeation enhancer (Table 1), is sim-
ulated. As expected, the higher variability (Figure 2, right) leads to more pa-
tients with plasma concentrations outside of an arbitrary, 10 fold, therapeutic 
range (therapeutic index = 10), indicated by the horizontal solid lines in the 
figure. 

Figure 2. Impact of variable absorption on drug pharmacokinetics. Population 
pharmacokinetic simulations (n=20) of plasma concentration-time profiles at steady-
state for a drug with a half-life of 10 hours administered once daily. Left plot shows a 
CV in oral bioavailability of 25%, representative of a small molecule. Right plot 
shows a CV of 100%, representative of a peptide delivered with a permeation en-
hancer. Dashed horizontal line indicates target plasma concentration and full horizon-
tal lines indicate the 10-fold therapeutic range. The population variability (CV) in the 
volume of distribution, clearance, and absorption rate constant was set to 40% in all 
cases. A logit transformation was applied to the bioavailability to ensure values be-
tween 0 and 1. 

One way to minimize the day-to-day variability in plasma concentration is by 
prolonging the half-life of the macromolecule. As mentioned in the section on 
improving stability, reducing the sensitivity of the macromolecule towards de-
grading enzymes such as peptidases, RNase, and DNase, can prolong the half-
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life of the macromolecule. Attaching polymers to the macromolecule can also 
sterically hinder enzymes from degrading the macromolecule, thereby pro-
longing the half-life[114]. Another common way to prolong the half-life is by 
attaching moieties to the molecule that can bind to albumin or other serum 
proteins[114-117]. The albumin-binding moiety can be a lipid group or an al-
bumin-targeting ligand. Figure 3 illustrates the impact of half-life prolonga-
tion on plasma profiles in a population where a drug is taken every 24 h[109]. 
The left pane shows a drug with a half-life of 10 h and the right pane a drug 
with a 200 h half-life. The bioavailability is 1% with a CV of 100% in both 
cases. As seen in Figure 3, the drug with the longer half-life manages to stay 
within the arbitrary tenfold therapeutic range quite well. For the drug with a 
10 h half-life however, the plasma levels regularly fall below or rise above the 
therapeutic range.  

 
Figure 3. Impact of half-life on drug pharmacokinetics. Population pharmacoki-
netic simulations (n=20) of plasma concentration-time profiles for a drug with a half-
life of 10 (left) and 200 hours (right). Both cases have a bioavailability of 1% and a 
variability in oral absorption of 100% (representative of a peptide). The desired half-
lives were achieved by changing clearance. Dashed horizontal line indicates target 
plasma concentration and full horizontal lines indicate the 10-fold therapeutic range. 
The population variability (CV) in the volume of distribution, clearance, and absorp-
tion rate constant was set to 40% in all cases. A logit transformation was applied to 
the bioavailability to ensure values between 0 and 1. 

Figure 3 illustrates the benefit of prolonging the half-life of a drug, but how 
long half-life is needed for peptides that are administered orally together with 
permeation enhancers? This will depend on the safety margins of the drug, i.e. 
the width of the therapeutic range (therapeutic index), the bioavailability, and 
the variability in terms of bioavailability and disposition in the population. 
Figure 4 presents the proportion of time that a population spends in the thera-
peutic range as a function of the therapeutic index, the bioavailability, and the 
variability of that bioavailability[109].  
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Figure 4. Impact of half-life, therapeutic index, bioavailability and variability 
thereof on time in therapeutic window for a population. Average proportion of 
time that the population (n=1000) spends inside the therapeutic range at steady state 
as function of the variability in bioavailability, bioavailability, half-life, and therapeu-
tic index of the drug. Columns indicate therapeutic indices of 3, 10, and 30 fold, and 
were chosen to represent drugs with narrow, typical, and relatively wide therapeutic 
indices, respectively. Rows indicate bioavailability of 1% (top row) or 10% (bottom 
row). Half-lives of 10, 20, 50, 100, and 200 h were simulated. The variability in Vd, 
Cl, and Ka was set to 40% in all cases, the same as used in the simulations in Figures 
2 and 3. 

Figure 4 illustrates that the width of the therapeutic index, together with the 
half-life, are the two most important factors affecting the time spent in the 
therapeutic range. The variability in the bioavailability also plays a role, as 
illustrated in Figures 2 and 4, but the extent of possible improvement is lower 
than for the half-life. A reduction in the variability of bioavailability by a fac-
tor of 2–3 seems realistic to achieve by an improved formulation or drug de-
livery system. This as it seems unlikely to be able to achieve a lower variabil-
ity in the bioavailability than what is observed for small molecules, which is 
on the order of 20–50%[118]. The half-life on the other hand, can be extended 
with a factor of 10–100 (even more if the naturally occurring peptide has a 
very short half-life)[114], resulting in a greater impact on the time in the ther-
apeutic range.  

Another way to decrease the variability in plasma concentrations is, of 
course, to increase the administration frequency. Here however, it is assumed 
that administration more often than once daily will be met with resistance from 
patients and caregivers, and may consequently lead to reduced compliance and 
worse health outcomes. This assumption seems reasonable considering that 
dosage forms utilizing permeation enhancers typically need to be administered 
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in the fasted state and patients are normally only fasted in the morning after 
the night sleep.  

Greater bioavailability reduces the fraction that is unavailable to have a 
systemic effect, i.e. “lost” on its way to the target site. Increasing the bioavail-
ability therefore reduces the cost of goods, and can make less potent peptides 
viable for oral delivery, both of which are important aspects that need to be 
taken into account when developing a drug product. However, increasing the 
bioavailability from 1 to 10% has little impact when seen from a pure PK 
perspective, as can be seen in Figure 4. The lower bioavailability can, in theory 
at least, be offset by increasing the dose tenfold. Naturally, if the bioavailabil-
ity can be improved to be near complete, its variability will also reduce as the 
bioavailability cannot exceed 100%. However, complete absorption of an 
orally delivered peptide seems unlikely with currently available drug delivery 
technologies. Therefore, there remains a need to develop formulations and 
drug delivery systems for peptides and other macromolecules that can achieve 
higher bioavailability and result in less variable bioavailability when admin-
istered via the oral route.  
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Aims of the thesis 

The overall aim of the thesis was to increase the understanding of the low and 
variable absorption seen when using permeation enhancers for improving gas-
trointestinal absorption of macromolecular drugs. 

The specific aims of the different papers included in the thesis are as follows: 
 In Paper I, to study the effect of increasing concentrations of so-

dium caprate on the absorption of a model compound (FITC-dex-
tran 4000) as well as the effect on the intestinal mucosa. Addition-
ally, to study the effect of the colloidal form of sodium caprate, the 
presence of intestinal fluid components, as well as intestinal dilu-
tion of the formulation on the absorption of FITC-dextran 4000. 

 In Paper II, to study the impact of molecular weight and type of 
molecule on their absorption when delivered together with increas-
ing concentrations of sodium caprate. 

 In Paper III, to study the impact of three dosage forms (intestinal 
bolus, enteric coated capsule, intestinal administration device) on 
the absorption of MEDI7219 when delivered together with sodium 
caprate. 

 In Paper IV, to study whether a solid dosage form, designed for 
rapid drug release in the pyloric region, can improve the absorption 
of octreotide when formulated with sodium caprate compared to 
enteric coated dosage forms. 
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Methods 

Model compounds 
The absorption of five different macromolecules was studied in this thesis. 
FITC-dextrans were used in Papers I and II as they are some of the most 
widely used model compounds for in vitro and ex vivo permeability studies, 
as well as for in vivo investigations of gastrointestinal absorption of macro-
molecules. Dextran is a polysaccharide consisting of repeating glucose units 
attached by α-D-(1–6) glycosidic bonds. The polysaccharide chain is 
branched, with branches accounting for approximately 5% of the glucose 
units[119, 120]. Lower MW dextrans typically display less branching[121] 
and have a more narrow size distribution[122]. The dextran chain is labelled 
with a fluorescent marker, fluorescein isothiocyanate (FITC), that allows for 
easy detection of the molecule using fluorescence spectroscopy. FITC is con-
jugated randomly to hydroxyl groups of dextran and the mole ratio of FITC to 
glucose is 0.004:1 for FITC-dextran 4000, and 0.003–0.02:1 for FITC-dextran 
10000. Dextrans are neutral, but FITC has an acid pKa of 6.5. Labelled dex-
tran chains therefore carry a negative charge at pH 7.4[123]. Studies have 
shown that approximately 20% of the dextran chains carry a FITC label in the 
case of FITC-dextran 4000 and for FITC-dextran 10000, 40% of the dextran 
molecules carry a FITC label[124]. The dextrans used in this thesis had an 
average MW of 4000 to 10000, sizes at which the dextrans assume a random 
coil conformation and behave as globular particles in buffered medium[124]. 
The hydrodynamic radius (Stoke’s radius) is approximately 1.4 nm for FITC-
dextran 4000 and 2.3 nm for FITC-dextran 10000[122]. The aqueous solubil-
ity of FITC-dextrans is high: 50 mg/mL for FITC-dextran 4000, and at least 
25 mg/mL for FITC-dextran 10000 [122]. FITC-dextrans are stable in 
vivo[125]. Mehvar and Shepard administered FITC-dextrans with average 
molecular weight of 4000 and 20000 orally to rats and analysed the excreted 
FITC-dextrans from urine[126]. They found that the molecular weights of the 
excreted dextrans were not statistically different from the administered ones, 
indicating that the FITC-dextrans are not degraded in the gastrointestinal tract 
or in the systemic circulation.  

A lipidated peptide, MEDI7219, was studied in Papers II and III. 
MEDI7219, a candidate drug developed by AstraZeneca[127], is a glucagon 
like peptide 1 (GLP-1) receptor agonist. Native GLP-1 is rapidly degraded in 
the gastrointestinal tract by pepsin, trypsin, chymotrypsin, elastase and 
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chymotrypsin and in the blood serum by dipeptidyl peptidase-4 and nepri-
lysin[127, 128]. To stabilize MEDI7219 against proteolytic degradation, sev-
eral substitutions with both natural and α-methyl amino acids, have been 
made[127]. Two lipid side chains have also been included in the backbone to 
prolong the half-life of the peptide in systemic circulation, by reversible inter-
action with serum proteins such as albumin[115-117]. MEDI7219 is more sta-
ble than semaglutide when incubated with pancreatin in vitro. Approximately 
90% of MEDI7219 remained intact after 60 min of incubation, whereas 
semaglutide was completely degraded in 20 min[127]. MEDI7219 has a mo-
lecular weight of 4353 Da and was included due to its similar molecular 
weight as FITC-dextran 4000. With its amino acid substitutions and lipid side 
chains, MEDI7219 also represents a contemporary peptide drug candidate.  

The protein, PEP12210 with a molecular weight of 11740 Da, was studied 
in Paper II. PEP12210 is developed by Affibody, and belongs to a class of 
affinity peptides/proteins known as affibody molecules[129-131]. PEP12210 
consists of two covalently attached peptide domains, a target binding domain, 
and an albumin binding domain. The target binding domain of PEP12210 
binds to Taq polymerase, which is a DNA polymerase used in the polymerase 
chain reaction[132, 133]. As PEP12210 does not have a target in rats or hu-
mans, it is considered pharmacologically inactive. The albumin binding do-
main binds to albumin, thereby extending the circulation half-life of the pro-
tein[116]. PEP12210 was chosen as a model of a therapeutic protein with a 
similar molecular weight as FITC-dextran 10000. PEP12210 consists of nat-
ural amino acids, and is hence vulnerable to proteolytic degradation in the 
gastrointestinal tract. 

The cyclic peptide octreotide was studied in Paper IV. Octreotide is a so-
matostatin analogue that consists of 8 amino acids with a molecular weight of 
1019 Da[134-136]. Octreotide contains two D-amino acids and a disulfide 
bridge giving the peptide a cyclic conformation. These modifications gives 
the peptide some stability in the gastrointestinal tract[136]. In an in vitro study, 
the half-life has been reported to be 15 min in human intestinal fluid, 9.2 h in 
pig intestinal fluid, and 2.7 h in simulated intestinal fluid[137]. Another study 
found the half-life in simulated intestinal fluid to be 8.3 h[35].  

Animals 
The absorption of the macromolecules was studied in rats, dogs and pigs. All 
animal studies were carried out at the animal facility at AstraZeneca R&D 
Gothenburg. 
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Rat studies 
Adult male Wistar Han rats (strain code 237, Charles River, Germany) were 
used in Papers I and II. The animals had an average weight of 250–270 g at 
arrival to the animal facilities. All rats underwent an acclimatization period of 
at least 5 days before the studies. The average weight of the included animals 
was 294 g (range 235–364 g, SD 29 g). The studies were approved by the local 
ethics committee for animal research in Gothenburg, Sweden (ID 1995).  

Pig study 
In Paper III, adult female Göttingen minipigs (Ellegaard, Denmark) were in-
cluded. The animals had an average weight of 20.2 kg (range 19.0–20.6 kg, 
SD 0.70 kg). All pigs underwent an acclimatization period of three weeks prior 
to the study. The study was approved by the local ethics committee for animal 
research in Gothenburg, Sweden (ID 2321). 

Dog study 
In Paper IV, adult female beagle dogs (7–8 years old) were included. The 
dogs had an average weight of 13.0 kg (range 11.8–15.3 kg, SD 1.1 kg). The 
study was approved by the local ethics committee for animal research in 
Gothenburg, Sweden (ID 34-2015).  

Absorption studies 
Rat intestinal instillation studies 
The absorption of four macromolecules was studied as an effect of the C10 
concentration of the formulation. FITC-dextran 4000 (FD4), FITC-dextran 
10000 (FD10), MEDI7219, and PEP12210 were bolus administered with dif-
ferent C10 concentrations to the upper small intestine of anesthetized rats (Pa-
pers I and II). The C10 concentrations were selected to mimic the dissolution 
of an enteric coated dosage form containing 500 mg C10 under various sce-
narios in the human small intestine. The dosage form is expected to encounter 
intestinal fluid pockets of varying volume, where the drug can be released in 
a single fluid pocket or across several. Intestinal fluid pockets in the fasted 
state are estimated to have an average volume of 4–12 mL[138, 139]. The total 
resting volume of the small intestine in the fasted state is estimated to range 
from 43 to 105 mL[138-141].  

C10 at 300 mM (58 mg/mL) represents the scenario of complete drug re-
lease in one fluid pocket with a volume of 9 mL. 100 mM (19 mg/mL) C10 
aims to replicate the scenario of drug release taking place across several fluid 
pockets (500 mg in 26 mL intestinal fluid). To represent dissolution in the 
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entire resting volume of the small intestine (500 mg in 51 mL), 50 mM (9.7 
mg/mL) C10 was used. The impact of increasing C10 concentrations on the 
histology of the intestinal mucosa was studied by administering formulations 
containing C10 at concentrations of 0, 50, 100 and 300 mM intraduodenally. 
Intestinal tissue samples were excised at different time points after administra-
tion and subjected to histopathological analysis.  

The ionized, surface active form of sodium caprate has been suggested to 
be the form that mediates the permeation enhancing activity[41]. As discussed 
in the introduction, the ionized form of C10 predominates at alkaline condi-
tions (pH>8.1) at which C10 forms micelles. Between approximately pH 6 
and 8, both charged and uncharged species are present and lamellar bilayers 
are formed, which in dilute solution take the form of (multilamellar) vesi-
cles[66]. To study whether there was a difference in FD4 absorption when 
presenting C10 in these two colloidal forms, C10 was formulated at pH 6.5 or 
at pH 8.5 and administered intraduodenally at concentrations of 0, 50, 100 and 
300 mM. 

Intestinal variability in terms of intestinal fluid pocket volume and compo-
sition is a possible contributor to the variable absorption when delivering mac-
romolecules together with permeation enhancers[59, 142, 143]. In order to 
simulate the scenario of a solid dosage form dissolving in intestinal fluid pock-
ets of varying volume, a fixed amount of C10 (16 mg) and FD4 (10 mg) was 
administered intraduodenally as a bolus in three different volumes (0.27, 0.8 
and 1.6 mL) to fasted rats. To assess the impact of intestinal components such 
as bile salts and phospholipids on the absorption of FD4, the C10 was formu-
lated in a maleate buffer (blank FaSSIF), or in the simulated intestinal fluids 
Fasted State Simulated Intestinal Fluid-version 2 (FaSSIF-V2) and Fed State 
Simulated Intestinal Fluid-version 2 (FeSSIF-V2)[144].  

Physical characterization of colloidal C10 suspensions 
Dynamic light scattering (DLS) and cryo-transmission electron microscopy 
(cryo-TEM) were used to characterize the colloidal form of C10 at pH 6.5 and 
8.5. C10 was prepared at concentrations from 50 to 300 mM in blank FaSSIF 
and adjusted to pH 6.5 or 8.5. DLS analysis was performed on a Malvern 
Zetasizer Nano ZSP (Malvern, the UK) at 25 °C. Cryo-TEM imaging was 
performed on a Zeiss Libra 120 transmission electron microscope (Carl Zeiss, 
Germany) according to a published method[145]. The microscope was oper-
ated at 80 kV in zero-loss bright field mode. The images were recorded with 
a BioVision Pro-SM slow Scan CCD camera (Proscan, Germany) and ana-
lyzed with iTEM software (Olympus Soft Imaging System, Germany). 

Formulations 
Table 2 lists the intestinally administered formulations and their composition. 
Blank FaSSIF is the same buffer as FaSSIF-V2, but does not contain the two 
micelle-forming components sodium taurocholate and phosphatidylcholine. A 
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TRIS buffer was selected for formulation E as the maleate buffer does not 
offer buffer capacity at pH 8.5.  

The solutions for intravenous administrations of FD4, FD10, and 
PEP12210 were prepared in phosphate buffered saline and prepared at the fol-
lowing concentrations: FD4, 3.0 mg/mL; FD10 3.0 mg/mL; PEP12210 0.60 
mg/mL. The intravenously administered solution of MEDI7219 was prepared 
in a phosphate buffer that also contained 240 mM sorbitol and 0.02% polox-
amer 188, this formulation contained 0.10 mg/mL of MEDI7219.  

 

Table 2. List of the intestinally administered liquid formulations used in the rat 
intestinal instillation studies. 

Buffer C10 conc. 
(mM) 

pH Macromolecule Macromolecule 
concentration 
(mg/mL) 

Denotation 

Blank FaSSIF 0 6.5 FD4 12.5 A 
Blank FaSSIF 50 6.5 FD4 12.5 B 
Blank FaSSIF 100 6.5 FD4 12.5 C 
Blank FaSSIF 300 6.5 FD4 12.5 D 
TBS 0 8.5 FD4 12.5 E 
Blank FaSSIF 50 8.5 FD4 12.5 F 
Blank FaSSIF 100 8.5 FD4 12.5 G 
Blank FaSSIF 300 8.5 FD4 12.5 H 
Blank FaSSIF 50 6.5 FD4 6.25 I 
Blank FaSSIF 300 6.5 FD4 37.5 J 
FaSSIF-V2 50 6.5 FD4 12.5 K 
FaSSIF-V2 300 6.5 FD4 12.5 L 
FeSSIF-V2 50 6.5 FD4 12.5 M 
FeSSIF-V2 300 6.5 FD4 12.5 N 
Blank FaSSIF 0 6.5 FD10 12.5 O 
Blank FaSSIF 50 6.5 FD10 12.5 P 
Blank FaSSIF 100 6.5 FD10 12.5 Q 
Blank FaSSIF 300 6.5 FD10 12.5 R 
Blank FaSSIF 0 6.5 MEDI7219 1.25 S 
Blank FaSSIF 50 6.5 MEDI7219 1.25 T 
Blank FaSSIF 300 6.5 MEDI7219 1.25 U 
Blank FaSSIF 0 6.5 PEP12210 6.25 V 
Blank FaSSIF 50 6.5 PEP12210 6.25 W 
Blank FaSSIF 300 6.5 PEP12210 6.25 X 
FaSSIF-V2, Fasted State Simulated Intestinal Fluid version 2; FeSSIF-V2, Fed State Simulated 
Intestinal Fluid version 2, TBS, TRIS Buffered Saline 

Pancreatin stability of PEP12210 
The stability of PEP12210 when incubated with pancreatin was studied in 
vitro in a 50 mM phosphate buffer pH 6.8. The buffer contained 1 mg/mL of 
pancreatin and 6 mg/mL of PEP12210. The incubations were performed at 37 
°C on a shaking incubator at 1000 rpm. The digestion process was stopped 
after 5, 10, 15, 20, 30, 45, or 60 min by mixing a digestion sample (200 µL) 
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with ice-cold 20 mM HCl (600 µL). Samples were centrifuged at 10000 g for 
10 min at 4 °C and stored at -80 °C until analysis. The digestion samples were 
separated using gel electrophoresis and quantified with SPYRO ruby protein 
gel staining. The intensities of the bands were measured with Image Lab soft-
ware (Bio-Rad). The intact peptide was noted as the fraction of the main band 
and additional bands that appeared below the main band were noted as a frac-
tion of degraded peptide over time. The half-life was calculated as: 

 

𝑡½  
𝐿𝑛2
𝑘

 

where k is the slope of the line formed when plotting the natural logarithm of 
the amount of intact peptide remaining versus time. 

In vivo study 
Rats were housed individually and fasted on grids for 16 h prior to the exper-
iment. During fasting the rats had free access to water and a 5% glucose solu-
tion. Anaesthesia was induced with 5% isoflurane administered in compressed 
air until effect. Rats were moved to a heated preparatory table where anaes-
thesia was continued using 3% isoflurane carried in air and oxygen. Fur on the 
abdomen and throat was shaved and the shaved area was disinfected with a 
medicinal sponge containing 4% chlorhexidine digluconate. Eyedrops were 
applied to prevent drying of the eyes during the study. The rat was wrapped 
in plastic foil and transferred to a heated operating table where anesthesia was 
maintained during the entire study using 3% isoflurane carried in air and ox-
ygen. An incision was made in the supraclavicular region and a part of the 
carotid artery was exposed by blunt dissection. A polyurethane catheter with 
rounded tip was inserted in the carotid artery and secured with sutures. The 
opening was closed with stitches. The abdomen was thereafter opened with a 
midline incision. The common bile duct was located and catheterized, with 
bile secretions collected in a tube. Using a 20G needle, the stomach was punc-
tured approximately 1 cm proximal to the pylorus and a polyurethane catheter 
with rounded tip was introduced into the stomach and guided in to the duode-
num. The catheter was secured by sutures to the stomach so that the tip of the 
catheter was positioned approximately 4 cm distal to the pylorus. A ligature 
was placed at the pylorus to prevent backflow of formulation into the stomach 
and transit of gastric content into the intestine. A thermometer was placed in 
the abdominal cavity and the abdomen was closed with stiches. The animals 
were kept at 37 °C using a heating lamp and the heated operating table. Blood 
pressure was monitored via the carotid catheter. The surgery was followed by 
a stabilization period of 30 min to allow the animal to regain normal blood 
pressure and temperature.  

The experiment was started by administering the liquid formulation as a 
bolus via the intestinal catheter. Administration volume was 0.8 mL, except 
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in the dilution experiment where administration volumes of 0.27 and 1.6 mL 
were also used. The dose of C10 administered was thus 7.8, 16 and 47 mg for 
administrations with 50, 100 and 300 mM C10, respectively. In the dilution 
study the C10 dose was 16 mg in all groups. The macromolecule doses when 
administered intestinally were as follows: FD4, 10 mg; FD10, 10 mg, 
MEDI7219, 1 mg; and PEP12210, 5 mg. Blood samples (0.2 mL) were col-
lected before administration and at 5, 10, 20, 30, 45, 60, 90 and 120 min there-
after. Animals that did not maintain a blood pressure of 70 mm Hg during the 
administration and blood sampling period were excluded. 

For the histopathological analysis, the formulations were prepared in blank 
FaSSIF, adjusted to pH 6.5 and contained 0, 50, 100 or 300 mM C10. The 
animals were handled and prepared in the same way as for the absorption ex-
periments. Formulation (0.8 mL) was bolus administered via the intestinal 
catheter to start the study. Intestinal tissue samples were taken, after euthana-
sia, at 10, 30, 60, or 120 min after drug administration for the groups which 
included C10 in the formulations. Tissue samples were collected at 10 and 120 
min for the control groups (where the formulations contained FD4 but no C10) 
and for the sham group, where no formulation was administered. The excised 
intestinal tissue samples were fixated in 4% formaldehyde in PBS, embedded 
in paraffin, and prepared in 4 µm thick sections. The samples were stained 
with hematoxylin and eosin, scanned using a digital pathology slide scanner, 
and examined by a pathologist. Histopathological analysis was performed by 
comparing treatment groups to the control groups. The findings were scored 
for apical enterocyte loss and villus contraction from 0 to 4 as: no findings (0), 
minimal (1), mild (2), moderate (3), or severe (4). 

Pig study 
The pig study (Paper III) investigated the influence of the dosage form on the 
absorption of MEDI7219 co-delivered with C10. For this, an intestinal admin-
istration device was developed that was designed to limit the movement of the 
dosage form in the small intestine and to achieve high local concentrations of 
C10 and MEDI7219 at a single focal point in the intestine. Furthermore, the 
device design reduced intestinal dilution of released drug and permeation en-
hancer by releasing these at the surface of the intestinal epithelium, thereby 
shortening the diffusion distance in the intestinal lumen. To achieve this, the 
device holds eight small immediate release tablets and presses them against 
the intestinal epithelium. The V-shape of the folded device, and the resulting 
expansion force, allows the device to resist movement in the intestine caused 
by intestinal motility. As the device resists movement in the intestine, and the 
tablets are in contact with the intestinal epithelium, the drug release takes 
place at a single focal point, likely achieving high local concentrations of C10 
and MEDI7219 in situ. The intestinal device was compared against a solution 
and an enteric coated capsule, both of which are free to move and spread after 
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drug administration. All three dosage forms were administered to the duode-
num either using an endoscope (solution, enteric coated capsule) or surgically 
(intestinal device). MEDI7219 was used as model peptide drug in this study 
and was also administered intravenously to allow for estimation of absolute 
bioavailability. Paracetamol was included in the intestinally administered dos-
age forms to give information on their in vivo behaviour. 

Dosage form manufacture 
The intestinally administered solution was prepared in blank FaSSIF, C10 was 
dissolved at a concentration of 50 mg/mL (257 mM), and the pH was adjusted 
to pH 6.5. MEDI7219 was dissolved at 0.5 mg/mL and paracetamol at 2.5 
mg/mL. The solid dosage forms contained 5 mg MEDI7219, 500 mg C10, 141 
mg mannitol and 25 mg paracetamol. The individual components were added 
to individual glass vials and the vials were shaken to mix the powder blend. 
The powder blend was filled into size 000 hard gelatin capsules and coated 
with Eudragit L30D-55 enteric coating in a fluidized bed dryer. The intestinal 
devices were printed from a thermoplastic elastomer filament consisting of 
thermoplastic polyurethane and additives. Powder blend was compacted into 
biconvex, immediate-release tablets (diameter 5 mm) which were then loaded 
into the intestinal administration devices.  

Dissolution testing of solid dosage forms 
Drug release was studied in triplicate in a USP II dissolution apparatus. The 
enteric coated capsules were incubated in 250 mL 0.1 M HCl for 30 min to 
study the integrity of the capsules in an acidic environment. After the acid 
incubation, the pH of the media was changed to 6.8 by addition of 250 mL 
pre-heated phosphate solution. Samples were taken at 20, 40, 60 and 120 min 
after the pH shift. The drug release from fully filled, intestinal administration 
devices was studied in 500 mL phosphate buffer pH 6.8, with samples taken 
after 10, 20 and 30 min. Samples were filtered through a 0.45 µm filter before 
quantification by liquid chromatography with UV detection.  

In vivo study 
The study was a cross-over design with one week in between the treatment 
days. Animals received the treatments in the following order. Week 1: intra-
venous bolus administration of MEDI7219; week 2: intestinal bolus admin-
istration of liquid formulation; week 3: intestinal administration of enteric 
coated capsule; week 4 intestinal administration of intestinal device. Two days 
prior to the intestinal administration, stray was removed from the pen and solid 
food was substituted with liquid food to reduce the amount of material in the 
stomach. An endoscope was used to administer 10 mL of the intestinal solu-
tion and the enteric coated capsule. The intestinal device was inserted surgi-
cally into the proximal small intestine. A midline incision was made in the 
abdomen to expose the stomach and duodenum. An incision was made in the 
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stomach though which the device could be inserted and guided 10 cm into the 
duodenum. The stomach and abdomen was closed with stitches. After the last 
blood sample was taken, the intestinal segment where the device was located 
was excised, and the intestinal tissue was subjected to histopathological anal-
ysis. 

Dog study 
The dog study (Paper IV) compared the performance of three dosage forms: 
a capsule designed for instantaneous drug release in the pyloric region as it 
exits the stomach, and two traditional, enteric coated solid ones (capsules and 
tablets). Could the former increase the absorption of a peptide when co-deliv-
ered with the permeation enhancer C10? Octreotide was selected as model 
peptide drug and paracetamol was also included to give information on the in 
vivo behaviour of the dosage forms. In order to estimate the absolute bioavail-
ability of the peptide, octreotide was also administered intravenously. 

Dosage form composition and manufacture 
Three solid dosage forms were evaluated; an enteric coated hard gelatin cap-
sule, an enteric coated tablet and a capsule designed to have instantaneous 
drug release upon exposure to pressures of 300 mbar or higher. All three for-
mulations contained 18 mg octreotide, 550 mg C10, 160 mg mannitol, and 25 
mg paracetamol. C10 and mannitol were mixed using a Turbula mixer. Oc-
treotide, paracetamol, and the C10-mannitol mixture was weighed into glass 
vials and shaken by hand to mix. The powder blend was filled into size 000 
hard gelatin capsules, compacted into oval tablets (8x18 mm), or filled into 
pressure sensitive capsules. Eudragit L30D-55 enteric coating was sprayed on 
the tablets and the hard gelatin capsules in a fluid bed dryer. Eudragit RS pow-
der was extruded to filaments that were used to 3D-print the pressure sensitive 
capsules. Powder blend was filled into the pressure sensitive capsules and the 
loading hole was closed with PLA filament using a 3D printing pen. The so-
lution for intravenous administration contained 0.9 mg/mL octreotide in phos-
phate buffered saline pH 7.4. 

In vitro characterization of the dosage forms 
Breaking pressure measurement of pressure-sensitive capsules 
The pressure-sensitive capsules were analyzed on a modified stress test de-
vice[146] as described by Garbacz et al.[147]. 1100 mL simulated gastric fluid 
without pepsin pH 1.2 was used as medium and kept at 37 °C and stirred at 75 
rpm. During the first 60 min, no pressure was applied to the dosage forms to 
assess the integrity of the capsules. After 60 min, pressure was applied to the 
capsules to assess their integrity. Pressure events of increasing magnitude 
were achieved by inflating a balloon that pressed on the capsules. Each event 
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lasted for 5 s before the balloon was deflated. Pressure started at 250 mbar and 
was increased in increments of 50 mbar until all capsules had released drug. 
Drug release was identified optically by release of the dye fluorescein sodium 
that the capsules contained. Five pressure-sensitive capsules were evaluated 
for breaking pressure. 

Dissolution testing 
A USP II dissolution apparatus operated at 37 °C and with a paddle speed of 
75 rpm was used to analyze the enteric coated dosage forms for integrity in 
acid environment and subsequent drug release. The dosage forms were ex-
posed to 0.1 M HCl for 2 h to study the integrity of the enteric coating in an 
acidic environment. Thereafter, samples were taken and a pre-heated sodium 
phosphate solution was added to raise the pH of the dissolution media to 6.8 
in order to study the drug release. Samples were taken at 10, 20, 30, 40, 50 
and 60 min after the pH shift. Samples were filtered through a 0.45 µm GHP 
syringe filter and analyzed for their content of octreotide, paracetamol, and 
sodium caprate content by liquid chromatography with UV detection. 

In vivo study 
Six female beagle dogs were enrolled in the study which was of a cross-over 
design with a wash-out period of one week between treatment days. The dogs 
were fasted over night before the oral administrations and were allowed food 
4 h after drug administration. Prior to the oral administrations, 30 mL of a 0.1 
M HCl solution was administered by oral gavage. This was done to obtain a 
standardized acidic gastric pH representative of human physiology. This pre-
vented drug release by the two enteric coated dosage forms from taking place 
in the stomach.  

Bioanalytical methods 
In Papers I and II, the plasma samples were analyzed for FD4 and FD10 
content using fluorescence spectroscopy on a plate reader. MEDI7219 was 
quantified from plasma using liquid chromatography with tandem mass spec-
trometric detection (LC-MS/MS) whereas a sandwich ELISA assay was used 
to quantify PEP12210 from the collected plasma. In Paper I, C10 was quan-
tified from plasma samples using gas chromatography with tandem mass spec-
trometric detection (GC-MS/MS). Plasma samples from Papers III and IV 
were analyzed for MEDI7219-, octreotide- and paracetamol content using LC-
MS/MS. Detailed description of the bioanalytical methods can be found in the 
corresponding research papers. 
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Data analysis 
Pharmacokinetic analysis 
Plasma concentration-time data were analyzed using noncompartmental anal-
ysis. The area under the individual plasma concentration-time curve (AUC) 
was calculated with the linear trapezoidal method. Bioavailability was calcu-
lated according to:  

 

𝐹  
𝐴𝑈𝐶 𝑜𝑟𝑎𝑙

𝐷𝑜𝑠𝑒 𝑜𝑟𝑎𝑙
𝐴𝑈𝐶 𝐼𝑉

𝐷𝑜𝑠𝑒 𝐼𝑉
100 

where F is bioavailability in percent, AUC is the area under the plasma con-
centration-time curve from time zero to the last time point and dose is the 
administered dose, intestinally/orally or intravenously. The enhancement fac-
tor was calculated as: 

 

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟  
𝐹  

𝐹  
 

where F is the bioavailability of the compound with or without C10. The phar-
macokinetic parameters AUC, F, enhancement factor and Cmax are presented 
as arithmetic means ±standard deviation (SD) together with the coefficient of 
variation % (CV%), unless otherwise stated. tmax values are reported as me-
dian, together with the maximum and minimum values. 

Numerical deconvolution was used to estimate the cumulative fraction ab-
sorbed over time (Papers I–III), as described by Langenbucher[148]. Dose-
normalized plasma concentrations after intravenous administration were used 
as weighting function and dose-normalized plasma concentrations after intes-
tinal administrations were assigned to the response function. The input func-
tion was calculated and corresponds to the fraction absorbed. In Paper III the 
fraction released in vivo from the solid dosage forms over time was also esti-
mated using numerical deconvolution. For this purpose, the dose-normalized 
plasma concentrations of paracetamol after intestinal bolus administration of 
the solution were used as weighting function and those after intestinal admin-
istration with the solid dosage forms were assigned to the response function. 

Statistical analysis 
In Paper I a one-way or two-way analysis of variance (ANOVA) was applied 
to compare the F and Cmax values of the studied groups. A sandwich operator 
was used as needed to account for heteroscedasticity and p values were ad-
justed using the Tukey method to account for multiple comparisons. To 
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compare the Cmax values of C10, a two-sample t-test was used. In Paper II a 
two-way ANOVA was used to compare the bioavailability values for the 
groups. Here the Sidak method was used to account for multiple comparisons. 
Linear mixed effects models were applied to the data from the cross-over stud-
ies in Papers III and IV. The linear mixed effects model takes into account 
random period effects such as the within subject variability and the day of 
administration. Tukey’s post-hoc test was used to adjust for multiple compar-
isons in these studies. A threshold of p<0.05 was used in all cases to declare 
that the differences in means between the groups are statistically significant. 
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Results and discussion 

Impact of the C10 concentration on the absorption of 
different macromolecules 
Absorption of four macromolecules 
The plasma concentration-time profiles for FD4, FD10, MEDI7219 and 
PEP12210 when administered with 0–300 mM of C10 (formulations A–D, 
and O–X) to anesthetized rats are presented in Figure 5. The corresponding 
pharmacokinetic parameters for each group are presented in Table 3 and the 
deconvoluted absorption–time profiles in Figures 6 and 7. In the absence of 
C10, the rate of absorption for the macromolecules was constant over the 120 
min investigative period (Figure 6A), and the extent of absorption was limited: 
the estimated bioavailability ranged from 0.0021% to 1.6% for the four mac-
romolecules (Table 3). Absorption of PEP12210 was negligible and only par-
tial plasma profiles for two of the five animals could be obtained for the con-
trol formulations not containing C10. The exposure estimate for the PEP12210 
control group is therefore more uncertain than for the other groups.  

The absorption of all four macromolecules increased when 50 mM C10 was 
included in the formulations. Biphasic absorption profiles were observed in 
all cases; the rate of absorption increased for approximately 20 minutes before 
returning to similar levels as those seen in the control groups (Figure 6B, Fig-
ure 7D). When 100 mM and 300 mM C10 was included in the formulations, 
the duration of increased absorption was prolonged to approximately 60–120 
min for FD4, FD10, and MEDI7219 (Figure 6C-D).  

 



 39
 

 
F

ig
u

re
 5

. I
m

p
ac

t 
of

 C
10

 c
on

ce
n

tr
at

io
n

 o
n

 t
h

e 
p

h
ar

m
ac

ok
in

et
ic

s 
of

 t
h

e 
fo

u
r 

m
ac

ro
m

ol
ec

u
le

s.
 A

ve
ra

ge
 p

la
sm

a 
co

nc
en

tr
at

io
n-

ti
m

e 
pr

of
il

es
 

fo
r 

FD
4 

(A
),

 F
D

10
 (

B
),

 M
E

D
I7

21
9 

(C
) 

an
d 

PE
P1

22
10

 (
D

) 
w

he
n 

ad
m

in
is

te
re

d 
to

ge
th

er
 w

ith
 0

–3
00

 m
M

 o
f 

C
10

 to
 a

ne
st

he
tiz

ed
 r

at
s.

 E
rr

or
 b

ar
s 

in
di

ca
te

 ±
S

D
, n

=
5–

6 
pe

r 
gr

ou
p.

 



 40
 

 T
ab

le
 3

. P
h

ar
m

ac
ok

in
et

ic
 p

ar
am

et
er

s 
fo

r 
F

D
4,

 F
D

10
, M

E
D

I7
21

9 
an

d 
P

E
P

12
21

0 
fo

llo
w

in
g 

in
tr

ad
u

od
en

al
 a

dm
in

is
tr

at
io

n
 to

 a
n

es
th

et
iz

ed
 

ra
ts

. 

C
om

p
ou

n
d

 
C

10
 c

on
c.

 (
m

M
) 

F
 (

%
) 

E
n

h
an

ce
m

en
t 

 
fa

ct
or

 
C

m
ax

 (
nM

) 
t m

ax
 (

m
in

) 

F
D

4 
0 

1.
6 

±0
.1

5 
(9

.2
) 

1 
±0

.0
92

 (
9.

2)
 

23
0 

±3
0 

(1
3)

 
90

 (
90

–1
20

) 
F

D
4 

50
 

7.
9 

±1
.2

 (
15

) 
4.

9 
±0

.7
2 

(1
5)

 
24

00
 ±

40
0 

(1
7)

 
10

 (
5–

10
) 

FD
4 

10
0 

21
 ±

3.
3 

(1
6)

 
13

 ±
2.

0 
(1

6)
 

45
00

 ±
33

0 
(7

.4
) 

10
 (

10
–1

0)
 

F
D

4 
30

0 
44

 ±
11

 (
26

) 
27

 ±
7.

1 
(2

6)
 

71
00

 ±
17

00
 (

23
) 

30
 (

30
–4

5)
 

F
D

10
 

0 
0.

56
 ±

0.
11

 (
20

) 
1 

±0
.2

 (
20

) 
35

 ±
6.

5 
(1

8)
 

12
0 

(4
5–

12
0)

 
F

D
10

 
50

 
4.

0 
±1

.7
 (

42
) 

7.
1 

±3
.0

 (
42

) 
65

0 
±2

30
 (

36
) 

5 
(5

–1
0)

 
F

D
10

 
10

0 
10

 ±
4.

2 
(4

1)
 

18
 ±

7.
4 

(4
1)

 
12

00
 ±

27
0 

(2
3)

 
10

 (
10

–2
0)

 
F

D
10

 
30

0 
18

 ±
3.

2 
(1

8)
 

31
 ±

5.
7 

(1
8)

 
15

00
 ±

28
0 

(1
8)

 
30

 (
10

–3
0)

 
M

E
D

I7
21

9 
0 

0.
41

 ±
0.

25
 (

62
) 

1 
±0

.6
2 

(6
2)

 
85

 ±
65

 (
76

) 
12

0 
(1

20
–1

20
) 

M
E

D
I7

21
9 

50
 

3.
1 

±0
.8

5 
(2

8)
 

7.
5 

±2
.1

 (
28

) 
44

0 
±1

40
 (

32
) 

20
 (

20
–3

0)
 

M
E

D
I7

21
9 

30
0 

9.
5 

±1
.9

 (
20

) 
23

 ±
4.

7 
(2

0)
 

14
00

 ±
32

0 
(2

3)
 

90
 (

60
–1

20
) 

P
E

P
12

21
0*

 
0 

0.
00

21
 ±

0.
00

07
4 

(3
6)

 
1 

±0
.3

6 
(3

6)
 

1.
6 

±0
.9

4 
(5

8)
 

12
0 

(1
20

–1
20

) 
P

E
P

12
21

0 
50

 
0.

17
 ±

0.
05

2 
(3

1)
 

82
 ±

25
 (

31
) 

61
 ±

20
 (

32
) 

12
0 

(1
20

–1
20

) 
P

E
P

12
21

0 
30

0 
0.

14
 ±

0.
10

 (
73

) 
67

 ±
49

 (
73

) 
50

 ±
35

 (
71

) 
12

0 
(1

20
–1

20
) 

n=
5–

6 
pe

r 
gr

ou
p.

 V
al

ue
s 

gi
ve

n 
as

 m
ea

n 
±S

D
 (

C
V

%
),

 e
xc

ep
t t

m
ax

 w
hi

ch
 is

 g
iv

en
 a

s 
m

ed
ia

n 
(m

in
–m

ax
).

 *
n=

2 
du

e 
to

 m
os

t l
ev

el
s 

be
lo

w
 L

L
O

Q
. 

 



Figure 6. Absorption over time for each C10 concentration. Average cumulative 
fraction absorbed for the four macromolecules: FD4 (green), FD10 (purple), 
MEDI7219 (yellow) and PEP12210 (dark blue) at different C10 concentrations: 0 (A), 
50 (B), 100 (C) and 300 (D) mM. n=5–6 per group, shaded area indicates ± SD. 
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Figure 7. Absorption over time for the four macromolecules. Average cumulative 
fraction absorbed for each compound (A–D) when administered with 0 (green), 50 
(gray), 100 (blue), or 300 mM (yellow) C10. n=5–6 per group, shaded area indicates 
± SD. 

The absorption characteristics of PEP12210 when administered with 300 mM 
C10 differed from that of the other macromolecules. No increase in the dura-
tion- or rate of absorption was seen with 300 mM, resulting in a similar extent 
of absorption as when delivered with 50 mM C10 (Figure 5D and Figure 7D). 
This may be due to the instability of this protein in the gastrointestinal tract. 
The half-life of PEP12210 was estimated to be 6 min when incubated with 1 
mg/mL pancreatin (Figure 8). Little intact protein is hence expected to remain 
in the intestinal lumen beyond 20 min. Thus, the absorption of PEP12210 
stops although the intestinal epithelium likely still displays an increased per-
meability after exposure to 300 mM C10, as observed for the other three mac-
romolecules (Figure 6D).  
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Figure 8. In vitro digestion of PEP12210. Proportion of intact PEP12210 remaining 
after incubation at 6 mg/mL with 1 mg/mL of pancreatin in phosphate buffer, pH 6.8. 
n=2–4 per time point; each point represents a separate incubation. The half-life was 
estimated to be 6 min. 

For the proteolytically stable compounds FD4, FD10 and MEDI7219, formu-
lation with C10 increased the bioavailability 5- to 30-fold compared to the 
respective control groups, where no C10 was included (Table 3). The bioa-
vailability increased with the C10 concentration of the administered formula-
tion, the correlation for each compound is presented in Figure 9. The Pearson 
correlation coefficients for FD4, FD10 and MEDI7219 were 0.94, 0.90 and 
0.96, respectively. The increased absorption (5- to 30-fold), is similar to pre-
viously reported values from preclinical absorption studies on a range of com-
pounds[41]. Most of these studies are performed in a highly controlled man-
ner. Therefore, it can be expected that in clinical practice, the level of in-
creased absorption would be on the lower end of the spectrum when C10 is 
used as permeation enhancer. The enhancement ratio of PEP12210 was higher 
than for the other studied compounds: 70- to 80-fold compared to the control 
group without C10 in the formulations. This is likely influenced by the incom-
plete plasma profiles for the PEP12210 control group, decreasing the accuracy 
of the baseline measurement and increasing the enhancement ratio. 
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Figure 9. Bioavailability of FD4, FD10, MEDI7219 and PEP12210 at different 
C10 concentrations. Individual bioavailability for the studied macromolecules ver-
sus the C10 concentration of the intraduodenally administered formulation in anes-
thetized rats. Formulations were prepared in blank FaSSIF and adjusted to pH 6.5, 
n=5–6 per group. The Pearson correlation coefficient and p value are shown. 

The molecular weight of the macromolecule is important for its absorption 
when delivered with C10, as demonstrated by the higher bioavailability of 
FD4 compared to FD10 (Figure 6, Table 3). This phenomenon has also been 
reported for other permeation enhancers such as sodium caprylate[149], 
SNAC[38], 1-phenylpiperazine, and sodium deoxycholate[150]. However, 
the molecular weight is not the only factor affecting the intestinal absorption, 
as illustrated by the different extent of absorption of the dextrans and pep-
tide/proteins of similar molecular weight (FD4 vs. MEDI7219 and FD10 vs. 
PEP12210). This suggests that direct comparisons between macromolecules 
of similar size are not possible; their physicochemical properties and gastro-
intestinal stability also need to be taken into account[36, 151, 152]. 

An interesting observation is that the initial absorption rate of the two dex-
trans increased as the C10 concentration was increased from 50 to 300 mM 
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(Figures 5 and 7). This was not seen for MEDI7219 and PEP12210, for which 
the same absorption rates were observed at both 50 and 300 mM C10 (Figures 
5 and 7). This suggests that not all macromolecules will display the same ab-
sorption characteristics when delivered with C10. The physicochemical prop-
erties of the macromolecule are expected to be of importance for the absorp-
tion kinetics of the macromolecule when administered with permeation en-
hancers, as they are for the absorption of small molecules[34, 36, 151-153]. 
Furthermore, the higher absorption rates observed for the dextrans at higher 
concentrations of C10, suggests that the absorption of some macromolecules 
benefits from high C10 concentrations. In order to maximize the absorption 
of such macromolecules, the dosage form should be designed to maximize 
initial C10 concentrations, for instance by having a rapid drug release from 
the dosage form.  

On the other hand, the similar initial absorption rates of MEDI7219 and 
PEP12210 suggests that the absorption rate of other types of macromolecules 
is less sensitive to the gastrointestinal C10 concentration. For these, a sus-
tained release, resulting in a lower gastrointestinal C10 concentration, over a 
prolonged time, may result in a similar extent of absorption as for a higher 
C10 concentration administered as a bolus. The sustained release may im-
prove the safety profile compared to immediate release type dosage forms, as 
the intestinal mucosa is exposed to lower C10 concentrations. A certain 
threshold concentration of the permeation enhancer in the gastrointestinal tract 
is, however, expected to be required to achieve an increased absorption. Tyagi 
et al. studied the absorption of MEDI7219 in dogs when formulated in differ-
ent mucoadhesive and sustained release dosage forms[154]. In their study the 
dosage forms with faster release resulted in higher bioavailability than the 
ones with slower drug release. This could have been due to the sustained re-
lease dosage forms not reaching the critical threshold concentration of perme-
ation enhancer in the intestinal lumen. 

Considering the field of study, the variability of the data in the rat instilla-
tion model is reasonably narrow for in vivo studies. The coefficient of varia-
tion for the bioavailability across the different macromolecules ranged from 9 
to 73%, and for most groups the range was 20–40% (Table 3). This level of 
variability is smaller than what is typically observed in clinical and pre-clini-
cal studies where solid dosage forms of macromolecules and permeation en-
hancers have been studied. The coefficient of variation in clinical studies typ-
ically ranges from 60 to 130%, with most studies reporting 80–100 % (Table 
1) [79, 80, 82, 84-86, 110, 149, 155, 156]. This suggests that fate of the solid 
dosage form in the gastrointestinal tract accounts for some of the variability 
observed in these studies. “Fate” in this case encompasses the volume and the 
composition (pH, concentration of bile salts and phospholipids, ionic strength 
etc.) of the intestinal fluid that the solid dosage form comes into contact with. 
It also encompasses motility that affects the movement and propulsion of the 
dosage form in the gastrointestinal tract, as well as the dilution and spreading 
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of already released drug and permeation enhancer. These factors can affect the 
dissolution rate from the dosage form as well as the local concentration of both 
drug and permeation enhancer in the gastrointestinal tract. They will also de-
termine the location of drug release, and the timing of drug release in relation 
to the intake of the dosage form. Furthermore, the low variability observed in 
our rat model indicates that it may be possible to reduce the variability in ab-
sorption in patients if similarly controlled conditions as those in the rat studies 
can be achieved. This may require tight control over the release from the dos-
age form and/or the environment where release from the dosage form takes 
place, however. 

Histopathology evaluation of intestinal mucosa 
The effect of the C10 concentration in the formulation on the intestinal mucosa 
was studied using the same rat model as used for studying the absorption of 
the macromolecules. Photomicrographs of the intestinal mucosa after expo-
sure to the different concentrations of C10 and at different time points after 
administration are presented in Figure 10 and semi-quantitative grading of the 
histological findings is presented in Table 4. The control groups (those given 
no C10, and a sham group for which no formulation was administered), dis-
played normal histology with long, separated, villi and an intact epithelium 
(Figure 10A). After administration of 50 mM C10, the epithelium was largely 
intact. Some detachment of the enterocyte layer was observed at 10 and 30 
min after administration (Figure 10B–C). At 60 min post administration, full 
recovery of the epithelium was observed (Figure 10D). Administration with 
100 mM C10 resulted in more erosion of the enterocyte layer at the tip of the 
villi at 10 and 30 min post dose (Figure 10F–G). In addition to epithelial 
changes, villus contraction was observed at 30 min (Figure 10G). At 60 min 
after dose, the epithelium had recovered again (Figure 10H). 300 mM C10 
resulted in more extensive erosion of the enterocyte layer than the other two 
studied C10 concentrations (Figure 10J–M). The enterocyte erosion was se-
vere at 10 min, moderate at 30 min, and mild at 60 min post dose. At 120 min, 
the submucosa was again covered by an intact enterocyte layer (Figure 10M). 
Villus contraction was seen at all time points after exposure to 300 mM C10 
and persisted at 120 min after administration. The observed villi contraction 
is a known response to epithelial erosion, and serves to reduce the surface area 
of the epithelium, thereby accelerating the restitution process by reducing the 
surface area in need of resealing[157, 158]. 
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Table 4. Results from the histopathology evaluation. 

    
C10 concentration 
(mM) 

Time point after 
dose (min) 

Apical enterocyte 
loss (0–4) 

Villus contraction 
(0–4) 

50 10 1 0 
50 30 1 0 
50 60 0 0 
50 120 0 0 
100 10 2 0 
100 30 1 2 
100 60 0 0 
100 120 0 0 
300 10 4 2 
300 30 3 3 
300 60 2 3 
300 120 0 2 
0 10 0 0 
0 120 0 0 
Sham 10 0 0 
Sham  120 0 0 
Sham operated animals underwent the same surgery but no formulation was administered. 

The results from the histopathology evaluation are in agreement with the 
results obtained in the absorption studies on the different macromolecules. 
As the C10 concentration of the formulation increases, so does the extent of 
epithelial erosion, the duration of absorption (for the three proteolytically 
stable compounds FD4, FD10 and MEDI7219), and the bioavailability of 
the macromolecules (Table 3, Figure 9). Furthermore, the time point when 
the epithelium again displayed an intact enterocyte layer corresponds with 
the time point of reduced absorption rates for FD4, FD10, and MEDI7219 
(Figure 6 and 7). This suggests that disruption of the enterocyte layer is an 
important part of the mechanism by which C10 mediates its permeation en-
hancing effect, at least in the concentration range of 100 mM and above. 
This level of C10 concentration are likely to ensue after administration of 
500 mg C10 in an enteric coated dosage form to humans and large animals. 
The data can be interpreted in the following way: Higher C10 concentrations 
lead to more extensive erosion of the enterocyte layer. The more extensive 
erosion takes longer time to remodel or repair, resulting in a prolonged du-
ration of absorption and thereby an increased extent of absorption.  

Wang et al. studied the impact of staggering the administration of C10 
and a model macromolecule (FD4), when administered as a bolus to the co-
lon of rats[159]. The bioavailability of FD4 was 33% when administered 
simultaneously as C10. In contrast, the bioavailability was much lower when 
C10 was administered at 10 (8.7%) and 30 min (4.3%) before FD4. Narkar 
et al. also studied the recovery of intestinal mucosa after exposure to the 
anionic surfactant sodium dodecyl sulfate (SDS)[160]. Formulations were 
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administered intragastrically and contained the poorly absorbable compound 
phenol red in addition to 1, 1.5, or 2% (35–69 mM) of SDS. The duodenum 
showed recovery 1 h after administration with 1% SDS and the jejunum had 
recovered after 30 min. The observed morphological recovery of the intesti-
nal mucosa matched well with the changes to the absorption rate of phenol 
red. The pharmacokinetic analysis indicated that the absorption rate had re-
turned to that of controls at 1, 2, and 4 h after administration for administra-
tions with 1, 1.5, and 2% SDS.  

 The results in this thesis are hence in agreement with those of Wang et 
al. and Narkar et al. The results furthermore show that the time-window of 
decreased epithelial integrity, and concomitant increased macromolecule ab-
sorption, can be prolonged if higher C10 concentrations can be achieved in 
the intestinal lumen. 

Impact of the colloidal form of C10 on the absorption 
of FD4 
Physical characterization of colloidal C10 suspensions 
The C10 containing suspensions adjusted to pH 6.5 were optically turbid. 
Cryo-TEM images of a 100 mM sample showed vesicular structures with 
diameters ranging from 50 to several hundred nm, with larger, aggregated 
structures are also present in the sample (Figure 11A). As the concentration 
of C10 was increased to 300 mM the size of the vesicles increased (Figure 
11B). DLS analysis of a 50 mM sample showed a broad size distribution 
with an average size of 280 nm and a polydispersity of 0.43. The DLS anal-
ysis is thus in line with the cryo-TEM data. 

At pH 8.5, the C10 suspensions were optically clear. Cryo-TEM analysis 
showed a homogenous image of spherical micelles with an estimated size of 
less than 5 nm (Figure 11C). DLS measurements indicated a single narrow 
peak with an average size of 3.0 nm and a polydispersity index of 0.12. Vis-
ual inspection, DLS analysis and cryo-TEM imaging all support the conclu-
sion that C10 forms vesicles at pH 6.5 and micelles at pH 8.5, which is in 
agreement with previously published data on aqueous C10 systems[66]. 
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Figure 11. Cryo-TEM images of C10 in blank FaSSIF. (A) 100 mM C10, pH 6.5. 
Heterogenous vesicles ranging from 50 to several hundred nm, seen together with 
larger aggregated structures. (B) 300 mM C10, pH 6.5. Heterogenous vesicles with 
larger size (100 to several hundred nm) compared to 100 mM are observed. (C) 300 
mM C10 at pH 8.5. A homogenous population of spherical micelles smaller than 5 
nm. Scale bar: 200 nm in (A) and (B), 100 nm in (C). 

Absorption of FD4 
To study the impact of the colloidal species of C10 on the absorption of FD4, 
C10 was formulated at pH 6.5 where C10 is present as vesicles, or at pH 8.5 
where C10 forms micelles (Table 2, formulations A–H) and bolus adminis-
tered into the upper small intestine of anesthetized rats (Paper I). No differ-
ence in the absorption of FD4 was observed in the control treatments where 
C10 was not present Figure (12A), indicating that the pH of the administered 
formulation does not affect the absorption of FD4. When C10 was included 
in the formulations at concentrations of 100 and 300 mM (Figure 12C–D), 
the absorption of FD4 was also similar at both studied pH levels. Interest-
ingly, at 50 mM C10, bioavailability (p<0.001) and Cmax (p<0.001) of FD4 
were both two-fold higher when C10 was administered as vesicles as com-
pared to micelles. 
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Figure 12. Impact of colloidal form of C10 on FD4 absorption. Average FD4 
plasma concentration-time profiles after intraduodenal administration to anesthe-
tized rats. The formulations were adjusted to pH 6.5 (circles, vesicles) or 8.5 (trian-
gles, micelles) and contained 0 (A), 50 (B), 100 (C) or 300 (D) mM C10. Error bars 
indicate ±SD, n = 5 per group.  

 

Table 5. Impact of the colloidal form of C10 on the absorption of FD4. C10 
colloids are vesicles at pH 6.5 and micelles at pH 8.5. 

C10 
conc. 
(mM) 

Formu-
lation 
pH 

AUC0-120 
(min*µg/mL) 

F (%) Cmax (µg/mL) tmax (min) 

0 6.5 82.8 ±7.6 (9.2) 1.6 ±0.15 (9.2) 0.91 ±0.12 (13) 90 (90–120) 
0 8.5 77.5 ±19 (24) 1.5 ±0.34 (23) 0.84 ±0.23 (28) 90 (60–120) 
50 6.5 405 ±60 (15) 7.9 ±1.2 (15) 9.5 ±1.6 (17) 10 (5–10) 
50 8.5 172 ±51 (29) 3.3 ±0.97 (29) 3.6 ±1.4 (39) 5 (5–5) 
100 6.5 1070 ±160 (15) 21 ±3.3 (16) 18 ±1.3 (7.4) 10 (10–10) 
100 8.5 1140 ±380 (33) 22 ±7.2 (32) 22 ±8.9 (40) 10 (5–10) 
300 6.5 2180 ±540 (25) 44 ±11 (26) 28 ±6.7 (23) 30 (30–45) 
300 8.5 2050 ±280 (14) 40 ±5.6 (14) 29 ±6.8 (24) 30 (20–45) 
AUC, F and Cmax are reported as mean ±SD (CV %), tmax as median (min–max), n=5 per 
group. All formulations were prepared in blank FaSSIF. 

The absorption–time profiles (Figure 13) suggests that both the absorption 
rate and the duration of absorption is increased for formulations with a pH 
of 6.5 (Figure 13B). For the 50 mM C10 formulations at pH 8.5, the time 
period during which increased absorption rate is seen, merely lasts for 5 
minutes before returning to the rate observed in the absence of C10 (Figure 
13A–B). This may be a result of more rapid absorption of C10 when admin-
istered as micelles, resulting from the smaller size of the micelles and the 
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associated expected increased diffusion rate. To study this hypothesis, C10 
was quantified from the blood plasma of the groups administered with 50 
mM C10 at pH 6.5 and 8.5. The plasma concentration-time profiles are pre-
sented in Figure 14 and Table 6. The Cmax of C10 was 30% higher for for-
mulations with a pH of 8.5 compared to 6.5 (4.5 versus 3.4 µg/mL, p=0.035). 
This suggests that C10 was absorbed more quickly when administered as 
micelles, since the same dose was administered in both cases. C10 was also 
quantified in plasma samples for the group administered with 300 mM C10 
adjusted to pH 6.5. Here, the apparent elimination rate of C10 increased, 
suggesting a prolonged absorption from this group. 

 
Figure 13. Impact of colloidal form on FD4 absorption. Average absorption–time 
profiles after intraduodenal administration to anesthetized rats, n=5 per group. The 
administered formulations had a pH of 6.5 (black, vesicles) or 8.5 (red, micelles) 
and contained 0 (A), 50 (B), 100 (C) or 300 mM (D) C10. 
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Table 6. Pharmacokinetic parameters of C10 at different pH and concentra-
tions following intraduodenal administration to anesthetized rats. At pH 6.5 
C10 forms vesicles and micelles at pH 8.5. 

C10 conc. 
(mM) 

Formulation 
pH 

AUC0-120 
(min*µg/mL) 

Cmax (µg/mL) tmax (min) 

50 6.5 35.3 ±21 (59) 3.4 ±0.71 (21) 5 (5/5) 

50 8.5 37.6 ±20 (54) 4.5 ±0.82 (18) 5 (5/5) 

300 6.5 264 ±67 (25) 5.8 ±1.5 (26) 5 (5/5) 

AUC and Cmax reported as mean ±SD (CV%), tmax as median (min-max), n=5 per group. 

 

 
Figure 14. Pharmacokinetics of C10. Mean C10 plasma concentration-time pro-
files following intraduodenal administrations to anesthetized rats (n=5 per group). 
The formulations contained 50 mM C10 (A) adjusted to pH 6.5 (black circles, ves-
icles) or 8.5 (red triangles, micelles), and 300 mM C10 (B) adjusted to pH 6.5 (Table 
2, formulations B, F and D, respectively). Error bars indicate ±SD. 

Impact of intestinal dilution on the absorption of FD4 
In Paper I, a fixed amount of FD4 and C10 was administered intraduode-
nally as a bolus in three different volumes to anesthetized rats (formulations 
C, I, J). Figure 15 shows the resulting FD4 plasma concentration-time pro-
files and Table 7 lists the pharmacokinetic parameters. Bioavailability of 
FD4 was approximately 35% lower when delivered in the largest volume of 
1.6 mL (50 mM C10) as compared to the lowest volume (0.27 mL of 300 
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mM C10). The difference was, however, not significant, p=0.059, for the 
studied sample size of 5 animals per group. Interestingly, administration 
with 0.8 mL (100 mM C10) and 0.27 mL (300 mM C10) resulted in similar 
bioavailability and Cmax, indicating that there may a limit beyond which fur-
ther concentration of the drug and permeation enhancer provide no further 
benefit in terms of increased macromolecule absorption. Examination of the 
absorption versus time profiles indicated no difference in the initial rate of 
absorption (Figure 16). For administration with the two lower administration 
volumes (0.27 and 0.8 mL), the absorption was prolonged, 40–60 min, com-
pared to administration with 1.6 mL, where the majority of absorption took 
place in the first 20–30 min. The prolonged absorption resulted in increased 
total extent of absorption for the two more concentrated formulations. This 
agrees well with the results of the histopathology study where more rapid 
restitution and recovery of the epithelium was observed for administrations 
with 50 mM C10 compared to 300 mM C10 (Figure10). Furthermore, lower 
administration volumes resulted in more pharmacokinetic variability than 
higher volumes (Figure 15, Table 7). The CV values for AUC were 9.6, 15 
and 35 % for administrations with 1.6, 0.8 and 0.27 mL, respectively. This 
may be a result of the smaller volumes being more sensitive to dilution and 
spreading of the formulation in the intestinal lumen by the resting volume of 
intestinal fluid and intestinal motility. 

 
Figure 15. Impact of intestinal dilution on FD4 absorption. Average plasma con-
centration-time profiles after intraduodenal bolus administrations to anesthetized 
rats. The formulations contained 10 mg of FD4 and 16 mg of C10 dissolved in 0.27 
(light green circles), 0.80 (brown triangles), or 1.6 mL of (orange squares) of blank 
FaSSIF. All formulations were adjusted to pH 6.5. Error bars indicate ±SD, n = 5 
per group. 
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Table 7. Effect of intestinal dilution on FD4 pharmacokinetic parameters. 10 
mg FD4 and 16 mg C10 in different dose volumes were administered to the duode-
num of anesthetized rats. All formulations were prepared in blank FaSSIF and ad-
justed to pH 6.5. 

Dose volume (mL) AUC0-120 
(min*µg/mL) 

F (%) Cmax (µg/mL) tmax (min) 

0.27 1120 ±390 (35) 22 ±8.1 (37) 20 ±6.4 (32) 10 (10–20) 

0.8 1070 ±160 (15) 21 ±3.3 (16) 18 ±1.3 (7.4) 10 (10–10) 

1.6 703 ±67 (9.6) 14 ±1.3 (9.4) 15 ±2.2 (15) 5 (5–10) 

AUC, F and Cmax are reported as mean ±SD (CV %), tmax as median (min–max), n=5 per 
group.  

 
Figure 16. Impact of intestinal dilution on FD4 absorption. Cumulative fraction 
absorbed versus time following intraduodenal administration to anesthetized rats. 
The formulations contained 10 mg of FD4 and 16 mg of C10 dissolved in 0.27 (light 
green), 0.80 (brown), or 1.6 mL (orange) of blank FaSSIF. All formulations were 
adjusted to pH 6.5. Line shows average of 5 animals and shaded area ±SD. 

The impact of water intake on the bioavailability of orally administered 
salmon calcitonin co-delivered with the permeation enhancer 5-CNAC has 
been evaluated in a clinical study and reported by Karsdal et al.[161]. Their 
study found a two-fold higher bioavailability when the tablet was adminis-
tered with 50 mL water as compared with 200 mL. The administration time 
in relation to a meal was also evaluated in the same study. Absorption of 
salmon calcitonin was 74% lower when taken 4 h after meal as compared to 
when taken without a meal.  

In other examples, the absorption of insulin 338 (NovoNordisk) formu-
lated with 550 mg C10 (GIPET I) has been evaluated in clinical studies[82, 
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83]. Here absorption was reduced by 65% when administered together with 
a meal as compared to taken 6 h after a meal[82]. The absorption of semag-
lutide co-delivered with SNAC is also reduced when taken together with a 
meal. 14 of 25 patients who ingested the tablets with a meal showed no 
measurable semaglutide levels in plasma after 10 days of repeated dosing. 
In comparison, all of them (25 of 25) that took the tablet without a meal, had 
measurable levels of semaglutide[38, 162]. The food-effect trial furthermore 
showed that the AUC and Cmax of semaglutide was approximately 40% 
higher when patients fasted 4 h after taking the tablet with 240 mL water as 
compared to fasting 30 min after taking the tablet with 120 mL water[162]. 
The related dosing conditions trial further showed no difference in semag-
lutide absorption when taken with 50 or 120 mL of water. The fasting time 
was again important for the semaglutide absorption, with both AUC and Cmax 
increasing as the post dose fasting period was prolonged from 15 to 30 min 
and from 30 to 120 min[162]. Food also negatively impacts the oral absorp-
tion of octreotide; the Mycappsa label instructs the medicine to be taken 1 h 
prior to a meal or at least 2 h after[163].  

Thus, the trend of reduced FD4 absorption from more diluted formula-
tions (Figure 15) agrees with both histology data (Figure 10) and clinical 
studies evaluating the impact of food and water intake on macromolecule 
absorption when administered with permeation enhancers. The concentra-
tion-dependent absorption of FD4, FD10 and MEID7219 (Figure 5, Table 
3), as well as the effects of C10 concentration on the intestinal mucosa (Fig-
ure 10) further support the notion that the gastrointestinal concentration of 
permeation enhancers is a critical aspect for the in vivo performance of dos-
age forms containing them.  

Impact of intestinal fluid components on the absorption 
of FD4 
Intestinal components such as bile salts and phospholipids may interact with 
permeation enhancers in the intestinal lumen. Surface active permeation en-
hancers such as C10 may get trapped in mixed micelles formed by the bile 
salts and phospholipids, thereby preventing the enhancers from reaching the 
intestinal epithelium and reducing their permeation enhancing proper-
ties[164].  

To study the impact of intestinal components on the absorption of FD4, 
formulations were prepared in buffer alone (blank FaSSIF, formulations B 
and D), or the simulated intestinal fluids FaSSIF-V2 and FeSSIF-V2 (for-
mulations K–N) and administered to the duodenum of anesthetized rats (Pa-
per I). The resulting FD4 plasma concentration-time profiles are presented 
in Figure 17 and the corresponding pharmacokinetic parameters in Table 8.  
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Figure 17. Effect of intestinal fluid components on FD4 absorption. Average 
FD4 plasma concentration-time profiles after intraduodenal administration to anes-
thetized rats, n = 5 per group. The formulations contained 50 mM (A) or 300 mM 
C10 (B) and were prepared in either blank FaSSIF, FaSSIF-V2 or FeSSIF-V2 and 
adjusted to pH 6.5. 

Preparing the formulations in the simple buffer and simulated intestinal flu-
ids did not lead to a difference in the FD4 bioavailability or Cmax. This is in 
contrast to a study on alkyl-maltosides. When these permeation enhancers 
are delivered in simulated intestinal fluids, their permeation enhancing prop-
erties are reduced [165]. A study with SNAC as permeation enhancer also 
reports a reduction in the apparent permeability of octreotide when formu-
lated in FaSSIF-V2 and rat simulated intestinal fluid, compared to simple 
buffer[166]. One explanation may be that C10 is less sensitive than other 
permeation enhancers to intestinal components in the lumen. Another reason 
may be that the C10 in this thesis was present in such a large excess that any 
effect of the intestinal components could not be detected. The molar ratios 
of C10 to the combined simulated intestinal components in FaSSIF-V2 were 
16:1 and 94:1 for 50 and 300 mM C10, respectively. This means that in FaS-
SIF-V2, the C10 accounts for 94 and 99% of the colloidal species for 50 and 
300 mM C10 respectively. The corresponding molar ratios in FeSSIF-V2 
were 2.9:1 and 18:1 for 50 and 300 mM C10. Hence, in FeSSIF-V2, C10 
constituted 75% (50 mM) or 95% (300 mM) of the colloidal species. 

The study on alkyl-maltosides used much lower ratios of permeation en-
hancer to simulated intestinal components[165]. At the highest studied 
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concentration of decyl-maltoside (5 mM), the ratios of decyl-maltoside to 
intestinal components were 0.87:1 and 0.27:1 for modified FaSSIF and mod-
ified FeSSIF, respectively. The study on SNAC by Fattah et al. also used 
lower ratios of SNAC to simulated intestinal components[166]. Here the ra-
tios were 6.3:1 and 0.62:1 for FaSSIF-V2 and rat simulated intestinal fluid, 
respectively. 
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Impact of the dosage form on the intestinal absorption 
of MEDI7219 
The fate and behaviour of the solid dosage form in the gastrointestinal tract 
after oral administration have been identified as factors that may contribute to 
the large intra- and inter-subject variability observed when delivering macro-
molecules orally with permeation enhancers (Table 1)[11, 59, 142]. This hy-
pothesis is supported by our absorption studies in rat, where there was rela-
tively low variability in the bioavailability for the four studied macromole-
cules (Papers I and II, Table 3).  

As discussed on page 44–46, different release rates from the dosage form 
in the gastrointestinal tract can result in a large concentration range of both 
the permeation enhancer and drug. The volume of the fluid pocket or pockets 
where drug release takes place can vary. Further, intestinal motility can lead 
to a spreading of the fluid pocket(s). Together these contribute to the large 
range of concentrations that can ensue in the gastrointestinal tract.  

We selected a pig model to study the effect of the dosage form on the in-
testinal absorption of a model peptide, MEDI7219. To study the impact of the 
intestinal dissolution of an enteric coated dosage form on the absorption of 
MEDI7219, we compared an enteric coated capsule with a bolus administered 
solution. Due to the long gastric emptying time of solid dosage forms in pigs, 
both dosage forms were administered using an endoscope to the duodenum to 
allow for a direct comparison. In addition, a dosage form designed to limit 
intestinal movement and intestinal dilution by releasing drug and permeation 
enhancer in one focal point of the intestinal mucosa was developed and in-
cluded. The device was named the intestinal administration device (IAD). It 
holds 8 immediate release tablets with a diameter of 5 mm, and presses these 
against the intestinal epithelium. The device is manufactured by 3D printing 
in flexible thermoplastic polyurethane and is inserted in a folded conformation 
into the duodenum. The elasticity of the device limits its propulsion in the 
intestinal tract. Unidirectional release from the device is achieved by only ex-
posing one surface of the tablet, the one facing the intestinal epithelium. As 
the tablets are pressed against the intestinal epithelium, the diffusion distance 
is kept low, which further minimizes dilution of the released permeation en-
hancer and drug on their way to the intestinal epithelium.  

In vitro characterization of the solid dosage forms 
Release profiles from the enteric coated capsules and the intestinal administra-
tion device loaded with immediate release tablets are presented in Figure 18. 
To test the integrity of the enteric coating under acidic conditions, the capsules 
were incubated in 0.1 M HCl. After 30 min in the acid environment, no drug 
release could be detected. The pH was then shifted to 6.8 to start the drug 
release. After an initial lag-time of 20 min, the majority of release took place 
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over the next 20 min, and was complete at 60 min. The immediate release 
tablets loaded in the intestinal administration device dissolved rapidly, with 
complete release observed at 10 min. 

 
Figure 18. In vitro release from two solid dosage forms. Release of MEDI7219 
(yellow circles) and paracetamol (grey triangles) from enteric coated capsules (A) and 
intestinal administration device loaded with 8 immediate release tablets (B). Release 
medium was 500 mL phosphate buffer pH 6.8 in both cases. Average of n=3 ±SD. 

In vivo characterization of dosage forms 
Paracetamol was included in the intestinally administered dosage forms to 
give information on their in vivo behaviour. Paracetamol plasma profiles are 
presented in Figure 19 and the corresponding PK parameters in Table 9. The 
in vivo release profiles, estimated by deconvolution, are presented in Figure 
20. The absorption of paracetamol from the solution was rapid, as expected 
(Figure 19A), with tmax values ranging from 0.25 to 0.75 h. Three of the four 
pigs displayed similar profiles, but pig 4 had approximately 10-fold lower 
plasma levels compared to the other animals in the solution group. Pig 4 was 
included in the statistical analysis, but due to the deviating values for this an-
imal in the solution group, the results in Tables 9 and 10 are presented both 
with and without them.  
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Figure 19. Pharmacokinetic profiles for paracetamol. Plasma concentration-time 
profiles for each pig after intestinal administration of 25 mg paracetamol in three dif-
ferent dosage forms: solution (A), enteric coated capsule (B) and the intestinal admin-
istration device (C). n=4–6 per group. 

The enteric coated capsules displayed a lag-time of 1–2 h after which drug 
release (Figure 20A) and absorption (Figure 19B) took place over the next 1–
2 h. This lag-phase in vivo was longer than the 20 min seen in the in vitro 
release study (Figure 18A). It is likely due to limited mixing and the lower 
volumes available for dissolution in the intestinal lumen compared to the in 
vitro dissolution conditions. 

Release and absorption of paracetamol from the intestinal device started 
immediately after administration with no apparent lag-time (Figures 19C and 
20B). The drug release in vivo from the intestinal devices was prolonged com-
pared to the enteric coated capsule and lasted for 3–6 h (Figure 20B). This 
sustained release is expected to be a result of the limited liquid volume avail-
able for dissolution at the surface of the epithelium and the fact that only one 
face of the tablet is exposed when loaded in the device.  

At the end of the in vivo study, the intestinal administration devices were 
recovered from the intestine. For five of the six animals, the device was found 
in the place where it was administered, but for one pig (pig 5) the device was 
recovered approximately 1 m distal to the administration site. No impact was 



 

 63

observed on the PK of paracetamol or MEDI7219, suggesting that the device 
may have moved after most drug release and absorption had already happened. 

 
Figure 20. In vivo drug release from solid dosage forms. Estimated individual in 
vivo drug release versus time profiles for enteric coated capsules (A) and intestinal 
administration device (B), n=4–6 per group. 

 

Table 9. Pharmacokinetic parameters for paracetamol following intestinal ad-
ministration of three different dosage forms to pigs. 

Dosage form AUC0-6 (h*µM) Cmax (µM) tmax (h) 

Solution, n=4 

[Solution excl. pig 4, n=3] 

15.1 ±8.9 (59) 

[19.3 ±3.5 (18)] 

7.11 ±4.5 (63) 

[8.96 ±3.1 (34)] 

0.38 (0.25–0.75) 

[0.5 (0.25–0.75)] 

Enteric coated capsule, n=4 12.0 ±5.3 (44) 5.97 ±3.2 (53) 2.2 (1.7–3.0) 

Intestinal administration de-
vice, n=6 13.3 ±3.4 (25) 3.36 ±0.86 (26) 2.2 (1.7–3.0) 

AUC and Cmax given as average ±SD (CV%), tmax given as median (min–max).  

Histopathology evaluation of intestinal mucosa 
After collection of the last blood sample at 6 h, intestinal segments where the 
intestinal administration device had been located during the absorption study 
were excised and subjected to histopathological analysis. Most of the samples 
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displayed normal histology, with elongated villi and an intact enterocyte layer 
(Figure 21A–C). In some areas, moderate (Figure 21 D–F) to severe (Figure 
21G–I) mucosal injury was also observed. The mucosal injury was character-
ized by total or subtotal erosion of the enterocyte layer and subtotal loss of 
villi. The areas of injury had distinct borders, with intact intestinal mucosa 
adjacent to the affected area. This suggests that the drug release was localized 
and that high concentrations of drug and permeation enhancer was achieved 
in the immediate vicinity of the dissolving tablets. It seems reasonable to as-
sume that the majority of peptide absorption happened in these areas of re-
duced epithelial integrity. No signs of recovery or restitution of the injured 
areas were seen at the timepoint of tissue collection. This is consistent with 
the pharmacokinetic data (Figures 19C and 20B), indicating that drug release 
from the intestinal administration device continued for the full length of the 
investigated period.  

 
Figure 21. Histology after removal of the intestinal administration device. (A–C) 
normal intestine, (D–F) intestine with mild to moderate injury and (G–I) intestine with 
severe injury. Black asterisk in images D–F highlights area with necrosis of villi and 
superficial crypt epithelium. White asterisk in images G–I highlights area with loss of 
villi and necrosis of most of the crypt layers, leaving only basal crypt layers intact. 
Image A, D, and G are at 4 x, scale bar represents 500 µm, images B, E and H are at 
8x, scale bar represents 200 µm, images C, F and I are at 20x, scale bar represents 200 
µm. 

Absorption of MEDI7219 
Plasma concentration-time profiles of MEDI7219 after administration with 
the three dosage forms are presented in Figure 22 and the associated pharma-
cokinetic parameters in Table 10. The deconvoluted absorption-time profiles 



 

 65

are presented in Figure 23. After bolus administration of the solution, 
MEDI7219 was rapidly absorbed in the first 45 min, after which no further 
absorption was observed (Figure 23A). This duration of absorption is in agree-
ment with that seen in the absorption studies in rat (Papers I and II, Figures 
6 and 7). 

MEDI7219 in the enteric coated capsules displayed a lag-phase of 1–2 h, 
similar to what was seen for paracetamol (Figure 19B). After the initial lag-
phase, most absorption took place over the next 2.5–3 h, with little absorption 
beyond 4 h post administration. The duration of absorption after capsule ad-
ministration was prolonged compared to the bolus administered solution, re-
flecting the gradual release from the capsules in vivo. Nevertheless, bioavail-
ability for the capsules and solution was similar, with an estimated bioavaila-
bility of approximately 2.5% for both dosage forms (Table 10). This indicates 
that sufficient concentrations of permeation enhancer and peptide were also 
achieved with the enteric coated capsules and that the dissolution step did not 
have a negative impact on the absorption of MEDI7219. Furthermore, the sim-
ilar extent of absorption suggests that as long as a threshold concentration of 
C10 and MEDI7219 is achieved in the intestinal lumen, there is no benefit in 
further increasing the rate of drug release from the dosage form, as indicated 
by the extreme scenario of instant drug release for the solution. The rat ab-
sorption studies (Paper II), indicated that the absorption rate of MEDI7219 
was similar at both studied C10 concentrations (50 and 300 mM), but the du-
ration of absorption was prolonged at the higher one (Figure 7C). Based on 
this, we hypothesized that a prolonged release rate from a dosage form—re-
sulting in lower C10 concentrations, but extended over an longer time pe-
riod,—could achieve similar bioavailability as a dosage form with rapid drug 
release and higher C10 concentrations. The fact that the enteric coated cap-
sules resulted in the same bioavailability as the bolus administered solution, 
gives further support to this hypothesis. 
 

Table 10. Pharmacokinetic parameters for MEDI7219 following intestinal ad-
ministration of three different dosage forms to pigs. 

Dosage form F (%) Cmax (nM) tmax (h) 

Solution, n=4 2.48 ±2.3 (92) 29.4 ±25 (84) 0.75 (0.5–3.0) 
[Solution excl. pig 4, n=3] [3.19 ±2.2 (68)] [37.8 ±22 (59)] [0.5 (0.5–1.0)] 
Enteric coated capsule, n=4 2.53 ±1.9 (76) 38.2 ±26 (68) 4.6 (4.0–6.0) 
Intestinal administration device, 
n=6 

3.79 ±1.4 (38) 56.1 ±21 (38) 4.0 (3.0–6.0) 

F and Cmax given as average ±SD (CV%), tmax given as median (min–max).  
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Figure 22. Pharmacokinetic profiles for MEDI7219. Plasma concentration-time 
profiles for each pig after intestinal administration of 5 mg MEDI7219 and 500 mg 
C10 as three different dosage forms: solution (A), enteric coated capsule (B) and the 
intestinal administration device (C), n=4–6 per group. 

 
Figure 23. Absorption over time for MEDI7219. Cumulative MEDI7219 fraction 
absorbed versus time following intestinal administration with solution (A), enteric 
coated capsule (B) and intestinal administration device (C), n=4–6 per group.  
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The intestinal administration device had a shorter lag phase of 0–20 min (Fig-
ure 22C). Absorption of MEDI7219 lasted for 3–6 h, (Figure 23C), in agree-
ment with the estimated in vivo release of paracetamol that indicated a gradual 
drug release over the same 3–6 h period (Figure 20B). Variability of both 
MEDI7219 bioavailability and Cmax was two-fold lower for the intestinal ad-
ministration device compared to the bolus solution and enteric coated capsules 
(Figure 22, Table 10). This suggests that controlling the gastrointestinal region 
and environment where drug release takes place can be a way to reduce the 
pharmacokinetic variability when delivering macromolecules orally with per-
meation enhancers. The coefficient of variation for both the bioavailability 
and Cmax was 40% after administrations with the intestinal devices, which is 
of the same magnitude as expected for small molecule drugs with a bioavail-
ability of less than 10%[118]. There was a trend of increased MEDI7219 bio-
availability for the intestinal administration device compared to the other two 
dosage forms (3.8 vs 2.5%), although not significant (p=0.19 compared to 
capsules and p=0.21 compared to the solution). The fact that the intestinal de-
vice achieved drug release at a static focal point is likely the reason for the 
increased bioavailability and reduced pharmacokinetic variability compared 
to the other dosage forms that were free to move in the intestinal lumen. The 
single focal point ensures that drug release takes place where the integrity of 
the epithelial barrier is reduced. The sustained drug release prolongs the time 
period of reduced epithelial integrity, and thereby the duration of MEDI7219 
absorption.  

Despite the tendency of increased MEDI7219 bioavailability when admin-
istered in the intestinal administration device, in absolute terms the increase 
was modest, 1.3 percentage points. If the intestinal dilution of the released 
drug and permeation enhancer was a major contributor to the low bioavaila-
bility of orally administered macromolecules, a larger improvement in bioa-
vailability is expected. This suggests that in order to reach higher bioavaila-
bility values (in the order of 10–50%), other permeation enhancers or perme-
ation enhancer–drug pairings may be required, or that other drug delivery 
technologies are used. As mentioned in the introduction, ingestible devices 
capable of injecting drug into the gastrointestinal mucosa, using either macro- 
or microneedles, have shown potential as alternatives to permeation enhancer 
technologies for oral delivery of macromolecules[88-92]. 

Evaluation of novel capsules with pressure-triggered 
release mechanism for peptide delivery 
In vitro characterization of dosage forms 
The results from the in vitro release study in 600 mL phosphate buffer pH 6.8 
are presented in Figure 24. The enteric coated dosage forms did not release 
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drug when exposed to acid media. After the pH was raised to 6.8, a lag-time 
of 20 min was observed for the capsules and 10 min for the tablets. At 30 min 
both dosage forms released approximately 80% of the drug with complete re-
lease at 40 min (Figure 24). 

No drug release from the pressure-sensitive capsules was observed after 
incubation in simulated gastric fluid for 60 min in the absence of pressure 
events. Pressure events of increasing magnitude were then applied to the cap-
sules until drug release was observed. The in vitro pressure required to trigger 
release was 500 mbar for four of the capsules and 550 mbar for one of them. 
This corresponds to approximately 300 mbar in vivo, as determined with the 
telemetric SmartPill capsule.[147, 167, 168] 

 
Figure 24. In vitro release from enteric coated solid dosage forms. Release of C10 
(blue circles) octreotide (red triangles) and paracetamol (grey squares) from enteric 
coated capsules (A) and enteric coated tablets (B) in 600 mL phosphate buffer pH 6.8. 
Average of n=3 ±SD. 

In vivo characterization of dosage forms 
Paracetamol was included in the administered dosage forms to give infor-
mation on the in vivo behaviour of the dosage forms. The individual paraceta-
mol plasma concentration versus time plots are shown in Figure 25 and the 
corresponding pharmacokinetic parameters in Table 11. In the enteric-coated 
tablet group, rapid paracetamol absorption was observed after an initial lag-
time of 0.5–2.5 h for five of the six dogs. For dog 2, a longer lag-time of 4.5 
h was seen, and the absorption of paracetamol was much slower compared to 
the other dogs (Figure 25A). The octreotide absorption was also much lower 
for dog 2 than for the other dogs in this group (Figure 26A). This suggests that 
the tablet stayed in the stomach until the dogs were allowed food at 4 h post 



 

 69

administration. The tablet then emptied the stomach together with food, which 
resulted in slower drug release and negligible absorption of octreotide. The 
negative impact of food on the efficiency of permeation enhancers is well doc-
umented[161, 162, 169] and further supports this interpretation. Dog 2 in the 
tablet group was excluded from the statistical analysis as the tablet likely emp-
tied the stomach together with food and hence does not reflect fasting condi-
tions. 

After administration of enteric coated capsules, lag-times of 1–2.5 h were 
observed, similar to the enteric coated tablets. After this initial lag-time, the 
paracetamol absorption was rapid: the first measurable concentration was typ-
ically also the tmax (Figure 25B). In this group, only five of the six dogs (dogs 
2–6) had measurable plasma levels of both paracetamol and octreotide. This 
suggests that for dog 1, the enteric coated capsule did not leave the stomach 
during the 8 h investigative period. In this instance the food at 4 h likely de-
layed gastric emptying of the large capsule (size 000: 26.1 x 9.9 mm) and the 
enteric coating prevented drug release while in the stomach. Postprandial gas-
tric emptying times in beagle dogs has been reported to range from 9.4 to 20 
h, depending on the meal size[170]. A study by Mahar et al. further reports a 
median gastric residence of 11.3 h in fed beagle dogs[171]. As no drug was 
released for dog 1 in the enteric-coated capsule group, this dog was also ex-
cluded from the statistical data analysis. 

 
Figure 25. Pharmacokinetic profiles for paracetamol. Individual paracetamol 
plasma concentration-time profiles after oral administration of enteric coated tablets 
(A), enteric coated capsules (B) and pressure-sensitive capsules (C) to six dogs. The 
vertical dashed line at 4 h indicates when dogs were allowed food. 
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Table 11. Pharmacokinetic parameters for paracetamol following administration of 
oral solid dosage forms to six fasted dogs. 

Parameter Enteric coated  
capsule (n = 5) 

Enteric coated  
tablet (n = 5) 

Pressure sensitive  
capsule (n = 3) 

AUC (h*µmol/L) 6.5 ±2.1 (33) 4.0 ±0.81 (20) 3.9 ±2.0 (51) 

Cmax (µM) 2.4 ±1.1 (47) 1.9 ±0.61 (32) 1.1 ±0.31 (28) 

tmax (h) 2.5 (1.0–2.5) 2.0 (1.0–3.0) 5.0 (1.5–5.0) 
tlag (h)) 1.5 (1.0–2.5) 1.5 (0.5–2.0) 0.5 (0.5–1.0) 
AUC and Cmax are given as mean ±SD (CV%), tmax and tlag as media (min–max). 
tlag, time to first detectable plasma concentration sample 

The pressure sensitive capsules displayed more variable drug release than the 
enteric coated dosage forms (Figure 25C). For three of the six dogs (dogs 2, 5 
and 6), some erratic and very low plasma levels of paracetamol were detected, 
whereas no measurable levels of octreotide were (Figure 26C). This suggests 
that in these three dogs, no or very little drug was released from the pressure-
sensitive capsules. We therefore decided to exclude these administrations 
from the statistical analysis.  

For the three dogs where drug release was observed, lag-times varied from 
1–4 h. Rapid drug release was observed for dog 4. For dog 3, a slightly longer 
(1.5 h) absorption phase is seen, suggesting that drug release in this instance 
was slightly slower than for the enteric coated dosage forms. Dog 1 displayed 
a complex plasma profile with two distinct peaks at 1 and 5 h after administra-
tion. This indicates that for this capsule complete drug release was not 
achieved at once, but rather occurred as two separate instances. There was a 
trend of lower paracetamol Cmax values for the pressure sensitive capsules at 
1.1 µM, as compared to 2.4 and 1.9 µM for the enteric coated capsules and 
tablets, respectively. However the difference was not significant, p=0.19 when 
compared to the enteric coated capsules. This further supports the interpreta-
tion that drug release was not faster for the pressure sensitive capsules than 
for the enteric coated dosage forms. In summary, the pressure sensitive cap-
sules did not perform as intended in vivo, as drug release only occurred in 50% 
of the cases, and only one out of the six animals (dog 4) displayed the desired 
rapid drug release profile.  

Absorption of octreotide  
The absorption of octreotide from the enteric coated dosage forms was rapid. 
The first quantifiable plasma sample was often also the maximum plasma con-
centration (Figure 26A–B). The plasma profiles of octreotide matched those 
of paracetamol well, as seen in Figure 26. This was also seen as a good corre-
lation between the tmax of the two compounds (Figure 27). The octreotide bio-
availability and Cmax were 1.6% and 34 nM for the enteric coated capsules and 
1.2% and 19 nM for the enteric coated tablets (Table 12). For the three 
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pressure sensitive capsules where drug release did occur, the bioavailability 
was 1.2% and the Cmax 19 nM. There was no statistically significant difference 
in octreotide bioavailability or Cmax for the three dosage forms. A comparison 
of the octreotide plasma profiles of the different dosage forms, gave no indi-
cation that the drug release from the pressure sensitive capsules would have 
been more rapid than from the enteric coated dosage forms. The similar aver-
age Cmax of octreotide also support this conclusion. Optimization of the drug 
release rate and the pressure needed to trigger drug release is thus needed for 
the pressure sensitive capsules. Further, clinical evaluation is also warranted 
as dogs are known to have higher pressure in the antropyloric region compared 
to man[172]. 

 
Figure 26. Pharmacokinetic profiles for octreotide and paracetamol. Individual 
plasma concentrations of octreotide and paracetamol following administration of the 
three dosage forms to six dogs. Top row shows octreotide and bottom row paraceta-
mol. Left column shows enteric coated tablet, middle column enteric coated capsule 
and right column pressure sensitive capsule. The vertical dashed line at 4 h indicates 
when dogs were allowed food. 
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Table 12. Pharmacokinetic parameters for octreotide following administration 
of oral solid dosage forms to dogs. 

Parameter Enteric coated  
capsule (n = 5) 

Enteric coated  
tablet (n = 5) 

Pressure sensitive  
capsule (n = 3) 

F (%) 1.6 ±1.3 (80) 1.2 ±0.78 (63) 1.2 ±0.43 (34) 
Cmax (nM) 34 ±32 (95) 19 ±17 (88) 19 ±19 (98) 
tmax (h) 1.5 (1.0–2.5) 2.0 (1.0–3.0) 5.0 (1.5–5.0) 
tlag (h) 1.5 (1.0–2.0) 1.5 (0.5–3.0) 1.5 (1.0–4.0) 
F and Cmax are given as mean ±SD (CV%), tmax and tlag as median (min–max). 
tlag, time to first detectable plasma concentration sample. 

 

 
Figure 27. Correlation between tmax of octreotide and paracetamol. Octreotide tmax 
versus paracetamol tmax after oral administration of enteric coated tablets, enteric 
coated capsules and pressure sensitive capsules to six dogs. A positive correlation is 
observed between the two parameters, with a Pearson correlation coefficient of 0.97. 

An analysis of the enteric coated dosage forms showed a strong positive cor-
relation between octreotide bioavailability and paracetamol Cmax (Figure 28). 
A plausible interpretation is that the higher paracetamol Cmax is caused by its 
faster release from the dosage form. Rapid release of paracetamol is also ex-
pected to lead to concomitant rapid release of octreotide and C10, as indicated 
by the synchronous release of the three compounds in the in vitro dissolution 
study (Figure 24). The rapid release of octreotide and C10 would also be ex-
pected to generate higher local concentrations of these compounds in the lu-
men. In the rat studies (Papers I and II), a higher concentration of C10 in the 
intestinal lumen resulted in an increase in the absorption rate and -duration of 
FD4 and FD10 (Figures 5 and 7, Table 3). This suggests that a high release 
rate from the dosage form can be beneficial for the absorption of some 
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macromolecules, such as FD4, FD10 and octreotide. On the other hand, the 
absorption rate of MEDI7219, was not affected by the C10 concentration of 
the administered formulation in the rat study (Figure 7C). The results of the 
pig study (Paper III) further supports this, as the gradual release from the 
enteric coated capsules resulted in the same extent of absorption as for the 
bolus administered solution (Table 10). Taking these observations into ac-
count, it may not be possible to generalize the absorption characteristics of 
macromolecules when delivered with permeation enhancers. In a study by 
Buckley et al., the absorption of semaglutide was higher than that of liraglutide 
when delivered with the permeation enhancer SNAC[38]. In the same paper, 
the authors also demonstrate that SNAC is more efficient at increasing semag-
lutide absorption than its orthoisomer, o-SNAC. This implies that each mac-
romolecule and permeation enhancer pair are best studied separately and that 
generalizations of permeation enhancer effects may be unsuccessful.  

 
Figure 28. Correlation between octreotide bioavailability and paracetamol Cmax. 
Oral bioavailability of octreotide versus paracetamol Cmax for enteric coated capsules 
(circles) and enteric coated tablets (triangles) in six dogs. The Pearson correlation co-
efficient is 0.90, indicating a strong correlation.  
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Conclusions 

This thesis studied different aspects of delivering macromolecules together 
with the permeation enhancer sodium caprate (C10). The studies were con-
ducted to support the translation of the results from pre-clinical models to their 
implementation in the clinic. 

The major findings of this thesis were as follows: 
 Increasing C10 concentrations of the intestinally administered for-

mulations increases absorption of the proteolytically stable macro-
molecules FD4, FD10, and MEDI7219 (Papers I and II). 

 Increased C10 concentrations of the formulations are also associ-
ated with more erosion of the intestinal epithelium. The erosion was 
transient in the rat intestinal instillation model. Recovery occurred 
between 60 to 120 min after administration, depending on the C10 
concentration (Papers I and III). 

 The absorption of the proteolytically stable macromolecules FD4, 
FD10 and MEDI7219 lasted for 30 to 120 min in vivo when formu-
lated together with C10 (Papers I–III). This indicates that macro-
molecules should be stable for this amount of time in the gastroin-
testinal tract in order to maximize their absorption. 

 The molecular weight was confirmed to be important for the extent 
of absorption of macromolecules when co-delivered with C10. 
However, other factors such as the gastrointestinal stability and the 
physicochemical properties of the macromolecule also affect the 
extent of absorption (Papers I and II). 

 The dextrans with molecular weights of 4000 and 10000 display an 
increase in both the rate and duration of absorption in response to 
increasing C10 concentrations. For MEDI7219, only the duration 
of absorption increases as the C10 concentration increases, with 
similar absorption rates observed for both 50 mM and 300 mM C10 
(Papers I and II). 

 The gradual release from enteric coated capsules in vivo does not 
reduce the absorption of MEDI7219 compared to a bolus adminis-
tered solution (Paper III). This is in agreement with the constant 
absorption rate observed in the rat study with different C10 concen-
trations (Paper II).  
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 In contrast to MEDI7219, the extent of octreotide absorption in-
creases with rapid release from the dosage form (Paper IV).  

 Dosage forms that can achieve a highly localized release—as well 
as high local concentrations of permeation enhancer and macromol-
ecule at the surface of the gastrointestinal epithelium—can be a way 
to reduce the absorptive variability of macromolecules (Paper III). 

 When utilizing permeation enhancers to increase the absorption of 
macromolecules, a “one-size-fits-all” approach is unlikely to be 
successful. Individual studies for each macromolecule and perme-
ation enhancer pair are necessary (Papers I–IV).  
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Populärvetenskaplig sammanfattning 

Biologiska läkemedel, till exempel peptider, proteiner och nukleotidbaserade 
läkemedel, har stor potential att kunna behandla sjukdomar som inte går att 
behandla med traditionella (småmolekylära) läkemedel. En nackdel med bio-
logiska läkemedel är att de allra flesta av dem behöver administreras genom 
injektion med nål och spruta. Patienter och sjukvårdspersonal föredrar däre-
mot mediciner som tas via munnen genom att svälja en tablett eller kapsel 
eftersom det är enklare, bekvämare och säkrare än injektioner. En bakomlig-
gande orsak till behovet av injektioner är att biologiska läkemedel är instabila 
i mag-tarmkanalen, och därmed kan brytas ner innan de hinner absorberas (tas 
upp) över tarmslemhinnan in till blodomloppet. Utöver dålig stabilitet har bi-
ologiska läkemedel även mycket låg absorption genom tarmslemhinnan ef-
tersom de typiskt är större och mer polära än traditionella läkemedel. För att 
öka deras upptag i mag-tarmkanalen kan så kallade absorptionsförbättrare an-
vändas. En nackdel med absorptionsförbättrare är att deras effekt är begränsad 
och otillförlitlig. Detta medför att absorptionsförbättrare idag endast är lämp-
liga att användas med en snäv grupp biologiska läkemedel.  

Detta avhandlingsarbete har studerat natriumkaprat vilket är en ofta använd 
absorptionsförbättrare. Absorptionen av modellsubstanser studerades i djur 
för att bättre förstå hur läkemedelsabsorptionen kan ökas och göras mer till-
förlitlig.  

Olika modellsubstanser gavs tillsammans med stigande koncentrationer av 
absorptionsförbättrare direkt till tunntarmen på sövda råttor. Den lokala kon-
centrationen av absorptionsförbättrare i tarmen visade sig vara viktig för hur 
mycket läkemedel som kunde absorberas. För vissa modellsubstanser obser-
verades en ökning i både den initiala absorptionshastigheten och under hur 
lång tid absorptionshastigheten var förhöjd, vilket ledde till att den totala 
mängden som absorberades ökade drastiskt. För en av modellsubstanserna på-
verkades inte den initiala absorptionshastigheten, men den totala absorptions-
mängden ökade då absorptionen pågick under en längre tid. Detta visar på att 
höga initiala koncentrationer av absorptionsförbättrare i mag-tarmkanalen kan 
öka absorptionshastigheten av vissa läkemedel, medan andra är mindre käns-
liga för den initiala koncentrationen av absorptionsförbättrare. Således kan lä-
kemedelsberedningar med snabb frisättning i mag-tarmkanalen vara fördel-
aktiga för absorption av vissa läkemedel, medan en långsammare frisättnings-
profil kan vara mer lämpat för andra läkemedel. 
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Fasta läkemedelsberedningar studerades i gris och hund. Resultaten i dessa 
studier stämde överens med observationerna i råtta. En beredningsform som 
kan frisätta läkemedel och absorptionsförbättrare på ett begränsat område i 
tunntarmen visade sig vara mer tillförlitlig än en lösning och sedvanliga mag-
saftsresistenta tabletter. Således kan beredningsformer som producerar höga 
koncentrationer av absorptionsförbättrare, i en avgränsad del av mag-tarmka-
nalen, vara ett sätt att göra absorptionen av biologiska läkemedel mer tillför-
litlig. Avhandlingen visar på att det inte går att generalisera effekter av ab-
sorptionsförbättrare. Det är därför viktigt att studera specifika kombinationer 
av läkemedel och absorptionsförbättrare. 
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