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Abstract
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Oral delivery of therapeutic peptides remains a pharmaceutical challenge because peptides 
are susceptible to gastrointestinal degradation and have poor permeability across the intestinal 
epithelium. Permeation enhancers (PEs), such as sodium caprate (C10), can improve intestinal 
uptake, but oral bioavailability remains low and variable. Even among structurally related 
peptides, the extent of absorption may differ following co-administration with the same PE, and 
the underlying mechanisms remain incompletely understood.

This thesis aimed to determine how peptide molecular properties and interactions with 
C10 impact intestinal absorption. The translational relevance of used in vitro and ex vivo 
permeability models were assessed. The effects of backbone modification and lipidation on 
peptide stability and absorption were studied. Peptide self-assembly, peptide–C10 interactions; 
and peptide interactions with a model cell membrane were examined. Four GLP-1 peptide 
analogues were evaluated: non-lipidated J211, mono-lipidated J229 and semaglutide, and bis-
lipidated MEDI7219.

Comparative studies in Caco-2 monolayers, rat jejunal Ussing chambers, rats, and pigs 
showed that C10-mediated enhancement in vivo was concentration dependent and transient. 
In contrast, the in vitro and ex vivo models did not reproduce this pattern at physiologically 
relevant C10 concentrations, reflecting limitations including the absence of vascular clearance 
and epithelial recovery.

In rat intraduodenal studies, C10 significantly increased absorption of four peptides, but 
the extent varied markedly. MEDI7219 achieved the highest absolute bioavailability (17.3%), 
compared with 7.5% for J211, 4.0% for J229, and 2.0% for semaglutide. Extensive backbone 
modification conferred resistance to pancreatin-mediated degradation, whereas semaglutide was 
degraded. C10 partially improved semaglutide stability, indicating limited protection against 
luminal proteolysis in addition to enhanced epithelial transport.

Biophysical characterisation and molecular-dynamics simulations showed that the peptides 
differed in self-association, interaction with C10 aggregates, and membrane engagement. 
MEDI7219 showed the weakest apparent association with C10 aggregates and retained the 
highest apparent mobility, consistent with a greater freely available or rapidly exchanging 
fraction. It also exhibited the deepest and most stable lipid-tail insertion into the model cell 
membrane. These properties were consistent with its superior intestinal absorption.

C10-enabled oral peptide absorption is governed not only by epithelial permeabilisation, 
but also by peptide stability, self-assembly, peptide–enhancer interactions, and membrane 
association.
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Abbreviations 

Aib   α-Aminoisobutyric acid 
AUC   Area under the plasma concentration-time curve 
BDC   Bile duct cannulation 
bRo5   Beyond Rule of Five 
C10   Sodium caprate/sodium decanoate 
ChromLogD          Chromatographic LogD 
CMC   Critical micellar concentration 
ePSA   Experimental polar surface area 
F  Bioavailability 
FaSSIF Fasted-State Simulated Intestinal Fluid  
FD4   FITC-dextran 4000 Da 
GI / GIT   Gastrointestinal (tract) 
GLP-1   Glucagon-like peptide-1 
HBA/HBD            Hydrogen bond acceptor/donor 
HBSS                    Hank’s balance salt solution 
ID   Intraduodenal 
KBR   Krebs-bicarbonate Ringer solution 
MW   Molecular weight 
NaC                      N-acetylcysteine 
NaCDC                 Sodium chenodeoxycholate 
NCA   non-compartmental analysis 
pD                         Apparent pH measured in D2O 
PD   Potential difference 
PG                         Propyl gallate 
POPC   1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine 
Rg   Radius of gyration 
Rh   Hydrodynamic radius 
SIF   Simulated intestinal fluid  
SLB   Supported lipid bilayer 
SNAC   Salcaprozate sodium/sodium N-(8-[2-hydroxybenzoyl] amino) caprylate 
TEER   Transepithelial electrical resistance 
TJ   Tight junction 
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Introduction 

Peptides as a therapeutic class 
Peptides have become an increasingly important therapeutic modality in mod-
ern drug discovery, occupying a structural and pharmacological space be-
tween conventional small molecules and larger biologics such as monoclonal 
antibodies (1,2). Their therapeutic potential arises from the ability to adopt 
flexible three-dimensional conformations and form high-affinity interactions 
across extended protein surfaces. Consequently, peptides can modulate certain 
protein–protein interactions that are challenging to target using conventional 
small molecules (3). Compared with antibodies, peptides may offer lower im-
munogenicity, less complex manufacture, and improved access to intracellular 
targets; however, these properties depend strongly on peptide sequence and 
molecular design. 

Many therapeutic peptides also exhibit high target specificity and may 
therefore have a lower propensity for off-target pharmacology than less selec-
tive small molecules (4). Regulatory approvals for peptide therapeutics have 
increased over recent decades, extending their clinical application beyond 
metabolic diseases, including type 2 diabetes mellitus and obesity, to oncol-
ogy, cardiovascular, gastrointestinal, and rare genetic disorders (5). Peptide 
and oligonucleotide therapeutics, collectively termed TIDES, accounted for 
approximately 14–16% of FDA new-drug approvals in 2022 and 2023 (Figure 
1A) (6). This group included tirzepatide, a dual GIP/GLP-1 receptor agonist 
approved in 2022 for type 2 diabetes mellitus (Figure 1B) (7). The global pep-
tide therapeutics market was estimated at approximately USD 45.3 billion in 
2024, reflecting the growing clinical and commercial importance of this drug 
class (8). 

Routes of administration and the preference  
for oral delivery 
Despite their therapeutic advantages, the clinical use of peptide therapeu-
tics has historically been limited by their route of administration. Most 
marketed peptide medicines are administered parenterally, predominantly 
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by subcutaneous, intramuscular, or intravenous injection. These routes bypass 
gastrointestinal (GI) barriers, enabling rapid systemic exposure and avoiding 
luminal degradation. However, repeated injections can be burdensome for pa-
tients with chronic conditions requiring frequent or lifelong treatment, includ-
ing type 2 diabetes mellitus and obesity. Parenteral therapy may be associated 
with needle anxiety, injection-site pain, lipodystrophy, local reactions or in-
fection, and reduced treatment adherence (9,10). 

Oral administration may improve convenience, treatment satisfaction, and 
adherence, particularly in chronic disease settings (11). By avoiding injection-
related pain and local reactions, oral formulations may improve the treatment 
experience and thereby support sustained medication use (Figure 1C). Even 
modest improvements in adherence may provide meaningful clinical benefit 
in conditions requiring long-term therapy. In addition, for some gut-derived 
peptide hormones, intestinal absorption results in initial exposure to the he-
patic portal circulation before systemic distribution, which may confer phar-
macological advantages relative to parenteral administration (12). 

 
Figure 1: (A) Distribution of FDA-approved new molecular entities and new biologics 
by therapeutic class (1985-2025) (6). (B) Key milestones and trends in FDA approval 
of new peptide therapeutics (6) (C) Initial preferences for once-daily oral versus once-
weekly injectable medications for type 2 diabetes mellitus patients, adapted from 
Boye et al., (11). 
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Biological barriers to oral peptide delivery 
Developing effective oral formulations for peptide drugs remains a major 
challenge in pharmaceutical drug delivery. Following oral administration, 
peptide formulations encounter a series of physiological, biochemical, and 
physical barriers within the gastrointestinal tract (Figure 2). These barriers are 
designed to digest dietary proteins while limiting the absorption of xenobiotics 
and pathogens. Consequently, the fraction of an administered peptide dose that 
reaches the systemic circulation as intact drug, defined as its bioavailability, 
is determined by the combined effects of these barriers. 

Proteolytic enzymes in the gastrointestinal tract 
The stomach presents an acidic microenvironment, with fasted-state pH typi-
cally ranging from 1.7 to 4.7 (13) These conditions may promote chemical 
degradation, acid-catalysed hydrolysis, conformational changes, and precipi-
tation of peptide drugs. Gastric juice contains pepsin, the principal aspartic 
endopeptidase, which has optimal activity at pH 1.5–2.0. Pepsin preferentially 
cleaves peptide bonds adjacent to hydrophobic and aromatic amino acid resi-
dues, particularly phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), and 
leucine (Leu), generating fragments that are susceptible to further proteoly-
sis (14). The gastric mucosa also contains gastrisin, which preferentially 
cleaves near tyrosine residues at moderately acidic pH values. In addition, ca-
thepsins D and E are aspartic proteases expressed in gastric tissue and may 
contribute locally to peptide degradation (15). 

Although the stomach has a smaller absorptive surface area than the small 
intestine, selected formulation strategies can achieve therapeutically relevant 
systemic exposure through gastric absorption. Oral semaglutide (Rybelsus®), 
co-formulated with salcaprozate sodium (SNAC), is designed to promote ab-
sorption predominantly across the gastric epithelium. Rapid tablet erosion re-
leases high local concentrations of SNAC, which increase pH within the mi-
croenvironment surrounding the tablet, thereby reducing pepsin activity and 
promoting transcellular semaglutide transport across the gastric epithelium 
(16,17). This formulation strategy is discussed further in subsequent sections 
of this thesis. 

Upon reaching the small intestine, peptides encounter an extensive enzy-
matic barrier comprising luminal pancreatic proteases and membrane-bound 
brush-border peptidases. Although the small intestine is the principal site of 
nutrient and drug absorption, therapeutic peptides are often rapidly degraded 
by luminal and membrane-associated enzymes, limiting the amount available 
for absorption (18,19). 
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Luminal peptide digestion is mediated primarily by pancreatic proteases se-
creted as inactive zymogens, including the serine endopeptidases trypsin, chy-
motrypsin, and elastase, together with carboxypeptidases. Trypsin cleaves 
peptide bonds on the carboxyl side of basic residues, lysine (Lys) and arginine 
(Arg). It also activates several other pancreatic zymogens and is itself gener-
ated from trypsinogen by enteropeptidase at the brush border (20). α-Chymo-
trypsin preferentially cleaves peptide bonds C-terminal to large hydrophobic 
and aromatic residues, including phenylalanine, tyrosine, tryptophan, and leu-
cine. Pancreatic elastase preferentially cleaves near small, uncharged aliphatic 
residues, such as alanine, valine, serine, and glycine, and may therefore de-
grade peptides lacking conventional trypsin or chymotrypsin cleavage sites 
(20). Carboxypeptidase A is a zinc-dependent metalloprotease that sequen-
tially removes C-terminal amino acids with aromatic or branched aliphatic 
side chains, including phenylalanine, tyrosine, tryptophan, leucine, isoleucine, 
and valine. Carboxypeptidase B preferentially removes C-terminal lysine and 
arginine residues. 

Brush-border peptidases further contribute to intestinal peptide metabolism 
by converting oligopeptides into dipeptides, tripeptides, and free amino acids 
(21). Aminopeptidase N preferentially removes N-terminal neutral amino ac-
ids, whereas aminopeptidase W preferentially cleaves N-terminal tryptophan 
residues. Dipeptidyl peptidase-4 (DPP-4) removes N-terminal dipeptides 
when the penultimate residue is proline or alanine and is particularly relevant 
to the degradation of native GLP-1 (22). γ-Glutamyl transpeptidase and nepri-
lysin may also contribute to the degradation of selected peptide substrates. 
Collectively, luminal and brush-border enzymes can degrade many therapeu-
tic peptides within minutes of intestinal exposure, thereby substantially limit-
ing the window for absorption (19). 

The diffusional mucus barrier 
To reach the underlying epithelium, a peptide must diffuse through the un-
stirred water layer (UWL) and intestinal mucus. The UWL is a relatively stag-
nant aqueous boundary layer adjacent to the epithelial surface, typically esti-
mated to be approximately 100–900 µm thick. It imposes diffusional re-
sistance that increases with the hydrodynamic radius of the diffusing species 
(23,24). Intestinal mucus is a complex viscoelastic hydrogel secreted by gob-
let cells and composed predominantly of the gel-forming glycoprotein mucin 
2 (MUC2) (25). 

Reported effective mucus-mesh pore sizes range from approximately 20 to 
200 nm, depending on intestinal region, hydration state, and disease context 
(26,27). However, mucus functions not only as a size-exclusion barrier but 
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also as a dynamic selective barrier governed by steric, electrostatic, and hy-
drophobic interactions (28). The dense array of sialic acid and sulphate groups 
confers an overall negative charge on mucins, enabling non-covalent interac-
tions, including electrostatic trapping, hydrophobic effects, and hydrogen 
bonding. These interactions can substantially impede the translational diffu-
sion of cationic or lipophilic compounds through the mucus layer (29). The 
properties of intestinal mucus and its influence on drug and particle diffusion 
have been extensively reviewed in the context of oral drug delivery (28–31). 
For dissolved peptides, which typically have hydrodynamic diameters of ap-
proximately 1–5 nm, the mucus mesh may impose only a limited steric barrier. 
Nevertheless, electrostatic interactions with mucin components can substan-
tially reduce peptide diffusion through mucus (32,33).  

 
Figure 2: Illustration of barriers to oral peptide absorption, including instability and 
degradation in the stomach, intestinal proteolysis, the mucus barrier, and the lipophilic 
epithelial barrier. Created using Biorender. 

Epithelial barrier and beyond-Rule-of-Five (bRo5) properties 
The intestinal epithelium is the principal physical barrier to peptide absorption 
and is central to this thesis. It comprises a continuous monolayer of columnar 
enterocytes connected by intercellular junctional complexes. Many therapeu-
tic peptides occupy beyond-rule-of-five (bRo5) chemical space, failing at least 
one of Lipinski’s Rule-of-Five criteria (34–36): 



 16 

1. High molecular weight, typically 1,000–5,000 Da and often exceed-
ing 3,000 Da for lipidated GLP-1 analogues. 

2. A high number of hydrogen-bond donors (HBD > 5) and acceptors 
(HBA > 10). 

3. High topological or experimental polar surface area (tPSA or ePSA), 
often exceeding 150 Å². 

4. Low distribution coefficients at physiological pH (log𝐷!.#), fre-
quently below 2 for non-lipidated peptides. 

These physicochemical characteristics severely limit passive transcellular dif-
fusion across the lipophilic plasma membrane of enterocytes. The approxi-
mately 4 nm-thick hydrophobic core of the lipid bilayer presents a substantial 
barrier to large, polar, and hydrogen-bond-rich molecules (37). 

The alternative paracellular route, involving transport through fluid-filled 
spaces between adjacent cells, is restricted by tight junctions (TJs). Tight junc-
tions form a dynamic seal comprising transmembrane proteins, including 
claudins, occludin, and junctional adhesion molecules, which are connected 
to the actin cytoskeleton through zonula occludens (ZO) scaffold proteins, in-
cluding ZO-1, ZO-2, and ZO-3 (38,39). The paracellular pathway is highly 
selective with respect to molecular size and charge. Estimates of the effective 
pore dimension of the restrictive pathway are generally in the sub nanometre 
range, limiting passive paracellular transport predominantly to small hydro-
philic solutes (40,41). 

Peptides that enter enterocytes may also be subject to apical efflux by trans-
porters such as P-glycoprotein (P-gp) and breast cancer resistance protein 
(BCRP), or to intracellular degradation by lysosomal peptidases before reach-
ing the basolateral membrane and systemic circulation (42,43). Although 
transporter-mediated peptide disposition is outside the primary scope of this 
thesis, these processes may further limit overall oral bioavailability. 

Strategies to overcome oral delivery barriers 
To develop viable oral peptide medicines, medicinal chemistry and formula-
tion strategies are used to improve resistance to gastrointestinal degradation 
and enhance transport across the intestinal epithelium. These approaches may 
be applied individually or in combination to achieve clinically meaningful oral 
bioavailability. 
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Medicinal chemistry and rational peptide design 
Medicinal chemistry approaches seek to improve the intrinsic stability and 
permeability of peptide molecules through rational structural modification. 

Backbone rigidification and cyclisation 
Converting linear peptides into cyclic or stapled scaffolds can reduce confor-
mational flexibility and sterically hinder proteolytic access to labile amide 
bonds (44). Macrocyclization may stabilise compact conformations that re-
duce enzyme accessibility. Peptide stapling, in which an all-hydrocarbon 
bridge is introduced between residues on the same face of an α-helix, can re-
inforce helical structure and improve protease resistance, membrane interac-
tion, and pharmacokinetic properties in selected scaffolds (45). Cyclosporin 
A exemplifies how macrocyclization, lipophilicity, and conformational 
shielding of polar groups can enable oral absorption despite a high molecular 
weight(46). 

Sequence substitution and non-natural amino acids 
Replacing natural L-amino acids with D-enantiomers, α-methylated residues 
such as α-aminoisobutyric acid (Aib), or N-methylated amino acids can alter 
the steric and electronic properties of protease-susceptible sites and thereby 
improve enzymatic stability (47–49). Because proteases are generally stere-
oselective for L-amino acid substrates, incorporation of D-amino acids at pre-
dicted cleavage sites can reduce susceptibility to enzymatic hydrolysis. Simi-
larly, α-methylated residues introduce steric hindrance around scissile bonds. 
In semaglutide, substitution of Aib at position 8 confers resistance to DPP-4-
mediated cleavage (50,51). N-methylation of backbone amide nitrogens re-
moves hydrogen-bond donor capacity and introduces steric bulk, which may 
reduce protease susceptibility while modulating membrane permeability (49). 
Räder et al. demonstrated that strategically positioned N-methyl groups can 
improve the oral bioavailability of cyclic peptides by promoting intramolecu-
lar hydrogen bonding in apolar environments (49,52). 

The GLP-1 analogues investigated in this thesis, J211, J229, and 
MEDI7219 contain multiple backbone modifications, including α-methylated 
and other non-natural amino acid substitutions at predicted proteolytic cleav-
age sites, as described by Pechenov et al. (47). 

Peptide lipidation 
Covalent attachment of fatty-acid chains is widely used in peptide drug devel-
opment, commonly through linkers incorporating glutamic acid and other 
spacer units (47,50,53). Lipidation promotes reversible binding to human 
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serum albumin in the systemic circulation, thereby reducing renal filtration 
and extending elimination half-life from minutes to hours or days (54). In 
semaglutide, a C18 fatty-diacid-containing side chain promotes albumin bind-
ing and, together with sequence modifications, contributes to a plasma half-
life of approximately 160 h, enabling once-weekly subcutaneous administra-
tion (51). 

A prolonged systemic half-life can partly compensate for low oral bioavail-
ability by reducing fluctuations in steady-state systemic exposure (55). This 
pharmacokinetic profile contributes to the clinical feasibility of oral semag-
lutide despite its low absolute bioavailability (Rybelsus®, approximately 1%). 

Although lipidation is primarily used to modify systemic pharmacokinet-
ics, the amphiphilic character conferred by fatty-acid chains, can also influ-
ence peptide self-assembly, membrane interactions, and potentially intestinal 
permeation. These effects are central to this thesis and are discussed in subse-
quent sections (18,56,57). 

GLP-1 receptor agonists as an example of  
lipidated peptides 
Glucagon-like peptide-1 (GLP-1) is an endogenous incretin hormone secreted 
primarily by intestinal L cells, particularly in the distal ileum and colon, in 
response to nutrient ingestion (58). GLP-1 acts through the GLP-1 receptor 
(GLP-1R) to stimulate glucose-dependent insulin secretion from pancreatic β 
cells, suppress glucagon secretion from pancreatic α cells, delay gastric emp-
tying, reduce postprandial glucose excursions, and promote central satiety 
through hypothalamic signalling. Collectively, these effects can reduce food 
intake and support body-weight reduction during sustained treatment (59). 
GLP-1R activation is therefore an important therapeutic strategy for type 2 
diabetes mellitus and obesity (60,61). 

Native GLP-1 has a plasma half-life of less than 2 min because of rapid 
DPP-4-mediated cleavage between Ala8 and Glu9, together with rapid renal 
clearance(62). This short half-life limits the therapeutic utility of native GLP-
1 and has driven the development of stabilised, long-acting GLP-1 analogues. 

Engineering long-acting GLP-1 analogues through lipidation 
The development of lipidated GLP-1 analogues that combine resistance to 
DPP-4-mediated degradation with fatty-acid acylation has transformed the 
treatment of metabolic disease and represents a successful application of 
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peptide medicinal chemistry (48,50,53,63). The GLP-1 analogues examined 
in this thesis include J211, semaglutide, J229, and MEDI7219 (Figure 3).  
J211 is a non-lipidated GLP-1 analogue, extensively modified with non-natu-
ral and natural amino acids at predicted labile sites of its amino acid sequence. 
Its discovery, with the full methods and rationale for backbone modification 
is discussed in detail by Pechenov et al. (47).  

Semaglutide is a mono-lipidated GLP-1 analogue containing a C18 fatty-
diacid side chain attached at Lys²⁶ through a linker comprising a short eth-
ylene-glycol unit and glutamic acid. It also incorporates an Aib substitution at 
position 8, which confers resistance to DPP-4-mediated cleavage. Semag-
lutide has a human plasma half-life of approximately 160 h, enabling once-
weekly subcutaneous administration as Ozempic® and once-daily oral admin-
istration as Rybelsus® (16,51).  
J229 is an AstraZeneca mono-lipidated comparator containing a C18 diacid 
side chain analogous to that of semaglutide. In contrast to semaglutide, J229 
contains extensive backbone modifications, including α-methyl amino acid 
substitutions designed to improve resistance to proteolytic degradation (47).  

MEDI7219 is a bis-lipidated GLP-1 analogue containing two C12 fatty-
acid chains and extensive backbone modifications, including α-methyl amino 
acid substitutions at multiple predicted protease-cleavage sites. These modifi-
cations were introduced to increase proteolytic stability and support oral de-
livery with permeation enhancers (47,64). MEDI7219 was developed by 
AstraZeneca for oral administration and is a central compound in this thesis 
(46,63). 
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Figure 3: Amino acid sequence, degrees of lipidation, and molecular weights of GLP-
1 and GLP-1 receptor agonists. Primary amino acid sequences and molecular weights 
(Da) are displayed for: (A) native GLP-1, (B) the non-lipidated analogue J211, (C) 
J229 (mono-lipidated with a C18 dicarboxylic acid tail), (D) MEDI7219 (bis-lipidated 
with two C12 acyl chains), and (E) semaglutide (mono-lipidated with a C18 dicarbox-
ylic acid tail). Colour code: Cleavage-labile sites in wild-type GLP-1 (Light purple), 
α-Methyl amino acid substitutions (Light purple), Natural amino acid substitutions at 
labile sites (Red), Lysine (Lys) residue positions used for fatty acid acylation (Green). 
Figure taken from Emeh et. al., (18) 

Lipidation, self-assembly, and aggregation phenomena 
Although acylation prolongs systemic half-life, the amphiphilic character in-
troduced by fatty-acid chains can promote complex self-assembly in aqueous 
solution. Lipidated GLP-1 analogues may form oligomers, micelle-like as-
semblies, or higher-order aggregates depending on peptide concentration, pH, 
ionic strength, and buffer composition (56,66–68). 

The biophysical studies presented in this thesis showed that the investigated 
GLP-1 analogues self-assemble in solution. Under certain formulation or 
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storage conditions, lipidated peptides may undergo further association or fi-
brillation through hydrophobic interactions and intermolecular β-sheet for-
mation. Such processes may reduce the concentration of active peptide species 
and raise concerns regarding product quality and immunogenicity (68,69). 
Understanding and controlling peptide self-assembly are therefore important 
for both formulation stability and oral delivery performance. 

Formulation approaches for oral peptide delivery 
Formulation strategies may aim to preserve the luminal concentration gradi-
ent of intact peptide, enhance transport across the epithelial barrier, enable 
controlled unidirectional release of the peptide and permeation enhancer, or 
retain the dosage form at the absorption site to prolong the period available 
for uptake(70)  

Protease inhibitors 
Co-formulation with protease inhibitors can reduce luminal enzymatic activ-
ity, thereby improving peptide stability and potentially increasing bioavaila-
bility. Protease inhibitors investigated for oral peptide delivery include soy-
bean trypsin inhibitor, aprotinin, bacitracin, camostat mesylate, and Bowman–
Birk inhibitor. These agents act through distinct mechanisms and differ in their 
selectivity for trypsin, chymotrypsin, and other proteases. They have com-
monly been evaluated in preclinical peptide formulations in combination with 
complementary delivery enhancers (71,72). 

Clinical translation of protease-inhibitor-based formulations has, however, 
been limited by safety and development challenges. These include compensa-
tory pancreatic responses reported for some inhibitors, particularly in preclin-
ical studies, high dose requirements, potential allergenicity of soy-derived in-
hibitors, and regulatory complexity (73). Consequently, contemporary oral 
peptide-delivery strategies increasingly seek to modulate the local gastroin-
testinal microenvironment rather than relying solely on exogenous protease 
inhibition. 

pH-modulating buffers 
Incorporating organic acids, such as citric acid or maleic acid, into peptide 
formulations can lower the local intestinal pH and shift it away from the neu-
tral-to-alkaline optimum of pancreatic proteases. This local acidification may 
reduce proteolytic activity and thereby improve peptide stability. Conversely, 
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in oral semaglutide (Rybelsus®), SNAC increases the local pH surrounding 
the dissolving tablet in the stomach, reducing pepsin activity and supporting 
gastric absorption (16). 

Co-assembly with permeation enhancers 
Surfactant-like permeation enhancers can form colloidal assemblies with pep-
tides, particularly lipidated peptides, and may reduce protease access to sus-
ceptible regions of the peptide backbone (18,74). In this thesis, co-formulation 
of semaglutide with C10 increased its estimated half-life during in vitro pan-
creatin digestion by at least two-fold (18). The mechanisms and implications 
of peptide–enhancer co-assembly are a central focus of Paper III. 

Nano- and microparticle systems for oral peptide delivery 
Nano- and microparticulate carriers have been extensively investigated for 
oral peptide delivery because encapsulation within organic or inorganic parti-
cles may address several gastrointestinal barriers simultaneously, including 
enzymatic degradation, limited diffusion through mucus, and poor epithelial 
permeability. Principal approaches include lipid-based nanoparticles, such as 
solid lipid nanoparticles, nanostructured lipid carriers, and self-emulsifying 
systems (75,76); polymeric nanoparticles, including poly(lactic-co-glycolic 
acid) (PLGA)-based systems; naturally derived polysaccharide carriers such 
as chitosan; and surface-engineered particles designed for mucoadhesion or 
mucus penetration (75,77–79). Lipid-based systems may support lymphatic 
transport of highly lipophilic payloads, potentially reducing hepatic first-pass 
extraction, although the relevance of this mechanism to peptide delivery is 
limited and formulation dependent. Their peptide-loading capacity may also 
be restricted, and in vivo release kinetics can be difficult to control (80,81). 
Polymeric systems, particularly cationic chitosan and its thiolate derivatives, 
may prolong intestinal residence through electrostatic interactions with the an-
ionic mucus layer and, in some cases, transiently modulate tight junctions to 
facilitate paracellular transport (78,82). Hybrid lipid–polymer nanoparticles 
have been developed to combine the solubilisation properties of lipid-based 
systems with the structural stability and tuneable release characteristics of pol-
ymeric carriers (79). Despite encouraging improvements in relative bioavail-
ability in preclinical rodent studies, clinical translation of particulate systems 
for systemic peptide delivery remains limited (83). Key challenges include 
batch-to-batch variability during scale-up of multicomponent nanocarriers, 
uncertain long-term gastrointestinal safety following chronic administration, 
and complex regulatory requirements for oral nanomedicines. In addition, the 
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proportion of administered particles that traverses mucus, undergoes epithelial 
transport, and releases intact peptide into the systemic circulation is often in-
sufficient to achieve reliable therapeutic exposure at practical dose levels. 
Consequently, particulate systems may require integration with complemen-
tary approaches, including permeation enhancers, to achieve performance 
competitive with clinically established enhancer-based tablet formulations. 

Oral ingestible devices 
An alternative to chemical permeation enhancement or particulate encapsula-
tion is the use of engineered ingestible devices that physically bypass the gas-
trointestinal mucosal barrier by depositing peptide payloads into or across the 
epithelium. These systems aim to emulate parenteral delivery from within the 
gastrointestinal lumen and have been investigated in several device architec-
tures at preclinical and early clinical stages. 

The self-orienting millimetre-scale applicator (SOMA) is inspired by the 
self-righting geometry of the leopard tortoise shell. In the stomach, its centre-
of-mass distribution promotes orientation towards the gastric mucosa, after 
which a spring-driven mechanism injects the drug into the stomach wall (84). 
In porcine studies, SOMA-based insulin delivery achieved systemic exposure 
approaching that obtained after subcutaneous administration. A related ap-
proach, the luminal unfolding microneedle injector (LUMI), uses an enteric-
coated capsule that unfolds in the small intestine and deploys dissolvable, 
drug-loaded microneedles into the intestinal wall (85).  

The BIONDD™ system developed by Biograil similarly uses a capsule-
based device to position and insert a dissolvable drug-loaded microneedle into 
the gastric mucosa. Reported canine studies with adalimumab indicated rela-
tive bioavailability exceeding 70% compared with subcutaneous administra-
tion (86). Additional approaches include localised hyperthermia to transiently 
increase mucosal permeability (87), and the RaniPill® platform developed by 
Rani Therapeutics. RaniPill-based formulations of octreotide and parathyroid 
hormone analogues have progressed to Phase I clinical evaluation (88).  

Although these platforms have achieved high preclinical bioavailability, 
several factors may limit their clinical translation and commercial applicabil-
ity. These include regulatory complexity associated with combination drug–
device products, uncertainty regarding patient acceptance of repeated inges-
tion of mechanical devices, incomplete evidence on the long-term effects of 
repeated mucosal penetration, and constraints on payload capacity. The latter 
may limit use for peptides requiring higher doses. Therefore, ingestible de-
vices provide a potential route towards oral injection-like delivery, but their 
eventual therapeutic role relative to conventional oral formulations and 
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permeation-enhancer-based tablets will depend on clinical performance, 
long-term safety, patient acceptability, manufacturability, and health-eco-
nomic evidence. 

Permeation enhancers: mechanisms, classification,  
and safety 
Permeation enhancers (PEs) are among the most clinically advanced formula-
tion strategies for improving the oral bioavailability of peptide drugs. A per-
meation enhancer is an excipient intended to transiently increase epithelial 
transport of a co-administered drug (89–91). PEs may act by modulating para-
cellular transport, membrane-mediated transcellular transport, or both. The 
magnitude and duration of epithelial perturbation depend on enhancer concen-
tration, exposure time, and formulation context (89,92). 

Mechanisms of action: paracellular versus transcellular pathways 
The mechanisms by which permeation enhancers increase epithelial permea-
bility are commonly classified as paracellular or transcellular. However, many 
permeation enhancers exhibit multimodal and concentration-dependent ef-
fects, such that the relative contribution of each pathway may vary with local 
exposure conditions and formulation composition (92,93). 

Paracellular modulation (tight junction opening) 
Permeation enhancers may increase paracellular transport by activating intra-
cellular signalling pathways that alter tight-junction organisation (94). A pro-
posed mechanism involves interaction of the enhancer with the apical entero-
cyte membrane, leading to activation of phospholipase C (PLC). PLC hydro-
lyses phosphatidylinositol 4,5-bisphosphate (PIP₂) to inositol 1,4,5-trisphos-
phate (IP₃) and diacylglycerol (DAG). IP₃ promotes calcium release from the 
endoplasmic reticulum, thereby increasing cytosolic Ca²⁺ concentrations and 
activating myosin light-chain kinase (MLCK). MLCK subsequently phos-
phorylates myosin light chains, promoting contraction of the perijunctional 
actomyosin ring. This cytoskeletal rearrangement may alter the localisation 
and organisation of tight-junction proteins, including ZO-1, occludin, and 
claudins, thereby increasing paracellular permeability (92,95,96) These ef-
fects are generally reversible following removal or dilution of the enhancer, 
although the rate of barrier recovery may range from minutes to hours depend-
ing on the enhancer, its local concentration, exposure duration, and experi-
mental model. 
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Transcellular modulation (membrane perturbation) 
Amphiphilic permeation enhancers can also act directly at the plasma mem-
brane. At sufficient local concentrations, surfactant-like molecules may parti-
tion into the outer leaflet of the enterocyte membrane, altering lipid packing, 
increasing membrane fluidity, and, in some systems, promoting trans-bilayer 
lipid redistribution (93,97). Molecular-dynamics simulations of model mem-
branes suggest that C10, SNAC, sucrose laurate, and lauroyl carnitine can as-
sociate with lipid bilayers and induce membrane disorder, which may facili-
tate transcellular transport by modifying membrane packing and permeability 
(97). At higher concentrations, these effects may progress to more extensive 
membrane perturbation, while remaining reversible under appropriate expo-
sure conditions (98). 

 
 
Figure 4: Overview of permeation enhancement strategies: mechanisms and physio-
logical targets. (A) Paracellular route enhancement. This schematic illustrates how 
modulating epithelial tight junctions can enhance paracellular drug transport. Perme-
ation enhancers can trigger cytoskeletal contraction through the generation of reactive 
oxygen species (ROS) that activate myosin light chain kinase (MLCK), by stimulating 
the serotonin-receptor 4 (5-HT4), or by activating myosin, phospholipase C (PLC), 
and protein kinase C (PKC)-𝛼	(94). Alternatively, contraction is induced by inhibit-
ing junctional proteins (occludin, claudin, angulin, E-cadherin) or signalling mole-
cules like PKC-𝜁. Additionally, inhibiting myosin light chain phosphatase (MLCP) 
prevents necessary cytoskeletal relaxation. (B) Transcellular route enhancement ef-
fected by altering cell membrane integrity. Schematic created by the author using Bi-
orender and Inkscape; conceptual elements adapted from Bohley et al., (94). 
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Comparison of clinically advanced PEs: SNAC versus C10 
The two most clinically advanced permeation enhancers, SNAC and C10, dif-
fer in their proposed mechanisms and formulation contexts. 

SNAC, the sodium salt of 8-[2-hydroxybenzoyl]amino octanoic acid, was 
initially proposed to promote peptide absorption through non-covalent associ-
ation with the peptide, thereby increasing its apparent lipophilicity. Subse-
quent studies indicate a more complex mechanism that depends on local con-
centration and the formulation microenvironment (16,99). Computational 
studies by Colston et al. suggested that SNAC may associate with semaglutide 
and self-assemble within model lipid membranes, potentially facilitating 
transcellular transport through a proposed “quicksand” mechanism (99). In the 
oral semaglutide formulation Rybelsus®, rapid tablet erosion in the stomach 
generates high local SNAC concentrations, increasing the pH in the tablet mi-
croenvironment, reducing pepsin activity, and promoting transcellular semag-
lutide transport across the gastric epithelium (16,100).  

C10, or sodium decanoate, is the sodium salt of the ten-carbon saturated 
fatty acid capric acid. Its critical aggregation concentration is pH dependent, 
reflecting the equilibrium between ionised caprate and protonated capric acid 
species. Under conditions in which the carboxylate headgroup is predomi-
nantly ionised, reported values are typically approximately 50–110 mM, alt-
hough CMC values are highly dependent on temperature, pH and the presence 
of salt or other ions (101,102). At small-intestinal pH values of approximately 
6.5–7.4, C10 is substantially ionised; however, the balance between ionised 
and protonated species, and thus the resulting aggregate structure, depends on 
local pH, ionic strength, and concentration. The apparent 𝑝𝐾$ of C10 may in-
crease to approximately 7 in aggregated states (103,104).  

The permeation-enhancing mechanism of C10 is concentration dependent 
and multimodal (95,105). At lower concentrations, C10 has been associated 
with phospholipase C-dependent intracellular signalling and modulation of 
tight junctions. At higher concentrations, including the approximately 50–300 
mM range used in rat intraduodenal bolus studies, C10 can induce more pro-
nounced epithelial perturbation, with an increasing contribution from mem-
brane-mediated transcellular transport; however, paracellular contributions 
cannot be excluded (106).  

C10 may also provide partial protection against luminal proteolysis. In this 
thesis, C10 co-formulation increased the estimated half-life of semaglutide 
during in vitro pancreatin digestion, potentially through formation of peptide–
C10 co-assemblies that reduce enzyme access to susceptible peptide regions 
(18) In preclinical and clinical studies, C10 has commonly been incorporated 
into oral tablet formulations at doses of approximately 500–700 mg (107,108). 
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If such a dose dissolves within a small intestinal fluid pocket, local C10 con-
centrations may be high; however, the concentration achieved in vivo depends 
on dissolution, secretion, mixing, and intestinal motility. Based on estimated 
small-intestinal fluid volumes of approximately 0.5–20 mL, local C10 con-
centrations have been estimated to reach approximately 50–300 mM 
(109,110). 

In cynomolgus monkeys, Tran et al. reported comparable systemic expo-
sure following gastric administration of equal mass doses of SNAC and C10, 
suggesting broadly similar enhancement under gastric conditions (111). In 
contrast, C10 produced greater intestinal enhancement than SNAC in a rat jeju-
nal closed-loop model, as indicated by higher absorption of an acylated peptide 
(112). These findings suggest that the relative performance of SNAC and C10 
depends on the site of drug release and the local gastrointestinal environment.

 
Figure 5: Chemical structures of (A) SNAC and (B) C10. 

Safety considerations for the use of PEs 
A primary concern associated with permeation-enhancer-mediated epithelial 
perturbation is the potential bystander effect: unintended co-absorption of lu-
minal pathogens, endotoxins, or toxins, including lipopolysaccharide (LPS), 
during the period of increased barrier permeability (96). Available preclinical 
and clinical safety data provide some reassurance regarding the translational 
safety of transient epithelial modulation (96,113); however, this risk remains 
an important consideration. 

C10-mediated paracellular enhancement has been reported to exhibit a 
functional size-exclusion limit of approximately 3–10 kDa, corresponding to 
a molecular radius of approximately 10–20 Å, even under conditions of sub-
stantial enhancer exposure (96). This size selectivity would be expected to 
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limit the passage of large particles, microorganisms, and high-molecular-
weight toxins (114). Although therapeutic peptides vary in molecular dimen-
sions and conformation, they are substantially smaller than most enteric path-
ogens and many macromolecular toxins. 

The intestinal mucosa also has intrinsic repair mechanisms that support re-
covery following transient epithelial perturbation. As local PE concentrations 
decrease through dilution and intestinal transit, epithelial restitution can be 
initiated. After superficial epithelial injury, surviving epithelial cells may mi-
grate rapidly to restore mucosal coverage, whereas crypt-cell proliferation 
contributes to subsequent tissue repair. The rate and extent of recovery depend 
on the exposure conditions (92,98,115). Repeated administration of C10 and 
SNAC in clinical studies has generally shown acceptable safety profiles, with 
predominantly transient, mild-to-moderate gastrointestinal adverse events, in-
cluding nausea, abdominal discomfort, and diarrhoea (96,108). A 28-day clin-
ical study of repeated C10 administration reported no serious adverse events 
(96,107,116). 

More recent studies have examined the potential consequences of chronic 
PE exposure. In preclinical models, Ariaee et al. reported that repeated SNAC 
administration altered gut microbiota composition and inflammatory markers, 
although the clinical relevance of these findings remains uncertain (117). Sim-
ilarly, in vitro studies have associated C10 exposure with transient cellular 
stress responses, including alterations in mitochondrial membrane potential, 
in intestinal epithelial models (92). These observations emphasise the need for 
continued long-term safety evaluation as PE-based oral peptide formulations 
are developed for chronic therapeutic use. 

Evaluating permeation enhancer formulations: in vitro 
and in vivo models 
The development of PE-based oral peptide formulations requires systematic 
evaluation using complementary in vitro and in vivo models. The selection of 
appropriate models, and an understanding of their limitations, is essential for 
successful translation to clinical outcomes. 

 In vitro models 
Caco-2 cells are a human colorectal adenocarcinoma-derived cell line, and 
when cultured on permeable filter supports for 21–24 days, differentiate into 
polarised monolayers that express tight junctions, brush-border enzymes, and 
efflux transporters. They are therefore among the most widely used in 
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vitro models for assessing intestinal permeability (118). As demonstrated in 
this thesis, however, Caco-2 monolayers have limited capacity for epithelial 
recovery following exposure to high permeation-enhancer concentrations and 
lack the vascular sink conditions present in vivo. These limitations restrict 
their utility for sustained evaluation of PE concentrations that may be locally 
relevant in the intestinal lumen (110). Despite the relatively long culture pe-
riod, Caco-2 models can support moderate-throughput screening and contrib-
ute to the 3R principles by reducing the need for animal experiments (119). 
However, they lack a protective mucus layer and physiological flow, often 
exhibit tighter paracellular junctions than the human small intestine, and can-
not reproduce normal tissue-repair processes. Nevertheless, Caco-2 monolay-
ers remain useful for initial screening of PE activity and cytotoxicity. 

Intestinal tissue mounted in Ussing chambers provides an ex vivo model 
that retains native tissue architecture, including the epithelium, mucus, lamina 
propria, submucosa, and muscular layers. Tissue segments are typically ob-
tained from rats, pigs, or humans (120). Electrical parameters, including po-
tential difference and transepithelial electrical resistance (TEER), can be mon-
itored to assess tissue functional integrity during experiments. Although 
Ussing chambers preserve native epithelial structure and mucus, the absence 
of vascular perfusion may result in ischaemia and progressive loss of tissue 
viability. In addition, these studies are relatively low throughput and require 
specialised technical expertise. 

Higher-throughput tissue-explant platforms have been developed to ad-
dress some of these limitations. For example, Vivtex’s GI-ORIS® is a robot-
ically controlled system using porcine gastrointestinal tissue explants that is 
designed to screen large numbers of formulations and has been reported to 
provide improved prediction of human oral absorption relative to Caco-2 
Transwell systems (121). Nevertheless, excised tissue has limited capacity for 
epithelial recovery compared with living tissue in vivo, and its viability pro-
gressively declines during prolonged exposure to permeation enhancers (110). 

In vivo models 
Rat intraduodenal instillation: Anaesthetised rats with surgically cannulated 
intestinal segments enable direct administration of peptide–PE admixtures to 
the small intestine. Bile-duct cannulation can be used to examine the contri-
bution of bile to absorption by diverting bile from the duodenum. This is par-
ticularly relevant in rats, which lack a gallbladder and therefore exhibit con-
tinuous biliary secretion into the intestine. The model enables estimation of 
absolute bioavailability and characterisation of cumulative absorption 
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kinetics(98,122). Blood sampling over 2 h is intended to capture the short ab-
sorption window typically associated with PE-based formulations. 
Large-animal models: Beagle dogs are widely used in preclinical pharmaco-
kinetic studies. However, fasted gastric pH in dogs is generally higher than in 
humans, with reported values of approximately pH 4.0–6.5 compared with pH 
1.5–2.0 in humans. Pharmacological pretreatment with pentagastrin or intra-
gastric administration of hydrochloric acid may therefore be used to achieve 
gastric conditions more representative of the fasted human stomach(123,124).  

Pigs are commonly used as translational models for oral absorption because 
they share several anatomical and physiological gastrointestinal characteris-
tics with humans (125). Endoscopic administration into the proximal small 
intestine, as applied in Paper I, enables controlled assessment of peptide ab-
sorption while reducing variability associated with gastric emptying, intestinal 
transit, and feeding behaviour (126). However, the potential effects of anaes-
thesia on gastrointestinal motility and absorption should be considered when 
interpreting data from such studies. 

Biophysical characterisation of peptide formulations 
and peptide-PE or peptide cell-membrane interactions 
Proton NMR fundamentals relevant to surfactant and peptide 
systems 
Proton (¹H) NMR spectroscopy exploits the magnetic properties of hydrogen 
nuclei to probe the chemical environment and molecular dynamics of species 
in solution. In a static magnetic field, 𝐵%, protons precess at the Larmor fre-
quency, 𝜔% = 𝛾𝐵%, where 𝛾 is the gyromagnetic ratio of the ¹H nucleus 
(𝛾/2𝜋 = 42.57 MHz T⁻¹) (127). Local electronic shielding modifies the res-
onance frequency of each proton, giving rise to chemical shifts that are sensi-
tive to the surrounding molecular environment. 

Resonances arising from functional groups within the PE, peptide back-
bone, and peptide side chains can occur at characteristic positions in the ¹H 
NMR spectrum. This enables molecular components within multicomponent 
systems to be distinguished without isotopic labelling or extrinsic probes 
(127,128). Such chemical selectivity supports the use of ¹H NMR to investi-
gate PE self-assembly and peptide–PE interactions. During micellization, the 
transition of a surfactant from an aqueous environment into hydrophobic ag-
gregates can produce chemical-shift changes that enable estimation of the crit-
ical micelle concentration (CMC) (128,129). In peptide-containing systems, 
changes in aromatic and amide resonance line shapes may reflect altered local 
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mobility or chemical exchange and can therefore provide evidence of peptide–
PE association(74). 

Diffusion NMR: Physical Basis and the Measurement of 
Translational Self-Diffusion 
Translational self-diffusion describes the thermally driven random motion of 
molecules in a fluid in the absence of concentration gradients. In an isotropic, 
homogeneous liquid, the mean-square displacement, (𝑟&), is related to the 
translational self-diffusion coefficient, 𝐷, by the Einstein relation:  
 
(r²) = 6Dt                                                      (Equation 1) 
 
Where t is the observation time. The magnitude of the translational self-

diffusion coefficient, 𝐷, is governed by molecular size, shape, and solvent vis-
cosity. Typical values range from approximately 10'( m² s⁻¹ for small mole-
cules to 10'))–10')& m² s⁻¹ for larger assemblies (127). Self-diffusion coef-
ficients therefore provide information on the effective hydrodynamic size of a 
diffusing species and its state of molecular association. The hydrodynamic ra-
dius, 𝑅*, of a micelle, peptide monomer, or co-assembly can be estimated 
from 𝐷 using the Stokes–Einstein relation (130): 

 
𝑅* =

+!,
-./0

                                                      (Equation 2) 

 
where 𝑘1 is the Boltzmann constant, 𝑇 is the temperature, and 𝜂 is the sol-

vent viscosity. This relation assumes a spherical diffusing species in a contin-
uous medium and provides an effective equivalent sphere radius. 

Pulsed Field Gradient Stimulated Echo with Bipolar Gradients (PFG-STE-BP) 
Pulsed-field-gradient (PFG) NMR measures self-diffusion by spatially encod-
ing nuclear-spin phases using a pair of magnetic-field gradient pulses (128). 
In the Stejskal–Tanner experiment, the first gradient pulse encodes the posi-
tions of nuclear spins. During the diffusion interval, Δ, molecules undergo 
Brownian motion, after which a second gradient pulse attempts to refocus the 
encoded spin phases. Molecular displacement during this interval results in 
incomplete refocusing and attenuation of the NMR signal, as described by the 
Stejskal–Tanner equation: 
 

2(#)
2(%)

= exp ?−𝛾&𝑔&𝛿& CΔ− 3
4
D𝐷E                   (Equation 3) 
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where S(g) is the signal intensity at gradient strength g, S(0) is the unatten-
uated intensity, γ is the gyromagnetic ratio, g is the gradient strength, δ is the 
gradient pulse duration, and Δ is the diffusion time, and 𝐷 is the translational 
self-diffusion coefficient (127,131).  

The diffusion coefficient is determined by systematically increasing the 
gradient strength, 𝑔, while maintaining the remaining experimental parame-
ters constant, and fitting the resulting mono-exponential signal attenuation or 
echo decay. Because PFG NMR is frequency resolved, Fourier transformation 
of the echo separates individual spectral components. Diffusion coefficients 
can therefore be measured simultaneously for multiple chemically distin-
guishable species within a single mixture (127,132). 

For surfactant micelles, peptide aggregates, and other slowly tumbling spe-
cies, the transverse relaxation time, 𝑇&, may be substantially shorter than the 
longitudinal relaxation time, 𝑇). Under these conditions, conventional spin-
echo experiments can exhibit considerable signal loss during long diffusion 
intervals. The stimulated-echo (STE) sequence, comprising three 90° radiof-
requency pulses, addresses this limitation by storing magnetisation along the 
longitudinal axis for most of the diffusion interval Δ. Magnetisation then de-
cays predominantly according to the slower 𝑇) relaxation process rather 
than 𝑇&, enabling the use of longer diffusion times and measurement of the 
lower diffusion coefficients characteristic of large assemblies (132–134).  

Rapid switching of intense magnetic-field gradients can also induce eddy 
currents in conducting probe components, producing residual magnetic fields 
that cause phase errors and spurious signal attenuation. Bipolar gradient pairs, 
comprising two gradient lobes of equal magnitude and opposite polarity sep-
arated by a 180° radiofrequency pulse, reduce these artefacts while preserving 
spatial encoding (132). The combined pulsed-field-gradient stimulated-echo 
sequence with bipolar gradient pairs (PFG-STE-BPP) therefore provides en-
hanced sensitivity for slowly diffusing species together with effective eddy-
current suppression. This approach is suitable for measurements spanning 
monomeric species with nanometre-scale dimensions, micellar assemblies of 
approximately 2–4 nm, and larger peptide–enhancer co-assemblies examined 
in this thesis. 

Surfactant micellization and peptide self-assembly 
Above a characteristic concentration, commonly termed the critical micelle 
concentration (CMC), surfactant monomers self-assemble into aggregates in 
which hydrophobic alkyl chains are shielded from the aqueous environment. 
The CMC is an operational measure of the onset of appreciable micelle for-
mation and is often identified from changes in solution properties, including 
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surface tension, conductivity, and NMR chemical shifts (135). The size and 
morphology of surfactant aggregates depend on molecular geometry, ionic 
strength, temperature, pH, and the presence of co-solutes (136). 

Diffusion NMR can be used to estimate the CMC and characterise surfac-
tant aggregation in solution. This approach exploits the substantial difference 
between the self-diffusion coefficient of monomeric surfactant, 𝐷5676, and 
that of surfactant incorporated into micellar aggregates, 𝐷589. Free C10 mon-
omers in dilute aqueous solution diffuse at rates typical of small molecules, 
approximately 5–6 × 10')% m² s⁻¹, whereas micellised C10 diffuses more 
slowly at a rate determined by the hydrodynamic size of the aggregate, typi-
cally on the order of 10')) m² s⁻¹ or lower (128). When exchange between 
monomeric and micellised states is fast on the NMR timescale, the observed 
self-diffusion coefficient represents a population-weighted average: 

 
𝐷obs = 𝑝mono𝐷mono + 𝑝mic𝐷mic                         (Equation 4)  
 
where 𝑝mono and 𝑝mic are the fractions of monomer and micellised surfac-

tant and 𝐷mono and 𝐷mic are their respective diffusion coefficients.  
The two-state exchange model provides a framework for analysing diffu-

sion NMR data from surfactant solutions. Below the CMC, the observed dif-
fusion coefficient remains practically high because surfactant is predomi-
nantly present as monomers. As the total surfactant concentration increases 
beyond the CMC, an increasing fraction is incorporated into more slowly dif-
fusing micellar aggregates, resulting in a progressive decrease in the observed 
diffusion coefficient (128,134). A plot of Dobs against total surfactant concen-
tration may therefore show a transition region from which an apparent CMC 
and the diffusion coefficient of the aggregated surfactant population can be 
estimated. The latter can be used to estimate an effective hydrodynamic size 
of the aggregates (74,137). 
Diffusion NMR is also well suited to characterising peptide self-assembly be-
cause the measured diffusion coefficient is sensitive to the effective hydrody-
namic size of the diffusing species. Oligomerisation or self-association gener-
ally reduces the apparent diffusion coefficient because larger assemblies dif-
fuse more slowly than peptide monomers. Comparison of experimentally de-
rived peptide diffusion coefficient with values measured for peptide-PE 
admixtures, can provide evidence of peptide-PE interactions. Such infor-
mation is important for defining the solution states of peptides and PEs in co-
formulations containing both components. 
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Circular Dichroism (CD) Spectroscopy 
Circular dichroism spectroscopy measures the differential absorption of left- 
and right-circularly polarised light by chiral chromophores. In the far-UV re-
gion, approximately 190–250 nm, CD spectra primarily reflect 𝑛 →
𝜋∗ and 𝜋 → 𝜋∗ electronic transitions associated with peptide-bond amide 
chromophores, although aromatic side chains may also contribute. Backbone 
geometry, including the 𝜙 and 𝜓 dihedral angles, determines the relative ori-
entation of amide transition dipoles; consequently, different secondary-struc-
ture elements produce characteristic ellipticity signatures. An α-helix typically 
exhibits negative minima near 208 and 222 nm and a strong positive band near 
193 nm. A β-sheet typically displays a negative minimum near 218 nm and a 
positive band near 195 nm, whereas disordered or random-coil-like confor-
mations exhibit a pronounced negative minimum near 198 nm (138).  

Ellipticity is commonly reported as mean residue ellipticity, which normal-
ises the signal for peptide concentration, optical path length, and residue num-
ber, enabling comparisons among peptides of different lengths. Although CD 
does not provide residue-specific structural information, it is sensitive to 
changes in population-averaged secondary-structure composition. It is there-
fore well suited to detecting conformational changes induced by solvent com-
position, ionic strength, and co-solutes, including surfactant-like permeation 
enhancers. 

Small-Angle X-ray Scattering (SAXS) 
Small-angle X-ray scattering (SAXS) measures elastic X-ray scattering aris-
ing from electron-density contrast within a sample. In this thesis, measure-
ments were obtained over a momentum-transfer range of approxi-
mately 0.004 < 𝑞 < 0.4	Å

')
,  

 
where: q = #.

;
𝑠𝑖𝑛𝜃                         (Equation 5) 

 
Here, 𝜆 is the X-ray wavelength and 2𝜃 is the scattering angle. The angular 

dependence of the scattering intensity, 𝐼(𝑞), provides information on the size, 
shape, and internal electron-density distribution of dispersed particles over 
length scales of approximately 1–50 nm. SAXS is therefore well suited to 
characterising peptide oligomers, surfactant aggregates, and mixed peptide–
surfactant co-assemblies in solution. 

Analysis of the low-𝑞 Guinier region yields the radius of gyration, 𝑅<, an 
electron-density-weighted measure of the spatial distribution of scattering ma-
terial around the particle centre. Indirect Fourier transformation 
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of 𝐼(𝑞) provides the pair-distance distribution function, 𝑃(𝑟), from which an 
estimated maximum particle dimension, 𝐷5=>, can be obtained (139,140). 
When combined with the hydrodynamic radius, 𝑅*, determined independently 
by diffusion NMR, the ratio 𝜌 = 𝑅</𝑅* can provide an indication of particle 
shape and compactness. Its interpretation depends on sample monodispersity 
and the assumptions underlying each measurement. For a homogeneous 
sphere, 𝜌 is expected to approximate X3/5 ≈ 0.775, whereas larger values 
may indicate elongated or less densely packed structures (141,142). SAXS 
measurements in this thesis were performed at beamline B21 of Diamond 
Light Source (143). Together with CD spectroscopy and diffusion NMR, 
SAXS provides complementary information on global particle size, shape, and 
electron-density distribution that cannot be obtained from either secondary-
structure analysis or hydrodynamic measurements alone. 

Quartz Crystal Microbalance with Dissipation Monitoring 
(QCM-D) 
QCM-D exploits the thickness-shear-mode resonance of an AT-cut piezoelec-
tric quartz crystal to monitor, in real time, the acoustically coupled mass and 
mechanical properties of thin films at the sensor surface. The measured mass 
includes associated water. Adsorption of material decreases the resonance fre-
quency (Δ𝑓 < 0), whereas viscoelastic energy dissipation within the adsorbed 
layer dampens crystal oscillation and increases the dissipation factor (Δ𝐷). 

For thin, rigid, laterally homogeneous films that are firmly coupled to the 
sensor, the frequency shift is proportional to areal mass according to the Sau-
erbrey relation. Under such conditions, normalised frequency shifts from mul-
tiple overtones, such as the fifth, seventh, and ninth, overlap, supporting the 
applicability of the Sauerbrey model (144,145). In contrast, soft, hydrated, or 
structurally heterogeneous layers produce overtone-dependent frequency 
shifts and increased dissipation, indicating that the Sauerbrey approximation 
is not applicable. In these cases, a Voigt-type viscoelastic model can be fitted 
to multi-overtone data to estimate layer thickness, shear viscosity, and shear 
elastic modulus (146,147). The combined analysis of Δ𝑓 and Δ𝐷 therefore 
distinguishes rigid mass adsorption from hydrated, mechanically soft interfa-
cial states (148,149). 

In this thesis, QCM-D was used to characterise interactions between the 
GLP-1 analogues, their C10-containing formulations, and supported POPC 
bilayers formed on silica-coated sensors using a vesicle-fusion protocol based 
on that described by Cho et al.(147,150).  
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Molecular Dynamics Simulations 
Molecular-dynamics (MD) simulations are computational methods that follow 
the time evolution of interacting particles by numerically integrating New-
ton’s equations of motion within a classical force-field framework. The forces 
acting on atoms are obtained from the gradient of a potential-energy function 
defined by the selected force field. This empirical function typically separates 
the total potential energy into bonded and non-bonded contributions (151). 

The bonded contribution accounts for the covalent connectivity of the mol-
ecule. Bond stretching and angle bending are each represented by a harmonic 
potential, (151) 
𝑈?@ABC 	= 	∑ 𝑘?(𝑟	 −	𝑟%)&?@ABC                            (Equation 6) 
 
𝑈$A<DEC 	= 	∑ 𝑘F(𝜃	 −	𝜃%)&$A<DEC                            (Equation 7) 
 
while rotations about the bonds (torsions) are captured by a periodic dihe-

dral term, 
 
𝑈BG*EBH$DC 	= 	∑ 𝑘I[1	 + 	𝑐𝑜𝑠(𝑛𝜑	 − 	𝛿)]BG*EBH$DC  (Equation 8) 
 
where kb, kθ and kφ are the corresponding force constants, r and θ are the 

bond length and angle, r0 and θ0 are the equilibrium bond length and angle, n 
is the periodicity and δ is the phase. The three terms sum to the total bonded 
energy, 

 
𝑈?@ABEB 	= 	𝑈?@ABC 	+ 	𝑈$A<DEC 	+ 	𝑈BG*EBH$DC (Equation 9) 
 
The non-bonded contribution comprises the van der Waals interactions, 

modelled by the Lennard-Jones potential, and the electrostatic interactions, 
described by Coulomb’s law, 

𝑈A@A'?@ABEB 	= 	∑ 4𝜀GJ de
K&'
H&'
f
)&
	− 	e

K&'
H&'
f
-
gGLJ 	+ 	∑ M&M'

#.N%H&'GLJ 				(Equa-

tion 10) 
 
where εij and σij are the Lennard-Jones well depth and collision diameter, 

qi and qj are the partial atomic charges, rij is the distance between atoms i and 
j, and ε0 is the vacuum permittivity. The total potential energy of the system 
is therefore the sum of the bonded and non-bonded terms, 

 
𝑈	 = 	𝑈?@ABEB 	+ 	𝑈A@A'?@ABEB                     (Equation 11) 
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The equations of motion are then integrated in small time steps (typically 
1–2 fs for all-atom models) to generate a trajectory, from which the structural, 
thermodynamic and dynamic properties of the system are obtained. 

MD simulations are valuable for investigating molecular-level interactions 
among peptides, excipients, ions, and lipid membranes. All-atom MD (AA-
MD) simulations have been used to examine aggregation of diverse peptides, 
including amyloid-β variants (Aβ40 and Aβ42), shorter amyloid fragments, 
and gonadotropin-releasing hormone analogues such as cetrorelix, ozarelix, 
and D-Phe-GnRH (152–154). These studies have reproduced or rationalised 
reported differences in peptide aggregation propensity by accounting for se-
quence length, charge state, and hydrophobicity. For example, simulations 
have suggested that Aβ42 oligomerisation involves a transition from random-
coil-like to β-sheet-rich conformations in aqueous solution (154) and have 
identified hydrophobic residues and hydrogen-bonding patterns that influence 
aggregation among structurally related decapeptides (153). 

AA-MD simulations have also been used to investigate interactions be-
tween human insulin and sulphate, chloride, and perchlorate ions at different 
concentrations, demonstrating that insulin stability depends on both ion iden-
tity and ionic concentration (155). In another study, peptides with different 
structures and sizes, including octreotide, hexarelin, degarelix, and insulin, 
were examined in the presence of bile salts and the permeation enhancers C10 
and SNAC (156). This work identified inter-residue contacts associated with 
peptide aggregation, as well as interactions between peptide residues, perme-
ation enhancers, and taurocholate molecules that may influence the formation 
of mixed colloidal assemblies. 

However, AA-MD models, in which all atoms are represented explicitly, 
are computationally demanding for large systems and have extended simula-
tion times. This limits their ability to access length scales greater than approx-
imately 40–50 nm and time scales beyond approximately 1 µs using conven-
tional simulation approaches. Such scales may be required to investigate 
larger-scale processes, including the interactions of structurally related, chem-
ically modified peptides with cell membranes. Coarse-grained (CG) MD sim-
ulations address this limitation by representing groups of atoms as interaction 
beads and have been used to investigate drug–membrane and drug–PE inter-
actions over longer time and length scales (157,158). These studies suggest 
that permeation enhancers can associate with lipid bilayers in distinct ways; 
for example, C10 may partition into the membrane interior, whereas SNAC 
may preferentially associate with the membrane surface in selected simulation 
models (97). 
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In this thesis, a multiscale simulation approach was used to investigate the 
GLP-1 peptide analogues. AA-MD simulations were used to characterise in-
teractions between the analogues and C10 molecules, whereas CG-MD simu-
lations were used to examine peptide interactions with a model cell membrane 
over longer time scales. 
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Aims of the thesis  

This thesis addresses the following central questions: 
 
1. How well do commonly used in vitro permeability models, including 

Caco-2 monolayers and intestinal tissue mounted in Ussing chambers, 
predict in vivo PE-mediated peptide absorption? Are there limitations 
in translating findings from these models to intestinal absorption in 
vivo? 

2. How do the physicochemical properties of GLP-1 analogues, particu-
larly their lipidation pattern and backbone modification, influence lu-
minal enzymatic stability and intestinal absorption when co-formu-
lated with C10? 

3. What molecular and colloidal mechanisms underlie differences in in-
testinal absorption among structurally related GLP-1 analogues? Spe-
cifically, how does peptide self-assembly, C10 self-assembly under 
alkaline and near-neutral conditions, and peptide–C10 co-assembly 
influence the unbound peptide fraction available for epithelial 
transport? 

4. Do peptide interactions with cell membranes contribute to intestinal 
absorption, and how does peptide lipidation and backbone modifica-
tion influence interactions with the intestinal epithelium? 
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Methods 

In vitro permeability and biopharmaceutical  
profiling models 
Caco-2 cell monolayer studies 
Cell culture and seeding: Caco-2 cells were seeded at a density 
of 7.4 × 10# cells per well onto polyester Transwell® inserts (0.4-µm pore 
size; 6.5-mm diameter) in 24-well plates. Cells were cultured for 21–24 days 
in supplemented Dulbecco’s Modified Eagle Medium (DMEM). Monolayer 
integrity was assessed by transepithelial electrical resistance (TEER) meas-
urement before use, while confluence was monitored through routine cell-cul-
ture quality-control procedures. 

Buffer preparation: The basolateral receiver buffer comprised Hank’s Bal-
anced Salt Solution (HBSS) supplemented with 25 mM HEPES and adjusted 
to pH 7.4. The apical donor buffer comprised HBSS supplemented with 27 
mM 2-(N-morpholino)ethanesulfonic acid (MES) and adjusted to pH 6.5. 

Transport experiments: Before transport experiments, DMEM was re-
placed with prewarmed transport buffer, and the plates were equilibrated for 
30 min at 37 °C and 95% relative humidity. TEER was measured before and 
after replacement of the culture medium with HBSS to confirm monolayer 
integrity. Transport experiments were initiated by replacing the apical buffer 
with 200 µL of test formulation containing FITC-dextran 4000 (FD4; 1 mM) 
and MEDI7219 (0.1 mM). The test compounds were co-formulated with C10 
at concentrations of 0, 2.5, 5, 10, 25, or 150 mM, with all donor formulations 
adjusted to pH 6.5. The basolateral compartment contained 800 µL of receiver 
buffer. Plates were incubated in a temperature-controlled plate shaker at 37 °C 
with orbital shaking at 500 rpm. 

Sampling and analysis: Receiver samples (50 µL) were collected every 15 
min during the first hour and every 30 min thereafter until 150 min. Each sam-
pled volume was immediately replaced with an equivalent volume of fresh, 
prewarmed HBSS. Apical donor samples were collected at 0- and 150-min. 
TEER was measured at the end of the experiment and expressed as a percent-
age of the baseline value. 
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FD4 concentrations were determined in 100-fold diluted donor samples and 
undiluted receiver samples by fluorescence measurement using an iD3 Spec-
traMax plate reader (Molecular Devices), with excitation and emission wave-
lengths of 490 and 528 nm, respectively. Calibration standards were prepared 
in HBSS, and background fluorescence was subtracted before quantification. 

Ussing chamber permeability studies 
Excised rat jejunal tissue segments were used in Ussing chamber experiments 
as ex vivo intestinal barrier model. C10 was prepared in Krebs–bicarbonate 
Ringer solution (KBR) at concentrations of 25 or 150 mM and adjusted to pH 
7.3. FITC-dextran 4000 (FD4; 1 mM) and MEDI7219 (0.1 mM) were dis-
solved in the respective donor solutions immediately before the experiments. 
For MEDI7219-containing formulations, Solutol was added to the donor so-
lution at 0.01% (v/v) to minimise non-specific binding. The receiver solution 
consisted of KBR for FD4 experiments and KBR supplemented with 0.5% 
(w/v) bovine serum albumin (BSA) for MEDI7219 experiments. All dosing 
solutions were mixed and prewarmed to 37 °C before use. 

Potential difference (PD), short-circuit current (𝐼O9), and transepithelial 
electrical resistance (TEER) were monitored at 5-min intervals throughout the 
experiments. PD was used as an indicator of active epithelial ion transport and 
tissue functional integrity. 

FD4 and MEDI7219 were evaluated in the presence of C10 at 25 or 150 
mM using four exposure conditions: buffer control, 10-min C10 pretreatment 
followed by washout, 60-min C10 exposure, and continuous 150-min C10 ex-
posure. All tissues except buffer controls received C10 on the mucosal side 
for an initial 10-min pretreatment. In the 60-min exposure group, the donor 
solution was replaced after 60 min with prewarmed drug solution containing 
FD4 or MEDI7219 at the original concentration but without C10. 

Samples were collected from both mucosal and serosal compartments at 0, 
60, 90, 120, and 150 min, with additional serosal samples collected at 30 and 
135 min. For FD4 analysis, 50 µL and 10 µL samples were collected from the 
receiver and donor compartments, respectively, for fluorometric quantifica-
tion. For MEDI7219 analysis, 50 µL mucosal and 100 µL serosal samples 
were collected into low-protein-binding plates and immediately precipitated 
with three volumes of ice-cold acetonitrile/methanol (1:1, v/v) containing 10 
nM internal standard and 8 nM formic acid. Samples were subsequently ana-
lysed by LC–MS/MS. 
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Pancreatin stability assay 
Orally administered peptide drugs must remain intact within the proteolytic 
environment of the intestinal lumen before reaching the epithelial barrier. Pan-
creatin, a mixture of digestive enzymes including amylase, lipase, and prote-
ases such as trypsin and chymotrypsin, was used to model luminal enzymatic 
conditions. 

The enzymatic stability of semaglutide and MEDI7219 was evaluated us-
ing peptide stock solutions (8 mg mL⁻¹) prepared in simulated intestinal fluid 
(SIF; pH 6.5) with or without 300 mM C10. Peptide solutions were mixed 1:1 
(v/v) with freshly prepared, pre-equilibrated pancreatin solution in SIF (2.5 mg 
mL⁻¹; 8× USP specification) to initiate digestion. The final reaction mixture 
contained peptide at 4 mg mL⁻¹, pancreatin at 1.25 mg mL⁻¹, and, where appli-
cable, C10 at a final concentration of 150 mM, in a total volume of 1.5 mL. 

Samples were incubated at 37 °C with shaking at 100 rpm. Aliquots (200 
µL) were withdrawn after 10, 30, 45, 60, and 90 min and immediately 
quenched with 600 µL ice-cold methanol/acetonitrile (1:1, v/v) containing 
0.1% formic acid to arrest proteolysis. Samples were centrifuged at 4,000 rpm 
for 20 min at 4 °C to pellet precipitated enzymes and other solids. Subse-
quently, 200 µL of supernatant was collected and analysed by LC–MS to de-
termine the percentage of intact peptide remaining. 

Chromatographic Log D (ChromLogD) and experimental polar 
surface area (ePSA) 
Conventional octanol/water distribution coefficients (log𝐷!.#) can be difficult 
to determine directly for lipidated peptides because of limited solubility in one 
or both phases and slow equilibration kinetics. ChromLogD provides a chro-
matographic estimate of hydrophobicity based on reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC) retention, calibrated against refer-
ence standards. Experimental polar surface area (ePSA) is an empirical chro-
matographic descriptor of exposed molecular polarity, determined from inter-
actions with a polar stationary phase, typically using supercritical fluid 
chromatography or polar HPLC. 

Lower ePSA values are often associated with greater exposed lipophilicity 
and may correlate with membrane permeability within related compound se-
ries (46).  

 ChromLogD and ePSA values were determined using chromatographic 
methods calibrated against reference standards. For ChromLogD measure-
ments, peptide samples (1 µM in acetonitrile/water, 50:50, v/v) were separated 
on a reversed-phase Waters ACQUITY UPLC® BEH C18 column (1.7 µm, 
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2.1 mm × 50 mm). A 2.2-min linear gradient from 0.1% to 99.9% mobile 
phase B was applied, where mobile phase B comprised 10 mM ammonium 
acetate in acetonitrile/water (95:5, v/v). The flow rate was 1 mL min⁻¹, and 
the column temperature was maintained at 40 °C. 

For ePSA measurements, peptide samples were prepared at approximately 
1 mM in dimethyl sulfoxide and analysed using a polar Phenomenex Chirex 
3014 column (4.6 mm × 50 mm, 5 µm). Supercritical CO₂ was used as mobile 
phase A, and 20 mM ammonium formate in methanol was used as mobile 
phase B. A 0.1–60% mobile-phase-B gradient was applied over 4 min at a 
flow rate of 1 mL min⁻¹ and a column temperature of 40 °C. 

Mass-spectrometric retention times from both chromatographic systems 
were extracted using Waters TargetLynx software. Data were subsequently 
processed using an in-house Python application that applied linear-regression 
calibration curves generated from reference standards with literature-derived 
or internally assigned log𝐷!.# and ePSA values, as described by Santisteban-
Valencia et al. (159).  

Preclinical In Vivo Absorption Studies 
Rat intraduodenal (ID) instillation and intravenous (IV) 
administration models 
All rat studies were approved by the local ethics committee for animal re-
search in Gothenburg, Sweden under two separate ethical approvals. Study 
Cohort 1, used in Paper I, was approved under ethical approval ID 1995 on 5 
December 2018. Study Cohort 2, used in Paper II, was approved under ethical 
approval ID 05935 on 6 December 2023. Male Wistar Han rats were used in 
all studies. The mean body weight was 303 g (range, 235–364 g) for Cohort 1 
and 285 g (range, 226–365 g) for Cohort 2. 

The rats were housed at 21 °C and 50% relative humidity under a 12-h 
light/dark cycle. Following a 5-day acclimatisation period with ad libitum ac-
cess to food and water, rats were fasted overnight for a maximum of 16 h in 
grid cages, with free access to water and 5% glucose solution. 

Anaesthesia was induced with 3% isoflurane. The rats were transferred to 
a preheated preparation table, where the fur over the neck and lower ab-
dominal regions was shaved and the skin disinfected using a Descutan® 4% 
sponge (Fresenius Kabi, Uppsala, Sweden). The rats were then wrapped in 
plastic film and transferred to a preheated operating table. Anaesthesia was 
maintained with 3% isoflurane in an air/oxygen mixture throughout the pro-
cedure. 
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A polyurethane catheter was inserted into the left carotid artery to enable 
serial blood sampling and continuous monitoring of blood pressure and heart 
rate. The catheter was maintained with a saline infusion containing 20.6 mM 
sodium citrate, administered at 10 µL min⁻¹ to maintain hydration and prevent 
clot formation. A midline laparotomy was performed to expose the duodenum. 
A catheter was inserted into the common bile duct to divert bile from the du-
odenum. 

A gastric puncture was made using a 20-gauge needle approximately 1 cm 
proximal to the pyloric sphincter. A soft polyurethane catheter was inserted 
through the puncture and advanced into the small intestine until its tip was 
positioned approximately 4 cm distal to the pylorus. The intestinal catheter 
was secured to the stomach with a suture, and a ligature was placed at the 
pylorus to minimise reflux of the formulation into the stomach and passage of 
gastric contents into the duodenum. A temperature probe was placed in the 
abdominal cavity before closure of the laparotomy. Body temperature was 
maintained at approximately 37 °C using a heating lamp regulated by feed-
back from the internal temperature probe. Following surgery, animals under-
went a 30-min stabilisation period before dosing to allow haemodynamic and 
temperature parameters to stabilise. 

Formulations were stirred for 2 h at room temperature before administra-
tion to allow equilibration of colloidal structure. A baseline blood sample was 
collected immediately before dosing. Peptide formulations or peptide–C10 ad-
mixtures were administered as a rapid intraduodenal bolus of 0.8 mL over 5 
s. The catheter dead volume of 0.1 mL was accounted for during dosing. 

In Paper I, formulations contained FD4 at 12.5 mg mL⁻¹ (3 mM) or 
MEDI7219 at 1.25 mg mL⁻¹ (0.3 mM), co-formulated with C10 at 0, 50, or 
300 mM in maleate buffer at pH 6.5. The total administered volume was 0.8 
mL. In Paper II, 1.25mg/mL of peptide (J211, J229, semaglutide, and 
MEDI7219) was administered in the absence and presence of 300 mM C10. 
MEDI7219 absorption in the presence of C10 was additionally examined in 
bile-duct-cannulated and non-bile-duct-cannulated rats. The effect of N-ace-
tylcysteine as a mucolytic co-formulated with C10 was also investigated. 

Animals assigned to intravenous reference groups underwent the same 
preparation up to placement of the left carotid artery catheter; no abdominal 
surgery was performed. Core body temperature was monitored using a rectal 
probe and maintained at approximately 37 °C using the regulated heating-
lamp system. After a corresponding 30-min stabilisation period, intravenous 
peptide formulations were administered by tail-vein injection. The adminis-
tered doses were 5 mg kg⁻¹ FD4, 0.05 mg kg⁻¹ MEDI7219, 0.01 mg kg⁻¹ J211, 
0.05 mg kg⁻¹ J229, and 0.1 mg kg⁻¹ semaglutide. 
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Blood samples were collected at 5, 10, 20, 30, 45, 60, and 120 min after 
intraduodenal or intravenous administration into EDTA-containing tubes. 
Samples were centrifuged immediately at 10,000 𝑔 for 4 min at 4 °C. Plasma 
was transferred to fresh tubes and stored at −80 °C until bioanalysis. Plasma 
FD4 concentrations were determined by fluorescence emission using a multi-
mode plate reader (PerkinElmer). Peptide concentrations were quantified by 
LC–MS/MS, and plasma C10 concentrations were quantified by GC–MS/MS. 

In vivo study using endoscopic administration to pig intestine 
The large-animal study protocol was reviewed and approved by the local eth-
ics committee for animal research in Gothenburg, Sweden (ethical approval 
ID 2321; approved 30 October 2019). Adult female Göttingen minipigs were 
included, with a mean body weight of 20.2 kg (range, 19.0–21.6 kg). Two 
days before dosing, straw bedding was removed from the housing pens, and 
the standard solid diet was replaced with a liquid diet to reduce gastric partic-
ulate content and facilitate endoscopic visualisation of the pylorus. 

Intravenous reference pharmacokinetic data were first generated to enable 
estimation of MEDI7219 bioavailability after intestinal administration. Under 
general anaesthesia, pigs received an intravenous bolus of MEDI7219 at 0.01 
mg/kg. The intravenous formulation contained MEDI7219 at 0.2 mg/mL in 
50 mM sodium phosphate buffer supplemented with 240 mM sorbitol and 
0.02% poloxamer, adjusted to pH 7.5. Animals underwent a one-week wash-
out period before intestinal dosing. 

Intestinal administration was performed under general anaesthesia induced 
and maintained with inhaled isoflurane. A flexible endoscope equipped with 
an internal spray catheter (Olympus Medical Systems Corp., Tokyo, Japan) 
was advanced through the oesophagus and stomach into the proximal small 
intestine. After positioning the catheter approximately 15 cm distal to the py-
lorus, a 10-mL bolus of test formulation was delivered into the intestinal lu-
men adjacent to the mucosal surface. The formulation contained MEDI7219 
at 0.5 mg/mL (115 µM) and C10 at 50 mg/mL (257 mM) in maleate buffer 
adjusted to pH 6.5. Following administration, the endoscope was withdrawn 
and animals were allowed to recover fully in their pens. 

Venous blood samples were collected at predefined intervals after admin-
istration into EDTA-containing collection tubes. Samples were centrifuged at 
1,700 𝑔 and 4 °C for 10 min to isolate plasma. Intact MEDI7219 concentra-
tions in pig plasma were quantified using the validated LC–MS/MS method 
described previously (110).  



 46 

Bioanalytical methods 
Analysis of in vitro Caco-2 and Ussing chamber samples 
MEDI7219 concentrations in samples from Caco-2 monolayer and Ussing 
chamber experiments were quantified by LC–MS/MS. Following protein pre-
cipitation and centrifugation, as described previously (110), apical donor sam-
ples were diluted 60-fold and serosal or basolateral receiver samples were di-
luted 4- to 6-fold. This dilution procedure ensured that the final organic sol-
vent composition before column loading was maintained within 50–75% ace-
tonitrile/methanol (1:1, v/v). 

LC–MS/MS analysis was performed using an ACQUITY UPLC I-Class 
system coupled to a Xevo TQ-S mass spectrometer (Waters Corp., Milford, 
MA, USA). Chromatographic separation was achieved on a Waters AC-
QUITY UPLC HSS T3 column (50 mm × 2.1 mm, 1.8 µm). Mobile phase A 
comprised 0.1% formic acid in water, and mobile phase B comprised 0.1% 
formic acid in acetonitrile. The gradient was programmed from 96% mobile 
phase A and 4% mobile phase B to 5% mobile phase A and 95% mobile phase 
B over 1.5 min, followed by an isocratic hold at 5% mobile phase A for 50 s. 
The flow rate was 0.6 mL min⁻¹, and the injection volume was 3 µL. 
MEDI7219 concentrations were determined against calibration standards of 
known analyte concentration. 

FD4 concentrations were determined by fluorescence spectroscopy. Apical 
donor samples were diluted 100-fold, whereas basolateral and serosal receiver 
samples were analysed without dilution. Samples were transferred to black, 
low-binding 96-well plates (Corning) and analysed using an iD3 SpectraMax 
plate reader (Molecular Devices, San Jose, CA, USA) at excitation and emis-
sion wavelengths of 490 and 528 nm, respectively. Calibration standards were 
prepared freshly in matrix-matched buffers: KBR for Ussing chamber samples 
and HBSS for Caco-2 samples. Background fluorescence was measured and 
subtracted from all sample values before concentration determination. 

Plasma bioanalysis for peptide concentrations 
All plasma-sample preparation was performed on wet ice to minimise enzy-
matic degradation. Plasma proteins were removed by organic-solvent precip-
itation. For MEDI7219, J211, and J229, 180 µL of ice-cold acetonitrile/meth-
anol (1:1, v/v) containing 0.2% formic acid was added to 50 µL plasma. For 
semaglutide, 180 µL of ice-cold 95% ethanol containing 0.2% formic acid was 
added to 50 µL plasma. Samples were vortex-mixed for 1 min and centrifuged 
at 4,000 𝑔 for 20 min at 4 °C to pellet precipitated proteins. The supernatants 
were transferred to Protein LoBind microplates (Eppendorf, Hamburg, 
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Germany), diluted 1:1 (v/v) with purified water containing 0.2% formic acid, 
and sealed before LC–MS/MS analysis. Calibration standards were prepared 
by serial dilution of each peptide in species-matched blank plasma. 

Plasma samples were analysed using an ACQUITY Premier system cou-
pled to a Waters triple-quadrupole mass spectrometer. Chromatographic sep-
aration was performed on a Kinetex UPLC Biphenyl column (2.1 mm × 50 
mm, 1.7 µm; Phenomenex, Torrance, CA, USA), maintained at 60 °C. The 
sample manager and sample organiser were maintained at 11 °C. Mobile phase 
A consisted of 1% dimethyl sulfoxide (DMSO) and 0.2% formic acid in puri-
fied water, whereas mobile phase B consisted of 1% DMSO and 0.2% formic 
acid in acetonitrile. 

Analytes were separated using the linear gradient described in detail in Pa-
per II (18), at a flow rate of 0.5 mL/min. Peptides were ionised using positive 
electrospray ionisation and quantified by multiple-reaction monitoring (MRM). 
The optimised precursor charge states, precursor-to-product ion transitions, 
cone voltages, and collision-energy settings are summarised in Table 1. 

 
Table 1. Multiple-reaction-monitoring parameters used for plasma peptide bioanalysis. 

Target 
Peptide 

Charge 
State 

Precur-
sor Ion 
(m/z) 

Product 
Ion (m/z) 

Cone 
Voltage 

(V) 

Colli-
sion En-
ergy (V) 

MEDI7219 [𝑀 + 3𝐻]() 1451.40 255.22 24 78 
J211 [𝑀 + 3𝐻]() 1076.70 223.21 100 70 
J229 [𝑀 + 3𝐻]() 1310.60 255.22 70 80 

Semag-
lutide 

[𝑀 + 3𝐻]() 1371.60 223.20 90 58 

Raw data were back-calculated using linear regression of analyte response 
against calibration-standard concentration, applying a 1/𝑋& weighting factor. 
The validated accuracy and precision of all calibration standards were within 
±20% of their nominal concentrations. The calibration ranges and lower limits 
of quantification (LLOQs) for each analyte are summarised in Table 2. 
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Table 2. Calibration curve ranges, lower limits of quantification for analysed peptides 

Peptide Calibration curve 
range (nM) 

LLOQ 
IV samples 

LLOQ 
ID samples 

MEDI7219 0.4-2500 6.2  1.4  
J211 0.27-200 0.27 0.27 
J229 0.53-1900 0.53 0.53 

Semaglutide 1.8-1000 4.7 1.8 

Biophysical characterization methods 
Preparation of buffers and formulations 
Deuterated phosphate buffer was prepared by dissolving 10 mM monobasic 
potassium phosphate (KH₂PO₄) and 247 mM sodium chloride in deuterium 
oxide (D₂O). Apparent pH values (𝑝𝐻∗) were measured using a glass electrode 
calibrated in H₂O and converted to pD according to the correction described 
by Lumry et al. (160): 

 
𝑝𝐷 = 𝑝𝐻∗ + 0.41   (Equation 12) 

 
where 𝑝𝐻∗ denotes the direct electrode reading in D₂O. 

C10 solutions spanning concentrations of 2.5–150 mM were prepared in deu-
terated phosphate buffer. Peptide formulations were prepared either in deuter-
ated buffer alone or in pre-prepared C10 solutions. Peptide concentrations of 
0.5 or 2.5 mM were used for all NMR experiments. For CD measurements, 
the peptide concentration was 0.25 mg mL⁻¹ to minimise absorbance in the 
far-UV spectral region. 

For NMR experiments conducted under near-neutral biorelevant condi-
tions, formulations were prepared in Fasted-State Simulated Intestinal Fluid, 
version 2 (FaSSIF-V2), prepared in D₂O and adjusted to pD 7.4. Where re-
quired, the pD of each formulation was readjusted after complete peptide dis-
solution to ensure equivalent pD values among corresponding samples. 

NMR spectroscopy and self-diffusion measurements 
All NMR experiments were performed using a Bruker 400 MHz Ultrashield™ 
spectrometer equipped with a diffusion broadband (DiffBB) probe optimised 
for high-power gradient pulses. Samples were analysed in standard 5-mm 
NMR tubes. The sample temperature was calibrated to 25 °C using deuterated 
methanol, and the probe gas flow was set to 400 L/h. 
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One-dimensional ¹H NMR spectra were acquired using a receiver gain of 
101 and 16 scans, with a total acquisition time of 1 min. Raw spectra were 
processed by Fourier transformation, followed by manual phase and baseline 
correction. 

Self-diffusion coefficients, 𝐷, were measured using a pulsed-field-gradient 
stimulated-echo sequence with bipolar gradients (PFG-STE-BP). Signal atten-
uation was fitted to the Stejskal–Tanner equation (Equation 3). Gradient 
strength was increased linearly over 16–32 increments to a maximum of 
428.42 G/cm. The gradient-pulse duration, diffusion interval, and bipolar-gra-
dient delay were set to 𝛿 = 1 ms, Δ = 20 ms, and 𝜏 = 5.62 ms, respectively. 

Spectral processing, peak integration, and diffusion-curve fitting were per-
formed using Dynamics Centre software (Bruker BioSpin, Rheinstetten, Ger-
many). Peptide diffusion coefficients were calculated as the mean of values 
obtained from aromatic resonances between 6.5 and 8.0 ppm. For C10, diffu-
sion coefficients were determined from the intense, well-resolved methylene 
resonance at 1.2 ppm. Hydrodynamic radii, 𝑅*, were calculated from the 
measured self-diffusion coefficients using the Stokes–Einstein relation (Equa-
tion 2), with 𝑇 at 298.2 K, and 𝜂 is the viscosity of  𝐷&𝑂 at 298.2 K (161). 

Circular dichroism (CD) spectroscopy 
Circular dichroism spectra were recorded using a Chirascan V100 spectrome-
ter (Applied Photophysics, UK) and a 0.5-mm path-length quartz cuvette. Pep-
tides were analysed at a fixed concentration of 0.25 mg/mL in deuterated 
phosphate buffer at pD 8.5. Measurements were performed in the absence of 
C10 and in the presence of 25, 50, or 100 mM C10. 

Far-UV spectra were acquired from 250 to 197 nm at 25 °C and represent 
the average of three consecutive scans. Matrix-matched blank spectra were 
collected under identical conditions and subtracted from the corresponding 
peptide spectra. 

Small-angle X-ray scattering (SAXS)  
Synchrotron SAXS data were collected at beamline B21 of Diamond Light 
Source (Didcot, UK) using a Pilatus 2M detector (Dectris Ltd., Baden, Swit-
zerland) at an X-ray energy of 12.4 keV (143). Scattering intensities were 
measured over a momentum-transfer range of 0.0038 < 𝑞 < 0.41	Å

')
. For 

each sample, 21 consecutive frames were acquired with an exposure time of 1 
s per frame. Corresponding buffer-blank scattering profiles were collected and 
subtracted from the sample profiles before further analysis. 
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Structural parameters, including the radius of gyration (𝑅<) and maximum 
particle dimension (𝐷5=>), were estimated by indirect Fourier transformation 
using PRIMUS software. Low-resolution ab initio shape reconstructions were 
generated from ten independent dummy-atom models using DAMMIF. The 
resulting models were aligned, averaged, and compared using the DAMAVER 
software suite to generate representative structural envelopes (162). 

Quartz crystal microbalance with dissipation (QCM-D) 
Lipid-membrane interactions were investigated by QCM-D at 37 °C using sil-
icon dioxide-coated sensors in a QSense Omni instrument (Biolin Scientific 
AB, Sweden). Supported lipid bilayers (SLBs) were formed in phosphate-
buffered saline and subsequently equilibrated in blank FaSSIF until stable fre-
quency and dissipation baselines were achieved. Peptide solutions (5–50 µM), 
C10 solutions (1.25–5 mM), and peptide–C10 admixtures were introduced se-
quentially into the flow cells under continuous flow at 25 µL/min. In peptide-
only experiments, no intermediate rinsing was performed between successive 
peptide concentrations to simulate cumulative exposure. 

Frequency (Δ𝑓) and dissipation (Δ𝐷) changes were recorded simultane-
ously at the fifth, seventh, and ninth overtones. Data were analysed using 
QSense DFind software. The Sauerbrey equation was applied to rigid ad-
sorbed layers exhibiting low dissipation changes (Δ𝐷 < 1 ppm) and overlap-
ping normalised overtone responses, consistent with the assumptions of the 
Sauerbrey model (144) For soft, hydrated, or structurally disrupted films, a 
Voigt-type viscoelastic model (BroadFit) was applied to estimate acoustically 
coupled mass, layer thickness, and viscoelastic parameters (146). 

Data and statistical analysis 
In vitro permeability calculations 
For both the Caco-2 cell monolayer and ex vivo Ussing chamber transport 
studies (Paper I), the cumulative amount of target compound transported to 
the receiver compartment was plotted as a function of time. The apparent per-
meability coefficient (𝑃$PP, expressed in cm/s) was calculated using the linear 
portion of the accumulation profile according to the following equation: 

 
𝑃$PP =

BQ
BR
× )
S⋅U%

    (Equation 13) 
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where: BQ
BR

 is the steady-state rate of drug transport from the donor to the 
receiver compartment (slope of the linear regression line). 𝐴 is the exposed 
surface area of the membrane/tissue barrier, defined as 1.14 cm& for the 
Ussing chamber tissue segments and 0.33 cm& for the Caco-2 polyester 
Transwell filters. 𝐶% is the initial donor concentration. 

Pharmacokinetic and bioavailability analysis 
Plasma concentration–time profiles from rat and pig studies were analysed by 
non-compartmental analysis (NCA) using Phoenix WinNonlin version 8.2 
(Certara, Princeton, NJ, USA). Pharmacokinetic parameters included the area 
under the plasma concentration–time curve from 0 to 2 h (𝐴𝑈𝐶%–&	W), maxi-
mum plasma concentration (𝐶5=>), and time to reach maximum plasma con-
centration (𝑇5=>). 

Absolute bioavailability following intraduodenal (ID) bolus administration 
was calculated relative to the corresponding intravenous (IV) reference group 
according to the following equation: 

 
𝐵𝐴(%) = SXU*+×Dose*,

SXU*,×Dose*+
× 100   (Equation 14) 

Numerical deconvolution and fraction absorbed 
The cumulative fraction of peptide absorbed over time was estimated by nu-
merical deconvolution according to the Langenbucher method (163). Mean 
dose-normalised plasma concentration–time profiles following intravenous 
administration were used as the systemic weighting function, whereas the cor-
responding profiles following intraduodenal administration were used as the 
input response function. 

Numerical deconvolution was performed using GI-SIM version 5.7 (164), 
with a fixed time step of 0.1 h. The resulting cumulative systemic input func-
tion was interpreted as a relative measure of absorption, assuming linear and 
route-independent disposition. Estimated cumulative absorption profiles were 
plotted against time for each formulation cohort. 

Statistical analysis 
Data are presented as mean ± standard deviation (SD). Group sizes were gen-
erally 𝑛 = 5 unless otherwise stated. Statistical analyses were performed us-
ing GraphPad Prism version 9.5 (GraphPad Software, San Diego, CA, USA), 
with statistical significance defined as 𝑝 < 0.05. 
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For the in vitro permeability studies in Paper I, differences among formu-
lation groups were assessed using ordinary one-way analysis of variance 
(ANOVA) followed by Tukey’s multiple-comparisons test. For the in 
vivo pharmacokinetic studies in Paper II, differences in intraduode-
nal 𝐴𝑈𝐶 values in the presence or absence of C10 were evaluated using the 
Kruskal–Wallis test followed by Dunn’s multiple-comparisons test. Fraction-
absorbed data were analysed using two-way ANOVA with Tukey’s correction 
for multiple comparisons. The effect of bile diversion on MEDI7219 absorp-
tion was assessed using the Mann–Whitney test. Where applicable, statistical 
significance was denoted as p-values <0.05 (*), p <0.01 (**), p <0.001 (***) 
and p <0.0001 (****). 

No formal hypothesis-testing framework was applied in Papers III or IV. 
These studies were designed primarily to provide mechanistic and biophysical 
characterisation of peptide self-assembly, peptide–C10 interactions, and pep-
tide–membrane interactions. Results were therefore interpreted using quanti-
tative comparisons of experimental observables, structural parameters, and 
simulation outputs rather than inferential statistical testing. 
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Results 

Papers I–IV collectively define the factors governing intestinal absorption of 
peptides formulated with the transient permeation enhancer C10. The work 
progresses from characterising the in vivo kinetics of C10-mediated enhance-
ment and the limitations of commonly used screening models (Paper I), to 
examining the contributions of peptide chemical structure and luminal stabil-
ity to intestinal absorption (Paper II). It subsequently investigates peptide–
C10 interactions and colloidal behaviour in solution (Paper III), before as-
sessing direct peptide interactions with a model cell membrane (Paper IV). 

Transient in vivo enhancement by C10 and the 
limitations of current screening models (Paper I) 
A central finding of Paper I was that the absorption-enhancing effect of C10 
is rapid and transient, and this enhancing effect is associated with reversible 
perturbation of the intestinal epithelium. In pigs, endoscopic administration of 
a solution containing MEDI7219 (115 µM) and C10 (257 mM) to the upper 
small intestine resulted in an absolute bioavailability of 2.48 ± 2.28%, 
a 𝐶5=> of 29.4 ± 24.8 nM, and a median 𝑇5=> of 45 min (Table 3). Deconvo-
lution analysis indicated that most systemic input occurred within the first 45 
min after dosing, after which the cumulative fraction absorbed approached a 
plateau (Figure 6). Thus, in the large-animal model, the effective absorption 
window was short and largely confined to the early post-dose period. 

The time-dependent absorption-enhancing effects of C10 were also ob-
served in the rat intraduodenal bolus model, which additionally demonstrated 
a clear dependence on intestinal C10 concentration. For FITC-dextran 4000 
(FD4), absolute bioavailability increased from 1.6 ± 0.15% in the absence of 
C10 to 7.9 ± 1.2% with 50 mM C10 and 44 ± 11% with 300 mM C10 (Table 
3). The corresponding values for MEDI7219 were 0.41 ± 0.25%, 3.1 ± 0.85%, 
and 9.5 ± 1.9%, respectively. Increasing the luminal C10 concentration there-
fore increased both the rate and extent of absorption, although the magnitude 
of this effect remained compound dependent. 
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Despite their similar molecular weights, approximately 4,000 Da for FD4 
and 4,353 Da for MEDI7219, FD4 consistently achieved higher absolute bio-
availability. This finding indicates that molecular weight alone did not deter-
mine the response to C10 co-administration. Notably, the enhancement ratios 
relative to administration without C10 were broadly similar for the two mac-
romolecules: approximately five-fold and 7.5-fold at 50 mM C10, and 27-fold 
and 23-fold at 300 mM C10, for FD4 and MEDI7219, respectively. Thus, alt-
hough their absolute absorption differed, the relative enhancement produced 
by C10 was comparable under these experimental conditions. 

The pharmacokinetic profile of C10 provided an explanation for the rapid 
and transient nature of its absorption-enhancing effect (Paper I, Figure 4). Fol-
lowing intraduodenal administration in rats, plasma C10 concentrations 
reached 𝑇5=> at the earliest sampling time point, 5 min, at both tested concen-
trations. At 50 mM, plasma C10 declined rapidly and fell below the lower 
limit of quantification (0.5 µg/mL) within approximately 15 min. In contrast, 
following administration of 300 mM C10, plasma concentrations remained 
detectable for up to 90 min. These findings indicate that the duration of the 
absorption window depends on the period during which an effective luminal 
C10 concentration is maintained near the mucosal surface. The increased bio-
availability observed at 300 mM C10 therefore likely reflects both a greater 
initial degree of epithelial perturbation and prolongation of the period over 
which enhancer activity is sustained. 
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Figure 6: In vivo assessment of FD4 and MEDI7219 absorption in rat and pig models. 
Plasma concentration-time profiles and resulting cumulative fraction absorbed are 
shown following intraduodenal bolus administration in rats and endoscopic upper-
intestinal administration in pigs. (A–B) FD4 administration in rats. (C–D) MEDI7219 
administration in rats. (E–F) MEDI7219 administration in pigs. Data are presented as 
mean ± standard deviation (n = 5). Figure modified from Emeh et al., (110). 

Histological examination of rat intestinal tissue supported this interpretation. 
In the absence of C10, the intestinal mucosa exhibited intact villus morphol-
ogy and a continuous epithelial lining (Paper I, Figure 5). Following admin-
istration of 50 mM C10, only limited epithelial perturbation was observed, 
primarily as superficial shedding of enterocytes from villus tips at 10 and 30 
min. By 60 min, the epithelium had largely recovered. In contrast, 300 mM 
C10 induced marked erosion of the epithelial lining between 10 and 60 min, 
followed by substantial recovery at 120 min. However, the recovered mucosa 
exhibited a thinner epithelial layer and blunted villi, indicating tissue remod-
elling rather than complete restoration of normal villus architecture within the 
observation period. These findings are consistent with transient C10-mediated 
disruption of epithelial barrier integrity, which increases macromolecular per-
meability during a limited absorption window and is followed by partial struc-
tural recovery. 

The lower estimated bioavailability of MEDI7219 in pigs than in rats 
(2.5% versus 9.5%, respectively) at broadly comparable C10 concentrations 
may be interpreted in relation to the cumulative fraction-absorbed profiles. In 
pigs, the cumulative fraction absorbed approached its maximum slightly ear-
lier, at approximately 40 min, whereas absorption in rats continued for ap-
proximately 60–120 min. This difference may reflect species-dependent dif-
ferences in intestinal motility and transit, greater diffusional distances within 
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the larger intestinal lumen, more rapid systemic absorption of C10, and greater 
dilution of the administered formulation in pigs. The larger dosing volume 
used in pigs relative to rats (10 mL versus 0.8 mL) may have further contrib-
uted to dilution of C10 and a shorter effective period of enhancer action in the 
larger species. 

The substantial interindividual variability in pig bioavailability, with a co-
efficient of variation of 92%, is consistent with published clinical observations 
that systemic exposure to low-bioavailability drugs can exhibit considerable 
interindividual variability in humans (165). 
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Critical assessment of in vitro and ex vivo screening models 
A critical challenge in translating macromolecular transport data across pre-
clinical screening platforms is the identification of rate-limiting barriers in 
static or simplified in vitro and ex vivo systems relative to the dynamic in 
vivo environment. In vivo, following transport across the enterocyte mono-
layer, peptides enter the lamina propria, where capillary uptake provides vas-
cular sink conditions (166). In contrast, static in vitro and ex vivo models lack 
an active subepithelial blood supply. The absence of a dynamic sink intro-
duces anatomical and biophysical limitations that can affect data interpreta-
tion, obscure formulation performance, and potentially result in false-negative 
findings or misleading candidate rankings during selection (167,168). 

This limitation was evident when the rat intraduodenal instillation model 
was compared with excised rat jejunal tissue mounted in static Ussing cham-
bers. In vivo, C10 co-formulation produced a clear concentration-dependent 
effect: increasing the C10 concentration from 50 to 300 mM increased the 
bioavailability of FD4 from 7.9% to 44% and that of MEDI7219 from 3.1% 
to 9.5%. In the corresponding ex vivo experiments, C10 concentrations of 25 
and 150 mM were selected to account for an assumed two-fold dilution by 
intestinal fluid in vivo. However, the apparent permeability coefficients (𝑃=ZZ) 
did not show statistically significant or practically meaningful separation be-
tween the two C10 concentrations. 

In the absence of C10, rat jejunal tissue in the Ussing chambers maintained 
electrical parameters and histological integrity during the 150-min incubation. 
Following a 10-min pretreatment with 25 mM C10 and subsequent washout, 
early villus erosion was observed; however, the tissue showed evidence of 
mucosal remodelling, and tissue potential difference (PD) remained approxi-
mately 2.6 mV after treatment (Figure 7D). In contrast, continuous exposure 
to C10 beyond the initial 10-min pretreatment, or exposure to 150 mM C10, 
resulted in more extensive tissue deterioration, including villus sloughing and 
erosion of the enterocyte layer. Under these conditions, PD declined substan-
tially to below 1 mV, indicating marked loss of tissue function during the ex-
perimental period. At the end of the experiment, PD was below 20% of the 
initial value (6-7 mV) in all treatment groups except the control and the short 
25 mM C10 pretreatment group (Figure 7D). 
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Figure 7: Ex vivo permeability and electrophysiological assessment in rat jejunal tis-
sue. (A) Schematic illustration of the Ussing chamber set-up utilizing excised rat je-
junal mucosa. Individual replicate and mean apparent permeability (𝑃app) values 
across various C10 concentrations and conditions are summarized for (B) FD4 and 
(C) MEDI7219. (D) Electrophysiological viability markers: potential difference (PD) 
measurements recorded at the start (𝑡 = 0 min) and end (𝑡 = 150 min) of the treat-
ment period, along with the calculated normalized percentage of PD remaining. Data 
are presented as mean ± SEM for 𝑛 = 6 − 8 tissues. Figure modified from Emeh et 
al., (110). 

Histological analysis of Ussing chamber tissue showed that, although the ep-
ithelial layer was largely lost following C10 exposure, the underlying submu-
cosal and muscular layers remained comparatively intact (Paper I, Figure 8). 
This observation suggests that, after extensive epithelial loss, transport across 
the preparation may become limited by the remaining tissue layers, including 
the submucosa and muscularis. These residual barriers could impose an ap-
parent upper limit on measured permeability that is not directly comparable 
with the in vivo situation. Consistent with this interpretation, FD4 𝑃=ZZ plat-
eaued at approximately 5.5–6.0 × 10'- cm s⁻¹ irrespective of whether 25 or 
150 mM C10 was applied (Figure 7A). Thus, the concentration-dependent en-
hancement observed in vivo could not be reproduced in this ex vivo model. 

In Caco-2 monolayers, macromolecule 𝑃=ZZ increased with stepwise reduc-
tions in transepithelial electrical resistance (TEER) at C10 concentrations be-
tween 2.5 and 25 mM (Figure 8B–E). At 25 mM C10, relative TEER de-
creased to approximately 10% of its initial value, indicating substantial loss 
of monolayer electrical barrier function. In contrast, at 150 mM C10, 
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the 𝑃=ZZ values of both FD4 and MEDI7219 decreased to values not signifi-
cantly different from those of the buffer control (Figure 8D,E). 

To investigate this discrepancy, transport experiments were repeated using 
cell-free Transwell filter supports. Flux across the cell-free filters was compa-
rable with buffer control values at C10 concentrations between 0 and 25 mM. 
However, at 150 mM C10, transport through the filter matrix was substantially 
reduced (Figure 8F,G). This effect was particularly pronounced for the lipi-
dated peptide MEDI7219, for which transport across the cell-free filter was 
negligible. These findings indicate that the reduced 𝑃=ZZ observed at 150 mM 
C10 in the Caco-2 model was influenced by formulation-dependent physical 
transport limitations rather than epithelial barrier function alone. At concen-
trations substantially above its critical aggregation concentration, at pH 6.5, 
C10 forms vesicular aggregates that may restrict transport through filter pores, 
alter solution viscosity, and reduce the free peptide fraction through associa-
tion with colloidal structures. 

 
Figure 8: In vitro permeability assessment using Caco-2 cell monolayers. (A) Sche-
matic illustration of the Caco-2 experimental set up. Transepithelial electrical re-
sistance (TEER) (mean relative values) is shown for (B) FD4 and (C) MEDI7219 co-
administered with varying concentrations of C10 (𝐶10); 𝑃-values compare against the 
0 mM C10 control. Individual replicate and mean apparent permeability (𝑃app) values 
across different C10 concentrations are presented for (D) FD4 and (E) MEDI7219. 
Passive flux curves kinetics across a non-cellular filter-only barrier are shown for (F) 
FD4 and (G) MEDI7219, with detail provided in inset (H). Data represent n=3 inde-
pendent experiments, each containing triplicate wells. Figure modified from Emeh et 
al., (110). 
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In vivo, the mesenteric capillary network provides continuous blood flow, en-
abling rapid absorption and clearance of C10 from the intestinal lumen, as 
indicated by the observed 𝑇5=> of 5 min. This clearance may limit the persis-
tence of highly concentrated surfactant phases at the mucosal surface while 
allowing transiently enhanced paracellular and membrane-mediated transport 
to facilitate payload absorption during the effective absorption window. 

Taken together, the findings of Paper I show that in vivo C10 performance 
depends on the interplay among local enhancer concentration, luminal clear-
ance, epithelial membrane perturbation, and tissue recovery. They further 
demonstrate that routinely used in vitro and ex vivo models have limited pre-
dictive value for surfactant-like permeation enhancers such as C10 at physio-
logically relevant concentrations. Although these systems remain useful for 
establishing whether an enhancer effect can be detected, they do not ade-
quately reproduce the in vivo kinetics of enhancer exposure or the relevant 
barrier properties to serve as stand-alone tools for ranking peptide–C10 com-
binations intended for oral delivery. 

Impact of peptide lipidation and luminal stability on 
intestinal absorption (Paper II) 
Having established the kinetics of C10-mediated enhancement and the limita-
tions of in vitro models in Paper I, Paper II used the rat intraduodenal bolus 
model to investigate how peptide lipidation and chemical structure impact lu-
minal stability and intestinal absorption following C10 co-formulation. Four 
structurally related GLP-1 analogues were compared: J211, a non-lipidated 
and extensively backbone-modified analogue; J229, a mono-lipidated ana-
logue containing a C18 fatty-acid chain and extensive backbone modifica-
tions; MEDI7219, a bis-lipidated analogue containing two C12 fatty-acid 
chains and extensive backbone modifications; and semaglutide, a mono-lipi-
dated analogue containing a C18 fatty-acid chain but fewer backbone modifi-
cations than J211, J229, and MEDI7219. 

Physicochemical properties and polarity differences 
ChromLogD and ePSA measurements provided experimental estimates of hy-
drophobicity and exposed polarity within the peptide series. J211, J229, and 
MEDI7219 showed comparable ChromLogD values of 1.8–1.9 under the ex-
perimental conditions (Figure 9). In contrast, semaglutide exhibited a Chrom-
LogD of 1.4 and an ePSA greater than 150 Å², consistent with semaglutide 
being the most polar analogue in the series under the conditions evaluated. 
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This finding was unexpected because semaglutide is mono-lipidated whereas 
J211 lacks a lipid chain. It illustrates that chromatographic retention of large 
amphiphilic peptides reflects not only lipidation, but also molecular confor-
mation, exposed polarity, and interactions with the stationary phase. The 
ePSA values of J211, J229, and MEDI7219 ranged from 99 to 119 Å² and 
were therefore below the proposed upper cutoff of 150 Å². In contrast, semag-
lutide exceeded this empirical threshold, which has been associated with re-
duced oral exposure in certain beyond-rule-of-five compound series (35).  

 
Figure 9:  Graph showing ChromLogD values (y axis) plotted against ePSA (x axis) 
for the analysed peptides. Figure adapted from Emeh et al. (18). 

Enzymatic stability is critical for oral absorption 
C10 can transiently increase epithelial transport; however, peptides that un-
dergo rapid luminal degradation may not fully benefit from this enhancement. 
This relationship was demonstrated by a direct in vitro comparison of semag-
lutide and MEDI7219 stability in simulated intestinal fluid containing 1.25 
mg/mL pancreatin (Figure 10A). Semaglutide, the least extensively sequence-
modified analogue in the series, was highly susceptible to proteolysis, with 
approximately 1% of intact peptide remaining after 10 min in the absence of 
C10. In contrast, MEDI7219 showed substantially greater intrinsic stability, 
with 76% of intact peptide remaining after 90 min. MEDI7219 is representa-
tive of the extensively backbone-modified analogues in the series, as J211, 
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J229, and MEDI7219 share the same peptide sequence but differ in lipidation 
pattern. 

Co-formulation of semaglutide with 150 mM C10, corresponding to the 
final assay concentration following two-fold dilution of the 300 mM stock 
formulation, partially improved its stability. The intact semaglutide fraction at 
10 min increased from approximately 1% to 14%, while the estimated half-
life increased from less than 1.5 min to approximately 3.3 min, representing 
at least a two-fold increase (Figure 10A). No statistically significant difference 
was observed in MEDI7219 stability in the presence or absence of C10 (𝑝 =
0.287). These findings indicate that C10 can provide partial formulation-me-
diated protection to proteolytically labile peptides, but that this effect is mod-
est relative to the stability conferred by rational backbone and amino-acid se-
quence modification. 

 
Figure 10: Stability and pharmacokinetic assessment of GLP-1 analogues modulated 
by C10. (A) Comparative log-transformed (ln) stability kinetics of semaglutide and 
MEDI7219 during pancreatin exposure, with and without C10. Absorption parameters 
determined following rat intestinal bolus administration: (B) dose-normalized sys-
temic exposure (𝐴𝑈𝐶0-2h/dose) for peptides ± 300 mM C10, and corresponding cu-
mulative fraction absorbed profiles (C) in the absence and (D) presence of 300 mM 
C10. (E) Specific investigation into the systemic exposure (𝐴𝑈𝐶0-2h/dose) of 
MEDI7219 co-formulated with 300 mM C10, comparing bile duct cannulation status 
and formulation strategies (mucolytic NaC pre-incubation vs. co-formulation). Data 
are mean ± SD; 𝑛 = 3 for panel A and 𝑛 = 5 for panels B–E. Figure modified from 
Emeh et al., (18). 



 64 

Intravenous pharmacokinetics confirm the influence of lipidation 
on circulatory half-life 
The intravenous pharmacokinetics of the four peptides showed that lipidation 
substantially prolonged circulatory half-life, an important consideration for 
the therapeutic viability of orally administered peptides. Based on 48-h rat 
plasma concentration–time profiles, the estimated half-lives were 2.5 h for 
non-lipidated J211, 10 h for mono-lipidated J229, 7–8 h for mono-lipidated 
semaglutide, and 16 h for bis-lipidated MEDI7219 (Paper II, Table 2). These 
results are consistent with lipidation promoting albumin binding and reducing 
renal filtration, thereby extending systemic residence time.  

C10 co-formulation significantly enhanced intestinal absorption 
In the absence of C10, intraduodenal absorption was uniformly low. All four 
peptides exhibited systemic exposures corresponding to absolute bioavailabil-
ity below 1%: 0.22% for J211, 0.12% for J229, 0.48% for MEDI7219, 
and 0.01% for semaglutide (Table 4). These findings demonstrate that even 
peptides with high intrinsic proteolytic stability remain unable to efficiently 
traverse the intestinal epithelium without an absorption-enhancing formulation. 

Co-administration with 300 mM C10 substantially increased systemic ex-
posure for all four analogues (Figure 10B). Absolute bioavailability increased 
to 7.5%, 4.0%, 17.3%, and 2.0% for J211, J229, MEDI7219, and semag-
lutide, respectively (Table 4). The corresponding enhancement ratios, calcu-
lated relative to administration without C10, were approximately 37-fold for 
J211, 40-fold for J229, 34-fold for MEDI7219, and 250-fold for semaglutide 
(Table 4). 
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Table 4. Pharmacokinetic parameters for peptides co-formulated with and without 300 
mM C10 following intraduodenal instillation in anaesthetised rats. Data presented for 
n = 5 as mean ± standard deviation. 

Peptide C10 
conc. 
(mM) 

Tmax (h) Cmax (nM) F(%) En-
hancement 

Ratio 
J211 0 1.8 ± 0.3 4.8 ± 2.6 0.2 1 
J211 300 1.3 ± 0.3 120.7 ± 55.9 7.5 37 
J229 0 2.0 ± 0.0 12.3 ± 5.7 0.1 1 
J229 300 1.4 ± 0.4 280.4 ± 27.8 4.0 40 

MEDI7219 0 2.0 ± 0.0 59.3 ± 27.1 0.5 1 
MEDI7219 300 1.3 ± 0.5 1506.8 ± 73.1 17.3 34 

Semag-
lutide 

0 0.4 ± 0.5 1.7 ± 2.0 0.008 1 

Semag-
lutide 

300 0.8 ± 0.2 451.6 ± 192.7 2.0 250 

The high enhancement ratio observed for semaglutide, approximately 250-
fold, primarily reflects its negligible baseline absorption in the absence of C10 
rather than a uniquely favourable interaction with the enhancer. In contrast, 
the extensively backbone-modified peptides showed comparable enhance-
ment ratios of 34–40-fold. These values correspond to the approximately 27-
fold enhancement reported by Berg et al. for FITC-dextran 4000 at the same 
C10 concentration (122). Given that FD4 is not susceptible to proteolysis, this 
similarity suggests that, for the modified peptides, C10-mediated enhancement 
primarily reflects increased epithelial transport, with a smaller contribution from 
formulation-mediated protection against luminal degradation. 

Lipidation pattern influences intestinal absorption 
The extent of absorption followed the rank order MEDI7219 (bis-lipi-
dated; 17.3%) > J211 (non-lipidated; 7.5%) > J229 (mono-lipidated; 4.0%) > 
semaglutide (less extensively backbone-modified; 2.0%) (Figure 10C,D). 
Among the three extensively backbone-modified peptides, the corresponding 
rank order was MEDI7219 > J211 > J229. Thus, bis-lipidation in MEDI7219 
was associated with the highest absorption in the studied series; however, in-
creasing lipidation did not produce a monotonic increase in absorption across 
the full peptide series. The double-digit absolute bioavailability achieved by 
MEDI7219 in the rat intraduodenal bolus model exceeds the single-digit bio-
availability commonly reported for peptide–PE combinations (124,169–171). 
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The time to maximum plasma concentration, 𝑇5=>, provided additional 
mechanistic insight. For semaglutide, median 𝑇5=> increased from 0.4 h in the 
absence of C10 to 0.8 h following C10 co-formulation. This finding is con-
sistent with prolonged availability of intact semaglutide in the intestinal lumen 
and agrees with the in vitro stability results. The more proteolytically stable, 
backbone-modified peptides persisted longer in the lumen and exhib-
ited 𝑇5=> values at the final sampling time point in the absence of enhancer. 
In the presence of 300 mM C10, 𝑇5=> for these peptides decreased to 1.3–1.4 
h, consistent with an increased rate of absorption during the period of en-
hanced epithelial permeability. Deconvolution of the plasma concentration–
time profiles indicated that approximately 90% of estimated systemic input 
occurred within the first hour after intraduodenal administration. 

 

 
Figure 11: Relationship between peptide polarity (ePSA) and systemic exposure fol-
lowing intraduodenal administration in rats in the absence of C10 (A) and in the pres-
ence of 300 mM C10 (B). Figure modified from Emeh et al., (18). 

Effect of bile presence on peptide absorption 
The impact of endogenous bile secretion on peptide absorption was evaluated 
by comparing MEDI7219 absorption in bile-duct-cannulated (BDC) and non-
bile-duct-cannulated (non-BDC) rats. In non-BDC animals, in which bile en-
tered the duodenum normally, bioavailability of MEDI7219 co-formulated 
with 300 mM C10 was approximately two-fold lower than in BDC rats. The 
dose-normalised 𝐴𝑈𝐶%–&	W decreased from 3.18 ± 1.1, to 1.49 ± 0.5 (𝑝 =
0.03) (Figure 10E). Similarly, 𝐶5=> decreased from 1506.8 ± 473.1 
nM to 712.4 ± 275.9 nM, whereas 𝑇5=> was not significantly different be-
tween groups (1.3 h and 1.5 h, respectively). This reduction in systemic expo-
sure may reflect dilution of both peptide and permeation enhancer by in-
creased luminal fluid volume and/or competitive colloidal interactions be-
tween C10 aggregates and endogenous bile salt–phospholipid mixed micelles. 
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Either mechanism could reduce the effective concentration of free C10 at the 
epithelial surface (172). 

Co-administration with mucolytic N-acetylcysteine did not 
improve absorption 
In addition to bile-mediated effects, peptide diffusion towards the epithelial 
surface may be restricted by the UWL and the intestinal mucus. To investigate 
whether reducing mucus interactions significantly hindered peptide absorp-
tion, the mucolytic N-acetylcysteine (NaC), was introduced to potentially im-
prove absorption. NaC was evaluated either as a direct co-formulation with 
MEDI7219 and C10 or as a 30-min pre-incubation before administration of 
the MEDI7219–C10 formulation (Figure 10E). Unexpectedly, both NaC treat-
ment conditions significantly reduced systemic peptide exposure, expressed 
as dose-normalised 𝐴𝑈𝐶%–&	W, relative to the MEDI7219–C10 control. These 
results indicate that NaC reduced C10-mediated absorption under the condi-
tions investigated. 

This finding is consistent with observations by Takatsuka et al. (173), who 
reported that combining 5% (w/v) C10 with 5% (w/v) NaC reversed the ab-
sorption-enhancing effect of C10 on FD4 in rats, producing an enhancement 
ratio of 0.8. One possible explanation is that NaC, an acidic thiol compound 
with a 𝑝𝐾$ of 3.24, reduced the local pH and altered C10 self-assembly. Such 
pH-dependent changes could favour formation of larger aggregates or insolu-
ble phases at the expense of monomeric or permeation-active C10 assemblies, 
thereby reducing enhancer activity. 

In contrast, when NaC was combined with the non-ionic surfactant Triton 
X-100, macromolecular transport increased markedly, from 1.5-fold with Tri-
ton X-100 alone to 22.5-fold with the C10–Triton X-100 combination (173). 
This difference may reflect the lower sensitivity of non-ionic micellar systems 
to pH- and charge-dependent phase transitions. Collectively, these data 
demonstrate that selection of mucolytic adjuvants for PE-based oral formula-
tions must consider the pH-dependent colloidal behaviour of the enhancer. 
Combining C10 with acidic mucolytic agents requires careful evaluation of 
local pH and colloidal compatibility. However, the intestinal mucus has been 
recently demonstrated to be an important barrier to consider when optimising 
oral peptide absorption using in vitro and in vivo models (32,33) 
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Colloidal interactions between GLP-1 analogues and 
C10 (Paper III) 
Papers I and II established that permeation enhancement, peptide luminal sta-
bility and lipidation pattern jointly influence intestinal absorption. However, 
these studies did not resolve how peptides and C10 interact at the molecular 
and colloidal levels before/during epithelial transport. Paper III addressed this 
question by investigating GLP-1 analogue self-assembly, the colloidal state of 
C10 under different pH conditions, and peptide–C10 co-assembly. Comple-
mentary biophysical approaches were used, including ¹H NMR spectros-
copy, diffusion NMR, small-angle X-ray scattering (SAXS), circular dichro-
ism (CD) spectroscopy, and all-atom molecular-dynamics simulations. 

The GLP-1 analogues self-assemble in solution 
As expected, a central finding of Paper III was that the GLP-1 analogues were 
predominantly self-associated under the experimental conditions. However, 
they occupied similar oligomeric states, with effective hydrodynamic size de-
pending on peptide sequence and lipidation pattern. Diffusion NMR and 
SAXS consistently ranked the effective peptide sizes as semaglutide > J211 > 
J229 ≈ MEDI7219, even though differences between these sizes were only 
about 0.6 nm. Estimated hydrodynamic radii (𝑅*) were approximately 2.4–
2.6 nm for semaglutide, 2.1–2.5 nm for J211, and 2.0–2.1 nm for J229 and 
MEDI7219 at the concentrations studied (0.5–2.5 mM) (Paper III, Table 1). 
SAXS-derived radii of gyration (𝑅<) followed the same rank order, albeit with 
similar modest differences. The calculated shape factors, 𝑅</𝑅* ≈ 0.7–0.8, 
suggested relatively compact assemblies for all four peptides. 

Despite these subtle differences in effective size, CD spectroscopy showed 
that all peptides retained predominantly α-helical secondary structure, charac-
terised by double minima near 208 and 222 nm at the studied conditions (Fig-
ure 12B). Ab initio molecular envelopes generated from SAXS data were con-
sistent with compact, approximately globular structures for MEDI7219 and 
J229. In contrast, semaglutide and J211 showed more elongated low-resolu-
tion envelopes along at least one axis (Paper III, Figure S2). NMR line-shape 
analysis supported these observations: semaglutide and J211 displayed 
broader aromatic resonances than J229 and MEDI7219, consistent with 
greater self-association and/or altered molecular dynamics in solution (Figure 
12A). The broadening may reflect slower rotational tumbling of larger oligo-
meric species, conformation heterogeneity, and/or exchange between mono-
meric and assembled states.  
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The observation that semaglutide formed the largest oligomeric assemblies 
despite being mono-lipidated is consistent with aggregation propensity not be-
ing determined solely by the degree of lipidation. Instead, peptide sequence, 
including the identity and position of backbone modifications, is likely to in-
fluence the intermolecular contacts that drive self-association. 
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Figure 12: (A) One-dimensional 1H NMR spectra of the peptides at 2.5 mM in deu-
terated phosphate buffer at pD 8.5, highlighting differences in aliphatic and aromatic 
resonances. (B) CD spectra of the peptides showing predominantly α-helical second-
ary structure. Figure modified from Emeh et al., (74). 

C10 remodels larger peptide oligomers under alkaline micelle-
forming conditions 
Under alkaline conditions (pD 8.5), where C10 forms micelles, peptide–C10 
interactions were evaluated through changes in NMR line shapes (Figure 
13A–H), self-diffusion coefficients (Figure 13I,J), and SAXS-derived radii of 
gyration (Figure 13K). Two key observations emerged. 

First, below the CMC under these conditions, C10 monomers interacted 
with peptide assemblies. This was indicated by lower C10 diffusion coeffi-
cients in peptide-containing formulations than in buffer at the corresponding 
C10 concentration. Rather than displaying a distinct critical aggregation con-
centration, peptide–C10 systems showed a gradual decline in C10 mobility 
with increasing C10 concentration, consistent with progressive association be-
tween C10 and the peptide assemblies (Paper III, Figure 6). 

Second, at a peptide concentration of 2.5 mM, J211 and semaglutide, the 
analogues that formed the larger oligomeric assemblies, showed an initial in-
crease in the observed peptide diffusion coefficient as C10 concentration in-
creased from 0 to approximately 20 mM. At higher C10 concentrations, pep-
tide diffusion decreased, consistent with exchange into slowly diffusing C10 
micelles (Figure 13I,J). The initial increase in diffusion suggests partial dis-
ruption or loosening of peptide–peptide interactions, resulting in increased 
translational mobility without evidence of complete conversion to monomers 
under the conditions investigated. In contrast, J229 and MEDI7219, which 
formed smaller and more compact oligomeric assemblies, showed no initial 
increase in diffusion coefficient and little or no change in NMR line shape 
following C10 addition. 

All-atom molecular-dynamics simulations supported this interpretation at 
the molecular level. Following addition of C10 to pre-formed peptide trimers, 
C10 molecules rapidly associated with the peptide aggregates. The alkyl 
chains penetrated hydrophobic regions of the assemblies, whereas the anionic 
headgroups remained oriented towards the aqueous phase (Paper III, Figure 
S9). C10 association was accompanied by a decrease in peptide–peptide con-
tacts and an increase in interchain Cα–Cα distances, consistent with structural 
expansion of the peptide oligomers (Paper III, Figure 7). Residue-level contact 
analyses showed preferential C10 interactions with positively charged lysine 
and arginine residues, reflecting electrostatic attraction between the anionic 
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C10 headgroup and cationic peptide side chains. Hydrophobic interactions in-
volving peptide side chains and lipid moieties also contributed to C10 associ-
ation (Paper III, Figure 8). 

Importantly, CD spectra remained dominated by α-helical signatures across 
the C10 concentrations evaluated, 25–100 mM, indicating that C10 did not 
substantially alter the overall peptide secondary structure under these condi-
tions (Paper III, Figure 6). Similarly, SAXS-derived 𝑅< values did not change 
detectably following C10 addition, including for J211 and semaglutide (Fig-
ure 13K). Thus, under alkaline micellar conditions, peptide–C10 interactions 
appear to remodel peptide–peptide interfaces and alter oligomer dynamics ra-
ther than induce complete oligomer disassembly. 

Under near-neutral biorelevant conditions, peptide association 
with C10 vesicular aggregates is peptide-dependent 
The more physiologically relevant findings were obtained in experiments per-
formed in FaSSIF-V2 at pD 7.4, under which large C10-containing aggregates 
were formed. With increasing C10 concentration, all four peptides exhibited 
progressive broadening of aromatic ¹H NMR resonances, consistent with asso-
ciation with, or exchange into, slowly tumbling C10 vesicles. However, the ex-
tent of line broadening differed across the peptide series and was greatest for 
J211 and semaglutide, compared to J229 and MEDI7219 (Paper III, Figure 9). 

Diffusion NMR provided a quantitative assessment of the resulting changes 
in apparent peptide mobility. When normalised to the diffusion coefficient of 
the peptide in the absence of C10, semaglutide and J229 showed the greatest 
reduction in translational mobility, J211 exhibited an intermediate reduction, 
and MEDI7219 showed the smallest reduction (Figure 14A). Thus, 
MEDI7219 retained the highest apparent mobile peptide fraction in the pres-
ence of C10, consistent with a larger unbound and/or rapidly exchanging pep-
tide fraction. Conversely, semaglutide and J229 appeared to associate more 
strongly with the large C10-containing aggregates, consistent with their lower 
apparent mobile peptide fractions. 

This qualitative ranking correlated to the in vivo intestinal absorption re-
sults obtained in Paper II. MEDI7219, which exhibited the highest apparent 
mobile peptide fraction, achieved the highest absolute bioavailability in vivo 
(17.3%). In contrast, semaglutide and J229, which showed low apparent mobile 
peptide fractions following interactions with the C10-containing aggregates, 
achieved lower bioavailability of 2.0% and 4.0%, respectively (Figure 14B). 

Together, these findings suggest that increased mobile peptide fractions, 
following interactions with slowly diffusing, large C10 aggregates, correlates 
positively to increased intestinal peptide absorption in the investigated GLP-
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1 analogue series. Extensive peptide association or co-assembly may reduce 
the fraction of free, mobile peptide available for epithelial transport. The 
resulting hypothesis is that optimal C10-mediated intestinal absorption re-
quires not only peptide stability, but also retention of sufficient peptide mo-
bility and membrane accessibility during the transient period of enhanced 
epithelial permeability.
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Figure 13: Peptide interaction with C10 under alkaline micellar conditions. One-
dimensional 1H NMR spectra of the aromatic region for (A, E) J211, (B, F) semag-
lutide, (C, G) J229, and (D, H) MEDI7219 in the absence and presence of increasing 
C10 concentrations at pD 8.5. (I) Observed peptide diffusion coefficients at 0.5 mM 
peptide as a function of C10 concentration. (J) Observed peptide diffusion coefficients 
at 2.5 mM peptide as a function of C10 concentration. (K) SAXS-derived Rg of the 
2.5 mM peptides in the absence and presence of 10 mM C10. Figure adapted from 
Emeh et al. (74). 

 

 
 
Figure 14: Peptide mobility in biorelevant C10 formulations and corresponding in vivo 
intestinal absorption. (A) Normalized peptide diffusion coefficients in FaSSIF-V2 at 
pD 7.4. (B) Cumulative fraction absorbed as a function of time after intraduodenal 
administration in rats of peptide formulations containing 300 mM C10. Figure 
adapted from Emeh et al. (74). 

Role of lipidation, sequence, and association state in 
interactions between peptides and epithelial cell 
membrane (Paper IV) 
Paper IV addressed the final mechanistic question: do peptide interactions 
with the intestinal epithelium influence absorption, and how are such interac-
tions affected by lipidation pattern, amino acid sequence, and peptide associ-
ation state? These questions were investigated using quartz crystal microbal-
ance with dissipation monitoring (QCM-D) to characterise the dynamic re-
sponse of supported POPC bilayers during peptide exposure. All-atom and 
coarse-grained molecular-dynamics simulations were used to support molec-
ular-level interpretation of the experimental findings. 
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QCM-D data showed distinct peptide-dependent membrane 
responses 
QCM-D measurements using preformed POPC-supported lipid bilayers 
(SLBs) showed that the four GLP-1 analogues generated distinct qualitative 
and quantitative interfacial responses. The analogues differed not only in the 
magnitude of their membrane interactions, but also in the mechanical charac-
ter of the resulting interfacial states. 

J211, the non-lipidated analogue, produced the largest transient response 
during peptide titration from 5 to 50 µM. A negative frequency shift was ini-
tially observed at 10 µM, followed by a more pronounced decrease at 25 µM 
together with a steep increase in dissipation (Figure 15A). The concentration-
dependent dissipation response and clear divergence among the fifth, seventh, 
and ninth overtones indicated formation of a hydrated, mechanically soft in-
terfacial state rather than rigid mass adsorption. At 50 µM, the response 
changed direction, with frequency increasing and dissipation beginning to de-
crease. This behaviour may reflect saturation of the interface, structural rear-
rangement of the adsorbed layer, or partial desorption. Following buffer rins-
ing, both frequency and dissipation returned close to baseline, indicating that 
the interaction was reversible over the rinse period. 

J229, the mono-lipidated and extensively modified analogue, produced a 
qualitatively similar but smaller response. A decrease in frequency was ob-
served at 25 µM, accompanied by a dissipation increase of a magnitude com-
parable to that of J211. In contrast to J211, however, only minimal overtone 
divergence was observed, consistent with formation of a more rigid interfacial 
layer (Figure 15B). Buffer rinsing resulted in partial removal of material from 
the interface, indicating a comparatively weakly retained interaction. 

Semaglutide, the mono-lipidated analogue with fewer backbone modifica-
tions, and bis-lipidated MEDI7219 induced only small changes in frequency 
and dissipation over the concentration range studied (Figure 15C,D). No plat-
eau in the response was observed up to 50 µM, suggesting that higher concen-
trations may be required to produce more pronounced membrane engagement 
under these experimental conditions. Frequency remained largely unchanged, 
whereas dissipation increased only slightly, consistent with weaker but detect-
able membrane perturbation. 
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Figure 15: QCM-D traces of peptide-only titration on POPC supported lipid bilayers, 
showing peptide concentrations injected and duration of injection. (A) J211 (non-lipi-
dated), (B) J229 (mono-lipidated), (C) semaglutide (mono-lipidated), (D) MEDI7219 
(bis-lipidated). A blank FaSSIF buffer rinse was performed after peptide titration. 

Bilayer thickness estimation using Sauerbrey approximation showed that J211 
and J229 increased the POPC SLB thickness to approximately 4.5 nm, relative 
to a baseline of approximately 4 nm (Paper IV, Figure S2). This response is 
consistent with peptide association, associated solvent coupling, and bilayer 
reorganisation. Following buffer rinsing, the estimated thickness decreased to 
approximately 3.5 nm, consistent with the loss of acoustically coupled mate-
rial, potentially including peptide, lipid, or both. Semaglutide produced only 
a minor increase in bilayer thickness, whereas MEDI7219 produced a mod-
erate increase (Paper IV, Figure S2). The corresponding change in acousti-
cally coupled mass also mirrors the bilayer thickness changes as these two 
quantities are proportional (Paper IV, Figure S3). For semaglutide and 
MEDI7219, no saturation of the response was evident within the concentra-
tion range evaluated. 

C10 produced modest lipid bilayer perturbation 
To distinguish the contributions of C10 and peptide to membrane interactions, 
C10 was first characterised on preformed POPC SLBs before examining com-
bined peptide–C10 conditions (Paper IV, Figures 4 and 5). Sequential expo-
sure to C10 at 1.25, 2.5, and 5 mM, all below the reported CMC in simple 
alkaline aqueous media (74,102), produced small, concentration-dependent 
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positive frequency shifts (Paper IV, Figure 4). These responses were accom-
panied by negligible dissipation changes and complete overtone superposi-
tion. This pattern suggests that C10 interacted with the outer bilayer leaflet, 
potentially inducing limited lipid extraction or curvature strain without form-
ing a viscoelastic interfacial film(174). This response provided a reference 
against which peptide–C10 co-formulations could be interpreted. 

In the continuous presence of 2.5 mM C10, peptide titration generally at-
tenuated the analogue-specific responses observed under peptide-only condi-
tions and shifted the interfacial behaviour towards a C10-dominated profile 
(Paper IV, Figure 5). Nevertheless, peptide-dependent differences remained 
evident. J211 + C10 and J229 + C10 both produced positive frequency shifts 
with minimal changes in dissipation, consistent with a net reduction in acous-
tically coupled interfacial mass, potentially reflecting bilayer thinning or lipid 
removal. The estimated cumulative decrease in supported lipid-bilayer thick-
ness was greatest for J229 + C10, at approximately 1 nm (Paper IV, Figure 
6B). In contrast, J211, semaglutide, and MEDI7219 in the presence of C10, 
each produced thickness decreases of approximately 0.5 nm, comparable to 
that observed following exposure to C10 alone (Paper IV, Figure 6). These 
findings indicate that J229 exerted an additional combined effect with C10 on 
the supported bilayer under the conditions investigated. 

For semaglutide–C10, frequency remained close to baseline, whereas dis-
sipation increased with overtone spreading (Δ𝐷 ≈ 1 ppm). This response may 
reflect a balance between C10-associated loss of coupled bilayer material and 
semaglutide adsorption and/or hydration of the bilayer. In contrast, the response 
to MEDI7219–C10 was not detectably different from that observed for C10 
alone. The estimated reduction in bilayer thickness was approximately 0.5 nm, 
indicating that, under these conditions, the bis-lipidated peptide did not induce 
additional membrane perturbation beyond that caused by C10. 

Coarse-grained simulations reveal oligomer-dependent 
membrane association 
Coarse-grained Martini 3 molecular-dynamics simulations were performed 
using pre-associated peptide trimers selected to represent the solution assem-
blies observed experimentally. Simulations were run for 10 µs, with three in-
dependent replicates per peptide. In all systems, the trimers contacted and col-
lapsed onto the POPC bilayer and generally dissociated into surface-bound 
monomers within approximately 2 µs. One J229 replicate dissociated later, at 
8 µs. All peptides remained membrane associated but differed in the stability, 
dynamics, and depth of their interactions (Figures 16 and 17). 
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J211, the non-lipidated analogue, exhibited an intermediate but persistent 
surface association, with a bound fraction of approximately 91% and 18 bind-
ing and 9 unbinding events (Figure 17). Its relatively shallow membrane in-
teraction was mediated primarily by the C-terminal α-methylated Phe22, α-
methylated Phe25, and Lys28 residues at the bilayer-headgroup region. This 
behaviour is consistent with the large, hydrated, and mechanically soft mem-
brane-associated state observed by QCM-D. 

J229, the mono-lipidated and extensively modified analogue, displayed the 
most dynamic and reversible interaction. It showed the lowest bound fraction, 
approximately 81%, and the greatest number of binding and unbinding transi-
tions. Its C18 lipid tail was inserted for 0.60 of the simulation time and under-
went fifteen expulsion events (Paper IV, Figures 8,9). The broader and shal-
lower distribution of tail insertion depths is consistent with weaker interfacial 
anchoring by Phe22, Phe25, and Lys28 than the anchoring provided by the 
Trp25/Arg28 region in semaglutide (175). 

Semaglutide, the mono-lipidated analogue with fewer backbone modifica-
tions, remained membrane bound for approximately 98% of the trajectory and 
did not undergo unbinding after stable association was established. Its lipid 
tail was inserted for 0.90 of the simulation time and underwent only one ex-
pulsion event (Paper IV, Figures 8,9). Although the semaglutide and J229 tails 
reached similar typical insertion depths, semaglutide with no unbinding event, 
is consistent with more sustained membrane anchoring supported by Trp25 
and Arg28(175). 

MEDI7219, the bis-lipidated and extensively modified analogue, exhibited 
the deepest and most stable lipid-tail insertion. Its acyl chains reached a mean 
depth of approximately 6 Å from the bilayer centre and occasionally crossed 
the bilayer midplane (Paper IV, Figure 9). The tails remained inserted for 0.92 
of the simulation time and underwent no expulsion events. MEDI7219 also 
formed the greatest number of peptide–POPC contacts, with 160 ± 16 contacts 
per chain (Figure 17A). 

Together, the QCM-D and coarse-grained simulation results indicate that 
peptide–membrane interactions are governed by lipidation pattern, peptide se-
quence, and peptide association state. J211 and J229 interacted more superfi-
cially and reversibly with the bilayer, whereas semaglutide and MEDI7219 
exhibited more persistent anchoring through their lipid tails. The lipidated an-
alogues also induced greater local membrane expansion, thinning, and lipid-
tail disorder than J211, particularly semaglutide and MEDI7219 (Paper IV, 
Figure S11, S12). 
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Figure 16: Representative snapshots of the four GLP-1 analogues interacting with a 
POPC bilayer. Columns, left to right: J211, J229, semaglutide, and MEDI7219. Top 
row (Initial state) shows the common starting configuration with the peptide trimer 
placed in solution above the bilayer; the lower three rows (Replicates 1–3) show the 
final configurations (10 µs) of three independent simulations of each peptide. The 
POPC bilayer is drawn with acyl tails as transparent grey lines and phosphate (PO4) 
headgroup beads as orange spheres; the peptide is shown as per-residue-coloured ball-
and-stick representation, with the lipidation tail (when present) highlighted in green. 
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Figure 17: Peptide–membrane association from triplicate 10 µs Martini 3 coarse-
grained simulations (four GLP-1 analogues as peptide trimers on a 512-lipid POPC 
bilayer). (a) Mean peptide–POPC contacts per chain per frame. (b) Stable bound frac-
tion of the trajectory (a chain in contact with ≥3 POPC lipids and the contact sustained 
≥50 ns). (c) Total number of binding and unbinding events. Bars = mean of three 
replicates ± SD; hollow diamonds = replicate means; grey dots = individual chains. 
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Discussion 

A developability framework for oral peptide absorption 
with a permeation enhancer 
The findings from Papers I–IV can be integrated into a developability frame-
work describing the determinants of oral peptide absorption when peptides are 
formulated with C10. This framework comprises five interdependent factors: 
the duration of permeation enhancement, determined by formulation proper-
ties, local enhancer concentration, and intestinal physiology; peptide luminal 
stability; peptide self-assembly; peptide–enhancer colloidal interactions; and 
the intrinsic capacity of the peptide to interact with the epithelial membrane. 
These factors are not independent but are linked through the physicochemical 
properties of the peptide and enhancer and the dynamic conditions within the 
intestinal lumen. 

The absorption-enhancing effect of C10 persisted for approximately 45–60 
min in both rats and pigs. Thereafter, local enhancer concentrations were 
likely reduced through dilution, intestinal transit, and absorption, while the 
epithelium progressively recovered its barrier function. Consequently, the 
processes governing intestinal uptake must occur within this transient win-
dow. A peptide with limited luminal stability may be degraded before the win-
dow closes; a peptide extensively associated with C10 aggregates or intestinal 
mixed micelles may have a reduced mobile fraction; and a peptide unable to 
interact with, or traverse, the permeabilised epithelial membrane may not 
achieve substantial systemic exposure under the conditions investigated. 

MEDI7219 achieved the highest bioavailability through a 
combination of stability and lipidation properties 
The superior absorption of MEDI7219, which achieved an absolute bioavail-
ability of 17.3% in rats, can be interpreted through the factors outlined in the 
developability framework. Its extensive backbone modification provides sub-
stantial resistance to luminal proteolysis, thereby preserving a larger fraction 
of intact peptide throughout the period of C10-mediated permeability en-
hancement. 
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Despite its bis-lipidated structure, MEDI7219 formed assemblies with an 
effective hydrodynamic size modestly smaller than those of semaglutide and 
J211. This relatively compact association state may support diffusion towards 
the epithelial surface and access to transiently permeabilised epithelial path-
ways. Under biorelevant conditions at pD 7.4, MEDI7219 retained the highest 
apparent mobile fraction, suggesting a larger unbound and/or rapidly exchang-
ing fraction among the four peptides. Consequently, a greater proportion of 
dissolved MEDI7219 may remain available for epithelial transport. 

Coarse-grained simulations further showed that the two C12 acyl chains of 
MEDI7219 exhibited the deepest bilayer insertion and no tail-expulsion 
events over the simulated time scale, indicating stable anchoring within the 
model membrane. Although this behaviour was not prominent in the QCM-D 
measurements at the concentrations evaluated, it suggests that, once free 
MEDI7219 reaches a permeabilised membrane, it may engage the epithelial 
lipid bilayer differently from the less lipidated analogues. Whether this inter-
action directly promotes translocation remains to be established. Bis-lipida-
tion also extended the estimated systemic half-life to 16 h, compared with 2.5 
h for non-lipidated J211. This prolonged systemic residence time can increase 
systemic exposure for a given absorbed amount by reducing clearance. 

Why increased lipidation does not always translate to increased 
absorption 
An apparent paradox within the peptide series was that mono-lipidated J229, 
which achieved an absolute bioavailability of 4.0% in the rat intraduodenal 
bolus study, performed less well than non-lipidated J211, which 
achieved 7.5% bioavailability. If lipidation uniformly promoted intestinal ab-
sorption, J229 would be expected to outperform J211. However, the relation-
ship between fatty-acid acylation and peptide permeability appears not neces-
sarily monotonic. 

Previous in vitro studies of a GLP-2 peptide analogue and salmon calci-
tonin have shown that fatty-acid acylation can increase epithelial peptide flux 
relative to non-lipidated controls (57,176), but that the effect depends on both 
acyl-chain length and the site of attachment. In both studies, C12 acylation 
was reported to provide the greatest enhancement in in vitro permeability, 
compared to C8 and C16. The biophysical investigations from Papers III and 
IV provide a mechanistic hypothesis for why non-lipidated J211 was absorbed 
at nearly twice the extent of mono-lipidated J229 in the rat study. 

Under biorelevant conditions, J229 was among the peptides most strongly 
associated with the large C10-containing aggregates. Its normalised diffusion 
coefficient decreased to an extent comparable with that of semaglutide, 
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indicating that association with C10-containing aggregates may have reduced 
the apparent mobile fraction of J229 available for epithelial transport. Thus, 
mono-lipidation in J229 may promote association with the C10-containing ag-
gregates, creating a colloidal sink in which the peptide is retained rather than 
efficiently directed towards the epithelium. In Paper IV, J229 exhibited the 
most dynamic and reversible membrane interaction among the four peptides, 
with the highest number of binding and unbinding events and observable lipid-
tail expulsion.  

By contrast, J211 lacks a lipid chain and showed weaker association with 
C10-containing aggregates than J229, consistent with retention of a larger ap-
parent mobile fraction. In coarse-grained simulations, J211 nevertheless 
showed persistent membrane association, remaining membrane bound for ap-
proximately 91% of the trajectory, compared to 81% for J229. This interaction 
was more persistent than that of J229, although less stable than those of 
semaglutide and MEDI7219. J211 therefore illustrates that appreciable ab-
sorption may be achieved through retention of a sufficiently mobile fraction 
combined with persistent, albeit relatively superficial, membrane association. 

Within the tested series, MEDI7219 showed the most favourable combina-
tion of these properties. Its bis-lipidation enabled deep and stable membrane 
anchoring, whereas its compact hydrodynamic size and weak association with 
C10-containing aggregates preserved a relatively high apparent mobile frac-
tion. Together with high proteolytic stability and prolonged systemic half-life, 
these properties provide a plausible explanation for the highest estimated ab-
solute bioavailability in the series. 

MEDI7219 in the oral peptide-development landscape.  
The available clinical and preclinical evidence illustrates several distinct strat-
egies for oral peptide delivery; each associated with specific advantages and 
limitations. Table 5 summarises selected oral peptide-development pro-
grammes that employ permeation enhancers, optimise peptide potency, or 
seek to improve intrinsic molecular permeability. PE-dependent approaches 
may increase peptide epithelial permeability, and by extension oral absorp-
tion, however, bioavailability is still limited and therefore must be compen-
sated through high peptide potency, prolonged systemic half-life, and formu-
lation design (16,47,177). In contrast, the potency-optimisation strategy ex-
emplified by icotrokinra skips the PE dependence, because of its ultra-high 
affinity macrocyclic scaffold (178), while achieving comparable bioavailabil-
ity with Mycapssa® or even the lower absorption limits of Rybelsus® (Table 
5). Molecular design approaches that seek to increase intrinsic permeability, 
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such as LUNA18, may also improve absorption but can introduce challenges 
related to solubility and formulation (179). 

The MEDI7219 case study represents a preclinical PE-dependent approach 
distinguished by extensive backbone modification and bis-lipidation. The pre-
clinical bioavailability reported for MEDI7219 is higher than many published 
clinical estimates of absolute bioavailability for approved oral peptide prod-
ucts (171,178,180–182). However, comparisons across species, administra-
tion models, enhancers, and formulations should be interpreted cautiously. 
Translation from rodent or dog studies to humans is variable and often asso-
ciated with lower human bioavailability than that observed preclinically 
(123,124). Assuming a three- to five-fold reduction relative to preclinical es-
timates, the MEDI7219 dog data could suggest a projected human bioavaila-
bility of approximately 1–3% (47). However, this estimate remains specula-
tive and would require validation in clinical studies. 

The NaCDC/PG enhancer combination used with MEDI7219 also intro-
duces development considerations because it lacks the established regulatory 
precedent associated with SNAC and C10. The competitive landscape for oral 
GLP-1 receptor agonists has intensified substantially. Oral semaglutide 25 mg 
was approved in the United States for chronic weight management in 2025, 
and a second-generation oral semaglutide formulation with lower dose 
strengths was approved in 2024 (180,183). In addition, the oral small-mole-
cule GLP-1 receptor agonist orforglipron was approved in 2026 (184,185). 
These developments increase both the clinical and commercial benchmarks 
for future oral GLP-1 therapies. 

Nevertheless, the mechanistic findings of this thesis provide a framework 
for understanding the superior preclinical performance of MEDI7219 relative 
to the other GLP-1 analogues evaluated. The combination of high proteolytic 
stability, compact hydrodynamic size, high apparent mobile peptide fraction, 
and stable membrane-anchoring capacity represents a favourable set of mo-
lecular properties within the C10-based system investigated. 
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Future perspectives 
The work presented in this thesis establishes a mechanistic basis for under-
standing C10-enabled oral peptide absorption and identifies several directions 
for future research. An important next step will be to develop quantitative 
structure–absorption relationships for peptide–PE formulations. The present 
work identified several molecular and biophysical descriptors associated with 
absorption, including lipidation pattern, ePSA, hydrodynamic radius, peptide 
apparent mobile fraction, and cell membrane-interaction descriptors. Future 
studies should evaluate more chemically diverse peptide series to determine 
whether these relationships extend beyond GLP-1 analogues and whether 
they can be integrated into predictive models to guide peptide molecular de-
sign for oral delivery. Machine-learning approaches applied to molecular-
dynamics trajectories may further identify structural or dynamic features that 
distinguish peptides with favourable absorption properties from those with 
limited absorption. 

The observation that MEDI7219 achieved high absorption while exhibiting 
relatively weak association with the C10-containing aggregates indicates that 
peptide design should consider interactions with the colloidal state of the per-
meation enhancer. Future studies could systematically vary the number, 
length, attachment position, and terminal functionality of lipid chains to map 
the relationship between lipidation pattern and peptide-PE co-assemblies. The 
weaker C10-vesicle association observed for MEDI7219, containing two C12 
acyl chains, relative to J229, containing a C18 diacid-containing side chain, 
suggests that lipid-chain length, number of lipid chains, linker architecture, 
and terminal-group polarity collectively influence the partitioning of peptide 
between free and PE-associated states. 

Although C10 remains among the most clinically advanced permeation en-
hancers, its limitations, including pH-dependent self-assembly, the relatively 
high doses required, and variable translation of preclinical performance to hu-
man absorption (123), motivate the search for improved enhancer systems. 
The biopharmaceutical and biophysical framework established in this thesis 
could be applied to novel PE candidates, including non-ionic surfactants, bile-
acid derivatives, and synthetic amphiphiles. Such studies should seek to iden-
tify enhancers that combine effective, reversible epithelial permeabilisation 
with favourable peptide–enhancer interactions.  

The intraduodenal bolus model used in this thesis employs solution formu-
lations and thereby ensures immediate co-delivery of peptide and enhancer at 
the intestinal epithelium. In contrast, clinical oral delivery requires solid 
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dosage forms, such as tablets or capsules, that must disintegrate, dissolve, and 
release both components into small and heterogeneous intestinal fluid vol-
umes. These volumes have been reported to range from approximately 0.5 to 
20 mL, depending on local physiological conditions (109). The transition from 
solution to solid dosage forms introduces additional challenges, including dis-
solution kinetics, C10 precipitation under locally water-limited conditions, in-
complete tablet disintegration, and stochastic positioning of the dosage form 
relative to the absorptive mucosa. 

Future formulation studies should therefore incorporate the biophysical 
findings of Paper III. For example, excipients could be selected to maintain 
C10 in a colloidal state compatible with permeation-enhancing activity during 
dissolution, while release profiles could be engineered to coincide with the 
transient absorption window identified in Paper I. Integration of peptide mo-
lecular design, enhancer colloidal behaviour, and dosage-form performance 
will be required to improve the predictability and translational potential of PE-
based oral peptide formulations. 
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Conclusions 

Translatability of in vitro models for PE-mediated peptide absorption 
Aim: To assess how well routinely used in vitro models, including Caco-2 
monolayers and intestinal tissue mounted in Ussing chambers, predict in 
vivo PE-mediated peptide absorption and to identify the key translational 
gaps. 

The comparative assessment of Caco-2 monolayers, rat jejunal Ussing cham-
bers, rat intraduodenal instillation, and pig intestinal administration in Paper I 
demonstrated that neither in vitro model reliably reproduced the concentra-
tion- and time-dependent enhancement of peptide absorption observed in 
vivo with C10. Caco-2 monolayers, which lack mucus, vascular sink condi-
tions, and physiological recovery mechanisms, did not provide interpretable 
transport data at C10 concentrations that may be locally relevant in vivo. Sim-
ilarly, Ussing chamber tissue progressively lost viability during sustained ex-
posure to C10. 

By contrast, the in vivo studies showed that C10-mediated enhancement is 
rapid, concentration dependent, and transient, with evidence of epithelial re-
covery over time. The principal translational limitations of static in 
vitro and ex vivo models are therefore their inability to reproduce vascular 
clearance, epithelial recovery, and the local concentration-dependent enhancer 
effects that occur in vivo. These models remain useful for mechanistic screen-
ing and for detecting the presence of enhancer activity, but they should not be 
used as stand-alone systems to quantitatively rank high-concentration C10 for-
mulations intended for oral peptide delivery. 

Impact of peptide physicochemistry and lipidation on luminal stability and 
absorption 
Aim: To determine how the physicochemical properties of GLP-1 analogues, 
particularly lipidation and backbone modification, influence luminal stability 
and intestinal absorption when co-formulated with C10. 

The head-to-head comparison of J211, J229, semaglutide, and MEDI7219 in 
Paper II established that amino-acid backbone modification and lipidation are 
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important determinants of luminal stability and C10-mediated intestinal ab-
sorption. Peptides containing extensive α-methylated and other non-natural 
amino-acid substitutions, represented by MEDI7219, were markedly more 
stable during pancreatin exposure than the less extensively modified semag-
lutide, which was almost completely degraded within 10 min. Co-formulation 
with C10 increased the estimated proteolytic half-life of semaglutide by at 
least two-fold, indicating that permeation enhancers may provide partial pep-
tide protection in addition to their effects on epithelial transport. 

In vivo, C10 co-administration increased the bioavailability of the exten-
sively modified peptides by approximately 35–40-fold and increased semag-
lutide bioavailability by approximately 250-fold. Within this series, the bis-
lipidated MEDI7219 analogue achieved the highest absolute bioavailability. 
However, the relationship between lipidation and absorption was not mono-
tonic, as non-lipidated J211 showed higher bioavailability than mono-lipi-
dated J229. These findings indicate that lipidation, together with backbone 
stabilisation, can be an important medicinal chemistry strategy for oral peptide 
delivery, but that the effect of lipidation depends on its specific molecular 
context. 

Molecular and colloidal basis of differential absorption of GLP-1 analogues 
Aim: To elucidate the molecular and colloidal basis for differential absorption 
among structurally related GLP-1 analogues, including peptide self-assem-
bly, C10 self-assembly, and peptide–C10 co-assembly. 

Biophysical characterisation by ¹H NMR, diffusion NMR, SAXS, CD spec-
troscopy, and all-atom molecular-dynamics simulations in Paper III demon-
strated that the four GLP-1 analogues occupied distinct self-associated states 
in solution. Effective assembly size followed the rank order semaglutide > 
J211 > J229 ≈ MEDI7219, while all analogues retained predominantly α-hel-
ical secondary structure. C10 also formed distinct aggregate structures under 
the alkaline and near-neutral biorelevant conditions examined, forming micel-
lar aggregates under alkaline conditions and vesicular aggregates under near-
neutral conditions. 

Peptide–C10 association was strongly analogue dependent. MEDI7219 ex-
hibited the smallest reduction in apparent mobility in the presence of C10, 
consistent with weaker association and a larger unbound and/or rapidly ex-
changing peptide fraction. In contrast, semaglutide and J229 had the largest 
reduction in apparent mobility in the presence of C10, consistent with exten-
sively association with C10 aggregates. This qualitative pattern was consistent 
with the in vivo absorption ranking observed in Paper II. Collectively, these 
data support the conclusion that intestinal absorption is influenced by the 
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interplay of peptide self-assembly, enhancer self-assembly, and peptide–en-
hancer co-assembly. Extensive peptide association with slowly diffusing en-
hancer aggregates may reduce the concentration gradient and free peptide 
fraction available for epithelial transport. 

Peptide–cell membrane interactions and their relevance to oral delivery 
Aim: To determine whether peptide interactions with cell membranes contrib-
ute to intestinal absorption and how lipidation and backbone modification af-
fects these interactions. 
QCM-D experiments using POPC-supported lipid bilayers, combined with 
all-atom and coarse-grained molecular-dynamics simulations in Paper IV, 
showed that the GLP-1 analogues interacted with model membranes in an an-
alogue-dependent manner. Non-lipidated J211 produced the largest transient, 
hydrated, and mechanically soft membrane-associated state, whereas the lipi-
dated analogues produced smaller but retained interfacial responses. 

The molecular-dynamics simulations indicated that lipidation pattern and 
peptide sequence together influenced the depth and persistence of membrane 
engagement. In coarse-grained simulations, MEDI7219 showed the deepest 
lipid-tail insertion and no tail-expulsion events over the simulated time scale. 
J229 displayed more transient interactions and repeated tail-expulsion events, 
whereas J211 associated with the bilayer surface through aromatic and 
charged residues. In the presence of C10, peptide-specific membrane re-
sponses were attenuated, although analogue-dependent differences remained 
detectable. 

These findings support the hypothesis that peptide–membrane interactions 
may contribute to intestinal absorption. However, their quantitative contribu-
tion to epithelial translocation remains to be established in more biologically 
complex epithelial systems. 
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Popular scientific summary 

Peptide drugs, such as GLP-1 analogues used to treat type 2 diabetes and obe-
sity, are currently most often given by injection. For patients requiring lifelong 
treatment, injections can cause discomfort, reduce adherence, and increase 
healthcare costs. A swallowable tablet would therefore be a major advance. 
However, peptides are large and fragile molecules that are rapidly degraded 
by enzymes in the stomach and intestine and have difficulty crossing the in-
testinal wall. As a result, only a very small fraction of an orally administered 
peptide, often around 1%, reaches the bloodstream. 

One strategy to overcome this problem is to combine peptides with perme-
ation enhancers, excipients that temporarily increase intestinal permeability. 
Sodium caprate (C10) is one of the most widely studied enhancers. Yet, de-
spite decades of research, it remains unclear why closely related peptides can 
be absorbed very differently when formulated with the same enhancer. 

In this thesis, four related GLP-1-like peptides were studied: one without a 
fatty acid, two carrying a single fatty acid, including semaglutide, the active 
substance in Rybelsus® and Ozempic®, and one carrying two fatty acids. Us-
ing cell culture experiments, tissue studies, animal studies in rats and pigs, 
advanced biophysical methods, and computer simulations, I investigated how 
peptide structure, interaction with C10, and contact with intestinal cell mem-
branes together influence absorption. 

The results show that commonly used laboratory models, such as Caco-2 
cells, do not always reflect what occurs in living animals. C10 created a short 
absorption window, but its effect was not limited to “opening” the intestinal 
wall. Peptide stability, fatty acid attachment, self-assembly, and binding to 
C10 structures were also important. The peptide carrying two fatty acids was 
absorbed best. A key finding was that C10 can form small bubble-like struc-
tures in intestinal fluid that bind peptides to different extents. If binding is too 
strong, less free peptide remains available for uptake, helping explain why 
different peptides respond differently to the same formulation. 

Overall, this thesis shows that successful oral peptide delivery depends on 
a careful balance between peptide molecular design and formulation proper-
ties. The peptide must be stable enough to survive in the intestine, remain suf-
ficiently free for absorption, and interact effectively with the intestinal barrier 
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during the brief period when the enhancer is active. These findings provide a 
more complete understanding of oral peptide absorption and may support the 
development of future tablet-based peptide medicines that are simpler and 
more patient-friendly than injections. 
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Populärvetenskaplig sammanfattning  

Peptidläkemedel, såsom de GLP-1-analoger som revolutionerat behandlingen 
av typ 2-diabetes och fetma, ges idag oftast som injektioner. För patienter som 
behöver livslång behandling innebär detta obehag, sämre följsamhet och högre 
vårdkostnader. En tablett som kan sväljas skulle vara ett stort framsteg, men 
peptider är stora, känsliga molekyler som snabbt bryts ned av magsäckens och 
tarmens enzymer och som har svårt att ta sig igenom tarmväggen. Endast en 
mycket liten andel av en oralt given peptid, ofta bara omkring 1%, når därför 
blodet. 

En vanlig strategi är att blanda peptiden med så kallade permeationsför-
stärkare, hjälpämnen som tillfälligt gör tarmväggen mer genomsläpp-
lig. Natriumkaprat (C10) är en av de mest studerade förstärkarna. Men trots 
årtionden av forskning förstår vi fortfarande inte helt varför två snarlika pep-
tider kan absorberas mycket olika när de kombineras med samma förstärkare. 

I denna avhandling har fyra besläktade GLP-1-liknande peptider studerats: 
en utan fettsyra, två med en fettsyra (varav semaglutid, den aktiva substansen 
i Rybelsus® och Ozempic®) och en med två fettsyror. Genom att kombinera 
cellodlingsförsök, vävnadsstudier, djurstudier i råtta och gris, samt avancerade 
biofysikaliska metoder och datorsimuleringar har jag undersökt hur peptider-
nas kemiska uppbyggnad, deras samverkan med förstärkaren och deras kon-
takt med tarmens cellmembran tillsammans styr upptaget. 

Resultaten visar att gängse laboratoriemodeller (t.ex. Caco-2-celler) inte 
alltid speglar det som händer i levande djur. Vidare visade sig antalet fettsyror 
på peptiden vara avgörande: den peptid som bar två fettsyror togs upp bäst. 
En viktig, och något oväntad, upptäckt var att C10 inte bara "öppnar" tarm-
väggen utan också bildar små bubbelliknande strukturer i tarmvätskan som 
kan binda peptiden. Om peptiden binds för starkt blir mindre andel fritt till-
gängligt för att tas upp i kroppen, vilket delvis förklarar varför olika peptider 
svarar olika på samma formulering. 

Sammantaget ger avhandlingen en mer helhetsbetonad bild av hur orala 
peptidläkemedel fungerar och pekar på att både peptidens molekylära design 
och formuleringens fysikalisk-kemiska egenskaper måste utvecklas parallellt. 
Denna kunskap kan bidra till utvecklingen av nästa generations tablett-
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baserade peptidläkemedel, som skulle kunna göra behandlingen av vanliga 
folksjukdomar både enklare och mer patientvänlig. 
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