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Abstract 
Due to non-invasiveness and patient compliance, the oral route is the preferred route of drug delivery. 
One class of drugs with a great potential is peptides due to their high specificity, high potency, and low 
toxicity. However, oral delivery of peptide drugs usually result in low bioavailability. This is in part due to 
the low membrane permeability of peptides which makes it difficult for the peptides to cross the cell 
membrane of epithelial cells. The membrane impermeability to peptides is so extreme that it constitutes 
a challenge for peptide uptake despite the very large surface area of the upper part of the small intestine 
where most substances are absorbed.  
The success in delivering peptide drugs orally is limited with the bioavailability of clinically tested oral 
peptide drugs typically being a few percent or less, Co-formulating drugs with permeation enhancers have 
in some cases increased their bioavailability.Still, only one linear polypeptide drug has ma been 
commercialized.  
Most permeation enhancers are membrane active and interact with the cell membrane either in a way 
that increases the permeability of the membrane through fluidization or solubilization of the membrane, 
or in a way that . Also, some peptides 
are inherently membrane active either as pore-forming antimicrobial peptides or as cell-penetrating 
peptides. By studying membrane activity, it is possible to obtain information that can lead to increased 
bioavailability of oral peptide drugs. 
Some permeation enhancers require direct interaction with the peptide drug to enhance permeation, and 
many permeation enhancers are fat-soluble and have been shown to interact with the bile acids and 
phospholipids present in the upper part of the small intestine. It has also been shown for at least one 
combination of permeation enhancer and peptide drug that the presence of bile acids and phospholipids 
influence the interaction between permeation enhancer and peptide drug. However, how such 
interactions affect the membrane activity has not previously been reported.  
 
In this PhD thesis it is studied how interactions between permeation enhancers, peptide drugs, and bile 
components influence the membrane activity of the permeation enhancers, and a method is developed 
to study membrane activity in a high-throughput manner on individual lipid membranes. The latter part 
enables that information on subpopulations can be obtained.  
 
In project one, the membrane active permeation enhancers and peptides C10, sodium cholate, dodecyl 
maltoside, sodium dodecyl sulfate, salcaprozate sodium, melittin, and penetratin are studied with respect 
to their membrane perturbation, their interactions with the peptide drugs insulin and salmon calcitonin, 
their interactions with the bile components taurocholate and phospholipids, and how these interactions 
influence the membrane perturbation. The membrane perturbations was studied using a calcein release 
assay and dynamic light scattering-based size measurements of liposomes, and the interactions were 
studied using dynamic light scattering and a hydrophobicity assay, the Nile Red assay. The study thus also 
underlines the possibility of performing such studies in the presence of bile components by the use of 
POPC:Cholesterol (9:1 molar ratio)-liposomes. Three distinct mechanisms of actions were identified for 
the membrane active species, with dodecyl maltoside perturbating the lipid membrane in a two-state 
mechanism, eventually leading to solubilization. Interactions between several permeation enhancers and 
peptide drugs were identified, and particularly for C10 these interactions increased the membrane 
perturbation though the effect seemed to be limited by the presence of bile components. Contrary, the 
membrane perturbation of sodium dodecyl sulfate was generally limited upon interactions with other 
species. In summary, this project highlights the importance of carrying out mechanistic studies of 
permeation enhancers in the presence of peptide drugs and bile components, and choosing the 
combination of peptide drug and permeation enhancer carefully.  
 
In project two a flow cytometry based method was developed allowing the determination of the mode of 
action for membrane active peptides in a high-througput label free manner. It was established that 
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POPC:POPS liposomes membrane-labeled with DOPE-Atto655 and encapsulating Alexa488 could be 
detected using flow cytometry. The mode of action for the membrane active peptides penetratin, Tat 
magainin-2, macrolittin-70, LL-37, and melittin could be determined to be non-membrane perturbating, 
membrane perturbating without or membrane perturbating with solubilization. Also, the aggregation of 
liposomes could be detected using this method. The method was applicable to study single liposomes, 
and thereby study the simultaneity of the effects. The method was also shown to be suitable to distinguish 
between modes of actions for liposomes with different charges. The method has potential to be further 
developed to distinguish between different subpopulations of a sample or to include membrane 
association of peptides in the study by fluorophore labeling of the peptide. The method developed in this 
project thus provides a mean to perform high-throughput mechanistic studies of membrane activity 
contributing to the understanding of permeation enhancement.  
 
Together, this thesis provides insight into the mechanisms of membrane activity and a high-throughput 
method to study such mechanisms on a single liposome basis. The outcome of this thesis hence provide 
a basis for faster and more relevant understanding and screening of factors governing permeation 
enhancement across lipid membranes in a setting relevant for oral drug delivery of peptide.  
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Dansk resumé 
Det foretrækkes ofte at lægemidler administreres oralt, da dette giver en høj patient compliance og er 
minimalt invasivt. Peptider som klasse har et stort potentiale som lægemidler på grund af deres høje 
specificitet og potencitet samt deres lave toksisitet. Imidlertid resulterer oral administration af 
peptidlægemidler sædvanligvis også i lav biotilgængelighed. Dette skyldes hovedsageligt peptidernes lave 
membranpermeabilitet, der gør det vanskeligt for peptiderne at krydse cellemembranen i epitelceller. 
Membranens uigennemtrængelighed for peptider er så ekstrem, at den udgør en udfordring for 
peptidoptagelsen på trods af det meget store overfladeareal af den øverste del af tyndtarmen, hvor de 
fleste stoffer ellers optages.  
Der er begrænset succces med orale peptidlægemidler. For eksempel er biotilgængeligheden af klinisk 
testede orale peptidlægemidler typisk kun på få procent Co-formulering af lægemidler med 
permeationsforstærkere har i nogle tilfælde øget deres biotilgængelighed. Alligevel er kun et lineært oralt 
polypeptidlægemiddel blevet kommercialiseret.  .  
De fleste permeationsforstærkere er membranaktive og interagerer med cellemembranen på en måde, 
der enten øger membranens permeabilitet gennem fluidisering eller solubilisering membranen, eller øger 
peptidets evne til at translokere over lipid-dobbeltlaget. Nogle peptider er også naturligt membranaktive 
enten som poredannende antimikrobielle peptider eller som cellepenetrerende peptider. Ved at studere 
membranaktivitet er det muligt, at der kan opnås information, der kan føre til øget biotilgængelighed af 
orale peptidlægemidler. 
For nogle permeationsforstærkere er det nødvendigt at de interagerer direkte med peptidlægemidlet for 
at øge dets permeation. Desuden er mange permeationsforstærkere fedtopløselige, og flere permeations-
forstærkere har vist sig at interagere med galdesyrer og fosfolipider. Disse mødes særligt i den øvre del af 
tyndtarmen. Det er også blevet vist for mindst én kombination af permeationsforstærker og 
peptidlægemiddel, at tilstedeværelsen af galdesyrer og phospholipider påvirker interaktionen mellem 
permeationsforstærker og peptidlægemiddel. Det er imidlertid ikke tidligere blevet rapporteret hvordan 
sådanne interaktioner påvirker membranaktiviteten. 
 
I denne ph.d.-afhandling studeres det, hvordan vekselvirkninger mellem permeationsforstærker, 
peptidlægemiddel og galdekomponenter påvirker permeationsforstærkernes membranaktivitetn, og der 
udvikles en metode til at studere membranaktivitet på en high-throughput måde på individuelle 
lipidmembraner. Sidstnævnte muliggør at der kan opnås information om delpopulationer.  
 
I projekt 1 studeres de membranaktive permeationsforstærkere og peptider C10, natriumcholat, 
dodecylmaltosid, natriumdodecylsulfat, salcaprozatnatrium, melittin og penetratin med hensyn til deres 
membranperturbering, deres interaktioner med peptidlægemidlerne lakse-calcitonin og insulin, deres 
interaktioner med galdekomponenterne taurocholat og fosfolipider, og hvordan disse interaktioner 
påvirker membranperturberingen. Membranperturberingen blev undersøgt ved hjælp af et 
calceinfrigivelsesassay og dynamisk lysspredningsbaserede størrelsesmålinger af liposomer, og 
interaktionerne blev undersøgt ved hjælp af dynamisk lysspredning og et hydrofobicitetsassay, Nile Red-
assayet. Undersøgelsen understreger således også muligheden for at udføre sådanne undersøgelser i 
nærvær af galdekomponenter ved anvendelse af POPC:kolesterol (9:1 molforhold)-liposomer. Tre 
forskellige virkningsmekanismer blev identificeret for permeationsforstærkerne. Dodecylmaltosid 
forstyrrer lipidmembranen i en to-trins mekanisme, der endeligt fører til solubilisering. Interaktioner 
mellem flere permeationsforstærkere og peptidlægemidler blev identificeret, og især for C10 øgede disse 
interaktioner membranperturberingen, selvom effekten syntes at blive begrænset af tilstedeværelsen af 
galdekomponenter. I modsætning hertil blev membranpertuberingen af natriumdodecylsulfat begrænset 
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ved interaktioner med andre stoffer. Tilsammen fremhæver data i dette projekt vigtigheden af at udføre 
mekanistiske undersøgelser af permeationsforstærkere i nærvær af peptidlægemidler og 
galdekomponenter, og at vælge kombinationen af peptidlægemiddel og permeationsforstærker 
omhyggeligt.
 
I projekt to blev der udviklet en flowcytometri-baseret metode, som muliggjorde bestemmelsen af, 
hvordan virkningsmåden for membranaktive peptider kunne bestemmes på en høj-throughput-mærkefri 
måde. Det blev vist, at POPC:POPS liposomer membranmærket med DOPE-Atto655 og indkapslende 
Alexa488 kunne påvises ved hjælp af flowcytometri. For de membranaktive peptider penetratin, Tat 
magainin-2, makrolittin 70, LL-37 og melittin kunne det vises om virkningsmåden var ikke-
membranforstyrrende eller membranforstyrrende med eller uden opløsning af membranen. Desuden 
kunne aggregeringen af liposomer påvises ved anvendelse af denne metode. Metoden var anvendelig til 
at studere enkelte liposomer og derved studere samtidigheden af virkningerne. Metoden viste sig også at 
være egnet til at skelne mellem virkningsmåder for liposomer med forskellige ladninger.  
Metoden har potentiale til at blive videreudviklet til at skelne mellem forskellige subpopulationer af en 
prøve eller til at inkludere membranassociering af peptider i undersøgelsen ved at mærke peptidet med 
en fluorophore. Metoden udviklet i dette projekt giver således et middel til at udføre high-throughput 
mekanistiske undersøgelser af membranaktivitet, der bidrager til forståelsen af permeationsforbedring. 
 
Tilsammen giver denne afhandling indsigt i mekanismerne for membranaktivitet og en high-throughput 
metode til at studere sådanne mekanismer på enkelt-liposom basis. Resultatet af denne afhandling giver 
derfor et grundlag for hurtigere og mere relevant forståelse og screening af hvilke faktorer, der styrer 
permeationsforstærkningen på tværs af lipidmembraner i en kontekst, der er relevant for oral 
lægemiddellevering af peptid.  
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Chapter 1: Introduction 
Oral delivery is the most common route for drug administration (1). Oral formulations represent 
approximately 90 % of the total market share of all pharmaceutical formulations [1]. It has many 
advantages, including mimic of physiological metabolism, ease of ingestion, non-invasiveness and high 
patient compliance making it a convenient route for drug delivery. Despite its many advantages, many 
obstacles need to be overcome in the development of oral formulations to ensure sufficient bioavailability 
to obtain the desired effect [2]. The obstacles are mainly attributed to the harsh environment of the oral 
route in combination with the physicochemical properties of the drugs, including their membrane 
permeability [1]. 
 

1.1 Thesis objective 
The focus of this PhD thesis is mechanisms and properties governing membrane activity in relation to oral 
peptide drug delivery.  
The results presented within this thesis aim to present a novel perspective of permeation enhancement 
of peptide drugs in intestinal-mimicking fluids, and the development and characterization of methods for 
this.  
The main objectives of the PhD thesis are: 

I. The elucidation of the interplay between permeation enhancers, peptide drug, bile components 
and the importance hereof in relation to the membrane activity of the permeation enhancers.   

II. The development of a high throughput method to study the mode of action of membrane active 
peptides.  

 

1.2 Oral drug delivery 
1.2.1 The oral route 
The oral route is the route an orally administered formulation has to pass through (Figure 1.1). The oral 
route starts in the mouth, and continues through the stomach to the intestinal tract (Figure 1.1, left), 
where most nutrients and drugs are absorbed [1], [3]. From the mouth, both buccal and sublingual drug 
delivery can take place [4], [5]. Drugs can also be absorbed through the stomach [6]. However, neither 
the buccal and sublingual routes nor absorption through the stomach will be discussed in this chapter. 
The focus will be on the intestinal tract, particularly the small intestine. After being absorbed, drugs are 
either transported through the hepatic portal vein to the liver, from where it enters systemic circulation, 
which is typical for hydrophilic compounds, or is uptaken directly into the lymphatics, bypassing the liver 
[1] which is typical for lipophilic compounds.  
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Figure 1.1: The oral route. Left: The oral route starts at the mouth, continues through the esophagus and the stomach to the small 
instestines and the large intestine, and ends at the rectum. Right: Substances absorbed through in small intestine must pass 
through the mucus layer and the layer of enterocytes to reach the blood stream. The surface of the enterocytes are increased by 
the presence of microvilli on the luminal side. The figure is adapted from the manuscript in Chapter 3.

1.2.1.1 The intestinal tract
The intestinal tract is divided into the small and the large intestine. The small intestine consists of the 
duodenum, jejunum, and ileum, and the large intestine of the cecum, colon, and rectum [1]. The luminal 
surface is lined with epithelial cells covered by a mucus layer (Figure 1.1 right), constituting a barrier for 
drugs in reaching the epithelial cells [7]. The mucus layer is thinner in the small intestines than in the 
stomach and the colon [1]. The surface area of the small intestines is greatly increased through villi 
structures, particularly in the duodenum and the jejunum [8]. For most substances, absorption mainly 
occurs through the absorptive cells, the enterocytes, present on the villi. On the apical side (the side facing 
the lumen) of each enterocyte, a large number of microvilli are present (Figure 1.1 right), which further 
enlarges the surface. The microvilli has a width of 100-200 nm and a height of approximately 1 µm. The 
cell membrane is composed of proteins, neutral lipids, phospholipids, and glycolipids, with a high number 
of proteins having transport properties [7]. Together, these factors contribute to the upper part of the 
small intestine being a major place for drugs absorption [9].

1.2.1.1.1 The intestinal lumen
Many factors influence the solubility, degradation, and absorption of nutrients and drugs in the intestines, 
including the physico-chemical environment and bile [10]. In the intestinal lumen, the physico-chemical 
environment is highly variable; even in the fasted state [11] where chyme from the stomach is also present 
[12]. The pH generally increases through the small intestines [13], with a mean of pH 6.3-6.5 in the 
duodenum [11], [14], pH 6.8 in the jejunum [11], and pH 7.4 in the terminal ileum [13]. In the fasted state, 
the mean osmolality in the duodenum is just below 200 mOsmol/kg [11], [14], 264 mOsmol/kg in the 
jejunum [11], and 60 mOsmol/kg in the ileum [11], [14].. The pH is increased from the very acidic pH of 
the stomach by the presence of bile salts [15]. Bile is led from the liver and gall bladder through the 
common bile duct into the intestine in the second part of the duodenum [16], and is absorbed in the ileum 
(12). The main components of bile are cholesterol, bile acids, phospholipids, and bilirubin [11], [16]. The 
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presence of the three first-mentioned components lead to the formation of mixed micellar carriers, which 
assist in solubilizing fats and fat-soluble substances [11], [17]. The mean concentration of bile acids in the 
fasted state is reported to be around 3.3 mM in the duodenum, and around 3 mM in the jejunum (8). The 
main bile acid is taurocholate. It should be noted however, that also bile concentrations and compositions 
are highly variable, both on an interindividual and an intraindividual basis [11]. The last-mentioned 
variation may in part be due to intake and timing [11]. 
Absorption of nutrients and drugs are also influenced by the exposure time of the substance to be 
absorbed towards the epithelium. The transit time is generally considered to be 3-4 hours for the small 
intestines, and two to four days for the colon [1]. 
 
1.2.1.2 The way of drugs into the blood stream 
For orally administered drugs intended for systemic delivery (as opposed to the gastro-intestinal tract 
itself being the target), has to reach the blood stream. Generally, absorbed drugs are transported through 
the hepatic portal veins to the liver, from where they enter systemic circulation. In the liver, the drugs are 
exposed to the hepatic enzymes, and may be subjected to first-pass hepatic metabolism [18]. First-pass 
hepatic metabolism potentially reduces the bioavailability of the drug before entering the systemic 
circulation. Lipophilic drugs may instead be absorbed by the intestinal lymphatics, and be delivered 
directly to systemic circulation, thereby bypass the liver and first-pass hepatic metabolism [19]. When the 
systemic circulation is reached, the oral route is completed.   
 

1.2.2 Uptake pathways 
In order to be absorbed systemically, an orally delivered drug must cross the epithelium. As written above, 
this is often the epithelium of the duodenum and jejunum. The ability to cross the epithelium and the 
mechanism by which this is done is determined by many factors, particularly the physicochemical factors 
of the drug. Figure 1.2 shows different mechanistic possibilities for transport of drugs from the apical side 
to the basolateral side of the epithelium.  
 
Overall, the transport mechanism can be passive, active, or vesicular [20]. Passive transport is energy-
independent transport across the epithelium, driven by a concentration gradient. It can be further divided 
into paracellular (Figure 1.2a) and transcellular transport (Figure 1.2b). Passive paracellular transport is 
transport across the epithelium in the gap between the cells, through the gaps between specialized 
proteins forming tight junctions. The paracellular route is favored by small, hydrophilic drugs. Passive 
transcellular transport is diffusion across the apical cell membrane, through the cell, and across the basal 
cell membrane into the blood stream. The mechanism is mainly favored by small, membrane-

 
four physicochemical parameter ranges which molecules predicted to be intestinal permeable do not 
violate more than one of. The parameter ranges are  5 hydrogen bonds,  10 hydrogen bond acceptors, 
molecular weight  500 Da,  [21]. Nonetheless, also lipophilic peptides have been shown to 
penetrate the lipophilic bilayer of intestinal cells [22], [23]. Due to the large surface area of the 
enterocytes, the majority of drugs being absorbed without transporters are absorbed by this mechanism. 
Passive transcellular transport is therefore a target mechanism of many drug studies [7], [23], [24]. 
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In active transcellular transport, molecules are being transported into the cell in an energy-dependent 
manner, by the use of transporters embedded in the membrane. Transporters cover both influx 
transporters mediating uptake of e.g. oligopeptides from the apical side, and efflux transporters actively 
transporting substances out of the cell. Transporters can be placed both in the apical membrane and 
basolateral membrane, and typically transport hydrophilic molecules recognized as substrates alongside 
nutrients [25]. 
Vesicular transcellular transport, also called transcytosis, is transport where the substance is taken up into 
a vesicle by endocytosis, transported across the cell in the vesicle, and released into the bloodstream by 
exocytosis. 

Figure 1.2: Mechanisms of drug absorption through the epithelium to the blood stream. Shown is here transport of molecules 
across enterocytes, from intestinal lumen on the apical side to the blood stream on the basolateral side. Transport across the 
epithelium can be a) passive paracellular through the tight junctions that join the cells, b) passive transcellular by diffusion across 
the cell membrane and the cell, c) active transcellular by transporter-mediated absorption. Transporters can be both influx 
transporter, transporting molecules into the cell, or efflux transporters, transporting molecules out of the cell, d) vesicular 
transcellular, by uptake by endocytosis, transport by transcytosis in vesicles, and release by exocytosis. Also the unstirred water 
layer and mucosa which covers the epithelium are shown here. Both are factors restraining diffusion of large molecules and hence 
potentially decreasing drug absorption. The figure is adapted from [20] with permission from John Wiley and Sons.

1.3 Oral drug delivery of peptides
From the above, it should be clear that some of the challenges in oral drug delivery are highly dependent 
on the molecular and physicochemical properties of the respective class of drug to be orally administered, 
including their size and hydrophobicity. Other challenges arise from enzymatic degradation [26] and 
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entrapment of large, or charged drugs in the mucus layer [27]. From here on, the focus will be on topics 
related to oral delivery of peptides. 
 

1.3.1 Peptides as orally delivered drugs 
Peptides are short chains of amino acids, historically considered to be up to around 50 amino acid residues 
[28]. Peptides adopt various degrees of specific secondary structure, but contrary to proteins, generally 
lack tertiary and quaternary structure. Their role in biology and biotechnology are vast, as they function 
as hormones, neurotransmitters, growth factors, and antibacterial agents [28]. From an oral delivery 
perspective, their biological and physicochemical properties optimized for their physiological roles, are 
both the largest strengths and the largest weaknesses of potential peptide drugs.  
Due to their individual amino acid sequence and corresponding specifically adopted ensemble of 
secondary structures, peptides are very distinct molecules. This enables peptides to bind to specific 
receptors with high specificity and high potency [29], making them the ideal drug candidate for targeting 
specific receptors in many cases [28]. Due to their lack of higher order structure, peptides are quickly 
degraded in a predictable manner, typically into non-toxic di- and tripeptides [30]. The fast degradation is 
an advantage for naturally occurring peptides when functioning as receptor agonists activating e.g. a 
signal pathway, as this enables a tight regulation of the effect of the peptide. The predictable degradation 
into non-toxic metabolites is also an advantage of peptide as drug [29]. However, the inherent biological 
instability of peptides often leads to low bioavailability of peptide drugs. 
Naturally, occurring peptides are generally hydrophilic and have a high molecular weight, which generally 
render them intrinsically membrane impermeable [31]. Also, the paracellular route is generally not an 
option due to their high molecular weight. Since their biological target is often a cell surface receptor [28], 
membrane permeability is not a prerequisite for the natural biological function of peptides. However, 
from an oral peptide drug perspective, membrane impermeability of peptides is highly disadvantageous, 
as peptides that are to be systemically absorbed need to cross the intestinal epithelium. The membrane 
impermeability thus greatly lowers the bioavailability of peptide drugs.   
Many of the inherent obstacles of oral peptide drug delivery can be overcome by modifying the primary 
peptide structure or the sidechains of the peptides. This is feasible, as peptides can be synthesized fast 
and cost-efficient using solid phase peptide synthesis. However, in many cases even small modifications 
of peptides can greatly decrease their stability, affinity to, and specificity of receptor binding [20]. This 
demonstrates the difficulties of balancing the peptide bioavailability with their activity. 
Thus, while the properties of peptides is what makes them interesting as drug candidates, the same 
properties decreases the oral bioavailability of peptides and thereby complexating oral peptide drug 
development.  
 

1.3.2 Possibilities to increase the bioavailability of peptides 
As previously stated, many delivery barriers and microenvironmental challenges limit the bioavailability 
of orally delivered peptide drugs, with the major limitation being the general inability of peptides to cross 
the epithelium. Nonetheless this is a requirement for peptide drugs to be orally administered for systemic 
delivery, as desired. Many strategies have been employed to enhance the bioavailability of peptides drugs, 
several of which focus on minimizing loss and enhancing the local concentration and exposure time of the 
active peptide drug to the site of absorption [32]. In this thesis, the focus will be on possibilities of 
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enhancing the absorption of the peptide drugs present at the surface of the epithelial cells, after having 
passed through the mucus.  

 
Figure 1.3: Modes of action of permeation enhancer: Paracellular permeation enhancers lead to opening of tight junctions (TJ), 
and are categorized as 1st or 2nd generation paracellular permeation enhancers. 1st generation paracellular permeation enhancers 
function indirectly through cell signaling. 2nd generation paracellular permeation enhancers directly target the physical disruption 
of TJ. Transcellular permeation enhancers act via alteration of the membrane integrity or carrier-mediated enhancement of the 
passive transcellular flux of the peptide. Some permeation enhancers exhibit both paracellular and transcellular enhancement. 
These permeation enhancers are referred to as multimodal permeation enhancers. The figure is adapted from [32] with permission 
from Elsevier.  
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Strategies to increase the absorption of the peptide drugs present at the surface of the epithelial cells
generally evolve around the use of helper molecules or helper moieties [32]. Here, both molecules and 
covalently attached molecular moieties included to enhance the permeation of the drug across the 
epithelial cell layer are categorized as permeation enhancers.  
As mentioned above, uptake pathways can be paracellular or transcellular. The use of permeation 
enhancers can thus, logically, aim at increasing the paracellular pathway, the transcellular pathway, or 
both pathways [32]. Paracellular permeation enhancers are permeation enhancers that lead to the 
opening of the tight junctions, thereby enabling the passage of the peptide drug through the tight 
junctions. Paracellular permeation enhancers can be grouped into 1st and 2nd generation paracellular 
permeation enhancers. 1st generation paracellular permeation enhancers translocate across the cell 
membrane, passively or actively, and activate intracellular signaling involved in disbandment of the tight 
junctions, thereby opening the tight junctions. 2nd generation paracellular permeation enhancers open 
the tight junctions directly by disrupting the interactions at cell adhesion recognition sequences. Most 
paracellular permeation enhancers are of the 1st generation type [32]. Transcellular permeation 
enhancement can be achieved by altering the membrane integrity, e.g. by fluidizing the membrane, thus 
making the membrane more permeable. Many permeation enhancers affect both the paracellular and 
the transcellular transport; these are called multimodal permeation enhancers [32]. Another mean of 
enhancing transcellular permeation is by altering the ability of the peptide drug to translocate across the 
lipid bilayer. This can be done by adding a molecule or moiety (here called a carrier) that increases the 
passive transcellular flux of the peptide drug. The carrier can be added either by covalent attachment (e.g. 
of lipophilic moieties such as acyl chains) [22], [23] or physical complexation (through electrostatic 
interactions, hydrophobic ion pairing or non-ionic interactions) [33] [35]. Most permeation enhancers are 
transcellular and function by interacting with the plasma membrane [32]; they are membrane active. 
Below will be elaborated on the modes of action for these permeation enhancers, as well as on peptides 
exhibiting membrane activity potentially relevant for permeation enhancement 
 
1.3.2.1 Permeation enhancement by alteration of membrane integrity 
The majority of transcellular permeation enhancers are surfactants that function by alteration of 
membrane integrity functions as detergents [32]. Surfactants are surface (membrane) active amphiphiles. 

[36]. It has been proposed 
that surfactant monomers first adsorb to the outer lipid bilayer, then insert into the lipid bilayer, and 
flipflop into the inner layer of the phospholipid bilayer [37]. The insertion of the surfactant alters the 
packing of the lipids in the bilayer [38], [39]. At sufficiently high concentrations of surfactants the altered 
packing of the lipids lead to an increase in membrane fluidity; that is how fast the lateral movement of 
the phospholipids is [40]. This may lead to an increased permeability without solubilization [41]. At higher 
concentrations of the membrane-inserted surfactant, phospholipids or fragments of the membrane lipid 
bilayer are extracted into mixed-micelles with the surfactants, thus solubilizing the membrane, hence 
increasing the membrane permeability (Figure 1.4) [41], [42]. Permeation enhancement by surfactants is 
thus highly dependent on the permeation enhancer concetnration. Surfactants generally are able to form 
micelles or vesicles [43], [44] above a critical micelle concentration (CMC). The micelles and vesicles can 
function as a reservoir of surfactants, keeping the monomer concentration high when surfactant 
monomers are inserted into the lipid bilayer. Hence, the higher the CMC is, the higher is the potential 
concentration of the monomer, free to interact. For fatty acids, longer chain lengths results in higher 
degree of membrane interaction, but also with greater tendency to form micelles or vesicles and hence a 
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lower potential free monomer concentration [32]. Consequently, for fatty acids as permeation enhancers, 
the optimum appears to be a length of 10 carbon atoms (the C10) [32], [42]. However, such correlations 
cannot generally be done as also many other factors, including the type of molecule and their ability to 
form also influence the permeation enhancement [42]. 

Figure 1.4: Proposed mechanism by which surfactant-based permeation enhancers may alter membrane integrity. Surfactant 
permeation enhancers insert into the phospholipid bilayer, resulting in altered phospholipid packing. Upon the altered packing of 
the phospholipids, they and/or membrane fragments can be absorbed into permeation enhancer micelles, leading to the 
formation of permeation enhancer-phospholipid mixed micelles. The disintegration of the phospholipid bilayer enhances the 
permeability of the membrane towards peptide drugs. Figure adapted from [42] with permission from the Elsevier. 

Leading surfactant permeation enhancers include dodecylmaltoside (DDM); sodium dodecyl sulfate (SDS); 
salts of fatty acids, such as sodium caprate (C10); and bile salts, such as sodium cholate (NaC). As these 
will also be used in the thesis, these permeation enhancers will be described in more detail below.  

1.3.2.1.1 C10
C10 is the sodium salt of the medium chain fatty acid capric acid, and is one of the most well studied 
permeation enhancer. It has a long history of use in man, is used as food additive, and has been used in 
Phase II studies to improve intestinal permeation insulin [45]. In the ionized form of C10, C10 form 
colloidal structures only at high concentrations [44], leaving a high monomeric concentration free to 
function as a surfactant in permeation enhancement, yet this equilibrium is highly environment-
dependent [46]. Furthermore, it is evident that C10 also has an effect as first generation paracellular 
permeation enhancer. Many mechanisms for this have been proposed, including a pathway that 
stimulates the intracellular calcium concentration [47], leads to contraction of perijunctional actomyosin 
ring, and thereby permit increased tight junction permeability [48]. The paracellular permeation enhancer 
effect of C10 may be attributed to its membrane fluidizing properties [47], and it is clear that the 
permeation enhancement and mechanism of such is highly concentration dependent [46].
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1.3.2.1.2 Bile salts 
Bile salts are naturally present in the intestinal lumen and aid at solubilizing fatty compounds, transporting 
lipids, and enhancing lipid absorption [49]. They are ionic amphiphilic compounds with a steroid skeleton. 
Generally, bile acids are able to form small, primary micelles on their own [43] but also form secondary 
micelles where multiple primary micelles aggregate through hydrophobic interactions [49]. Bile acids are 
known to form mixed-micelles with phospholipids [50], and can fluidize and extract membrane lipids as 
other surfactants used for permeation enhancement [51]. Nonetheless, many bile acids appear also to 
affect the tight junctions and thereby lead to enhanced paracellular permeability. The paracellular 
mechanisms of actions are highly variable, and include the generation of reactive oxidative species [52], 
EGF receptor autophosphorylation [53], and binding of the calcium near the tight junctions [49]. The 
multimodal permeation enhancement appears to be general for bile acids; at least NaC [54], sodium 
taurocholate [32], and sodium deoxycholate [32] have been shown to have a multimodal mode of action. 
 
1.3.2.1.3 DDM  
DDM is an alkyl maltoside with the polar head group being a disaccharide (maltose) and the hydrophobic 
group being an alkyl chain. It was developed to be a solubilizing agent for membrane proteins [55]. DDM 
is known to have a very low CMC. The formed micelles are 6-7 nm in diameter [56], leaving only a small 
monomeric concentration free for permeation enhancement. Yet, DDM is also known to be permeation 
enhancing at lower concentrations than eg. sodium cholate and C10 [32], [54], [57]. DDM has been shown 
to have a multimodal mode of action, primarily through increase of the membrane fluidity [32] and 
solubilization of the membrane [54]. Yet, it has also been indicated that DDM enhance permeation 
through direct interactions with tight junction proteins [58]. 
 
1.3.2.1.4 SDS 
SDS is a classical surfactant, and the most prominent alkyl sulfate tested in oral peptide delivery. It is 
approved as an excipient in drugs [59] and as a food additive [60] by the FDA. SDS form distinct micelles 
on its own, are known to form membrane protein:SDS complexes and mixed membrane lipid:SDS micelles 
[61]. While it has a classical transcellular surfactant mode of action in permeation enhancement [32], it 
differs from other surfactant permeation enhancers, as it is strongly protein denaturing [61], [62]. The 
denaturation might constitute a challenge for delivery of peptides, if the denaturation is not reversible.  
 
Of the four mentioned permeation enhancers, only SDS is considered to be exclusively a transcellular 
permeation enhancers, the three others are multimodal permeation enhancers, functioning both 
paracellular and transcellular [32]. Yet even for the transcellular effect, it is difficult to correlate 
permeation enhancement to physiochemical properties [32]. This may be because soluble surfactants can 
be further categorized into two sub-groups based on whether (subgroup 1) or not (subgroup 2) they are 
able to form higher order liquid crystal structures [32],  with fatty acids such as C10 and bile acids, such 
as cholate being placed in subgroup 1 and 2, respectively. 
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1.3.2.2 Carrier-mediated permeation enhancement 
Carrier-mediated permeation enhancement is, as mentioned above, the utilization of another compound 
to enhance the ability of the peptide drug to translocate across the lipid bilayer. Many carriers, such as 
Salcaprozate Sodium (SNAC) has a lipophilic moiety, and enhances the lipophilic surface area of the 
peptide drug complex. In addition, other means of membrane-interactions can be utilized to enhance the 
translocation properties of a peptide drug, and another group of molecules mediating permeation 
enhancement as a carrier, is the group of cell penetrating peptides. A short introduction to permeation 
enhancers with a carrier function used in this thesis, SNAC, and the cell-penetrating peptides (CPPs) Tat 
and penetratin will be given below. 
 
1.3.2.2.1 SNAC 
SNAC is a synthetic N-acetylated amino acid derivate of salicylic acid. It was discovered in a screen for 
molecules enhancing the absorption of salmon calcitonin (sCT) [63], and is part of the Eligen ®-carrier 
library, which contains proprietary carriers that physically interact with a wide range of drugs to enhance 
passive permeation across the intestinal epithelium [32]. 
(GRAS) by the U.S. Food and Drug Administration (FDA) [46], and is used as permeation enhancer for oral 
semaglutide (Rybelsus), the only linear polypeptide drug being approved for oral delivery by the FDA [64]. 
In Rybelsys, SNAC enhances permeation in the stomach through multiple actions. SNAC showed a local 
buffering effect, thereby reducing peptide cleavage by pepsin, and increased membrane fluidity in a 
surfactant-like manner, but as a carrier, SNAC shifted semaglutide towards a monomeric state better 
suited for translocation across the epithelium into the blood stream [6].  SNAC has also been shown to 
increase the lipophilic surface area of insulin through non-covalent bonding and/or conformational 
changes to the peptide [32]. 
 
1.3.2.2.2 Cell penetrating peptides 
The first CPPs to be discovered was a peptide derived from the human immuno-deficiency virus-1 
transacting activator of transcription protein TAT) (The peptide is hereafter denoted Tat), which was able 
to translocate across the cell membrane [65]. Tat has been shown to act as a carrier permeation enhancer, 
by translocating proteins to which it is conjugated, into the cell through pinocytosis [66]. The second CPP 
discovered was a peptide derived from the third helix of the DNA-binding transcription factor 
Drosophila Antennapedia homeodomain, called penetratin [67]. Both Tat and penetratin are, as many 
other CPPs, short cationic peptides.  
Penetratin is able to translocate across the cell plasma membrane alone, but has also been shown in vivo 
to be able to function as a carrier for cargo, including insulin (43). Penetratin has been used as a carrier, 
often covalently coupled to its cargo, but has also been shown to enhance the absorption of insulin when 
being physically complexed with insulin through electrostatic interactions (28). Penetratin appears to 
translocate across the lipid bilayer by means of various mechanisms, depending on multiple factors, 
including concentration and cell line (44), with the energy-dependent uptake mechanism of endocytosis 
being favored for high concentrations and energy-independent translocation mechanisms being favored 
for low concentrations (44). Energy-independent translocation of penetratin has been assigned to all of 
the common energy-independent translocation mechanism, formation of inverted micelles (44), 
mechanisms that can be explained by the carpet model and the barrel stave pore model (45), as well as 
the toroidal pore model (46) (Figure 1.5). The mechanisms will be elaborated below in section 1.3.2.3.1. 
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Overall, the mechanisms all require some degree of lipid reorganization, albeit to various degrees, and 
studies deviate as to whether the membrane is perturbated upon the translocation of penetratin (47). 
Yet, generally for CPPs, the mechanism may also very well depend on the cargo-complexation (45), with 
larger cargo favoring endocytic uptake (44).  
Overall, permeation enhancement by the use of CPPs appears to require the CPP functioning as a carrier 
[68], and the use of CPPs as permeation enhancers are thus much more specific than for surfactants. In 
their favor, CPPs therefore require much lower permeation enhancer concentrations than surfactants as 
typical permeation enhancing concentration in situ for penetratin are around 0.5 mM , whereas for 
surfactant two-digit mM concentrations are common [32]). 
 
1.3.2.3 Membrane active peptides 
While peptides do generally not interact with the lipid membrane, a few peptides, the CPPs, are able to 
translocate across the lipid membrane. In a drug delivery perspective, CPPs are interesting both as vehicles 
to transport cargo-peptide drugs across the epithelial membrane, but also to study in the quest to 
enhance the inherent translocation properties of the peptide drug itself. Overall, a broad range of 
translocation mechanisms have been proposed, and even for the individual CPPs the mechanism of 
translocation appears to be multiplex [69]. The range of mechanisms include both energy-independent 
and energy dependent (endocytic) mechanisms. Here, the focus will be on the energy-independent 
mechanisms of translocation. The proposed energy-independent mechanisms cover formation of inverted 
micelles, formation of pores, and the carpet model (Figure 1.5) [70]. Common for the translocation 
mechanisms of CPPs are that they all exert some membrane activity (see below in section 1.3.2.3.1).  
 
1.3.2.3.1 Mechanisms of energy-independent CPP translocation 
The proposed mechanisms of energy-independent CPP translocation that will be covered here are the 
formation of inverted micelles, two versions of the carpet model, and translocation involving pore-
formation.  
For translocation through the formation of inverted micelles, the CPP is translocated across the lipid 
bilayer, entrapped in an inverted micelle that provides a hydrophilic environment for the CPP. The 
inverted micelle is formed as a result of changes in the membrane curvature mediated by electrostatic 
CPP:lipid interactions. This mechanism is considered to favor transport of hydrophilic compounds 
covalently attached to the CPP [69].  
In the carpet model, the CPP self-associate in a carpet-like manner while being associated with the 
membrane surface due to electrostatic interactions. Upon accumulation above a certain threshold, 
hydrophobic sites of the CPP then embed in the lipid region of the membrane, leading to a reorganization 
of the lipids, and ultimately micellization and disruption of the membrane, similar to the mechanisms of 
surfactants [70], as well as internalization of the CPP [69]. An alternative to the carpet model is the 
membrane-thinning effect. Here, rather than the vertical insertion of the hydrophobic CPP moieties into 
the lipid bilayer, the cationic groups of the CPP interacts with the negatively charged lipids and inserts 
into the head group region of the membrane in a surface aligned manner. This requires an expansion of 
the head group area, and is usually accompanied by a reduction of the acyl chain layer thickness [71], [72]. 
The thinning and a concurrent reduction of the local surface tension allows for intercalation of the CPP 
within the membrane [69]. 
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The translocation mechanisms involving pore-formation are in general proposed as mechanisms used by 
primary amphipathic peptides [69]. In the barrel-stave model, CPPs aggregate on the membrane and 
insert into the membrane bilayer forming a well-defined pore with inwardly facing hydrophilic surfaces 
and interactions between the outwardly facing hydrophobic residues and the lipid tails of the membrane 
[69], [70]. In the toroidal model, the CPPs form -helices upon the interaction with the membrane and 
cause the lipid monolayer to bend into the interior, thereby forming a hydrophilic gap in the membrane 
[69].  
From the insertion into the membrane, the CPP may dissociate into the interior of the cell, thereby being 
translocated [73]. 

Figure 1.5: Proposed energy-independent translocation mechanisms for cell penetrating peptides (CPPs). PL: phospholipids. 
Adapted with permission from [69], [70]. Copyright 2022 American Chemical Society.

1.3.2.3.2 Antimicrobial and pore-forming peptides
Other peptides, such as many antimicrobial peptides (AMPs) are also membrane active, functioning by 
some of the same mechanism as CPPs [74], and sharing some of the properties of CPPs, such as their short 
length and commonly being positively charged. A major difference between CPPs and AMPs are their 
ability to keep the membrane intact or be membrane disrupting, respectively [75]. This difference may be 
due to the stability of the defects (transient vs. permanent), and in their native form, AMPs are therefore 
not suited as permeation enhancers [32]. Yet insight into membrane activity mechanisms of AMPs may 
contribute to the general insight of (peptide) membrane activity, both as a permeation enhancer and for 
insight into modifying peptide drugs into being self-translocating. Studies of the mechanisms of AMPs and 
pore-forming peptides may thereby contribute to the journey towards increasing the bioavailability of 
peptide drugs. Below, a small selection of antimicrobial and pore-forming peptides will be introduced. 
Melittin is an amphiphatic, cationic AMP and the main component of bee venom. It specifically induce 
lysis of the red blood cells. Melittin form -helices upon the binding to lipid membranes [76], and, 
depending on the orientation, may insert into the lipid bilayer forming a toroidal pore [77]. Interesting 
from a drug delivery perspective, some of the melittin may be translocated across the lipid bilayer upon 
disintegration of the pore [73]. For anionic lipids, melittin has been reported to rather function in a 
detergent-like manner as for surfactants [78]. Melittin has been studied as a permeation enhancer, and 
was shown to unspecifically increase the permeation across various cell layers as a paracellular 
permeation enhancer [79], [80] in a reversible manner [80]. Yet, its inherent toxicity due to its membrane 
activity limits its use as a permeation enhancer [81].
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Magainin-2 is a cationic, amphipathic AMP found in the skin of the frog Xenopus laevis. It has a specificity 
towards bacterial membranes [82]. Similar to melittin, Magainin-2 is -helical and known to form toroidal 
pores [83], from which it can translocate across a lipid bilayer upon disintegration of the pore [84]. 
Magainin-2 has also been proposed to act through the membrane-thinning mechanism [71]. 
Macrolittin-70 is a synthetic peptide developed from the sequence of melittin. Yet, contrary to most 
AMPs, macrolittin-70 has an overall anionic charge. Macrolittin-70 was developed to form large pores as 
opposed to many pore-forming peptides, and has a multifaceted and destructive effect on the lipid bilayer 
structure, and a potent membrane permeabilization activity [85]. 
 
LL-37 is an AMP from human cathelicidin. It is amphipathic, cationically charged, and 37 amino acid 
residues long. Contrary to other AMPs, LL-37 form fibril-like structures in solution, and in the membrane, 
it forms a narrow channel by the use of an LL-37 tetramer, but also appears to function in a detergent-like 
manner, revealing a complex, and not well-resolved mechanism of action for LL-37 [86].   
 

1.3.3 Safety and other thoughts on the way to the clinic 
Overall, providing drugs as oral formulations rather than by parenteral administration, should, among 
other things, increase the safety of the drug use. Yet several factors regarding safety should be considered. 
At the site of absorption, concerns include the disruption of the epithelium [87], usually required for 
peptide absorption, namely the membrane perturbating effect of e.g. surfactant permeation and pore 
formation by pore-forming peptides, and the opening of the tight junctions. Several studies with 
permeation enhancers have shown a decrease in transepithelial electrical resistance, cytotoxicity and 
mucosal damage [42], [87] [89]. Permeation enhancers often have high toxicity, in for example Caco-2 
cells, and the toxicity even appears to be related to the permeation enhancement [87], [90]. Yet, an 
optimum with permeation enhancement concurrently with rapid recovery can sometimes be found  the 
so- [87], [90]. Also in isolated rat intestines were C10 and SNAC [91], and SDS 
[89] shown to cause mild damage. Yet, the toxicity in vivo appears to be limited as all three of these 
permeation enhancers are approved by the FDA as food additive [60], [92]. The lack of toxicity in humans 
may be due to the fast recovery observed for more complex models [93], but can also be attributed to the 
unlikeliness that the intestinal epithelium is exposed to high permeation enhancer concentrations for a 
prolonged period of time due to short transit times, spreading, dilutions, and absorption [32]. Obviously, 
safety is a very important factor in getting the drug to the clinic. However, the focus of this thesis is on 
understanding the mechanisms of permeation enhancement and membrane activity, and safety will thus 
not be further considered here.  
The lack of long exposure time of high concentrations of permeation enhancers, however also enhances 
the requirements of the permeation enhancers, and may increase the necessary permeation enhancer 
dose for the desired effect. Finally, even for state-of-the-art of orally delivered peptides, the bioavailability 
is not increased to more than 1-2 % of the dosed drug [6], [94]. Oral delivery of peptides thus requires 
high concentrations of both peptide drugs and their permeation enhancer, which may contribute to 
adherent side effects and will inevitably lead to higher production cost, which may limit orally delivered 

[95]. 
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1.4 Studying oral drug delivery of peptide drugs
Many factors influence oral delivery of peptide drugs, and thus many aspects of oral peptide drug delivery 
are relevant to study. Naturally, only clinical studies will show if a drug formulation has the desired effect. 
However, clinical studies provide little information about the mechanisms occurring in the body. To get a 
better understanding of the mechanisms guarding oral peptide drug delivery, model systems can thus be 
applied. The model systems ranges from humans, over animals and cells, to synthetic lipid membranes 
(Figure 1.6). Obviously, the different model systems require different methods, and each model provides 
different levels of mechanistic detail [64]. The mechanistic detail is, however, often a trade-off for the 
biological relevance and feasibility of the studies, and the methods and model systems should thus be 
used to supplement each other, to screen for relevant drugs or formulations, to elucidate mechanisms of 
peptide drug delivery, and to validate if the desired drug formulation has an effect. Many of these model 
systems are discussed with respect to their ability to provide mechanistic information about peptide drug 

Imaging therapeutic peptide transport across intestinal barriers [64] included as 
the appendix. Below will be a brief note on some of the models and methods, followed by a short 
discussion of the use of lipid vesicles to study mechanisms of peptide translocation across lipid bilayers, 
and finally a presentation the aim of this thesis.

Figure 1.6: Mechanistic detail and biological relevance is a trade-off. Here a range of model systems is ranked with respect to 
biological relevance and mechanistic detail. 

1.4.1 Models and methods
In studies in human, the physiological effect of oral administration of peptide drug formulation can be 
studied, e.g. by investigating if the glucose level in blood samples is decreased as a response to oral 
administration of insulin [96]. For more direct studies of the pathway by which peptides can be taken up 
in the body, advanced intravital microscopy has been used on living animals to locate fluorescently 
labelled ovalbumin to goblet cell-associated pathways upon per-oral administration [97]. This method, 
however, requires highly specialized training and equipment. Models that are more feasible are ex vivo 
models, such as Ussing chambers equipped with intestinal human or animal epithelium, and in vitro
models, such as transwell studies with a cell layer where the complexity can be varied. These model 
systems allows for the detection of peptide translocation, and enables quantification of the amount of 
peptide translocated across the epithelium or the cell layer over time [98], [99]. By including marker 
molecules and barrier resistance measurements, these types of models can further provide information 
about whether the translocation occurs paracellularly or transcellularly [98], [99]. More detailed 
mechanistic studies of the translocation are often obtained by the use of microscopy on cells or artificial 
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lipid membranes, such as giant unilamellar vesicles (GUVs), and require the use of fluorescent entities. 
For cells, studies can provide information about location of the peptide in the cell, and thus indicate if 
peptide drugs are taken up by e.g. endocytosis or direct translocations [100]. For GUVs, studies can further 
provide information on the kinetics of fluorescently labelled drugs, as well as whether a translocation is 
coupled with loss of membrane integrity and thereby provide information about the translocation 
mechanism [101]. Artificial lipid vesicles are in general often used to study the effect of peptides on 
membrane integrity [102], [103], and have furthermore been used to study the orientation of peptides in 
membranes, thereby enabling differentiation between various types of pore-forming mechanisms [77]. 
Studies of artificial lipid membranes integrity are also often used to screen for membrane-active peptides 
[104]. The use of lipid vesicles as a model system will be further elaborated below. Finally, peptide 
structures in solution and in surfactants mimicking the membrane can provide information about the 
initial steps of peptides associating, such as pore-formation by oligomerization of peptides [86]. It is 
important to note, that many non-microscopy studies of peptide drugs using artificial lipid membranes do 
not provide information about the peptide drug translocation across the membranes. Rather the studies 
provide information about peptide associating with the lipids or the lipid bilayer, and how the peptides 
interact with and influence the lipid membranes; that is, their membrane activity. For the rest of this 
thesis, the focus will be on peptides, and membrane activity.  
 
1.4.1.1 Lipid vesicles as a model system 
Lipid vesicles are useful for studying the mechanisms of peptide membrane translocation and membrane 
interactions [105]. Advantages of liposomes include the opportunity to modulate the membranes to the 
purpose of the studies, such as the use of species-specific lipids [106], inclusion of charged lipids to include 
charge-driven membrane association [107]
lipid bilayer [108]. Furthermore, fluorophores can be included, embedded specifically or unspecifically in 
the membrane or entrapped in the vesicle, enabling a great variety of studies not possible otherwise. The 
methods to study lipid vesicles are versatile and cover both bulk assays [102], [109], [110], assays 
measuring the coherence of single events [111], [112] as well as studies of individual vesicles [101], [113]. 
For peptide drug delivery, the major constituent of lipid vesicles used for studying membrane interactions 
is often 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) [78], [98], [106], [114], which is 
representative of the abundant glycrophosphocholine, a common lipid of human plasma membranes 
[115]. Other typical components include anionic lipids for charge modulation [106] and cholesterol to 
enhance the stability of the lipid vesicles [116]. It is important to keep in mind that naturally occurring 
membranes are constituted of many components, varying both by species [117] , membrane type[115], 
and within the membranes [118]. Many considerations with regards to choice and complexity of lipid 
compositions can thus be relevant, but are often kept simple with one to three components [78], [98], 
[106], [114]. Peptide induced membrane permeability of lipid vesicles with POPC as the major constituent 
has, at least for sCT with various degrees of lipidations, been shown to correlate with the degree of 
peptide translocation across Caco-2 cell layers [22].  
 

1.4.2 Studying oral drug delivery of peptides in this thesis 
With an outset in oral peptide drug delivery, targeting transcellular absorption through the upper part of 
the small intestines, the focus of this thesis is the study of membrane activity and properties guarding 
membrane activity for peptides and permeation enhancers. It is important to note that the studies carried 
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out, do not provide any measures for peptide translocation or peptide absorption. The membrane activity 
studies will be carried out on POPC-based lipid vesicles due to the previously mentioned correlation 
between membrane permeation and peptide translocation across a layer of Caco-2 cells, which is used as 
a functional model for the small intestines. Additional lipid components are included to fit the study and 
will be further justified for each sub-project (Chapter 3 and chapter 4). Studies will be carried out in 
solutions with pH 6.7 and an osmolality of around 200 mOsmol, similar to the simplest simulated intestinal 
fluids used by Fuchs et al., as this should represent an average pH and osmolality of the duodenum and 
jejunum in fasted state [119]. While taking medications in fed state may be more convenient than in fasted 
state, the components of the bile present in the fasted state are also present at the fed state, albeit at a 
higher concentration in the fed state [14], why studies in fasted state simulated intestinal fluids may 
provide general information about membrane activity. In Chapter 3, the solution therefore included 2.7 
mM taurocholate and 0.7 mM phospholipids as representative for bile components as compromise 
between that suggested by Fuchs et. al [119] and the BioRelevant fasted state simulated intestinal fluid 
(FaSSIF) [120]. The time span used in this thesis for the studies is 30-60 min, as this is the typical transit 
time of the upper part of the small intestine. It may be a little long as the exposure time would thus 
typically be smaller. Yet for Caco-2 transwell studied, the exposure time is typically up to two hours, and 
thus 30-60 minutes appears to be a proper time to study various effects. [71] 
 

1.5 Thesis outline 
This PhD thesis is outlined into 5 chapters as follows: 
Chapter 1 provides a general introduction to the oral route, particularly focusing on the intestine, oral 
peptide drug delivery and possibilities to increase the bioavailabilites of peptide drugs and the 
mechanisms of this. In addition, it introduces some of the common model systems to study various 
aspects of oral peptide drug delivery.  
Chapter 2 provides an introduction to the most commonly used methodologies in this thesis, including a 
discussion about advantages and limitations of the methods.  
Chapter 3 contains manuscript I: Biophysical investigation of permeation enhancers and peptide drugs in 
intestinal environments. In this manuscript, a study is presented in which the membrane activity of seven 
permeation enhancers or membrane active peptides are studied in the absence and presence of peptide 
drugs and/or bile components. The study highlights the importance of including the peptide drug in the 
presence of bile components to elucidate mechanism of permeation enhancement. 
Chapter 4 contains published paper I: Applying flow cytometry to identify the modes of action of 
membrane-active peptides in a label-free and high-throughput fashion. In this paper, the modes of action 
of six membrane active peptides are identified. The study presents a new flow-cytometry based method 
to identify such modes of action, allowing for concurrent investigation of membrane perturbation and 
membrane solubilization on a single vesicle base.  
Chapter 5 summarizes the results of this thesis, highlights the novelty of the results, and comment on 
future perspectives. 
Appendix contains the published review I: Imaging therapeutic peptide transport across intestinal 
barriers. In this review, fluorescence imaging techniques and models for the investigation of oral peptide 
drugs and their transport across the intestinal barrier in the early stage of drug development are review.  
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Chapter 2: Methodology
The main methods in this thesis will be based on fluorescence and light scattering. Here, a brief 
introduction to the physical phenomena of fluorescence and light scattering will be given, focusing on 
aspects relevant to the methods used. In addition, an introduction will be given to the principles of the 
main methods of this thesis. Finally, the advantages and limitations of the methods will be discussed. 

2.1 Fluorescence
2.1.1 Basic introduction to fluorescence
The following is based on the third edition of Principles of Fluorescence Spectroscopy by J.R. Lakowicz (1)
where nothing else is stated.
Electrons in a molecule can be assigned to an energy state and will over time return to the ground level. 
An electron can be excited by the absorption of one or more photons, typically in the form of light, with 
an energy corresponding to the energy difference between the current energy of the electron and the 
energy of an excited state (Figure 2.1). Molecules that are able to re-emit this energy as light, are called 
fluorophores. At the excited state, the fluorophore can exist in a number of vibrational states (0,1,2, Figure 
2.1). Excitation will typically occur to a higher vibrational level than the lowest vibrational state of the 
energy state in question. Upon excitation, the electron will, generally, quickly decay to the lowest 
vibrational level of the first excited energy state (S1, Figure 2.1) through internal conversion, typically 
through the release of heat. From the excited state, fluorophores will return to the ground state (S0, Figure 
2.1) through the emission of a photon. This is what is called fluorescence. The fluorescence typically occur 
to a higher vibrational level than the ground vibrational state, from where thermal equilibrium is reached. 

Figure 2.1: A simple form of a Jablonski diagram. The diagram depicts the singlet ground (S0), first (S1), and second (S2) electronic 
state of a fluorophore. Vibrational energy levels of each electronic state are depicted as 0,1, and 2. Transitions between energy 
states are depicted as vertical lines. Transitions due to thermal equilibration are depicted as dashed lines.

Taking the vibrational relaxation into consideration, the energy difference for fluorescence is typically 
lower than that of excitation. Accordingly, fluorescence emission is usually measured at a lower energy, 
hence at longer wavelength, than excitation. This difference in absorption and fluorescence emission is 

variation in the energy of the photons emitted and thereby a broadening of the fluorescence signal. 
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2.1.1.1 Solvent polarity and fluorescence maximum
The emission from many fluorophores are highly dependent on various properties of the surroundings, 
particularly the polarity of the solvent [1]. Here, a short overview of the theory of general solvents effect 
is presented. In this theory, many assumptions are made, and many minor effects are furthermore left 
out in this description, yet it provides a way of explaining effects on the fluorescence observed for 
fluorophores in solvents of various polarity. In this theory, the fluorophore is considered to be a dipole, 
and the solvent a medium with a uniform dielectric constant. Interaction between the fluorophore and 
the solvent will lead to a change, typically decrease, in the energy difference between the excited state 
and the ground state, thereby leading to a redshift of the emitted fluorescence. The effect mainly driving 
this change is a change in the dielectric constant caused by a reorientation of the dipoles of the solvent 
around the fluorophore.  The reorientation of the solvent, called solvent relaxation, stabilizes the excited 
state, thereby lowering the energy of the excited state. Furthermore, the dipoles of the solvent are no 
longer oriented around the ground state, and the ground state is thus destabilized, increasing the energy 
of the ground state. Together, the change in dipole moment due to reorientation, generally, leads to 
fluorescence at lower energy and longer wavelength in polar solvents than in non-polar solvents, with the 
effect additionally being most pronounced for polar fluorophores.  
 
2.1.1.2 Fluorescence quenching 
In general, the total fluorescence emission of a sample in a specific environment correlates linearly with 
the number of fluorophores in that specific environment at a particular wavelength. This is frequently 
used for quantification [2] [4]. However, many factors can decrease the fluorescence, commonly referred 
to as quenching. Quenching is generally divided into two types of quenching, static quenching and 
collisional quenching. Static quenching is typically a result of complexation of the fluorophore in the 
ground state, and will not be described further in this chapter. When a fluorophore undergoes collisional 
quenching, it decays to the ground state without the emission of a photon upon contact with the 
quencher. This can occur by transfer of energy from the excited fluorophore to the quencher whereby the 
fluorophore is decayed to the ground state and the quencher is excited and decays in a non-fluorescent 
manner. The transfer of energy requires that the emission energy spectra of the fluorophore and the 
excitation energy of the quencher overlap, and then this common amount of required energy is what is 
transferred. For some fluorophores, like fluorescein and calcein, 
transfer can occur between the fluorophores with the fluorophores acting both as donor and quencher. 
This transfer of energy requires the close proximity of the fluorophores, and typically takes place when at 
high fluorophore concentrations or when multiple fluorophores are coupled to the same molecule, 
bringing them in close proximity of each other. This is called self-quenching. For carboxyfluorescein it has 
been shown that it dimerizes into a non-fluorescent dimer, and that the dimerization as well as energy 
transfer to the dimer also contributes to self-quenching [5]. Self-quenching can be exploited to investigate 
protein folding [6] or protein dimerization [7], but also in calcein release assays and alike (Section 2.1.3).  
 

2.1.2 Nile Red 
Nile Red is commonly used as a hydrophobicity marker [8] [10] Nile Red is a hydrophobic fluorophore, 
which easily partitions into hydrophobic regions [9]. It has an excitation wavelength around 549 nm and 
is unaffected by changes in pH between 4.5 and 8.5. Nile Red can thus be used at a range of pH-values 
and without interference of the absorption from proteins and peptides, which absorb around 205 nm, 
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215 nm, and 280 nm. The fluorescence of Nile Red is highly dependent on the solvent polarity. At 
decreased polarity, the fluorescence maxima is blue shifted and the intensity increased (2). In aqueous 
solutions, the fluorescence of Nile Red is quenched (3). Nile Red has been used to detect CMCs of a broad 
range of surfactants [11] and the oligomerization of melittin (2). Nile Red has a low solubility in aqueous 
solutions and is therefore preferable dissolved in non-polar solvents, typically dimethyl sulfoxide (DMSO) 
[12]. This is a drawback when using Nile Red as a hydrophobicity marker of particles in aqueous solutions 
as DMSO may disrupt e.g. lipid membranes [13]. This effect can, nonetheless, be minimized by adding 
very small volumes of the dissolved Nile Red to the solution of interest. While small volumes are more 
prone to have a higher fraction of uncertainty, the fluorescence quantum yield of Nile Red is high, and 
even small hydrophobic regions or changes in hydrophobic areas can be detected as changes in the Nile 
Red fluorescence [9].  
 

2.1.3 The calcein release assay 
The calcein release assay is a frequently used assay to measure membrane perturbation [14] [17]. It is 
made possible based on the fluorescent properties of calcein. This, together with the principle of the 
calcein release assay, and advantages and disadvantages or attention points of the calcein release assay 
will be explained in detail below.  
 
2.1.3.1 Properties of calcein 
Calcein is a water-soluble fluorescein fluorophore. It is widely used as an extrinsic label, and has the 
advantage of being insensitive to the solvent polarity [1]. The fluorescence of calcein is insensitive to pH 
in the region of pH 6.4-8.4, outside which the fluorescence decreases [18]. The fluorescence intensity of 
calcein, like for other fluoresceins [1], correlate linearly with fluorophore concentration at low 
concentrations, but are self-quenching at higher concentrations [19], [20]. In a HEPES buffer at pH 7.4 
calcein fluorescence intensity was reported to correlate linearly with calcein concentration ranging from 
0-2 mM and reach its maximum at 3.1 mM calcein, whereafter the fluorescence intensity decreased due 
to self-quenching. In another study, the fluorescence of calcein was shown to be 99 % self-quenched at 
calcein concentration of 50 mM [20]. A similar pattern of linearity was observed in our studies where a 
linear correlation was observed up to approximately 7 mM calcein in 10 mM phosphate buffer, 100 mM 
NaCl, pH 6.7 (Figure 2.2).  
 
2.1.3.2 The calcein release assay in practice 
The water-soluble, pH-insensitive, selv-quenching properties of calcein is frequently utilized to measure 
the membrane permeability of liposomes in a calcein release assay [14], [21] [23], and is also used as 
such in this thesis. In the calcein release assay, calcein is encapsulated at a high, self-quenching 
concentration. When calcein escapes the liposomes, e.g. upon the exposure to a permeater, the calcein 
is spread into the entire solution, and the calcein is thereby heavily diluted to a non-self-quenching 
concentration. Furthermore, to quantify the release, the fluorescence intensity upon treatment must be 
compared to the fluorescence at full release. The fluorescence intensity at full release is usually defined 
as the fluorescence intensity from the liposomes in the presence of the surfactant Triton X-100 [17], [21], 
[22], [24], [25]. The addition of the right amount of Triton X-100 leads to the complete disintegration of 
the liposomes, and hence to full release [26]. Triton X-100 is then added to the solution at the end of the 
experiment, or to a separate liposome solution measured simultaneously [17], [27]. Finally, a blank sample 
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of the liposomes in the absence of permeaters is usually also included. The calcein release is then typically 
calculated as:  

 

where F is the fluorescence of the sample of which the calcein release is to be measured, F0 is the 
fluorescence of the blank sample, and Fmax is the fluorescence of the Triton X-100-exposed sample.  
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Figure 2.2: Calcein fluorescence correlation with concentration showing self-quanching at concentration above approximately 7 
mM calcein. Stock solution of calcein (60 mM calcein 10 mM phosphate buffer, pH 6.7) was diluted to the desired concentration 
in buffer (10 mM phosphate, 100 mM NaCl, pH 6.7) and measured  Ex/Em: 491/514 nm in a Tecan plate-reader.  

 
2.1.3.3 Limitations of the calcein release assay as a method 
The calcein release assay requires that calcein is encapsulated at a sufficiently high self-quenching 
concentration, and that the concentration of calcein upon complete release is not affected by self-
quenching. Furthermore, it is assumed that calcein does not permeate the liposomes in the absence of a 
permeater (including a prospective drug, a permeation enhancer, Triton-X or alike), and that the 
permeater does not affect the calcein fluorescent signal. These experimental considerations will be 
elaborated below. 
Calcein almost completely self-quenches at concentrations above 50 mM, and the typical concentrations 
used in the calcein release assay are thus 50-130 mM. However, a study shows that calcein encapsulation 
is lipid dependent. For the lipid compositions tested, including pure POPC liposomes, the calcein 
encapsulation efficiency was between 54 and 71 % [28]. Through inclusion of the blank measurement, 
minor deviations from complete self-quenching do not affect the results as long as it does not lead to the 
fluorescence of the full release exceeding the linear range of the calcein fluorescence.  
 
An assumption of the assay is that the calcein fluorescence is not affected by the permeaters. Yet this is 
not always the case. Major deviations from this assumption occurs if the permeaters lead to a change in 
the pH to be outside of the pH independent region of calcein fluorescence. This is likely the case for C10 
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(Figure 2.3A), which resulted in a pH above 8.5 at concentrations above 5-20 g/L (Figure 2.3A insert). For 
the majority of the measurements with C10 in this thesis, the C10 concentration did not exceed 22 g/L. 
C10 was thus considered not to decrease the signal from the calcein at these concentrations. In the 
presence of 40 g/L C10, the calcein signal was decreased with approximately 10 %. By limiting the number 
of measurements where the concentration were larger than 22 g/L, the influence of C10 on the calcein 
signal was neglected. If a higher C10 concentration had been desired, Fmax could have been corrected for 
the effect of the C10 on the calcein signal. Also other effects may affect the calcein fluorescence. For our 
set-up, a decrease of around 20-25 % in calcein fluorescence intensity for 5 µM calcein was observed 
when adding either sodium cholate, SDS, melittin, or Triton X-100, whereas the calcein signal appeared 
not to be affected by DDM at the concentrations used (Figure 2.3B). As the signal also appeared to 
decrease over time for calcein-encapsulating liposomes exposed to Triton X-100 (Figure 2.3C) it is possible 
that the decrease in signal is due to calcein adsorbing to the well over time. This naturally present some 
uncertainties in the quantifications and may in part be overcome by systematic timing, and potentially 
concentration-dependent corrections. 
Another factor that may influence the signal at full release is self-quenching, if the calcein concentration 
is not sufficiently decreased upon release. This however, is easily checked by measuring the signal of a 
range of concentrations of Triton X-100 treated liposomes. 

Figure 2.3: Fluorescent signal of 5 mM calcein (diluted from the stock concentration in the buffer and measured as stated in Figure 
2.2) under various conditions.  A) Fluorescent signal of 5 mM calcein in the presence of various concentrations of C10 relative to 
that of 5 mM calcein in the presence of 0.5 % (V/V) Triton X-100. The insert shows pH strips exposed to 5, 20, or 60 g/L C10. B)
Fluorescent signal of 5 mM calcein 1 g/L NaC, 0.6 g/L SDS, 0.08 g/L DDM, 0.9 mg/L melittin, or 0.5 % (V/V) Triton X-100 with the 
fluorescent signals being relative to the signal of 5 mM calcein in the absence of permeation enhancers. C) Fluorescent signal of 
0.6 nM calcein-encapsulating liposomes exposed to 0.5 % (V/V) Triton X-100 over time, relative to the signal immediately after 
addition of Triton X-100. 

Another assumption of the calcein release assay is that calcein does not permeate the liposomes in the 
absence of a permeater. It has been shown that this is not completely the case for many liposome 
compositions [18]. However, for pure POPC liposomes with a diameter of 117 nm at pH 7.4 around 1 % 
calcein appears to be released within the first two hours [18], and in this set-up, calcein release not caused 
by a permeation will thus have a limited effect on the results. As measurements of a blank sample is 
furthermore carried out, leakage in the absence of a permeation enhancer does not influence the 
conclusions drawn from the calcein release assays presented in this thesis.  
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It is important to note that the calcein release assay in itself does not tell anything about the mechanism 
of membrane perturbation, e.g. by pore-formation, membrane thinning, membrane fluidization, or 
membrane solubilization, nor whether the calcein is released gradually or by an all-or-none mechanism 
with all the calcein from each liposome being released all of a sudden. Neither does the assay provide 
information about the permeability for other substances than calcein, though it may in part correlate [29].
Despite these considerations and drawbacks, the calcein release assay is frequently used to study 
membrane permeability in bulk, and has the advantages of being an easy high-throughput method which 
enables quantification with a time resolution as fast as one can pipette and the measurements can be 
performed. 

2.1.4 Flow cytometry
Flow cytometry is a method used to analyze characteristics of cells, compounds or particles (hereafter 
commonly denoted as particles) one by one in suspension by the means of fluorescence and scattering. It 
is most frequently used to investigate cells [30] [32], but has also been used to measure on extracellular 
vesicles and liposomes [4], [33], [34]. In the following, the concept of flow cytometry will be presented 
and flow cytometry as a method will be discussed with a focus on matters relevant for flow cytometry of 
liposomes.  

Figure 2.4: Flow cytometry consists of sample (cell) preparation, fluidics, optics, and electronics. Sheath fluid is used to 
hyd at the 
interrogation point, forward scatter and emission is measured, and the detected light is converted to electronic signals. The figure 
is adapted from [43] with permission from JoVE.
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2.1.4.1 The flow cytometry set-up 
A flow cytometer is a microfluidic system [35]. It consists of three parts, fluidics, optics, and electronics 
(Figure 2.4). The sample should be prepared to consist of single particles. The sample is injected into the 
center core of a flow of sheath fluid thereby hydrodynamically focusing the particles of the sample, ideally 
into a line of separated single particles. A laser at a specific wavelength is focused on the interrogation 
point, where particles containing the proper fluorophore is excited upon passing by. The particles scatter 
light depending on their size (See section 2.2.1). This is recorded as forward scatter. Fluorescence from 
the particle is emitted isotropically, and can be detected at any angle. The flow cytometer has a sequence 
of lasers, and multiple different fluorophores on the same particle can thus be excited and detected with 
respect to forward scatter and fluorescence intensity. The light signals detected are converted to 
electronic signals, processed by a computer and visualized on a monitor for data analysis. A particle is 
detected and recorded as an event only when the forward scatter or fluorescence intensity at one chosen 
wavelength exceeds a set trigger threshold value. The fluorescence intensity at other wavelengths for that 
event can be recorded with no set lower intensity limit.  
 
2.1.4.2 Discussion of flow cytometry as a method 
A great advantage of flow cytometry is that a single particle can be detected at a time, enabling the 
detection of inhomogeneity in a sample, providing the opportunity to investigate heterogeneity of 
samples [36]. In the ideal world, the hydrodynamic focusing ensures good separation of every single 
particle, causing one particle at a time to pass the interrogation point. This is usually the case for e.g. cells 
as the hydrodynamic focusing can be adjusted to fit just one particle [35]. However, there is a lower 
boundery of how narrow the interrogation point can be. This presents a risk for particles below this size 
to pass as multiple particles. This problem may be overcome by lowering the concentration. A linear 
correlation between the mean fluorescence intensity and the concentration will verify the overall single-
particle detection [34].  
Another major advantage of flow cytometry is the detection of fluorescence at multiple wavelengths, 
concurrently on the same particle [35]. Together, these advantages allow the identification of different 
subpopulations in the sample [37] and thereby enable the monitoring of e.g. how a treatment alters 
specific subpopulations.  
Finally, flow cytometry is a high-throughput method, typically measuring on thousands of particles every 
second. This not only lowers the time required to study a suspension, but also enables some degree of 
kinetic studies, either within the sample [38] or with a lower time resolution by running multiple samples 
shortly after each other.  
 
A limitation of flow cytometry, particularly with respect to small particles, is the need for a trigger 
threshold value. For large particles this generally does not present a problem, as the trigger threshold is 
often chosen based on the forward scatter, as larger particles scatter light more in the forward direction. 
For small particles, however, the forward scatter is too low for sufficient detection, and instead an event 
is triggered on the fluorescence intensity of a set wavelength [39]. To exceed the trigger threshold 
fluorescence, the fluorophore must be present at a certain amount. To ensure a sufficiently large 
fluorescence signal, the concentration of the fluorophore in or on the particle may be increased if this 
does not induce self-quenching (Section 2.1.1.2). As for other studies utilizing fluorophores, inclusion of 
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fluorophores, and particularly a larger fraction of the fluorophores, may represent an issue as 
fluorophores may alter the properties of the particles to be studied, e.g. the stability of the liposomes [40] 
or the membrane-activity of peptides [24]. It is thus important to keep in mind, that conclusions drawn 
from experiments with fluorophores in the membrane or conjugated to the molecule of interest, cannot 
necessarily rightfully transferred to the corresponding system without fluorophores. A practical aspect of 
detecting fluorescent signals is naturally to have a good signal to-noise ratio. This requires a certain 
concentration of fluorophores in the sample to be detected, and a limitation of e.g. free fluorophores in 
the surrounding solution. This is particularly important when the signals are low, and more difficult to 

 
Another limitation of flow cytometry compared to e.g. microscopy, is that the location of the fluorophore 
within the particle cannot be detected, and it is thus not possible to detect if a fluorescently labeled 
particle is associated to a membrane or internalized. This may be overcome by the use of the combination 
of microscopy and flow cytometry in imaging flow cytometry [41]. This method, however, is more 
advanced and not used in this study and will therefore not be explained further here.  
 
Multiple fluorophores may be included in a sample in flow cytometry. This enables the study of more 
complex contexts. However, the use of multiple fluorophores may lead to spectral overlap and thus 
requires careful choice of the panel of fluorophores and potentially the use of compensation beads [42]. 
This will however not be relevant for the studies presented in this thesis and will thus not be elaborated.  
All together, flow cytometry is a versatile method to study effects of e.g. various treatments on cells or 
liposomes. Using flow cytometry, it is possible to detect how fluorescence from multiple fluorophores. 
For flow cytometry, the use of fluorophores is both what gives rise to both its largest assets and the largest 
drawback. 
 

2.2 Light scattering 
The following is based on the introductions to light scattering by Lars Øgendal where nothing else is stated 
(6,7). 

2.2.1 Basics of (dynamic) light scattering 
When photons interact with a material, they are generally absorbed or scattered. Particles much smaller 
than the wavelength of light causes Rayleigh scattering with significant levels of scattering in all directions. 
The larger the particle is, relative to the wavelength of the incoming light, the more forward scattering 
will be favored over equal scattering in all directions. The light will thus be scattered with various intensity 
at various angles depending on the particle size. Thus, how the intensity of the scattered light changes as 
a function of the angle contains information about the size of the particles scattering light.  
The many photons undergoing quasielastic scattering of different scatterers interfere to produce a given 
phase and thereby intensity at the detector at a given time point. A little later, the scatterers will have 
moved to new positions due to Brownian motions. This will give rise to a new combined phase, and 
thereby intensity, at the detector. If the particles diffuse quickly, the rate of change in intensity over time 
is faster than if the scatterers diffuse more slowly. All particles in a solution move by Brownian motions, 
and when there are many molecules, their position relative to each other changes all the time. This gives 
rise to fluctuations in the intensity. These fluctuations are what is measured in dynamic light scattering 
(DLS) as a technique. The rate of the fluctuations depends on the rate of the movements, which again 
depends inversely on the viscosity of the solvent and the size of the particle. Thus, the larger the particle, 
the slower its motion will be, which will give rise to slower fluctuations. This can be utilized to obtain 
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information about the movement of particles in solutions, and thereby indicate their size. How movement 
and size correlate will be further elaborated below in section 2.2.2 and how this information is practically 
obtained by measuring the fluctuating intensities will be elaborated below in section 2.2.3.    
 
2.2.2 Diffusion coefficients, hydrodynamic radius and size 
How fast a particle move is usually described by the diffusion coefficient, D. The diffusion coefficient of a 
particle depends on the temperature, T, and inversely on the friction of the solution on the particle. The 
friction of the solution increases with increasing viscosity of the solution and with increasing size of the 
particle. For spherical particles, the diffusion coefficient can be calculated as: 

 

where k is the  is the viscosity of the solution, 
and r is the hydrodynamic radius of the particle. The volume of a non-spherical particle and a spherical 
particle with the same hydrodynamic radius is approximately the same, as long as the particles are not 
very long or wide and flat. As a rule of thumb, the hydrodynamic radius is approximately 6 % larger than 
the radius of a spherical particle when the axial ratio is increased by one.  
 

2.2.3 The autocorrelation function 
Practically, the information gained from DLS is obtained by measuring the fluctuating intensities. To 
measure the fluctuations of the intensities, the intensity of the scattered light at a fixed angle is measured 
at discrete times, measured very shortly after each other. The intensities are measured for a small volume 
where a few, but random, number of particles are present. Unless the particles are very large and settle 
(typically above 1 µm, in which case they are not suited for DLS analysis), the particles move randomly in 
and out of the volume from which the intensities are measured. The scattered light from the different 
particles interfere with each other, creating interference maxima and minimum, and it is the number of 
these maxima that are detected for very short time periods, recorded as the intensity. Small changes in 
position or velocity of the particles will only change this scattering intensity slightly. However, over time, 
the change in position and velocity will increase, and the intensity will therefore change until it no longer 
is correlated to the original intensity. The smaller the particles are, the faster they will move, and thus the 
faster the intensity will no longer be correlated to the original intensity. The correlation of intensities over 
time is called an autocorrelation function. The autocorrelation function is measured at discrete times. If 
the measurements are done on particles of the same size and shape, the autocorrelation function, g2( ) 
can be written as: 

 
where  is the time between intensity measurements, and A and B are constants. B is related to the 
diffusion coefficient. The autocorrelation curve decreases, ideally from close to 1 to 0 [44], and for 
monodisperse samples in an inverse sigmoidal manner when plotted on a log-time scale. The larger the 
particles measured are, the longer will the initial lag phase be, and the more polydisperse a sample is, the 
steeper the decay will be. Data can be analyzed from the fitting of the autocorrelation function, assuming 
a monomodal (cumulant analysis) or non-monomodal (distribution analysis) distribution. When assuming 
non-monomodal distributions, more terms are included in the autocorrelation function, which is then 
fitted to multiple decays [45]. The first order result from the fitted autocorrelation function is an intensity 
distribution of particle sizes [44]. The intensity distribution is weighted according to the scattering 
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intensity of the group of particles giving rise to the specific hydrodynamic radius. The intensity distribution 
is presented as peaks on an intensity vs log(size) plot, with one symmetric peak typically interpreted as 
one population (though it may be more populations with approximately the same hydrodynamic radius). 
 

2.2.4 Discussion of DLS as a method 
DLS is an easy method to use to obtain information about sizes. It can be done without the need of 
labelling and without affecting the material. For large particles, the required sample concentration is low. 
DLS is often used to measure the size of liposomes [18], [46] and aggregation, and can also be used to 
detect interactions [47], [48]. However, it is important to keep in mind that DLS only provides information 
about the hydrodynamic radius. For polydisperse samples and samples with little scattering, it may be 
difficult to fit the autocorrelation function. More terms, corresponding to the presence of more 
populations, may be included in the autocorrelation function to get a good fit. However, in the quest to 
get a good fit, too many terms may be included. This will result in the term not being meaningful included 
for another set of measurements on an identical sample.  According to Øgendal, no more than three 
populations can reliably be fitted to the data. Furthermore, hydrodynamic radii of the different 
populations in a non-monomodal sample separated by less than a factor of four are, according to Øgendal, 
poorly defined. Importantly for this thesis, small particles are poor scatterers (for particles much smaller 
than the wavelength of the incoming light (633 nm in this thesis), the intensity is proportional to r6, where 
r is the hydrodynamic radius [49]). Their contribution to the decay is therefore small and can easily be 
masked by the noise or the contribution of the large scatterers. In an intensity based size distribution 
analysis, populations of small particles may therefore not be detected, or give rise to very small peaks. If 
the fitting to the autocorrelation curve consistently include a term for a populations with the same small 
hydrodynamic radius, it is likely that this, by number, is a major specie in the solution, as the signal from 
the population with the small size would otherwise be easily masked by the signal from larger particles.  
 
Another factor that can be used to evaluate and interpret the data is the count rate and the attenuation 
factor. The DLS instrument simply detects photons over time. The count rate is the number of photons 
per second as measured over the entire measurement time (typically 60-120 s), and it needs to be above 
some minimum value for the data to be suitable for data analysis. However, the detector can be saturated 
if the rate of detected photons is too high. To avoid this, an attenuator is used to reduce the detected 
intensity [49]. The attenuator can be between 6 and 11, with as much light as possible being detected 
when the attenuator is 11. When compared with the size distributions, the attenuator (and count rate) 
can thus provide relative indications about the number of particles with the given size present. Namely, if 
the intensity size distribution gives rise to a peak with a large hydrodynamic radius (which is assumed to 
be a result of particles which are large and thus scatter a lot), but the attenuator is set to let as much light 
in as possible (which is the case when the scatter intensity is low), the apparent peak may be a result of 

 
 
All together, DLS is a method useful to determine the hydrodynamic radius of particles in a solution when 
the number of subpopulations are maximum three, and the size distributions are well defined and well 
separated.  
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Chapter 3: Manuscript in preparation: Biophysical investigation of 
permeation enhancers and peptide drugs in intestinal environments 
 
As mentioned in the introduction, many ways of enhancing the bioavailability of orally delivered peptide 
drugs are continuously explored, and particularly the transcellular translocation through the epithelium 
appears to bear a great potential for increasing the bioavailability. Currently, the use of permeation 
enhancers show the greatest potential for increasing the bioavailability of orally delivered polypeptide 
drugs. While permeation enhancers with a carrier function is known to directly interact with the peptide 
drug and thereby influence the ability of the peptide drug to permeate the membrane, the interaction 
between peptide drugs and permeation enhancers not acting as carriers, are only recently becoming a 
studied topic [1]. For permeation enhancers with a surfactant mode of action, multiple studies have 
studied the interaction with and behavior in bile components [1], [2], and there is an increasing awareness 
of the importance of studying permeation enhancement in more biological relevant solutions, containing 
bile components [3]. Both interactions with peptide drugs and bile components may mutual influence 
their interaction with permeation enhancers. Recently, one such study of permeation enhancer 
interactions with peptide drugs in simulated intestinal fluid was published. The study showed a reduced 
affinity of exenatide towards the permeation enhancers C10 and SNAC in biorelevant intestinal media [1]. 
Here we present a functional study of how the membrane activity of a range of permeation enhancers is 
affected by interactions with the oppositely charged peptide drugs sCT and insulin, in phosphate buffer 
and in fasted state simulated intestinal fluid. This was done to investigate the importance of permeation 
enhancer-peptide drug interactions, how they are affected by bile components, and if such functional 
studies can be performed in fasted state simulated intestinal fluid.  
 
The membrane perturbation studies were carried out as calcein release studies on liposomes consisting 
of 90 mole % POPC and 10 mole % cholesterol. Cholesterol was included to ensure a sufficient degree of 
liposome stability as the bile component taurocholate is known to be able to form mixed micelles with 
lipids such as POPC. Such a formation of mixed micelles would destabilize the liposomes and we had found 
that for pure POPC liposomes, the permeability of the liposomes would have markedly increased 
somewhere between 2 and 18 hrs after incubation with fasted state simulated intestinal fluid (Figure 
3.1A). By increasing the cholesterol concentration to 30 % cholesterol however, the liposomes were 
stabilized to such a degree, that SDS 6.7 g/L only resulted in 40 % release over an hour (Figure 3.1B). 
POPC:Cholesterol (7:3 mol%)-liposomes were thus considered too stable. Instead, it was decided to use 
10 % Cholesterol, as these liposomes gave rise to a detectable calcein release for the majority of the 
permeation enhancers at 6 g/L within 30 min (Figure 4A in the manuscript). The 6 g/L was chosen as this 
concentration is well above the concentration of C10 which gave rise to detergent-based perturbation of 
Caco-2 monolayers [4], and calcein release from the liposomes were thus expected at this concentration. 
To decide the concentration of  POPC:Cholesterol (9:1 mol%)-liposomes to use, a range of concentrations 
of the liposomes were incubated for 30 min with 0.5 % (V/V) Triton-X to obtain full-release signal (Figure 
3.1C). Except for an apparent outlier at 0.6 nM liposomes, the fluorescence intensity corresponding to the 
fluorescence from calcein, appeared to be linear from 0-1 nM liposomes. For calcein-release assay 
historical reasons, 0.6 nM liposomes (50 µM lipids) were thus chosen.   
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Figure 3.1: Deciding on lipid composition and liposome concentration. Ex/Em: 491 nm/514 nm
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Abstract 
Oral administration is the preferred route of drug administration. Yet for peptide drugs this is not trivial. 
On the road towards this being feasible, permeation enhancers that induce membrane perturbations or 
cell penetrating peptides is often used to increase the translocation of peptide drugs across the lipid 
bilayer of the cells lining the epithelium. Many factors may influence such permeation enhancement, 
including the bile acids and phospholipids present in the intestinal fluid. Yet, how the presence of the 

hypothesized that the peptide drugs and permeation enhancers mutually affect each other, and that the 
equilibrium of these interactions is influenced by the presence of bile acids and phospholipids. We 
therefore investigated the ability of the permeation enhancers caprate, sodium cholate, dodecyl 
maltoside, sodium dodecyl sulfate, salcaprozate sodium, melittin, and penetratin to permeate 
membranes membrane. The study was done in the absence and presence of the peptide drugs insulin and 
salmon calcitonin. We focused on how the presence of these drugs and fasted state simulated intestinal 
fluid influenced intermolecular interactions and membrane interactions of permeation enhancers. We 
established that POPC:Cholesterol membranes were a suitable model system for biophysical work in 
fasted state simulated intestinal fluid. We show that some permeation enhancers and peptide drugs do 
indeed affect each other, just as permeation enhancers and fasted state simulated intestinal fluid 
components affect each other, but also that bile acids can interact with salmon calcitonin, leading to an 
intrinsice membrane activity of salmon calcitonin. Finally, we show that these interactions all changes the 
equilibria governing the membrane perturbation of lipid membranes, with the effect of fasted state 
simulated intestinal fluid interactions often dominating that of the peptide drug. Together this highlights 
the importance of testing permeation enhancement in more complex solutions such as fasted state 
simulated intestinal fluid and to carefully choose a permeation enhancer with the specific drug in mind.  
 

1 Introduction 
The oral route is generally considered to be the most attractive route of drug administration [1]. Yet, most 
peptide drugs are administered by injection due to low oral bioavailability [2].  
When oral drugs are swallowed they eventually enter the stomach, and potentially the gastrointestinal 
tract, where drugs can be absorbed by crossing the cells lining the gastrointestinal tract (Figure 1A). 
However, the size and hydrophilic nature of peptide drugs generally prevent them from diffusing across 
the lipid bilayer into the cells, thereby to be absorbed through transcellular peptide transport. This is one 
of the main obstacles for increasing the oral bioavailability. To enhance this, permeation enhancers either 
affecting the membrane or the translocation properties of the peptide drug can be used.  
In the present study, we focus on the interplay between permeation enhancers and the peptide drug for 
which the permeation should be enhanced and the influence of bile acids on this interplay.  
Two out of three completed phase III studies completed for oral formulations of linear polypeptides 
(Rybelsus, an oral formulation of semaglutide, and a formulation of salmon calcitonin (sCT)) as well as 
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many prospect orally administered peptide drugs, utilize permeation enhancers [3]. Semaglutide and sCT 
are coformulated with the Eligen®-based permeation enhancers salcaprozate sodium (SNAC) [4] and 8-
(N-2-hydroxy-5-chloro-benzoyl)-amino-caprylic acid also known as 5-CNAC [5], respectively. In addition, 
insulin has been successfully tested in Phase II studies with the fatty acid permeation enhancer, C10 [6]. 
However, the required insulin dose were too high for the product to be commercially viable [7].  
 
In Rybelsus, semaglutide is co-formulated with the permeation enhancer SNAC. Buckley et al. 
demonstrated that semaglutide is absorbed in the stomach of dogs where SNAC reduces its degradation 
by peptidase and shifts semaglutide towards a monomeric state, which is better suited for transport [8]. 
The study furthermore indicate that SNAC also enhances the transcellular transport of semaglutide [8].  
Together with SNAC, sodium caprate (C10) is the permeation enhancer tested most extensively in humans 
[9]. Mechanistic studies confirm that C10 increases membrane fluidity [10], leading to an inherent 
enhanced membrane permeability, which influence transcellular transport. Paracellular transport is also, 
indirectly affected as tight junctions are opened by a membrane perturbation-mediated alteration in the 
cellular Ca2+ levels [3], [9]. 
 
Similar to C10, many of the transcellular permeation enhancers function by insertion of the permeation 
enhancer monomer into the membrane, thereby fluidizing the membranes [3]. However, many other 
components are present in the intestines, such as bile acids and phospholipids, with which the permeation 
enhancers can interact.  As shown by coarse grain simulations, the permeation enhancers may form mixed 
micelles with these components, thereby changing the prerequisites for permeation enhancement [11]. 
While drug studies done in simulated intestinal fluids have been a topic at least since 1966 [12], the 
literature with intestinal permeation enhancers in (simulated) intestinal fluid is still scarce. Yet, it is clear 
that there is a growing awareness of the benefits of testing this [13]. 
 
Some transcellular permeation enhancers function by affecting or interacting with the peptide drug. 
Penetratin, as an example, is a cell-penetrating peptide that without perforation of the membrane passes 
through the membrane [14]. While penetratin typically is used as a permeation enhancer in a covalently 
attached form [15], it has been shown in vivo that a non-covalent complex between penetratin and insulin 
enhances insulin permeation too [16], [17].  
 
Regardless of the differences found for SNAC and C10, the choice of one permeation enhancer over 
another is often based on formulation, manufacturing, and commercial considerations rather than e.g. 
than considerations about the peptide drug [2], [9]. Comparisons are continuously carried out, typically 
focusing on two permeation enhancers, sometimes in the presence of a macromolecule such as dextran 
[18] [21]. Despite interactions between some pairs of permeation enhancer and peptide drugs being 
crucial for permeation enhancement, the peptide drug is rarely included in such comparisons [8], [16]. 
 
In the present study, we focus on properties of permeation enhancers with respect to their enhancement 
of peptide drug permeation across the lipid bilayer of the epithelial cells lining the gastrointestinal tract. 
We investigated seven different permeation enhancers that functioned transcellular and/or had a 
membrane perturbating function. The permeation enhancers were studied in the absence or presence of 
either of the peptide drugs insulin or sCT to illuminate how permeation enhancer:peptide drug interaction 
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may affect the desired permeation enhancement. The experiments were carried out in two different 
buffers of different biological complexity; one with pH and osmolality matching the intestinal fluid, the 
other also containing a bile salt and phospholipids to further shed light on how these components of the 
intestinal fluid may affect the desired permeation enhancement.

We used liposomes as a model system to study membrane perturbation by the permeation enhancers 
using a calcein release assay (Figure 1B). The underlying mechanism was further elucidated by studying 
the liposome integrity with respect to size using dynamic light scattering (DLS). The mechanisms were 
correlated to the self-assembly properties of the permeation enhancers as determined using the 
hydrophobicity marker Nile Red and DLS. Having characterized the permeation enhancers, we measured 
the membrane perturbation in the presence of insulin or sCT, and compared deviations to permeation 
enhancer-peptide drug interactions as determined by size and hydrophobicity. Finally, we established that 
the model system was sufficiently stable to be suitable for studies in FaSSIF and measured the membrane 
perturbation by the permeation enhancers in the absence and presence of the peptide drugs therein. 

Figure 1: Overview figure: A) Biological context: For the drugs of an orally swallowed tablet (left) to be absorbed in the 
gastrointestinal tract, the drugs should cross the epithelial cells lining the gastrointestinal tract (middle). For transcellular 
transport, the drug should enter the cell by translocating across the lipid bilayer. The lipid bilayer is complex, containing multiple 
different lipids, glycolipids, and membrane proteins (right). B) The model system: POPC:Cholesterol (9:1) liposomes containing 
calcein in a self-quenching concentration were used as a model system. Experiments were carried out in two simulated intestinal 
fluids, one with pH and osmolality matching the intestinal fluid, and another where also bile acids and phospholipid similar to the 
intestinal fluid, were included. 

2 Materials and methods
2.1 Materials
Calcein, sodium dihydrogen phosphate, sodium chloride (NaCl), Triton X-100, sodium dodecyl sulfate 
(SDS), N-Dodecyl- -Maltoside (DDM), sodium cholate hydrate (NaC), sodium caprate (C10), tert-butanol, 
and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol (ovine wool) were purchased 
from Avanti Polar Lipids (Alabaster, AL, USA).
Insulin desB30 (Insulin) was kindly provided by Novo Nordisk A/S. SNAC was purchased from VulcanChem.
Slurry for preparing Sepharose CL-4B columns was purchased from GE Healthcare (Little Chalfont, UK). 
Econo-Column glass chromatography column (dimensions 1.5 × 20 cm) was purchased from Bio-Rad 
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(Hercules, CA, USA). Q-Max syringe filters with 0.22- cellulose acetate filtration membranes were 
purchased from Frisenette (Knebel, Denmark). Bla

 
 

2.2 Synthesis and purification of melittin, penetratin, and sCT 
Melittin, penetratin, and sCT were synthesized using standard solid phase peptide synthesis. Melittin and 
penetratin were synthesized and purified as in [22]. In short were all peptides synthesized on a resin that 
was Fmoc-deprotected and subject to repeating cycles of draining and washing, coupling by adding amino 
acid solution, and washing. sCT were furthermore subject to formation of disulfide on the resin by adding 
an iodine solution to the resin. Upon synthesis and disulphide formation (for sCT), the peptide was cleaved 
of the resin and purified and analyzed using reversed-phase-high performance liquid chromatography (RP-
HPLC) with C18 columns. The final purities were 99 % for melittin, 93 % for penetratin, and 98 % for sCT 
as determined by HPLC. For further details, see supplementary information.  
 

2.3 Solutions 
Three solutions were used within this paper, Minimum Simulated Intestinal Fluid (minSIF), 60 mM Calcein 
solution, and Fasted State Simulated Intestinal Fluid (FaSSIF). minSIF consisted of 10 mM phosphate and 
100 mM NaCl, was adjusted to pH 6.7 using NaOH, and had an osmolality of 190±5 mOsmol/kg. The calcein 
solution consisted of 60 mM calcein and 10 mM phosphate, was pH adjusted to pH 6.7 using NaOH, and 
had an osmolality of 190±5 mOsmol/kg. The calcein solution was prepared with milli-Q water and NaOH 
solutions filtered through a 0.22 µm sterile filter prior to use. FaSSIF was prepared by dissolving FaSSIF 
powder from Biorelevant in minSIF in a ratio of 2.016 g:900 mL, resulting in a final composition of 3 mM 
taurocholate, 0.75 mM phospholipids, 10 mM phosphate, and 100 mM NaCl, with pH 6.7, and an 
osmolality of 200±2 mOsmol/kg. The solution was left to equilibrate for at least two hours, and was used 
within 48 hrs from preparation as stated in the instructions.  
 

2.4 Liposome preparation 
The liposomes were prepared by dissolving POPC and Cholesterol in tert-butanol:mQ (9:1) and mixing 
them in a 9:1 molar ratio. The tert-butanol:mQ was removed by lyophilization overnight.  
60 mM calcein was added to the lyophilized lipid mixture. The resulting lipid suspension was vortexed 
gently seven times with 5 minutes between each time and then subjected to five freeze-thaw cycles 
(alternating between submersion into a 70 C water bath and into a liquid nitrogen bath). Subsequently, 
the lipid suspension was extruded 21 times through a 100 nm polycarbonate membrane (Whatman, GE 
Healthcare) using a mini-extruder (Avanti Polar Lipids). Non-encapsulated calcein was removed and 
exchanged to minSIF by size-exclusion chromatography using a Sepharose CL-4B column (dimensions 
1.5 × 20 cm) and elusion with minSIF at a flow rate of 1 mL/min. The eluted liposomes were added to an 
Amicon Ultra-4 30 kDa centrifugal filter unit (Merck, Darmstadt, Germany) and concentrated by 
centrifuging at 2000 ×g. The lipid concentration of the samples were determined via RP-HPLC (See below), 
and the liposome size was verified using DLS (See below). All dilutions were done in minSIF. Two 
independent batches of liposomes were prepared, and were used within 2 months after preparation. The 
liposomes were kept at 5 C when not in use.  
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2.5 Determining lipid concentration in liposome samples
The POPC concentration of the liposome samples were determined via RP-HPLC using a Shimadzu Nexera 
i-series HPLC equipped with a PDA and an evaporative light scattering detector (ELSD) SEDEX LT-ELSD 
100LT together with a Waters XTerra C8 column with a flow rate of 1 mL/min. The used mobile phases 
were milli-Q water containing 0.1 % Trifluoroacetic acid (TFA) and 5 % Acetonitrile (MeCN) (V/V/V) and 
MeCN containing 0.1 % TFA (V/V). The area under the curve ELSD signal was compared to a POPC standard 
curve. The total lipid concentration of the liposome stocks were calculated as the , to 

include the 10 % cholesterol.  
 

2.6 Estimating liposome concentration 
The liposome concentrations were estimated based on the lipid concentrations. It was assumed that the 
liposomes were unilamellar with a thickness of the bilayer membrane of 5 nm, and that all lipids had a 
head group area of 0.71 nm2, like POPC [23]. Furthermore, it was also assumed that all liposome had a 
diameter of 105 nm, as this is the diameter of the majority of the liposomes, as determined when 
performing a number-based size distribution analysis of the dynamic light scattering measurements of the 
liposomes (See below). With these assumptions, the number of lipids per liposomes were calculated as 

 

 

2.7 Handling of permeation enhancers and peptide drugs 
Lyophilized melittin, penetratin, insulin, and sCT were adjusted to room temperature, and minSIF filtered 
through at least 0.4 µm sterile filter or FaSSIF filtered through a 0.4 µm sterile filter was added to dissolve 
the peptides to stock solutions. The solutions were vortexed gently for 10 s. The absorption spectra were 
measured using a NanoDrop 2000c spectrophotometer, and the concentrations of the stock solutions 
were calculated using Lambert- e 5500 M-1cm-1 for 
melittin, 11000 M-1cm-1 for penetratin, 6335 M-1cm-1 for insulin, and 1615 M-1cm-1  for sCT, all at 280 nm, 
using the work by Pace et al. [24] 
For stock solutions of C10, DDM, NaC, and SDS, at least 2.0 mg powder were weighed. The powders were 
dissolved in an exact volume of either filtered minSIF or filtered FaSSIF to obtain a known concentration 
of the stock solution of at least 5 g/L. Dilutions were done in the respective solution of dissolution. 
 

2.8 Calcein Release assay 
With the solutions of interest being the permeation enhancers at various, set, concentrations, with or 
without peptide drugs, in minSIF or FaSSIF, the solutions of interest were added to a 96-well plate.  
The solutions of interest and the liposomes were preheated at 37 C. Liposomes were added to the 
solutions of interest to a final liposome concentration of 0.6 nM and a final volume of 150 µL using a 
multipipette. The fluorescence intensity, F, was measured continuously for 30-60 minutes using a Spark 
multimode microplate reader (Tecan, Männedorf, Switzerland) with an excitation wavelength of 491 nm 
and an emission wavelength of 514 nm. 
For kinetic measurements, suspensions in all wells were handled simultaneously, and measurements 
initiated within less than 20 s from the liposomes were added. For all other measurements, the 
measurements were initiated within three minutes after the liposomes were added to the first wells.  
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The fluorescence intensity of the intact liposomes, F0, was measured using liposomes added to minSIF or 
FaSSIF corresponding to that of the solution of interest. The maximum fluorescence intensity, Fmax, was 
measured using liposomes added to Triton X-100 diluted in minSIF or FaSSIF corresponding to that of the 
solution of interest and a final concentration of Triton X-100 of 0.5 V/V %. 
The calcein release was calculated using the equation 

 

Measurements of calcein release in minSIF were carried out at least in triplicates, on two independent 
batches of liposomes, Measurements of calcein release in FaSSIF were generally carried out at least in 
triplicates, except for C10 at EC95 and C10 at EC50 in the presence of sCT which were carried out in 
duplicates.  
 

2.9 Obtaining EC50 and EC95 values 
For each permeation enhancer, the percentage of calcein released from liposomes upon exposure to a 
range of concentrations of permeation enhancer for 30 min was determined. The calcein release was 
determined in triplicate, two of which were on the same batch of liposomes. The calcein release was 
plotted towards the permeation enhancer concentrations in GraphPad Prism 9.4.0, and a curve was fitted 
to the data using a dose-response non-linear regression, fitting to ECAnything where the model is  
 

 

Here, ECF is the permeation enhancer concentration that gives a response F percent of the way between 
Bottom and Top plateau, EC50 is the ECF at 50 %, Hillslope is the steepness of the family of curves, and 
Top and Bottom are plateaus in the units of the Y-axis [25]. F was set to 50 to extract EC50 values, and to 
95 to extract EC95 values, each as a concentration with a 95 % confidence interval. For DDM and C10, the 
EC50 value used was manually chosen to be slightly different (< 3 %) than the EC50 value given by 
GraphPad Prism, but still within the confidence interval.  
 

2.10 DLS 
To determine the size and homogeneity of the liposomes, the concentrated liposomes were diluted in 
minSIF to approximately 0.5 nM liposomes and DLS was measured at room temperature. 
For all other DLS measurements were solutions preheated separately for 20 min at 37 C, mixed, and then 
incubated for approximately 30 min, before investigation by DLS at 37 C. For determining the effect of 
permeation enhancers on the size of liposomes, liposomes and permeation enhancers were mixed to a 
final liposome concentration of 0.6 nM and a final permeation enhancer concentration at the EC95 value. 
For DLS measurements of permeation enhancers in FaSSIF and in minSIF without liposomes, the final 
permeation enhancer concentration was the EC50 value. For DLS measurements with permeation 
enhancer and peptide drugs combined, EC50s were used as the final permeation enhancer concentration, 
and 300 mg/L as the final peptide drug concentration.  
All investigations by DLS were performed by using a Zetasizer Nano ZS (Malvern, Worcestershire, UK). 
Three technical measurements were carried out on each of two independent replicates. The number of 
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runs per measurement were adjusted automatically by the Zetasizer. Where nothing else is stated, 
intensity-based size distribution analysis was carried out using the Malvern Zetasizer software 7.13.  Listed 
sizes are the sizes ± standard deviations as obtained from an average of the six measurements by the 
Malvern Zetasizer software 7.13. 
 

2.11 Nile Red measurements 
The solutions of interest were the permeation enhancers at various, set, concentrations, the permeation 
enhancers at their EC50 with or without 300 mg/L of the peptide drugs, insulin and sCT, and a blank run 
with minSIF. 
The solutions of interest were mixed in a 96-well plate to a final volume of 100 µL. 2 µL of 1.5 mM Nile 
red in DMSO was added to each of the solutions of interest to a final concentration of Nile Red of 29 µM. 
The solutions were mixed, and incubated at 37 C for at least 30 min before transfer to a Spark multimode 
microplate reader (Tecan, Männedorf, Switzerland) heated to  37 C. The Nile Red fluorescence emission 
intensity of the samples at 633 nm was measured using an excitation wavelength of 550 nm. Nile Red 
measurements were carried out in duplicates.  
 

2.12 Statistical analysis 
Statistical significance was measured by two-tailed t-
9® software and was designated at the level of P < 0.05. 
 

3 Results and discussion 
We hypothesized that interactions between permeation enhancers and peptide drugs or bile components 
could influence the membrane activity of the permeation enhancers. We therefore did a biophysical 
investigation of seven membrane interacting permeation enhancers in the absence and presence of two 
peptide drugs. The permeation enhancers were characterized with respect to their membrane 
perturbation, self-association, and peptide drug interactions. Experiments were carried out in a minimum 
simulated intestinal fluid (minSIF) and in fasted state simulated intestinal fluid (FaSSIF), both with a pH of 
6.7 and an osmolality of around 200 mOsmol/kg. The FaSSIF additionally contained the bile acid 
taurocholate and phospholipids.  
The permeation enhancers chosen are the five small molecule permeation enhancers C10, DDM, NaC, 
SDS, and SNAC, and the two peptide permeation enhancers melittin and penetratin [3], [26] (Figure 2A). 
The peptide drugs chosen were insulin desB30 (hereafter denoted insulin) and sCT (Figure 2B). At pH 6.7 
as used here, insulin has an overall negative charge of -1.7, and sCT an overall positive charge of +3.1.  
 

3.1 Establishing a model system 
First, we needed to ensure that we had a system, in which membrane perturbation could be tested. We 
tested the membrane perturbation of the permeation enhancers using a calcein release assay (Figure 3A). 
Here, we used calcein fluorescence after a certain time to measure the calcein released from liposomes 
with calcein encapsulated in an otherwise self-quenching concentration. 
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Figure 2: Structures of compounds. A) Permeation enhancers. B) Peptide drugs. The chemical permeation enhancers are shown as 
chemical structures and the peptides are shown by one-letter abbreviations of the amino acid residues. Amidation of the peptides 
are indicated by Am. 

We measured the calcein release from 0.6 nM POPC:Cholesterol (9:1) liposomes with a range of 
concentrations of each of the permeation enhancers. After 30 min, calcein release was observed for all 
the permeation enhancers, but not for penetratin, measured for up to 500 mg/L) (To further characterize 
the model system, the calcein release kinetics were measured for each of the permeation enhancers at 
their EC95 and their EC50 (Figure 4C). For the permeation enhancers at their EC95, a plateau of close to 
full release had logically been reached within 30 min. It was evident that for melittin, and NaC, this plateau 
was reached almost instantaneously whereas for C10, DDM and SDS, it took longer time to reach this 
plateau. The calcein release exceeding 100 % for C10 appear odd. As it was not consistently observed, we 
assume that it was due to some technical uncertainties, such as a slightly larger liposome concentration 
in the C10 sample than for the other samples. The higher signal, however, shoul not affect the kinetic 
profile. More interesting is that for melittin, NaC, and C10 at their EC50, an almost steady level of around 
50 % calcein release was reached within 20 min, whereas for SDS and DDM the reaction continued, 
reaching close to full release within an hour. Some degree of uncertainty is observed for melittin and DDM 
around 40 and 50 % calcein release, respectively. This is assumed to be due to the large rate of increase 
in calcein release around its EC50. 

With the above, we have determined that SNAC, C10, NaC, SDS, DDM, and melittin, but not penetratin, 
are membrane perturbating in our set-up, with the concentrations required for membrane perturbation 
decreasing in the listed order. Furthermore, we showed that SDS and DDM was slower in their membrane 
perturbation than the rest of the permeation enhancers, and that DDM had a markedly different kinetic 
profile of the membrane perturbation than any of the other permeation enhancers.  In the gastrointestinal 
tract, dilution of the permeation enhancers will inevitably take place, and it may thus be useful to take 
the slow kinetics into consideration when choosing a permeation enhancer concentration. 
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Figure 4A, Supplementary figure 1). The calcein release increased with increasing permeation enhancer 
concentration in a non-linear manner with a top plateau at full release. SNAC required very high 
concentrations to give rise to calcein release. While SNAC were indeed soluble at concentrations well 
above this concentration, it precipitated within the time course of the handling of the permeation 
enhancers, and SNAC was therefore not included in the further investigations. We have thus established 
a system that is suitable for comparing the effect of permeation enhancers under various conditions. 
For later analyses and comparisons, we used the permeation enhancer concentrations that gave rise to 
50 % (EC50) and 95 % (EC95) of the maximum calcein signal for each permeation enhancer. These 
concentrations were extracted from a non-linear fit to the calcein release per concentration (Figure 4A,B). 
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Figure 3: Possible interactions and methods used to study them. A) Principle of Calcein release: Left: intact liposome. Right: 
liposomes with pores (top), liposomes with PEs inserted ->  solubilized liposomes (liposomes). Indications of calcein release used 
to study membrane permeabilization, DLS used to discriminate membrane perforation and solubilization. B) Permeation 
enhancers forming micelles. Indication of this being studied using DLS and Nile Red. C) Peptides forming oligomers.

To further characterize the model system, the calcein release kinetics were measured for each of the 
permeation enhancers at their EC95 and their EC50 (Figure 4C). For the permeation enhancers at their 
EC95, a plateau of close to full release had logically been reached within 30 min. It was evident that for 
melittin, and NaC, this plateau was reached almost instantaneously whereas for C10, DDM and SDS, it 
took longer time to reach this plateau. The calcein release exceeding 100 % for C10 appear odd. As it was 
not consistently observed, we assume that it was due to some technical uncertainties, such as a slightly 
larger liposome concentration in the C10 sample than for the other samples. The higher signal, however, 
shoul not affect the kinetic profile. More interesting is that for melittin, NaC, and C10 at their EC50, an 
almost steady level of around 50 % calcein release was reached within 20 min, whereas for SDS and DDM 
the reaction continued, reaching close to full release within an hour. Some degree of uncertainty is
observed for melittin and DDM around 40 and 50 % calcein release, respectively. This is assumed to be 
due to the large rate of increase in calcein release around its EC50. 

With the above, we have determined that SNAC, C10, NaC, SDS, DDM, and melittin, but not penetratin, 
are membrane perturbating in our set-up, with the concentrations required for membrane perturbation 
decreasing in the listed order. Furthermore, we showed that SDS and DDM was slower in their membrane 
perturbation than the rest of the permeation enhancers, and that DDM had a markedly different kinetic 
profile of the membrane perturbation than any of the other permeation enhancers.  In the gastrointestinal 
tract, dilution of the permeation enhancers will inevitably take place, and it may thus be useful to take 
the slow kinetics into consideration when choosing a permeation enhancer concentration. 
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Figure 4: Membrane perturbation by permeation enhancers. A) Degree of membrane perturbation of 0.6 nM liposomes by various 
small molecule permeations enhancers (left) and peptide permeation enhancer melittin (right) at a range of concentrations as 
detected by a calcein release assay after 30 min. A non-linear fit is shown (line) for each of the permeation enhancers.  Shown are 
the average calcein release ± standard deviation (SD) for each permeation enhancer, with n 3 B) Table of the EC50 and EC95 
values used in this article, and their corresponding 95 % confidence interval (CI). C) Time dependent membrane perturbation. 
Degree of membrane perturbation of 0.6 nM liposomes by various permeation enhancers at the EC95 concentration (left) and the 
EC50 concentration (right) of the permeation enhancers over time as measured by calcein release. The signal was measured every 
20 s. The graphs show one, representative, measurement of the calcein release kinetics for each permeation enhancer. For C10 

3.2 Peptide drugs can influence the membrane activity of permeation enhancers
To investigate potential effects of coadministrating permeation enhancer and peptide drug, we 
biophysically characterized the permeation enhancers at their EC50 in the absence and presence of 300 
mg/L of either of the peptide drugs.
We measured the calcein release from liposomes after 30 min incubation with a combination of 300 mg/L 
of peptide drug and permeation enhancer at their EC50 (Figure 5). Under these conditions, the peptide 
drugs on their own did not give rise to calcein release (Supplementary figure 2). 



53

Figure 5: Membrane perturbation by peptide drugs:permeation enhancer combinations. Degree of Membrane perturbation of 0.6 
nM liposomes by various peptide drug:permeation enhancer combinations at EC50 of the permeation enhancers after 30 min as 
detected by a calcein release assay. Significance levels were determined for the permeation enhancers with peptide drug relative 
to the permeation enhancers alone. :p<0.05, :p<0.01, :p<0.001, :p<0.0001. Shown are the average calcein release 
± sd, with n 3

For NaC with sCT and for C10 with each of the peptide drugs, the calcein release increased to the double. 
Oppositely, for SDS, hardly any calcein release was observed when incubated with insulin. For SDS alone 
and with sCT the calcein release is well above 50 % and subject to some uncertainty even though using 
the EC50. This may be a result of the calcein release reaction not being at steady state. Altogether, it is 
obvious that the effect of permeation enhancers can be influenced by the presence of the peptide drug 
desired to get across the lipid membrane. 

3.3 Permeation enhancer self-association
Permeation enhancers often have a hydrophobic part which can lead to a hydrophobic driven self-
association forming larger structures, e.g. micelles or vesicles (Figure 3B) [13], [27], or lead to interaction 
with the hydrophobic part of lipid membranes. As part of elucidating the mechanism behind the observed 
effect of the presence of peptide drugs on the membrane perturbation by permeation enhancers, we 
therefore characterized the permeation enhancers with respect to hydrophobic driven self-association
and mechanism of membrane perturbation under the conditions used here. 

Nile Red is a hydrophobicity marker, which fluoresce upon binding to hydrophobic regions [28]. It has 
been used to detect the formation of micelles by binding to the hydrophobic core of the micelles, hence 
to determine the critical micelle concentration (CMC) [29]. In a permeation enhancer perspective, the 
CMC provides information about the maximum concentration of free (non-micellar) monomers. It is 
generally considered to be the monomer that interacts with the membranes [3], and the micelles are 
considered to function as a reservoir, from which monomers inserted into the lipid membrane can be 
replaced, keeping the monomer concentration at the maximum concentration even upon insertion of 
monomers into the lipid membrane. Nile Red was added to a range of permeation enhancer 
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concentrations (Figure 6A). For the small molecule permeation enhancers, a large Nile Red fluorescence 
intensity signal was observed for C10, DDM, and SDS. The Nile Red fluorescence intensity increased with 
increasing permeation enhancer concentrations, starting just above EC50 (DDM, above 0.08 g/L) or just 
below EC50 (C10, around 2.5 g/L and SDS, above 0.15 g/L). For NaC, however, the increase in Nile Red 
fluorescence was only observed for the highest concentration (5 g/L), which is well above EC95 (1.6 g/L) 
for NaC. Self-assembly above a certain threshold for C10, DDM, SDS, and NaC can thus be inferred from 
the increase in Nile Red fluorescence intensity. For melittin and penetratin, no increase in Nile Red 
fluorescence intensity was observed. Thus, at EC50 the permeation enhancers with an acyl chain self-
assemble into larger structures. 
 
To further characterize the self-assembled structures for C10 and SDS, and to be aware of any non-
hydrophobically driven structures, DLS was measured for each of the permeation enhancers at their 
respective EC50 (Figure 6B, Supplementary figure 3, and Figure 7A).  
 
It became evident that C10 formed large, heterogeneous structures. The majority of these (from a 
number-based size distribution analysis) had a size of 71 nm, corresponding to medium-sized vesicles. 
Other studies have likewise found C10 to form heterogeneous vesicles above a critical vesicle 
concentration in the same range for similar conditions [27], [30]. SDS formed well-defined structures of 
around 5 nm, which shows that in this set-up SDS forms micellular structures that are similar in size to a 
previous report for SDS in aqueous buffer [31]. The micelle formation initiate at concentrations (0.15 g/L), 
which is a bit below the CMC  of 0.3 g/L for SDS in 125 mM NaCl reported elsewhere [29]. DDM formed 
larger structures, the majority of around 29 nm, which could be either a micelle or a vesicle. The formation 
of large DDM structures at concentrations above 0.08 g/L in the minSIF buffer is consistent with the CMC 
in water being 0.09 g/L [32]. The size of the DDM structures, however, is much larger than the sizes 
reported in the literature for DDM which are around 7 nm in buffers with pH and osmolality in the same 
range [33], [34]. Taking the low EC50 of DDM into account, the discrepancy may be due to the 
concentration dependent difficulty of detecting small species when using DLS. Thus, while it may be the 
case that DDM form very different structures in minSIF than in a variety of other aqueous solutions, the 
discrepancy may rather be due to a lack of detection and that two populations with different sizes (2.9 
nm and 29 nm) are present.  
 
For penetratin, a small, but consistent signal corresponding to structures of 1.0 nm was observed (A). This 
is consistent with penetratin being on monomeric form (Protein Data Bank (PDB) structure 1KZ0). No 
signal for NaC and melittin was detected at their EC50, which implies that they were too small for 
detection using DLS at the given concentrations. Consistent with the Nile Red data, which report NaC to 
form very small micelles consisting of just 3-8 molecules [35], NaC thus appears not to be self-assembling 
into larger structures at EC50 and EC95. For melittin, a monomeric state or small oligomeric state is 
consistent with literature, as melittin has been reported to exist as monomers under similar conditions as 
these [36].  
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Figure 6: Characterization of permeation enhancers. A) Fluorescence of the hydrophobicity marker Nile Red, in the presence of 
various permeation enhancer concentrations. EC50 of each permeation enhancer is indicated with a dotted line. The 
measurements were carried out in duplicates, and the intensity for each measurement is shown  B) The size ± SD of permeation 
enhancers as determined by DLS using the intensity based distribution analysis. Sizes corresponding to the signal observed from 
the buffer are not listed here. The data is shown in Supplementary figure 3. C) The size of the liposomes alone and in the presence 
of permeation enhancers at a permeation enhancer concentration of EC95 as determined by DLS using the intensity based 
distribution analysis (See Supplementary figure 4). For DLS, three technical replicates were carried out on a duplicate of samples.
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Figure 7: Overview figure of what happens. A: Self-association at EC50: A1: Self-association of permeation enhancers can lead to 
micelles or vesicles, A2:  Self-association of peptides can lead to formation of oligomers. Indicated are the proposed state of each 
permeation enhancer at EC50.  B: Proposed permeation enhancer interactions with liposomes: B1: C10 and SDS insert into the 
lipid bilayer and lead to calcein release upon solubilization, B2): DDM inserts into the lipid bilayer and further solubilizes the 
liposomes. Both processes lead to calcein release, B3: NaC leads to calcein release upon insertion into the lipid bilayer, B4: melittin 
leads to calcein release upon insertion into lipid bilayer as pores, B5: penetratin does not influence the liposomes (liposome + 
penetratin as is). C: Proposed permeation enhancer-peptide drugs interactions and their influence on membrane perturbation: C1: 
C10 changes colloidal structure in the presence of sCT or insulin, and form vesicles with the peptide drug inserted, from which an 
increased amount of C10 is inserted into the lipid bilayer. This leads to slightly increased calcein release, C2: NaC and sCT form a 
complex which inserts into the lipid bilayer leading to increased calcein release, C3: SDS and insulin form a complex from which 
SDS is not inserted into the lipid bilayer and does thus not lead to calcein release, C4: Penetratin form large aggregates with insulin 
and sCT, none of which lead to calcein release. D: Proposed interactions of peptide drugs in FaSSIF: sCT and taurocholate form a 
complex which inserts in the lipid bilayer leading to calcein release.  E: Proposed interactions of permeation enhancers in FaSSIF: 
E1: C10 and FaSSIF components form mixed micelles, both in the absence and presence of insulin. From these micelles more C10 
is inserted into the lipid bilayer, and thereby enhances the degree of solubilization of and calcein release from liposomes, E2: DDM 
and FaSSIF components form mixed vesicles from which DDM do not insert into the lipid bilayer and thus do not lead to calcein 
release, E3: NaC and taurocholate both inserts into the lipid bilayer, leading to an additive effect of membrane perturbation. E4: 
SDS and FaSSIF components form mixed micelles from which SDS do not insert into the lipid bilayer and thus do not lead to calcein 
release.  

3.4 Permeation enhancer interactions with lipid membrane 
Multiple mechanisms of action exist for membrane perturbation by permeation enhancers including pore 
formation [37], and functioning as detergents [3]. Detergents insert as monomers into the lipid bilayer 
until the liposomes are saturated, above which concentration mixed phospholipid-detergent micelles will 
begin to form, thereby solubilizing the membrane [38] (Figure 3A, left).  
To investigate the integrity of the liposomes (with respect to size), we measured DLS of the liposomes in 
the presence of each of the permeation enhancers (Figure 6C, Supplementary figure 4). To focus on the 
species subsequent to the reaction, permeation enhancer were added at their respective EC95. 
Incubation of the liposomes with NaC, melittin, and penetratin did not give rise to any change in the signal. 
Two sizes were calculated from the measurements of liposomes in the presence of SDS. These did not 
differ from the size of liposomes and SDS alone. Nonetheless did the overall signal decrease for liposomes 
in the presence of SDS compared to that for liposomes alone (Supplementary figure 4), clearly indicating 
a decrease in the number of intact liposomes. The size of the major number of species for liposomes in 
the presence of C10 and DDM changed dramatically from 134 nm for bare liposomes to 4.2 nm for C10 
and to an average of 44 nm for DDM, albeit the reacted solution was very heterogeneous for liposomes 
in the presence of DDM. 
 
The decrease in the number of liposomes together with rather long time for the plateau of calcein release 
to be reached for C10, DDM, and SDS (compared to for NaC and melittin), clearly indicate that C10, DDM, 
and SDS solubilize the liposomes; for C10 and SDS forming small, distinct structures and for DDM forming 
larger, yet clearly reorganized, structures. The overall structure of the liposomes are unaffected and thus 
considered intact for NaC, melittin, and penetratin.  
 
3.4.1 Solubilizing permeation enhancers 
The permeation enhancers that self-assemble forming hydrophobic interactions, also solubilize the lipid 
membranes of the liposomes. Inspection of overlays of the Nile Red signal with the calcein release 
(Supplementary figure 5) further reveals that for C10 and SDS, concentration dependence of the calcein 
release correlates with the concentration dependence of the self-assembly. The membrane perturbation 
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thereby appears to be highly dependent on a consistently high monomer concentration. With the plateau 
of calcein release in mind, it can thus be inferred that insertion of C10 and SDS in itself do not lead to 
membrane perturbation, but rather that solubilization is a requirement for membrane perturbation 
(Figure 7B1), and that this solubilization occurs only at high monomer concentrations. This is consistent 
with literature for C10, which shows that C10 increase membrane fluidity only above CMC (6), and 
consistent with a few liposomes being left intact in the presence of SDS.  
 
For DDM, taking the sigmoidal curve of the release kinetics into consideration, it appears that the 
membrane perturbation by DDM has a different nature than for C10 and SDS. It may be that insertion of 
DDM monomers into the lipid bilayer leads to a membrane perturbating, calcein releasing, local 
rearrangement of the lipids (the initial phase with a slow, steady increase in calcein release). 
Subsequently, at sufficiently high concentrations, DDM may then solubilize the liposomes (the later phase 
with a fast increase in calcein release) (Figure 7B3). The calcein release in the initial phase would thus 
correlate to the monomer release from the DDM vesicles, rather than on the concentration of DDM 
inserted required for solubilization. Inspection of the Nile Red and calcein release overlay reveals that 
calcein release and self-assembly occurs above the same, low, concentration. Yet, an increase in calcein 
release at lower concentrations than the concentrations that led to increasing self-assembly into large 
structures was observed. This may be explained by a lower CMC value for DDM:phospholipid vesicles than 
for pure DDM vesicles, shifting the equilibrium between free DDM and vesicle-bound DDM towards more 
free DDM upon the formation of mixed DDM:phospholipid vesicles.  
 
3.4.2 Non-solubilizing permeation enhancers 
NaC do not form large micelles at the relevant concentrations, nor solubilize the lipid membrane. Yet, NaC 
is known to fluidize the membrane [3], and it thus indicates that the insertion of NaC into the membrane 
leads to a membrane perturbating local rearrangement of the lipids, resulting in calcein release (Figure 
7B2). The lack of solubilization for melittin is consistent with melittin being known from the literature to 
form pores [37]. The lack of solubilization by penetratin is not surprising taking the lack of membrane 
perturbation into consideration, and this is consistent with the literature, where penetratin is known to 
translocate across the lipid membrane without perforating the lipid bilayer in some studies [14].  
 

3.5 Permeation enhancer and peptide drug interactions 
To elucidate whether the nature of the above found differences in membrane perturbation in the absence 
and presence of peptide drugs, were due to structurally changing permeation enhancer:peptide drug 
interactions, we measured the apparent hydrodynamic diameter of the permeation enhancers and 
peptide drugs in solution using DLS (Figure 7C, Figure 8A). We further investigated whether any 
complexation was hydrophobically driven, using the Nile Red assay (Figure 8B). Under the conditions used, 
measured using DLS, sCT had a hydrodynamic diameter of 3.3 nm ± 0.6 nm, as detected using a 
concentration of 600 mg/L, and insulin a hydrodynamic diameter of 4.9 nm ± 1.5 nm (Supplementary 
figure 6). For sCT this size correspond to the length of the monomeric structure of sCT (PDB structure 
2GLH), but may also represent a small oligomer due to the rod-like shape of the monomer. For insulin, 
this size correspond to the largest distance in an insulin hexamer (PDB structure 1ZNI). No Nile Red signal 
above the background noise was detected for sCT, and a small signal was observed for insulin, thereby 
supporting the characterization using DLS.  
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3.5.1 C10 with peptide drugs
For C10 with sCT the calcein release was close to 100 %, almost the double of that for C10 alone at EC50 
(Figure 5). Inspection of the DLS data revealed smaller structures than for the C10 alone and no structures 
with a size corresponding to sCT alone (Figure 8A, Supplementary figure 6). The structures for C10 in the 
presence of sCT appeared more homogeneous, and the intensity was larger than for the C10 vesicles 
alone, despite the smaller size (Supplementary figure 6). The Nile Red signal was almost double for C10 in 
the presence of sCT, indicating the presence of a larger hydrophobic area. From this, it can be suggested 
that sCT led to a hydrophobically driven change of the colloidal structure of C10, possibly by the formation 
of a mixed C10:sCT structure (Figure 7C1). Recalling that the membrane perturbation appears to be highly 
dependent on a continuous high monomer concentration, the increased membrane perturbation in the 
presence of sCT may thus have shifted the equilibrium towards a higher free monomeric concentration.  
 
The colloidal structure of C10 is known to be highly dependent on the ionization state of C10 [27], [39]. 
Furthermore, it has been proposed that it is the ionized form of C10 that has surfactive, membrane active, 
properties [30], and the charge at pH 6.7 is negative. Despite the low ratio of sCT to C10 (1 sCT to 430 C10 
molecules at EC50 of C10), the change in apparent colloidal structures could be caused by the cationic 
charge of sCT at the present pH as well as the formation of mixed C10:sCT vesicles. Thus, changes in the 
colloidal structures of C10 in the presence of sCT may involve electrostatic interactions.  
 
Also for C10 with insulin was the calcein release close to 100 % (Figure 5). Due to the inhomogeneity of 
the C10 vesicles on their own and overlaps of peaks, made it difficult to deduce any changes in average 
sizes of C10 when in the presence of insulin from the DLS data. Nonetheless, did the particles present in 
the sample appear more homogeneous, which may infer some kind of colloidal change (Supplementary 
figure 6). No sizes corresponding to insulin alone could be extracted, possibly due to the signal being 
dominated by the intensity from the larger structures (Figure 8, Supplementary figure 6). No difference 
between the Nile Red signal for C10 in the absence or presence of insulin could be detected (Figure 8B). 
This suggests that the presence of insulin, as for sCT, influence the colloidal structure of C10, albeit in a 
different manner that is not driven by a hydrophobicity increase (Figure 7C), Furthermore, the signal 
corresponding to a structure with a size of around 9 nm indicate that C10 and insulin may form small 
complexes together. While the mechanism of complexation of C10 and insulin appears not to lead to a 
higher hydrophobic region, and is thus different from that of C10 and sCT,  it may be that the apparent 
reorganization of C10 accompanying the complexation with insulin, like for C10 with sCT, lead to a higher 

vesicles (Figure 7C). 
 
3.5.2 NaC with peptide drugs 
For NaC with sCT the calcein release is close to 100 %, almost the double of that for NaC alone at EC50 
(Figure 5). However, inspection of both DLS data and Nile Red signals show no differences from that of 
NaC and sCT alone (Figure 8). NaC and sCT thus do not form any larger structures. Rather, at 600 mg/L sCT 
and NaC, at EC50, a fit to the data gives a size of 2.4 nm, rather than the 3.3 nm for 600 mg/L sCT alone 
(Supplementary figure 6). While this is on the limit of what can reasonably be detected by DLS, it confirms 
the absence of large complexes, and rather indicates that if any interaction happens, it may break any 
small sCT oligomer. NaC is negatively charged and sCT has an overall positive charge, it is possible that 
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NaC and sCT interact in a charge driven manner, forming small distinct complexes (Figure 7C2). This is 
further enabled by the lack of self-assembly by NaC, leaving it free to react as a monomer. Considering 
such a complex, we speculate that the NaC:sCT complex function similar to an lipidation of sCT (Figure 
7C2). This would explain the higher amount of calcein release as compared to that of NaC alone, as it has 
been shown that some lipidated sCT permeabilize similar lipid membranes [40]. 
 
For NaC and insulin no change in calcein release was observed compared to that for NaC alone (Figure 5), 
just as the DLS signal and Nile Red signal did not differ from that of the signals for NaC and insulin alone 
(Figure 8). Thus, we did not detect any interactions between NaC and insulin in our study. 
  
3.5.3 SDS with peptide drugs  
For SDS with insulin, hardly any calcein release was observed, as opposed to for SDS alone (Figure 5). 
Inspection of the DLS data shows that the hydrodynamic diameter for SDS and insulin together is similar 
to that of SDS and insulin (Figure 8A, Supplementary figure 6). The Nile Red signal was slightly, but 
significantly (p=0.03), larger than for SDS and insulin alone (Figure 8B). Nonetheless, from the lack of 
calcein release in the presence of insulin, it is clear that the presence of insulin does affect the membrane 
perturbation of SDS. SDS are known to undergo hydrophobic ion pairing with oppositely charged amino 
acid side chains [41] and as insulin also has positively charged amino acid residues, this may also be the 
case for SDS and insulin in this case. Such an SDS:insulin interaction would decrease the availability of SDS 
for solubilization of the lipid membrane, and thereby explain the observed lack of calcein release.  
 
For SDS with sCT, the calcein release is well above 50 % and subject to some uncertainty, as is it for SDS 
alone, despite using SDS at EC50 (Figure 5). Inspection of both DLS data and Nile Red signals show no 
differences from that of SDS alone (Figure 8) (no DLS signal for sCT is observed, but the signal from sCT is 
easily masked by larger structures such as that from SDS), suggesting that no SDS and sCT complexes are 
formed. Instead, the slightly higher calcein release for SDS with and without sCT and the high uncertainty 
is rather considered a result of the calcein release reaction not being at steady state for SDS. It is 
noteworthy that SDS, contrary to NaC, do not interact with sCT, which underlines that permeation 
enhancer:peptide drug interactions are not solely due to charges.  
 
3.5.4 Other combinations 
For DDM and melittin in the presence of sCT the calcein release there was no significant difference from 
the calcein release for DDM alone. Still, it appeared slightly higher than for the permeation enhancers 
alone (Figure 5). The size of DDM and melittin with sCT cannot easily be determined from DLS data, but 
the signal intensity increased and there was an absence of signal corresponding to sCT (Figure 8, 
Supplementary figure 6), which can be due to some degree of complexation. For DDM and sCT the Nile 
Red signal was slightly larger than for each of them alone, further indicating some kind of DDM:sCT 
complexation. While the DLS data indicates that some complexation between melittin and sCT may have 
occurred, the Nile Red signal seemingly was unaffected (Figure 8B).  
 
For both DDM and melittin the differences are small and the nature of the complexation difficult to assess. 
As the effect on the calcein release is likewise insignificant, the potential complexation of DDM and sCT 
and of melittin and sCT will not be characterized further. 
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Penetratin did not give rise to calcein release on its own nor in the presence of insulin or sCT (Figure 5).
The lack of calcein release by penetratin is consistent with literature [42] and that penetratin functions as 
a cell-penetrating peptide that without perforation of the membrane passes through the membrane [14]. 
The size measured for the mixture of penetratin and insulin and the corresponding intensity using DLS 
were very high, indicating formation of large aggregates (Figure 7C4, Figure 8A). This confirms the results 
of a similar experiment by Kristensen et al. [16]. The aggregation is only minorly associated with an 
increase in Nile Red signal (Figure 8B), and thus the hydrophobic area, and the interaction should 
therefore not be considered to be hydrophobically driven. Rather, as the overall charge of insulin and 
penetratin in this study has been calculated to be -1.7 and +8.0, respectively, the interaction may be 
charge driven. To test this, we utilized that insulin at 600 mg/L visually precipitates in the presence of as 
little as 7 mg/L penetratin. At 1 M NaCl, 10 mM phosphate, no visual precipitation was observed. The data 
thus clearly indicate a charge-driven interaction, consistent with the findings by Kristensen et al. [16].

For penetratin and sCT, the data could be fitted to two populations, corresponding to both the sCT 
monomer and a larger complex (Figure 8A), which logically corresponds to a penetratin:sCT complex. As 
the signal from sCT is easily masked, and decreases in sCT concentration would make its detection even 
more difficult, it can be inferred from the presence of the sCT signal that the concentration of sCT is not 
remarkably decreased. It can thus be inferred that only a small fraction of sCT complexate with penetratin. 
No difference in Nile Red signal from the penetratin and sCT alone is observed for the complex. This may 
be due to the low degree of complexation, and no information about the driving force of an sCT:penetratin 
complexation can thus not be deduced. An potential explanation could be aggregation in a charge-driven 
manner despite the overall charge being positive for both peptides, as sCT does have negative charges. 
This would, however, be to a lower extend than for penetratin and insulin due to charge-charge 
repulsions. 

No other effects on calcein release or permeation enhancer:peptide drug complexes was identified using 
the DLS and Nile Red assays. 

Figure 8: Permeation enhancer:peptide drug interactions. A) Sizes ± SD of permeation enhancer:peptide drug combinations as 
determined using DLS using an intensity based size distribution. Sizes corresponding to the signal from the buffer are not listed. 
Three technical replicates were carried out on two duplicate samples. B) Fluorescence of the hydrophobicity marker Nile Red of 
the permeation enhancers alone and in the presence of the peptide drugs insulin and sCT. The intensity for each measurement is 
shown, with n 2.



62 
 

3.6 Membrane perturbation in fasted state simulated intestinal fluids
The studies above have been carried out in minSIF buffer. However, many components are present in the 
intestinal buffer, including phospholipids and bile acids. Both bile acids and phospholipids are able to form 
micelles. As this could potentially have great impact on the interaction between permeation enhancers, 
peptide drugs and lipid membranes, we here studied the abovementioned interactions in FaSSIF, which 
contains 3 mM of the bile acid taurocholate and 0.75 mM phospholipids.  
 
Melittin and penetratin both visually precipitated at concentrations to be used to carry out the 
experiments (around 1 mg/L for melittin and 1.5 mg/L for penetratin). As both melittin and penetratin are 
highly positively charged at pH 6.7 (+6 and +8, respectively) and taurocholate is negatively charged (-1), 
the precipitation may be due to charge-charge interactions. Further analysis of melittin and penetratin in 
FaSSIF were not included in the further work. All other permeation enhancers and peptide drugs remained 
soluble.  
 
We measured calcein release after 30 min at their respective EC95 and at their respective EC50 for 
membrane perturbation in minSIF in the absence and presence of the insulin or sCT in FaSSIF (Figure 9). 
Under these conditions, the liposomes remained intact and did not give rise to any calcein release on their 
own (Supplementary figure 7). We thus established that it is possible to measure calcein release on 
POPC:Chol (9:1) liposomes in FaSSIF.  
 
We measured the size of the structures of FaSSIF in the absence and presence of the permeation 
enhancers at their respective EC50 after 30 min incubation (Figure 9B, Supplementary figure 8). Under 
these conditions, analysis of the DLS signal for the FaSSIF revealed the presence of very uniform structures 
with a hydrodynamic diameter of 46 nm ± 10 nm. It thus appears that the taurocholate and the 
phospholipids form mixed micelles in our set-up. 
 
3.6.1 sCT in FaSSIF 
Generally, we found that the amount of calcein release was affected by the presence of bile acids and 
phospholipids. Firstly, it should be noted that sCT gave rise to calcein release on its own in FaSSIF (Figure 
9A). The FaSSIF contains taurocholate, which has a structure similar to that of NaC. The most significant 
differences are the presence of an amide group and a sulfonate group instead of a carboxylate (Figure 2A 
and Figure 10). Hence, an obvious explanation for the induced membrane permeability by sCT is that 
taurocholate interacts with sCT in a manner similar to that of NaC (Figure 7C2, Figure 7D).  
 
3.6.2 C10 in FaSSIF 
For C10 at EC95 close to 100 % calcein was released, and no effects could be deduced from this alone 
(Figure 9A). For C10 in FaSSIF at EC50, the calcein release was just above 50 %, yet, while being a small 
difference from the amount of calcein released by C10 in minSIF, the difference was significant. DLS 
measurements of C10 in FaSSIF showed the presence of structures of micellar size (5 nm ± 1 nm) (Figure 
9B). The presence of only one population, differing from either of the C10 vesicles and the FaSSIF 
component vesicles point towards C10 and FaSSIF components forming common mixed micelles . 
Together with the slight increase in calcein release, this is consistent with the findings by Lapré et al. that 
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the lytic activity is higher for C10 in mixed micelles with cholate than on its own [43]. The concurrent 
presence of C10 and FaSSIF components thus changed the colloidal structure of C10, which likely changed 
the concentration of ionized C10 monomers available for insertion into the lipid bilayer of the liposomes, 
thereby causing the higher calcein release (Figure 7E1). Furthermore, for C10 and insulin together in 
FaSSIF, the calcein release was the same as for C10 alone in FaSSIF, contrary to the calcein release in 
minSIF. This indicates that the C10:insulin structures found upon incubation in minSIF did not form in 
FaSSIF. A similar weakening of the interaction of C10 with peptide drug in FaSSIF was observed for 
exenatide [44]. For C10 with sCT the calcein release was close to double of that for C10 alone. Yet it cannot 
be determined from these data whether this increase was due to the formation of the C10:sCT complex 
as found in minSIF (Figure 7C1), or if it was an additive effect of C10 and sCT, separately, in FaSSIF (Figure 
7D and Figure 7E1).  
 
3.6.3 DDM in FaSSIF 
For DDM, the calcein release was lower in FaSSIF than in minSIF at its EC95 (Figure 9A) as well as at its 
EC50 in the absence and presence of insulin, albeit not significant. From an inspection of the DLS data 
(Figure 9B, Supplementary figure 8), it was evident that structures larger than each of DDM and FaSSIF 
components on their own were present. It can thus be inferred that DDM was incorporated into a mixed 
micelle with the FaSSIF components (Figure 7E2). It is likely that DDM was retained in the mixed micelles 
and that this was the nature of the lower degree of calcein release. Some calcein is however released, 
which could very well be due to DDM inserted into the lipid bilayer of the liposome to a lesser extend, 
thus not leading to the solubilization of the liposomes (Compare Figure 7E2 and Figure 7B3). 
 
DDM with sCT in FaSSIF led to less calcein release than DDM with sCT in minSIF and less than for sCT in 
FaSSIF alone, but more than for DDM in FaSSIF alone. This points towards less of the sCT:FaSSIF 
component complexes (Figure 7D) being available for membrane perturbation in the presence of DDM, 
possibly due the FaSSIF components being associated with DDM instead (Figure 7E2). 
 
3.6.4 SDS in FaSSIF 
SDS in FaSSIF did not lead to calcein release, neither at EC95, at EC50, nor in the presence of insulin (Figure 
9A). Inspection of the DLS results (Figure 9B, Supplementary figure 8) reveals the presence of structures 
larger than the SDS micelles, but much smaller than the FaSSIF component micelles, clearly showing that 
mixed SDS:FaSSIF component micelles had been formed. Assuming these micelles are largely favorable 
for SDS, this minimizes the SDS available for membrane perturbation (Figure 7E4). Due to the apparent 
all-or-none membrane perturbation mechanism, minor changes in concentrations can have a great impact 
on degree of membrane perturbation. 
 
For SDS and sCT, less calcein is released than for the sCT alone. Taking the assumed stability of the 
SDS:FaSSIF component micelles into considerations, this is most likely due to less FaSSIF components 
being available to interact with sCT (Figure 7D) as suggested for DDM and sCT.  
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3.6.5 NaC in FaSSIF
All tested solutions with NaC in FaSSIF gave rise to full calcein release (Figure 9A). An inspection of the DLS 
results showed that the FaSSIF component micelles were not affected by the presence of NaC (Figure 9B, 
Supplementary figure 8) with respect to size. However, NaC and the FaSSIF component taurocholate 
contain the same steroid core structure (Figure 2, Figure 10) and are, consequently, likely to interact in 
similar manners. A possible explanation of the full calcein release is thus that cholate and taurocholate 
had an additive effect (Figure 7E3). While the taurocholate and phospholipids on their own do not 
permeabilize the liposomes at the given concentrations within the given time, the NaC is already at a 
concentration where membrane perturbation occur, and any minor additions of similar functioning 
molecules will thus increase the membrane perturbation. It is possible that such a contribution stems 
from the small amount of non-micellar taurocholate being present due to the inherent equilibrium 
between monomeric taurocholate and micellar taurocholate. 

Figure 9: Permeation enhancers in FaSSIF. A) Membrane perturbation of 0.6 nM liposomes in FaSSIF by permeation enhancers at 
their EC95, their EC50, and their EC50 with the peptide drugs insulin and sCT. Significance levels are shown for the permeation 
enhancers alone in FaSSIF compared to in minSIF (no line), and for permeation enhancers in the presence of peptide drugs (with 
line below the significance stars). P-values were determined using unpaired t-test with Welch's correction, :p<0.05, :p<0.01. 
For C10, the calcein release for each sample is shown, with n 2, for all other permeation enhancers, the average calcein release ±
SD is shown, with n . B) Sizes ± SD of main species in FaSSIF without and with permeation enhancers as measured using DLS. 
The sizes ± SD of the permeation enhancers in minSIF are also stated. DLS measurements were carried out as three technical 
measurements on a duplicate of samples. 

Figure 10: Chemical structure of taurocholate

4 Conclusion and perspectives
Absorption of orally delivery peptide drugs in the gastrointestinal tract is generally hindered by the 
inability of the peptide drugs to cross the layer of epithelial cells [45], [46]. Many studies utilize 
permeation enhancers that induce membrane perturbations [3] or cell penetrating peptides that 
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spontaneous translocate across the lipid bilayer with the peptide drug as cargo [47] to increase the 
translocation of peptide drugs across the lipid bilayer. Components of the intestinal fluid such as bile acids 
and phospholipids are known to influence the various equilibria of permeation enhancers with a 
detergent-like function [11]. While it is known that many factors influence the permeation enhancers, the 
mechanistic impact of the presence of peptide drugs is rarely studied.  
 
We hypothesized that the peptide drugs and permeation enhancers mutually affect each other, and that 
the equilibrium of these interactions can be influenced by the presence of bile acids and phospholipids.  
We therefore investigated the permeation enhancers C10, NaC, DDM, SDS, SNAC, melittin, and penetratin 
in the absence and presence of the peptide drugs insulin and sCT. We focused on self-assembling and 
peptide drug interactions of permeation enhancers, how these interactions affected interactions with the 
membrane, and if such effects were altered in FaSSIF. To do this we established POPC:Cholesterol (9:1 
molar ratio) as a model system suitable for the testing membrane perturbations and self-assembley both 
in minSIF and in FaSSIF.  
 
We show that under the conditions tested here, some permeation enhancers and peptide drugs do indeed 
mutually affect each other, and we elucidate the underlying mechanisms. For the permeation enhancers 
studied, at least two different mechanisms of membrane perturbation of POPC:Cholesterol liposomes 
exist: membrane perturbation by insertion into the lipid bilayer and membrane perturbation concurrent 
with solubilization. NaC and melittin appeared to enhance membrane perturbation by insertion into the 
lipid bilayer alone. C10 and SDS required concentrations that also gave rise to self-assembly and 
solubilization, and solubilizaton thus appeared to be a requirement for their membrane perturbation. 
Membrane perturbation by DDM appeared to be two-staged, with both of the above mentioned 
mechanisms playing a role.  
 
We show that the membrane perturbation by C10 and SDS is highly influenced by peptide drug 
interactions and the accompanying changes in colloidal structures that increase the membrane 
perturbation for C10 in the presence of peptide drugs, and decrease it for SDS in the presence of insulin.  
All three solubilizing permeation enhancers interact with FaSSIF components, likely forming mixed 
micelles or vesicles. For C10 the membrane perturbation is only minorly affected by the formation of 
mixed C10:FaSSIF micelles but the mixed micelles appears to shield C10 from interactions with peptide 
drugs. The formation of mixed micelles or vesicles for SDS and DDM decreases the membrane 
perturbation, more so for SDS than for DDM. The decrease is likely due to retention of SDS and DDM, 
thereby leading to a lower concentration of available monomer.  For SDS this effect is more pronounced 
for the interaction with FaSSIF components than for insulin.  
 
NaC is a bile acid similar in structure to the bile acid, taurocholate, but where only NaC induces membrane 
perturbations in the concentrations used here, the presence of taurocholate appears to enhance the 
effect of NaC, probably by a mechanism similar as that of NaC. Both NaC and taurocholate appears to 
interact with sCT and form very small complexes, which induces membrane activity of sCT, likely by 
mimicking lipidation of sCT.  
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Penetratin form large aggregates with both insulin and sCT in minSIF. It is thus possible that penetratin is 
able to function as a permeation enhancer for sCT through non-covalent complexation as it is for insulin.  
To sum up, we established an easily available system for which biophysical studies can be done in FaSSIF. 
We show that the effect of permeation enhancers can be greatly influenced by the presence of a peptide 
drug and FaSSIF components, with the effect of FaSSIF interactions often dominating that of the peptide 
drug. It will be beneficial to be aware of these effects when choosing a permeation enhancer for a peptide 
drug, as well as when characterizing permeation enhancement systems.  
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6 Supplementary Information
6.1 Supplementary figures
Supplementary figure 1: Concentration dependent membrane perturbation by SNAC and penetratin
Concentration dependent membrane perturbation by SNAC (left) and penetratin (right). Degree of membrane perturbation of 0.6 
nM liposomes by SNAC or penetratin as observed using a calcein release assay. For SNAC, the signal obtained by adding 0.5 % 
Triton X-100 to liposomes, was corrected by a correction factor for each concentration of SNAC to provide a corrected value of 
Fmax for each concentration of SNAC. The correction factor was calculated from the fluorescent signal for 5 µM calcein in the 

presence, Fcalcein+SNAC, and the absence, Fcalcein,, of SNAC such that: 

Supplementary figure 2: Membrane perturbation by peptide drugs. 
Degree of membrane perturbation of 0.6 nM liposomes by 300 mg/L peptide drug after 30 min as determined by using the calcein 
release assay. The calcein release by insulin was determined in triplicates, calcein release by sCT determined by a single 
measurement. In an identical setting, for another batch of sCT also 103 and 343 mg/L sCT did not give rise to calcein release (data 
not shown).
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Supplementary figure 3: DLS of permeation enhancers
Intensity based distribution analysis of DLS measurements of the permeation enhancers at their EC50 concentration with respect 
to their membrane perturbating effect. Shown are the sizes of 1-200 nm. The inserts show the full size range (1-10000 nm) In the 
table, the hydrodynamic diameters of each of the population giving rise to a peak are listed. Sizes above 1000 nm are not included. 
In addition, the attenuation factors of the measurements are included. The attenuation factor ranges from 6-11 on the Malvern 
Zetasizer. A low concentration of small particles will result in a high attenuation factor, and a high concentration of large particles 
will result in a low attenuation factor. Three technical measurements were carried out on a duplicate of samples. 
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Supplementary figure 4: DLS of liposomes in the presence of permeation enhancers
Intensity based distribution analysis of DLS measurements of 0.6 nM liposomes in the absence and presence of the various 
permeation enhancers, at their EC95 concentrations with respect to their membrane perturbating effect. The graphs are overlayed 
with the graphs for the permeation enhancers in the absence of liposomes (Supplementary figure 3).) In the table, the 
hydrodynamic diameters of each of the populations giving rise to a peak are listed. In addition, the attenuation factors of the 
measurements are listed. The attenuation factor ranges from 6-11 on the Malvern Zetasizer. A low concentration of small particles 
will result in a high attenuation factor, and a high concentration of large particles will result in a low attenuation factor. Three 
technical measurements were carried out on a duplicate of samples. Mel: melittin, Pen: penetratin
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Supplementary figure 5: Overlay of NileRed signal (from Figure 6A) and Calcein Release (from Figure 4A) for 
hydrophobically driven self-assembling permeation enhancers.
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Supplementary figure 6: DLS data for permeation enhancers in the presence of peptide drugs. 
Intensity based distribution analysis of DLS measurements of the permeation enhancers at their EC50 concentration with respect 
to their membrane perturbating effect in the absence and presence of 300 mg/L sCT or insulin. In the inserts, a zoom of the size 
range of 1-100 nm is shown. In the table, O,, the hydrodynamic diameters of each of the populations giving rise to a peak are 
listed. Sizes above 1000 nm are not included. The attenuation factors of the measurements are also listed. The attenuation factor 
ranges from 6-11 on the Malvern Zetasizer. A low concentration of small particles will result in a high attenuation factor, and a 
high concentration of large particles will result in a low attenuation factor. Three technical measurements were carried out on a 
duplicate of samples. The sizes of the particles ± SD shown in figure 8, are also included in the table, P. 
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Supplementary figure 7: Calcein release from liposomes in FaSSIF
Calcein release from 0.6 nM liposomes in the presence of FaSSIF. 0 % calcein release is based on the fluorescence at T=0 min in 
this case. The shown data points are a representative data set.  
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Supplementary figure 8: DLS of permeation enhancers in FaSSIF
Intensity based distribution analysis of DLS measurements of the permeation enhancers at their EC50 concentration with respect 
to their membrane perturbating effect after approximately 30 min in FaSSIF. The attenuation factors of the measurements are 
also listed. The attenuation factor ranges from 6-11 on the Malvern Zetasizer. A low concentration of small particles will result in 
a high attenuation factor, and a high concentration of large particles will result in a low attenuation factor. Three technical 
measurements were carried out on a duplicate of samples. 
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6.2 Supplementary material and methods 
 
6.2.1 Material and methods 
Fmoc-protected amino acids, oxyma and -Diisopropylcarbodiimide (DIC) were purchased from Iris-
Biotech. The resin was purchased from Rapp Polymere. Solvents and all other reagents were purchased 
from Sigma Aldrich. Special Fmoc amino acids were: Fmoc-L-Leu-L-Ser[PSI(Me, Me)Pro]-OH, Fmoc-L-Glu-
OtBu, Fmoc-L-Asp-OtBu. 
 
6.2.2 Synthesis and purification of melittin, penetratin, and sCT 
6.2.2.1 Solid phase peptide synthesis of melittin, penetratin, and sCT 
Melittin and penetratin were synthesized and purified as in [22]. In short were all peptides synthesized on 
a Biotage Initiator + Alstra microwave-assisted peptide synthesizer. For sCT it was done in 10 mL fritted 
syringes on a 0.05 mmol scale. A TentaGel S RAM resin (loading 0.23 mmol/g) was used for sCT and 
melittin, A Fmoc-PAL-AM resin (loading 0.61 mmol/g) was used for penetratin. Fmoc-deprotection was 
performed by adding deprotection solution (20% piperidine in dimethyl formamide (DMF), 0.1 M ethyl 
cyanohydroxyiminoacetate (Oxyma) to the resin at 75 °C, for sCT for 30 sec, for melittin and penetratin 
for 2 min. Another portion of deprotection solution was added and heated to 75 °C, for sCT for 2 min, for 
melittin and penetratin for 5 min. Next, the resin was drained and washed five times with DMF. Coupling 
of amino acids was performed by adding amino acid solution (for sCT 4 eq. of Fmoc-L-amino acid (AA)-OH, 
4 eq. Oxyma in DMF, 0.3 M concentration, for melittin and penetratin 5 eq. of Fmoc-L-AA-OH, 5 eq. Oxyma 
in DMF), DIC solution (2 M DIC in DMF) and heating the mixture to 75 °C, for sCT for 5 min, for melittin 
and penetratin for 10 min. The solution was drained and the resin was washed once with DMF. The 
coupling was repeated. After the second coupling the resin was washed 4 times with DMF. For sCT 
extended coupling times were applied for Fmoc-Arg(Pbf)-OH and Fmoc-L-Leu-L-Ser[PSI(Me, Me)Pro]-OH. 
These amino acids were coupled at room temperature for 25 min followed by 75 °C for 5 min. Also for sCT 
the resin was drained, washed 4 times with DMF (5 mL) and the coupling was repeated. Fmoc-removal on 
Asp residues was performed with 5% piperidine rather than 20%. For melittin and penetratin, the coupling 
times for arginine residues were 25 min and 5 min. For histidine residues the temperature was lowered 
to 50 °C. 
 
6.2.2.2 Formation of disulfide on resin for SCT 
For sCT after coupling and deprotection of the last amino acid, the resin was washed five times with 
Dichloromethane  (DCM) (5 mL). An iodine solution (5 mL; 1:4 Hexafluoroisopropanol (HFIP)/1% iodine 
(I2) in DCM) was added to the resin, shaken for exactly 2 min, filtered, and washed once with a 1:1 
HFIP/DCM solution. The resin was then left to shake for 15 min with a 1:1 HFIP/DCM solution. The solution 
was drained, and the resin was washed five times with DCM and five times with DMF. Next, Fmoc was 
removed by adding 20% piperidine, 0.1% Oxyma in DMF (5 mL), and the tube was shaken for 2x 20 min. 
The resin was washed with DMF, DCM, DMF, DCM, isopropanol, DCM, and diethyl ether. 
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6.2.2.3 Peptide cleavage, purification and analysis of melittin, penetratin, and sCT
After disulphide formation (for sCT) or deprotection of the final amino acid residue (for melittin and 
penetratin), the resin was washed 5 times with of DMF, 5 times with DCM and air-dried. The resin was 
treated with cleavage cocktail (for sCT 90 % TFA, 5% water, 5 % triisopropylsilane (TIPS), for melittin and 
penetratin 95 % TFA, 2.5 % water, 2.5 % TIPS) for 4 hrs. The crude peptide was precipitated in cold 
diethylether, centrifuged, and decanted. For sCT, the residue was air-dried and re-dissolved in 20 % MeCN 
in MQ. For melittin and penetratin, the peptide-cleavage mixture was triturated (twice). The crude 
peptide was purified on a Dionex Ultimate 3000 system equipped with a RQ variable wavelength detector 
and an automated fraction collector, for sCT using a Phenomenex, Gemini NX 5u, C18, 110Å, AXIA, 250 
mm x 21 mm column, for melittin and penetratin using a Phenomenex Gemini NX 5u, C18, 110 Å, 
250 mm × 30 mm column, both at a 20 mL/min flowrate. RP-HPLC gradients were run using a solvent 
system consisting of solution A (H2O + 0.1 % TFA) and B (MeCN + 0.1 % TFA). Pure fractions were combined 
and lyophilized. Peptides were analyzed on a Shimadzu NexeraX2 RP-HPLC system equipped with 
Shimadzu LC-30AD pumps, a Shimadzu SIL-30AC autosampler, a CTO-20AC column oven and a Shimadzu 
PDA detector (monitoring at 214 nm, 280 nm and 492 nm) using a Waters XBridge BEH C18, 2.5µm 
3.0x150mm XP Column at a flow rate of 0.5 mL/min. RP-HPLC gradients were run using a solvent system 
consisting of solution A (5% MeCN in H2O + 0.1% TFA) and B (MeCN + 0.1 % TFA). Mass analysis was 
performed using an electrospray ionization (ESI) micrOTOF-Q III (Bruker Daltonics, Bremen, Germany) for 
sCT, or a Waters Acquity Ultra Performance UPLC equipped with a QDa detector and an Acquity UPLC BEH 
C18, 1.7  × 50 mm column for melittin and penetratin. The final sCT had a 98 % purity (HPLC) 
(Supplementary figure 9), (ESI) m/z: [M + 4H]4+=858.7, [M + 3H]3+=1144.9 (Supplementary figure 10). The 
final melittin had a 99 % purity (HPLC) [22], Liquid chromatography-mass spectrometry (LC-MS) 
(ESI) m/z: = [M + 6H]6+ = 475.4, [M + 5H]5+ = 569.9, [M + 4H]4+ = 712.3, [M + 3H]3+ = 949.7[22]. The final 
penetratin had a 93 % purity (HPLC) [22] and LC-MS (ESI) m/z: = [M + 5H]5+ = 450.3, [M + 4H]4+ = 562.4, 
[M + 3H]3+ = 749.5, [M + 2H]2+ = 1123.8[22]. 
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Supplementary figure 9: sCT purity: Analytical HPLC chromatogram
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Supplementary figure 10: Identification of sCT. ESI spectrum acquired via quadripole time-of-flight (QTOF)-
MS 
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Chapter 4: Article: Applying flow cytometry to identify the modes of 
action of membrane-active peptides in a label-free and high-throughput 
fashion 
 
In the manuscript above, two methods, calcein release and dynamic light scattering, was used to study 
the mode of actions of a range of permeation enhancers and membrane active peptides in a high 
throughput manner. Often, mechanistic studies of membrane activity of peptides are otherwise 
performed using microscopy [1] [6]. Microscopy studies have the advantage of being an integrated 
platform to study both membrane perturbation and solubilization. However, microscopy is a low 
throughput method. We wanted to investigate if flow cytometry could be used as an integrated platform 
to study membrane activity of peptides, and thus be used as an alternative approach to study membrane 
activity, in a high-throughput manner. If succeeding, it would be possible to study the same effects as 
observed by calcein release and DLS, albeit at a single liposome level rather than as bulk assays. This would 
make it possible to distinguish between non-permeated and permeated (sub)populations. Additionally, if 
flow cytometry could be used as a method to study the membrane activity of peptides, it would make this 
kind of mechanistic studies accessible for other types of laboratories. Finally, the method would have the 
potential of further development by including more fluorophores, e.g. on the membrane active peptide, 
which would enable the study of peptide association with the liposome as well.   
 
We decided to use membrane-labeled liposomes encapsulating another fluorophore to track effects on 
both lipid membranes and membrane permeability. Considerations prior to the experiments evolved 
around the use of fluorophores and their proper detection. It was important that the liposomes were large 
enough to contain enough membrane-fluorophores to be detected, but at an as-low-as-possible 
concentration to decrease the effects of the fluorophore on interactions between peptides and lipid 
membranes. Previous studies of liposomes in flow cytometry had showed good detection for 1 mol% of 
the lipids being fluorophore labelled with atto-fluorophores [7], why this was the chosen concentration. 
For the encapsulated fluorophores, it was important with high fluorescence from the encapsulated 
fluorophores. Atto- and alexa-dyes have been shown to have strong fluorescence and to be self-quenching 
at much higher concentrations than calcein and fluorescein. By measuring the fluorescence from a 
concentration series of Alexa488 in 10 mM phosphate, 100 mM NaCl, pH 6.7, we found that the 
fluorescence increased linearly until approximately 20 µM, and continued to increase until approximately 
290 µM Figure 4.1. To get sufficient change of fluorescence intensity upon membrane perturbation, we 
decided to use an encapsulated concentration of 80 µM Alexa488. 
 
We chose to work with POPC liposomes with 20 % 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 
(POPS). POPS is an anionic lipid found in human plasma membranes, and was chosen to mimic the 
negatively charged human plasma membrane [8]. An advantage of having negatively charged lipid 
membranes were furthermore that many membrane active peptides have been shown to have enhanced 
membrane activity towards negatively charged membrane [9], and were thus expected to provide a larger 
working span. We are aware that POPS is mainly exposed on the exterior side of the cells under dying 
conditions [10]. Yet the focus here was on deriving the modes of actions of membrane active peptides, 
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and the biological relevance were of lesser priority. However, the method proved useful for studying how 
the modes of actions may differ for lipid membranes with various lipid compositions.    

Figure 4.1: Fluorescence intensity of Alexa488 at various concentrations. The inserts show a zoom of the fluorescence signals for 
concentrations between 0 and 80 µM Alexa488. A linear fit extrapolated from the fluorescence intensities of 0-20 µM Alexa488 is 
shown to underline the linear increase in fluorescence at these concentrations. Alexa488 was dissolved and diluted in 10 mM 
phosphate, 100 mM NaCl, pH 6.7. Ex/Em: 488 nm/517 nm.

Applying flow cytometry to identify the modes of action of 
membrane-active peptides in a label-free and high-throughput fashion [11]. The article is reprinted on 
the following page with permission from Elsevier.  
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Membrane-active peptides (MAPs) have several potential therapeutic uses, including as antimicrobial drugs. Many traditional 
methods used to evaluate the membrane interactions of MAPs have limited applicability. Low- throughput methods, such as 
microscopy, provide detailed information but often rely on fluorophore-labeled MAPs, and high-throughput assays, such as 
the calcein release assay, cannot assess the mechanism behind the disruption of vesicular-based lipid membranes. Here we 
present a flow cytometric assay that provides detailed information about the peptide-lipid membrane interactions on single 
artificial lipid vesicles while being high- throughput (1000 2000 vesicles/s) and based on label-free MAPs. We synthesized and 
investigated six MAPs with different modes of action to evaluate the versatility of the assay. The assay is based on the flow
cytometric readouts from artificial lipid vesicles, including the fluorescence from membrane-anchored and core- encapsulated 
fluorophores, and the vesicle concentration. From these parameters, we were able to distinguish between MAPs that induce 
vesicle solubilization, permeation (pores/membrane distortion), and aggregation or fusion. Our flow cytometry findings have 
been verified by traditional methods, including the calcein release assay, dynamic light scattering, and fluorescence 
microscopy on giant unilamellar vesicles. We envision that the presented flow cytometric assay can be used for various types 
of peptide-lipid membrane studies, e.g. to identify new antibiotics. Moreover, the assay can easily be expanded to derive 
additional valuable information.   

1. Introduction 

Membrane-active peptides (MAPs) have potential applications in 
biotechnology [1,2], particularly within therapeutics [3 5]. Some MAPs 
are, for example, antimicrobial peptides (AMPs) that show 
antimicrobial activity through pore formation in lipid membranes [4,6
8]. These AMPs are receiving increased attention, as pathogenic 
microorganisms are becoming increasingly resistant towards 
conventional antibiotics [9]. Another interesting therapeutic 
application of MAPs is their use as cell-penetrating peptides (CPPs). 
Introducing a CPP moiety to a drug can improve or facilitate drug 
internalization through biological membrane barriers [10 14]. In 
general, peptides are interesting from a drug development 
perspective, because automated solid-phase peptide synthesis allows 
for high-throughput synthesis of peptides with variations in the amino 
acid sequence and/or containing amino acid modifications. 

To rationally engineer MAPs for therapeutic applications, it is 
critical to understand the modes by which they interact with lipid 
membranes. 

Current approaches often rely on fluorophore-labeled peptides, which, 
combined with low-throughput fluorescence microscopy, can provide 
detailed mechanistic information [15]. However, fluorophore-labeling 
of peptides can dramatically alter the mode of membrane interaction 
of the peptides [16]. Many traditional fluorophore-labels have been 
shown to have a significant affinity towards the lipid membranes 
[17,18]. Further, the evaluation of therapeutic peptides from large 
peptide libraries can be a rate-limiting factor in the identification of 
lead drug candidates due to lack of high-throughput evaluation assays. 
High- throughput methods that rely on label-free peptides are often 
limited in revealing mechanistic insights about how MAPs interact with 
membranes. Among high-throughput assays, the calcein release assay 
is likely the most commonly used to study lipid membrane 
perturbations, induced by external agents such as MAPs [1,16,19 22]. 
This assay relies on the appearance of calcein fluorescence after 
release from the core of artificial (lipid) vesicles (in the following 

simple model system of cell 
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membranes [21,23 26]. However, the calcein release assay falls short 
in providing mechanistic information, as it cannot distinguish whether 
MAP-mediated calcein release is due to vesicle solubilization or 
localized membrane permeabilization. In addition, it provides no 
information about vesicle fusion and aggregation, two phenomena 
that potentially also may lead to calcein release independent of the 
direct membrane perturbations and, thereby, putative biological 
activity of the peptides [27].  

To overcome some of the limitations associated with the most 
commonly used methods for studying peptide-lipid membrane 
interactions, we developed a method based on flow cytometry. A flow 
cytometer is a microfluidic system equipped with several lasers and 
corresponding detectors that allow for high-throughput multi-
parameter analysis of single particles in terms of their light scattering 
and fluorescence properties. Properties that can be used to phenotype 
cells by using fluorophore-labeled antibodies against antigens on 
specific cell types [28]. Flow cytometry has previously been used to 
investigate the interactions of MAPs with cells, for example, mapping 
the time course of AMP-induced permeabilization of bacteria using 
live/dead DNA-probes [29] and the cell-penetration properties of CPPs 
fused with GFP [30]. In the latter study, additional microscopy studies 
were needed to verify that the CPP-GFP compounds were able to 
penetrate into the cell. A general limitation of traditional flow 
cytometry is its inability to directly assess whether compounds of 
interest are at the cell surface or inside the cell [31].  

Conventional flow cytometers can also be used to study submicron 
vesicles [32 34]. In this study, we determined how flow cytometry on 
dual-fluorophore-labeled vesicles (a core- and a membrane
fluorophore) can be used to study the membrane interactions of label- 
free MAPs. The concept is shown in Fig. 1, and exemplified by a MAP 
that leads to pore formation in the vesicle membrane. By using the 
fluorescence intensity from the membrane-fluorophore as an indirect 
measure of the vesicle size-integrity in combination with an indirect 
measure of the vesicle concentration, we could determine whether 
peptide-dependent reduction in the core fluorescent readout was due 
to localized membrane permeabilization or vesicle solubilization. In the 
former case, the vesicle concentration and fluorescence intensity from 
the membrane fluorophore is unchanged, whereas in the latter case, 
the vesicle concentration and fluorescence intensity from the 
membrane- fluorophore decreases. Finally, increases in the membrane 
fluorescence for individual readouts reveal MAP-induced vesicle 
fusion/aggregation. Based on the above, we present a flow cytometry 
assay that provides an integrated platform to study the membrane 
interactions of peptides on a single vesicle level in detail in a label-free 
and high- throughput manner.  

To evaluate the versatility of our flow cytometric assay, we synthe-
sized six MAPs. Five of the MAPs are well-studied with respect to their 

membrane interactions, and one is the potent pore-forming peptide 
macrolittin-70 developed recently [3]. The five known MAPs include 
the three AMPs melittin [35,36], magainin-2 [37,38], and LL-37 [39], 
and the two highly cationic CPPs penetratin [40,41] and HIV-derived 
peptide Tat [42,43]. These MAPs are known to exhibit different modes 
of action, including membrane permeabilization [3] and membrane 
solubilization [44,45]. Further, we envision that the highly positively 
charged CPPs could lead to vesicle aggregation or fusion in membrane- 
assays when negatively charged vesicles are applied [27].  

We verified the flow cytometry findings with data from (i) the 
traditional high-throughput calcein release assay that measures calcein 
escape from vesicles, (ii) dynamic light scattering (DLS) that measures 
the apparent size of the vesicles, and (iii) visual-based fluorescence 
microscopy studies on giant unilamellar vesicles (GUVs).  

2. Results and discussion  

2.1. Dual-labeled vesicles used as membrane model in the flow 
cytometry assay  

Previous research have shown that vesicles can be studied by flow 
cytometry when the membrane of the vesicles is fluorophore labeled 
[32 34,47]. Therefore, in this study, we prepared large vesicles (LVs) 
containing 1 mol% of a DOPE lipid conjugated to Atto655 as membrane 
label (membrane-fluorophore), 20 mol% of the negatively charged 
POPS lipid to prepare vesicles with an overall net negative membrane 
charge like biological membranes, and 79 mol% POPC (one of the most 
commonly used lipids in vesicle studies). In order to detect changes in 
the barrier properties of the vesicle membrane, we encapsulated the 
small fluorescent dye Alexa488 inside the core of the vesicles (core- 
fluorophore). We used an appropriate core-fluorophore concentration 
of 80 M that was adequate for detection by flow cytometry without 
eliciting quenching (Fig. S1 in the Supplementary information (SI)).  

The LVs were prepared with diameters spanning between 100 and 
1000 nm using a standard lipid film rehydration method [48]. In brief, 
the mixed lipid films were hydrated in a phosphate buffer (10 mM 
phosphate, 100 mM NaCl, pH 6.7) containing 80 M core-fluorophore, 
freeze-thawed five times, and extruded five times through a 400 nm 
pore filter followed by size-exclusion chromatography to remove the 
non-encapsulated core-fluorophore. This preparation method was 
expected to yield a polydisperse sample of LVs. As a negative control 
for LVs containing the core-fluorophores, we prepared LVs without 
core- fluorophore by hydrating the lipid film in the bare buffer.  

Classical ensemble/bulk-based characterization techniques such as 
DLS are not well suited for a study of the size distribution of 
polydisperse samples or samples containing multiple size populations 
[49 51]. Along this line, it was not possible to obtain reproducible size 

 

Fig. 1. Concept  applying flow cytometry to identify MAPs' modes of action. The different steps in the peptide-lipid membrane interaction assay. Left: the vesicle- 
peptide reaction. The red color on the vesicle refers to membrane-anchored fluorophores, and the green color represents the core-fluorophores. Center: The flow 
cytometry measurement of the reaction mixture. A MAP that induces pore formation in a vesicle is shown  the released core-fluorophore is heavily diluted and thus 
not shown. Right: The analysis that provides general information on the MAP's mode of action. We can identify the three modes of action: (i) Leakage due to localized 
membrane permeabilization, (ii) leakage due to membrane solubilization, and (iii) vesicle aggregation/fusion.  
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populations from DLS measurements (data not shown). Hence, to 
validate the size distribution of the LVs, we used nanoparticle tracking 
analysis (NTA), a single-particle characterization tool that tracks the 
Brownian motion of individual particles in suspension to determine 
particle size (Fig. 2). Due to its sensitivity and robustness to determine 
concentration and size distribution of polydisperse, sub-micron 
particles, NTA has become the gold standard for characterization of the 
biological vesicles known as extracellular vesicles [52]. With our NTA 
setup, we were able to track the LVs by one of the following three 
tracking modes: Light scattering (640 nm), fluorescence from the core-
fluorophore (excitation 488 nm, detection >500 nm), and fluorescence 
from the membrane-fluorophore (excitation 640 nm, detection >660 
nm). NTA analysis based on scattering demonstrated that the LVs had 
a mean diameter of 207 nm and a standard deviation (SD) of the 
population of 98 nm. The large SD highlights the significant size-
heterogeneity of the LV sample. The presence of LV sizes above 400 
nm, which is the size of the membrane pores used for extrusion, could 
be due to defects in some of the pores (we only extruded the LV 
samples five times) and that larger sized vesicles are modular/flexible 
and thus able to squeeze through pores smaller than the LVs. Further, 
studies have shown that LVs formed by rehydration, cycles of freeze-
thawing, and extrusion can form LV populations with mean sizes below 
the pore size of the membrane used for extrusion when the pore size 
is above 100 nm [33,53]. The size distributions derived from tracking 
LVs using the membrane-fluorophore fluorescence and core-
fluorophore fluorescence overlay well with the scatter- based size 
distribution, with mean ± SD sizes of 241 nm ± 113 nm and 226 nm ± 
90 nm, respectively. The slight discrepancies between the derived 
mean sizes may be due to different optical sensitivities and settings of 
the tracking modes. Furthermore, the vesicle concentrations detected 
by using the three different detection modes are similar (1.2 2.6 × 107 

particles/mL). Together, the NTA data confirm that we have prepared 
LVs containing both core-fluorophore and membrane- fluorophore. 
We also prepared LVs without core-fluorophore. These have a size 
distribution based on light scattering that was approximately the same 
(mean ± SD size of 204 ± 90 nm) as the dual-labeled LVs (Fig. 2B). The 
size distribution based on the membrane-fluorophore fluorescence 
was slightly larger (mean ± SD size of 281 ± 141 nm). However, in 
contrast to the dual-labeled LVs, we detected significantly fewer 
events from the LVs without core-fluorophore when we tracked the 
LVs using the fluorescence detection used for the core-fluorophore 
fluorescence, as expected. Together, the NTA data support that we 
have prepared LVs with sizes and fluorophore-labels that are suitable 
for flow cytometry.  

 
2.2. Detecting LVs by flow cytometry  

To correlate MAP activity with the fluorescence signal in flow 
cytometry, it was a prerequisite that the dual-labeled LVs could be 

 detected by the flow cytometer and distinguished from the LVs without 
core-fluorophore. Therefore, we adjusted the vesicle concentration 
and flow cytometry settings to enable the detection of single LVs by 
flow cytometry. We triggered the detection of the LV events based on 
the fluorescence from the membrane-fluorophore in line with previous 
studies [33]. Using a trigger (threshold) value of 200 arbitrary 

 rise to 800 2300 
events per second, of which the bare buffer or non-membrane labeled 

events for the samples can be considered to be primarily membrane-
labeled LVs.  

We most likely only detected the largest LVs due to the limited 
sensitivity of the flow cytometer, and thus, we obtained a membrane- 
fluorophore fluorescence profile of the LVs (Fig. 3A) that peaks (is cut 
off) at the threshold value (200 AU). Although we were not able to 
detect the entire LV population, it is important to note that our assay 
is not dependent on measuring all LVs. The membrane-fluorophore 
fluorescence intensity profiles and median fluorescence intensity (MFI) 
based on the membrane-fluorophore fluorescence (membrane MFI) 
for the LVs with (membrane MFI = 287 ± 2 AU) and without core-
fluorophore (membrane MFI = 293 ± 3 AU) are almost identical, which 
confirms their similar size distribution derived from NTA (Fig. 2). To 
ensure that we study individual LVs, we performed an LV dilution 
series, which is commonly used to optimize the study of individual EVs 
by flow cytometry [54]. We used an LV lipid concentration (500 nM) 
that was within the concentration regime that shows a linear 
correlation between the count rate and the particle concentration, and 
a constant membrane MFI and fairly constant core MFI (Fig. S2 in SI), 
and this strongly supported that we mostly detect single LVs [34,54].  

We plotted the core-fluorophore fluorescence intensity profiles of 
LVs with or without core-fluorophore, both triggered by the 
membrane- fluorophore fluorescence (Fig. 3B). It is clear from the 
profiles and the corresponding MFI values of the LVs with (104 ± 3 AU) 
and without core-fluorophore (28 ± 2 AU) that these two different LV 
samples can be clearly distinguished based on their core MFIs. The 
symmetric profile of the core-fluorophore fluorescence of the dual-
labeled LVs is different from the membrane-fluorophore fluorescence-
based profile. The different profiles may in part be due the core 
fluorescence signal being processed differently to the trigger channel 
(membrane fluorescence) and some detector variation, and in part due 
the fact that the membrane fluorescence scales with the area, and the 
core-fluorescence scales with the volume of the LV. The impact on the 
triggering strategy was also present when we triggered the LVs on the 
core-fluorophore; we observed a symmetric membrane-fluorophore 
fluorescence intensity profile and an asymmetric core-fluorophore 
fluorescence intensity profile (Fig. S3 in SI). Since we can detect single 
LVs with and without core-fluorophores, we have the appropriate LV 
samples and flow cytometry settings in place to study the interaction 
of MAPs with LV membranes. Importantly, we also tested that the 
fluorescence readouts from the LVs were constant  

 

Fig. 2. Size distribution of the LVs. The size distribution of LVs with core-fluorophore (A) and without core-fluorophore (B) derived from NTA measurements. The size 
distributions are shown for each of the relevant detection modes: Light scattering (black line), core-fluorophore fluorescence (green line), and membrane- fluorophore 
fluorescence (red line). The inserted circles illustrate the LVs including the position of the fluorophore-labels and their fluorescent colors. 
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Fig. 3. Flow cytometry data on LVs. Representative histograms based on fluorescence from the membrane-fluorophore triggered at 200 AU (A, membrane fluorescence 
intensity) and the core-fluorophore (B, core fluorescence intensity) of LVs with (filled, colored) and without (black line) the core-fluorophore. The circles illustrate the 
LVs, including the position of the fluorophore-labels and their fluorescent colors. The black dotted line in A marks the trigger threshold value. The  
fluorescence intensities are in AU.  

within the timeframe used for the MAP-LVs studies (Fig. S4A and B in 
SI).  

2.3. Synthesis of MAPs  

Having established that we can detect the LVs using flow cytometry 
based on their membrane-fluorophore fluorescence, and distinguish 
similar LVs with and without core-fluorophore, we aimed to study the 
effect of peptides on the LVs. For this, we synthesized the MAPs LL-37, 
melittin, magainin-2, macrolittin-70, Tat, and penetratin (Fig. 4), 
covering a range of different MAP-membrane interactions including 
membrane permeabilization, membrane solubilization, and potentially 
also vesicle aggregation.  

All the peptides were prepared by microwave-assisted solid phase 
peptide synthesis using standard protocols [55]. Briefly, the peptides 
were synthesized on PAL-AM resin, TentaGel S RAM resin, or a 
preloaded Wang resin with diisopropylcarbodiimide as coupling 
reagent, and Oxyma as auxiliary nucleophile. After the final coupling 
and Fmoc removal, the peptides were cleaved and globally 
deprotected in trifluoroacetic acid, precipitated in diethyl ether, and 
purified by high- performance liquid chromatography (HPLC).  

 

 

Identification and purity of the peptides were assessed by mass 
spectrometry and analytical HPLC, respectively, see Fig. S10 S21 in SI.  

2.4. Identifying different types of peptide-lipid membrane interactions  

To identify different kinds of peptide-lipid membrane interactions, 
we mixed each of the six synthesized MAPs with LVs with core- 
fluorophore to a final MAP concentration of 10 M and a final LV lipid 
concentration of 50 M. The mixtures were incubated at 37 C for 30
60 min to give the MAPs time to interact with the LVs. Subsequently, 
the solutions were diluted to a final lipid concentration of 500 nM so it 
was in the range for single LV detection by flow cytometry.  

For magainin-2, macrolittin-70, LL-37, and melittin, the core MFI 
dropped from 104 ± 4 AU without MAP to 33 39 AU after incubation, 
which is similar to the core MFI for the LVs without core-fluorophore 
(core MFI = 28 ± 2 AU) (Fig. 5A). These data show almost complete 
release of the core-fluorophore when the LVs were exposed to these 
MAPs. The observations are consistent with these four peptides being 
known to induce a release of core-content from vesicles [3,24,44,56]. 
For Tat and penetratin, the core MFI increased about two-fold (Fig. 5A). 
This was likely due to a peptide-induced aggregation of the anionic LVs,  

 

 

Fig. 4. Amino acid sequence of the synthesized membrane-active peptides (MAPs). Primary sequences, as described using the one letter code, of the MAPs used in this 
study. Hydrophobic residues are colored black, anionic residues red, cationic residues blue, and all other residues grey. Some of the MAPs are modified in the N- and C-
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terminus (see Materials and methods section). The anionic and cationic classifications of the residues are based on their expected overall charge at the pH condition 
used in this study (pH 6.7).  
Fig. 5. Flow cytometry measurements of LVs in the absence and presence of MAPs. Core MFI (A), membrane MFI (B), and count rate (C) for LVs with core- fluorophore 
in absence (LVs) or presence of MAPs (LVs + MAP) as well as for LVs without core-fluorophore (LVs w/o core-fl). (D) Scatter plot based on the membrane and core MFI 
values, with each point being labeled with the respective MAP. MAPs leading to core-fluorophore release without solubilization are marked with an orange triangle, 
MAPs leading to core-fluorophore release and solubilization are marked with a turquoise square, and MAPs leading to aggregation of the LVs are marked with a blue 
circle. The shown data are averages of two replicates and their standard deviation. mag-2: magainin-2, mac-70: macrolittin-70, mel: melittin,  
pen: penetratin. The MFI values are in arbitrary units.  

as penetratin and Tat are both highly positively charged at the pH level 
used in this study (pH 6.7), as illustrated in Fig. 4. While it should be 
emphasized that the flow cytometry assay cannot distinguish between 
LV aggregation or fusion, previous studies support the notion that 
highly positively charged peptides can form aggregations of negatively 
charged vesicles [57,58].  

To investigate the state of the LV membrane upon reaction with the 
MAPs, we studied the membrane MFI (Fig. 5B). The membrane MFI of 
the LVs did not differ much for the LVs exposed to magainin-2, 
macrolittin-70, or no MAP. This supports the interpretation that these 
MAPs led to increased membrane permeability without disrupting the 
LVs with respect to size, which is consistent with these MAPs forming 
pores as shown in the literature [3,59]. For melittin, however, the 
membrane MFI dropped, and for LL-37, the membrane MFI increased, 
indicating that the membrane was affected. In agreement with this, the 
count rate was almost unaffected for the LVs that were exposed to 
magainin-2 or macrolittin-70, and it decreased dramatically for the LVs 
that were exposed to LL-37 or melittin (Fig. 5C). This corroborates 
earlier finding using bulk assays [44,45] and suggests that LL-37 and 
melittin solubilize the membrane of a majority of the LVs. Ladokhin and 
White [45] found that melittin functions in a detergent-like manner for 
anionic vesicles, which supports our flow cytometry findings. For LL-37, 
the solubilization is consistent with the study by Sancho-Vaello et al. 
[44]. The increased membrane MFI with a dramatic drop in core MFI  

 
 

and drop in count rate could be a result of the LL-37 forming a few large 
aggregates with the membrane-fluorophore. It should be mentioned 
that LL-37 is a large amphipathic peptide comprised of 37 amino acids 
(Fig. 4). Hence, it is likely that it can form large LL-37-lipid aggregates.  

For Tat and penetratin, both the core- and membrane MFI 
increased, supporting LV aggregation or fusion mediated by these 
highly cationic peptides (Fig. 5A and B). The corresponding count rate 
data may at first glance contradict our aggregation/fusion 
interpretation as the count rate clearly increased in the penetratin case 
(Fig. 5C). However, since we only detected a fraction of the LVs, the LVs 
that otherwise go undetected could, if they aggregate of fuse, get 
above the triggering threshold and thus add to the total count rate. The 
count rate data on Tat varied a lot (Fig. 5C). We therefore performed a 
separate quadruplicate flow cytometry study on Tat that clearly 
showed that the count rate of LVs + Tat was also increased compared 
to the bare LV control (Fig. S5 in SI) like in the penetratin case. Hence, 
all the measurable parameters support the assumption that highly 
positively charged peptides like Tat and penetratin likely form 
aggregates with the negatively charged LVs, and that they do not 
permeabilize the LVs.  

To assign the mode of action for a given MAP, we plotted the core 
and membrane MFI values from the LVs as a scatter plot in Fig. 5D. This 
plot, together with the measured count rates, can help assign MAPs to 
the various known modes of action, including membrane per-
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meabilization, membrane solubilization, and vesicle fusion/ 
aggregation. To ensure that our findings were reproducible on a day-
to-day basis, we conducted the same kind of measurements on other 
days and got similar results (Fig. S4C-E in SI). We also showed that 
working at higher LV concentrations, i.e., studying a significant 
proportion of co- particle events, also lead to the same assigned modes 
of action (Fig. S6 in SI). The latter condition obviously gave rise to a 
higher signal, which can be useful if the signal-background resolution is 
low when studying single LV events. Along these lines, it is important 
to emphasize that the choice of LVs in terms of size and degree of 
fluorophore-labeling used for the flow cytometric assay depends to 
some extent on the sensitivity of the flow cytometer being used. To 
investigate whether attractive electrostatic interactions play a role in 
the formation of LV aggregates/ fusion, we performed a head-to-head 
experiment with Tat exposed to the negatively charged LVs containing 
POPS (the LVs used so far), and to neutral LVs without the negatively 
charged POPS (Fig. 6A). The relatively high membrane MFI value 
measured for the Tat-anionic LV mixture indicates that Tat forms larger 
aggregates with the negatively charged LVs than with the neutral LVs. 
It is known that LVs comprised of only zwitterionic phosphatidylcholine 
lipids (like in our case) are slightly negatively charged. This small 
negative surface might be enough for Tat to mediate some 
aggregation/fusion. Corresponding data based on the core-
fluorophore supports that Tat forms the largest aggregates with the 
anionic LVs (Fig. S7A in SI).  

Previous studies have shown that magainin-2 induces per- 
meabilization in negatively charged vesicles, but not in neutral vesicles 
[60,61]. We confirmed these findings using the flow cytometric assay 
(Fig. 6B). It is clear that magainin-2 led to a decrease in the core MFI 
only for the negatively charged LVs. The complementary membrane- 
fluorophore data supports the interpretation that the decrease in core 
MFI is not due to solubilization of the LVs (Fig. S7B in SI).  

We have successfully developed a flow cytometer assay that 
allowed us to distinguish between peptides that: (i) led to increased 
membrane permeability without solubilization (magainin-2 and 
macrolittin-70), (ii) led to solubilization of the LVs and release of core-
fluorophore (LL-37 and melittin), and (iii) did not lead to core-
fluorophore release, but rather aggregation of the LVs (Tat and 
penetratin) (Fig. 5D). In its current form, our assay cannot assess 
whether translocation of the CPPs Tat and penetratin takes place. 
Rather, our data highlight potential interactions or artifacts in peptide-
lipid membrane studies when we use highly positively charged 
peptides in combination with negatively charged LVs.  

It should be noted that the flow cytometric assay based on non- 
fluorophore-labeled MAPs have a few other limitations: It does not 

distinguish between MAPs that do not bind to LVs on the one hand, and 
MAPs that do bind and/or penetrate the LV membrane but do not lead 
to (i) release of the core-fluorophore (ii) and/or fusion and aggregation 
of LVs on the other. One way to overcome this binding issue is to 
fluorophore-label the MAP. One key feature of flow cytometry is its 
ability to analyze multiple different fluorescence parameters on single 
particles. Conventional flow cytometers can simultaneously measure 
and distinguish between fluorescence from 3 to 30 optically different 
fluorophore labels. That said, the aim with this project was to introduce 
a non-labeled MAP assay, as the introduction of fluorophore-labels can 
lead to alterations in the membrane interactions of MAPs [16 18].  

2.5. Verifying our flow cytometry findings  

To validate our observations from multi-parameter flow cytometry 
based on our chosen vesicle compositions, sizes, MAP: LV ratio and 
concentrations, we performed several complementary studies. This 
comparison is important, because certain MAPs can both permeabilize 
and solubilize vesicles [62]. Whether the former or latter mechanism 
takes place depends on the concentrations of the MAP and lipids/LVs.  

To support our core-fluorophore release data based on flow 
cytometry, we performed the traditional calcein release assay on 
calcein- containing LVs (cLVs), using the same total lipid and MAP 
concentrations as in our flow cytometry studies. The calcein release 
assay is a bulk measurement that relies on vesicles loaded with calcein 
in the aqueous core, which are in a quenched state due to the high local 
calcein concentration. When calcein is released from the core of the 
vesicles to the surroundings, the fluorescence signal from the calcein 
increases due to dequenching. In the calcein release assay, 0% calcein 
release refers to the fluorescence intensity of the bare cLVs, and 100% 
calcein release refers to the fluorescence intensity for the cLVs 
solubilized by the Triton X-100 detergent. The calcein release was 
measured after 30 min. The calcein release (Fig. 7A) and the core-
fluorophore release derived from flow cytometry (Fig. 5A) are very 
similar for magainin-2 and macrolittin-70. LL-37 and melittin show 
complete release, while no release was measured for Tat and 
penetratin (Fig. 7A). These results are also well aligned with the flow 
cytometry data (Fig. 5A). We also measured calcein release after 60 min 
and 120 min (Fig. S8 in SI). We found that the calcein release data at 
30 60 min were similar to data obtained at 120 min. Therefore, 
measuring the mixtures on the flow cytometer after 30 60 min appears 
to be at, or close to, a steady-state condition for all the MAPs. Together, 
we observed a good agreement between the membrane activities 
derived from the flow cytometry  

 

Fig. 6. Distinguishing MAP effects on neutral and anionic LVs. Membrane MFI (A) and core MFI (B) for LVs with core-fluorophore in absence (LVs) or presence (LVs + 
MAP) of a MAP, as well as for LVs without core-fluorophore (LVs w/o core-fl). The membrane of the LVs are either neutral (left) or negatively charged (right) in both (A) 
and (B). The short solid colored lines represent the average of the shown MFIs for LVs exposed to a MAP. The dotted, colored lines show the average of the MFI for the 
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neutral and charged LVs in the absence of a MAP. The dotted black lines are the average of the MFI for the neutral and charged LVs w/o core-fl. The MFI values are in 
arbitrary units.  

 

Fig. 7. Complementary data to verify our flow cytometry findings. (A) MAP-induced calcein release from cLVs after 30 min. 0% release is defined from the fluorescence 
intensity of bare cLVs, and 100% release is defined from the fluorescence intensity of cLVs solubilized by the Triton X-100 detergent. Each data point is the average of 
two independent measurements and their standard deviation. (B) Apparent diameter of cLVs in the presence of each of the MAPs as determined by DLS. Each data 
point represents the average of at least five measurements on two independent samples, and the corresponding standard deviation. The dotted line shows the bare 
cLVs. (C) MAP interactions with GUVs studied by fluorescence microscopy. Calcein is shown in cyan, and GUV membranes in red. A black GUV core indicates a tight non-
leaking GUV membrane barrier. The first column from left displays a control GUV without peptide at 1:43 min:sec (top) and at 42:45 min:sec (bottom). The second 
column displays a GUV incubated with LL-37 at 6:40 min:sec (top) and at 6:55 min:sec (bottom). The third column display a GUV incubated with macrolittin-70 at 3:31 
min:sec (top) and at 4:16 min:sec (bottom). The fourth column displays a GUV incubated with Tat at 3:27 min:sec (top) and at 31:56 min:sec (bottom). Scale bar: 10 m. 
mag-2: magainin-2, mac-70: macrolittin-70, mel: melittin, pen: penetratin.  

 
studies and the traditional calcein assay. That said, it should be noted 
that the flow cytometry assay provides information that is not 
accessible by the calcein assay, as it reveals the mechanisms behind the 
fluorophore leakage.  

DLS data on the cLVs were used to investigate the integrity (with 
respect to size) of the cLVs upon MAP exposure in order to complement 
and verify the membrane fluorescence flow cytometry data. The 
magainin-2 and macrolittin-70 DLS data (Fig. 7B) are consistent with 
the flow cytometry, which shows that the LVs are intact (Fig. 5). In case 
of the LL-37, the DLS analysis gave rise to two size populations (Fig. 7B). 
One smaller (11 ± 3 nm) and one larger (253 ± 124 nm) than the 152 ± 

46 nm for the untreated cLVs. A DLS analysis based on particle-volume 
that is less biased towards the larger particles, which scatter much 
more than small particles (data presented in Fig. 7B are based on the 
intensity- weighted analysis), showed that the population with the 
smaller size was the most abundant size-population (Fig. S9A in SI). This 
is in good agreement with our flow cytometry findings, including the 
count rate and membrane fluorescence data: LL-37 dissolves the LVs 
and form micelles (too small to be detected by flow cytometry) and a 
few larger aggregates (detected by flow cytometry). The DLS data on 
the CPPs Tat and penetratin are more ambiguous. In case of Tat, two 
populations were observed, one with a size similar to unaffected 
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vesicles, and another with a much larger size, and with a large variation, 
in line with potential vesicle aggregation taken place. This pattern is 
consistent for the DLS analysis based on volume (Fig. S9B in SI). The two 
size populations of Tat probably occurred because only vesicles with a 
sufficient amount of Tat bound are able to aggregate. The size of the 
cLVs exposed to penetratin indicates a slight increase compared to the 
non-treated cLVs, supporting the conclusion from flow cytometry that 
penetratin mediates vesicle aggregation/fusion.  

Finally, we decided to perform a visual inspection of the proposed 
modes of action for the peptides by fluorescence microscopy. To do 
this, we prepared GUVs consisting of POPC, POPS and DOPE-Atto655 in 
a molar ratio of 79.5:20:0.5 (similar to the LV composition used for the 
flow cytometry studies) via electroformation using a sucrose solution 
for the formation protocol [63]. The GUVs were added to a glucose 
solution with 50 M calcein in a BSA-passivated glass-bottom 
observation chamber. Lastly, the peptides were added and a time lapse 
recording was initiated with a temporal resolution of 15 s. We 
employed LL-37, macrolittin-70, and Tat for this study, as they 
represent LV solubilization, permeabilization, and aggregation/fusion 
modes of action, respectively. The upper row of images in Fig. 7C were 
recorded shortly after we added the MAPs to the observation chamber, 
while the images in the lower row show examples of how individual 
GUVs were modified due to their interaction with the MAPs at a later 
time point. It is clear that LL-37 solubilizes the GUV (within a 15 s 
timeframe), and that macrolittin-70 permeabilizes the GUV, as the 
surrounding calcein diffuse into the GUV core. The macrolittin-70 
treated GUVs were solubilized at a later time point (Table S1 in SI). This 
observation shows that certain MAPs are able to both introduce 
permeability and to solubilize vesicles depending on the MAP and lipid 
concentrations. In the case of Tat, aggregation was immediately 
observed after addition (Fig. 7C, top row) and only increased over time 
(Fig. 7C, bottom row). It is evident from these studies that Tat does not 
mediate permeabilization of the GUVs, as the surrounding calcein stays 
outside the GUVs. These images are representative for the GUVs 
observed, and statistics for the GUVs are shown in Table S1. The GUV-
studies confirmed the three different modes of action triggered by LL-
37, macrolittin-70, and Tat that were derived from the flow cytometry 
analysis.  

To sum up, the complementary studies, including the calcein 
release assay, DLS, and fluorescence microscopy on GUVs, support our 
flow cytometry findings, and thus verify that flow cytometry is a 
powerful technique to reveal how peptides interact with vesicles. Key 
advantages of the flow cytometry assay over the traditional methods 
include: (i) The flow cytometry assay is a high-throughput assay, unlike 
microscopy, and allowed us to detect 1000 2000 individual vesicles per 
second with limited time spent on sample preparation; (ii) label-free 
peptides can be used in this assay; (iii) detailed information about some 
of the most common modes of action between peptides and lipid 
membranes can be derived from the multi-readouts from individual 
LVs. Several other readouts/parameters can be added to the flow 
cytometric assay, including light scattering and additional fluorescence 
signals/probes. Further, the effects of lipid composition of the LV-
based membrane- model system and time on the peptide-lipid 
membrane interactions can be studied with the flow cytometry-based 
assay. Finally, a detailed analysis of the fluorescence histograms may 
also provide insights into whether leakage is of a graded or all-or-none 
type [64]. Thus, the flow cytometry assay displays many of the same 
strengths as previous advanced fluorescence-based assays developed 
in our laboratory [65,66], but with the added benefit of requiring less 
specialized equipment, simpler work procedures, and non-customized 
data analysis software.  

3. Conclusions  

We have shown that flow cytometry can be used to identify 
different modes of action between membrane-active peptides and lipid 
membranes. These modes of action include membrane 

permeabilization, solubilization, and vesicle aggregation/fusion. The 
different mechanisms derived from the flow cytometry studies were 
confirmed by a bulk calcein release assay, DLS, and fluorescence 
microscopy studies on GUVs. Some of the attractive features of the 
presented flow cytometric assay are that: (i) it is a high-throughput 
assay (~2000 particle/s) with limited time spent on sample preparation, 
(ii) it can measure several parameters on single particles, including 
membrane-fluorophore fluorescence of LVs, core-fluorophore 
fluorescence of LVs and relative LV concentrations in our case, and (iii) 
flow cytometers are commonplace in many research laboratories, and 
thus accessible for many researchers. We believe that the flow 
cytometric assay presented here can be used for various types of 
peptide-membrane studies, e.g. to identify new antibiotics. Moreover, 
the assay can easily be expanded to derive additional valuable 
information.  

4. Materials and methods  

4.1. Materials  

Calcein, sodium dihydrogen phosphate, sodium chloride (NaCl), 
dimethylformamide (DMF), piperidine, dichloromethane (DCM), 
trifluoroacetic acid (TFA), triisopropylsilane (TIPS), diethylether, 
acetonitrile (MeCN), resins (Fmoc-Ser(tBu)-Wang, Fmoc-Leu-Wang 
resin, Fmoc-Arg(Pbf)-Wang Fmoc-PAL-AM, TentaGel S RAM), bovine 
serum albumin (BSA), sucrose, D-(+)-glucose, phosphate buffered 
saline (PBS), and Triton X-100 were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Chloroform and methanol were purchased from VWR 
Chemicals (Radnor, PA, USA). 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine sodium salt (POPS) were purchased from Avanti Polar 
Lipids (Alabaster, AL, USA). 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-Atto655 (DOPE- Atto655) was purchased from 
Atto-Tec (Siegen, Germany). Alexa Fluor 488 hydrazide (Alexa488) was 
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Slurry 
for preparing Sepharose CL-4B columns was purchased from GE 
Healthcare (Little Chalfont, UK). Econo-Column glass chromatography 
column (dimensions 1.5 × 20 cm) was purchased from Bio-Rad 
(Hercules, CA, USA). Q-Max syringe filters with 0.22- m cellulose 
acetate filtration membranes were purchased from Frisenette (Knebel, 
Denmark). Standard fluorenylmethoxycarbonyl (Fmoc)-protected 
amino acids, ethyl (hydroxyimino)cyanoacetate potassium salt 
(Oxyma) and diisopropylcarbodiimide (DIC) were purchased from Iris- 
Biotech (Marktredwitz, Germany). Micro-slide 8 well glass bottom was 
purchased from Ibidi (Grafelfing, Germany). All chemicals were of re¨
 agent grade.  

4.2. Vesicle preparation  

We prepared the LVs for flow cytometry by dissolving the lipids in neat 
chloroform, mixed in the molar ratios mentioned in Table 1. The 
organic solvent was removed under a gentle nitrogen flow. Residual 
solvent was removed by placing the samples in vacuum (0.2 0.5 mbar) 
for approximately 2 h. Phosphate buffer (10 mM sodium phosphate, 
100 mM NaCl, pH 6.7), filtered through a 0.22 m sterile filter, with or 
without 80 M Alexa488, as stated in Table 1, was added to the lipids, 
and the resulting lipid suspension was vortexed gently every 5 min over 
a period of 30 min and then subjected to five freeze-thaw cycles by 
alternate placement in a 70 C water bath and a liquid nitrogen bath. 
Subsequently, the lipid suspension was extruded five times through a 
400-nm polycarbonate membrane (Whatman, GE Healthcare) using a 
mini-extruder (Avanti Polar Lipids). For vesicle preparations containing 
Alexa488, excess Alexa488 was removed from the vesicles by size- 
exclusion chromatography using a Sepharose CL-4B column 
(dimensions 1.5 × 20 cm) eluted with phosphate buffer at a flow rate 
of 1 mL/min. For column-purified vesicles, the vesicles were added to 
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an Amicon Ultra-4 100 kDa centrifugal filter unit (Merck, Darmstadt, 
Germany) and concentrated by centrifuging at 2000 ×g.  
 

Table 1  
Name of vesicle formulation as used in this article, the corresponding lipid 
composition, fluorophore encapsulated in the core, and in which type of 
measurements the vesicles were used.   

Sample name  Lipid composition (molar 
ratio)  

Core- 
fluorophore  

Measurement  

Anionic LVs with core-
fluorophore  

POPC:POPS:DOPE- 
Atto655 (79:20:1)  

80 M  
Alexa488  

Flow cytometry  

Anionic LVs without 
core- fluorophore  

POPC:POPS:DOPE- 
Atto655 (79:20:1)  

No fluorophore  Flow cytometry  

Neutral LVs with core-
fluorophore  

POPC:DOPE-Atto655 
(99:1)  

80 M  
Alexa488  

Flow cytometry  

Neutral LVs without 
core- fluorophore  

POPC:DOPE-Atto655 
(99:1)  

No fluorophore  Flow cytometry  

cLVs  POPC:POPS (80:20)  60 mM  
calcein  

Calcein release 
assay and DLS  

GUVs  POPC:POPS:DOPE- 
Atto655  
(79.5:20:0.5)  

No fluorophore  Microscopy   

cLVs were also prepared. This was done using a protocol similar to 
that described above for Alexa488-containing vesicles, except that (i) 
initial dissolution of the lipids was done using chloroform:methanol 
(9:1 V/V ratio), (ii) hydration of the lipids was done using a calcein 
solution (60 mM calcein, 10 mM sodium phosphate, pH 6.7 prepared 
using Milli- Q water filtered using a 0.22 m sterile filter), (iii) extrusion 
was done 21 times through a 100-nm polycarbonate membrane 
(Whatman). GUVs were prepared via electroformation using a 
Digimess HUC65- 00 FG100 function generator using a procedure 
modified from Wheaten et al. [67]. The lipids (POPC:POPS:DOPE-
Atto655) were mixed in a 79.5:20:0.5 molar ratio in chloroform (see 
Table 1) for a final concentration of 1 mM and stored at minus 20 C 
until use. 20 L of the chloroform solution was deposited equally on 
two platinum rods, which were connected to a custom-made Teflon 
support. Both the Teflon support and rods were kept in vacuum for at 
least 1 h to ensure efficient removal of chloroform. The GUVs were 
then produced by immersing the rods into a 226 mM sucrose solution 
and applying an AC field. To produce high quality GUVs, a constant sine 
wave shaped peak-to-peak voltage of 3.5 V was used in combination 
with three different frequency settings. First 10 Hz was used for 2 h, 
then 5 Hz for 10 min, and finally 1 Hz for 10 min. The GUVs were 
harvested using a 500 L glass syringe (Hamilton Company, Bonaduz, 
Switzerland), kept at room temperature and used within 48 h.  

The phosphorus concentration of the LV and cLV samples was 
determined using inductively coupled plasma mass spectrometry (ICP- 
MS, done on an iCAP Q ICP-MS, Thermo Fischer Scientific). The 
phospholipid concentration was then estimated by subtracting the 
contribution of the 10 mM phosphate buffer. Hence, the lipid 
concentration presented above refers to the phospholipid 
concentration measured by ICP-MS.  

The LVs used for the flow cytometry measurements may be a 
mixture of uni- and multilamellar LVs. This does, however, not seem to 
affect our results, as our results are supported by complementary 
studies, including the calcein release assay and DLS data, which are 
based on LVs extruded through a 100 nm filter, and thus assumed to 
be unilamellar, and fluorescence microscopy on GUVs that are 
unilamellar.  

4.3. Nanoparticle tracking analysis (NTA)  

The samples under investigation were diluted to ~150 nM vesicles 
(concentration in terms of lipid) in phosphate buffer. The NTA 
measurements were performed using a ZetaView Particle PMX-220 

TWIN 488/640 nm (Particle Metrix, Meerbusch, Germany). For the light 
scattering-based tracking a 640 nm laser was used. This laser was also 
used to excite/track the LVs based on the fluorescence from the 
membrane-fluorophore, while a 488 nm laser was used to excite and 
track the LVs based on the fluorescence from the core-fluorophore. 
Camera sensitivity of 75, 90, and 85 were used, respectively, and 
exposure times of 1/100 s, 1/70 s, and 1/100 s, respectively. The 
measurements were carried out at approximately 25 C, for three cycles 
at 11 different positions, with a measurement rate of 30 frames/s. Data 
were analyzed using the ZetaView 8.04.02 software.  

4.4. Synthesis and purification of MAPs  

All peptides were synthesized at 0.2 mmol scale on a Biotage 
Initiator+ Alstra microwave-assisted peptide synthesizer using 
standard Fmoc-protected amino acids. Fmoc-deprotection was 
performed by addition of deprotection solution (20% piperidine in 
DMF, 0.1 M Oxyma) to the resin, heating at 75 C for 2 min, drained and 
washed once with DMF. New deprotection solution was added, heating 
was repeated at 75 C for 5 min, and the resin was drained and washed 
5 times with DMF. Coupling of the amino acid was performed by 
addition of the required amino acid solution (5 eq. of Fmoc-amino acid, 
5 eq. Oxyma in DMF, 0.3 M) and DIC solution (2 M DIC in DMF). The 
resin was heated at 75 C for 10 min, drained and washed once with 
DMF, and the coupling was repeated. After the second coupling, the 
resin was washed 4 times with DMF. After deprotection of the final 
amino acid residue, the resin was washed 5 times with DMF, 5 times 
with DCM and dried by suction for 15 min. For arginine residues, the 
coupling times were 25 min and 5 min. For histidine residues the 
temperature was lowered to 50 C.  

The peptidyl-resin was suspended in cleavage cocktail (95% TFA, 
2.5% water, 2.5% TIPS) for 1 to 4 h. The peptide-cleavage mixture was 
filtered off, and precipitated in cold diethylether, centrifuged, 
decanted and triturated (twice). The crude peptides were purified on a 
Dionex Ultimate 3000 reverse phase-high performance liquid 
chromatography (RP-HPLC) system equipped with a RQ variable 
wavelength detector and an automated fraction collector using a 
Phenomenex Gemini NX 5u, C18, 110 Å, 250 mm × 30 mm column at a 
20 mL/min flow rate. RP- HPLC gradients were run using a solvent 
system consisting of solution A (H2O + 0.1% TFA) and B (MeCN + 0.1% 
TFA). Pure fractions were combined and lyophilized. The purified 
peptides were analyzed on a Shimadzu NexeraX2 RP-HPLC system 
equipped with Shimadzu LC- 30AD pumps, a Shimadzu SIL-30AC 
autosampler, a CTO-20 AC column oven and a Shimadzu PDA detector 
(monitoring at 214 nm and 280 nm) using a Waters XBridge BEH C18, 
2.5 m 3.0 × 150 mm XP column at a flow rate of 0.5 mL/min. RP-HPLC 
gradients were run using a gradient from 0% to 50% of solution B over 
10 min. The pure peptides were characterized by mass spectrometry 
using either a Bruker matrix assisted laser desorption ionization time of 
flight mass spectrometry (MALDI-TOF-MS) Autoflex speed or on a 
Waters Acquity Ultra Performance UPLC equipped with a QDa detector 
and an Acquity UPLC BEH C18, 1.7 m, 2.1 × 50 mm column.  

4.4.1. Characterization of the MAPs  

4.4.1.1. Magainin-2. The magainin-2 sequence H-
GIGKFLHSAKKFGKAFVGEIMNS-OH was synthesized on a pre-loaded 
Fmoc-Ser(tBu)- Wang resin (loading 0.63 mmol/g) using the synthesis 
procedure described above. After cleavage for 1 h, precipitation and 
RP-HPLC purification (10 40% B over 40 min) the desired peptide was 
obtained in 4% yield (Nanodrop (A214)) and 95% purity (HPLC) (Fig. S10 

in SI). LC-MS (Electrospray ionization (ESI)) m/z: = [M + 5H]5+ = 494.4 

(calcd. 494.4), [M + 4H]4+ = 617.8 (calcd. 617.7), [M + 3H]3+ = 823.2 
(calcd. 823.3) (Fig. S11 in SI).  
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4.4.1.2. Macrolittin-70. The macrolittin-70 sequence H-
GIGEVLKELATLLPELQSWIKAAQQL-OH was synthesized on a pre-loaded 
Fmoc-Leu- Wang resin (loading 0.70 mmol/g) using the synthesis 
procedure described above. After cleavage for 1 h, precipitation and 
RP-HPLC purification (15 80% B over 40 min) the desired peptide was 
obtained in 23% yield (Nanodrop (A280)) and 91% purity (HPLC) (Fig. 

S12 in SI). MALDI-TOF- MS m/z: [M + Na]+ = 2871.37 (calcd. 2871.35) 
(Fig. S13 in SI).  
 
4.4.1.3. LL-37. The  LL-37  sequence  H-LLGDFFRKSKE- 
KIGKEFKRIVQRIKDFLRNLVPRTES-OH was synthesized on a pre-loaded 
Fmoc-Ser(tBu)-Wang resin (loading 0.63 mmol/g) using the synthesis 
procedure described above. After cleavage for 4 h, precipitation and 
RP- HPLC purification (20 50% B over 60 min) the desired peptide was 
obtained in 8% yield (Nanodrop (A214)) and 100% purity (HPLC) (Fig. 

S14 in SI). MALDI-TOF-MS m/z: [M + H]+ = 4493.28 (calcd. 4493.34) (Fig. 
S15 in SI).  
 
4.4.1.4. Melittin. The melittin sequence H-GIGAVLKVLTTGL 
PALISWIKRKRQQ-NH2 was synthesized on TentaGel S RAM resin 
(loading 0.23 mmol/g) using the synthesis procedure described above. 
After cleavage for 4 h, precipitation and RP-HPLC purification (20 60% 
B over 40 min) the desired peptide was obtained in 4% yield (Nanodrop 
(A280)) and 99% purity (HPLC) (Fig. S16 in SI). LC-MS (ESI) m/z: = [M + 

6H]6+ = 475.4 (calcd. 475.4), [M + 5H]5+ = 569.9 (calcd. 570.3), [M + 4H]4+ 

= 712.3 (calcd. 712.6), [M + 3H]3+ = 949.7 (calcd. 949.8) (Fig. S17 in SI).  

4.4.1.5. Tat. The Tat sequence H-YGRKKRRQRRR-OH was synthesized 
on a pre-loaded Fmoc-Arg(Pbf)-Wang resin (loading 0.64 mmol/g) using 
the synthesis procedure described above. After cleavage in TFA-TIS- 
thioanisole-water (90%/2.5%/2.5%/5%) for 16 h, precipitation and RP-
HPLC purification (1% B for 10 min then 1 50% over 33 min) the desired 
peptide was obtained in 3% yield (Nanodrop (A280)) and 99% purity 

(HPLC) (Fig. S18 in SI). LC-MS (ESI) m/z: = [M + 5H]5+ = 312.9 (calcd. 

313.0), [M + 4H]4+ = 391.1 (calcd. 391.0), [M + 3H]3+ = 521.1 (calcd. 

521.0), [M + 2H]2+ = 780.5 (calcd. 780.9) (Fig. S19 in SI).  

4.4.1.6. Penetratin. The penetratin sequence H-RQIKIWFQNRR 
MKWKK-NH2 was synthesized on Fmoc-PAL-AM resin (loading 0.61 
mmol/g) using the synthesis procedure described above. After 
cleavage for 4 h, precipitation and RP-HPLC purification (10 40% B over 
40 min) the desired peptide was obtained in 21% yield (Nanodrop 
(A280)) and 93% purity (HPLC) (Fig. S20 in SI). Liquid chromatography-
MS (LC-MS)  

(ESI) m/z: = [M + 5H]5+ = 450.3 (calcd. 450.2), [M + 4H]4+ = 562.4  

(calcd. 562.6), [M + 3H]3+ = 749.5 (calcd. 749.6), [M + 2H]2+ = 
1123.8 (calcd. 1123.9) (Fig. S21 in SI).  

4.4.2. Quantification of MAPs  
The absorption spectrum of the solubilized MAPs was measured 

using a NanoDrop 2000c spectrophotometer (NanoDrop Products, 
Thermo Fisher Scientific), and the exact MAP concentrations were 
calculated using Lambert-Beer's law with the following extinction 
coefficients: macrolittin-70, 5500 M  1 cm  1 at 280 nm; melittin, 5500 
M  1 cm  1 at 280 nm; Tat, 1490 M  1 cm  1 at 280 nm; penetratin, 11,000 
M  1 cm  1 at 280 nm; magainin-2, 42,783 M  1 cm  1 at 214 nm; LL-37, 
58,639 M  1 cm  1 at 214 nm. The extinction coefficients for macrolittin-
70, melittin, Tat, and penetratin were calculated using the work by Pace 
et al. [68], and the extinction coefficients for magainin-2 and LL-37, 
which contains no tryptophans or tyrosines, were calculated using the 
work by Kuipers and Gruppen [69].  

4.5. Handling of MAPs  

Freeze-dried MAPs were adjusted to room temperature, and 
phosphate buffer, filtered using a 0.22 m sterile filter, was added to 
obtain an approximate MAP concentration of 500 M. The solutions 
were vortexed gently for 10 s. The absorption spectrum of the solutions 
was then measured using a NanoDrop 2000c spectrophotometer, and 
the exact MAP concentrations were calculated using Lambert-Beer's 
law as described in Section 4.4.2.  

4.6. Flow cytometry  

The effect of MAPs on vesicles were measured by adding MAPs to 
vesicles to a final MAP concentration of 10 M and a final lipid 
concentration of 50 M. The solution was mixed by vortexing gently, 
and left to react for 30 60 min at 37 C. Just before flow cytometry 
measurements, the solutions were diluted 100-fold to a final lipid 
concentration of 500 nM, and vortexed gently. Dilutions were done in 
phosphate buffer.  

A BD LSRFortessa Flow cytometer (BD Biosciences, US) was used to 
study fluorophore-labeled vesicles and their interactions with MAPs 
(see Table 1). BD CS&T quality and control beads were used prior to 
the experiments to standardize the performance of the equipment. 
The measurements were run with a low flow rate (1 L/min). The 
events were triggered by the fluorescence from DOPE-Atto655 
fluorescence at a trigger value of 200, using a 640 nm laser. The 
emission from the Atto655 was detected at 655 685 nm. Alexa488 was 
excited using a 488 nm laser, and the emission detected at 515 545 
nm. The applied voltages were chosen based on the signal from the 
anionic LVs with core- fluorophore. The voltage for the Atto655 
detector was set to 280 V to detect a significant proportion of vesicles 
(800 2400 events/s for untreated vesicles) relative to the number of 
events from the buffer (typically <1 event/s). The voltage for the 
Alexa488 detector was set to 460 V. This value gave a rise to a relevant 
dynamic range of Alexa488 fluorescence in which the Alexa488 (core-
fluorophore) loaded vesicles were measurable and distinguishable 
from empty vesicles. For measurements triggered on the core 
fluorescence, the trigger value was 200, using the 488 nm laser. The 
applied voltages were the same as for measurements triggered by the 
fluorescence from DOPE-Atto655. Events were recorded to a total of 
50,000 events or at least 120 s, whichever came first.  

The fluorescence intensities are reported by the height value from 
the recorded pulses because this has been reported to be the optimal 
read-out when studying submicron particles [70]. FlowJo v 10.7.2 was 
used to extract the median fluorescence intensities (MFIs) and the 
count rates and to generate the figures. All measurements were carried 
out at room temperature.  

4.7. Calcein release assay  

Stock samples with cLVs or MAPs were heated to 37 C. The stock 
samples were mixed directly in black 96-well plates (Nunc, Thermo 
Fischer Scientific) to a final lipid concentration of 50 M, a final MAP 
concentration of 10 M, and a final volume of 150 L. The mixtures 
were incubated for 30, 60, or 120 min at 37 C. The fluorescence 
emission intensity, F, was measured using a Spark multimode 
microplate reader (Tecan, Mannedorf, Switzerland) with an excitation 
wavelength of 491 ¨ nm and an emission wavelength of 514 nm. The 
fluorescence emission intensity of intact cLVs, F0, was measured using 
cLVs incubated without MAPs, and the fluorescence emission intensity 
for maximum calcein release, Fmax, was measured using cLVs incubated 
with 0.5% Triton X- 100. The calcein release was calculated using the 
equation 
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F  F0 

Calcein release (%) = ×100%. 

Fmax  F0 

4.8. Dynamic light scattering (DLS)  

cLVs were mixed with MAPs to a final lipid concentration of 50 M 
and a final MAP concentration of 10 M. The samples were incubated 
for 30 60 min at 37 C before investigation by DLS using a Zetasizer 
Nano ZS (Malvern, Worcestershire, UK). The DLS measurements were 
performed at 37 C. The number of runs per measurement were 
adjusted automatically by the Zetasizer. The acquired data were 
evaluated using an intensity-based size distribution analysis. Sizes 

cluded in the final 
data representation. In a few cases, the volume-weighted size 
distributions were also presented.  

 
4.9. Microscopy and image analysis  

Imaging of GUVs was performed using a Nikon Ti2, Yokogawa CSU- 
W1 spinning disc confocal microscope equipped with a high numerical 
aperture 60× oil immersion objective and a Photometrics Prime 95B 
sCMOS detector. The images were acquired by alternating between 
exciting calcein and DOPE-Atto655 using 488 nm and 638 nm diode 
laser lines, respectively. The calcein emission was passed through a 
520/ 28 Brightline HC filter set, while DOPE-Atto655 was passed 
through 600/50 ET Bandpass filter set. Ibidi micro-slide 8 wells were 
passivated with BSA by incubating 300 L 1 g/L BSA in PBS in each well 
for a minimum of 30 min before washing each well 8 times with a 300 

L 226 mM glucose solution. The BSA passivated micro-slides were 
inserted into the microscope. 150 L of a 226 mM glucose solution 
containing 50 M calcein was added to the chamber. 25 L of the GUV 
solution was hereafter added and incubated for 2 min before adding 
150 L 226 mM glucose solution containing 50 M calcein and and 108 
µM peptide. The final peptide concentration was 50 M and the final 
calcein concentration was 46 M. Imaging was performed for a 
minimum of 30 min and was initiated immediately after the last 
solution was added to the chamber. A temporal resolution of 15 s was 
applied. Presented images were sectioned and edited for brightness 
and contrast in ImageJ.  
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Figure S1. Studying the Alexa488 fluorescence intensity as a function of its concentration. The 
fluorescence emission intensity at 517 nm upon excitation at 488 nm of a dilution series of Alexa488 
dissolved in phosphate buffer, measured in a black 96 well plate (Nunc, Thermo Fischer Scientific) using 
a Spark multimode microplate reader. The Alexa488 concentrations were calculated from absorbances 
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measured using a NanoDrop 2000c spectrophotometer assuming an extinction coefficient of 73000 M-1 cm-

1 at a wavelength of 488 nm. The line is a linear fit derived from values between 0 and 80 µM. 

 

 

 
Figure S2. Determining concentration range for single LV detection. The count rate (A) and the 
membrane MFI (B) for various LV lipid concentrations of LVs with core-fluorophore. A linear fit to the 
data points for 250, 500, and 1000 nM is shown for the count rate. (C) Plot of the core MFI for various LV 
lipid concentrations of LVs with core-fluorophore. The small differences in the core MFI at low LV 
concentrations could be due to the four-fold higher relative standard deviation associated with the core MFI 
(3/104) measurements than the membrane MFI (2/287) measurements. These relative uncertainties are 
associated with the LV with core-fluorophore measurements. All measurements were triggered on 
membrane-fluorophore fluorescence. The MFI values are in arbitrary units.  

 
Figure S3. Flow cytometry data on LVs, triggered on the core-fluorophore fluorescence. Histograms 
of the membrane-fluorophore fluorescence intensities (A) and the core-fluorophore fluorescence intensities 
(B) of anionic, membrane-labeled LVs with core-fluorophore. The inserted circles illustrate the LVs 
including the position of the fluorophore-labels and their fluorescent colors. The black dotted line in B 
marks the trigger threshold value. All measurements were triggered on core-fluorophore fluorescence (200 
AU). 
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Figure S4. Robustness and reproducibility of the flow cytometry measurements. Top: Time 
dependence of the membrane MFI (red circles) and count rate (black triangles) (A) and of the core MFI 
(green squares) (B) for LVs with (left) or without (right) the core-fluorophores. The data represent the MFI 
for one replicate, and the lines the average of the replicates. Bottom: Core MFI (C), membrane MFI (D), 
and count rate (E) for LVs with core-fluorophore in the absence (LVs) or presence of a MAP (LVs + MAP), 
measured on another day than those shown in Figure 5. Data represent the average of two replicates and 
their standard deviation. All samples were incubated at 50 µM LV lipid concentration with and without 

-60 min, where no other time points are stated, and diluted to 500 nM lipid just prior 
to the measurements. All measurements were triggered on membrane fluorescence. mag-2: magainin-2, 
mac-70: macrolittin-70, mel: melittin, pen: penetratin. The MFI values are in arbitrary units. 
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Figure S5. Replicates of flow cytometry measurements for Tat. Core MFI (A), membrane MFI (B), and 
count rate (C) for anionic LVs with core-fluorophore in the absence (LVs) or presence of Tat (LVs + Tat). 
Each point represents a replicate, and the line an average of the replicates. The MFI values are in arbitrary 
units. 

 

 
Figure S6. Core MFI vs Membrane MFI for LVs at 50 µM lipid. Core MFI vs membrane MFI for LVs 
with core-fluorophore in presence of the stated MAP. Measurements were performed after incubation at 37 
C for 30-60 min with a LV lipid concentration of 50 µM and 10 µM MAP without further dilution prior to 

the measurements.  Data for MAPs leading to core-fluorophore release without solubilization are marked 
with an orange triangle, data for MAPs leading to core-fluorophore release and solubilization are marked 
with a turquoise square, and data for MAPs leading to aggregation of the LVs are marked with a blue circle. 
The shown data is an average of two replicates and the corresponding standard deviation. mag-2: magainin-
2, mac-70: macrolittin-70, mel: melittin, pen: penetratin.  
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Figure S7. Effect of Tat and magainin-2 on neutral LVs and anionic LVs. A) Core MFI for LVs with 
the core-fluorophore in the absence (LVs) or presence of Tat (LVs + Tat), where the membrane of the LVs 
are either neutral (left) or negatively charged (right). The full black lines are the average of the shown MFIs 
for LVs exposed to Tat. The dotted, green lines are the average of the MFI for the neutral and charged LVs 
in the absence of a MAP. B) Membrane MFI for LVs with the core-fluorophore in the absence (LVs) or 
presence  of magainin-2 (LVs + mag-2) as well as for LVs without core-fluorophore (LVs w/o core-fl), 
where the membrane of the LVs are either neutral (left) or negatively charged (right). The full black lines 
are the average of the shown MFIs for LVs exposed to magainin-2. The dotted, red lines are the average of 
the MFI for the neutral and charged LVs in the absence of a MAP. All measurements were triggered on 
membrane-fluorophore fluorescence.  

 

 

 
Figure S8. Calcein release kinetics. Calcein release from 50 µM (lipid-based concentration) anionic cLVs 
induced by 10 µM of one of the MAPs after incubation at 37 
average of two independent measurements and their standard deviation.  
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Figure S9. DLS derived size distribution of LVs in the presence of LL-37 (A) or Tat (B). Volume-
weighted size distribution of 50 µM (lipid based concentration) anionic cLVs in the presence of 10 µM LL-
37 (A) or Tat (B) after 30-60 min of incubation at 37  
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Table S1. Summary of MAP interaction with GUV data.

Number of GUVs observed throughout the recorded videos and classified in the various MAP interaction 
mechanisms. The MAP interactions with the GUVs were recorded for 30 min while control measurements 
with only GUVs were recorded for 45 min. 

 

Control LL-37 Mac-70 Tat 

Intact 123 0 0 32 
Aggregation 0 0 0 73 
Collapse (single GUVs collapse into a point) 0 0 0 3 
Solubilization 0 30 0 0 
Permeation 1 0 24 0 
     Permation leading to solubilzation 0 0 24 0 

Total 124 30 24 108 
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Figure S10. Magainin-2 purity. Analytical HPLC chromatogram. 

 

 
 
Figure S11. Identification of Magainin-2. ESI MS spectrum acquired via LC-MS. 
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Figure S12. Macrolittin-70 purity. Analytical HPLC chromatogram. 

 
 
Figure S13. Identification of Macrolittin-70. MALDI-TOF. 
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Figure S14. LL-37 purity. Analytical HPLC chromatogram. 

 

 
Figure S15. Identification of LL-37. MALDI-TOF. 
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Figure S16. Melittin purity. Analytical HPLC chromatogram. 

 
Figure S17. Identification of Melittin. ESI MS spectrum acquired via LC-MS. 
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Figure S18. Tat purity. Analytical HPLC chromatogram. 

 
Figure S19. Identification of Tat. ESI MS spectrum acquired via LC-MS. 
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Figure S20. Penetratin purity. Analytical HPLC chromatogram. 

 
Figure S21. Identification of Penetratin. ESI MS spectrum acquired via LC-MS. 
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Chapter 6: Concluding remarks and perspectives 
Peptides have many properties that makes them highly advantageous as drugs. They bind to their target 
with high specificity, they exhibit high potency and low toxicity. However, their intrinsic properties 
challenges their delivery through the desired oral route and result in low overall bioavailabilities upon oral 
delivery. The low bioavailability are in part due to their low membrane permeability, complicating their 
translocation across the enterocytes. Possibilities to enhance peptide translocation include enhancing the 
permeability of the membrane and enhancing the abilities of the peptides to translocate across a lipid 
membrane. An important aspect of these possibilities are membrane activity, either for the peptide itself 
or for permeation enhancers or combinations hereof. This thesis addresses membrane activity, 
mechanisms of membrane activity, and methods to study this for peptides and permeation enhancers in 
solutions with various biorelevance. It also addresses how various interactions may affect these 
mechanisms. The thesis provides novel perspectives and approaches to open new possibilities in oral 
peptide drug delivery. 
 
There are currently not many studies of interactions of peptide drugs and permeation enhancers in the 
context of biological fluids. Potentially, the interplay between bile components, permeation enhancers, 
and peptide drugs can alter the bioavailability of the peptide drugs. In the first project of this thesis, we 
systematically characterized seven permeation enhancers and membrane active peptides (C10, DDM, 
NaC, SDS, SNAC, melittin, and penetratin) with respect to their self-aggregating properties and membrane 
activity. It was studied how the membrane activity was affected by interactions with either of the two 
peptide drugs insulin and sCT. The studies were carried out in solutions with properties mimicking the 
intestinal fluid with regards to pH and osmolality, and in the absence or presence of the bile components 
taurocholate and phospholipids. We were able to show that interactions with peptide drugs changed the 
membrane activity of permeation enhancers, and that this again was affected by the presence of 
taurocholate and phospholipids. Both increases and decreases of membrane activity was observed, 
potentially correlating with a modified bioavailability. This study underlines the importance of carrying 
out mechanistic studies of permeation enhancement in the presence of bile components, and to carefully 
choose the combination of permeation enhancer and peptide drug. Further studies are needed to 
investigate how changes in  membrane activity relates to bioavailability, and if more systematic effects 
can be deduced from a larger set of peptide drug:permeation enhancer combinations, alternatively from 
more in-depth studies of the driving forces of the interactions. However, this study provides a new 
perspective to a field of emerging interest and broadens the mechanistic understanding of membrane 
activity in relation to peptide drugs and permeation enhancers targeting the small intestines. 
  
In the second part of this thesis, a method was developed in which the mode of action of membrane active 
peptides, measuring the effect on the level of the individual liposome. The mode of action was 
investigated for six different membrane active peptides (penetratin, magainin-2, LL37, macrolittin 70, 
melittin, and Tat), and assigned as membrane permeabilization with or without solubilization, as well as 
aggregation of the liposomes. The membrane permeabilization with solubilization corresponds to a 
surfactant mode of action and the membrane permeabilization without solubilization corresponds to 
membrane-thinning or pore-formation. Furthermore, peptides inducing liposome-aggregation were 
identified. While no distinction of subpopulations were made in this work, it should be possible to expand 
the method to do this, which would enable the identification of eg. graded and all-or-none mechanisms. 
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Also, by including further fluorophores, eg. on the peptide drug, it may be possible to determine how the 
various mechanisms correlate with membrane association, all concurrently. This method thus provides 
the basis for new high-throughput mechanistic studies of membrane active species which can greatly 
contribute to the understanding of permeation enhancement of oral delivery of peptide drugs.  
 
In summary, the studies here provides systematic insight into the mechanism of membrane activity as 
well as methods to perform such studies in high-throughput. Understanding mechanisms of permeation 
enhancement can aid in the development of oral peptide drugs and their formulations, and the work 
presented in this thesis can hence provide a basis for faster and more relevant understanding and 
screening of permeation enhancement, paving the way for successful oral peptide drug delivery.    
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Appendix: Review: Imaging therapeutic peptide transport across 
intestinal barriers 
 
Review:  

2, no. 4, pp. 1115 1143, Aug. 2021, doi: 10.1039/D1CB00024A.  
 
Reproduced from Ref. RSC Chem. Biol., 2021,2, 1115-1143 with permission from the Royal 
Society of Chemistry  
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