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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 enhances the peptide’s ability to translocate across the lipid bilayer. 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.



Dansk resumé

Det foretraekkes ofte at laegemidler administreres oralt, da dette giver en hgj patient compliance og er
minimalt invasivt. Peptider som klasse har et stort potentiale som laegemidler pa grund af deres hgje
specificitet og potencitet samt deres lave toksisitet. Imidlertid resulterer oral administration af
peptidlaagemidler ssedvanligvis ogsa i lav biotilgaengelighed. Dette skyldes hovedsageligt peptidernes lave
membranpermeabilitet, der ggr det vanskeligt for peptiderne at krydse cellemembranen i epitelceller.
Membranens uigennemtreengelighed for peptider er sa ekstrem, at den udger en udfordring for
peptidoptagelsen pa trods af det meget store overfladeareal af den gverste del af tyndtarmen, hvor de
fleste stoffer ellers optages.

Der er begraenset succces med orale peptidleegemidler. For eksempel er biotilgeengeligheden af klinisk
testede orale peptidlaegemidler typisk kun pa fa procent Co-formulering af leegemidler med
permeationsforstaerkere har i nogle tilfeelde pget deres biotilgaengelighed. Alligevel er kun et linezert oralt
polypeptidlaegemiddel blevet kommercialiseret. .

De fleste permeationsforstaerkere er membranaktive og interagerer med cellemembranen pa en made,
der enten gger membranens permeabilitet gennem fluidisering eller solubilisering membranen, eller gger
peptidets evne til at translokere over lipid-dobbeltlaget. Nogle peptider er ogsa naturligt membranaktive
enten som poredannende antimikrobielle peptider eller som cellepenetrerende peptider. Ved at studere
membranaktivitet er det muligt, at der kan opnas information, der kan fgre til gget biotilgaengelighed af
orale peptidlaegemidler.

For nogle permeationsforstaerkere er det ngdvendigt at de interagerer direkte med peptidleegemidlet for
at gge dets permeation. Desuden er mange permeationsforsteerkere fedtoplgselige, og flere permeations-
forsteerkere har vist sig at interagere med galdesyrer og fosfolipider. Disse mgdes szerligt i den gvre del af
tyndtarmen. Det er ogsa blevet vist for mindst én kombination af permeationsforsteerker og
peptidlaegemiddel, at tilstedeveerelsen af galdesyrer og phospholipider pavirker interaktionen mellem
permeationsforstaerker og peptidleegemiddel. Det er imidlertid ikke tidligere blevet rapporteret hvordan
sadanne interaktioner pavirker membranaktiviteten.

| denne ph.d.-afhandling studeres det, hvordan vekselvirkninger mellem permeationsforsteerker,
peptidlaegemiddel og galdekomponenter pavirker permeationsforstaerkernes membranaktivitetn, og der
udvikles en metode til at studere membranaktivitet pa en high-throughput made pa individuelle
lipidmembraner. Sidstnaevnte muligg@r at der kan opnas information om delpopulationer.

| projekt 1 studeres de membranaktive permeationsforsteerkere og peptider C10, natriumcholat,
dodecylmaltosid, natriumdodecylsulfat, salcaprozatnatrium, melittin og penetratin med hensyn til deres
membranperturbering, deres interaktioner med peptidlaegemidlerne lakse-calcitonin og insulin, deres
interaktioner med galdekomponenterne taurocholat og fosfolipider, og hvordan disse interaktioner
pavirker membranperturberingen. Membranperturberingen blev undersggt ved hjelp af et
calceinfrigivelsesassay og dynamisk lysspredningsbaserede stgrrelsesmalinger af liposomer, og
interaktionerne blev undersggt ved hjalp af dynamisk lysspredning og et hydrofobicitetsassay, Nile Red-
assayet. Undersggelsen understreger saledes ogsa muligheden for at udfgre sddanne undersggelser i
naerveer af galdekomponenter ved anvendelse af POPC:kolesterol (9:1 molforhold)-liposomer. Tre
forskellige virkningsmekanismer blev identificeret for permeationsforstaerkerne. Dodecylmaltosid
forstyrrer lipidmembranen i en to-trins mekanisme, der endeligt fgrer til solubilisering. Interaktioner
mellem flere permeationsforstaerkere og peptidleegemidler blev identificeret, og isaer for C10 ggede disse
interaktioner membranperturberingen, selvom effekten syntes at blive begraenset af tilstedevaerelsen af
galdekomponenter. | modszetning hertil blev membranpertuberingen af natriumdodecylsulfat begraenset
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ved interaktioner med andre stoffer. Tilsammen fremhaever data i dette projekt vigtigheden af at udfgre
mekanistiske undersggelser af permeationsforsteerkere i neaerver af peptidleegemidler og
galdekomponenter, og at veelge kombinationen af peptidleegemiddel og permeationsforsteerker
omhyggeligt.

| projekt to blev der udviklet en flowcytometri-baseret metode, som muliggjorde bestemmelsen af,
hvordan virkningsmaden for membranaktive peptider kunne bestemmes pa en hgj-throughput-maerkefri
made. Det blev vist, at POPC:POPS liposomer membranmarket med DOPE-Atto655 og indkapslende
Alexa488 kunne pavises ved hjeelp af flowcytometri. For de membranaktive peptider penetratin, Tat
magainin-2, makrolittin 70, LL-37 og melittin kunne det vises om virkningsmaden var ikke-
membranforstyrrende eller membranforstyrrende med eller uden oplgsning af membranen. Desuden
kunne aggregeringen af liposomer pavises ved anvendelse af denne metode. Metoden var anvendelig til
at studere enkelte liposomer og derved studere samtidigheden af virkningerne. Metoden viste sig ogsa at
veere egnet til at skelne mellem virkningsmader for liposomer med forskellige ladninger.

Metoden har potentiale til at blive videreudviklet til at skelne mellem forskellige subpopulationer af en
preve eller til at inkludere membranassociering af peptider i undersggelsen ved at maerke peptidet med
en fluorophore. Metoden udviklet i dette projekt giver saledes et middel til at udfgre high-throughput
mekanistiske undersggelser af membranaktivitet, der bidrager til forstaelsen af permeationsforbedring.

Tilsammen giver denne afhandling indsigt i mekanismerne for membranaktivitet og en high-throughput
metode til at studere sddanne mekanismer pa enkelt-liposom basis. Resultatet af denne afhandling giver
derfor et grundlag for hurtigere og mere relevant forstaelse og screening af hvilke faktorer, der styrer
permeationsforstaerkningen pa tvaers af lipidmembraner i en kontekst, der er relevant for oral
lzegemiddellevering 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 um. 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-
permeabilizing drugs, typically adhering to ‘Lipinski’s rule of 5°. ‘Lipinski’s rule of 5" is a rule consisting of
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, and log(P) < 5 [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].



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.
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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



enhancing the absorption of the peptide drugs present at the surface of the epithelial cells, after having
passed through the mucus.

Paracellular Transcellular Multimodal
enhancement enhancement enhancement
1st generation 2nd generation Alteration to Cat;gﬁ:g;ﬁﬂllgtred
TJ modulators TJ modulators membrane integrity enhancement

= o o O lO Passive

(@] transcellular
- 61 l é o CO) ** flux
Microvilli o

)
Difect l
~» ()

Iieration to

Receptor TJ structure
'actlvatlo uy J L :
[ l f% é junction
o T o é’j
Activation ‘
f TJ signalli
i (In:liggct)mg % Activation of Dissociation
TJ signalling
Fo
Intestinal O }
epithelial cell

f‘g fg Dissociation ‘

oS
ﬁ{j Peptide *‘Og Enhancers ‘

Figure 1.3: Modes of action of permeation enhancer: Paracellular permeation enhancers lead to opening of tight junctions (TJ),
and are categorized as 15t or 2" generation paracellular permeation enhancers. 15t generation paracellular permeation enhancers
function indirectly through cell signaling. 2" 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.



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 1%t and 2" generation paracellular
permeation enhancers. 1%t 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. 2" 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 1% 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.
They are thus composed of a hydrophilic ‘head’ group, and a hydrophobic ‘tail’ [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].
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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 Il 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].



1.3.2.1.2 Bilesalts

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.



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]. SNAC has status of ‘generally recognized as safe’
(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 a-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].
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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 a-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 a-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-called ‘therapeutic window’ [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
peptide drugs in ‘going to the market’ [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
absorption in the article ‘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.

- Humans
- Living animals
- Excised tissue
3D tissue models (primary or stem cell based)
- Microphysiological systems
- Layers of cells
- Individual cells
< - Liposomes, lipid layers, bulk of peptides/PEs
- Peptide in membranes
- Single-molecule

Mechanistic detail

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.

Biological relevance

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], and inclusion of cholesterol to increase the ‘stiffness’ of the
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 (Si, Figure 2.1) through internal conversion, typically
through the release of heat. From the excited state, fluorophores will return to the ground state (So, 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.

S

2

Internal conversion

w
<_ | S ——
<_

Fluorescence

Absorption

Figure 2.1: A simple form of a Jablonski diagram. The diagram depicts the singlet ground (So), first (S1), and second (S;) 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
called a Stoke’s shift. The variations of vibrational levels to which a fluorophore decays results in a small
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
guenching, it decays to the ground state without the emission of a photon upon contact with the
guencher. 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, the Stoke’s shift is small, and the energy
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 vyield 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:

Calcein release = ————>—- 100%
max — FO

where F is the fluorescence of the sample of which the calcein release is to be measured, Fo is the
fluorescence of the blank sample, and Fmax is the fluorescence of the Triton X-100-exposed sample.

Calcein concentration correlation

° o Fluorescence intensity
° (a.u.)

Linear fit to data for 0-7
mM calcein

Fluorescence intensity (a.u.)

0--I-I-I-I-I-I-I-I-I-|-I-I-I-I-I-I-I-I-l-|-l-l-l-l-l-l-l-l-l-|
0 10 20 30

Calcein concentration (mM)

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-
guenching. 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

29



(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 uM 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.
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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.
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Figure 2.4: Flow cytometry consists of sample (cell) preparation, fluidics, optics, and electronics. Sheath fluid is used to
hydrodymanically focus the single cells/particles in suspension to cells/particles in ‘single files’. The particles are excited 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
obtain for some ‘sticky’ materials.

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 @gendal 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:

_ kT

"~ 6mnr
where k is the Boltzmann’s constant, T is the temperature of the solution, n 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 um, 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, g,(t)
can be written as:
g2 =(A-e7 P +1

where T 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 @gendal, 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 @gendal,
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 r®, 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
dust present or overfitting to ‘no signal’.

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 uM lipids) were thus chosen.
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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
actual peptide drug influence the permeation enhancers’ mechanism of action is rarely studied. We
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 Il 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 Il 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 Ca?* 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.
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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-B-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 x 20 cm) was purchased from Bio-Rad
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(Hercules, CA, USA). Q-Max syringe filters with 0.22-um cellulose acetate filtration membranes were
purchased from Frisenette (Knebel, Denmark). Black, untreated flatbottomed Nunc F96 MicroWell™
polystyrene plates were purchased from Thermo Scientific™.

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
aniodine 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 1905 mOsmol/kg. The calcein solution was prepared with milli-Q water and NaOH
solutions filtered through a 0.22 um 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 x 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 xg. 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

.. . . C,
curve. The total lipid concentration of the liposome stocks were calculated as the ¢ipigs,,, = POO:C,

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 nm?, 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

%+ (r — 5nm)? lipids 8848 lipids

N o e— —_— —
total = 0 71 nm liposome liposome

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 um sterile filter or FaSSIF filtered through a 0.4 um 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-Beer’s Law and extinction coefficients calculated to be 5500 M*cm™ for
melittin, 11000 Mcm™ for penetratin, 6335 M™cm™ for insulin, and 1615 Mcm™ 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 L using a
multipipette. The fluorescence intensity, F, was measured continuously for 30-60 minutes using a Spark
multimode microplate reader (Tecan, Mannedorf, 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, Fo, 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

Calcein Release = ———2—-100 %
max — FO

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

ECF _ Top — Bottom
—,Y = Bottom + EC50\HilISlope

(o0=5)""" 1+ (550

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.

EC50 =

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 pL. 2 uL 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 uM.
The solutions were mixed, and incubated at 37 °C for at least 30 min before transfer to a Spark multimode
microplate reader (Tecan, Mannedorf, 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-tests with Welch’s correction using GraphPad Prism
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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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 (Cl). 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
the ‘EC95’ concentration was 21 g/L instead of 22 g/L.

3.2
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.

Peptide drugs can influence the membrane activity of permeation enhancers

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).
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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
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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: Al: 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 C10in
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
monomer concentration of C10. This may be due to a higher CMC, or C10 being ‘drawn’ out of the C10
vesicles (Figure 7C).

352 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.

3.54 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.
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enhancer 5+1nm 3+1nm one
22+4nm & I3 + 300 mg/L insulin
C10 179 + 110 nm 196 + 108 nm _ 6000
371 + 253 nm 9 +2nm T 3 + 300 mg/L sCT
DDM: 29 £ 6 nm; 354 + 124 nm 168 + 65 nm (1'4
231+ 97 nm 178 + 34 nm 40 £10 nm o 4000-'.D A
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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.
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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.
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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 n2>3.. 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.
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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.

NaCis 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 uM calcein in the
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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.

C10
20000 : -100
: s R
: Ceh &
15000 : <
T s i
& EG50
@ 10000 ] - 50
Z i
~ 5000 s
H
0 — 0
0.1 1 10 100

Concentration (g/L)

Nile Red
Calcein release

ases|al ul@d|E)

I (Nile Red)

DDM
25000 5
: g
20000 gii“E. 100
15000} '
10000} - - 50
EC50
5000- :
o2~ : i
Joia®
001 01 1 10

Concentration (g/L)

Nile Red
Calcein Release (%)

(%) @seajas uiasjen

I (Nile Red)

SDS
: - 150
15000 1
Poow
Ly T L 100
10000 :
EG50
. - 50
5000-
il
: Lo
0 = -l. 1
001 01 1 10

Concentration (g/L)

Nile Red
Calcein Release (%)

(o) @seajal ulasjen

73



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 N,N’-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
(12) 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, 1104, AXIA, 250
mm x 21 mm column, for melittin and penetratin using a Phenomenex Gemini NX 5u, C18, 110 A,
250 mm x 30 mm column, both at a 20 mL/min flowrate. RP-HPLC gradients were run using a solvent
system consisting of solution A (H20 + 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, 2.5um
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 H20 + 0.1% TFA) and B (MeCN + 0.1 % TFA). Mass analysis was
performed using an electrospray ionization (ESI) micrOTOF-Q Il (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 um, 2.1 x 50 mm column for melittin and penetratin. The final sCT had a 98 % purity (HPLC)
(Supplementary figure 9), (ESI) m/z: [M + 4H]*=858.7, [M + 3H]**=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]® = 475.4, [M + 5H]>* = 569.9, [M + 4H]* = 712.3, [M + 3H]*" = 949.7[22]. The final
penetratin had a 93 % purity (HPLC) [22] and LC-MS (ESI) m/z: = [M + 5H]°* = 450.3, [M + 4H]* = 562.4,
[M + 3H]?* = 749.5, [M + 2H]*" = 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)-
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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 uM, and continued to increase until approximately
290 uM Figure 4.1. To get sufficient change of fluorescence intensity upon membrane perturbation, we
decided to use an encapsulated concentration of 80 uM 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.
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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 uM Alexa488. A linear fit extrapolated from the fluorescence intensities of 0-20 uM 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.

The work resulted in the published article ‘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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ABSTRACT

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 Current approaches often rely on fluorophore-labeled peptides, which,

combined with low-throughput fluorescence microscopy, can provide

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.

*Corresponding authors
E-mail addresses: tlan@dtu.dk (T.L. Andresen), jbak@dtu.dk (J.B. Simonsen).
https://doi.org/10.1016/j.bbamem.2021.183820

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
denoted ‘vesicles’). As in many other studies, the vesicles represent a
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

BBA - Biomembranes 1864 (2022) 183820

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 uM 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 uM 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
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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 x 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
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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
‘membrane fluorescence intensity’ units (AU) gave rise to 800-2300
events per second, of which the bare buffer or non-membrane labeled
LVs only accounted for <1% of the total count. Therefore, the recorded
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 Sl),
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 MFls. 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 Sl). 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
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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
Sl).

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. $10-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 uM and a final LV lipid
concentration of 50 uM. 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 MFl increased about two-fold (Fig. SA).
This was likely due to a peptide-induced aggregation of the anionic LVs,
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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 MFl 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. SA 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 Sl) 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 Sl). 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
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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
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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.
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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 um.

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 S). 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 Sl). 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 pUM 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
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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,
(i) 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-t-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 x 20 cm) was purchased from Bio-Rad
(Hercules, CA, USA). Q-Max syringe filters with 0.22-um 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 um sterile filter, with or
without 80 uM 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
Alexad88, excess Alexad488 was removed from the vesicles by size-
exclusion chromatography using a Sepharose CL-4B column
(dimensions 1.5 x 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 xg.

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.

BBA - Biomembranes 1864 (2022) 183820

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

Sample name Lipid composition (molar  Core- Measurement

at 11 different positions, with a measurement rate of 30 frames/s. Data
were analyzed using the ZetaView 8.04.02 software.

ratio) fluorophore
Anionic LVs with core-  POPC:POPS:DOPE- 80 uM Flow cytometry
fluorophore Atto655 (79:20:1) Alexa488

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

Anionic LVs without
core- fluorophore

No fluorophore  Flow cytometry

Neutral LVs with core- POPC:DOPE-Atto655 80 uM Flow cytometry
fluorophore (99:1) Alexa488

Neutral LVs without POPC:DOPE-Atto655 No fluorophore  Flow cytometry
core- fluorophore (99:1)

cLVs POPC:POPS (80:20) 60 mM Calcein release
calcein assay and DLS
GUVs POPC:POPS:DOPE- No fluorophore  Microscopy
Atto655
(79.5:20:0.5)

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,

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 pum 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 pL 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

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 A, 250 mm x 30 mm column at a
20 mL/min flow rate. RP- HPLC gradients were run using a solvent
system consisting of solution A (H20 + 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 um 3.0 x 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 um, 2.1 x 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 Sl). LC-MS (Electrospray ionization (ESI)) m/z: = [M + 5H]°* = 494.4
(calcd. 494.4), [M + 4H]* - 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.

$12 in Sl). 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 Sl). MALDI-TOF-MS m/z: [M + H]* = 4493.28 (calcd. 4493.34) (Fig.
S15in Sl).

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 +

6H15* = 475.4 (calcd. 475.4), [M + 5H]* = 569.9 (calcd. 570.3), [M + 4H]**

=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]>* = 312.9 (calcd.
313.0), [M + 4H]* = 391.1 (calcd. 391.0), [M + 3H]* = 521.1 (calcd.

521.0), [M + 2H]?* = 780.5 (calcd. 780.9) (Fig. $19 in SI).

4.4.1.6. Penetratin. The penetratin sequence H-RQIKIWFQNRR
MKWKK-NHz 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]>* = 450.3 (calcd. 450.2), [M + 4H]** - 562.4

(caled. 562.6), [M + 3H]3* = 749.5 (calcd. 749.6), [M + 2H]* =
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~*cm~ ! at 280 nm; melittin, 5500
M-tcm~!at 280 nm; Tat, 1490 M-*cm~tat 280 nm; penetratin, 11,000
M-1cm™!at 280 nm; magainin-2, 42,783 M-*cm™!at 214 nm; LL-37,
58,639 M~1cm~tat 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].
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4.5. Handling of MAPs

Freeze-dried MAPs were adjusted to room temperature, and
phosphate buffer, filtered using a 0.22 um sterile filter, was added to
obtain an approximate MAP concentration of 500 uM. 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 uM and a final lipid
concentration of 50 pM. 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 pL/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 (MFls) 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 uM, a final MAP
concentration of 10 pM, and a final volume of 150 pL. 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, Fo, 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-F

x100%.
Frmax— Fo

Calcein release (%)

4.8. Dynamic light scattering (DLS)

cLVs were mixed with MAPs to a final lipid concentration of 50 uM
and a final MAP concentration of 10 uM. 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
representing <2% of the total intensity were not included 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 60x 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 pL 1 g/L BSA in PBS in each well
for a minimum of 30 min before washing each well 8 times with a 300
uL 226 mM glucose solution. The BSA passivated micro-slides were
inserted into the microscope. 150 plL of a 226 mM glucose solution
containing 50 LM calcein was added to the chamber. 25 pL of the GUV
solution was hereafter added and incubated for 2 min before adding
150 plL 226 mM glucose solution containing 50 UM calcein and and 108
UM peptide. The final peptide concentration was 50 uM and the final
calcein concentration was 46 pM. 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 cm®
! at a wavelength of 488 nm. The line is a linear fit derived from values between 0 and 80 uM.
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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.
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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 uM LV lipid concentration with and without
MAP at 37 °C for 30-60 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.
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Figure S6. Core MFI vs Membrane MFI for LVs at 50 uM 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 uM and 10 uM 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.

101



>
vy

_Neutral LVs Anionic LVs Neutral LVs  Anionic LVs

300 . — 300 1000 — 400
‘ ®
- — 800 e k30 B
= 200- ] 200 o = 2
= o 2 600 = z
2 = £ N 200 9
0 8 | - A— - 3
O 10 Ml Y =" L 400 g 400 4 &
= 200- ~100 T
0 1 1 1 1 0 0 ] | I I 1 1 0
& > & o ™ 9 o N 9
Y& 3 USRS AR
K 12 ¥ x o° x@
7 ” S
> >

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.
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Figure S8. Calcein release Kinetics. Calcein release from 50 uM (lipid-based concentration) anionic cLVs
induced by 10 uM of one of the MAPs after incubation at 37 °C for the given time. Each data point is the
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 uM (lipid based concentration) anionic cL Vs in the presence of 10 uM LL-
37 (A) or Tat (B) after 30-60 min of incubation at 37 °C.
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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 S11. Identification of Magainin-2. ESI MS spectrum acquired via LC-MS.
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Figure S17. Identification of Melittin. ESI MS spectrum acquired via LC-MS.
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Figure S19. Identification of Tat. ESI MS spectrum acquired via LC-MS.
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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:
J. B. Larsen et al., “Imaging therapeutic peptide transport across intestinal barriers,” RSC Chem Biol, vol.
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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Oral delivery is a highly preferred method for drug administration due to high patient compliance.
However, oral administration is intrinsically challenging for pharmacologically interesting drug classes, in
particular pharmaceutical peptides, due to the biological barriers associated with the gastrointestinal
tract. In this review, we start by summarizing the pharmacological performance of several clinically
relevant orally administrated therapeutic peptides, highlighting their low bioavailabilities. Thus, there is a
strong need to increase the transport of peptide drugs across the intestinal barrier to realize future
treatment needs and further development in the field. Currently, progress is hampered by a lack of
understanding of transport mechanisms that govern intestinal absorption and transport of peptide drugs,
including the effects of the permeability enhancers commonly used to mediate uptake. We describe
how, for the past decades, mechanistic insights have predominantly been gained using functional assays
with end-point read-out capabilities, which only allow indirect study of peptide transport mechanisms.
We then focus on fluorescence imaging that, on the other hand, provides opportunities to directly
visualize and thus follow peptide transport at high spatiotemporal resolution. Consequently, it may
provide new and detailed mechanistic understanding of the interplay between the physicochemical
properties of peptides and cellular processes; an interplay that determines the efficiency of transport.
We review current methodology and state of the art in the field of fluorescence imaging to study
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DOI: 10.1039/d1cb00024a intestinal barrier transport of peptides, and provide a comprehensive overview of the imaging-
compatible in vitro, ex vivo, and in vivo platforms that currently are being developed to accelerate this
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of strong focus.” Oral peptide delivery has received intense
interest for decades.® In this context, bio-availabilities of peptides
above a few percent have proven extremely difficult to achieve,
due to the biochemical and physical barriers presented by the

1. Introduction

Since the emergence of insulin therapy in the 1920s, peptides
have been used extensively in medical practice.' Peptides are

ideal drug candidates, since they may disrupt protein-protein
interaction efficiently and serve as ligands for cell-surface
receptors.” The worldwide market for peptide therapeutics has
been estimated to more than double from 21.3 to 46.6 billion US$"
between 2015 and 2024. Typically, therapeutic peptides are
administrated by injection,’ which limits the possibility for
self-administration of the drug and lowers overall patient
compliance.* Therefore, alternative routes of delivery are areas
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gastric and the intestinal environment.” The major obstacles
include enzymatic peptide degradation and poor absorption
through the epithelial cell layer.® Consequently, considerable
efforts have been devoted to the development of various delivery
systems and permeation enhancers (PEs), such as fatty acids,
surfactants, and bile salts.> However, clinically approved delivery
strategies for uptake via the gastro-intestinal tract remain
scarce."*”

In the quest for new peptide drugs and delivery systems, the
quality of potential candidates is typically assessed using end-
point bio-availability measurements (Fig. 1, left).® Positive hits
are identified by their increased transport across experimental
models of the physiological and cellular barriers of the
intestine.” Such model systems span a vast range of technical
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Open Access Article. Published on 15 June 2021. Downloaded on 9/23/2022 8:53:10 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Review

Peptides

£ ey

Sampling

a

End-point
data acquisition ]

|

View Article Online

RSC Chemical Biology

Advanced Microscopy

Mechanistic
\ Understanding

b
‘ \S
i ®
Transcellular
: Through cells
Transcytosis =
Paracellular

Vesicular transport

Between cells

Labeled
Peptides

¢ ey
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using barrier model systems employing end-point assays offering only indirect mechanistic insight on peptide transport mechanisms. (right)
Fluorescence live-cellimaging offers the ability to directly visualize and track peptide transport across intestinal barrier models allowing for determination
of the transport mechanisms (such as transcytosis, transcellular and/or paracellular) governing peptide transport.

and biological complexities; they range from simple artificial
membranes to tissue samples.® While the model systems do
permit the quantification of pharmaceutical peptide transport
across a biological barrier, they typically do not yield information
about which cellular mechanisms that facilitated translocation.
This approach was used, e.g., in the development of the previously
described array of PEs. Thus, many constructs and strategies
have been tested, but their full biological mechanisms of action are
complex and remain to be fully elucidated, which has led to concerns
about the long-term use of PEs in chronic administration."*""

The end-point screening methods applied for development
of peptide drug candidates have recently been challenged by a
community that has realized the importance of understanding
the biological mechanisms governing drug delivery.”'> For
transport studies on peptide translocation across the intestinal
barrier, seminal mechanistic efforts focused on using pharmaco-
logical agents to modify tight junction (T]) integrity or selectively
disrupt endocytosis pathways.*'® Such studies have helped
elucidate the major translocation pathways of the intestinal barrier
employed by orally administrated small-molecule drugs and
peptides." These pathways include (Fig. 1, right) active transcytosis
mediated vesicular transport, passive transcellular transport
through epithelial cells, and paracellular transport between
epithelial cells through the TJs. Despite the widespread use of
pharmacological pathway inhibitors, their specificity has been
disputed, as they have been shown to affect multiple endocytosis
pathways simultaneously.'*® Therefore, more direct, rigorous mecha-
nistic insight into peptide transport has been sought through other
routes, most noticeably through the employment of fluorescence
imaging.">"”'® The great advantage of this approach is the ability to
directly track peptide transport in livecell setups involving only a
minimal disturbance of the cells’ natural milieu (Fig. 1, right).

1116 | RSC Chem. Biol., 2021, 2, 1M5-1143

Image-based transport studies should provide direct mecha-
nistic information about the absorption and transport of pep-
tides through and across the intestinal barriers. So far
fluorescence-based methods have only routinely been used to
study peptide transport in individual cells, as it is non-trivial to
combine live-cell imaging with more realistic models of cellular
barriers. However recent, significant strides in the field provide
new and exciting opportunities for mechanistic studies of
peptide transport across cellular barriers using more complex
experimental setups and imaging modalities. The increase
in mechanistic information should foster rationally design
modifications to peptides and their delivery systems. Such
guided modifications might optimize the bio-availability and
end-point efficacy of orally delivered peptide pharmaceuticals
dramatically.

Here, we briefly review what is known mechanistically about
the modes of action of the clinically approved oral peptide and
PE formulations as well as how conventional fluorescence
imaging has aided to these ends. We then consider all steps
involved in design and implementation of fluorescence image-
based peptide-translocation studies: first, we discuss the choice
of fluorescence imaging modality, the chemical considerations
regarding choice of fluorescent probe and site of modification,
and the biophysical characterization techniques used to monitor
peptide stability and membrane interaction. Next we discuss the
range of in vitro and ex vivo barrier models that are currently
being developed to facilitate image-based studies and how in vivo
imaging studies are emerging as an important method towards
understanding peptide transport in the native environment.
Finally, we briefly review the insights gained on how nanoparticle
(NP) delivery systems made from peptides translocate across
cellular barriers using imaging-based platforms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Oral peptide drugs for systemic
applications used in the clinic

Of all the classical non-invasive delivery routes, orally admini-
strated pharmaceutical peptides had the largest share of clinical
trials in 2019, emphasizing the strong effort in translating oral
drugs to the clinic."® Nevertheless, only four peptide treatments
designed for transport across the intestinal barrier have yet been
approved by the FDA.*® Despite earlier success with oral dosage
forms of Cyclosporin A (CsA) and desmopressin in the 1980s, it
has proven difficult to push other oral peptide drugs into the
clinic. In fact, no other peptide drug for oral administration
progressed beyond Phase II trials between 1987-2010.”" Only
very recently, did the field experience a resurgence with the FDA
approval of oral semaglutide in 2019 and octreotide in 2020. The
historical development of oral peptide drugs and the current
status of candidates in end-stage clinical trials have been
reviewed extensively recently.>*"*> Here we instead focus on
the four peptide drugs currently approved for use in the clinic.
We focus on the mechanisms involved in their successful
transport across cell barriers and discuss instances where
fluorescence imaging has helped elucidate these mechanisms.

2.1 Cyclosporin A

CsA is a cyclic undecapeptide used as an immunosuppressant
to treat graft-versus-host disease in transplant patients. It was
approved by the FDA for clinical use in 1983.>* The case of CsA
is unique due to its relatively high bioavailability (BA) (above
30%), which has spurred in-depth mechanistic studies aimed at
elucidating the key structural features promoting the passive
diffusion of CsA across cellular barriers.*® Based on these
studies, it was concluded that the efficient transport of CsA
results from its ability to reduce its interactions with the
aqueous solvent, driving the transport of CsA from the aqueous
phase and through the cell membrane. Firstly, this relies on the
presence of non-canonical N-methylated amino acids, which
reduces hydrogen bond-mediated interactions with the aque-
ous solvent.”® Secondly, conformational flexibility allows CsA to
exist in an “open” conformation in aqueous solvents and a
“closed” conformation when entering a lipid bilayer, thereby
further modifying the hydrogen bonds available for interaction
with the solvent.>* Finally, the cyclic structure of CsA allows it
to bury some of its polar backbone, thus concealing it from
water.”' Despite these unique features, CsA suffers from low
solubility, and therefore the clinically approved product Neoral
is formulated as a self-nanoemulsifying drug delivery system
(SNEDDS) forming oil-droplets smaller than 150 nm. In addition to
facilitating a rapid and uniform drug release, the fatty acid-
based excipients in SNEEDS serve as PEs by directly leading
to an increase in intestinal permeability as well as inhibiting
p-glycoprotein efflux and cytochrome P450-3A4 mediated CsA
metabolism.

2.2 Desmopressin

Oral Desmopressin acetate (DDVAP) is a nonapeptide with a
six-amino acid ring structure that has been used for treatment

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of central diabetes insipidus and primary nocturnal enuresis
since the 1980s.”> DDVAP is a synthetically-made analog of
arginine vasopressin with two modifications, a de-amination
of the first amino acid and a substitution of the eighth amino
acid replacing r-arginine by p-arginine. Both of these modifications
strongly enhance the intestinal stability of DDVAP relative to native
arginine vasopressin, mainly by reducing enzymatic degradation.
DDVAP has been suggested to transport across the intestinal cell
layer by passive permeation, most likely by the paracellular
route,”®*” however the oral BA of the commercial DDVAP product
Minirin is only 0.17% in humans.® Its exceptional potency is the
only reason why Minirin remains therapeutically viable at such an
extremely low BA.

2.3 Oral semaglutide

Semaglutide is a 31-amino acid linear GLP-1 receptor agonist
analog approved under the name Rybelsus in 2019 for treat-
ment of Type 2 diabetes.” Facilitated by the addition of a di-acid
Cig-acylation and substitution of strategic amino acids, sema-
glutide displays high potency, stability, and long circulating
half-life.>* These properties compensate for a BA of merely
0.4-1.0%.>® However, the large market potential for Type 2
diabetes treatment has resulted in oral semaglutide being
described as the most interesting peptide yet considered for
oral delivery.”! In Rybelsus, semaglutide is co-formulated with
the PE salcaprozate sodium (SNAC) and was demonstrated to
be exclusive absorbed across the gastric epithelial and thus not
in the intestine.”® It was shown that SNAC positively affected
semaglutide uptake by locally lowering the gastric pH, hereby
reducing peptide cleavage by pepsin, and shifting semaglutide
towards a monomeric state better suited for transport. Ex vivo
immunofluorescence imaging on canine gastric tissue was
employed for an in-depth analysis of the transport mechanism
of semaglutide (Fig. 2A).>° An almost exclusive staining for
semaglutide around the site of tablet identification strongly
supported that close proximity of SNAC and semaglutide were
essential for efficient transport (Fig. 2A top). Additional con-
focal microcopy imaging (see Section 4) revealed intracellular
uptake of semaglutide in mucosal cells and staining of the
TJ protein ZO-1 confirmed an intact T] morphology (Fig. 2A
bottom). That combined with in vitro assays displaying no effect
on semaglutide transport upon introduction of TJ modulators
like EDTA demonstrates that semaglutide is transported across
the gastric epithelium through a transcellular mechanism. This
mode of transport concurs with the known function of SNAC as
a modulator of the transcellular pathway.*°

2.4 Octreotide

Orally delivered octreotide is a cyclic octapeptide somatostatin-
analog that binds with high affinity to somatostatin receptors,
hereby blocking the production of growth hormone.” Very
recently, octreotide was approved by the FDA (June 2020) for
oral treatment of acromegaly under the name Mycappsa.®' The
Mycappsa delivery system relies on the “Transient Permeation
Enhancement” (TPE) technology that solubilizes octreotide in
an oily suspension, including the PE sodium caprylate (Cg).>"

RSC Chem. Biol.,, 2021, 2, M5-1143 | 17
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Fig. 2 Examples of fluorescence imaging used to elucidate peptide and PE transport mode of action. (A) Immunofluorescence imaging of canine gastric
tissue uncovering a transcellular barrier transport mechanism of oral semaglutide. Top, semaglutide (red) and DNA (blue) stains reveal that peptide is
predominantly localized to the region in and around of the Rybelsus tablet. Bottom, semaglutide (red) is shown to reside in the cytoplasm of mucosal
epithelial cells (white arrows) with intact tight junctions depicted by ZO-1 (green) and DNA (blue). Semaglutide is also detected in capillaries under the
epithelium marked by white asterisks. Reproduced from ref. 29 with permission from The American Association for the Advancement of Science,
copyright 2018. (B) Immunofluorescence imaging of rat jejunum epithelium reveal that the “Transient Permeation Enhancement” (TPE) delivery
technology employed for the octreotide system affects the paracellular permeability. Top, a transient disruption of ZO-1 (red) distribution is induced after
one minute incubation with TPE (middle) as compared to saline (left). After 120 minutes incubation with TPE, the ZO-1 organization displays its normal
puncta-like morphology (right). Bottom, paracellular flux of the tracer LC-biotin (blue) (white arrows) displayed after incubation with TPE, with the lateral
membrane stained for actin (red). Reproduced from ref. 33 with permission from Springer Nature, copyright 2014. (C) Elucidating the ability of the
microbial toxin VP8 and the Ca?* chelator EGTA to affect the TJ fence function by imaging caco-2 cell monolayers. In control cells (lower left), imaging
of the diffusion marker Bodipy-Sphingomyelin-BSA (green) revealed a staining restricted to the apical cell layer. After addition of either VP8 (top) or EGTA
(lower right) clear baso-lateral membrane staining of Bodipy-Sphingomyelin-BSA is evident (see white arrows). Reproduced from ref. 35 with permission
from The Company of Biologists Ltd, copyright 2004. (D) Distribution of PIP peptide analogs in caco-2 cell monolayers imaged after 45 min of apical
incubation. Binding of Alexa488-streptavidin (green) to active biotinylated PIP peptides (left) or non-active biotinylated PIP peptides (right) reveal a strong
colocalization with occluding (red) for active PIP, but a random cytosolic distribution for non-active PIP. Reproduced from ref. 39 with permission from
Elsevier, copyright 2018.

Despite employing this multi-component delivery platform, the octreotide in this formulation (Fig. 2B).** Staining rat intestines
BA of octreotide remains at just 0.5%.>* Ex vivo immuno- for ZO-1 revealed a loss of TJ structural integrity within one
histochemistry in combination with confocal microscopy were minute of adding the TPE system and reversal of this effect after
used to investigate the transport mechanisms employed by 120 minutes (Fig. 2B top). Additionally, using a fluorescently
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labelled diffusion marker, it was shown that application of the
TPE system leads to a paracellular flux (Fig. 2B bottom). This
evidence supports that octreotide is transported across the
intestinal barrier through paracellular transport via a TPE
mediated T] modulating mechanism, induced by Cs.

3. Elucidating permeation enhancers’
modes of action using fluorescence
imaging

A recurring obstacle for oral peptide delivery is the poor BAs
that are reported in clinical trials to be in the low single digit
percentages.”® Therefore, there is a quest for discovery, design,
and testing of new PEs that could increase the intestinal
transport of peptide drugs. Until these endeavors prove success-
ful, oral peptide delivery is restricted to rely on candidates that
display elevated intrinsic permeability, high potency, stability,
and/or long plasma-half-life. Here, we abstain from giving a
comprehensive description of PEs and their use in ongoing
clinical trials, since these subjects have been covered extensively
in recent, excellent reviews.””*** Instead, we highlight some
pivotal studies in which fluorescence imaging has been employed
in an attempt to elucidate PE modes of action, paving the way for
designing smarter and better PEs in the future (Fig. 2).
Traditionally, PEs are divided into classes based on the
transport pathway that they affect, mainly paracellular or trans-
cellular (Fig. 1).>° However, it is well-established that many PEs
affect numerous different pathways simultaneously, often making
it hard to pin-point an exact mode of action. In general, para-
cellular PEs function by disrupting the TJ proteins that ensure a
tight barrier between adjacent epithelial cells.** This class is
further sub-divided into PEs that either directly affect the TJ
proteins or target endogenous cell signaling cascades related to
TJ function and integrity. Members of the first sub-group include
microbial toxins, which disrupt TJ protein distribution, as shown
using fluorescence imaging of in vitro cell monolayers.**>® This
disruption induces an impairment of the TJ fence function evident
from a loss of distinct apical or basolateral membrane staining of
lipid reporter systems or membrane proteins (Fig. 2C, VP8).
Despite the potent ability of microbial toxins to modulate TJ
biology, their clinical use as PEs has remained sparse, mainly
due to concerns about toxicity.>’ The most clinically advanced
paracellular PEs are EDTA (ethylenediaminetetraacetic acid) and
EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic
acid), which belong to the second sub-group affecting endogenous
signaling pathways linked to TJ function.”® Both EDTA and EGTA
work by chelating extracellular Ca®> ions, causing an efflux of
intracellular Ca®" leading to a disruption of TJ integrity. Fluores-
cence imaging in cell monolayers has shown a similar loss in TJ
fence function induced by EGTA as compared to molecular toxins
(Fig. 2C, EGTA).*® A more directed approach homes in on a specific
endogenous pathway, which is believed to reduce toxic off-target
effects. One example is the phosphorylation state of the myosin
light chain (MLC) complex, which dynamically controls whether
the TJ complex is in an “open” or “closed” conformation.’”

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

The PIP decapeptide (Permeable Inhibitor of MLC Phosphatase)
was developed to specifically prevent dephosphorylation of
MLC, keeping the TJ complex in an open confirmation.*® This
detailed method of action was verified by imaging the intracel-
lular localization of fluorescent PIP peptide in cell monolayers
in vitro.”® The active PIP analog displayed strong spatial coloca-
lization with the TJ complex protein occludin, demonstrating
its specific targeting to the site of MLC phosphatase action
(Fig. 2D). Single amino acid replacements in control peptides
was enough to completely abolish the occludin colocalization
observed for native PIP.

Surfactants make up the most abundant group of PEs that
potentially affect intestinal transport through the transcellular
route.?® This group contains fatty acids with intermediate chain
lengths (Cg, Cq9, and Cy,) and acetylated amino acids (SNAC),
which are the PEs most abundantly tested in humans.® Originally,
these surfactants were believed to facilitate increased transcellular
permeability through membrane-insertion-dependent reduction in
plasma membrane packing density or through increased peptide
hydrophobicity via complexation. More detailed method-of-action
studies, in which fluorescence imaging has played a central
part, have recently questioned the link between surfactants and
the transcellular pathway. One example is the Cg-containing
TPE technology (see Section 2.4) that facilitates uptake via the
paracellular pathway, as shown by fluorescence imaging of rat
intestines (Fig. 2B).** Also, a thorough description of the mode
of action of C;, was recently performed to resolve previous
ambiguity of Cy, function.>® The study included in vitro cell
monolayer imaging of various TJ proteins, showing a clear
C,0 concentration-dependent loss in claudin-5 and occludin
localization. Additionally, the authors performed a fluorescence
imaging-based high-content analysis, where simultaneous multi-
plexed detection of fluorescent reporters for nuclear intensity,
mitochondrial membrane potential, plasma membrane perme-
ability, and intracellular calcium was achieved at the single-cell
level. All evidence suggested that C;, increased paracellular
permeability via a membrane-perturbation induced alteration in
intracellular calcium levels, which leads to TJ opening through a
MLC regulated mechanism.?>*® Additionally, C;, has been
shown to have a direct effect on membrane fluidity above its
critical micelle concentration,*! illustrating how PEs, like C,,
can affect numerous different pathways simultaneously.”" The
perceived mechanism of the main member of the acetylated
amino acid class, SNAC, has also recently been updated. As
described in Section 2.3 for the oral semaglutide formulation
Rybelsus, SNAC was shown to display formerly unknown
buffering and solubilizing effects.>® Additionally, SNAC was
also shown to facilitate transcellular transport of semaglutide
as evident from ex vivo fluorescence imaging of canine gastric
tissue (Fig. 2A). All the examples provided in this section
illustrate how the field is only starting to reach consensus on
the PE function, even for PEs extensively used in the clinic.
Furthermore, it should be clear that fluorescence imaging
is becoming a cornerstone for providing detailed insight,
helping to usher in this increased focus on elucidating PE
mode of action.
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4. Fluorescence imaging modalities
and single-particle data analysis

4.1 Fluorescence imaging modalities appropriate for studying
peptide transport

Fluorescence imaging is widely used in the search for mechanistic
insight into peptide transport across membrane- and cellular
barriers. It is essential, however, to choose the right imaging
modality among the following (ever growing) list of options'”*?
(Fig. 3):

(i) Wide-field microscopy (WFM) is the standard modality."”
It is affordable and consequently broadly available. In wide-field
microscopy, the entire sample is exposed to the illumination
(bright-field or epi-fluorescence) and imaged with a camera.
This mode does not provide resolution along the optical axis. Its
achievable contrast is limited by a fluorescent background in
samples that extend along the optical axis or when fluorescently
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tagged molecules of interest, say peptides, are present also in
the solution surrounding the sample.

(ii) Total internal reflection fluorescence microscopy (TIRFM)
uses an evanescent wave to confine the excitation light to within
~100 nm of the surface of a coverslip.* This enables single-
molecule studies even in extended samples because most of the
sample is not illuminated. For the same reason, TIRFM is limited
to processes occurring in proximity of the coverslip surface, such
as molecular motion in the plasma membrane and early steps of
molecular uptake mechanisms.

(iii) Confocal laser scanning microscopy (CLSM) differs
fundamentally from the above by scanning the sample with a
focused spot of excitation light.** Emitted light is simultaneously
collected with a photo detector, but only from the focused
illuminated spot on the sample in the focal plane of the objective.
All other light is blocked with a screen containing a ‘pinhole’ in
the optically conjugate plane. Thus, spatial resolution here
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Fig. 3 Fluorescence imaging modalities applicable to study peptide transport across membranes and cellular barriers. (A) A schematic of the illumination
strategies and the optical sectioning capabilities of different microscopy modalities. The illumination light (green) excites fluorophores in the sample and,
effectively, light is collected from a modality-dependent subset of the fluorophores near the focal plane (green dots). (B) A schematic comparing different
imaging modalities in terms of their performance with respect to useful imaging depth and maximum temporal resolution when used to image extended
samples that are sparsely labeled. In low-light situations, modalities that rely on scanning (CLSM, 2PM) or do not yield efficient background rejection
(WFM) are slower than camera-based methods (LLSM, SDCM, TIRFM) that collect light from all pixels in an image plane in parallel. WFM's poor rejection of
fluorescence away from the focal plane strongly limits its useful penetration depth due to loss of contrast. (C) A schematic illustrating how the three
major classes of super-resolution fluorescence imaging methods overcome the diffraction limit of conventional fluorescence imaging. (D) A schematic
comparing the three super-resolution imaging modalities in terms of their typical performance in terms of temporal and lateral spatial resolution.
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originates from the lateral scanning mode of the excitation
combined with axial light selection by the pinhole. This also
permits optical sectioning, thus providing three-dimensional (3D)
spatial resolution in extended samples (~100 um). Fast scanning
modes are possible, but the modality suffers from high photo-
bleaching rates, since the excitation light is not limited along the
optical axis to the part of the sample from which light is collected.

(iv) Spinning disk confocal microscopy (SDCM) essentially
parallelizes the confocal illumination and acquisition through
multiple pinholes in a rotating disk, relying on a camera to
collect the emitted light."” Compared to CLSM this modality
has lower photobleaching rates and faster acquisition rates but
lower effective penetration depth (~10 pm), limited by light-
collection crosstalk between neighboring pinholes at deeper
penetrations.*®

(v) Two-photon microscopy (2PM) is the preferred modality
for deep imaging (~1 mm) into tissue, model organisms, and
on-chip model systems.*>*® Here, the fluorescent label is
simultaneously excited by two near-infrared photons. The longer
excitation wavelength reduces scattering in the sample, while
the non-linear multi-photon excitation process strongly confines
the excited volume even in scattering samples. This makes
pinholes redundant and suppresses the background. The light
emitted is collected by a photodetector, which makes collection
insensitive to moderate scattering of emission. The major drawback
of the modality is its relatively low acquisition speed in practice.

(vi) Lattice light-sheet microscopy (LLSM) now offers pro-
longed intra-cellular imaging of single molecules. All light-
sheet based microscopies uses a second objective to illuminate
selectively a plane of interest in the sample.””*° In conjunction
with a camera, these modalities allow imaging of an entire
plane during each exposure. Recently, the lattice light-sheet
microscope was developed to illuminate the sample with an
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ultra-thin light sheet. This effectively achieves extremely
efficient background rejection in selected planes of living cells
and optically transparent organisms.**? This modality was
recently combined with adaptive optics that permit correction
for optical distortions created by the sample itself, which allows
for deeper imaging (~100-200 pm) into tissues by tiling
independently-acquired fields of view.

The choice of experiment, imaging modality,"” and image
analysis depends, obviously, on the scientific question at hand.
This choice subsequently defines the resolution with which one
can provide answers. Light scattering and background in thick
samples, for example, are factors that determine the level of
detail that can be imaged. Also, the working distance of the
objective is an important parameter when imaging peptide
transport across various models of the intestine. The physical
dimensions of the model of interest (Fig. 4) determine the range
of applicable objectives. The need for long working distance
objectives to image traditional intestinal barrier models (see
Sections 8 and 9) often prevents high-resolution imaging.’®
Oil-immersion objectives provide the highest numerical apertures
(NAs), and hence the highest resolution, but typically have a
working distance below 130 pm.>**” This leaves an effective depth
of imaging around 100 um in typical imaging conditions. Water-
immersion objectives provide NAs up to 1.3 but offer a much larger
range of working distances, up to 500 pm. If a cover glass can be
omitted, water dipping objectives can provide very long working
distances for high NAs (for example 60x/1.0 NA with 2.0 mm
working distance). In all cases, the working distance increases if
one can compromise on NA, magnification, and need for optical
corrections. The choice of objective in turn determines the
microscope modality and the magnification that can be used.
Importantly, the temporal resolution in all modalities is either
limited by the scanning speed of the microscope or the
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Fig. 4 Representative illustration of imaging-compatible biological models applicable to study peptide transport across the intestinal barrier. The pros
and cons of various model systems are qualitatively compared with respect to complexity, compatibility with imaging modalities, and measurement

throughput.
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acquisition rate of the camera. When light is abundant, e.g.
when imaging biological structures associated with bright or
multiple fluorescent labels, the limited speed of the hardware
limits time resolution. When light is scarce, e.g. when imaging
single (peptide) molecules or structures labeled with a single or
a few fluorophores, the rate at which photons are detected
instead limits time resolution. In the latter case, recording with
a camera (imaging sensor) in general yields better temporal
resolution, provided that background fluorescence can be
efficiently rejected (TIRFM, SDCM, LLSM), than scanning with
a point detector (CLSM, 2PM), since all pixels in the image are
acquired simultaneously and photons are usually collected with
a higher quantum efficiency (Fig. 3B).

Phototoxicity is an important potential artifact, when using
imaging modalities to study peptide transport in a live cell
setup.®® The excitation light used to illuminate the cells will
react with naturally occurring compounds like flavin and
porphyrin inside the cells.>” These can then be degraded in a
process creating reactive oxygen species that are detrimental to
cell health and thus effect the experimental outcome. Reactive
oxygen species can also be created when fluorophores undergo
photobleaching. Some steps in the experimental setup can be
taken to reduce phototoxicity: the detection scheme can be
optimized to lower the effective illumination dose of the
sample.”® Additionally, modification of the buffer solution by
adding antioxidants to scavenge reactive oxygen species or
removing certain vitamins to reduce photobleaching have been
demonstrated to reduce overall phototoxicity. Such specialized
buffers for live cell imaging are commercially available.””
However the most efficient way of reducing phototoxicity is to
selectively only illuminate the currently imaged volume and not
the entire depth of the sample. Selective illumination is a
cornerstone in the emerging imaging methods TIRFM, 2PM
and LLSM (Fig. 3A). Especially LLSM offers the possibility of
only illuminating the focal plane, which is then scanned rapidly
through the cell sample, allowing for time-dependent 3D
imaging, often termed four-dimensional (4D) microscopy, with
greatly reduced phototoxicity.>

4.2 How single-particle/molecule data analysis may be used to
gain mechanistic insight on peptide transport

One path to mechanistic insight using fluorescence microscopy
focuses on the detection and tracking of single molecules
and/or particles. Tracking may enable quantification of hetero-
geneities in uptake pathways for individual particles. Hetero-
geneities may, in turn, identify the roadblocks in cases where
transport of peptide drugs across a barrier is not complete, for
example due to (partial) sequestering in endocytic pathways.
The use of single-particle tracking in biophysical and pharma-
ceutical research has been reviewed on several occasions.> **
In the context of peptide translocation, single-particle tracking
has predominantly been applied to study cell-penetrating
peptides, both in artificial model membranes® (see also
Section 6.1) and in live cells®*®® (see also Section 7). In this
way, the transport mechanisms of either the peptide itself or of
its model delivery system have been elucidated.
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Observation and analysis of the internalization, transport,
and fate of individual peptides are desired to study uptake
heterogeneities at the molecular level. Dynamic imaging of
individual peptides is limited by only a single fluorescent
molecule being present on each peptide (see Section 5). Despite
continued progress in fluorophore development,®® it remains a
challenge to record a sufficient number of photons from the
peptide with sufficient temporal resolution to follow its where-
abouts. Single peptides diffuse fast, which results in motion
blur during exposures long enough to record a supposedly
sufficient number of photons. If stacks along the optical axis
are required for full 4D resolution, the challenge is even bigger.
On the other hand, a crowded cellular environment or inter-
action with the cell membrane or various organelles slows
diffusion. Thus, single-peptide studies in such environments
have their temporal extent limited by the fluorophore stability
rather than by the acquisition speed of the microscope.

In case of sufficiently low (labeled) peptide density, LLSM
allows 4D tracking of individual molecules/peptides in live-cells
for extended durations. This modality should be particularly
suited to study individual peptides in direct translocation
across the membrane,”®””? a process that is difficult to capture
due to the limited number of photons available. On the other
hand, endocytic uptake of multiple individual peptides or
aggregates results in a high peptide density in the endosomes.
This makes more photons available, as long as the fluorescent
peptide remains in the compartment,” which enables single-
particle (endosome) resolution in 4D using SDCM.

Successful analysis of single-particle/molecule tracking data
relies on three main steps:

(i) Detection of spots and their linking into trajectories. This
may be considered a precursor step to a single-particle/molecule
analysis.®®7*77

(ii) Sub-pixel resolution location of the fluorophore(s) that
caused the detected spot trajectories. Typically, this localization is
done by fitting a 2D or 3D model for a spot’s intensity distribution
to the measured spots. The precision of the fluorophore’s location
that results from this localization analysis depends critically on the
number of photons in the measured spot.”®”® A plethora of
packages for automated 2D and 3D localization analysis exist,
and a large fraction of them have had their performances com-
pared across a number of data sets.*>®!

(iii) Characterization of the underlying motion at the single-
object level based on the high-precision trajectories obtained.”>**%
Most approaches rely on the mean-squared displacement of particle
trajectories, but simpler, more rigorous alternatives exist for
particles that exhibit normal diffusion.®*%

In all steps, the automated analyses have obvious advantages
in terms of ease-of-use. Unfortunately, one-size-fits-all tools may
result in suboptimal localization analyses.®> Care should be
taken throughout, since choices made by the user in every step
may affect conclusions.

Single-particle/molecule tracking is often conducted as
co-localization studies, which allows real-time tracking of
multiple objects. This may be quantified as correlations, i.e.
synchronized motion, between spectrally separated images of a
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drug/peptide and any labeled cellular entity of interest.**®’
More detailed information is attainable by accurately correlating
color channels over time in an experiment to provide relative
positions of drug/peptide and carrier compartment, not just
information on their colocalization.®® Relative positions can
potentially discriminate between the peptide being transported
on the inside or the outside of a membrane of a compartment to
further elucidate transport mechanisms after successful uptake.
Highly supervised data analysis is under pressure from the
increased use of high-resolution fluorescence imaging. The
large amounts of data produced cause a demand for automated
analyses. Thus, machine learning strategies® towards analysis
currently proliferate in many branches of science. In single-
molecule based localization microscopy, such algorithms may
well be used to automate and speed up analyses®® when one
knows what the machine should learn to look for, e.g. specific
biological structures and/or dynamics.*>°" However, in the
exploratory phases of data analysis and improvements of
experimental designs, their use seems limited.

4.3 Super-resolution fluorescence microscopy

The microscopy modalities described above are all limited by
diffraction to a spatial resolution of a few hundred nanometers.
Consequently, labelled structures and/or molecules that are
separated by less than this distance cannot be discriminated in
images, which occludes the nanoscale organization of biological
structures. In the past two decades, however, this fundamental
resolution limit has been surpassed by various super-resolution
methods for optical microscopy. These methods have had a
major impact on the visualization and quantification of bio-
logical structures and processes at the nanoscale, and, as a
result, they have been reviewed on many occasions.””>*® We
refer the reader to these excellent reviews for a detailed account
of the methods and their usages in various contexts. Here, we
provide a brief overview of the classes of methods and highlight
their strengths and limitations in the context of cellular trans-
port. In this light, it is important to realize that these methods
originally were conceived as tools to circumvent the diffraction
limit in the imaging of structures, but more recent develop-
ments of the methods, however, also permit their use to probe
dynamics. The different requirements of those two applications
are important to be aware of when choosing a super-resolution
fluorescence modality for an application. With that in mind,
super-resolution microscopy has been applied to study many
structures and processes that are relevant in the context of
cellular transport. Examples are: the nanoscale architecture
and dynamics of cellular organelles, such as endosomes, the
heterogeneity and mobility of cell-membrane associated pro-
teins, intra-cellular motion of proteins, and dynamics of inter-
nalization and cellular trafficking of nanoparticles.”**®

In general, super-resolution fluorescence methods can be
divided into two main classes. The first class uses engineered
illumination of the sample to circumvent the diffraction limit.
The second class consists of various single-molecule localization-
based methods, in which fluorophores are separated in space
and/or time and then localized with nanometer resolution, using
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tools identical to those described above for single-molecule
tracking (see Section 4.2).

(i) Structured illumination microscopy (SIM)°**°° falls in the
first class of methods. It exposes the sample to multiple high-
spatial-frequency illumination structures, typically parallel lines
that are phase-shifted and rotated relative to each other
(Fig. 3C). This encodes sub-diffraction-limited features from
the sample in the resulting images. A super-resolved image of
the sample may then be obtained by deconvolution of the images.
In its simplest implementation,’®'% SIM essentially combines two
diffraction-limited sources of information. Consequently, it results
only in a doubling of resolution relative to conventional
diffraction-limited imaging (Fig. 3D). SIM allows straightforward
multiplexing with different colors of fluorophores, is compatible
with live-cell imaging, since it does not require high illumination
intensities, and does not require complicated sample preparation.
The temporal resolution is in the millisecond-to-second range,
limited by the number of structured illumination patterns neces-
sary for reconstruction/deconvolution (Fig. 3D).

(ii) In stimulated emission depletion (STED) microscopy,
a super-resolution image is obtained by scanning the sample with
an effectively sub-diffraction limited excitation spot. To this end,
the conventional confocal excitation spot is scanned synchronously
with a second, doughnut-shaped depletion spot (Fig. 3C). The
latter beam depletes excited fluorophores before they decay to the
ground state by emission of fluorescence. Sub-diffraction-limited
resolution is achieved through the non-linear dependence of STED
on intensity of the depletion light: Intensities above a certain
threshold deplete all fluorophores. Thus, only fluorophores
positioned in the middle of the “hole” in the doughnut will
avoid depletion and hence emit fluorescence. Consequently, the
spatial resolution of STED is determined by the sharpness of the
doughnut around its minimum. Typically, a lateral resolution of
~50 nm is achieved (Fig. 3D). Fluorophores should be chosen
so they are compatible with both lasers of the STED setup. The
large intensity required for the depletion laser may result in
phototoxicity to the sample, which may hinder prolonged
biological imaging with this modality. The temporal resolution
is in the millisecond to second range and is limited by the need
to scan the entire field of view (Fig. 3D).

(iii) Single-molecule localization microscopy (SMLM) is a
class of methods that achieve sub-diffraction-limited resolution
by precise localization of single fluorescent probes in a sample.
To do this, the sample is imaged repeatedly, with only a sparse
subset of fluorophores activated in each frame (Fig. 3C).
Popular methods include (direct) stochastic optical reconstruc-
tion microscopy (STORM,'**'%* dSTORM'%"), photo-activated
localization microscopy (PALM'°®), and point accumulation for
imaging in nanoscale tomography (PAINT'’”), which primarily
differ in the means by which they create the sparse subset of
active fluorophores. In a given image, each active fluorophore is
localized with a precision that is limited, in principle, only by the
number of photons observed from it (see above). In practice,
however, other factors, e.g. labelling density and sample stability,
also influence the resolution. A final resolution of ~20 nm is not
uncommon for biological samples (Fig. 3D). The temporal
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resolution is limited by the number of images required for
sufficient coverage of the targeted structure, which typically takes
seconds to minutes to acquire (Fig. 3D). Fluorophores must be
chosen to be photo-switchable or have appropriate blinking
dynamics in order to be compatible with the super-resolution
method or, in the case of PAINT, be conjugated to molecules with
appropriate binding kinetics relative to the structure of interest.
All methods are compatible with various field-wide illumination
schemes, such as WFM, TIRFM, and (L)LSM (see Section 4.1).

For studies of single-particle and single-molecule dynamics
in live cells, both STED and the various SMLM methods may be
combined with single-particle tracking (see Section 4.2) and
dual-color labeling strategies for co-localization.””*®'%® Due
to its scanning nature, STED may achieve sufficiently high
temporal resolution by compromising on the size of the field
of view. On the other hand, SMLM methods, such as sptPALM
(single-particle tracking PALM), simultaneously solve the two
problems of sufficiently sparse labeling and replenishing of labels
for imaging, since they only view a subset of the fluorescent
molecules at the same time. This increases throughput by orders
of magnitudes without any additional sample preparation steps.
In this mode, SMLM is not limited by the number of images
required for imaging of a structure, since only individual mole-
cules are tracked through consecutive frames, until this tracking
is repeated for another subset of molecules.

Recent methodological developments in microscopy have
yielded a series of methods that essentially are hybrids of the
different modalities described above. Notably, MINFLUX"****°
uses multiple exposures of a doughnut-shaped illumination
beam and the relative number of photons observed from a
fluorophore to localize and track it. For given resolution, this
requires an order of magnitude fewer photons than conventional
single-molecule tracking, which enables MINFLUX to track indi-
vidual molecules with unprecedented temporal resolution. Its
scanning configuration, however, limits throughput. In its wake,
a series of methods have emerged, which do not suffer from
limited throughput. They use wide-field illumination structures
(similar to those used in SIM) and thereby double the resolution
of localization of individual molecules in 2D compared to what is
achieved with uniform illumination.""*™*"? Very recently, similar
methods have been developed for improved axial localization
using illumination structured along that dimension."'*''®
These wide-field methods are yet to be applied to imaging
dynamics, however.

5. Fluorescent labeling and biophysical
characterization of peptides

5.1 Potential artifacts introduced to peptide properties and
behavior by fluorescent labeling

Fluorescence-based imaging studies of peptide transport across
membranes and cellular barriers require the creation of a
peptide-fluorophore construct."'*"**° Creating such constructs
potentially changes the physiochemical properties of the peptide,
which might affect the transport behavior as compared to the
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unlabeled peptide. Both the choice of fluorophore and con-
jugation strategy has been shown to influence the properties of
the labeled peptide (Fig. 5).'***** Fluorophore size and hydro-
phobicity/hydrophilicity may influence the solubility, aggregation
properties and partitioning coefficient of the labeled peptide
(Fig. 5A)."*' The conjugation strategy such as the labeling
position and conjugation chemistry may further impact amphi-
pathicity and secondary structure of the labeled peptide
(Fig. 5B)."** A direct experimental artifact reported for some
fluorescently labeled peptides is fluorophore mediated non-
specific binding of peptides to glass surfaces or other substrates
during microscopy, which can hamper single-molecule tracking
and cause inaccuracies when using such setups to track peptide-
membrane interactions.'® It has been shown that the extent of
fluorophore hydrophobicity (Fig. 5A) highly influences the
extent of unspecific binding and caution should be exercised
when choosing the respective fluorophore.**"*** When employing
fluorescently labeled peptides for studying transport across cellular
barriers it is important to acknowledge that the fluorophore label
has been shown to affect both the initial membrane interaction as
well as the intracellular trafficking of peptides.'*"'*'** Based on a
comprehensive screen of a wide range of commonly used fluoro-
phores it was concluded that the fluorophore:membrane inter-
action propensity varied greatly. Thus, researchers should always
strive to select fluorophores known to not drive the membrane
interaction on its own. Once the peptide is taken up by the cell, the
fluorophore can also influence the intracellular distribution of
the conjugated peptides.'*' Depending on the size and shape of
the fluorophore, different localization patterns were observed
for the same peptide, demonstrating how fluorophore labeling
can bias the interpretation of intracellular transport data.

In addition to phototoxicity during imaging, it has also been
shown that the mere presence of the fluorophore conjugate can
lead to an increased cellular toxicity.">" A possible mechanism is
a loss of membrane integrity due to the fluorophore mediated
enhancement of peptide-membrane interactions supported by
the physiochemical properties of the fluorophores having a
direct influence on the extent of the cytotoxicity. Screening a
selection of fluorophores determined that neutral hydrophobic
fluorophores or negatively charged fluorophores conferred less
cytotoxicity as compared positively charged, hydrophobic
fluorophores."!

5.2 Strategies for fluorescent labeling of peptides

As outlined in the previous section, it is essential to understand the
impact of the fluorophore on both the transport across mem-
branes as well as the intracellular trafficking. This impact should,
if at all possible, be evaluated in the context of the native peptide
by performing a structure/activity analysis and mechanistic trans-
port study. However for studies where fluorescence imaging is the
sole experimental platform, any potentially detrimental effect
of fluorophore conjugation can be delineated by comparing
results from identical peptides labelled with chemically distinct
fluorophores. Other factors for the choice of fluorophore
depend on the experimental design, including the density of
fluorescently-labeled peptides under study (see Section 4.1),
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Fig. 5 Strategies for fluorescent labeling of peptides. (A) The chemical core structures of the most common and commercially available fluorophores.
The properties of the fluorophore derivatives can be chemically tailored, by changing the substitution pattern of the respective core structures or by the
addition of chemical moieties. This results in a great variety of different fluorophores available for many different applications. (B) The chemistry behind
the commonly employed fluorophore conjugation techniques using either amine-, thiol- and click-reactive probes. Amine-reactive probes target amine
groups like lysine residues or the N-terminus. A wide variety of different amine-reactive probes is available. This makes it an advantageous method, when
labeling peptides during SPPS. Thiol-selective probes are advantageous, when labelling peptides in solution. Due to the low abundance of cysteine
residues this conjugation techniques results in a high regioselectivity. Click-reactive probes offer the advantage of bioorthogonality, however, an
unnatural amino acid with an alkyne or azide moiety needs to be incorporated into the peptide sequence. (C) Schematic overview of the MALDI-MSI
method for the evaluation of peptide degradation or modification in vivo. A frozen intestinal section is first cryosliced and placed on a glass slide before a
matrix is applied and the MALDI-MS is performed. For each pixel a mass spectrum is obtained allowing the creation of raster graphics which can be
compared to histological sections. Reproduced from ref. 181 with permission from American Chemical Society, copyright 2021.

and should be made based on its spectroscopic properties, coefficient, quantum yield, Stokes shift, and its propensity for
including absorption and emission spectra, the molar extinction quenching and bleaching."”’
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Traditionally, peptides are either produced by recombinant
expression or synthesized using solid-phase peptide synthesis
(SPPS).’?%12% The synthetic approach allows for full design-
flexibility over the peptide sequence, enabling the introduction
of chemically reactive handles available for bio-conjugation,
such as the labeling with fluorophores. The conjugation of
fluorophores to peptides'**™' can be achieved by modifying
the isolated peptide in solution, by adding the fluorescent label
to side chain-protected polymer-bound peptides during
SPPS'3%33 or by incorporating pre-labeled amino acids into the
sequence.”**'* When introduced in solution, the applied
conjugation chemistry should be efficient, regio- and chemo-
selective, to ensure the formation of the desired product in high
yield. When introduced during SPPS, the fluorophore should
furthermore be compatible with deprotection- and cleavage
conditions, as well as heating, if applied. In Fig. 5A the
chemical core structures of the most commonly used fluoro-
phores are depicted. By adding or changing the substitution
pattern of functional groups, the properties of the respective
fluorophores can be tailored. The most common commercially
available fluorophores are derivatives of the shown core structures.
For example, the widely used fluorophores fluorescein isothio-
cyanate (FITC) and carboxyfluorescein (CF) are built around the
fluorescein core structure (i in Fig. 5A). The frequently used
fluorophores Alexa Fluor 488, Atto 488 and 5-carboxytetra-
methylrhodamine (TAMRA) are all built around the rhodamine
core structure (ii in Fig. 5A.). Bodipy and a number of derivates
is designed around the main Bodipy structure (iii in Fig. 5A).
Alexa Fluor 405 is built around the pyrene core structure
(iv in Fig. 5A) and Alexa Fluor 350 or 430 are based on the
coumarine core structure (v in Fig. 5A). The indocyanine
core structure can be found in e.g. Cy5 or Alexa Fluor 647
(vi in Fig. 5A), Atto 610 builds around carbopyronin (vii in Fig. 5A)
and Atto 655 represents a derivate of oxazines (viii in Fig. 5A). Many
fluorophores, for example TAMRA and CF, contain reactive func-
tional groups such as hydroxyl or amine groups. Consequently, the
fluorophore preferably should be introduced in the final step, in
order to avoid side-reactions during SPPS."*>'*° In cases where the
fluorophore is in short supply due to cost or challenges in
synthesis, the solution phase conjugation is a stoichiometric,
cost-effective alternative to the SPPS approach, in which a larger
excess of reagents is traditionally used."”’

The most commonly used fluorophore conjugation chemistries
utilize amine- and thiol-reactive probes and the alkyne/azide
functionalized probes (Fig. 5B). The amine-reactive fluorophores
are mainly acylating reagents such as activated esters'*® or
isothiocyanates'®® (Fig. 5B, left). When they react with a peptidic
amine, such as the N-terminus or a sidechain amino group, an
amide bond or a thiourea will form. Although thioureas are less
stable than amide bonds, isothiocyanates such as FITC and
tetramethylrhodamine isothiocyanate (TRITC) are relatively cheap
and thus are still widely used.”**'*”'*® The thiol-reactive fluoro-
phores are mainly alkylating reagents, such as iodoacetamides™**
or maleimides'** (Fig. 5B, middle). The thiol-reactive fluorophores
react with free cysteine residues forming a thioether bond, and
the relatively low abundance of cysteine in in peptides makes

126 | RSC Chem. Biol, 2021, 2, 1115-1143

View Article Online

RSC Chemical Biology

regioselective fluorescent labeling possible. The majority of fluor-
escent dyes are commercially available as amine- and thiol-reactive
probes. In an alternative bio-conjugation approach, alkyne- or azide-
functionalized probes and peptides are used (Fig. 5B, right)."*>"** In
the presence of a copper(l) catalyst, alkynes react with azides
forming a very stable 1,4-substituted 1,2,3-triazole, often referred
to as a “click” reaction."*>**° It is biorthogonal, meaning that the
reactants’ chemical handles possess a unique reactivity that is
orthogonal to naturally occurring functional groups.'**'*” The
azide/alkyne moiety can be introduced into peptides by
incorporating unnatural amino acids, either into the peptide
sequence during synthesis™*® or by post-synthesis bio-
conjugation of an azido/alkyne moiety."*’

The broad range of commercially available fluorophores and
their straightforward bio-conjugation and synthesis provide a
high degree of flexibility in the peptide-fluorophore design.
However, it is imperative to ensure that both the spectroscopic
performance of the attached fluorescent dye and the basic
functional properties of the peptide are minimally disturbed
by the labeling process. Alternatively, any change should be
characterized and understood. The next section details how to
evaluate the effect fluorescent labeling infer on peptide properties
and behavior and we outline the additional possibilities for peptide
characterization offered by the fluorescent label, as well as the
potential pitfalls associated with their use.

5.3 Basic characterization of fluorescently labeled peptides

While fluorescent labeling of peptides may give insight to the
mechanistic pathway as they translocate across barriers (Fig. 1,
right), the fluorescent labeling may directly affect a peptide’s

solubility,’*® conformational dynamics,"*" oligomerization and
fibrillation behavior,">>*** membrane interactions,* and receptor
binding."”®> Before studying fluorescently labeled peptides in

complex biological environments, it is thus important to evaluate
the physicochemical properties of the peptides and how they
compare to the unlabeled peptide.

In principle, fluorescently labeled peptides may be evaluated
using common peptide characterization techniques,"® including
dynamic light scattering, size-exclusion chromatography with
multi-angle light scattering, ultracentrifugation, circular dichro-
ism, nuclear magnetic resonance, and fluorescence from extrinsic
dyes (e.g. thioflavin T). However, for several of these techniques,
there is a risk that the fluorophore attached to the peptide might
disturb the measurement. For example, in assays with extrinsic
fluorescent dyes, the peptide-attached fluorophore may obscure
the signal of interest.'*? Likewise, the presence of a fluorophore
may reduce the sensitivity and accuracy of light scattering-based
techniques." This calls for careful choice of the techniques used
for characterization of fluorescently labeled peptides and execution
in a manner compatible with the fluorophore.

Fluorescent labeling of peptides, however, also opens new
opportunities for studying peptide properties, for instance
investigation of the peptides with fluorescence fluctuation-
based techniques.'*®"*® An important example of this class of
techniques is fluorescence correlation spectroscopy (FCS)."*° In
FCS, the emission intensity of fluorescent molecules diffusing
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in and out of a small confocal detection volume is recorded,
and the temporal fluctuations of the intensity are analyzed to
obtain information about the concentration and diffusion
properties of the molecules. FCS may thus report on the oligomer-
ization and aggregation of fluorescently labeled peptides, since
multimeric peptide species have a smaller diffusion coefficient than
monomeric peptides.*®" Similarly, FCS may reveal conformation
changes of fluorescently labeled peptides in cases where these
changes are associated with an altered diffusivity of the
peptides.'®*

Fluorescent labeling may also provide the opportunity of
studying peptides using Forster/fluorescence resonance energy
transfer (FRET).'®®> This non-radiant energy transfer process
may take place between two fluorophores when the emission
spectrum of the one fluorophore (the donor) overlaps with the
excitation spectrum of the other fluorophore (the acceptor). The
efficiency of the process depends on the spatial proximity and
relative orientation of the donor and acceptor, and therefore,
FRET may provide information about the relative nanometer scale
distance of the two fluorophores. In samples with mixtures of
peptides labeled with either a donor or an acceptor, it is possible to
use this information to study peptide oligomerization and deter-
mine the stoichiometry of peptide complexes.'**'** Additionally, if
a given peptide is labeled with both a donor and an acceptor, it is
possible to use the information to investigate the conformational
state and dynamics of the peptide.'®®

Any research using fluorescently labeled peptides assumes
that the fluorescence signal corresponds in space and time to
the peptide of interest. Obviously, this is true only if the
peptide—fluorophore construct is not degraded. Ensuring the
absence of degradation is especially important in the design
and study of peptide transport across the intestinal barrier, as
the intestine is a particularly harsh environment.”*"®” The
biochemical barrier is constituted by a range of peptide degrading
enzymes including pancreatic proteases in the intestinal fluids,
brush-border membrane peptidases at the cellular interface, and
intracellular enzymes within the enterocytes.'®®"7° Peptide
degradation will in most cases not affect the fluorescent label.
Consequently, the peptide’s stability has to be assessed indepen-
dently of the attached fluorophore. To this end, three alternative
avenues are pursued: either (i) the peptide is incubated in vitro,
simulating the intestinal environment; or (ii) the peptide is
administrated in vivo and subsequently studied ex vivo, e.g., by
extracting blood samples; or (iii) the peptides are studied directly
in the native intestinal environment. In option (i), researchers
attempt to recreate the intestinal environment in vitro by incubat-
ing peptides in chemically simulated intestinal fluids (SIFs) that
contain the naturally occurring pancreatic enzyme mixtures, bile
acids, and phospholipids as well as having the relevant pH."”"'">
Another possibility is to incubate peptides in human aspirates
from the upper gastro-intestinal tract, which mimics the in vivo
environment closer but requires advanced sampling from human
subjects.””>™7> Option (ii) exposes the peptide to the native
intestinal environment prior to ex vivo analysis,"””®"”” traditionally
using the same analytical chemistry techniques as employed for
studying peptides in option (i). These techniques most often
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include high-performance liquid chromatography- and/or mass-
spectrometry-based analysis methods, which offer insight on
peptide stability, potential chemical modifications as well as
degradation kinetics."”%8°

Options (i) and (ii) can indicate if the peptide of interest is
still intact when exposing it to the environment of the intestine.
However, they neglect the possibility of observing location depen-
dent degradation or modification patterns (e.g: during transcytosis).
For option (iii), techniques like matrix-assisted laser desorption/
ionization mass-spectrometric imaging (MALDI-MSI), allows for
visualization of the stability and distribution of peptides directly
in the tissue, e.g, across the small intestine."®" This technique has
been employed to elucidate how di-peptides were partially degraded
by brush-border enzymes, providing an explanation for low in vivo
absorptions (Fig. 5C)."*>®* The combination of MALDI-MSI and
fluorescence imaging provides a powerful combination to verify the
integrity of the peptide of interest but also opens up possibilities to
learn about spatial degradation and modification mechanisms
during peptide transport across the intestinal barrier.

Of relevance, the fluorescence-based techniques mentioned
in Section 4 generally have in common that they allow for
evaluation of the peptides not only in simple aqueous solutions
but also in complex biological environments. Accordingly, they
may be applicable for studying the behavior of peptides in the
various experimental setups described in the following sections.

6. Membrane model systems

The cellular interaction of peptides starts at the level of the
plasma membrane. The first step of deciphering the intestinal
transport mechanisms of peptides is thus to understand their
membrane interactions. Imaging-compatible membrane model
systems represent a useful tool for shedding light on these
interactions.

6.1 Image-based peptide-membrane interaction and
translocation studies using artificial membrane models

The simplest approach to studying peptide-membrane interactions
is to use artificial membrane models. To obtain free-standing
artificial membranes compatible with imaging, giant unilamellar
vesicles (GUVs) are often used (Fig. 4, GUV)."®> " These vesicles are
usually either formed by electroformation or by spontaneous
swelling to be >5 pm in diameter, approximately the size of
mammalian cells."®® To ensure their biological relevance, the
vesicles are typically prepared to consist of unsaturated
phosphatidylcholines,'®”*® which is the most abundant type
of phospholipid in mammalian plasma membranes."”* Some-
times, they are also prepared with other lipid constituents to
confer additional specific properties on the vesicles, for example,
cholesterol to increase membrane rigidity'®” or phosphatidyl-
glycerol to decrease membrane surface charge. 885192

GUVs are commonly used to study membrane binding and
translocation of fluorescently labeled peptides. The translocation
studies are frequently done with GUVs with enclosed inner
vesicles, exploiting that peptides can only bind to an inner vesicle
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33, and 75 min). Reproduced from ref. 189 with permission from American Chemical Society, copyright 2013. (B) Top, schematic illustration of cell
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permission from Elsevier, copyright 2016.

if they have translocated across the outer membrane of the GUV
(Fig. 6A).'8¢18%189 By this principle, it is possible to determine the
kinetics of peptide translocation across the outer membranes if
the association to and dissociation from the membranes are not
rate limiting."®® Furthermore, by comparing the time course of
the translocation process to the transport of non-permeable
fluorophores across the outer membranes, it is possible to
investigate whether or not the translocation process is coupled
with membrane permeabilization.'®>'%7:1%9

6.2 Using cell-derived giant plasma membrane vesicles for
studying peptide membrane binding and translocation

While GUVs have been a steady work horse in the field of
peptide translocation studies, they represent a completely
artificial membrane system. Thus, their lipid composition are
much simpler than that of a cell membrane, and they do not
contain any of the membrane proteins making up roughly half
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the plasma membrane area in cells."®® Thus, for more realistic

quantitative biophysical peptide-membrane interaction studies,
researchers have turned towards more native-like environments
than classical synthetic liposomes."**"°® Specifically, in recent
years giant plasma membrane vesicles (GPMVs) have become
increasingly popular (Fig. 4, GPMV). GPMVs are micron-sized
single-bilayer structures, created by treating cells with chemicals
that induce a controlled blebbing of the plasma membrane
(Fig. 6B)."° Initially GPMV production protocols relied on
mixtures of the protein and lipid cross-linking agent formalde-
hyde and the reducing agent dithiothreitol (DTT) to weaken the
interaction between the cytoskeleton and the plasma membrane
followed by volume expansion driven by intracellular pressure.'®”
Although much lower concentrations of formaldehyde is used than
for regular cell fixation, this method was still believed to produce
less than ideal mimics of the plasma membrane environment."*®
Less harmful protocols have been developed, including the use of

© 2021 The Author(s). Published by the Royal Society of Chemistry



Open Access Article. Published on 15 June 2021. Downloaded on 9/23/2022 8:53:10 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

RSC Chemical Biology

N-ethylmaleimide, which do not directly cross-link protein or
reduce disulfide bridges.'*® Still, one needs to be aware that GPMV
preparation processes have been reported to impose a lack of actin
cytoskeleton, phosphorylated lipids, and strict lipid asymmetry
between bilayer leaflets. The key advantage is that GPMVs main-
tain the diverse lipid and protein composition of the original
cellular membrane." This means that the GPMVs harbor a lipid
complexity, which cannot be produced in purely artificial systems,
and which can be modified by the choice of initial cell line.""”
Additionally, cell lines can be genetically modified to express
fluorescently labelled plasma membrane proteins, giving the
opportunity to use imaging modalities to track peptide:protein
interactions in the produced GPMVs. Known regulators of
peptide:cell interactions are the glycoproteins and glycolipids
making up the pericellular matrix, known as the glycocalyx. Since
GPMVs have been shown to retain the glycocalyx after isolation,**
they offer the possibility to study how it affects peptide:membrane
interactions in a controlled environment. Although GPMVs cannot
be used to study the endocytic pathways of peptide uptake, they do
represent a well-suited system for elucidating peptide-membrane
interaction and direct translocation mechanisms. Thus GPMVs are
believed to be a promising tool for peptide transport studies
and have been used to study the translocation mechanism of
therapeutic peptides,**"*°* cell-penetrating peptides'®*>932%*
and bacterial toxins.?%?

7. Imaging-based studies on cellular
uptake and transport of peptides using
single-cell and cell-layer systems

While unique insight into peptide-membrane interaction and
translocation can be gained using GUV and GPMVs, they are
simplified model systems which lack key biological features that
are central to cellular uptake and transport, such as an energy
dependent uptake machinery. Therefore, single-cell systems in
combination with fluorescence microscopy have been a corner-
stone for studying cellular transport of peptides.'””*?%2% we
note that such studies are compatible with many established and
emerging imaging modalities (see Section 4.1) (Fig. 4, Single cell).

For some applications, conclusions may be made based on
integrated intracellular levels of a fluorescently marked peptide and/
or a rough cellular localization (with time-resolution) of peptides. In
particular, such a simple data-analytic approach may be sufficient to
provide evidence in favor of a particular peptide translocation
mechanism”7>?** when combined with proper control experi-
ments, biophysical assays and/or model calculations. For example,
either immediate cytosolic delivery, resulting from direct transloca-
tion across the membrane, or endocytic uptake of GFP was readily
observed to depend on the cell-penetrating peptide conjugated to
the green fluorescent protein (GFP).>'° In this paradigm, one may
maximize the temporal resolution of the imaging modality, since
the signal from the fluorescent probes is typically not a limitation
(see Section 4.1).

At the cellular level, mechanistic insight on uptake
and translocation may be gained by the use of additional,
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organelle-specific markers that are spectrally separated from that
of the peptide.®"*" The extent of co-localization is typically
assessed using simple image correlations.®® Subcellular localization
of peptides may also be revealed using other means, for example
pH-sensitive probes.”"! Such environmental dependencies of fluoro-
phores may however be a caveat in co-localization analysis. In
particular, fluorescence quenching may conceal co-localization of
peptides with the membrane of cells and/or organelles, which,
however, may be leveraged by diluting labeled peptide with its
unlabeled analogue.*'**'* In the presence of fluorescence
quenching, care should be taken before integrated fluorescence
intensities are used to quantify the density of peptides.

If peptide uptake in the cell does occur, fluorescence recovery
after photobleaching (FRAP) can determine the mobile (free)
and immobile (bound) fractions of molecules.*?*'>21¢ In this
approach, intense, focused light bleaches a well-defined spatial
region of a sample followed by observation of the recovery of
fluorescence with time as surrounding fluorophores diffuse into
the bleached region. Diffusion coefficients of various diffusers
are subsequently estimated by employing a theoretical model
for diffusion of a (heterogeneous) population of molecules.>*®

Assays based on single cell models can provide important
knowledge on the cellular uptake and transport of peptides.*'”
Simple intestinal barrier-like setups consisting of a confluent
cell layer on a glass surface have added additional insights on
barrier physiology®'®>'° and peptide/protein transport.>*° How-
ever, neither single cells nor confluent cell layers on a glass
surface recapitulate the complex three-dimensional characteristics
and organization of fully differentiated cells making up an
intestinal barrier. They fall short of accurately describing the
chain of transport processes that the peptide experiences from
one side of the intestinal barrier to the other in a polarized cell
monolayer. This shortcoming makes physiologically relevant
in vitro or ex vivo models of great interest, not only as end-
point screening platforms for investigating peptide permeability,
but also for dynamic in-depth mechanistic studies of peptide
transport across the intestinal barrier. To facilitate such studies,
sophisticated physiologically relevant models that are compatible
with live cell imaging are emerging. The following sections review
them in detail.

8. In vitro and ex vivo models for
studying peptide translocation across
intestinal barriers

8.1 Peptide transport and translocation studied using in vitro
intestinal barrier models

In vitro intestinal epithelial barrier models have traditionally
been based on static 2D Transwell systems>' utilizing the
human-derived adenocarcinoma cell line Caco-2 that spontaneously
differentiates into small intestine-like enterocytes after 17-21 days
(Fig. 4, monolayer). To generate a model that more closely resembles
the in vivo scenario, gobletlike cells HT29 MTX*** and Raji B
lymphocytes® have been employed to induce mucus expression
and to implement immunological features, respectively. Efforts have
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also been made to mimic the physiological villi-crypt structure of the
small intestine by creating scaffolds made of porous poly(lactic-co-
glycolic acid) (PLGA),”** micromolded collagen®*>*?° or silk fibroin
proteins.””” As an example, culturing human small intestinal cells
on a collagen-derived scaffold and creating a chemical- and growth
factor gradient across the cell layer (Fig. 7A, top) allowed the
formation of a differentiated and polarized cellular compartment
mimicking aspects of the in vivo scenario (Fig. 7A, bottom).

The Transwell technology uses a microporous diffusion-
open polymer membrane as cell culture support to enable
exposure to difference chemical environments on opposing
sides of a cell layer. It has been a vital platform for investigating
intestinal absorption of peptides**® and has played a pivotal
role in investigating passive paracellular/transcellular transport
of peptides and the impact on their absorption profile upon
various structural modifications.?”® A major limitation of
Transwell-based models is that they are not designed for
microscopy and thus offer no direct visual insight on transport
mechanisms (Fig. 1, left). The main obstacle is the distance
between the cell monolayer and the basolateral chamber, which
is not compatible with the working distance of high magnifica-
tion, high numerical aperture objectives (see Section 4.1).>?
Many studies circumvent this problem by chemically fixing the
cell samples, excising the semi-permeable Transwell
membrane, and placing it on a coverslip for imaging.>*° This
approach provides static snap-shots of drug transport, but it
falls short of capturing the dynamics of cellular transport of
peptides and drugs inside cells and across the barrier.**° In
order to rectify these shortcomings, cells have been grown on
the underside of the semi-permeable membrane, but the dis-
tance from the sample to the objective still remains a problem
for high-magnification imaging.>* Other studies have made use
of a small-volume, closed-bath imaging chamber that allows
live imaging with higher-magnification objectives.”*' However,
this also requires a specialized microscope platform and stage
adaptor, and the semi-permeable membrane must be cut out
and placed in the chamber for imaging.”*'

8.2 Commercially available platforms for high-resolution live-
cell imaging of peptide transport across intestinal barriers

More image-compatible cellular barrier systems than Trans-
wells have been developed to facilitate high-end live cell
imaging. The p-Slide Membrane ibiPore Flow system (Ibidi,
Germany) consists of two channels separated by a 0.3 pm-thick
porous glass membrane and fluidic channels for inducing
shear stress. The major advantage of this system is the highly
transparent thin glass bottom (180 pum) and internal porous
glass membrane, which gives access to real-time monitoring of
drugs over time. However, the system is not designed for
intestinal models and only allows liquid perfusion through
the lower chamber. No intestinal transport studies have yet
been reported with this system. Additional drawbacks of this
single-chip system are the low throughput and the need for
pumps, tubing systems, and related specialized equipment. In
a recent development, an in vitro intestinal barrier model was
established in the OrganoPlate (Mimetas, the Netherlands),
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a pump-free, microfluidic extracellular-matrix-based platform
(Fig. 4, Organoplate) (Fig. 7B).>** In forty parallel chips, Caco-2
cells differentiate into polarized, intact monolayers and form
intestinal tubules. Due to continuous perfusion cell differentia-
tion takes place in only 4 days.>*> In addition to the fast
differentiation time and the lack of a physical membrane, the
OrganoPlate is designed with three adjacent channels instead
of the stacked topology of traditional models like the Transwell.
This and its glass bottom strongly facilitate high-end live-cell
imaging.>*?

8.3 Ex vivo barrier models offer increased biological
complexity

Attempts to better preserve and recapitulate the biological
complexity of the intestinal barrier have been made by the
use of ex vivo intestinal models (Fig. 4, Microtissue). The Ussing
chamber equipped with intestinal human or animal tissue*? is
one model that has been utilized vastly for determining drug
permeability. However, the model suffers from short viability of
the tissue segments, low-throughput, and incompatibility with
live imaging.?***** A high-throughput alternative to the Ussing
chamber is the InNTESTine system (TNO, the Netherlands) that
allows monitoring of 96 excised porcine tissue barriers simulta-
neously but also suffers from short tissue viability and imaging
incompatibility issues.”** The Epilntestinal model (MatTek,
MA) is a high-throughput, human primary cell-based, 3D
microtissue model that can be kept in culture for up to a
month (Fig. 7C).>**> The model demonstrates a higher correla-
tion to human in vivo drug absorption profiles than classical
Caco-2 Transwell systems>*® and has also been used in a multi-
organ-chip system to recapitulate absorption.>*® As the Epiln-
testinal model expresses many of the enzymes and transporters
of the small intestine, peptide transport studies in this model
could offer biologically relevant mechanistic insight. One pro-
mising approach for live-cell imaging of the model is 2PM,
which can be employed for in-depth imaging of tissue samples,
as explained in Section 4.1 (Fig. 3). The limitation of this
approach is the compromise made on speed of imaging,
resulting in limited information gained on dynamic intracel-
lular processes. In addition to the more high-throughput solu-
tions described above, the use of excised and fixed tissue
sections for studying barrier transport is gaining more wide-
spread use. Examples of this include the two recently FDA
approved peptide formulations oral semaglutide (Section 2.3)
and octreotide (Section 2.4).>°>* Tissue fixation allows for the
use of immunostaining, and tissue clearing greatly increasing
the ability to image deep into tissue with high spatial
resolution.>®” The main drawback of fixing excised tissue sec-
tions is the inability to perform live imaging and the potential
artifacts introduced during fixation. The whole field of ex vivo
barrier models is greatly benefitting from the emerging
approaches enabling in-depth live imaging in tissues such as
LLSM (see also Section 4.1) (Fig. 3). In combination with
clearing techniques and adaptive optics, it has the possibility
to revolutionize imaging deep into tissue samples with pre-
viously unseen levels of spatial and temporal resolution.>*®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Summary of in vitro and ex vivo intestinal barrier models for studying peptide transport. (A) Example of micro-engineered scaffolds to generate
crypt-villus architecture of human small intestinal epithelium. Top left, an electron microscopy image of the PDMS stamp used to create, top right, a
micromolded collagen scaffold in a modified Transwell insert; bottom, visualization of cellular differentiation and polarization using immunostaining. Left,
absorptive enterocytes localized on the villi (ALP, red) and proliferative cells localized in the crypt (EdU, green). Right, terminally differentiated tissues of the
intestine expressing human cytokeratin 20 localized on villi tips (KRT20, red) and stem cells localized to crypts and adjacent regions (Olfm4, green).
Reproduced from ref. 226 with permission from Elsevier, copyright 2017. (B) Top, OrganoPlate by MIMETAS: schematic of the three lane system at the
center of each channel network, consisting of a Caco-2 cell tubular lane, an extracellular matrix (ECM) gel lane, and a perfusion lane. Bottom, 3D
reconstruction of a confocal z-stack showing the Caco-2 cell tubular morphology visualized by staining the tight junction protein ZO-1 (red), the brush
border-protein Ezrin (green), and DNA (blue). White arrows indicate the apical (A) and basal sides (B). Reproduced from ref. 232 with permission from
Springer Nature, copyright 2017. (C) Epilntestinal™ model, an ex vivo model for studying drug absorption in the small intestine based on primary human
cell-based organotypic small intestinal micro-tissues. Left, an illustration showing different types of cells and the microporous membrane underneath.
Right, immmunostained cross-sections of the reconstructed microtissues showing cytokeratin-19 stained columnar epithelial cells (CK-19, red), villin
stained apical surface of epithelium (green) and vimentin stained fibroblasts in the underlying ECM substrate (white). Reproduced from ref. 235 with
permission from Springer Nature, copyright 2018. (D) Left, two types of organoid morphology, basal-out and apical-out, can be produced, with the latter
potentially facilitating studies of peptide transport across the intestinal barrier from the apical to the basal side. Middle, organoids imaged using modulation
contrast microscopy. Right, confocal microscopy images with nuclei in blue, ZO-1 (green) and B-catenin (red) illustrate how the orientation of the organoid
organization is flipped when going from the basal-out to the apical-out system. Reproduced from ref. 252 with permission from Cell Press, copyright 2019.
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Organoids are used as another tissue-mimicking model of
the intestine, which is receiving increased interest in the field
of drug delivery.”*® Organoids are multicellular organotypic
3D-clusters generated from either primary tissue, embryonic
tissue, or induced pluripotent stem cells, closely resembling the
structural build seen in vivo (Fig. 7D).>****> Organoids exhibit
tissue-specific markers, with a self-renewal ability making them
a complex and sophisticated model that is able to mimic a
variety of organs (brain, liver, lung, gut, kidney, pancreas, and
salivary gland). To date, however, intestinal organoids have
primarily been used as disease models, for studying morpho-
genesis, or to investigate inflammatory host-pathogen
interactions.>***> Thus, the use of organoids in the context
of analyzing peptide trafficking across a cellular barrier have
been limited, predominantly due to the traditional basolateral-side
out orientation of intestinal organoids resulting in inaccessibility
of the apical side.>*® To overcome this limitation, attempts have
been made to use, e.g., microinjections***>*” or to dissociate
intestinal organoids into single cells and culture them as
2D-monolayers in classical Transwells*>****° or in more advanced
organ-on a-chip systems.?*>*! Another approach to gain access to
the apical side, while aiming at maintaining the 3D identity
of intestinal organoids, rely on inverting organoid polarity by
modifying the culturing conditions, resulting in so called apical-
out organoids.>>® While these attempts show great potential,
organoids must be fully verified as physiological relevant transport
models, before they can emerge as a state-of-the art model system
for studying peptide transport.

9. Imaging-compatible
organ-on-a-chip microfluidic models

The most technically advanced cell-barrier models are the emerging
organ-on-a-chip systems (Fig. 4, Organ-on-a-chip).>>*** In these,
researchers combine tissue engineering and lab-on-a-chip technol-
ogy to create a platform that allows accurate and biologically
relevant studies of both cellular barrier physiology and peptide
transport. In recent years, micro-engineered devices have been used
to establish tissue models that mimic physiological function
and structural complexity of human organs such as lung,**®
intestine,”***” liver**®>>° and heart*****' in vitro (Fig. 8A). The
intestine focused organ-on-a-chip systems represent minimal
functioning units of the biological barrier providing a more
native-like microenvironment within a micrometer-sized chamber
as compared to their conventional counterparts, like Transwell-
and 3D models (see Section 8.1). A major drawback of Transwell
models is the absence of flow, which is an intrinsic feature
of the native biological environment. With conventional 3D
models, on the other hand, it is problematic to quantify
transcellular transport, since sampling from the luminal content is
challenging.**>*** Additionally, these systems lack tissue-tissue
interfaces, such as vascular endothelium and parenchymal cells.***
The intestine-focused organ-on-a-chip systems combines living
cells and continuous flow, creating a 3D model that exhibits key
hallmarks of native tissues. Consequently, they offer the potential
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for more biologically accurate readouts of, e.g., peptide transport
across cellular barriers.

One strategy to recreate the multicellular interface of organs
is to incorporate polymer membranes into the microfluidic
channel of these devices.***>*° Most commonly, poly(dimethyl-
siloxane) (PDMS) is used as fabrication material for such systems.
PDMS is transparent and thus enables high-resolution microscopy
of the developed intestinal barrier model.>*>**” This strategy has
been widely employed to develop gut-on-a-chip systems and is
popular among the researchers in the field. Another interesting
approach uses microfluidic hydrogels with built-in microchannels,
which are intrinsically highly permeable to biomolecules and
therefore alleviate the need for micropores.”’°>’> Moreover,
microfabrication techniques, specifically 3D-printing, offer the
possibility of creating complex microchannel networks and
microarchitectures through a one-step procedure.?”!?737273
Recently the above-mentioned technologies were combined to
develop a hybrid mini intestine, composed of an elastomeric
PDMS-based frame and a hydrogel compartment for cell
culture.>** Exploiting the self-organization property of the
intestinal stem cells, a tubular epithelium with similar spatial
arrangement of crypt- and villus-like domains was generated as
well as an accessible lumen. Horizontal orientation of the
device—like most of the gut-on-a-chip systems in general -
further facilitates monitoring of intercellular translocation by
means of high-resolution imaging.>***7°28 In contrast to other
off-the-shelf solutions, such as living organs or macroscale 3D
models, the chip-based models offer unique possibilities for
high-resolution, real-time imaging of biological phenomena at
the molecular scale within a 3D tissue model.>”***° More
specifically, integration of the mini-intestine chip with state-
of-the-art microscopes and cameras enabled bright-field and
fluorescence live imaging of the intestinal tissue development,
regeneration, and parasite infection (Fig. 8B). Another interest-
ing example of high-resolution imaging of organ-on-a-chip
models is the implementation of stochastic optical reconstruction
microscopy (STORM, see Section 4.3) on a simple and versatile
microfluidic platform to visualize mitochondrial protein distri-
bution in live cells.”®"

Besides cell orientation, the microfluidic platforms present
several other advantages over their classical counterparts: They
facilitate the required long-term high-resolution image acquisition
by providing stable conditions for the cells, and, at the same time,
they enable monitoring of cell growth and division.”*****> This
advantage has been utilized in the development of an integrated
microfluidic device capable of real-time imaging of living cells with
high signal-to-noise ratio under continuous perfusion.”®® Using
TIRFM (see Section 4.1), the setup allows non-invasive in situ of the
location of insulin granules in mouse pancreatic f-cells
(Fig. 8C).>®* This is to date the most relevant study where advanced
microscopy and organ-on-a-chip have joined forces to provide
valuable insights into a biological translocation. However, it
must be noted that organ-on-a-chip technology is in its infancy
and many tissue characteristics still need to be engineered and
integrated in a robust format to reach broad application. As
mentioned, these microfluidic devices**®*°72857289 have been
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Fig. 8 Imaging cells in lab-on-a-chip platforms. (A) Schematic cross-section of a microfluidic organ-on-a-chip. Top, left, device showing cyclic
mechanical strain using the two vacuum chambers, which creates a shear stress in the perpendicular direction. Top, right, photograph of the device with
blue and red dyes representing upper and lower microchannels, respectively. Bottom left, a differential interference contrast micrograph showing
intestinal crypt (red arrow) and villi (white arrow) formation for Caco-2 cells grown in the chip. Bottom center, confocal immunofluorescence image of
horizontal cross-section of intestinal villi stained for F-actin (green) labelling the apical brush border of polarized intestinal epithelial cells and
DNA (blue), reproduced from ref. 268 with permission from National Academy of Sciences, copyright 2016. Bottom right, confocal fluorescence image
showing vertical cross section of an intestinal villi inside the chip, stained for F-actin (green), Mucin-2 (magenta), and DNA (blue). Reproduced from
ref. 256 with permission from The Royal Society of Chemistry, copyright 2012. (B) Schematic of microfluidic platform of the mini-intestine, consisting of a
hydrogel chamber in the center, fed by the two medium reservoirs, perspective and side view (left). Bright-field and fluorescence time-course
experiments showing the real-time formation of epithelium in mini-intestine chip (right). Reproduced from ref. 244 with permission from Springer
Naturee, copyright 2020. (C) Left, schematic of the integrated device for observation of insulin granules inside the adherent cells cultured under
continuous medium perfusion. Right, microscopic images of the MIN6-m9/insulin-GFP cells captured on the integrated system with different
illumination modes, bright-field, epifluorescence microscopy (EPIFM), and TIRFM. Reproduced from ref. 284 with permission from Springer Nature,
copyright 2012.
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successfully coupled with imaging setups for real-time imaging,
which makes them candidates for providing detailed mechanistic
understanding of complex biological phenomena, such as peptide
transport across the intestinal barrier.

The organ-on-a-chip technology is rapidly growing. However,
from a technological standpoint, several overarching considera-
tions and operative challenges must be tackled to fully realize the
potential of these micro-engineered devices and successfully
translate them from proof-of-concept to practical screening plat-
forms. One of the very basic issues arises from the material, PDMS,
which is the most commonly used for fabrication. Albeit allowing
high-resolution imaging, PDMS absorbs small hydrophobic com-
pounds, including drug molecules,****** which may hinder accu-
rate evaluation of the parameters of interest. Furthermore, lack of
a standardized automated fabrication process poses additional
technical hurdles in terms of high-throughput operation and
reproducibility. Another underdeveloped aspect of on-chip assays
is the fact that high-end fluorescence imaging still relies mainly on
fixed and immunostained samples. This is an end-point analysis,
while current live-imaging techniques used in organ-on-a-chip
platforms are mostly still limited to WFM modes, such as bright-
field and epifluorescence imaging (see Section 4.1). Looking
forward, one can envision highly automated systems integrating
microfluidic devices, sophisticated built-in sensors,**>** and
advanced multiplex imaging techniques.

10. In vivo imaging of transport across
the intestinal barrier

Despite the immense amount of insight gained on the fundamental
function of cellular barriers using in vitro and ex vivo models of
various complexity, such systems are inherently limited and do not
fully recapitulate the natural in vivo milieu. Consequently, within the
last few decades, various in vivo imaging platforms have been
developed.>®>?% They allow for continuous fluorescence imaging
of a plethora of different living tissues, including the intestinal
cellular barrier. Such intravital microscopy (IVM) setups allows for
long-time measurements, ranging from hours to days, under mini-
mally invasive conditions (Fig. 4, Intravital and Fig. 9). This circum-
vents the accelerated tissue degradation observed in, e.g., explanted
tissue models.>”?”” In contrast to whole-body in vivo imaging
modalities like MRI and PET-CT, which typically have a spatial
resolution in the millimeter range,*****° IVM allows for imaging
with single-cell resolution, making it ideally suited for elucidating
the molecular mechanisms governing peptide transport across
cellular barriers.*® The single-cell resolution of IVM also allows
for quantitative measures of cellular barrier heterogeneities with
respect to both physiology and transport processes.**>?*?*% The
main limitations for employing IVM is the requirement for sophis-
ticated equipment, both with respect to advanced microscopes and
animal-handling setups, as well as specially trained and skilled
personnel.****” These technical requirements and the tedious data
acquisition mean that IVM inherently is not a high through-put
technique. Instead it offers an unmatched level of detail and
biological accuracy.”®®
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To facilitate IVM of the intestinal barrier, one method relies
on an intestinal section being externalized from an anesthe-
tized mouse and placed inside a glass-based imaging chamber
(Fig. 9A).>°” The subcellular resolution provided by such setups
has been used to determine in vivo, the molecular mechanism
by which tumor necrosis factor o disrupts the intestinal barrier
integrity through modification of TJ structure and function.*’*
For transport studies, both peptides and proteins have been
imaged crossing the intestinal barrier. This has offered unique
insights on how specific epithelial- and immune cells coordinate
the transport process in vivo (Fig. 9A and C).***** In a drug-
delivery context, the setup has been used to elucidate a clear
dependency on NP size in both the amount and the route of
transport across the intestinal barrier. Smaller particles displayed
increased transport.*®® Finally, IVM was used to visualize how

A Intestinal imaging Window

Imaging
window

Stage
warmer
Nylon
washer
Cover sli
2 Insect pin Silicone pad
Exposed
c intestine

Dex-Fluo NP

Fig. 9 Invivo imaging of the intestinal barrier. (A) An illustration showing a
mouse with a surgically implanted imaging window allowing visualization
of the small intestine. (B) A schematic showing an IVM setup where an
intestinal section is externalized from an anesthetized mouse and placed
inside a glass based imaging chamber. (C) An example of a IVM setup being
used to demonstrate differential uptake of orally administered particles
and antigens. Dextran-fluorescein (Dex-Fluo) (green) enters through
Goblet cell-associated passageways (white arrows), while 20 nm poly-
styrene nanoparticles (NP) (red) enter via intestinal epithelial cells.
Reproduced from ref. 303 with permission from Public Library of Science,
copyright 2014.
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NP-delivered insulin interacted with the microvilli of the
intestine.>** The molecular mechanism of the insulin absorption
was revealed to depend on a direct interaction with the apical
sodium-dependent bile acid transporter.

IVM may also be performed in conjunction with a surgical
implantation of an imaging window through which the micro-
scopy can be performed®*>°® (Fig. 9B). This methodology does
not rely on tissue externalization and thus allows IVM to be
performed on a larger range of cellular barriers. The main
benefit of performing imaging window-based IVM is the ability
to image tissue under near-native conditions and in its ortho-
topic position without this imaging being compromised by
the detrimental optical distortions typically experienced when
imaging non-superficial tissues.>*® Additionally, the technical
advances in surgical procedures and window implementation
now make it possible to image cellular barriers for extremely
long periods (up to months), while maintaining subcellular
resolution.>*>*°” However, it is important to keep in mind that
this technique requires highly specialized staff and sophisticated
equipment. Also, it remains prone to trauma and contaminants
introduced during the surgery and to damaging fluid accumulation
over time. All of this limits the use of the technique to a restricted
number of highly specialized groups.’”” Recently, surgically
implanted imaging windows in the mouse abdomen have allowed
researchers to perform IVM of living intestinal tissue.’*® This has
facilitated novel insights on how the complex cellular architecture of
the micro villi formations lining the intestinal barrier is produced
and maintained.*® These methods are still in their infancy and
have, to our knowledge, not been employed for studying peptide
transport across the cellular barrier. We envision, however, that
such studies should be feasible with current setups. Overall, the
unique ability of IVM to study biological processes and drug
transport in conditions resembling the native environment will
make IVM an increasingly important tool for reducing the
translational gap between early drug development and clinical
efficiency.0%3%°

11. Peptide-based nanoparticle
delivery systems

The main focus of this review is on the transport across cellular
barriers of peptides as individual entities. However, another
appealing mode of delivering peptide and proteins is to assem-
ble them into NPs. Here we define such peptide/protein NPs to
be structures where the core element is the peptide/protein
itself and thus not delivery vehicles where peptides/proteins
are, e.g., encapsulated. For a thorough discussion on the latter
type of delivery system see the recent review by Brayden et al.>*
Making peptide/protein NPs can be done either through self-
assembly, chemical cross linking, de-solvation, or a combination
of approaches.*'® The benefits of NPs include: protection of the
peptides/proteins against enzymatic degradation,*’® improved
physicochemical properties compared to free peptide/protein,
increased cellular uptake, reduced clearance from tissue
microenvironments, the ability to bypass biological barriers

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(e.g., mucus® and glycocalyx®'"), as well as the potential to
deliver a high payload of biologically active molecules. The
transport across intestinal barriers of NPs is highly dependent
on the physicochemical properties of the particle.*’>*'* Larger
NPs (100-200 nm) are commonly endocytosed by clathrin- or
caveolin-mediated endocytosis, while smaller (<100 nm in
diameter) particles can be taken in by macro- or micropino-
cytosis. Some protein NPs will be endocytosed by interacting
with the receptor of the free protein on the cell surface. For
instance, albumin particles such as Abraxane, a 130 nm diameter
bovine serum albumin particle loaded with the chemotherapeutic
paclitaxel, has been shown to interact with the endothelial gp60
receptor to induce caveolin mediated endocytosis (similar to free
albumin).*'* Unzueta et al. showed that 13 nm self-assembled NPs
from GFP coupled to the peptide T22 interact with the CXCR4
receptor and lead to uptake into endosomes.*"” Interestingly, they
found that the T22 peptide bound more weakly to the receptor
than other peptides tested but that the T22-GFP NP was the only
construct that lead to cellular uptake.*’> More detailed imaging
might lead to a deeper understanding of the reason for the
discrepancy between receptor-binding affinity and cell uptake.
Estrada et al. also used GFP to formulate NPs. These chemically
crossed-linked particles carrying (-galactosidase showed protec-
tion of the active enzyme in the biological environment as well as
increased cellular uptake of the enzyme when delivered by the
283 nm negatively charged protein particles and compared to free
enzyme in solution.*'® GFP has also been used to show protein
encapsulation into Qp-virus-like protein particles that helped to
protect the encapsulated protein against thermal denaturation
and degradation by proteases and lead to efficient uptake in
CD22" cells.*"”

However, cellular uptake is not enough to cross epithelial
barriers such as the ones found in the intestine, and knowledge
about particle exocytosis and transcytosis is crucial.**® Bramini
et al. showed, using fluorescently labeled polystyrene NPs, how
a Transwell setup and a combination of CLSM and TIRFM (see
Section 4.1) (Fig. 3) can be used to evaluate transport of NPs
through a tight epithelial barrier.**® It would be interesting to
see methods like these applied to peptide/protein particle
systems, such as the ones described above, to gain more
mechanistic insights on the transport and biological fates
of these biodegradable systems after endocytosis. Different
imaging techniques can also be utilized to evaluate NP inter-
action with mucosal barriers, such as particle tracking (see
Section 4.2).>*° Surface charge of NPs has shown to have great
impact on NP diffusion in mucus, with negatively and neutrally
charged particles being able to diffuse through mucus while
positively charged particles get trapped.®*® This interaction can
possibly be utilized to ensure prolonged residence time of a NP
system in the intestine allowing slow release of single proteins or
peptides.®*! There are numerous examples of such prolonged NP
interactions with biological barriers facilitating better delivery of
vitamins®"*~?* and hydrophobic drugs®**=** and a few for delivery
of active protein and peptides.’*®>**° These highly biocompatible
systems show great potential for improved drug targeting, avail-
ability, and enhanced patient compliance.
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13. Conclusion

Poor predictive power of current preclinical drug testing results in
major failures in clinical trials and consequently in high costs of
research and development in the pharmaceutical industry.>****”
To remedy this, it has been proposed to enhance the focus on
understanding the biological mechanisms that facilitate drug
uptake and transport.>'* This focus requires new barrier models
and technical methods. Fluorescence imaging is poised to be part
of the solution, and currently there is a rapid development of
advanced intestinal barrier models that are compatible with high-
end imaging modalities. This progress in model development
coincides with the increased access to (L)LSM setups, both offering
the imaging speed, sensitivity and low phototoxicity needed to
implement 4D microscopy as a stable in peptide translocation
studies. Here, we have provided an overview of the various aspects
and possibilities one should consider before engaging in studies of
peptide transport across the intestinal barrier using fluorescence
microscopy. Overall, the endeavors reviewed here pave the way for
cutting-edge, dynamic, high-resolution mechanistic transport
studies in highly sophisticated barrier models that recapitulate
the physiological features of the small intestine with enhanced
precision. This should result in improved end-point efficacy in
oral delivery and thereby bridge the translational gap between
bench and bedside for peptide biopharmaceuticals.
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