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SUMMARY

Permeability is an important property across various fields, notably in
the transport of substances through cellular membranes. Membrane
permeability might be affected by curvature in highly curved mem-
branes. In the cell, numerous lipid membranes exhibit high curvature,
exemplified by structures such as caveolae, mitochondrial cristae, nan-
otubes, membrane pearls, small liposomes, and exosomes.

Among these curved membranes, liposomes represent advanced
drug delivery systems, particularly in cancer treatment. The devel-
opment of pH-sensitive liposomes, employing fatty acids (FAs) as trig-
gers for drug release in tumor tissues, is underway. However, FAs are
also recognized for enhancing permeability, raising concerns regard-
ing potential drug leakage or premature release from liposomal struc-
tures. Thus, understanding the passive permeability of drugs through
liposomal membranes becomes imperative for ensuring timely and con-
trolled drug delivery.

Another example of a curved membrane structure is caveolae,
small invaginated membrane structures enriched with cholesterol.
Previous studies have proposed that caveolae play a role in regulating
cellular oxygen (Og2) levels. O is vital for aerobic metabolism,
powering oxidative phosphorylation in mitochondria. = However,
excessive Oo can lead to the generation of reactive species, posing
a threat to cellular integrity. Therefore, maintaining optimal Og
balance entails balancing its benefits while minimizing potential
harm. The precise role of caveolae in absorbing and modulating Oq
release to mitochondria remains elusive. To address this knowledge
gap, our objective is to investigate how structural features of caveolae,
particularly membrane curvature, impact local Oy levels.

The aim of this PhD thesis is to assess how the membrane

curvature and composition can affect the permeability in
pH-sensitive liposomes and caveolae.

xxi



SUMMARY

Unfortunately, the geometry of highly curved membranes creates
ambiguity in the permeability value, even with an arbitrarily large
factor purely based on geometry, caused by the radial flux not being
a constant value in steady-state. To avoid the ambiguity in permeab-
ility for curved membranes, a new permeability definition should be
provided.

Molecular dynamics (MD) simulations are a computational tool
to gain insight in the transport behavior at the atomic scale. At the
molecular scale, the counting method uses the number of membrane
crossings in a conventional unbiased MD simulation to predict the
permeability. In the case of rare events, there might be an insuffi-
cient number of crossings, and the statistics can be poor. This thesis
will also investigate under which conditions the counting method has
insufficient statistics.

In the introductory Chapter 1, an overview of key concepts such
as permeability, pH-sensitive liposomes, and molecular modeling is
presented. The subsequent discussion will focus on the importance of
passive permeability of pH-sensitive liposomes and caveolae, showing
the necessity to investigate the influence of curvature and composition
on passive permeability of these systems.

Chapter 2 serves as a comprehensive guide to the simulation set-
tings and parameters utilized in this thesis, aimed at facilitating repro-
ducibility for fellow researchers. Additionally, this chapter provides
detailed descriptions of the simulated systems and methods employed
throughout our research.

In Chapter 3, the ambiguity in permeability for liposomes is
resolved by providing a new permeability definition. The liposome
permeability is defined guided by the criterion that a flat and curved
membrane should have equal permeability, in case these were to be
carved out from an imaginary homogeneous medium. The defini-
tion is then transferred to the counting method, which is a practical
computational approach to derive permeability by counting complete
membrane crossings. Finally, the usability of the approach is illus-
trated with MD simulations. Our new liposome permeability defin-
ition allows comparing a spherically shaped membrane with its flat
counterpart, thus showcasing how the curvature effect on membrane
transport may be assessed.

In Chapter 4, to illustrate the limitations of the counting cross-
ing method to calculate the permeability, coarse-grained (CG) MD
simulations were run for membranes with different permeant types.

xxil



In conclusion, a high permeability in itself is not an effective indic-
ator of the sampling efficiency of the counting method, and caution
should be taken for permeants whose solubility varies greatly over the
simulation box. A practical consequence relevant in e.g. drug design
is that a drug with high membrane permeability might get trapped
by membranes, thus reducing its efficacy.

In Chapter 5, to investigate how curvature and lipid composition
of pH-sensitive liposomes affect their passive permeability, CG MD
simulations were performed. The permeability was determined with
the counting method. Flat bilayers and liposomes with varying dia-
meters and compositions were studied. The investigated permeants
have different free energy profiles (solubility) across the membrane.

First, for the curvature effect, our results showed that curvature
increases water permeability. However, a high curvature decreases
permeability for permeants with free energy profiles that are a mix of
wells and barriers in the head group region of the membrane. Import-
antly, the type of experimental setup is expected to play a dominant
role in the permeability value, i.e. whether permeants are escaping or
entering the liposomes. Second, for the composition effect, FAs in-
creased permeability up to 55%. Cholesterol has the opposite impact
on membrane permeability. Therefore, FAs and cholesterol have op-
posing effects on permeability, with cholesterol’s effect being slightly
stronger in our simulated bilayers. It can be concluded that the pass-
ive drug release from a pH-sensitive liposome does not seem to be
significantly affected by the presence of FAs.

In Chapter 6, our focus lies on assessing how the structural char-
acteristics of caveolae, particularly the curvature of the membrane,
influence local O abundance and membrane partitioning. To achieve
this, we employed MD simulations to model both a flat bilayer and
a liposome. Our investigation includes examining associated changes
in membrane-level Oy partition coefficients and free energy profiles.
Given the inherent challenges in accurately simulating caveolae at
their true size (60 to 80 nm diameter) using all-atom (AA) MD, we
sought an alternative approach. Consequently, we selected a coarse-
grained (CG) model for the Oy among the Martini 3 CG beads. This
choice was made after detailed assessment based on various criteria,
including the bead’s partitioning in oil-water and lipid membrane and
diffusivity.

Conducting CG MD simulations with this new model, we simu-
lated a curved membrane and selected CG model for Os. A compar-
ative analysis involving a flat bilayer and a liposome enables us to
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SUMMARY

explore alterations in the Oq free energy profile. It is noteworthy that
our simulation did not include caveolae in their true size, because our
primary aim is to utilize the CG model O for the same system as our
AA simulation of Og, enabling us to compare the results effectively.

Finally, Chapter 7 gives some concluding remarks on the passive
permeability in pH-sensitive liposomes and the effect of curvature
on Oy partitioning in a membrane. Following the conclusion of this
thesis, recommendations for future improvements in the research are

provided, emphasizing the necessity for ongoing exploration in the
field.

This PhD work has resulted in seven papers, six related to the
thesis — published, in review, or to be submitted — and one published
paper not directly related to the thesis. All publications are listed in
the Appendix.
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SAMENVATTING

Permeabiliteit is een belangrijke eigenschap op verschillende vlakken,
vooral bij het transport van stoffen door celmembranen. De mem-
braanpermeabiliteit kan worden beinvloed door kromming in sterk
gebogen membranen. In de cel vertonen talrijke lipidemembranen
een hoge kromming, zoals bijvoorbeeld structuren zoals caveolae, mi-
tochondriale cristae, nanobuizen, membraanparels, kleine liposomen
en exosomen.

Onder deze gebogen membraanstructuren vertegenwoordigen lipo-
somen geavanceerde medicijnafgiftesystemen, vooral bij de behandel-
ing van kanker. De ontwikkeling van pH-gevoelige liposomen, waar-
bij vetzuren (FA’s) worden gebruikt als triggers voor de afgifte van
geneesmiddelen in tumorweefsels, is in volle gang. Er wordt echter
ook erkend dat FA’s de permeabiliteit vergroten, wat aanleiding geeft
tot bezorgdheid over mogelijke medicijnlekkage of voortijdige afgifte
in liposomale structuren. Dus wordt het begrijpen van de passieve
permeabiliteit van medicijnen door liposomale membranen absoluut
noodzakelijk voor het garanderen wvan een tijdige en gecontroleerde
medicijnafgifte.

Een ander voorbeeld van een gebogen membraanstructuur
zijn caveolae, Kkleine instulpingen in het membraan verrijkt met
cholesterol. Eerdere studies hebben voorgesteld dat caveolae een rol
spelen bij het reguleren van cellulaire zuurstofniveaus (O3). Og is van
vitaal belang voor het aerobe metabolisme en stimuleert oxidatieve
fosforylatie in de mitochondrién. Overmatige O2 kan echter leiden
tot het ontstaan van reactieve soorten, wat een bedreiging vormt voor
de cellulaire integriteit. Daarom wordt een optimaal Os-evenwicht
behouden, waarbij de voordelen in evenwicht worden gebracht en
de potentiéle schade wordt geminimaliseerd. De precieze rol van
caveolae bij het absorberen en moduleren van de afgifte van Oy aan
de mitochondrién blijft ongrijpbaar. Om deze kloof te dichten, is het
ons doel om te onderzoeken hoe structurele kenmerken van caveolae,
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SAMENVATTING

met name de membraankromming, de lokale Ox-niveaus beinvloeden.

Het doel van dit proefschrift is om te beoordelen hoe
membraan-kromming en compositie de permeabiliteit
van pH-gevoelige liposomen en caveolae kunnen beinvloeden.

Helaas creéert de geometrie van sterk gekromde membranen dub-
belzinnigheid in de permeabiliteitswaarde, zelfs met een willekeurig
grote factor die puur gebaseerd is op geometrie. Dit wordt veroorz-
aakt doordat de radiale flux in stabiele toestand niet constante is,
maar afhangt van de lokale kromming. In dit proefschrift zal dus ook
de dubbelzinnigheid in de permeabiliteit voor gebogen membranen
worden tegengegaan door een nieuwe permeabiliteitsdefinitie te geven.

Moleculaire-dynamica-simulaties (MD-simulaties) zijn een compu-
tationeel hulpmiddel om inzicht te krijgen in het transportgedrag op
atomaire schaal. Op moleculaire schaal gebruikt de telmethode het
aantal membraanovergangen in een conventionele MD-simulatie om
de permeabiliteit te voorspellen. In het geval van zeldzame gebeur-
tenissen kan er sprake zijn van een onvoldoende aantal membraan-
transities en kunnen de statistieken slecht zijn. In dit proefschrift
wordt ook onderzocht onder welke omstandigheden de telmethode
onvoldoende statistisch is.

In het inleidende Hoofdstuk 1 wordt een overzicht gegeven van
sleutelconcepten zoals permeabiliteit, pH-gevoelige liposomen en mo-
leculaire modellering. De daaropvolgende discussie zal zich richten op
het belang van passieve permeabiliteit van pH-gevoelige liposomen
en caveolae, waaruit de noodzaak voor onderzoek naar de invloed van
kromming en samenstelling op passieve permeabiliteit binnen deze
systemen zal blijken.

Hoofdstuk 2 dient als een uitgebreide gids voor de simulatie-
instellingen en parameters die in ons onderzoek =zijn gebruikt,
gericht op het vergemakkelijken van de reproduceerbaarheid voor
collega-onderzoekers. Daarnaast biedt dit hoofdstuk gedetailleerde
beschrijvingen van de gesimuleerde systemen en methoden die in ons
onderzoek zijn gebruikt.

In Hoofdstuk 3 wordt de dubbelzinnigheid in de permeabiliteit
voor liposomen opgelost door een nieuwe permeabiliteitsdefinitie te
geven. Vervolgens wordt de liposoompermeabiliteit gedefinieerd op
basis van het criterium dat een plat en gebogen membraan een gelijke
permeabiliteit moeten hebben, voor het geval deze uit een denkbeeldig
homogeen medium zouden worden gesneden. De definitie wordt ver-
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volgens overgebracht naar de telmethode, wat een praktische compu-
tationele benadering is om de permeabiliteit af te leiden door volledige
membraantransities te tellen. Tenslotte wordt de bruikbaarheid van
de aanpak geillustreerd met MD-simulaties. Onze nieuwe definitie van
liposoompermeabiliteit maakt het mogelijk een bolvormig membraan
te vergelijken met zijn vlakke tegenhanger, en laat daarmee zien hoe
het krommingseffect op membraantransport kan worden beoordeeld.

In Hoofdstuk 4 werd, om de beperking van het tellen van mem-
braantransities bij de berekening van de permeabiliteit te illustreren,
grofkorrelige (coarse-grained, CG) MD uitgevoerd voor membranen
met verschillende soorten permeatie. De conclusie is dat een hoge per-
meabiliteit op zichzelf geen effectieve indicator is voor de statistische
efficiéntie van de telmethode. Voorzichtigheid is vereist bij stoffen
waarvan de oplosbaarheid sterk varieert in de simulatiebox. Een
praktisch gevolg is bijvoorbeeld dat een geneesmiddel met een hoge
membraanpermeabiliteit vast kan komen te zitten in membranen,
waardoor de werkzaamheid ervan wordt verminderd.

In Hoofdstuk 5 werden CG MD-simulaties uitgevoerd om te on-
derzoeken hoe de kromming en lipidensamenstelling van pH-gevoelige
liposomen hun passieve permeabiliteit beinvloeden. De permeab-
iliteit werd bepaald met de telmethode. Platte membranen en lipo-
somen met verschillende diameters en samenstellingen werden be-
studeerd. De onderzochte permeanten hebben verschillende vrije en-
ergieprofielen (oplosbaarheid) over het membraan.

Ten eerste lieten onze resultaten voor het krommingseffect zien
dat kromming de waterpermeabiliteit verhoogt. Een hoge kromming
vermindert echter de permeabiliteit voor permeanten met vrije ener-
gieprofielen die een mix zijn van putten en barriéres in de hydrofiele
kopgroep-regio van het membraan. Belangrijk is dat het type ex-
perimentele opstelling naar verwachting een dominante rol zal spelen
in de permeabiliteitswaarde, d.w.z. of er permeanten ontsnappen of
de liposomen binnendringen. Ten tweede verhoogden FA’s door het
samenstellingseffect de permeabiliteit tot 55%.

Cholesterol heeft het tegenovergestelde effect op de membraanper-
meabiliteit. Daarom hebben FA’s en cholesterol tegengestelde effecten
op de permeabiliteit, waarbij het effect van cholesterol iets sterker is
in onze gesimuleerde membranen. Er kan worden geconcludeerd dat
de passieve geneesmiddelafgifte uit een pH-gevoelig liposoom niet sig-
nificant lijkt te worden beinvloed door de aanwezigheid van FA’s.

In Hoofdstuk 6 ligt onze focus op het beoordelen hoe de struc-
turele kenmerken van caveolae, met name de kromming van het mem-
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braan, de lokale Os-abundantie en -partitie binnen in het membraan
beinvloeden. Om dit te bereiken hebben we MD-simulaties gebruikt
om zowel een vlak membraan als een liposoom te modelleren. Ons
onderzoek omvat het onderzoeken van de geassocieerde veranderingen
in Oy verdelingscoéfficiénten en vrije energieprofielen op membraan-
niveau. Gezien de inherente uitdagingen bij het nauwkeurig simuleren
van caveolae op hun ware grootte (60 tot 80 nm diameter) met be-
hulp van all-atom (AA) MD, zochten we naar een alternatieve aanpak.
Daarom hebben we een CG-model geselecteerd voor de Og-molecule
onder de Martini 3 CG-modellen. Deze keuze werd gemaakt na een
gedetailleerde beoordeling op basis van verschillende criteria, waaron-
der enerzijds de verdeling van Os in olie-water of in een lipidemem-
braan en anderzijds de diffusiviteit.

Met CG MD-simulaties gebaseerd op dit nieuwe model hebben
we een gebogen membraan gesimuleerd en een CG-model voor Oo
geselecteerd. Een vergelijkende analyse met een plat membraan en
een liposoom stelt ons in staat veranderingen in het Og vrije ener-
gieprofiel te onderzoeken. Het moet opgemerkt worden dat onze sim-
ulatie geen caveolae in hun ware grootte omvatte omdat ons primaire
doel is om het CG-model voor O3 te gebruiken in hetzelfde systeem als
onze referentie-A A-simulatie van Os, zodat we de resultaten effectief
kunnen vergelijken.

Tenslotte geeft Hoofdstuk 7 enkele slotopmerkingen over de
passieve permeabiliteit in pH-gevoelige liposomen en het effect van
kromming op de Os-verdeling in een membraan. Na de conclusie van
dit proefschrift zullen aanbevelingen worden gedaan voor toekomstige
verbeteringen in het onderzoek, waarbij de noodzaak van verdere
exploratie in dit onderzoeksdomein wordt benadrukt.

Dit promotiewerk heeft geresulteerd in zeven artikelen, waarvan
zes gerelateerd aan het proefschrift (gepubliceerd, in review of in te
dienen) en één artikel dat niet direct verband houdt met het proefs-
chrift. Alle publicaties zijn opgelijst in de bijlage.
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CHAPTER

INTRODUCTION

This introduction on lipid membrane permeability gives a thorough examin-
ation of existing research on the topic. Furthermore, this chapter will elab-
orate on the motivation behind selecting this topic and the specific method-
ology employed to calculate permeability. Finally, an overview of the thesis
structure will be provided.

1.1 BACKGROUND AND CONTEXT

1.1.1 Lipids

This section introduces three key lipids employed in the composition
of the membranes discussed in this thesis, along with their respective
molecular structures illustrated in Fig. 1.1.

Phospholipids

Phospholipids are a crucial component of biological membranes and
play a fundamental role in cell structure and function. Structur-
ally, they consist of a hydrophilic head group and two hydrophobic
fatty acid tails, creating an amphipathic molecule . This unique
structure enables phospholipids to form bilayers that serve as the
basic framework of cell membranes. Additionally, phospholipids are
dynamic molecules, allowing for fluidity within the membrane, facil-
itating various cellular processes such as membrane trafficking and
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signaling [2]. Furthermore, phospholipids serve as a platform for the
integration of membrane proteins, contributing to cell-cell commu-
nication and the regulation of cellular activities . In general, phos-
pholipids are indispensable for the structure, function, and regulation
of cellular membranes and play a crucial role in maintaining cellular
homeostasis.

Fatty acids

Fatty acids (FAs) are fundamental molecules in biological systems,
serving as essential building blocks for various cellular components
and playing crucial roles in metabolic processes . Structurally,
they consist of a hydrocarbon chain with a carboxyl group at one
end. These hydrocarbon chains can vary in length and saturation,
influencing the physical properties and biological functions of the FA.
Saturated FAs lack double bonds in their hydrocarbon chains, while
unsaturated FAs contain one or more double bonds, which introduce
kinks and flexibility into the molecule. FAs are key components of cell
membranes, where they contribute to membrane fluidity and stability

[5]-
Cholesterol

Cholesterol (abbreviated as Chol or CHOL) is a crucial lipid mo-
lecule found in the cell membranes of all animal tissues, playing an
indispensable role in various physiological processes @] Structurally,
cholesterol consists of a sterol nucleus composed of four fused rings,
with a hydrocarbon tail and a hydroxyl group attached. While it’s
often associated with negative connotations due to its role in cardi-
ovascular diseases, cholesterol is essential for the proper functioning of
cells. It helps regulate membrane fluidity and permeability, ensuring
structural integrity and stability

1.1.2 Liposomes

Liposomes are spherical lipid-based carriers which may encapsulate
drugs and reduce the drugs’ unwanted side effects |8H11] (Fig. 1.2).
These vesicles possess a hydrophilic exterior and an internal hydro-
phobic core, mimicking the basic structure of cell membranes. This
unique architecture allows liposomes to encapsulate hydrophilic mo-
lecules within their aqueous core and hydrophobic compounds within
their lipid bilayers, making them versatile carriers for drug delivery,
gene therapy, and cosmetic applications . Their biocompatibility,
tunable size, and ability to protect encapsulated payloads from de-
gradation make liposomes a promising tool in pharmaceutical research

4
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Figure 1.1: Molecular structure of a fatty acid, POPC phospholipid and
cholesterol.

and development . Additionally, their surface can be modified with
targeting ligands to enhance specificity, enabling precise delivery to
target tissues or cells . With ongoing advancements in liposome
engineering and formulation techniques, these nanostructures have
great potential to revolutionize personalized medicine and therapeut-
ics.

pH-sensitive liposomes

pH-sensitive liposomes are one type of liposomes with specific com-
position, and they are currently investigated as potential drug de-
livery carriers in vitro and in vivo, but not yet clinically . pH-
sensitive liposomes typically contain a phosphatidylethanolamine de-
rivative and a weakly acidic amphiphile such as a FA. These carriers

Figure 1.2: A depiction of a partially sliced liposome structure.
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are designed to respond to the acidic environment of cancerous tissue
by utilizing the destabilization of negatively charged groups of FAs
(protonation of FAs), triggering the release of their payload [15(19).

1.1.3 Permeability

Permeability is a key property to describe the kinetics of mass trans-
port of a substance through a membrane. It is highly relevant in
various research and application fields, such as membrane techno-
logy for chemical separation, and passive permeation of substances
through the cell membrane [20H25]. In biology, permeation through
the cell membrane is a vital process that is relevant for drug delivery
and the regulation of cell death and proliferation [26]. The
membrane permeability affects the transport of oxygen or nutrients,
while it dictates the retention time of drug molecules when liposomes
are used as nanocarriers for drug delivery. Permeability is defined as
the ratio of the steady-state net permeant flux J through the mem-
brane, per time per area, and the concentration gradient Ac that is
set over the membrane,

J
P= 1.1
Ac (1.1)

Counting crossings method

To calculate the permeability in our simulations, we will utilize the
counting crossings method . This method determines per-
meability by quantifying the number of crossings through the mem-
brane. In the case of rare events, there might be an insufficient num-
ber of crossings and statistics can be poor. To set the mind, imagine
aiming for a 10% error on the number of crossings. When crossings
occur independently according to a waiting time distribution of a
Poisson process, at least 100 events would be needed to achieve the
standard error of 10% . An example of using the counting method
is the diffusion of oxygen and water through phospholipid membranes

2933
1.1.4 Molecular Modeling

Molecular modeling is a computational technique that is used to study
the structure, dynamics, and properties of molecules at the atomic
level. It involves mathematical and computational algorithms to sim-
ulate the behavior of molecules based on fundamental principles of
physics and chemistry. By representing molecules as collections of
atoms and applying forcefields to describe their interactions, molecu-
lar modeling enables scientists to predict various molecular proper-
ties such as conformational changes, binding affinities, and reaction

6
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pathways . This powerful tool finds widespread applications in
drug discovery, material science, and biochemistry, allowing research-
ers to design novel compounds, understand molecular mechanisms,
and optimize molecular structures for desired properties . Mo-
lecular modeling techniques, such as molecular dynamics (MD) sim-
ulations, offer unique insights into molecular behavior, thereby facil-
itating the rational design of molecules with tailored functionalities
[36]. A detailed description of the modeling method in this thesis will
be presented in Chapter 2.

1.2 MOTIVATION & GOALS OF THE THESIS

The pH-sensitive liposomes have the potential to act as effective
vehicles for drug delivery. Additionally, caveolae are another type of
curved membranes of high interest: a caveola is a cholesterol-enriched
invagination of the plasma membrane with the intriguing opportun-
ity to target them for disease treatment. This led us to investigate
the details of permeability mechanisms in these curved membranes
in this thesis. This section gives a detailed rationale for why these
two systems were chosen for exploration (see Fig. 1.3 for a general
description of the research questions).

Figure 1.3: left: gray lipids represent DPPC. Right: gray lipids represent
POPC. FA, Chol, P and K refer to fatty acid, cholesterol, permeability and
partition coefficient, respectively.
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1.2.1 Passive permeability in pH-sensitive liposomes

Liposomes have been used to facilitate the delivery of drugs to thera-
peutic targets in the body and to improve their therapeutic efficiency
. Physical parameters such as bilayer composition and membrane
curvature can significantly affect liposome stability [38+41]. Among
liposomes, pH-sensitive liposomes release the drug within the cancer-
ous environment through a mechanism involving the protonation of
FAs, leading to the disruption of the liposomal structure. However,
FAs are also known as so-called permeability enhancers, as they in-
crease the permeability by disrupting the membrane structure [42]
. An important question is whether FAs can cause drug leak-
age and premature drug release from these FA containing liposomes.
Such an untimely drug delivery would make the pH-sensitive lipo-
somes less efficient. Therefore, the rate at which drugs permeate
through the curved bilayers is a crucial parameter in the design of
pH-sensitive liposomes as targeted drug delivery systems. Hence, the
central question (Q1) that arises is: what is the relationship between
lipid composition, curvature, and passive permeability in pH-sensitive
liposomes?

1.2.2 The role of caveolae on oxygen buffering

Caveolae have captured our attention, motivating us to focus on un-
derstanding how membrane curvature and composition impact their
permeability. Caveolae have been proposed to function as “oxygen
(O2) capacitors” or storage sites, helping to regulate and buffer oxy-
gen levels, to optimize cellular metabolic function and promote stress
adaptation [45]. Buffering Oz levels inside the cell is crucial due to
the toxic effect of it in high concentration[46] [47]. This molecule is
necessary for the metabolic machinery of a living cell by fueling ox-
idative phosphorylation in the cellular energy generation process [46],
. However, at high concentrations, it can generate reactive species
that cause cellular damage [48]. It is suggested that during evolu-
tion, the response to this paradox was to create cholesterol inside the
membrane to control the concentration of Oy that is inside the cell
and minimize its toxicity . Caveolin, a scaffold protein, plays an
important role in controlling Oy concentration by regulating caveolae
, . With aging, the expression of the caveolin protein decreases
in some organs and may be associated with increased O toxicity and
related disease . Manipulation of caveolin protein levels within
cells has therapeutic potential for the treatment of Os related dis-
orders such as cardiovascular diseases, cancer, and aging. However,
the role of caveolin in the plasma membrane and the mechanism by

8
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which it regulates Og levels in cells are not yet clear. Once more,
the question (Q2) that emerges is: what precisely is the correlation
between caveolae’s structural attributes, including lipid composition
and curvature, and the partitioning of Oy in the cell membrane?

In both pH-sensitive liposomes and caveolae, the impact of mem-
brane composition and curvature on their permeability remains un-
clear, necessitating further detailed investigations at the molecular
levels.

1.3 RATIONALE FOR THE METHODOLOGY

Numerous experimental studies have been carried out to provide the
information on the permeation through the cell membrane during the
past decade [53H59]. However, these methods are either expensive or
not informative enough, as they are usually unable to provide data
on a molecular level. For instance, measuring Oy distributions across
the cell remains a major challenge for experiments, where the spa-
tial resolution is not on par with the sub-nanometer size of the Oq
molecule itself. On the other hand, computational simulations have
been shown to give more insight into permeation at the atomic scale

(28] 60} [61].

Different simulation methods have been applied to calculate per-
meability, many of which rely on enhanced sampling methods [62H64]
and the inhomogeneous solubility diffusion (ISD) model based on the
Smoluchowski equation , . In the ISD model, the per-
meability P is expressed in terms of a local diffusivity and free energy
gradients [65]. However, a limitation of this approach is that it is
generally not clear a priori to what degree and in which situation the
diffusive hypothesis is valid for the system under study. Moreover,
accessing permeability in this model can be challenging with respect
to simulation setup and Bayesian analysis (BA) . As an example,
theoretically, high accuracy in calculating O2 permeability is possible
through quantum mechanical calculations. However, in practice, the
computational costs associated with such calculations are prohibit-
ively expensive. Instead, a much cheaper classical AA model has been
successfully used to investigate Og transport through membranes.

Among classical simulation methods, MD can lay open more de-
tails on the kinetics of the process, the property that experiments
often cannot provide directly, under the condition that a proper force-
field for the molecular interactions is available . As an example,
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MD made it more feasible to examine Oy transport at the molecu-
lar scale, such as the permeation through the phospholipid bilayers
[30, [72H76]. Furthermore, various studies have explored the impact of
cholesterol on O3 permeability through MD simulations of AA, with
notable contributions from Pias et al. [77-80|]. Using AA MD, Pias et
al. have analyzed the pathway by which Oy travels through cells and
tissues . Furthermore, their investigations have been extended
to the examination of how protein integration into membranes influ-
ences O2 permeability . Moreover, to shed light on the effect of
caveolae’s role on Oy buffering, Davoudi et al. has explored the effect
of membrane curvature on O2 partitioning through lipid membranes,
employing AA MD [84] [85]. Other researchers have also examined the
diffusion of Oz in a lipid membrane using AA MD simulations |73|
, . Their investigations have focused on elucidating the impact
of lipid chain saturation and temperature on Oq diffusion through the
lipid membrane, its diffusion pathways, and the time and length of
its diffusion.

1.4 CONTENT OF THE THESIS

In this thesis, our primary aim is to evaluate permeability in
curved membranes of pH-sensitive liposomes and caveolae and
explore the influence of membrane curvature and composition on
this property. Initially, in Chapter 3, we derived the permeability
equation for curved membranes in the radial direction, drawing
from Smoluchowski’s equation. Given our objective to also employ
the counting crossings method to calculate curved membranes
permeability, we adapted the derived equation in the radial direction
for this specific method in this chapter.

Subsequently, we assessed the efficiency of the counting crossings
method for different types of permeants . To achieve this, we
utilized the coarse-grained MD (CG MD) method, conducting sim-
ulations to analyze the permeation of few distinct permeants with
different free energy profiles through a flat bilayer in Chapter 4. Not-
ably, we applied the counting method tailored for flat membranes in
this chapter.

Finally, we conducted a comprehensive examination of the derived
equation for curved membranes within two systems of pH-sensitive
liposomes and caveolae in Chapter 5 and Chapter 6, presenting a de-
tailed array of results. Additionally, we have introduced a new model
for O3 to enable more precise simulations of caveolae at their exact

10
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size in the upcoming research. Chapter 7 will offer a comprehensive
summary of the results obtained.

In the following sections, an extensive review of previous research
works pertaining to different parts of this study will be conducted.
This thorough review aims to help us understand the history and
progress in the field, which will build a strong basis for our current
research. Each section will also outline the steps taken to achieve the
main aim of this thesis, which is evaluating permeability in curved
membranes.

1.4.1 Curved membrane permeability

As the primary objective of this research is to explore the impact of
membrane curvature on the permeability, it is essential to establish
a clear definition of permeability for curved membranes. In the past
decade, the role of curved membranes has received increased atten-
tion, given their fascinating presence in the cell. Biologically, mem-
branes occur in highly curved shapes, for instance in the crystae of
the inner mitochondrial membrane, or the caveolae, which are mem-
brane invaginations in healthy, young cells , . Other membrane
structures with high curvature are the rod-like shaped membrane nan-
otubes (radius 10-100 nm) 90], and the spherically shaped mem-
brane pearls [91], exosomes (radius 15-50 nm), or small liposomes.

Traditionally, flat membranes have been simulated, as they
present a decent approximation of membranes with low curvature.
Consider for instance a larger liposome or extracellular particle with
diameter 1 pm. When the simulation box encompasses a patch of
membrane of about 5nm by 5nm in area while the membrane thick-
ness is roughly +5nm, then the membrane curvature would be barely
noticeable. Simulating flat membranes is moreover straightforward
to implement with standard periodic boundary conditions, allowing
to limit the unit cell dimensions to reasonably small values. In
contrast, the cell dimensions and hence the computational load are
challenged for curved membranes, as the unit cell has to encompass
the whole curved structure. Nevertheless, in recent years, a lot
of progress was made in computational tools. Yesylevskyy et al.
designed simulations of curved membrane patches . Boyd et
al. created the BumPy code to generate curved membrane simulation
boxes of various shape, such as cylinders and half-spheres . Code
implementations, computational resources, and CG approaches have
evolved to the point of studying systems with tens of thousands to
even millions of particles for multiple microseconds, for instance

11
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whole spherical virus particles 96). Marrink and coworkers
have gradually worked on computational tools to simulate realistic
membrane compositions in realistic geometries [97199]. With all
of these developments, studying curved membranes has nowadays
become feasible.

However, defining permeability in curved membrane is still a chal-
lenge. At the atomic scale, permeability can be measured with several
methodologies using MD simulations. In the counting method, the
number of membrane crossings observed in an equilibrium simulation
is converted to the permeability . In the ISD meth-
odology [66], free energy and diffusion profiles in the Smoluchowski
equation are fit on short MD trajectories, using Bayesian analysis or a
minimum likelihood estimate , . In the path sampling
methodology, rare events are sampled by sampling path ensembles
that focus on the more successful permeating trajectories. The per-
meability calculation was first derived for milestoning with
some diffusive approximations, and more recently, it was included in
an exact way in the replica exchange transition interface sampling
(RETIS) method [103[{105]. These methods have been developed and
are used for flat membranes. However, for a curved membrane sim-
ulation of e.g. a liposome, the permeability definition needs to be
revisited. The flux J is a quantity that is expressed per area, and for
a spherical liposome, this area 47r? clearly depends on the radial dis-
tance r from the liposome center. As we will show in Chapter 3, this
makes the radial flux J inherently r-dependent, and the permeabil-
ity is ill-defined. This part of the research will therefore provide a
definition of the permeability of spherically curved membranes. The
criterion for our definition is that it should be possible to compare
permeability between flat and curved membranes. Hence, the defini-
tion allows us to assess the curvature effect on permeability.

Chapter 3 includes the revision of the Smoluchowski equation,
which assumes that transport is fully diffusive (without memory), and
which can be solved analytically. Based on the analytical derivations,
the new permeability definition for curved membranes is presented,
which is no longer r-dependent. Using this definition, the count-
ing method is also revised for curved membranes. In this chapter, a
flat and spherically shaped dipalmitoylphosphatidylcholine (DPPC)
membrane with or without cholesterol are simulated with CG MD,
and their water permeability is effectively compared using the new
permeability definition.

12
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1.4.2 Counting crossings limitations

As the counting crossings method will be employed to calculate per-
meability, identifying its limitations will be instrumental in enhancing
our understanding of the obtained results. To do this, the number of
crossings expected in a simulation will be investigated as a function
of the simulation properties. Several properties are dictated by the
simulation setup, such as the number of permeants and box dimen-
sions. A straightforward way to improve the sampling of the unit cell
is to increase the system size. When the cross-section doubles and
the total number of permeants doubles, then the concentration in the
solvent phase will remain unaltered, while the number of crossings
would double. There are unfortunately limits to this approach be-
cause the computational cost increases faster than linearly with the
box size, and in comparison, it would be more efficient to double
the simulation time Ti;,. Another approach could be to insert more
permeants without altering the simulation box size, meaning that all
concentrations — both solvent and membrane — increase. One should
be wary of clustering of the permeants, however, and the permeabil-
ity might become concentration dependent. For instance, Oy showed
no clustering for Oy concentrations about 10-fold higher than the Oq
solubility in water, while ethanol permeation through POPC mem-
branes differs substantially between low and high concentrations

71, [100).

Other properties are inherent to the chosen membrane, solvent,
and permeants. This research considers the permeant’s solubility (or
equivalently, partitioning coefficient K') and the membrane thickness
hp. It is well known that the membrane forms a high free energy
barrier when a permeant is nearly insoluble in the membrane, and
the associated low permeability prevents good sampling of the unit
cell. It will be shown in Chapter 4 that a high permeability, for per-
meants that are highly soluble in the membrane, is another cause for
poor sampling. In contrast to low permeability, a high permeability
membrane is often regarded as a membrane where the flux is not rate-
limiting, but we will show that high permeability cannot guarantee
good sampling of the simulation box either.

The membrane thickness follows from the self-aggregation of the
phospholipid molecules in the bilayer. It is less discussed in per-
meability literature than the partitioning coefficient. Still, using the
simplified Overton’s model P = KD/h,, where D is the diffusion
constant, it is clearly of equal importance as the partitioning coef-
ficient . The membrane thickness is however ill-defined, since

13
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there is no unique answer as to where an atom ends and another
atom begins, and moreover membranes exhibit thermal undulations
with lipid protrusions. In experimental work, a roughly estimated
membrane thickness is used to estimate the permeability .
In simulation work, it is often derived in relation to the plane of the
phosphate groups [71]. Hence, another aim of this research is to show-
case the sensitivity of the permeability to the considered thickness.
Therefore, in addition to the membrane thickness, the thickness of 2
additional water layers will be treated as an extra parameter in the
discussion. Moreover, this parameter allows us to discuss the overall
sampling efficiency. When the limit of the water layer thickness is
taken to cover the whole simulation box, then the associated number
of crossings represents crossings through the whole simulation box.

Chapter 4 will use the ISD model to derive a theoretical expression
of how the counting method is affected by the solubility of permeants
in the membrane. It will also discuss the dependencies and limiting
cases for the derived equation. It is shown, under which conditions,
membrane crossings can be considered as a rare event. A composition
rule for the flux is derived as well. The number of crossings of 16
different permeants through a DPPC bilayer, as well as the effect of
permeant type on the efficiency of counting crossings, will be shown
in this chapter.

1.4.3 Membrane permeability: curvature and composition
effect

Upon deriving the permeability equation for curved membranes, we
will apply this equation to investigate the membrane permeability in
two systems: pH-sensitive liposomes and caveolae. This investigation
aims to discern the influence of membrane curvature and composition
on permeability in these systems.

Investigating pH-sensitive liposome

Several groups have applied different methods and models to calculate
drug permeability through liposomes [109-112]. For instance, Winter
et al. simulated arsenic trioxide permeation in a thermosensitive lipo-
some using CG MD simulations and calculated the permeability of a
DPPC membrane containing a permeation enhancing lysolipid .
Here, we will use MD simulations to estimate the permeability rate
through liposome membranes containing FAs, as these are relevant
for the pH sensitive liposomes. The membranes will have a varying
composition and curvature, where the possible dissociation of the FAs
will also be taken into account.

14
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Figure 1.4: Top: Structural formula and corresponding CG structure of
the various lipid types (FAs, cholesterol, phospholipids) in the simulations.
Suffix -n refers to deprotonated FAs. Bottom: Example of a flat membrane
containing DPPC, FAs, and cholesterol. Light green beads are FAs; yellow
beads are cholesterol. DPPC is presented by points, colored by bead type:
green for hydrocarbons, pink for glycerol, brown for phosphate, and blue
for choline bead type. Water and ions not shown.
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Figure 1.5: Systems with pure DPPC. From left to right, the curvature
of the membrane increases. DPPC is presented by points, colored by bead
type: green for hydrocarbons, pink for glycerol, brown for phosphate, and
blue for choline bead type. Water and ions not shown. Region 1 and region
2 are depicted in both a flat bilayer and a liposome. To enhance the clarity
of the distinct radius definitions, a segment of the central liposome has been
excised and magnified, positioned at the upper portion of the figure. Lsg,
Ligo and Lysg refer the liposomes with the radius of 50 A , 100A and 130A.
F refers to flat bilayer.

Effect of membrane lipid composition on the membrane permeability.
To assess the effect of membrane composition on the permeation rate,
a wide range of studies has been done [113H120]. Among them, choles-
terol has been proven to decrease the permeability of the permeants
by decreasing the membrane fluidity caused by an unsaturated tail
. Using MD simulations, other groups have concluded that the
alteration in the permeability in the presence of cholesterol is due to
the gradual reduction in the permeant’s solubility in the lipid section
of the membrane and enhancement in its center , . Falck et al.
also found that the reduction in the membrane permeability by the
presence of cholesterol is due to the decrease in the membrane’s free
volume [122].
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The effect of FAs in lipid mix has also been investigated. In con-
trast to cholesterol, saturated FAs like capric acid (C10) have been
shown experimentally to increase the permeability of 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) membrane by measuring the lipo-
some leakage of a fluorescent dye upon exposure to C10 or the per-
meability of ['4C]-mannitol through Caco-2 monolayers . An-
other study, using experimental methods, found that the FA-induced
calcein leakage through DPPC liposomes increases with the length of
incorporated saturated FAs, C8 to C20, except for C8 . They also
reported that the effect of C10 on calcein’s release rate from liposomes
is almost negligible compared to myristic acid (C14). Moreover, lipo-
somes containing oleic acid (C18) were evaluated for drug delivery and
their ability to encapsulate and release the model drugs [123], and the
permeability increase of the FA was attributed to the presence of the
relatively highly soluble single-chain amphiphiles (FAs) rather than
the two chains of the POPC phospholipids. In other studies, FAs were
confirmed for their effect as permeability enhancers in the intestine
, , where it is also seen that C10 acts differently in
vivo on the intestine permeability at low and high concentration [124].
The most reported mechanism by different groups is that these FAs
fluidize and perturb the membrane and as a result, intracellular sig-
naling changes and leads to the alteration in intestinal tight junction

expression [124] [126].

Effect of fatty acid’s dissociation constant on the membrane permeab-
ility. A particular aspect of a fatty acid is its possible dissociation.
A FA molecule can dissociate from its protonated (neutral) state into
its deprotonated (negatively charged) state, depending on the FA’s
dissociation constant, which differs between the membrane and the
water phase. Consequently, when the pH changes, the partitioning of
the FA between water phase, membrane phase, and its neutral or de-
protonated form can shift [127]. Different research groups estimated
FA dissociation constants in different lipid membranes using MD sim-
ulations [127H129|, and a detailed MD study showed the change in FA
mobility depending on the charge and chain length . However,
previous simulation studies do not explicitly evaluate the permeab-
ility at the molecular level for both neutral and deprotonated FAs,
thus disregarding the effect of pH and the dissociation constants alto-
gether. Therefore, here, we will measure the effect on the permeability
for both neutral and deprotonated FAs in liposomes.

Effect of membrane curvature on the membrane permeability.
Curvature is another parameter that can affect the membrane’s
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permeability [131]. Risselada and Marrink measured the structural
properties such as the lipid packing and the lipid order parameter,
and their findings suggest that curvature causes the membrane
to become thinner and disrupts the packing of the leaflets [132].
Yesylevskyy et al. simulated a series of curved membrane patches
and showed that the curvature decreases the order parameter and
increases the APL, as computed with a Voronoi technique . As
for the permeability of curved membranes, Winter et al. simulated
a whole liposome, consisting of a phospholipid bilayer containing a
lysolipid, as mentioned above. The permeability was calculated to
assess the effect of temperature on the dynamical properties, and
they found that the permeability is the highest when the membrane
goes through a phase transition from gel to liquid in the presence of
lysolipid . Yesylevskyy et al. also measured the permeability in
the curved membrane patches and studied the liposome’s interaction
with a loaded drug, where the curvature was found to increase the
permeability for small solute like ions, water and also bigger ones
such as anti-cancer drugs . However, the mixed effect of the
curvature and the FAs on the membrane’s permeation rate is still
unknown at the molecular scale, despite its importance for the
understanding and design of drug delivery systems.

In Chapter 5, we will use CG MD to simulate different systems
consisting of liposomes and flat bilayers. To assess the effect of com-
position and the curvature, permeability through liposomes with dif-
ferent lipid types (Fig. 1.4) and sizes (Fig. 1.5) will be compared to the
permeability of flat bilayers with similar composition. Both neutral
and deprotonated FAs will be simulated to have a comprehensive view
of their effect. To quantify the permeability, the counting crossings
method will be applied, which involves tallying the number of cross-
ings that the permeants make through the membrane. Besides the
permeability, structural properties of the flat bilayers and liposomes
will also be measured, such as APL and membrane thickness. The
simulation analysis for this section will be presented in Chapter 5.

Investigating caveolae

AA Oy partitioning through a curved membrane. We used AA MD
simulations to investigate how a key structural aspect of caveolae,
i.e. membrane curvature, may affect oxygen partitioning into the
membrane. Two DPPC bilayers with different curvature are simu-
lated at the atomic scale: a flat bilayer with zero curvature and a
curved bilayer forming a spherical particle (liposome) with very high
curvature. The simulations results will be presented in Chapter 6.
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The results feature partition coefficient and free energy profiles for
O2, spanning the membrane. However, it is worth noting that in this
context, the membrane size doesn’t align with the dimensions of cave-
olae (60 to 80 nm in diameter). When dealing with larger simulations
comprising millions of atoms, like a caveolae in true size, the com-
putational burden and time required for AA simulations can become
prohibitive.

CG Oy model. To address the challenge with AA simulation of ca-
veolae, employing lower-resolution forcefields such as the CG Martini
offers a practical solution. In the Martini model, atoms are grouped
together into beads, thereby reducing the computational complexity.
The Martini model is a widely used CG general purpose forcefield, em-
ployed in a range of applications, including assessments of oil/water
distribution, gas model for nanobubble and the examination of com-
plex interactions among proteins, lipids, and diverse materials like
ionic liquids and aedamers . For instance, a newly parameterized
CG Martini gas model for nitrogen (N2) molecule enables simulations
of larger systems containing Ny .

A CG O3 model was, however, still lacking. Therefore, in this part,
we aim to develop a CG O9 model, where the two atoms of molecular
O are lumped together into a single bead. The interactions of this
bead with the other lipid molecules and with water are responsible for
the partitioning, and potential buffering, of Oz. Moreover, this bead’s
interaction with amino acids leads to its binding preference to hydro-
phobic cavities of proteins instead of hydrophilic ones. In Chapter 6,
the proposed CG bead with its interactions will therefore be evalu-
ated by testing a set of criteria, such as the partitioning in oil-water
and in membranes and the diffusivity. The CG Martini model for Og
facilitates diverse simulations of biosystems and Os at the CG level,
significantly reducing computational expenses for larger systems. It
will enable us to go beyond the modeling of flat membranes, and the
simulation box may even encompass curved membrane and liposomes
. This will be extremely valuable for gaining insight in the dy-
namics of Oy buffering in caveolae, requiring a large simulation box
to capture the complex membrane structure.

CG Oy partitioning through a curved membrane. Subsequently, this
new Os model will be used to test the effect of membrane curvature
on O partitioning, and the results are presented in Section 6.3. It
is worth noting that the curved membrane in this simulation still
does not match the size of caveolae. This simulation serves as an
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1. INTRODUCTION

Figure 1.6: AA description of a flat membrane and CG description of
flat membrane (left) and liposome (right). Notice the difference in scale
for the liposome. O (red) is indicated with an arrow in both descriptions.
For CG systems: POPC is presented by points, color-coded by bead type:
green for hydrocarbons, pink for glycerol, brown for phosphate, and blue
for choline beads. For AA system: the same color scheme is applied, except
the glycerol group is red. Water is depicted as transparent light blue. To
maintain clarity, ions are not displayed in the visualization.

illustration of the system utilizing CG Os, allowing for a comparison
with the previous simulation employing AA Os. In this section, a
box containing a flat membrane composed of POPC and a number
of Oy molecules is simulated as shown in Fig. 1.6. This membrane
with zero curvature serves as the benchmark. In addition, a lipo-
some with non-zero membrane curvature is modelled to observe the
effect of curvature. This approach allows us to examine associated
changes in the O2 concentration across the membrane. With this
comparison, we aim to deepen our understanding of the underlying
mechanisms governing Og homeostasis. Future steps will focus on
simulating caveolae at their true size, ranging between 60-80 nm in
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1.4. Content of the thesis

diameter. Additionally, the caveolin protein will be incorporated into
the membrane to bring the simulations closer to realistic caveolae.
This deeper understanding has the potential to unlock insights into
Os-related disorders, potentially catalyzing new avenues of research
aimed at treating these conditions.
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CHAPTER

SIMULATIONS SETTINGS

This chapter provides a comprehensive overview of the methods utilized for
our stmulations, along with the simulation parameters applied to all systems
analyzed in this study, enabling the reproducibility of the data. It starts
by outlining the simulation setting used to illustrate the counting crossings
method limitations. Subsequently, it provides the simulation settings for
both pH-sensitive liposome and caveolae simulations.

2.1 COARSE-GRAINED (CG) MARTINI FORCEFIELD

In this thesis, we will utilize coarse-grained (CG) Martini to simulate
the majority of the systems. An example of the CG representation of
phospholipids, fatty acids, and cholesterol is shown in Fig. 1.4. The
CG Martini represents a significant advancement in MD simulations,
particularly in the study of complex biological systems and soft matter
. Developed by Marrink and co-workers, this innovative approach
simplifies atomistic models into larger particles, thereby reducing
computational costs while retaining essential structural and dynamic
properties. By grouping atoms into CG beads, Martini captures the
overall behavior of biomolecules and lipid bilayers with remarkable
accuracy. Its versatility extends to diverse biological processes, in-
cluding protein folding, membrane dynamics, and protein-lipid in-
teractions. Martini’s CG representation facilitates longer simulation
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2. SIMULATIONS SETTINGS

timescales, enabling researchers to explore phenomena such as self-
assembly and phase transitions inaccessible to traditional atomistic
simulations. This forcefield continues to evolve, providing a powerful
tool for understanding complex biological systems at the mesoscale.

2.2 COUNTING CROSSINGS LIMITATIONS

To illustrate the discussion of the counting methods limitations, a
membrane of DPPC was simulated at the molecular scale using a CG
model in Chapter 4. A range of different permeants was considered
with both positive AF (barrier) and negative AF (well) (Fig. 4.1):
the 16 bead types of the Martini CG model were used as the permeat-
ing molecule. These beads span a wide range of free energy profiles
F(z) across the membrane.

Simulation details

Using Gromacs-2019.3 package, simulations were performed on six-
teen systems consisting of a phospholipid membrane, CG beads and
water . Each system contained twenty permeant beads of one
specific CG type, and it was solvated in 2000 water molecules. The
membrane consists of 128 DPPC lipid molecules in each simulation,
and its initial coordinates were taken from the Martini website [138].
The topology file and initial coordinates of the permeant beads were
created manually. The Martini forcefield was used in all systems,
mapping atoms of each phospholipid molecule and water molecule
into 12 and 1 bead, respectively .

Regular Martini Water beads were used to model water . The
reaction-field approach was used to calculate the Coulombic interac-
tions . Both the Coulombic and the van der Waals interactions
were truncated at 1.1 nm, with the potentials shifted to zero at the
cutoff using the potential modifiers. The neighbor list length is 1.4
nm, updated using the Verlet neighbor search algorithm. With a
time step of 30 fs, the leapfrog integrator was used to integrate the
equations of motion. A temperature of 320 K was considered for the
simulated systems by coupling of velocity rescale thermostats, with
coupling constant set to 1.0 ps. At every time step, the center of
mass motion of the system was removed, and periodic boundary con-
ditions were applied in all directions (z,y, z). A Parrinello-Rahman
barostat was employed to subject the box vectors to semi-isotropic
pressure, using a reference pressure of 1 bar, a coupling parameter
of 12 ps and an isothermal compressibility of 3x10™% bar~!. After
adding the permeants, an energy minimization was performed. Next,
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2.3. Investigating pH-sensitive liposomes

two equilibrations were performed: NVT simulation of 30 ns and NPT
simulation of 30 ns. The production run was 270 ns of NPT simula-
tion for each system. Coordinates were stored every 3 ps resulting in
90 000 snapshots in total for each system.

The number of membrane crossings was determined with the Rick-
flow package code using dividing surfaces at |z| = hy, /2 = 2.3nm [71].
The diffusion tensor with diagonal elements D, Dy, D.. was com-
puted with Gromacs.

2.3 INVESTIGATING PH-SENSITIVE LIPOSOMES

In Chapter 5, the effect of membrane curvature and composition was
investigated in the system of pH-sensitive liposomes using the defined
equation for liposome permeability from the counting methods in
Chapter 3. In this section, the simulation systems and settings are
presented.

2.3.1 Selection of systems

MD simulations were run for 34 systems containing a flat bilayer (label
F in name) and 28 systems containing a liposome (label L in name)
with various lipid compositions. The sizes of the liposomes (Fig. 1.5)
were chosen to be approximately 50 A, 100 A, and 130 A to be able
to assess the curvature effect on the permeability while avoiding a
very large system with a limit for the simulation time. Liposomes in
drug delivery experiments are often larger and will exhibit hence less
curvature effects. We chose to investigate highly curved membranes to
make the curvature effect as prominent as possible. Coarse-graining
was applied to reduce the computational cost of the simulations by
mapping every few atoms of every molecule to one bead .
All simulated systems were composed of a membrane, 20 CG beads as
permeants, water, and 0.15 M sodium chloride. Various compositions
of six lipid types (Fig. 1.4) were included to examine their effect on the
permeability: DPPC, cholesterol (Ch, Chol), capric acid (C10), myr-
istic acid (C14), deprotonated capric acid (C10-n), and deprotonated
myristic acid (C14-n). DPPC was chosen as phosphatidylcholines are
the most frequently used phospholipid in liposome preparation [144].
The deprotonated FAs (suffix ‘-n’ refers to negative charge) were sim-
ulated to investigate the effect of the FAs’ dissociation. While recently
a titratable Martini forcefield was developed, which would allow the
simulation to run at constant pH, the accuracy of the pKa for the
FAs is still uncertain for these coarse-grained beads [145]. Therefore,
the FAs in a system are either all neutral or all deprotonated.
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2. SIMULATIONS SETTINGS

Based on a study of the sampling efficiency of the counting cross-
ings method, we selected two CG beads: NO with more outspoken free
energy wells in the head group region, and Na with a higher barrier
at the membrane center (Fig. 2.1) [100]. They were chosen to assess
the effect of different free energy profiles on the permeability. NO and
Na are CG beads of the Martini forcefield, with intermediate polar
character, a radius of 0.23 nm, zero charge, and a mass of 72 amu.
The beads do not correspond to a specific molecular structure, but
they can match several chemical compounds. Na is more polar and
a hydrogen acceptor, and in combination with the free energy well
and higher barrier, it bears resemblance to molecules such as ester,
ether, and ethyl methyl ether. N is less polar and not a strong hydro-
gen acceptor nor hydrogen donor, and it shares similarities with e.g.
trimethylamine. The first series of simulations were 12 flat bilayers
(Table 2.1) with the 20 NO permeants and neutral FAs. Similarly, the
second series of 12 flat bilayers was done with the 20 Na permeants.
The third series of 10 flat bilayers was again done with the NO per-
meants, but all FAs were deprotonated. The detailed description of
the last two series is provided in the Supporting Information (SI).

For the liposomes, a first series of 11 systems (Table 2.2) con-
tained NO permeants and neutral FAs. All liposomes have a radius of
approximately 50 A, except for the Ligg system and Lj3g system. The
second series of 11 systems contained Na permeants. The third series
of 6 liposomes contained the NO permeants, but all FAs were depro-
tonated. The detailed description of the last two series is outlined
in the SI of Paper 4 (pages: 2-4) in Part 7.2. The lipid composi-
tion varied from 100% DPPC down to 60% DPPC. Composition and
membrane thickness h of all 62 systems can be found in Table 2.1,
Table 2.2, and SI of Paper 4 (pages: 2-4) in Part 7.2.

An important aspect is whether the membrane is in the liquid dis-
ordered (Lq, Lg) phase or in a gel (Lg) or liquid ordered phase (L,).
A phase transition can drastically change the area per lipid and other
structural and dynamical properties of the membrane, thus likely af-
fecting the permeability as well. This will be discussed when assessing
the structural parameters in the Results section in Chapter 4.

2.3.2 Computational details

The same protocol as our recent paper was followed in this work [136].
The systems were simulated using Gromacs-2021.4 [146].
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2.3. Investigating pH-sensitive liposomes

Using CHARMM-GUI, initial structures of the membranes were
prepared [147H150]. Setting up the liposomes involved a step utilizing
artificial pores to equilibrate lipids between the leaflets and balance
the water pressure differences between the inside and outside of the
liposomes. The Martini 2 forcefield was used . The reaction-
field approach was used to calculate the Coulombic interactions .
With the potential-shift-Verlet modifiers, the Coulombic and the van
der Waals potentials were shifted to zero at the cutoff of 1.1 nm. The
neighbor list was updated using the Verlet neighbor search algorithm
with the buffer tolerance set to 0.005 kJmol !'ps™', which leads to
neighbor list cutoffs of about 1.2 nm for various systems. The equation
of motion was integrated using the leap-frog integrator with a time
step of 20 fs. A temperature of 323 K and a pressure of 1 bar were
set for all the systems. A velocity rescale thermostat coupling was
implemented for the entire system as a whole, utilizing a coupling
constant of 1.0 ps . The Parrinello-Rahman barostat was used
with a coupling constant of 12 ps. For systems with a flat bilayer and
a liposome, semi-isotropic and isotropic isothermal compressibility of
3x10~* and 4.5x107° bar~! was employed, respectively. At every 100
time steps, the center of mass motion of the system was removed, and
periodic boundary conditions were applied in all directions (z,y, z).
Systems were first energy minimized and next, they were equilibrated
applying NPT ensemble for 100 ns. Some of the liposome systems
required a longer equilibration run to let the water density inside and
outside the liposome equilibrate through water membrane crossings.
The equilibration times are reported in the SI of Paper 4 in Part7.2.
The production run was 1 us of NPT simulation and coordinates were
stored every 20 ps. For the smallest pure DPPC liposome with NO
or Na beads (Lsp), as the crossing statistics were not good enough
(small water phase inside the liposome), the simulation was extended
to 5 us.

2.3.3 Analysis of MD trajectories

For flat membranes, the center of the membrane is first computed by
averaging the z-coordinate of the DPPC beads, and the trajectories
are shifted as a whole along the z-axis to let the center of mass of the
membrane coincide with the z = 0 plane. Next, periodic boundary
conditions are applied to let all coordinates fall in the range —L(t)/2
to L(t)/2, where L(t) is the instantaneous box dimension in the z-
direction. For liposomes, the center of mass of the DPPC beads is
computed as well, and the whole box is shifted to let it coincide
with the origin. Periodic boundary conditions are applied in all 3
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Figure 2.1: Free energy of permeants NO and Na through a flat mem-
brane in the z-direction. Na and NO are CG beads with intermediate polar
character. DPPC is presented by beads, colored by bead type: green for
hydrocarbons, pink for glycerol, brown for phosphate, and blue for choline
bead type. Water and ions not shown.

dimensions, such that all coordinates fall in the range —L,(t)/2 to
Lu(t)/2, p=2,y,z.

The membrane thickness of flat membranes is computed as the
distance between the average z-position of the PO4 beads in the upper
leaflet and the average z-position of the PO4 beads in the lower leaflet,
averaged over the trajectory. To compute the properties of systems
with liposomes, a few additional settings need to be specified. We
considered two radii, the inner radius r; and outer radius ro (11 <
r9, shown in Fig. 1.5). For a liposome, the membrane is centered
around r = 0 and the two average radial distances of the PO4 beads
in the inner and outer layer are used as the two radii r; and 79,
which determine the thickness h = ro — r1. This is in line with
the approach followed by Risselada and Marrink for pure DPPC CG
liposomes |132].

To determine the APL of a liposome, the cross-section areas of the
inside (477%) or the outside (4773) leaflets were divided by the num-
ber of molecules (DPPC, FAs, and cholesterol) in that leaflet, giving
the values Aj, and Ay, respectively. The number of molecules in
the inner or outer leaflet of the liposome was determined by counting
all molecules below or above the mid-radius value of 1 and 79, re-
spectively. In order to be able to compare the flat and the liposome

bilayers, A* = \/AjnAout Was computed, similarly to Eq. 3.41 |\
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2.3. Investigating pH-sensitive liposomes

To be more precise in the calculation of the reference permeant
concentration c.ef inside or outside the liposomes, the r1 and 7o radii
were not used. Instead, based on the histogram of water bead posi-
tions in every system, the radius in which the water phase separated
completely from the lipid phase was applied to compute c.r. The
number of permeant molecules in these regions were counted and di-
vided by the volume of the relevant region, to derive the concentra-
tion. The SI of Paper 4 in Part 7.2 reports the specific cutoff values
that define these regions.

For the NO and Na permeants, the membrane thickness h covers
the central membrane part where the highest free energy barrier (see
further) for these two permeants is located. However, besides the free
energy barrier at the membrane center, the NO and Na permeants
have additional free energy barriers and wells. A complete membrane
crossing means that a permeant is first on one side of the membrane,
and next it crosses the membrane and emerges on the other side of the
membrane. The dividing surfaces to detect a membrane crossing are
a choice in simulations [71]. The thickness h does not encompass the
additional free energy barriers and wells at |z| = 2.5 nm, so |z| = h/2
is a non-ideal dividing surface for the NO and Na permeants. There-
fore, another dividing surface is introduced. This extended membrane
thickness is defined for the NO and Na permeants based on visual in-
spection, where the free energy curves of the permeants flatten out:
we extend h by 0.8 nm on both sides. The extended membrane thick-
ness is called region 1 (see Fig. 1.5) and is relevant for full membrane
crossings. For a flat membrane, region 1 ranges from —h/2 — 0.8 nm
to h/2 + 0.8nm. For a liposome, region 1 is defined by two new
radii, 7 = 71 — 0.8nm and r5 = ro + 0.8nm. These radii have also
been utilized to calculate the crossing areas of and o) to be used
in Eqgs. 3.52-3.53 when computing the NO or Na permeability in the
liposome systems.

For water as a permeant, the membrane thickness h was used to
determine the number of full membrane crossings nc.oss 0f water mo-
lecules. Given the very high free energy barrier for water permeation
through the hydrophobic phase, the water permeability is insensitive
to the exact location of the dividing surfaces . We refer to this
as region 2 (see Fig. 1.5), the region extending over the membrane
thickness h. For a flat membrane, the dividing surfaces for water
crossings are located at z = —h/2 and z = h/2, while for a liposome
the dividing surfaces are located at the r = 1 and r = ry radii. (Note
that membrane thickness A in earlier papers by the authors refers to

region 1 [29, [30].)
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In summary, water permeability is based on region 2, NO per-
meability on region 1, and Na permeability on region 1, unless spe-
cified differently. The error bars or shaded gray areas in the figures
of the main document and SI of Paper 4 in Part 7.2 are computed as
two standard errors, assuming the observed crossings follow a Poisson

process .

Histograms of the permeants (water, NO, and Na beads) and of
the DPPC CG beads are generated as follows. For flat membranes,
the z-coordinates were normalized with the instantaneous box L(t)
dimension in the z-direction, giving values in the -0.5 to 0.5 interval.
A histogram of these normalized z-coordinates is computed using 200
bins. The histogram is then scaled back with the average box length
(L) in the z-direction, giving values —(L)/2 to (L)/2. Free energy
profiles of the permeants are computed from this histogram (hist(z))
using F'(z) = —kgT ln(hist(z)), and the profiles are shifted as a whole
to make F(z) = 0 in the water phase. For liposomes, the distance
of the relevant beads to the liposome center, which coincides with
the origin, is computed at every snapshot. A histogram hist(r) is
constructed from these r-distances using 200 bins, and the free energy
is constructed using F(r) = —kgT (ln(hist(r)) — 2r> and shifting
to make F(r) = 0 in the water phase. The additional term —2r
comes from the Jacobian factor 47r2, which lets us interpret F(r)
as a measure for solubility. For both flat membranes and liposomes,
a density distribution of DPPC beads along z or r is obtained by
normalizing a histogram of DPPC bead positions hist(z) or hist(r)/r?
by the total count in the histogram.

2.4 INVESTIGATING CAVEOLAE

Chapter 6 will explore the impact of curvature on O9 partitioning
between the lipid membrane and the water phase. The simulation
setting for this investigation is detailed in this section.

2.4.1 AA Oj partitioning

Two systems with DPPC lipids were simulated using the Gromacs-
2021.4 : a flat bilayer consisting of 128 lipids Fig. 2.2 right and
a 50A-radius liposome consisting of 518 lipids Fig. 2.2 middle. A de-
tailed description of the systems can be found in Table 2.3. Both sys-
tems were simulated using AA MD. For the system with a liposome,
we first generated the model as a CG structure with CHARMM-GUI
. Then, the Martini backmapping tool was used to convert the
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CG model to an AA one [99]. The two systems were simulated at
323 K, coupled to velocity rescale thermostats with a coupling con-
stant of 1.0 ps . The Parrinello-Rahman barostat was employed
to couple the pressure in the system with the flat bilayer, while the
system with the liposome was coupled with the Berendsen barostat.
Periodic boundary conditions were applied in all three dimensions
and the box vectors were subjected to semi-isotropic pressure coup-
ling (flat bilayer) or isotropic pressure coupling (liposome), using a
reference pressure of 1 bar, a coupling parameter of 5 ps, and an iso-
thermal compressibility of 3x10™% bar~! and 4.5x10~* bar~!. The
coordinates were saved every 2 ps. The particle mesh Ewald approach
was employed to calculate the Coulombic interactions. At the cutoff
of 1.2 nm, the Coulombic and the van der Waals potentials were shif-
ted to zero using force-switch modifiers. CHARMM36 forcefield was
implemented to model the lipid and oxygen molecules . Water
was modeled by applying the TIP3P model . Using the Verlet
neighbor search algorithm, the neighbor list length was updated at 1.2
nm. The equation of motion was integrated with a time step of 2 fs,
using the leapfrog integrator. At every time step, the center of mass
motion of the system was removed. After adding oxygen molecules
at a concentration of 86 pM, an energy minimization was performed,
followed by a 50 ns equilibration and 200 ns production run with
constant pressure and constant temperature (NPT ensemble).

2.4.2 CG O model

To enable simulations of larger systems like caveolae, including O,
we’ve chosen the CG Oy model from the Martini 3 CG beads, and its

Figure 2.2: Left: the schematic picture of caveolae. Middle: the system
with a liposome, only the lower part is shown. Right: the system with the
flat bilayer.
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7 #H

systems lipid water Oq

flat bilayer 128 6341 18
liposome 518 78804 164

Table 2.3: The detailed description of the two systems: flat bilayer and
liposome.

suitability as a representation for Os is examined. In the subsequent
section, we present the simulation systems and settings designed to
evaluate the efficacy of this CG model.

Computational details

The selection and the validation of the CG bead for Os is based on
comparing experimental data, AA simulation data, and CG simula-
tion data. Part of the simulations have been reported elsewhere, e.g.
the CG simulations of the Martini 3 forcefield, which were comple-
mented by several new simulations. For clarity, this section reviews
the simulation details of the new simulations.

Permeant POPC CHOL W HD Nat/ # T (K)
Cl™  permeants
Hydration
CGTC3 0 0 17474 0 0 100 310
Free energy and permeability
CG TC2 128 0 1395 0 14 18 310
CG TC3 128 0 1395 0 14 18 310
96 32 1395 0 14 18 310
CG TX1 128 0 1395 0 14 18 310
CG TX2 128 0 1395 0 14 18 310
AA Oy 128 0 5580 14 18 310
96 32 5580 14 18 310
Diffusion
CGTC3 0 0 68400 0 0 10 310
CGTC3 0 0 0 18256 0 10 310

Table 2.4: Detailed description of the systems. 'HD’, "W’ and ’CHOL’
refer to hexadecane, water and cholesterol, respectively.

AA Oy permeation through lipid membrane

Table 2.4 presents a detailed description of two AA simulated
systems, each composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and cholesterol (CHOL) lipids (See Fig. 1.1
for molecular structures).  One box contains a homogeneous
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2.4. Investigating caveolae

POPC membrane, while the other box contains a heterogeneous
POPC:CHOL membrane. The systems include 0.15 M sodium
chloride.

Utilizing Gromacs-2021.4 , both systems underwent extensive
AA MD simulations at 310 K. The simulations were conducted with
the velocity rescale thermostat with a 1.0 ps coupling constant .
Periodic boundary conditions were applied in all three dimensions. To
maintain pressure, the Parrinello-Rahman barostat was used, semi-
isotropic pressure coupling was implemented with a reference pressure
of 1 bar, a coupling constant of 5 ps, and an isothermal compressib-
ility of 3e-4 bar~!. Coulombic interactions were computed using the
particle mesh Ewald approach. At a 1.2 nm cutoff, both Coulombic
and van der Waals potentials were smoothly shifted to zero using
force-switch modifiers. The lipid molecules were modeled using the
CHARMMS36 forcefield , and the oxygen molecules were modeled
as a neutral molecule without quadropolar moment . Water was
represented by the TIP3P model [153]. The Verlet neighbor list al-
gorithm with cutoff 1.2 nm was used. Integrating the equation of
motion involved a time step of 2 fs with the leapfrog integrator. Cen-
ter of mass motion was removed at each time step. Following the
addition of oxygen molecules at a concentration of 86 uM, an energy
minimization was executed. This concentration is selected to prevent
the aggregation of O2 model beads . Subsequently, a 100 ns equi-
libration and a 1000 ns production run were conducted under constant
pressure and temperature conditions (NPT ensemble). Snapshots of
coordinates were saved at 1 ps intervals.

New CG simulations

A series of additional MD simulations with CG was performed to
further validate the Martini 3 beads as models for molecular oxygen.

In these simulations, the Martini 3 forcefield was again used
. The systems were simulated using Gromacs-2021.4 .
The reaction-field approach was used to calculate the Coulombic
interactions . With the potential-shift-Verlet modifiers, the
Coulombic and the van der Waals potentials were shifted to zero at
the cutoff of 1.1 nm. The neighbor list was updated using the Verlet
neighbor search algorithm with cutoff length 1.1nm. The equation
of motion was integrated using the leap-frog integrator with a time
step of 20 fs. A temperature of 310 K and a pressure of 1 bar were
set for all the systems. The velocity rescale thermostat was used
with coupling constant 1.0 ps . The Parrinello-Rahman barostat

35
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was used with a coupling constant of 12 ps. For systems with a
membrane, semi-isotropic isothermal compressibility of 3e-4 bar~!
was used. At every 100 time steps, the center of mass motion of the
system was removed, and periodic boundary conditions were applied
in all directions (z,y, z).

The next subsections specify the simulation boxes in the different
types of simulations, as summarized in Table 2.4.

CG Oy permeation through lipid membrane. Using CHARMM-GUI,
initial structures of the membranes were prepared [147H150]. The
exact same box compositions were used as in the AA membrane sim-
ulations of section 2.4.2 for a homogeneous POPC and heterogeneous
POPC:CHOL membrane. As one CG water bead represents 4 wa-
ter molecules, the CG simulation box contains 1395 CG water beads

whereas the AA simulation boxes contained 5580 water molecules
(Table 2.4).

Systems were first energy minimized and next equilibrated in the
NPT ensemble. The production run was 1000 ns of NPT simulation,
and coordinates were stored every 1 ps for analysis.

CG Oy diffusion in solvent. We conducted simulations with the CG
models for Oy in a water box measuring 20.3x20.3x20.3 nm3 (~ 68,400
water beads or ~ 273,600 water molecules). The experimental solu-
bility of Oy in water at 310 K and 1 bar is 1.3e-3 mol/lit.atm as
reported by Battino et al. , indicating that approximately 42,000
water molecules can dissolve a single Oz molecule. In our CG simu-
lation, however, each CG water bead accounts for 4 water molecules.
Hence, our simulation box accommodated 10 solvated TC3 beads.
The same simulation is done with the CG O5 models immersed in a
hexadecane box measuring 20.5x20.5x20.5 nm? (~ 18,256 hexadecane
molecules) using the same computational settings.

For both systems, an energy minimization, a 50 ns equilibration
run, and a subsequent 200 ns production run were performed. The
diffusion coefficient was determined by analyzing the mean square dis-
placement (MSD) of Og versus time plot. The diffusion coefficient is
obtained from the slope of the linear regression applied to the MSD(t)
plot from 1 ns to 50 ns.

2.4.3 CG O partitioning

In this section, we utilize the CG O2 model within a curved membrane
configuration to explore the influence of membrane curvature on the
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partition coefficient of the Oo model. The subsequent sections will
provide a comprehensive overview of the simulation systems and their
settings.

Simulated systems

To study the effect of curvature, two model systems were simulated in
a CG description, i.e. a flat membrane and a liposome with radius of
about 50 A(Fig. 1.6). Table 2.5 gives an overview of the components,
which shows that ion pairs were added to represent physiological con-
ditions. Each Os molecule is represented by one TC3 Martini bead,
which was selected based on its size (tiny, “T”), polarity, and charge
(non-polar and neutral, “C”), and interaction with phospholipids (“3”)
in earlier work. Note that one water CG beads represents four water
molecules in the Martini forcefield . The simulations were carried
out at a temperature of 310 K (body temperature) and pressure of 1
bar.

Systems #POPC #W #NaT/CI7! #0,
POPC-flat 128 1395 14 18
POPC-liposome-50 A 394 16618 192 11

Table 2.5: Detailed description of the two simulated systems: a flat mem-
brane and a liposome with radius of about 50 A. The number of phospholipid
molecules (#POPC), water CG beads (#W), ion pairs (#Na-+/Cl-), and
oxygen CG beads (#03) is indicated.

Computational details

The systems were simulated using Gromacs-2021.4 . Using
CHARMM-GUI, initial structures of the membranes were prepared
[147H150]. The Martini 3 forcefield was used [134]. The reaction-field
approach was used to calculate the Coulombic interactions .
With the potential-shift-Verlet modifiers, the Coulombic and the
van der Waals potentials were shifted to zero at the cut-off of 1.1
nm. The neighbor list was updated using the Verlet neighbor search
algorithm with cutoff length 1.1 nm. The equation of motion was
integrated using the leap-frog integrator with a time step of 20 fs.
A temperature of 310 K and a pressure of 1 bar were set for all the
systems. The velocity rescale thermostats coupling constant was set
at 1.0 ps [151]. The Parrinello-Rahman barostat was used with a
coupling constant of 12 ps. For systems with a flat membrane and
a liposome, semi-isotropic and isotropic isothermal compressibility
of 3x107* and 4.5x10™* bar~! was employed, respectively. A
dodecahedron box was used to simulate the liposomes. At every 100
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time steps, the center of mass motion of the system was removed.
Systems were first energy minimized and next they were equilibrated
applying NPT (Isothermal-Isobaric) ensemble for 100 ns. The
production run was 500 ns of NPT simulation.

Analysis of results

A histogram was made of the position of the Os molecules with re-
spect to the center of the membrane. In the case of a flat membrane,
position is measured along the membrane’s normal axis (z-direction).
However, for a liposome, position is determined by measuring the ra-
dial distance from the center of the liposome. This center is defined by
the average position of the phosphor CG beads (PO4) located in the
head group of the POPC molecules. The logarithm of the histogram
of the position ¢ along the membrane normal leads to the free energy
profile, F(q) = —kpT In(hist(q)) where kp is Boltzmann’s constant
and T is the temperature. At 310 K, 1 kT is approximately equi-
valent to 4.28 x 10~2! Joules.
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CHAPTER

MEMBRANE PERMEABILITY
DEFINITION

In this chapter, we will introduce permeability equations for flat membranes
and derive an equation specifically for permeability in the radial direction.
This derived equation will undergo further customization to facilitate its
application in the counting crossings method, thereby enabling us to accur-
ately calculate the permeability of liposomes across diverse systems. Fol-
lowing that, we will employ CG MD simulation to illustrate this equation
by computing permeability of water molecules through both flat and curved
membranes.

3.1 FLAT MEMBRANE PERMEABILITY

The Smoluchowski equation describes the transport of permeants
through an inhomogeneous medium on a free energy profile F(z)
with a position-dependent diffusivity D(z), where z is the coordin-
ate along the membrane normal. Assume Fief is the free energy at
the reference location, usually taken to be in the water phase on both
sides of the membrane. The permeability P of a layer of thickness
h follows from solving the Smoluchowski equation under steady-state

conditions,
1 eBF(2)
JRE— _/gFref d 31
2 , D(z) (3:1)
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3. MEMBRANE PERMEABILITY DEFINITION

where the integration runs over a certain thickness h and 5 = 1/(kgT)
is the inverse temperature with 7T the temperature. In a compart-
mental model, as illustrated earlier for oxygen transport, F and
D are piecewise constant functions, and the integral becomes a sum
over the several compartments,

1 1 h;
F:ZE:ZKiDi 32)

where each layer i is characterized by its thickness h;, diffusivity D,
and free energy F;. The factor K; = exp(fﬁ(Fi - Fref)) is the par-
titioning constant in layer ¢ compared to the water phase, and it is
equal to the concentration ratio between layer ¢ and the water phase,
ie. K; = ¢;j/crer. The composition rule in Eq. 3.2 shows that the
permeation through a series of layers can be seen as a series of local
resistances 1/P;, if the same reference Fief is used for each layer.

d hm d
L
F(z)
AF
Fret N
v
z
d h7n d
D(z)
z
d  hm d

Figure 3.1: Simulation box with length L and cross area o containing
membrane (red) and water (blue). The compartmental model considers
the membrane (thickness h,,) and a water layer on both sides (thickness
d each). Diffusivity is assumed to be constant and free energy profile is
piecewise constant.

Let us start with a one-compartmental model for a uniform mem-
brane of thickness h,,, for which the integral in Eq. 3.1 simplifies

to
_ KD

P :
hm

(3.3)
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3.1. Flat membrane permeability

The partitioning coefficient K relates to the free energy difference
AF between the membrane and the water phase, where AF' is also
referred to as the free energy of transfer to bring a permeant from the
water phase into the membrane.

This model is extended to the three-compartmental model depic-
ted in Fig. 3.1, where a water layer of thickness d is added on both
sides around the membrane. For simplicity, the diffusivity is assumed
to be constant over the whole simulation box. This model allows for
a more complete discussion of the behavior of the counting method.
The permeability of this model is obtained by putting the previous
permeation resistance h,, /(K D) in series with the permeation resist-
ance of the water phase 2d/D, where the water phase’s partitioning
coefficient is simply 1.

This gives the permeability of the membrane plus water layers

equal to

p=_P (3.4)

han
2 —
d+K

Filling in d = 0 in Eq. 3.4, results back in Eq. 3.3.

Two regimes exist for P, depending on the partitioning coefficient
K of the membrane. In the limit of low K, the concentration in the
membrane is much lower than in the water phase, and P reduces to
the previous equation, P ~ K D/h,,, as if the water layer is unim-
portant. The permeability is then indeed dominated by the height of
the barrier and is a linear function of K. This is expected from the
integral form in Eq. 3.1 which is dominated by high F' values. In the
limit of large K, at least compared to h,,/(2d), the membrane has
a high concentration of permeants, and P becomes approximately a
constant, P ~ D/(2d), meaning that the permeability of the mem-
brane is not the limiting factor, but rather the resistance coming from
the water layer.

Flat membrane’s permeability from the counting method

Given this compartmental model, we will now turn towards the prac-
tical situation of a simulation setup. In a simulation, P can be com-
puted using the counting method, by determining the crossing rate J
and the reference concentration cef in the water phase. The number
Neross Of complete transitions through a membrane with cross-section
area o in either direction are counted during a long equilibrium MD
simulation of length T, Next, the (bidirectional) flux J per unit of
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3. MEMBRANE PERMEABILITY DEFINITION

time and unit of area in either direction is derived,
nCI'OSS
T |+ | (35)
where J_ and J_, are the flux through the membrane in the negative
or positive direction, respectively. The well-known formula
for P from the counting method is
_ ‘J<—‘ _ J—> _ ’J<—’ +J, o Ncross

P =
Cref Cref 2Cref 20 Tsim Cref

(3.6)

The counting method for the permeability clearly relies on the num-
ber of crossings. The aim is to discuss the number of crossings as a
function of the key properties of the membrane and the simulation
setup: (1) the free energy of transfer AF, (2) considered layer thick-
ness h = hy, + 2d, (3) the total number of permeants N; that are
present in the simulation box, and (4) the dimensions of the simula-
tion box, i.e. the height L and cross area o. For this reason, n¢poss will
be written as a function of these parameters in order to observe their
role. Using the first equality in Eq. 3.5, it is clear that a discussion
of J contains similar information as a discussion of n¢yess, apart from
the role of the simulation time Ty, and cross area o, and therefore
the discussion of n¢pess Will be largely based on the discussion of J.

From Eq. 3.6, it immediately follows
J = 2¢ptP (3.7)

where P is given by Eq. 3.4. The task at hand is thus to express the
reference concentration, located in the water phase, as a function of
the key parameters K and N;. The water concentration cyef = ¢y i8S
the average number of permeants (INV,,) in the water phase divided
by the volume of the water phase, which is o(L — h,,) according to
Fig. 3.1. Similarly, the membrane concentration c,, is the average
number of permeants (N,,) in the membrane divided by the mem-
brane volume oh,,. Note that, while the total number of permeants
N; remains constant during the simulation, the number of particles
in the water and membrane, NV, and N, respectively, will fluctuate
over time. Their averages are given as

(Nyw) = cwo(L—hp), (3.8)
(Npm) = cmohp = Keyohy,. (3.9)
Using the equality Ny = Ny, + Ny, = (Ny) + (Np), the reference
concentration becomes
Ny
" 0(hmK + L — )

(3.10)

Cref = Cu
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and we find J as a function of the key parameters

IN,D 1 1
J= ho KK + L —h oy

(3.11)

This is the equation that will be used for the discussion. The num-
ber of crossings follows immediately by multiplying J with Tygmo
(Eq. 3.5).

In a final step, we leave the case of the compartmental model and
return to the case of general F'(z) and D(z) profiles that can take any
shape. It is still assumed that the transport kinetics can be described
by the Smoluchowski equation, i.e. the kinetics are Markovian. In the
general case, the reference concentration is given by

6_5Freth

0/ e PFE) gy
L

P is given by Eq. 3.1. Using the (...) notation for spatial averages in
the z-direction, over h or L, these are rewritten as

(3.12)

Cref =

eﬁFref
P = —F— (3.13)
. <eﬁF(z) >
DG ),
and
7ﬁFrefN
Cref - O‘L <6_ﬁF(Z)>L (314)
The flux in Eq. 3.7 now becomes
2N,
J = ! . (3.15)

—BF(z)
hL“< D(z) /. <e >L

The above equation is the generalization of the compartmental model
in Eq. 3.11 to arbitrary free energy and diffusivity profiles. It gives
the flux J as a function of the key parameters in the general case.

The flux in the compartmental model (Eq. 3.11) is first discussed
for the two limiting cases where the layer does not comprise any water
(d = 0so h = hy,) and where all water is included in the layer (h = L),
and next it is illustrated for the intermediate cases (h,, < h < L).
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3. MEMBRANE PERMEABILITY DEFINITION

For d = 0, only the membrane of thickness h,, is considered, and
the flux simplifies. For large K (free energy well) and small K (free
energy barrier), the dependence on K is constant or linear in K,
respectively,

N:D

W’ K >1
oh(L — hp)

When the membrane is highly soluble for the permeants (AF > 0),
the number of crossings is independent of K, and thus AF. However,
when the permeants’ solubility in the membrane is lower than in the
water phase (AF < 0), the number of crossings will drop exponen-
tially with AF. A very high free energy of transfer will give very few
membrane transitions, with poor statistics for the counting method
as a consequence.

For 2d = L — h,,, the whole water layer in the simulation box
is included in the counting of membrane transitions. The considered
thickness is h = L, so J(L) represents the flux of complete crossings
of the simulation box,

 ND 1 1

" (L — hp)? hn 1 Fom
1 —1
7 s

J(L) (3.17)

K

Here, J(L) can be interpreted as a measure of the sampling efficiency
of permeants over the whole z-direction of the simulation box. It is
interesting to see that this equation is symmetric for the replacement
of K by 1/K. Replacing AF by —AF does not alter the sampling
efficiency J(L). In other words, J(L) is an even function of AF
through the appearance of K in this expression. This is an important
realization: the flux in a simulation can be low because either a high
barrier makes it difficult for the permeants to pass the membrane,
or a deep well makes it difficult to leave the membrane once they
are trapped. In summary, the larger the difference between the free
energy minima and maxima across the membrane normal, given by
|AF|, the lower is the sampling efficiency, because J drops with both
K and 1/K. A high variety in solubility hence leads to lower sampling
efficiency.

We now approximate J(L) to allow comparison with the previous
approximations of J(h,,) in Eq. 3.16. For large K (free energy well)
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and small K (free energy barrier), J(L) is inversely proportional to
K, or linear in K, respectively,

N,D
— = K>1
WL — hm) K’

J(L) = “(NtD )K e (3.18)
oh(L— Ty o S

When K is small, J(hy,) ~ J(L). This can be understood because the
exact location of the boundaries, be it at h = h,,, or h = L, is relatively
unimportant when the barrier is high. When K is large, however, we
find that J(h) > J(L). When the membrane is highly soluble and
only few particles are in the water phase, the exact boundary location
does matter. Omitting the water phase, or including a small or larger
part, has a large effect on the number of crossings. The reason is
that the permeability of the water phase is in this case the limiting
resistance for the overall permeability of the considered layer, hence
the sensitivity to the included water layer thickness.

For d between 0 and (L — hy,)/2, the number of crossings lies
between J(hy,) and J(L). Fig. 3.2 visualizes the trends for the toy
system (Fig. 3.1) with numerical values that are typical for MD set-
tings, for instance for a bilayer consisting of 72 phospholipid molecules
. The simulation box had sizes L = 70A and ¢ = (50 A)2, the
membrane thickness was set to h,, = 55 A, the box contained N; = 10
permeating particles with diffusivity D = 0.5 A2/pS, and the total
simulation time was set to Ty, = 1 us.

According to Eq. 3.7, the permeability and the reference con-
centration are the main contributing factors, which are plotted in
Fig. 3.2b-c for several values of d. The semi-log plots clearly show
the constant (zero slope), linear (positive slope), and inversely linear
(negative slope) dependence on K in the limiting cases K > 0 and
K < 0. The number of crossings is mainly the product of these two
graphs, and the semi-log plot in Fig. 3.2a is indeed the sum of the
curves except for a vertical shift. The widespread curves for small
K (i.e. AF <« 0) in Fig. 3.2a-b are a signature of the sensitivity to
the chosen layer thickness when the membrane is a permeant trap.
Let us focus on the number of complete crossings of the simulation
box (black line), which refers to the sampling efficiency. The vertical
dashed line in Fig. 3.2a indicates 100 crossings, corresponding with
a standard error of about 10%. This corresponds to a free energy
difference of about |AF| = 5kpT, indicated with vertical lines in the
other plots. This means that the sampling of the complete simulation
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Figure 3.2: Number of crossings n.r.ss (a), permeability P (b) and refer-
ence concentration ¢, (¢) in the model system of Fig. 3.1 as a function of
the free energy difference AF = —kgT In K, where AF > 0 is a barrier and
AF < 0 a well. Various water layers d are considered. Blue dashed line:
water slab not taken into account. Black line crosses: complete simulation
box considered; this is indicative of overall sampling. The horizontal dashed
line in (a) is at 100 crossings, vertical dashed lines in (b) and (c¢) indicate
the corresponding free energy difference.
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Figure 3.3: Number of crossings n¢;oss as a function of the water layer d
in the model system of Fig. 3.1, for various free energy barriers (K < 0)
and free energy wells (K > 1). Black crosses: complete simulation box
considered.

box becomes poor when |AF| is larger than 5kpT and one should be
wary of statistics. When AF > 0, the statistics are poor because
the membrane forms a high barrier, making crossings a rare event.
However, when AF < 0, the poor statistics are caused by the low
permeant concentration ¢, in the water phase (Fig. 3.2c). When all
permeants are trapped in the membrane, meanwhile not contributing
to the crossings, there is barely any permeant left in the water phase
as a candidate to perform a crossing.

Fig. 3.3 plots the number of crossings as a function of the layer
thickness for several values of K. The curves for low K are almost
unaffected by considering some water layer. In contrast, the curves
for high K indeed decrease much faster than those for low K, as those
are more sensitive to the layer thickness. For complete crossings at
h = L, the curve for a given K coincides with the corresponding curve
for 1/K (indicated with a black cross in the graph), illustrating the
symmetry between AF and —AF.

For all curves in Fig. 3.3, ncposs decreases with increasing thick-
ness h. This is a consequence of the composition rule in Eq. 3.2 for
permeability. A higher thickness gives a lower permeability according
to Eq. 3.2. Using J = 2¢,e¢P, a similar composition rule holds for the

flux,
1 1
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where J; is the bidirectional flux through a layer i (see Eq. 3.5). An
equivalent composition rule holds for ncross = Tsim 0 J. Hence, J and
Neross also decrease when the considered thickness is increased. For
a symmetric bilayer membrane, it immediately follows from the com-
position rule that the entrance flux through one leaflet is identical
to the escape flux through that leaflet, Jenty = Jesc, and the com-
plete crossing flux through the entire membrane is half of that, J =
Jentr/2 = Jesc/2. Likewise, P = Pya¢/2, where Py is the permeab-
ility of one membrane leaflet. It is important to note that these com-
position rules are based on the compartmentalized inhomogeneous
solubility-diffusion model, and are thus only true under the assump-
tion of perfectly diffusive behavior. Non-Markovian kinetics might
distort these composition rules,|104] e.g. when memory effects are at
play for ethanol crossings through a phospholipid membrane .

Finally, the symmetry in AF is shown in the general case of ar-
bitrary profiles in Eq. 3.15. When the diffusion profile is taken to be
constant, D(z) = D, and considering the full simulation box, h = L,
the flux becomes

— Nt
LoD <eﬁF<z>>L <e—ﬁF<z>>L '

J(L) (3.20)

This highlights that the same number of crossings will be encountered
when a profile F(z) is replaced by —F(z), even though the permeab-
ility changes. While it may be counterintuitive, a profile with a high
free energy barrier will therefore give the same sampling efficiency as
a profile with a low free energy barrier. Highly soluble membranes are
thus not necessarily improving the statistics in the counting method.
This realization is important for drug design, where substances with
high permeability might actually be trapped by the membrane, thus
reducing their efficacy.

3.2 CURVED MEMBRANE PERMEABILITY

In this section, the definition of permeability for curved membranes
will be derived in the case of diffusive transport through membranes.
The Smoluchowski equation is often referred to as the inhomogeneous
diffusion solubility model, and describes the evolution of the concen-
tration c(7,t) based on the position-dependent diffusivity tensor D
and free energy F,

&Eg;t) _v ( D(F)e PFy <€/3F(T‘)c<7:,t)>) (3.21)
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where 8 = 1/(kpT) with kp Boltzmann constant and T' temperat-
ure. The Smoluchowski equation has as an advantage that it can be
solved analytically under steady-state conditions both for flat mem-
branes and spherically shaped membranes. First, while the solution
for flat membranes is well-known, we will revise here the solution for
systems with spherical symmetry. Second, the escape and entrance
permeability will be defined. Within the diffusive assumption, the
new permeability definition will be derived using a special limiting
case: a purely homogeneous medium, i.e. the membrane is imaginary.
In this case, we will impose that a curved ‘membrane’ should have
the same permeability value as its flat counterpart. Third, we will
transfer the permeability definitions to the counting method, which
does not assume diffusive transport.

3.2.1 Inhomogeneous solubility-diffusion model under
radial symmetry

Consider first the case of a flat membrane with translational symmetry
in the membrane plane. The free energy F' is position-dependent,
and the anisotropic diffusion tensor D has components parallel to the
membrane (D)) and orthogonal to the membrane (D). The position-
dependent profiles along the normal z to the flat membrane surface
are denoted F'(z) and D, (z). By assuming translational symmetry in
the x and y directions, imposing a concentration gradient Ac over the
membrane under steady-state conditions, and solving the Smoluchow-
ski equation, the permeability can be obtained as P = J/Ac, where

J is the net flux of permeants crossing the membrane 7

! —BFrer i ot d 3.22
P 2 D1 (2)e PR (3.22)

Next, consider the case of a liposome with radial symmetry, for
which an update of Eq. 3.22 will be made. The radial symmetry
of the medium leads to the profiles F(r) and D (r), which are the
free energy and diffusion profile dependent on the radial distance r
from the liposome center. Not only the medium, but also the bound-
ary conditions are assumed to be radially symmetric in steady-state
(see below, Fig. 3.4). The anisotropic inhomogeneous Smoluchowski
equation [30] under radial symmetry reads, for the one-dimensional
transport along r, as

de 10 _grm O ,
% 2o <r2DL(r)e BE( )5 (e’BF( )C)> (3.23)
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Under steady-state conditions (Oc/dt = 0), we need to solve

19 (5 87 9 (BP0 —
e (7“ D, (r)e 5 (e c) =0 (3.24)

The first integration over r gives an integration constant A,

0
7"2DJ_(7“)6_6F(T)6— (eﬁF(T)c> =A (3.25)
r
The flux vector may be recognized, which is a vector along the radial
direction €, with length J(r). This lets us rewrite Eq. 3.25 as,
0 A
ﬂm:—um%%”%%@”mgz—ﬁ (3.26)
which gives us insight in the behavior of the flux. As A is constant,
the flux J(r) diminishes as 1/r? under radial symmetry.

After rearrangement of Eq. 3.25, integrating once more over [rq, r2]
gives

79 1
BF(r2) _ oBF(r1) — /
ePT " e(ry) — e”" M e(ry) = A/T1 71/2DJ_(71/)€_ﬂF(T,)dT (3.27)

Next, the steady-state boundary conditions of the two cases in
Fig. 3.4 are imposed on Eq. 3.27. In Fig. 3.4a, particles are entering
the liposome from the outside, and any particle reaching the inside is
assumed to be consumed instantaneously. With ¢(r1) = 0, ¢(r2) # 0,
and F'(ry) = Fief,2 the reference free energy, the steady-state simplifies
to

1

T2
— _BFref,2 2 /
c(rg) = —e J(r)r /n r’2DJ_(r’)e—5F(T')dr (3.28)

where 7 in the product J(r)r? can be taken at wish, as the product
is constant according to Eq. 3.26. With ¢(r2) = Ac, this leads to a
liposome permeability definition that is dependent on the chosen r
distance,

1 Ac 2 _BF f2/” 1 '
= = ref, d 3.29
Pepie (1) ‘J(T)‘ re " TIQDJ_(T.I)Q—BF(T’,) " ( )

The subscript ‘entr’ refers to the reference concentration being at
location ro, with particles entering the liposome.

In Fig. 3.4b, particles are enclosed inside the liposome, and any
escaping particle is assumed to be consumed instantaneously. The
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Figure 3.4: Definition of radii 1 and r, and membrane thickness h for
a liposome with radial symmetry. (a) Steady-state condition for entrance.
The flux |J(r1)| is the entrance flux. (b) Steady-state condition for escape.
The flux J(r3) is the escape flux.

concentration inside the liposome is nevertheless kept constant in this
theoretical situation. With c(r1) # 0, ¢(r2) = 0, and F(r1) = Fet1
the reference free energy, the steady-state in Eq. 3.27 simplifies to

T2 1

— _BFref, 2 /
o(r1) = =Bt J () / PE R (3.30)

where r in the product J(r)r? is arbitrary. With c(r1) = Ac, this
again leads to a permeability definition that is dependent on the
chosen r distance,

1 Ay gp /m 1 ,
_ _ d 3.31
Pecr) 0] e rrm (331
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The subscript ‘esc’ refers to the reference concentration being at loc-
ation rq, with particles escaping from the liposome.

Let us have a closer look at the references Fier1 and Fiero, inside
and outside, respectively. When the solubility of the permeants is the
same inside and outside the liposome, the permeants have the same
free energy inside and outside, Fi¢f in short, and Egs. 3.29 and 3.31
are equivalent and equal to

1 2 _—BF f/TZ 1 /
= re d 3.32
P(r) "), D()e e 332

However, it can also occur that the liposome packages a formulation
inside that differs from the outside water phase, such that Fier1 #
Fief2. Micelles are other molecular structures, where often the inside
and outside environment differ. The permeability then depends on the
chosen reference, i.e. entering from outside (Pepty) or escaping from
inside (Pesc), but either definition is simply related by the permeant’s
solubility ratio,

Pentr(r) — o B(Fret1—Frer2) (3.33)

Pesc(r)
In thermodynamic equilibrium, this free energy ratio would be equal
to the concentration ratio c(r2)/c(r1). The dependence of the per-
meability definition on the reference is not characteristic for liposomes
with radial symmetry, but it also appears for flat bilayers where the
left and right side of the membrane differ. The latter situation is in
practice usually not encountered in a single flat bilayer simulation, as
left and right compartments are then indiscernible because of periodic
boundary conditions.

The permeability Eqs. 3.29 and 3.31 are dependent on r and thus
do not define the liposome’s transport properties uniquely. In the
next subsection, we define the liposome permeability by comparing
with a flat membrane and discuss the dependence on the curvature.

3.2.2 Defining liposome permeability

While the product J(r)r? is independent of 7 in steady-state with
spherical symmetry, Peyt,(r) or Pesc(r) are not. The question arises
which r is most appropriate to represent the permeability. Let us first
look at the steady-state conditions of Fig. 3.4a for Peyt,y. Since ¢(rq) is
kept at zero in this steady-state situation, all flux at » = r; originates
from permeants that started at the other side of the membrane at
r = ro. In other words, no recrossings can occur at » = r; because
of the boundary condition. Hence, |J(r1)| can be regarded as the
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3.2. Curved membrane permeability

entrance flux of permeants that effectively crossed the membrane.
This makes us define the entrance permeability from Eq. 3.29 as

Pentr = Pentr (rl) (334)

Similarly, for Pesc(r) in Fig. 3.4b, the flux at r = r is now equal to
the escape flux, which is the flux of particles effectively coming from
the liposome’s inside and escaping all the way through the membrane,
as there are no recrossings possible under the condition ¢(r2) = 0.
This makes us define the escape permeability from Eq. 3.31 as

Pese = esc(r2) (335)

based on the flux |J(r2)| through 7o caused by a concentration at
the reference location r1. The escape and entrance permeabilities are
related to each other. By filling in their definitions into Eqgs. 3.29 and
3.31 and taking the ratio, their relation reads

efﬂFref,l eflgFref,Q
P63072 — Pentriz (336)
1 T2

Whilst Pentr and P have a clear interpretation, it still leaves
the question open whether Pgnt, or P.s. is more suitable to describe
the liposome’s membrane permeation. With Peyy/Pese = 73/77 =
(14h/r1)?, it is clear that Puy, is higher than Pege, even by an infinite
factor for the most curved membrane. This can have an implication on
comparing experimental escape or entrance permeabilities of curved
liposomes with simulated data of flat bilayers. Concretely, Peptr/Pesc
gives a difference of 2% for a cell-sized vesicle with a diameter of
1 pm, with 71 = 500nm and ry = 505 nm. Meanwhile, Pepty/Pesc is
a factor 4 for a very small liposome with r; = 5nm and ro = 10 nm.
Curvature effects are thus significant for smaller liposomes. A wide
liposome size distribution in experiment will also negatively influence
the quality of the comparison between experiment and flat membrane
simulations.

As a strategy to address whether Puy or Pagc is more suitable, we
keep the final aim in mind, where we would like to assess if a liposome
membrane is more, or less, permeable than a flat bilayer. A membrane
that is indiscernible between the liposome and the flat setup, except
for its curvature, should then have the same permeability value. We
will therefore construct a hypothetical homogeneous liposome and
flat bilayer, and use this condition of equivalent permeabilities as a
guideline.
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3. MEMBRANE PERMEABILITY DEFINITION

[ homogeneous medium]
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Figure 3.5: Imaginary flat bilayer and imaginary liposome of thickness h
in a homogeneous water box. We impose that these have equal permeability
as a guideline to define the liposome’s permeability P*.

To create the homogeneous systems, we look at the artificial situ-
ation of a pure water box, in which we draw in our mind an imaginary
flat bilayer or an imaginary liposome, as shown in Fig. 3.5. The ima-
ginary membranes both have thickness h. Since the membranes are
just lines in our imagination and actually consist of just pure water,
the permeability through the imaginary flat membrane and imaginary
liposome should be exactly the same, i.e. they should be equal to the
permeability through a layer i of homogeneous water. The diffusivity
D in homogeneous water is independent of z or r, and the free energy
is constant everywhere. The permeability through a flat imaginary
bilayer of thickness h follows from Eq. 3.22,

D

Paat = 7 (3.37)

whereas Fq. 3.32 gives the permeability for the imaginary liposome,
rire D

P(r)=—-— 3.38

(T> T2 h ( )

As we are working with imaginary membranes, we aim for the lipo-
some permeability to be equal to the flat bilayer permeability. Com-
paring the two previous equations, this is possible by defining the
liposome permeability as P* = P(r*), evaluated at a radial distance
r* = \/rire, which lies intermediate between r; and ro. With this
definition, the target P* = Pg,; is achieved.

Moreover, this P* definition can be linked to the liposome escape
and entrance permeability, which are

ro D

Pentr = iﬁ (339)
r D

Pesc - éﬁ (3.40)
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for the homogeneous medium. It is clear that Pege < PRat < Peontr, and
we notice that P* is the geometric mean of the escape and entrance

permeability,
P* = P (\r172) = /Pentr Pesc (3.41)

In conclusion, choosing the geometric mean of escape and entrance
permeability as the liposome permeability permits a fair comparison
with the flat bilayer. For a membrane with position-independent dif-
fusivity and free energy, the flat and curved bilayers will have the
same permeability value, as aimed for.

Finally, let us discuss how the P* definition acts for arbitrary
membranes. To elucidate the effects, we will turn again to the purely
diffusive assumption, since the Smoluchowski equation provide ana-
lytical solutions. Consider a membrane with position-dependent dif-
fusivity or free energy across the membrane, assuming equal permeant
solubility on both sides of the membrane. Maintain the liposome per-
meability definition of Eq. 3.41 also in this general case, Eqs. 3.29,
3.31, 3.34, and 3.35 lead to

T2 1

o _5Fref /
P* =rirqe /r1 2D, (e FF) dr (3.42)

This expression allows us to highlight the effect of curvature. Con-
sider a flat membrane with F(z) and D, (z) along the membrane
normal and a liposome with F(r) and D, (r) along the radial direc-
tion. Assume those two F' profiles and D profiles look identical, and
the membranes have identical thickness h = ro —r;. The permeability
through the flat bilayer follows from Eq. 3.22 and has the following

shape,

1 h/2

= / f(2)dz (3.43)
Phat —h/2

with f(z) a specific function of the F' and D profiles. Meanwhile,
Eq. 3.42 gives the permeability for the liposome, which has this shape

1 "2y
B = / 1 — )’ (3.44)
figuring the same function f. For homogeneous media, the function
f is constant, and Pg,y = P* as anticipated. For inhomogeneous
media, however, f is not constant. The additional ryrs/r? in the
integrand is a reweighing factor. The area under the curve 717q/r?
over the interval [r1, 9] is equal to the area under the curve 1, meaning
that the function f is redistributed over the interval. Values closer
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to the liposome center receive a higher weight in the integral. This
reweighing is in fact a consequence of the Jacobian r? factor arising
from using the spherical coordinate r. The practical consequence of
the reweighing is that two identical membranes, yet one is flat and
the other is curved, will differ in permeability: Pg,; # P*. Moreover,
the permeability changes with curvature. Inhomogeneity in F' or D
will therefore make the permeability P* curvature-dependent, and the
effect depends on the liposome size and membrane thickness.

The liposome permeability is the geometric mean of the escape and
entrance permeabilities, and it can also be written as the permeability
P(r) evaluated at the geometric mean r* = |/rir; of the radii. While
this follows from the reasoning with imaginary membranes, this geo-
metric mean can also be given a physical interpretation. Eq. 3.32 for
1/P(r) implies that the function P(r) itself is a 1/r? function mul-
tiplied by a factor a that is independent of r; hence P(r) = a/r?.
Consequently, the average function value of P(r) over the membrane

thickness h is rq
(P(r)), = a/h / —zdr’ (3.45)

1 r
The integral is here equal to h/(rire). Averaging a 1/r? function,
where the r? originates from the spherical surface areas of liposomes,
makes the square of the geometric mean, r179, appear. For the average

of P(r), this leads to

1

P(r)), =a— = P(r*) = P* 3.46

(P}, = ot = PG (340
This effectively gives our definition of the liposome permeability P*
the interpretation of the mean value of P(r), taken over the whole
membrane thickness. Moreover, the appearance of the geometric
mean allows to formulate an elegant summation rule for the permeab-
ilities of two subsequent layers, [r1, 2] and [ra, 73],

1 1 1

= + 3.47
rirsPugy rmirePug rersPpg) (3.47)

The summation rule is obtained by slightly rearranging Eq. 3.42 and
splitting up the integration interval [rq, 73] of the total permeability
Ppis)

We end this subsection by offering another way to look at the
additional r? factor in the denominator of Eq. 3.44. This Jacobian
factor can be absorbed by defining an adapted free energy profile.
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3.2. Curved membrane permeability

The free energy is related to the permeant concentration by ¢(r) =
Cref e~ PE)~Fret) where the reference concentration and free energy
are taken at some reference radial distance r... Let us define the
radial density profile p(r)dr = c(r)4rr2dr, which is the number of
particles in a spherical shell with radius r with infinitesimal thickness
dr. The corresponding free energy profile, apart from a constant shift
—In(4m), is

F(r) = F(r)—2In(r) (3.48)
e PEM) = p2e=BF(r) (3.49)
p(r) = prere PEO=Fred) (3.50)

with pref and F¢ the radial density and the adapted free energy at
location 7..f, respectively. This means that liposome permeability of
Eq. 3.42 may be rewritten as

_ —BFe S M 3.51
—° / D (#)e PE0) (3.51)

which has now the same shape as the flat membrane equation
(Eq. 3.22), but it figures the adapted free energy F(r) associated
to the radial density p(r) instead of the permeant concentration
c(r). In other words, if the Jacobian factor r? is incorporated in
the free energy, our liposome definition P* resorts to the shape of
the flat bilayer equation. The Jacobian causes the dependence of
the permeability on the curvature. Indeed, the importance of the
Jacobian factor depends on the boundaries r; and r2. For highly
curved membranes, the Jacobian factor changes F considerably
with respect to F. However, for slightly curved membranes in large
liposomes, the —21Inr factor is nearly constant over the integrand.

3.2.3 Liposome permeability from the counting method

As described in the section 3.1 on permeability for flat membranes,
permeability can be calculated by counting the crossings through the
membrane, as demonstrated in Eq. 3.6. In the flat membranes, the
dividing surfaces at z = +h/2 are flat surfaces with equal area o.
However, these become spherical surfaces for the liposome at r = r;
and r = r9, whose area depends on the radial distance r. Therefore,
we will provide an update of the counting method for spherically
shaped membranes.

Consider again a long equilibrium MD simulation, this time of a
liposome. Count the number of crossings nenty of permeants entering
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the liposome through the membrane and reaching the inner spher-
ical dividing surface with cross-section o; = 47rr% at radius 1. The
corresponding inward flux at r is

TNentr
J. = 3.52
’ entr| Tsimal ( )

with Jentr < 0. Similarly, the flux of escaping particles reaching oo =
4772 is

Tlesc

Jesc T oy (3.53)
with Jesc > 0. In other words, the flat membrane fluxes J._ and J_,
are the equivalents of the liposome radial fluxes Jontr (< 0) and Jege
(> 0) of membrane crossings. Since the equilibrium MD can be seen
as a superposition of the two steady-states in Fig. 3.4, similarly as in
the derivation of Eq. 3.6, these two equilibrium radial fluxes are equal
to the two steady-state fluxes of the previous subsection (Fig. 3.4).
Using the definitions Pepty = Pentr(71) and Pege = Pesc(r2) from the
previous subsection, the permeability equations become

|Jentr|

Py = (3.54)
Cref
J o

Poe = 2o (3.55)
Cref

By transferring our liposome permeability definition Eq. 3.41 for P*
to the case of non-diffusive transport, the geometric mean of Py,
and Peg. is again used,

P* _ |Jentr’ Jesc _ ’Jentr’ E . @ﬁ (356)

Cref Cref T2 Cref T2

In terms from crossings the total number of (bidirectional) crossings
Neross = Mese + Mentr through the liposome membrane, the liposome
permeability reads

* TNcross
Pf = == 3.57
8TGmTr1T2 Cref ( )

Here, nese = n was used, assuming that in a long equilibrium
3 esc entr )

simulation, there is no accumulation of particles, and the numbers of
permeants entering or escaping the liposome are approximately equal.
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3.2. Curved membrane permeability

3.2.4 Illustration with CG MD

The equation defining curved membranes’ permeability (P*) is ex-
emplified through CG MD simulations of systems comprising both
flat and curved membranes, enabling a comparative analysis of water
permeability in these systems. The reported permeabilities in this
section are all based on the counting method, computed with Eq. 3.6
for flat membranes, Egs. 3.54-3.55 for Peyt, and Pegc of liposomes, and
Eq. 3.41 for liposome permeability P*.

Systems and computational details

Two homogeneous membranes consisting of DPPC and two binary
membranes consisting of DPPC and 10% cholesterol were modeled
with CG MD simulations. The simulation box (see Fig. 3.6 either
contained a flat membrane (label F) or a liposome (label L) with a
radius of approximately 50 A. The composition of each system is given
in Table 3.1. The box also contained 0.15 Molar sodium chloride, as
well as a very low concentration of 20 neutral NO beads, which have
not been focused on in the present work.

Z

21 nm

Figure 3.6: Simulation box of flat membranes (top) and liposomes (bot-
tom), modeled with a CG forcefield. Left: pure DPPC; right: DPPC:CHOL
composition. Large beads are phosphate head groups (PO4 beads, light
green), glycerol groups (GL1 beads, light brown), and cholesterol (pink and
blue). Small beads are water (light blue) and DPPC tail beads (light or-
ange).
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system DPPC:chol (%) # lipids # in / out # waters # ion pairs

F 100:0 256 128 / 128 2504 29
F-Ch 90:10 260 130 / 130 2452 28
L 100:0 518 124 / 394 54507 603
L-Ch 90:10 545 145 / 400 76608 842

Table 3.1: Composition of the simulated flat bilayers (label F) and the
liposomes (label L) with number of lipids in each leaflet, number of water
molecules, and number of sodium chloride ion pairs. Each system also
contained 20 NO beads. The DPPC versus cholesterol content is given in
percentages.

Initial structures of the membranes were prepared with the
CHARMM-GUI website [147, [149, [150]. Using the Martini 2
forcefield for the CG beads, the MD simulations were run with
the Gromacs-2021.4 . The Coulombic interactions were
calculated using the reaction-field approach . Truncation
of 11 A was applied for the Coulombic and the van der Waals
interactions, where potentials were shifted to zero at the cutoff
with the potential-shift-Verlet modifiers. The neighbor list length
was 11 A, updated using the Verlet neighbor search algorithm. The
equations of motion were integrated with a time step of 20fs using
the leap-frog integrator, and coordinates were stored every 20 ps.
The velocity rescale thermostat was used with the coupling constant
of 1ps to set the temperature at 323 K, which lies above the melting
temperature of DPPC, thus ensuring that the membrane is in the
liquid disordered phase [151]. The Parrinello-Rahman barostat
at 1 bar was employed with a coupling constant of 12ps, and
semi-isotropic and isotropic isothermal compressibility of 3x107%
and 4.5x107° bar~! for systems with a flat bilayer and a liposome,
respectively. At every 100 time steps, the center of mass motion
of the system was removed. First, systems were energy minimized
and equilibrated in the NPT ensemble for 100ns, up to 600ns for
liposomes to allow for water exchange between interior and exterior,
followed by a 1000ns NPT production run.

Membranes’ structure

The membrane thickness and area per lipid in Table 3.2 are measures
of the membrane’s geometry and compactness. To determine the
membrane thickness A from the MD trajectories, the average position
of the phosphate Martini beads (PO4) is evaluated, using z or r for
the flat or curved membranes, respectively. For a flat membrane, the
bilayer is centered around z = 0 and then the average |z| over all PO4
beads is computed, which is equal to h/2.
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For a liposome, the membrane is centered around r = 0 and the
two average radial distances of the PO4 beads in the inner and outer
layer are used as the two radii 1 and ro, which determine the thickness
h = ro — r;. It has been verified that no PO4 beads flip-flopped
between leaflets during the simulation.

To determine the area per lipid A;, the number of lipids per leaflet
is counted and is reported in Table 3.2. For a liposome, the average
areas per lipid A;; and A; 5 are computed as the area 47r? and 4mr3,
divided by the number of lipids in the inner and outer leaflet, respect-
ively.

Comparing the flat and curved membranes in Table 3.2, the
curvature makes the membrane appear to be thinner, with a
reduction in h from about 40.2A to about 35.6 A. The curvature
makes the area per lipid lower in the inner liposome leaflet compared
to the flat membrane, meaning that the phosphate groups are more
densely packed in the inner leaflet, while the inverse effect is seen for
the outer leaflet. Inspired by the permeability definition in Eq. 3.41,
we compute the geometric mean of the areas, A7 = /A;14;2.
This value indicates that overall, the liposome’s lipids are less
densely packed than in the flat membrane. This is also confirmed by
estimating the volume per lipid (values not shown).

The incorporation of cholesterol introduces a clear reduction in
the area per lipid, in accordance with other works reporting on the
effect of cholesterol. Alwarawrah et al. reported that the area per
DOPC lipid at 323 K decreases from 67.1 A2 to 59.6 A2 by including
10% cholesterol in the membrane . A similar trend was observed
by another research group, analytically investigating the effect of cho-
lesterol on the area per lipid at 323 K, with a 15% reduction in the
area being occupied by lipid molecules in the membrane containing
10% cholesterol . In our simulation, this fall in the area per
DPPC lipid is about 9% (from 63.6 A% to 58.1 A?) for the flat mem-
branes and 7% (from 66.4 A2 to 61.6 A2) for the curved membranes.
Cholesterol in the membrane is also known to increase the membrane
thickness. MD simulation was performed at 323 K by Leeb et al. to
assess the changes in the membrane thickness composing cholesterol.
They resulted that 10% cholesterol can increase the DPPC bilayer
thickness from 40.5 A to 43.7 A (8%) . A smaller increase of
about 6% for the thickness was reported at 323 K for the DPPC-chol
(10% chol) membrane by Alwarawrah [155]. However, this effect on
the membrane’s thickness is less noticeable in our systems with a flat
(2%) or curved (0.7%) bilayer, suggesting here a stronger effect of the

curvature than of the cholesterol content.
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system  h Ay
F 40.2 63.6
F-Ch 41.2 58.1
system  h r1 ro A Aa Af
L 35.6 20.7 56.3 43.6 101.1 66.4
L-Ch 353 21.0 56.3 381 99.5 61.6

Table 3.2: Structural characteristics of simulated flat and curved mem-
branes: membrane thickness & (in A); radii r, and r; (in A), area per lipid
Ay, A, Arg, and A7 (in A?).

Water permeability

To compute the permeability of water molecules through the mem-
brane, the number of crossings and water concentrations need to
be evaluated. For flat membranes, the dividing surfaces are set to
|z| = h/2, and membrane crossings are detected with the Rickflow
package [71]. The water concentration is evaluated in the flat region
of the water histogram. For the liposomes, we implemented an exten-
sion of the Rickflow package to detect membrane crossings through
the spherical dividing surfaces with radii r; and r9. The reference
water concentration inside (outside) the liposome is determined by
counting the average number of water beads with < 12A (r > 70 A)
where the water histograms visually flatten out, and dividing by the
appropriate volume. In our simulations, the number of crossings of
water beads varies between 41 and 179, and the water concentration
varies between 0.94 and 0.98 g/cm?.

Fig. 3.7 provides detail on the permeability of water molecules
through the flat and curved membranes. Cholesterol seems to reduce
the permeability, in accordance with the tighter packing (volume per
lipid) in cholesterol containing membranes. A drop of 24% is seen in
both the flat (P) and curved (P*) bilayer (though not statistically
significant).

Finally, let us focus on the effect of curvature. For the liposomes,
the entrance permeability is about a factor 6.4 (7.0) times higher than
the escape permeability for the membrane without (with) cholesterol.
This very large range in permeabilities illustrates the ambiguity in
the numerical evaluation of liposome permeability. Fortunately, our
definition P* gives a single value, which may be directly compared to
the flat membranes. As shown in Fig. 3.7, the curvature increases the
permeability roughly by a factor 1.7 in the membranes without/with
cholesterol. In our simulations, the curvature decreased the mem-
brane thickness and increased the area per lipid. The elevation seen
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Figure 3.7: Water permeability of flat membranes (P) and liposomes (P*,
Pese, Pontr). Error bars refer to standard error assuming that crossings are
independent observations of a Poisson process . Composition without
(squares) or with (diamonds) cholesterol.

in the water permeability for the curved membranes can be due to
these changes in the thickness and the area per lipid, as these changes
can facilitate the water permeation through the bilayer. The lipo-
some permeability definition P* thus enabled a fair assessment of the
curvature effect on the permeability of DPPC and DPPC:chol mem-
branes.
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CHAPTER

COUNTING CROSSINGS
LIMITATIONS

In this chapter, we focus on the limitations of the counting crossings method
using CG MD simulations. Our discussion on the simulation results revolves
around how the free energy profile of the permeant affects the accuracy of
the counting crossing method in permeability calculations.

As outlined in Section 2.2, we conducted simulations involving 16
CG beads, each characterized by distinct free energy profile. This
approach allowed us to assess the influence of the permeant’s free en-
ergy profile on the efficiency of the counting crossings method. In the
subsequent sections, we will demonstrate that all permeants’ free en-
ergy profiles can be classified into three distinct types. Furthermore,
we will elucidate the relationship between the permeant’s free energy
profile and its permeability through the membrane.

4.1 THREE TYPES OF FREE ENERGY PROFILES

The free energy profile was determined from the histogram p(z) of the
position of the CG beads as F(z) = —kpT'Inp(z). Fig. 4.1 presents
F(z) for three exemplary bead types. Bead AC2 has a deep free
energy well, hence it is highly soluble in the membrane (K > 1). Bead
P1 has a high free energy barrier and is insoluble in the membrane
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(K <« 1). Bead SNO shows a mix of free energy well and barrier,
where the solubility depends on the exact location in the membrane.
The other bead types had similar profiles with different elevations.

4.2 NUMBER OF CROSSINGS: EFFECT OF FREE ENERGY

Fig. 4.2 shows the number of detected crossings versus AF for the
16 beads (full symbols), where AF is computed as the free energy
difference between the membrane center and the membrane border.
The graph clearly follows the shape of the curves in Fig. 3.2a, where
Neross generally drops with |[AF|. These MD values are compared
to the model values of nepss (open symbols), based on the flux in
the compartmental model (Eq. 3.11) or the more general formulation
of the Smoluchwoski model (Eq. 3.15). The model parameters were
inferred from the MD simulations.

For Eq. 3.11, K is computed as exp(—BAF), h,, = 4.6nm cor-
responding to the membrane, the average box length L = 10nm,
and Ty = 270ns. The normal diffusivity D,, describes diffusion
normal to the membrane surface, but the measured D,, already in-
corporates the effects of the barrier or well. Therefore, the lateral
diffusivity D) = (Dgz + Dyy)/2 was taken as the diffusivity D in
the model, since diffusion parallel to the membrane is not hindered
by free energy barriers/wells. The water thickness d was varied from
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Figure 4.1: Free energy of three selected bead types that are representative
of a free energy barrier (P1), a free energy well (AC2) and a mix of both
(SNO). The profile F'(z) = —kpT Inp(z) is plotted with p(z) the histogram
of the 20 permeants’ z-coordinates over all 90 000 snapshots.
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0 to (L — hy,)/2, giving a range of crossings that is indicated as a
dashed vertical line on the graph. The lower end of the line corres-
ponds to the number of crossings through the whole simulation box
(h = L), while the higher end corresponds to the number of crossings
through the membrane only. For AF < 0, the number of crossings
clearly is highly sensitive to the considered membrane thickness. For
AF > 0, the number of crossings is no longer sensitive to the water
layer thickness (lines mostly hidden by symbols), in accordance with
Fig. 3.2a. It was found that a decent correspondence with the MD
data could be obtained for a small water layer thickness d = 0.1 nm,
which was added to the plot with a gray open symbol. The spread of
the vertical lines however indicate that almost any value can be the
outcome by tuning the parameter d. This indicates again that the
number of crossings, and hence the permeability, is very sensitive to
the considered thickness. One should therefore be cautious when in-
terpreting and citing experimental or computational results for highly
permeable membranes.

For Eq. 3.15, the integral is evaluated using the measured free
energy profile F'(z), the same constant diffusivity, and d ~ 0 (not
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Figure 4.2: Number of crossings neross as a function of AF for the 16
permeant types. Filled symbols: value as measured in the MD simula-
tions with color according to bead type, i.e. well (blue), barrier (red), and
mix (orange). Grey open symbols: value based on compartmental model
(Eq. 3.11) with d = 0.1nm. Vertical dashed lines show the range between
setting d = 0 (top of line) and d = (L — hy,)/2 (bottom of line). Colored
open symbols: value based on general Smoluchowski model (Eq. 3.15).
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exact because of binning in p(z)), giving the values indicated with a
colored open symbol. Compared to the compartmental model, this
more general model uses a position-dependent solubility, which al-
lows describing more details of the membrane. Despite the crudeness
in the parameter estimations, a good agreement is found between
these model values and the numerical MD data in Fig. 4.2. The per-
meants in the present simulations are of course only a single bead
without internal degrees of freedom, and the membrane contains only
one phospholipid type. For more realistic membranes and realistic
permeants, the compartmental model or the more general formula-
tion (Eqgs. 3.11, 3.15) might not have a sufficient level of detail to
match the MD results. An extension of the model in Fig. 3.1 could
for instance be a model that has both a free energy well and barrier.
However, the complexity of more realistic simulations not only comes
from the inhomogeneity in ' and D, but there might also be memory
effects that make the kinetics non-Markovian, while the Smoluchowski
equation is based on the Markovian assumption. Another challenging
situation is when the permeation is accompanied by hysteresis, which
is caused by not observing energy barriers in some orthogonal de-
gree(s) of freedom (orthogonal to the permeation direction z). This
is for instance the case when the permeant has an internal degree of
freedom that is changed during the permeation, e.g. a dihedral angle
in an oligopeptide, or an orientational degree of freedom, e.g. the ring
plane in ibuprofen. A two-dimensional or higher-dimensional diffus-
ive equation should then be constructed, which captures all reaction
coordinates that are relevant for the permeation.

In these more advanced approaches, based on more elaborate mul-
tidimensional models with kernels, the free energy would still be one
of the main parameters. The present analysis based on a Smoluchow-
ski equation can therefore be seen as a decent first approximation to
gain insight in the sampling efficiency. The presented curves clearly
illustrate that a higher variation in the free energy profile results in
lower sampling efficiency. Both deep wells and high barriers cause a
dramatic drop in crossings, and the counting method for permeability
will perform inaccurately in those cases.

Concluding remarks. In both the cases of a high free energy barrier
and a deep free energy well, it can be concluded that the permeability
calculation by counting crossings will face failure because of the in-
sufficient number of crossing during the simulation. To overcome this
problem, one should resort either to running longer MD simulations
to observe more crossings, using larger simulation boxes with more
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permeants, or implementing other simulation methods that are ap-
plicable for rare events, such as replica exchange transition interface
sampling (RETIS) or milestoning [102, |103] [L58] [159]. In recent work,
the connection between RETIS and the permeability was derived, and
this method can be a valid alternative for the counting method
[160]. Another train of thought is the use of biased simulations, where
large variety in the free energy is canceled out artificially by adding

a bias potential [161H163].
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CHAPTER

INVESTIGATING PH-SENSITIVE
LIPOSOME: CURVATURE AND
COMPOSITION EFFECT

The derived equation for curved membrane permeability will be applied to
a pH-sensitive liposome system in this chapter, and the resulting permeab-
ity values will be reported. The discussion will explore the influence of
membrane curvature and composition on membrane properties, including
membrane permeability in this system.

In this chapter, we conduct simulations on 62 systems consisting
of flat and curved membranes to evaluate the impact of membrane
curvature and composition on pH-sensitive liposomes permeability.
Specifics on the simulated systems and settings are given in Sec-
tion 2.3.

5.1 AREA PER LIPID

Membrane composition effect

In this section, we will assess the impact of membrane curvature and
composition on the membrane area per lipid. Fig. 5.1 illustrates how
FAs and cholesterol affect the APL of the flat membrane. A pure
DPPC flat membrane has an APL of 63.6 A2, which agrees well with
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experimental values at a temperature of 323 K . Flat bilay-
ers containing neutral FAs exhibit a smaller APL, for instance, with
F-10C10 and F-10C14 showing decreases of 6% each. This is in agree-
ment with an experimental study reporting that the APL decreases
in the presence of saturated long-chain FAs, such as stearic acid, in a
DPPC monolayer [165]. They attributed this to the impact of neutral
FAs, which cause the DPPC molecules to separate and ‘dilute’, thus
reducing the electrostatic repulsion between their head groups.
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Figure 5.1: APL of flat bilayers as a function of the molar fraction of FAs
and cholesterol combined. Symbols are circles for systems containing NO,
crosses for systems containing Na. Full (dark) and empty (lighter) circles
show systems with neutral and deprotonated FAs, respectively. Gray dashed
lines are linear regression fits.

The incorporation of cholesterol into the membrane also results in
the strongest reduction of APL, from 63.6 A2 to 58.1 A% (a decrease
of about 9% for F-10Ch). Similar trends were reported in simula-
tion studies for different phospholipid molecules, with a 13 to 21%
decrease in APL by incorporating 10 to 30% cholesterol in a lipid
membrane , . In all our systems, the type of the permeants
(NO or Na) does not significantly affect the membrane’s APL (Tables
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in SI of Paper 4 in Part 7.2), indicating that the low concentration
of permeants does not disturb the membrane structure. Moreover, in
systems containing both FAs and cholesterol, the drop in APL is even
more substantial compared to systems containing cholesterol alone.

A similar trend of APL reduction is noticeable in systems with
deprotonated FAs, but less pronounced (a decrease of 5% for both F-
10C10-n and F-10C14-n, and stronger with higher FA concentration)
than with the neutral FAs. The deprotonated FA charges can cause
repulsive forces, increasing the distance between FAs and counter-
acting the ‘diluting’ effect of FAs which was mentioned earlier in this
section. Interestingly, a recent study by Larsson et al. investigated the
effect of C10-n on the APL of a POPC membrane, using an all-atom
forcefield at 310.15K [130]. The APL was also computed differently,
dividing the simulation box by the number of phospholipid molecules
without counting the number of C10-n, so the trends in APL cannot
be compared directly with our results. They found a modest increase
of about 3% in the area per POPC molecule caused by incorporating
10% C10-n. The authors attributed this rise to the repulsion between
the negative charges of C10-n.

The APL reduction caused by FAs or cholesterol can be also be
understood by looking at the small size of the FAs molecules, which
have just one tail, compared to the DPPC molecules with two tails.
Moreover, the shorter chain FA, C10 consisting of three CG beads, has
also a larger impact on reducing APL than the longer chain FA, C14
with four beads. The dependence of the APL on the FA concentration
is approximately linear in Fig. 5.1. By fitting the slope of the graphs,
an estimate of the area per molecule type could be estimated (values
in SI), similarly to the ideal mixing fitting in monolayers (see e.g.,
[165]). In terms of molecule size, this gives the ordering DPPC >
Cl14-n > C10-n > C14 > C10 > Chol, indicating that neutral FAs
and cholesterol can indeed modify the membrane’s structure more
strongly than the deprotonated FAs.

Membrane curvature effect

Next, the curved membranes are discussed, based on the APL of the
inner (Aj,) and the outer (Aoys) leaflet of the liposome bilayer, as
shown in Fig. 5.2. A decrease in the liposome curvature leads to a
reduction in the APL of the outer layer, while the inner layer’s APL
increases (Fig. 5.2a). This effect has also been observed by Risse-
lada and Marrink, and it can be explained by the spherical shape of
liposomes, which causes contradictory effects on their inner (concave)
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and outer (convex) layers . In liposomes, the lipid head groups
in the outer layer move further apart, while those in the inner layer
move closer together . Consequently, the outer leaflet features
a less tightly packed arrangement of lipids, while the inner leaflet is
characterized by a denser packing of lipids compared to a flat mem-
brane [132]. In the pure DPPC bilayers (Fig. 5.2a), the APL
in both leaflets gradually approaches that of a flat bilayer with zero
curvature (63.6 A, system F). Nevertheless, the Aj, and Agy values
for the largest simulated liposome, Li3g, are still noticeably different
from the flat bilayer’s APL. As seen from the geometric mean of Ajy,
and Ay, denoted A* | curvature causes an increase of at most 4% for
the pure DPPC bilayers, from the flat bilayer value (63.6 A, system
F) to the curved membrane (A* = 66.3 A, system Lsp).
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Figure 5.2: APL of liposomes. Aj, and Ay represent APL of the inner
and the outer layers of the liposomes, respectively. Symbols are circles for
systems containing NO, crosses for systems containing Na. Symbol color
according to legend of Fig. 5.1. Full and open circles are used for systems
with neutral and deprotonated FAs, respectively. The same colors as in
Fig. 4 are used. (a) Comparison of pure DPPC membranes with vary-
ing curvature. (b) Comparison of liposomes with radius 50 A with varying
composition. The dashed horizontal line shows APL for the pure DPPC
liposome L5, averaged over the systems containing NO and Na.

The membrane composition (Fig. 5.2b) is varied in the highly
curved liposomes with radius 50 A. Similar to flat bilayers, both A,
and Aoyt tend to decrease in the presence of neutral FAs or choles-
terol, and particularly in systems containing both (e.g., a drop of 48%
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in Aj, and 18% in Agy for L-20Ch-20C14 compared to Lsp). The im-
pact of neutral FAs on the APL of highly curved liposomes is here
comparable to that of flat bilayers of equivalent composition, result-
ing in a decrease of 5% and 7% in Aj, and 8% and 3% in Agy for
L-10C10 and L-10C14, respectively.

In contrast, deprotonated FAs have the opposite effect, causing a
significant increase of almost 16% and 5% in Aj, and Ay, respect-
ively, for L-10C14-n, compared to the pure DPPC composition. The
results suggest that the repulsive forces of deprotonated FAs have a
stronger effect on curved membranes than on flat membranes: the
deprotonated FAs not only fail to decrease the APL, but actually in-
crease it. Our findings illustrate that the APL is modified both by
composition and curvature, but APL changes induced by composition
can be much stronger than the curvature effect, when considering A*,
especially for high concentrations of cholesterol or in small liposomes.

5.2 MEMBRANE DISTRIBUTION AND THICKNESS

Membrane curvature effect

Fig. 5.3a shows the probability distribution of membranes composed
of pure DPPC with varying curvature. Among these membranes, Lsg,
with the highest curvature, displays the least symmetric distribution,
with a higher probability in the outer layer. The observed asymmetry
can be explained by the densely-packed and disordered inner layer of
Lso. In addition to having the least symmetric probability profile,
Lsp also has the smallest thickness (35.6 A) compared to other pure
DPPC membranes (Tables 2.1, 2.2). The phenomenon of decreasing
membrane thickness with increasing curvature was also observed by
Risselada and Marrink, who studied the impact of curvature on lipid
packing and dynamics of DPPC liposomes using CG MD .

Membrane composition effect

Fig. 5.3b shows the impact of FAs on the membrane structure of
flat bilayers. The presence of FAs results in a more compact mem-
brane structure, with increasing DPPC probability near the center of
the membrane (Fig. 5.3b). Simultaneously, the thickness is reduced
(Table 2.1). This compactness and reduced thickness stem from a
decrease in the space between the tails of the upper and lower leaflets
in the central region of the membrane. For instance, the inclusion of
30% neutral C10 and C14 to the flat membrane leads to a decrease in
thickness from 40.2 A to 38.7 A and 39.3 A, respectively. The reduced
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Figure 5.3: Probability distribution of the DPPC lipid in different systems.
(a) Effect of curvature on pure DPPC bilayers. Profiles have been shifted
to center the span of the histograms around 0 to facilitate comparison. (b)
Effect of composition on flat bilayers. The upper and lower plots show the
probability distribution of the DPPC in the membrane including neutral
and deprotonated FAs, respectively.

thickness is particularly evident in systems with deprotonated FAs,
with the smallest thickness of 37.5 A observed for F-30C10-n (see
SI). This reduction was also seen for C10-n’s effect on a flat POPC
membrane in a combined all-atom and coarse-grained computational
study by Larsson and co-authors , where it was reported that
by including 10% C10-n in the membrane, the membrane thickness
decreased by about 1%. They associated this reduction to the C10-n
tendency to stay near the head group region, pushing the POPC mo-
lecules apart and disrupting the lipid tail packing. They also showed
that neutral C10 slightly increases the thickness of the POPC mem-
brane. This increase was attributed to the acyl chain order parameter
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and the neutral C10 tendency to stay deeper in the POPC membrane.
In contrast, in our simulations of DPPC membranes, C10 and C10-n
are embedded at similar depths. This means that the specific modi-
fying effect of a FA not only depends on the chosen FA, but also on
its interaction with the specific phospholipid type.

5.3 FREE ENERGY OF PERMEANTS

In this section, we will discuss the effect of membrane curvature and
composition on permeants’ free energy profile along the z direction.

Membrane composition effect

The effect of FAs on the NO permeants is illustrated in Fig. 5.4 for
flat bilayers.

The lowest point in the free energy well is situated between 1 and
2 nm from the center of the membrane. Conversely, the highest point
in the free energy barrier is positioned in the middle of the mem-
brane, with a distance of less than 1 nm from the center. Neutral FAs
(upper plots) primarily affect the head group region, resulting in a
smaller free energy well, which facilitates the escape of NO permeants
from the membrane. In contrast, deprotonated FAs (lower plots) re-
duce the free energy barrier in the bilayer center significantly, and
they may slightly reduce the barrier in the head group region. As
suggested and investigated by another group, these differences could
arise from the distinct preferences of neutral and deprotonated FAs
to stay near the tail and head group regions, respectively . Con-
sequently, incorporating FAs in the system can modify the solubility
of permeants NO in the head group or tail regions of the membrane.
The general effect could be framed as a ‘smoothing’ of the free energy
profile with less deep wells and/or lower barriers. These observations
suggest that including FAs in the system could facilitate permeation.

Membrane curvature effect

Fig. 5.5 depicts how the membrane curvature impacts the free energy
profile of three different permeants through the membrane. Every
permeant encounters a free energy barrier positioned in the center of
the membrane. As expected, water does not exhibit any distinct free
energy well, whereas NO and Na experience a free energy well around
1.7 nm from the membrane center. Moreover, these two permeants
must surmount an additional free energy barrier situated at a dis-
tance of approximately 2.5 nm from the membrane center. For NO
and Na (Fig. 5.5b-c), the curvature reduces the free energy barriers
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Figure 5.4: Effect of composition on the free energy profile of NO per-
meants in flat bilayers, in comparison to the pure DPPC membrane (F).
The membranes include C10 (left) or C14 (right) FAs, either in neutral
(top) or deprotonated (bottom, label ‘n’) state. The legend specifies the
mole fraction of FAs, e.g. F-5C10 contains 5% of C10.

near the head group region for Ljigg and Lj39 compared to the flat
bilayer. However, Lsg exhibits an opposite trend, with deeper free
energy wells and larger free energy barrier in the inner leaflet (left
part of the axis) due to the confinement of the interior region. For
water (Fig. 5.5a), the permeation barrier is situated in the hydro-
phobic part of the bilayer, as expected . Although the curvature
does not significantly alter the height of the free energy barrier, the
extensiveness of the barrier decreases with curvature. The reduced
barrier width is in accordance with the smaller membrane thick-
ness h of curved membranes (Table 2.2) compared to flat membranes
(Table 2.1). Another cause for an apparent reduction in thickness
could be undulations of the large membrane patches in the liposome
systems . Some analysis packages have been developed recently
to measure APL and membrane thickness despite fluctuations, e.g.,
SuaVE and LipidDyn . We computed a set of para-
meters with the SuaVE package (results in SI of Paper 4 in Part 7.2)
and found that this more advanced tool confirms that the thickness
does decrease with curvature. Moreover, the free energy profiles for
Ligo and Li3p reveal a good agreement with the published results of
an all-atom simulation study on the impact of curvature on water per-
meability by Yesylevskyy et al. . This study found that curvature
decreases the energy barrier of water permeation through dioleoyl-
phosphatidylcholine (DOPC) membranes, a result which is consistent
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with our observations for Ligg and Li3g. However, the barrier for Lsg
is not reduced in our simulations. This may be due to the highly
decreased membrane thickness and more densely packed membrane
in this system (see previous subsections). Regardless, we found that
the width of the free energy profile was reduced by curvature in the
liposomes, which may facilitate water permeation through the mem-
brane. The permeability values will be computed explicitly in the
next subsection to verify this hypothesis.
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Figure 5.5: Free energy profile of permeants (water, NO, and Na) as a
function of membrane coordinate (z-coordinate or shifted radial coordinate)
in systems with pure DPPC to see the curvature effect. The top figure plots
are based on the same membrane systems as in the middle figure. Profiles
have been shifted to center the span of the DPPC histograms around 0 to
facilitate comparison (similar to Fig. 5.3a).

5.4 PERMEABILITY

After a thorough analysis of the structural membrane characteristics
in the previous section, this section will investigate the dynamics and
kinetics of membrane permeation. We will examine how the curvature
and composition of the membrane affect the permeability of water,
NO, and Na. To compare the 62 systems, this is done step by step: first
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focusing on flat membranes, next on simple pure DPPC membranes,
and in the last two steps the various curvatures and compositions are
combined.

5.4.1 Composition effect in flat membranes

First, the composition effect on permeability is studied for flat mem-
branes (Fig. 5.6). Overall, changes in the membrane composition
have a greater impact on the permeability of NO than of water. For
Na, changes in permeability are less clear due to the large error bars,
which are attributed to the high energy barrier for Na (Fig. 5.4) and
poor statistics resulting from low number of crossings. Similarly, for
water, the permeabilities have large error bars because the number of
water crossings in the counting method was low, which is expected
for a highly hydrophilic compound. As a result, comparing the water
permeability values in all systems with these high error bars is not
applicable. Instead, we will compare these values with experimental
values. Generally, water permeability values in this figure are dis-
tributed in the range of 28 x 107 cm/s to 59 x 10™* cm/s, with a
value of almost 44 x 10~% c¢m/s for the permeability through the pure
DPPC flat bilayer (system F). This value is in good agreement with
other experimental and simulation works. The water permeability of
pure DPPC was reported as 17 x 107* at 323 K by Winter et al.,
and Yesylevskyy et al. presented a permeability range of 2.5 x 10™4
to 3.6 x 10~ for pure DPPC at the same temperature. Additionally,
Carruthers and Melchior reported a value of 2.04 x 10~* for water
permeability through egg PC at 283 K. (111} |133, [172} [173]

For NO, the addition of FAs C10 and C14 in the membrane gradu-
ally increases the permeability of NO, with the highest value observed
for the system with 30% C14-n, resulting in an almost 36% increase
in permeability. This effect of fatty acids on the permeability was
also seen in Fig 5.4, with neutral and deprotonated FAs lowering the
free energy barrier for the permeant NO in different regions of the
membrane.

Arouri et al. (2013) suggested that the increased permeability
may be due to the non-cylindrical shape of FAs, which imposes a
curvature stress in the membrane and alters the lateral pressure pro-
file . As a result, defects and pores created by these molecules
can destabilize the membrane and increase its permeability. Another
study conducted a CG MD simulation to investigate the permeation
of cell-penetrating peptide cargo complexes through a DOPC lipid
membrane . Their results show that the presence of deproton-
ated palmitic acid (C16), a longer FA, enhances the permeability of
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Figure 5.6: Effect of composition on the permeability of permeants
through flat membranes. The permeants are water, NO, and Na. For better
visibility, data points have been shifted. Full and empty circles show the
systems including neutral and deprotonated FAs, respectively.

these cargos, likely due to its size, shape, and high packing freedom.
The results by Arouri et al. and Via et al. are consistent with our
findings, as they also suggest that FAs can increase permeability.

The presence of cholesterol has the most significant impact on the
permeability, as the inclusion of only 10% cholesterol can already re-
duce permeability by approximately 25% and 57% for NO and Na,
respectively (dark purple in Fig. 5.6). This result is in agreement
with work by Pias and co-workers, who observed a reduction of al-
most 10% in oxygen permeability through a POPC membrane when
12.5% cholesterol was included . It attributed this reduction to
cholesterol’s effect on decreasing oxygen solubility in the membrane
and possibly diminishing the volume of oxygen that can be transmit-
ted laterally within the membrane. This decrease in the solubility
of the permeants was also observed in our systems containing choles-
terol, with an increase in the free energy barrier of the permeant in
the center of the bilayer (see SI).

Investigating the potential for cholesterol-induced phase separa-
tion in flat membranes at 323 K, both F and F-10Chol exhibit the
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La (liquid disordered) phase, in accordance with experiments by Chi-
ang et al. . This same phase was reported by Cournia and
co-workers using CGMD simulations with the same Martini forcefield
. The findings are further supported by the APL measurements
of pure DPPC and DPPC-10Chol flat membranes (F and F-10Chol),
which align with the values reported by Wang et al. For systems in-
volving liposomes containing 20% cholesterol, experimental results at
323 K are inconclusive. Some references suggest the presence of either
the La phase or a coexistence of La and Ld (liquid ordered) phases
[178]. The experimental paper by Subczynski et al. also does not
provide a definitive determination of the phase at 323 K .

Finally, in flat bilayers containing both FAs and cholesterol (pink
or yellow in Fig. 5.6), the NO permeability values still decrease com-
pared to pure DPPC, but not as much as in systems with only cho-
lesterol. The resulting permeability for these DPPC:FA:Chol mem-
branes is a balance between two opposing effects, coming from FAs
(enhancing) and cholesterol (reducing). In short, FAs, as NO per-
meability enhancers, temper the action of cholesterol.

5.4.2 Effect of curvature on DPPC membranes

The effect of curvature is explored by comparing a series of pure
DPPC liposomes with a flat DPPC membrane, which is the limit of an
infinitely high radius. As introduced in the Methods section, liposome
permeability can be characterized by the three permeabilities Pegc,
P.ytr and P* for the water permeant. Here, P.g. describes the escape
kinetics of compounds that are initially enclosed inside the liposome,
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Figure 5.7: Water permeability in pure DPPC systems with varying
curvature compared to the flat bilayer. Systems contain permeant NO.
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while Pty describe the entrance kinetics when compounds are in the
solute and penetrate towards the inside of the liposome. The value P*
serves to compare liposome permeability with that of flat membranes.

In Fig. 5.7, Pesc and Poyy clearly follow opposite trends: Pegc
increases and Peyt, decreases with increasing radius. This can be un-
derstood with a simple model. For simplicity, consider a very simple
homogeneous membrane of thickness h, as in our previous theoretical
paper . The permeant diffusivity is assumed to be a constant
D, and the membrane solubility is assumed to be identical to the
water phase solubility, so the partitioning coefficient K is equal to 1.
Further, it is first assumed that the curvature does not change the
permeation kinetics. The permeability of a flat bilayer is then given
by Phat = D/h. For a liposome with the membrane spanning between
r1 and 79 (1 > h), the entrance and escape permeability are given

by
_Dr

P = T (5.1)
Dr
Pesc = ﬁé (52)

By substituting the flat membrane permeability, and the identity ro =
r1 + h, we can recognize the behavior as a function of the factor
x=r1/h,

h
Pentr = Pﬂat <1 + 7"1) (5.3)
1
Pesc = Pﬂatih (54)
1+ —
r1

These equations show that Peyy and Pege have a 1+1/x and z/(1+x)
dependency, respectively, compared to Pgat.

With 2 = r1/h, this means that P is expected to increase while
Pt is expected to decrease, with increasing radius, which is indeed
clearly the case in Fig. 5.7. (Note that the spacing on the horizontal
axis in Fig. 5.7 differs from the variable = r1/h.) This derivation
does not include any change in the permeation kinetics yet. The
dominant curvature effect on Peptr and Peg. is thus a consequence of
the geometrical factors involving r; and 9.

Besides the geometrical effect, the curvature might also change
the permeation kinetics themselves, e.g., in case curvature loosens
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the packing and permeants can pass through with lower resistance.
This effect is well captured by the liposome permeability P*, which
eliminates the geometrical effect. Indeed, for the theoretical simple
membrane, we find that P* = \/ Pepty Pesc = Prat- When there are only
geometrical effects, P* is identical to the flat bilayer. When there are
both geometrical and permeation kinetics effects, then P* will differ
from the flat bilayer. For water, P* increases with respect to the
flat membrane due to curvature, and we can conclude that curvature
enhances the water permeability. For the liposome with the highest
curvature, Lsg, this enhancement amounts even to a factor 1.7 for P*.

The liposome with the smallest curvature, Ligg, has a permeabil-
ity of P* = 64 x 10~ cm/s, equivalent to an enhancement factor of
1.4. This indicates that Li3g is not fully behaving as a flat membrane
yet. While this could be numerical coincidence, its Py value does be-
come indistinguishable from the flat bilayer value (factor 1.04). This
gives the impression that this large liposome already behaves simil-
arly to the flat bilayer in terms of the escape kinetics. The curvature
effect should indeed diminish with liposome size, and for escape ex-
periments, it should be negligible for liposome sizes that are typically
encountered in experimental setups and in nano-sized drug delivery
systems. Nevertheless, highly curved membranes may be encountered
in exosomes, the caveolae, mitochondrial crystae or membrane pearls,
and one should be cautious about possible curvature effects in those
systems.

Whilst P* is most suitable to compare liposome with their flat
counterparts, Panty or Pege are usually the relevant kinetic parameters
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Figure 5.8: NO permeability in pure DPPC systems with varying curvature
compared to the flat bilayer.NO permeability based on region 1 (green), i.e.
extended membrane thickness between | and r5, or on region 2 (red), i.e.
membrane thickness h between r{ and rs.
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to be compared with experiment . For instance, consider lipo-
somes loaded with a dye that are immersed in a dye-free solution.
Over time, samples may be taken from the solution to measure its
dye concentration. As the liposomes gradually release their dye load,
the solution’s dye concentration will gradually increase. The kinetics
parameter characterizing the dye release from the liposomes is then
given by the escape permeability P... In practice, experiments en-
counter a distribution of liposome sizes, and it is to be anticipated
that each of those curved membranes has a different P.. value be-
cause of the curvature effect. In experimental literature, the curvature
effect has however been neglected. Fortunately, most experimentally
available liposomes are fairly large, usually around 100 nm size (ra-
dius around 500 A), and the curvature is likely to become negligible
for these larger liposomes. For water, P*/Pg, has already dropped
to a factor 1.4 for a 26 nm sized liposome (L1359 in Fig. 5.7). The trend
suggests that experimental literature values of the curved, yet large,
liposomes may indeed likely be used for verification of simulation res-
ults.

Whereas water has a very large free energy barrier for permeation
of about 10 kT, the NO free energy profile has a smaller barrier
at the membrane center of less than 2 kT, and a mixture of well
and barrier in the head group region. We now investigate how the
curvature affects the permeability of this other type of free energy
profile. Fig. 5.8 shows the NO permeability for pure DPPC liposomes
and a pure DPPC membrane. Two permeabilities are considered, cov-
ering two different regions: region 1 covering the extended membrane
thickness (radii r} and 7)), and region 2 focusing on the central bar-
rier for NO (radii 71 and ry of Table 2.2). Region 2 is thus smaller
than region 1 (Fig. 1.5). The results for Ljgg and Lisg show that the
NO permeability in either region increases with curvature compared
to the flat membrane. This increase can be attributed to the curved
membrane’s reduced thickness and less organized structure. As illus-
trated in Fig. 5.5, increasing the curvature results in a smaller barrier
in the head group region as well as in the center of the membrane for
these liposomes. Higher curvature therefore makes permeation easier
through both region 1 and region 2 for those liposomes than for a flat
membrane.

For Lsg, however, we observe two opposite impacts on the NO
permeability. Permeation through the central region 2 (red), is higher
for Lsg than that for the flat membrane. Meanwhile, permeation
through the entire membrane region 1 (green) is smaller for Lsg. This
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is due to the shape of the NO free energy profile (see Sec. Free energy
of permeants). Region 2 only covers the central free energy barrier,
which is significantly narrower for Lsg despite being slightly higher.

Region 1 in addition covers the higher free energy barrier in the
head group region of the inner leaflet (Fig. 5.5) in this system, which
is caused by the extreme confinement and tight packing of the lipid
head groups in that leaflet. This makes the L5y permeability over
region 1 an outlier in Fig. 5.8.

Our analysis shows that the curvature may enhance the water
permeability, while curvature does not affect the NO permeability (re-
gion 1) with statistical significance. Meanwhile, curvature does en-
hance the NO permeability of the central permeation barrier (region
2). The diversity in these observations indicates that the curvature
effect may be unpredictable for other drug permeants, and new simu-
lations would need to be performed in order to quantify the curvature
for each new drug permeant of interest.

5.4.3 Curvature effect on various membrane compositions

Subsequently, the curvature effect was assessed not only for the pure
DPPC membranes but also for all other compositions. The water
and NO permeability (through region 2) are compared between lipo-
somes with 50 A radius and flat membranes in Fig. 5.9. The closer a
data point lies to the diagonal, the less this membrane is affected by
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Figure 5.9: Permeability enhancement due to curvature. Comparison of
water permeability (left) and NO permeability (right) in flat bilayers and
liposomes with radius 50 A, various compositions. NO permeability based
on region 2, i.e. membrane thickness h between r; and ro. Systems contain
permeant NO. Empty circles show the systems with deprotonated FAs.
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Figure 5.10: Effect of composition on the permeability of water beads
(left) and NO beads (right) through the liposome bilayers. The liposomes
have a radius of 50 A and have various compositions. The permeability
of the pure DPPC liposome is indicated with a gray horizontal line. Filled
dark and open lighter symbols for systems with neutral or deprotonated FAs,
respectively. NO permeability is computed based on the crossings over the
dominant free energy barrier, i.e. region 2 covering the membrane thickness
h between r; and ro. Water permeability based on systems that include 20
NO beads.

curvature. Both water and NO permeabilities lie consistently above
the diagonal. This means that the curvature effect for pure DPPC,
which increases the permeability of water and NO through region 2,
is equally present in all systems with cholesterol and/or FAs.

In conclusion, the curvature effect makes the water and NO (region
2) permeability for these curved multi-lipid membranes higher than
for flat multi-lipid membranes with the same composition. The under-
lying cause of the curvature effect is a change in membrane thickness
and solubility, which is reflected by the free energy profile. An addi-
tional cause could be the mobility changes of the permeants, which
would be reflected by the diffusion profile; the position-dependent
diffusivity of the permeants was however not computed in this work.

5.4.4 Composition effect on curved membranes

We now turn to the discussion of the effect of composition for curved
membranes, making use of the liposome permeability P*. The com-
position effect on the NO permeability is investigated for small lipo-
somes with radius 50 A (Fig. 5.10, right). Instead of covering the
extended membrane thickness, the permeability is based on the re-
gion between the average PO4 positions in the two leaflets, i.e. on
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region 2. From Fig. 5.4, this means that the focus is put on the
highest free energy barrier at the center of the membrane, while the
smaller barriers for NO in the head group region are not considered.
Concerning the effect of cholesterol, a similar trend as that of the
flat bilayers (Fig. 5.6) is here observed in the plot of the small lipo-
somes (Fig. 5.10). Specifically, inclusion of 10% cholesterol in the
membrane (L-10Ch) can decrease P* by 28% which is less than what
was observed for the flat membrane (F-10Ch). Moreover, for curved
membranes containing 10% FAs, permeability seem to increase more
noticeably compared to the flat membranes with 10% FAs.

Permeability of water molecules through heterogeneous curved
membrane of 50 A radius is provided in Fig. 5.10 (left). Overall,
the composition has a similar yet stronger effect on the permeability
for water beads than for NO beads. For all membrane compositions,
and for both NO and water, Pepnt, is considerably larger than Peg. in
the liposomes with radius 50 A. This difference between Pty and
P values is consistent with the definitions of these two permeabilit-
ies outlined in Section 3.2.2, where Pey, is expected to be larger than
P due to the smaller inner surface area at r; (Egs. 3.52-3.53). In
practice, it means that the timescales in an experiment will depend
on whether the compound of interest is initially inside or outside the
liposome, as the escape and entrance kinetics can be different.

Concluding remarks. The choice of permeant type (water, NO, Na)
is crucial for calculating permeability, reflected by the permeants’ free
energy profiles and solubility. Variations in membrane composition,
influenced by factors like FAs or cholesterol, can lead to significant
changes in permeability. FAs generally increase permeability, espe-
cially deprotonated FAs due to their charges, while cholesterol re-
duces it. When both cholesterol and FAs are present, they moderate
the permeability-enhancing effect of FAs on N0O. Curvature signific-
antly impacts membrane dynamics by reducing thickness and lowering
free energy in the head group region, facilitating permeation. Even
low curvature increases water permeability, with highly curved mem-
branes showing a more pronounced effect. In experiments, highly
curved membranes exhibit a considerable difference between escape
and entrance water permeability, with lower curvatures showing a
lesser extent of difference. However, realistic liposomes used in drug
delivery are often larger and less curved, suggesting less influence from
curvature.
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CHAPTER

INVESTIGATING CAVEOLAE:
CURVATURE EFFECT

This chapter explores the role of membrane’s curvature on the O buffer-
ing by a caveola. The discussion will examine the impact of membrane
curvature on the partitioning of Oz between water and the membrane, with
the resulting partitioning coefficient of Oy reported from all-atom (AA) sim-
ulations. Finally, a coarse-grained (CG) model for Oy will be selected from
CG Martini beads, and this new model will be utilized once more to explore
the partitioning of O between water and the membrane.

6.1 AA Oy PARTITIONING

In Section 2.4.1, all-atom (AA) MD was utilized to simulate Oy per-
meation through both a flat DPPC membrane and 50 A-liposome.
Section 6.1 will give the results of these simulations. Based on the AA
simulations with CHARMM of O, its partition coefficient between
membrane and water will be evaluated. To have a better understand-
ing of membrane curvature’s effect on Os partitioning, membrane
properties such as thickness and area per lipid will be computed for
all systems.

6.1.1 Membrane thickness and area per lipid

The thickness of the membranes was calculated by measuring the
distance between two highest peaks in the histogram of phosphate
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atoms. As can be seen in Table 6.1, the thickness of the flat bilayer
at the temperature of 323 K and pressure of 1 bar is 4 nm, consistent
with experiments, 3.9 nm [18]. Increasing the membrane’s curvature
reduces the membrane thickness, to 3 nm. The opposite trend occurs
with the area per lipid. To calculate the area per lipid for the flat
bilayer, the area of the box in the xy direction was divided by the
number of the lipids in one leaflet. For the liposome, two areas per
lipids (inside and outside) were computed, dividing the area of each
layer by the number of the lipids in that layer. The highest peaks in
the phosphate atoms’ histogram were chosen as radii to calculate the
areas of the leaflets. As it is shown in Table 6.1, the area per lipid
in the outer lipid layer of the liposome, 1.02 nm?, was almost twice
the flat bilayer’s area per lipid, 0.61 nm?. The area per lipid for the
liposome’s inner layer, 0.65 nm?, was close to that of the flat bilayer
and to the experimental value at 323 K and 1 bar, namely 0.63 nm?
[18].

6.1.2 AA O, free energy profile

The Oq free energy profile in both the flat bilayer and the liposome
were plotted in Fig. 6.1 as a function of the membrane depth, also
called permeation coordinate. For the flat bilayer, this is the nor-
mal to the membrane, i.e. the z-coordinate (Fig. 6.1 right). For
the curved membrane, this is the radial distance r from the liposome
center (Fig. 6.1 center). The poor statistics in the water phase in-
side the liposome (Fig. 6.1 right) is because of the small size of the
liposome. As can be observed in Fig. 6.2 right, for the liposome,
O prefers to stay in the lipid part of the membrane, with two free
energy wells, rather than in the middle part of two leaflets compared
to the flat bilayer, with one free energy well. This could be a result of
the decrease in the membrane thickness. Moreover, the barrier that
O2 needs to overcome to reach the water phase from the membrane’s
outer leaflet was reduced from 3 kgT to 2 kT (kp: the Boltzmann
constant).

6.1.3 AA O; partition coefficient

To calculate the Og partition coefficient (K') through the membrane,
the free energy was set to zero in the water phase. K was calculated
along the permeation direction for both systems using AF = kgT
In K. As expected, in Fig. 6.1 left, Os is more soluble to the mid-
membrane than the water phase. This behavior is slightly changed
with increasing the curvature, with the highest solubility in the both
lipid phases. As the area per lipid is smaller for the inner leaflet, Oq
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got stuck more in this layer with the highest K and deepest free en-
ergy well shown in the plots. As reported in Table 6.1, the average K
(<K >) for the flat bilayer, 4.06, is slightly bigger than the liposome,
3.95, which shows that the relative Oy concentration is smaller in the
liposome compared to the flat bilayer. It is assumed that the asym-
metricity of the free energy and partition coefficient profiles could be
because of the smaller thickness and different area per lipids in each
layers in the liposome.

systems thickness area per lipid (nm?) <K >
(nm) inside outside
layer layer
flat bilayer 4.0 0.61 0.61 4.06
liposome 3.06 0.65 1.02 3.95

Table 6.1: Thickness (nm), area per lipid (nm?) and partition coefficient
< K> in two systems of flat bilayer and liposome.

Figure 6.1: The Oy free energy profile as a function of the permeation
coordinate of the flat bilayer (z, left) or the liposome (r, right).

Figure 6.2: The O- partition coefficient profile as a function of the per-
meation coordinate of the flat bilayer (z, left) or the liposome (r, right).
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6.2 CG Oy MODEL

In Section 6.1, simulating large systems such as caveolae in their true
size proved to be quite challenging at the AA resolution, thus imped-
ing a thorough investigation of this system. Therefore, in this section,
we introduce a CG model of Oo, which allows for the simulation of
systems containing Os at a CG resolution. This advancement makes
the simulation of systems such as caveolae in their true size more
feasible and practical.

6.2.1 Selection from existing CG beads

In this study, we selected a CG model for O from existing CG Martini
3 beads. To accomplish this, we investigated the properties of the
modeled Os in various systems and compared them with the AA Os.

Size, charge, polarity, and oil-water partitioning

An Oy molecule has a diameter of approximately 3.4 A and a molar
mass of 32 g/mol . The parametrization of a new CG model for
O2 would entail establishing interactions between the new CG rep-
resentation and existing beads and a tedious validation. Therefore,
it may be more efficient to identify analogous beads among those
already established and validated, thereby avoiding a new paramet-
rization process. To identify a bead analogous to Oy among existing
Martini 3 beads, our attention was directed toward the smaller CG
beads, particularly those of tiny size (label ‘T”) with o (the distance
at which the inter-molecular potential between the two particles is
zero) value of 3.4 A and a molar mass of 36 g/mol. Molecular O is
a non-charged and non-polar molecule, with its lowest moment be-
ing the quadrupolar moment. Within the subset of tiny beads, two
bead types meet the conditions of being almost non-charged (a partial
charge of up to £ 0.33) and non-polar: the TC and TX bead types are
two promising candidates to represent Og. The Martini 3 forcefield
distinguishes six TC beads and four TX beads, each characterized
by a polarity index ranging from 1 (minimal polarity) to 6 (maximal
polarity) for TC beads and similarly from 1 to 4 for TX beads.

Next, a subset of these ten Martini 3 beads will be excluded
through a comparison of the Os solubility in water versus a non-polar
solvent. As noted by Overton more than a century ago , the
membrane-water partitioning correlates well with oil-water partition-
ing, such as octane-water (OCO-W) or hexadecane-water (HD-W)
partitioning. Therefore, Table 6.2 compares a set of partitioning val-
ues of the Martini 3 beads, values from AA simulations of Oz, and
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experimental values. The partitioning is quantified by the free energy
(AG) required for the O2 molecule to transition from one phase to
another.

density AGyranster (kJ/mol)

(kg/m3) HD-W OCO-W ETH-W BENZ-W CHEX-W
Martini 3 (TC1) [134 132 120 105 8.2 13.2
Martini 3 (TC2) 134 1.1 7.8 7.9 4.8 9.6
Martini 3 (TC3) [134] 8.6 6.7 8.2 5.5 8.5
Martini 3 (TC4) [134] 5.6 6.4 8.1 8.0 8.5
Martini 3 (TC5) [134 3.6 4.5 6.4 6.3.7 5.7
Martini 3 (TC6) [134] 1.3 3.6 6.4 5.0 4.3
Martini 3 (TX1) [T34 84 16 9.3 9.1 9.6
Martini 3 (TX2) [134] 53 5.2 6.4 3.7 5.5
Martini 3 (TX3) [134 54 54 7.5 3.6 5.5
Martini 3 (TX4) [134] 1.2 27 7.4 2.5 4.3
Martini 3 (TC3) ¢ 1.25%
exp. (02) [154] ™ 1.283 |183] 10.8 9.7 8.0 8.9 9.9
exp. (Og) [154] 310 K ** 1.241 [183] 11.0 10.5 8.8 9.7 10.8
exp. (O) [134 8.1 9.0 10.1
exp. (O2) [185) 5.1
AA CHARMM (O3) [30] 310K 7.5

Table 6.2: Comparison of the selected CG beads properties with Oy mo-
lecule in AA MD and experiments. All the reported values are in 300 K
and 1 bar unless otherwise specified. ™’ indicates the values calculated by
new simulations at 310 K and 1 bar by our group. **’ indicates the values
at 101.325 kPa.

Let us first introduce the experimental values in Table 6.2. The
free energy values for transferring (AGransfer) @ permeant from a non-
polar solvent (S) to the water (W) phase were calculated based on the
difference between a hydration and solvation energy, which both have
the gas (G) phase as a starting point [186],

AGtransfer = AGG_)W - AGG%S (61)

hydration solvation

Here, AnyZnIftion represents the free energy associated with the trans-
ition of a permeant from the gas phase to a water environment, while
AGgﬁiion characterizes the free energy change as the permeant shifts
from the gas phase to the solvent phase. Similarly to the Martini 3 pa-
per |134], various solvents were considered: hexadecane (HD), octanol
(OCO), ethanol (ETH), benzene (BENZ), and cyclohexane (CHEX).
These two free energy values Any_d;‘;‘iion and Any_dﬁtion are not dir-
ectly tabulated for experiments. Instead, they were computed from

the relation with the solubility,

AG = —RT In(z) (6.2)

93



6. INVESTIGATING CAVEOLAE: CURVATURE EFFECT

where x represents the mole fraction solubility in the water or the
various solvents and R is the universal gas constant. The mole frac-
tion solubility values were sourced from literature at a partial pressure
of 101.325 kPa for the gas and at 300 K . Following the calcu-
lation of AGEZW. and AGS25 the resulting AG'ranster values

hydration solvation’

(Eq. 6.1) are presented in Table 6.2.

The Martini 3 values are taken from the supporting information
of the 2021 reference paper [134], while the additional density calcu-
lation was performed for this work. The all-atom (AA) value with
the CHARMM forcefield was taken from the Oo study by Ghysels et

al. [73].

Together, the values in Table 6.2 give an overview of the in-
teractions with the water phase and solvents. Specifically for Oo
interacting with a membrane, the HD partitioning is most relev-
ant as it contains the same number of carbon atoms (16 carbons)
in the lipid tail as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) [77]. The AA CHARMM simulations give a value of
AGiranster = 7.5 kJ/mol for HD-W partitioning. From the ten TC and
TX Martini 3 beads, two beads (TC3 and TX1) exhibit the closest
resemblance in HD partitioning free energy (8.6 and 8.4 kJ/mol,
respectively) compared to the HD partitioning free energy for AA
CHARMM Ogz. These two beads (TC3 and TX1) are thus good
candidates as a CG model for Oy based on their size, zero charge,
non-polar character, and hexadecane-water partitioning.

6.2.2 Solubility of Os in the membrane

In this subsection, it will be investigated how the two selected beads
(TC3 and TX1) perform in reproducing the free energy plot for mo-
lecular Oy partitioning in a POPC membrane. Given our objective
to model Oq interactions with membranes, the final selection among
the remaining beads will be determined by evaluating their solubil-
ity in a membrane against their solubility in the water phase. This
ensures a sufficiently accurate representation of the water-membrane
interactions of the modeled Os.

The simulated flat membrane composition is a homogeneous
POPC bilayer, as phosphocholin is the most abundant phospholipid
in all mammalian cell membranes . As a second membrane
composition, a molar fraction of 25% cholesterol was considered
(see Table 2.4 for an overview). In Figure 6.4 depicts a flat POPC
membrane, composing 25% cholesterol, interacting with TC3 beads
as a model for O,."
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Permeant %POPC % CHOL AGianster (kBT')

CG TC2 100 0 4.20
CG TC3 100 0 3.26

7 25 3.06
CG TX1 100 0 3.31
CG TX2 100 0 2.09
AA O, 100 0 2.78

70 25 3.14

Table 6.3: The free energy of transfer (in kgT') of permeants from the
membrane to the water phase along the z coordinate.

The free energy associated with the transfer of Oy from a wa-
ter environment to a POPC or POPC:CHOL bilayer was calculated.
Identical systems (Table 2.4) were compared with an AA CHARMM
and CG representation of Os. The solubility can be visualized by
the free energy profile along the membrane normal, since F(z) =
—kpT In(hist(z)), where hist(z) refers to the positional histogram
and z to the center of mass position along the membrane normal.
The free energy profile F'(z) was computed as in Ref. and is
given in Fig. 6.3. The AGiansfer Of the permeants between water
phase and the membrane center is presented in Table 6.3. To con-
firm the suitability of our selected beads, we included some other CG
beads in this part and compared them to O as well.

The TX1, TX2, and TX3 beads lack the barrier of about 1 kg7 to
enter the membrane, located around |z| = 2 nm, which would lead to
an overestimation of the entrance kinetics of Os into the membrane
(Fig. 6.3a). Among the TC2, TC3, and TC4 beads, the beads TC2
and TC3 exhibit a reasonable entrance barrier (Fig.6.3a). The TC3
bead, however, has a much better agreement with the AA free en-
ergy well than TC2, whose well is too deep. This free energy well is
important for partitioning in the membrane and the residence time
and escape kinetics of Oy from the membrane. In conclusion, the pre-
selected TC3 bead is indeed a very reasonable choice to mimic the
membrane-water partitioning of Oy. The match is not perfect, how-
ever. In the CG simulation, the free energy plot displayed a deeper
well (0.31 kT deeper) and a smaller barrier (0.19 kg7 smaller) com-
pared to the AA simulation, indicating that somewhat higher parti-
tioning in the membrane, slower escape kinetics, and faster entrance
kinetics can be expected for TC3 compared to AA simulations.

Apart from a homogeneous POPC membrane, a heterogeneous
POPC:CHOL membrane was modeled as well (Fig. 6.3b). The free
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Figure 6.3: Free energy F(z) of transfer through (a) POPC and (b)
POPC:CHOL flat bilayers as a function of z coordinate. The coordinate
of the mid-bilayer is at z = 0. Profiles are shifted to F' = 0 in the water
phase. (a) Comparison for few Martini beads (dashed line) and AA O,
(solid line) in POPC. (b) Comparison for TC3 bead (red, dashed) and AA
O3 (black, solid) in POPC:CHOL.

Figure 6.4: Flat membrane model featuring POPC (lines), cholesterol
(yellow beads), Oy (red bead) and water (light blue, surface) in a coarse-
grained (CG) representation. A POPC molecule consists of multiple bead
types: green for C and D beads, pink for GL beads, brown for PO beads,
and blue for CHO beads.

energy of transferring TC3 from water to a POPC:CHOL bilayer with
25% cholesterol was calculated. The free energy profile across the
membrane normal is compared with the AA equivalent system with
the same composition in Fig. 6.3b. The free energy barrier in the
head group region around |z| = 2.1nm for the CG differs from AA
simulation (0.52 kT smaller). The small shoulders in the tail region
of the AA free energy (|z| & 1 nm) are absent in the CG free energy,
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but the profiles show a good match in the depth of the free energy
well at z = 0.

In summary, the membrane-oxygen interactions have led to the
decision to select TC3 as the bead to represent molecular Os. In the
next section, the TC3 bead will be evaluated for its other properties,
such as diffusivity in a homogeneous phase, hydration free energy, and
permeability through a membrane.

6.2.3 Further comparison of AA and CG
Solubility of O in non-polar organic solvents

The free energy associated with the transfer of CG beads between
water and six non-polar organic phases (HD, OCO, ETH, BENZ, and
CHEX) is presented in Table 6.2 [134]. This data can be compared
with experimental values calculated using Eq. 6.1. The experimental
values at 300 K align most closely with the values for TC2, TC3 and
TX1. This observation was further validated in the previous section
by examining the free energy profiles of these beads as they traverse
through POPC, revealing plots that closely resemble those observed
for Oy. However, for the chosen bead T'C3, the difference in AGy ansfer
between the CG simulation and experiments ranges from approxim-
ately 0.2 kJ/mol to 3.4 kJ/mol, with the most notable resemblance
observed in ETH-W. The solubility of TC3 in HD at 300 K can also
be compared with the AA simulation at 310 K, revealing free energy
transfer values of 8.6 and 7.5 kJ/mol in CG and AA, respectively.
These values indicate that the transfer from HD to W in both our
CG 02 and AA 02 models shows close agreement.

Oy kinetics: diffusivity

The obtained value of the Oy diffusivity in water and hexadecane is
detailed in Table 6.4. The CG diffusivity value in water, 0.714 A2 /ps,
aligns with findings from the AA simulation conducted by Ghysels
et al. using the CHARMM forcefield . However, it exhibits a
deviation from experimental values (0.25 A2 /ps) [185] . [190]. The
same trend is observed for diffusivity through HD, with the CG (0.566
A2 /ps) and AA (0.44 A2 /ps) values closely resembling each other but
differing from the experimental value (0.249 A2/ps) .

This difference can be due to the fact that simulations cannot
accurately calculate kinetic properties. Boundary effects, variations
in temperature and pressure, and neglect of quantum effects further
contribute to deviations from experimental results.

97



6. INVESTIGATING CAVEOLAE: CURVATURE EFFECT

Systems in W (A2 /ps) in HD (A?/ps)
Martini 3 (TC3) 0.714 £0.06 * 0.566 £0.02 *
AA CHARMM (O2) 0.60 [30] 0.44 |30
exp. (O2) 0.252 [185] |189] 0.249 |185
exp. (Og) 0.19-0.23** 190}

Table 6.4: Comparison of diffusion coeflicient in water and hexadecane
for TC3, AA CHARMM O> and exp-Os. Simulations and experiments are
done at 310 K and 1 bar. ™’ refers to values from new simulations done,
and **’ refers to values at 308 K.

Oy kinetics: permeability through flat bilayer

The permeability P of Oo through the POPC membrane was de-
termined with the counting method, based on the same simulations
as for the O9 partitioning in a membrane. In the counting method,
the permeants are followed during an equilibrium simulation, and the
permeability is obtained from counting the number of full membrane
crossings 133, [100]. The dividing surface used for determ-
ining the crossing was the whole membrane (average position of the
phosphate groups plus 0.8 nm), 28 A and 30 A from membrane cen-
ter for permeation through POPC and POPC:CHOL, respectively,
for both the CG and AA CHARMM simulations. Given that TC3
exhibited the most analogous free energy profile to Oz, we also calcu-
late the permeability of TC3 through the POPC:CHOL membrane.
The resulting values are given in Table 6.5 and were juxtaposed with
data obtained from other AA simulations and experimental finding.

The permeability (P) values from Experiment 1, as shown in
Table 6.5, were determined by Widomska et al. . They meas-
ured induced spin exchanges via bimolecular collisions between Oq
molecules and nitroxide using the saturation-recovery electron para-
magnetic resonance (EPR) technique [191]. Similarly, in Experiment
2, the permeability (P) values were also calculated using EPR. It is
noteworthy that in Experiment 2, the dividing surfaces were located
at 18 A and 21 A from the membrane center, significantly deeper
within the membrane compared to our chosen dividing surfaces.

Simulation results for the permeability (P) of Oy have been re-
ported by Pias et al. In both cases, denoted as AA AMBER 1 and
AA AMBER 2 in Table 6.5, the General AMBER ForceField (GAFF)
model for Oy was utilized to simulate its permeation through POPC
and POPC:CHOL bilayers . Berendsen and Langevin thermo-
stats were employed to regulate the temperature, set at 310 K for AA
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6.3. CG Og partitioning

AMBER 1 and 308 K for AA AMBER 2, respectively. Notably, the
dividing surfaces for P calculations were positioned at 28 A and 30
A for both simulations, similar to our simulations.

The P values derived from our CG simulations of modeled O
permeation through the membrane, ranging from 70 to 152 cm/s, ex-
hibit a closer resemblance to experimental values, which fall within
the range of 49 to 190 cm/s. This contrast with the AA simulation
data, which spans from 10 to 26 cm/s. However, it is essential to note
that this resemblance does not inherently indicate superior perform-
ance of our CG simulation results to AA.

As previously mentioned, experimental P determination relies on
EPR, where the accuracy of the dividing surface may be compromised.
The broader boundaries in experimental setups do not capture the
significance of water—lipid interfacial resistances. Consequently, the
resultant P values tend to be notably higher than those from AA
simulations.

Moreover, the higher P observed in CG simulations can be attrib-
uted to two primary factors. Firstly, the reduced free energy barrier
in the head group region of the membrane as can be seen in Fig 6.3,
which serves as the maximum point of resistance to Oy permeation.
Secondly, the simplified forcefield of CG beads may introduce inac-
curacies in the interactions compared to the atomistic level. This
simplification could potentially lead to deviations from the precise
atomic-scale dynamics captured in AA simulations.

Across all simulations and experiments reported in Table 6.5, the
introduction of CHOL consistently leads to a reduction in Os per-
meability. However, when we introduce CHOL to the membrane, the
small free energy shoulder that appear in AA simulation in the middle
part of the membrane, does not show in CG simulation. Additionally,
the introduction of CHOL reduces the free energy barrier in the head
group, as illustrated in Fig. 6.3. These alterations facilitate smoother
passage of the modeled TC3 through the membrane, resulting in an
increased P.

6.3 CG Og PARTITIONING

As described in Section 2.4.3, we conducted simulations of the CG Oq
model in both POPC flat membrane and 50 A-liposome to investigate
the effect of curvature on Og partitioning in the membrane. The free
energy profile of O used as an indicator of partitioning.
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Propc Propc:croL
(cm/s) (cm/s)
CG TC2 70.1 £10 -
CG TC3 109.1 £+9 126.0 £9
CG TX1 185.5 £12 -
CG TX2 151.8 £7 -
AA CHARMM (Og) 23.7 £2 24.3 £2
AA AMBER 1 (O2) 26 +2 |80 24 +2 |80
AA AMBER 2 (O5) 13 +1 [193] * 10 +1 H% *
Experiment 1 190 191 75 [191
Experiment 2 157 {193 49 193

Table 6.5: Permeability of selected beads through POPC and
POPC:CHOL (25% cholesterol) membranes. All the reported values are
at 310 K and 1 bar. " refers to P values at 308 K.

The free energy profile gives information about the barriers that
O2 must surmount in order to permeate through the membrane.
Fig. 6.5 shows the free energy difference with respect to the water
phase, i.e. AF(q) = F(q) — Fyater, where the center of the two mem-
branes was aligned to the value ¢ = 0. The flat membrane (blue line)
shows that Os needs to overcome a barrier of about 0.7 kg7 to enter
the POPC membrane based on the CG calculations. More import-
antly, O2 experiences a barrier of about 3.7 kgT' to escape from the
membrane. These barrier values are in accordance with the more de-
tailed AA calculations . In practice, this means that the POPC
membrane will capture Os for a while before it can overcome the bar-
rier and escape. This behavior of Oy storage in membranes has now

been well studied in multiple works 87, [194].

Next, we turn to the liposome exhibiting a curved membrane (or-
ange line). The positive and negative ¢ ranges correspond to the outer
and inner leaflet, respectively. In the inner leaflet, the liposome shows
a heightened barrier compared to the flat bilayer, likely because of the
packing structure in the inner leaflet of this fairly small liposome with
a diameter of only approximately 10 nm. In the outer leaflet, the bar-
rier is reduced compared to the flat bilayer. The curvature not only
alters the head group region but also the membrane center, charac-
terized by a shift of the lowest point of the free energy towards the
inner layer. This phenomenon is likely attributed to the compact ar-
rangement of lipids within the inner layer. The symmetry between
inner and outer bilayer is thus broken, such that, concretely, the Oq
concentration is higher in the inner leaflet than in the outer leaflet.
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Figure 6.5: The Os free energy profile as a function of the permeation
coordinate (normal to the membrane).

It is possible that this asymmetry could be mitigated in a liposome
with a larger radius.

The changes induced by curvature thus show an opposite trend
in the inner and outer leaflets, and it remains unclear how these free
energy changes will affect the overall Os buffering capacity. To fully
understand the effect on the permeation and storage kinetics, the time
aspect should also be included. In future work, we aim to investigate
the Oy permeability, Oy storage capacity, and O residence time.
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CHAPTER

CONCLUSION AND PERSPECTIVES

7.1 CONCLUSION

The primary aim of this research was to investigate the effect of mem-
brane curvature and composition on membrane permeability. To ac-
complish this goal, Chapter 3 presents an equation for computing
permeability in liposomes, which is independent of the liposome ra-
dius. This equation enables us to compare the permeability of flat
and curved membranes and thus assess the effect of curvature on the
permeability. Additionally, Chapter 4 investigated the efficiency of
the counting crossings method for permeability calculations in flat
membranes.

The followoing paragraphs provide a summary of the findings con-
cerning the impact of membrane curvature and composition on passive
permeability in pH-sensitive liposomes (Chapter 5) and on partition-
ing of Og in curved membranes (Chapter 6).

Passive permeability in pH-sensitive liposomes

In Chapter 5, we employed CG MD simulations to explore the in-
fluence of membrane curvature and composition of pH-sensitive lipo-
somes on the permeability of three small permeants with different free
energy profiles. This gives us an answer to the question which effect
is dominant for the investigated membrane permeabilities: permeant
type, composition, or curvature?
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First, the permeant type (water, NO, Na), represented by the free
energy profile or solubility, is most important. Second, the membrane
composition with FAs or cholesterol can cause variations that lie often
within a 35% change for water or a 55% change for NO. Introduction of
FAs and cholesterol into the membrane exhibits contrasting effects on
permeability: while FAs elevate permeability (deprotonated FAs more
than neutral FAs because of their charges), cholesterol reduces it.
With simultaneous incorporation of cholesterol and FAs, cholesterol
tempers the action of FAs as NO permeability enhancers.

Third, curvature reduces the membrane thickness, and also de-
creases the free energy in the head group region, except for the highly
curved liposomes. Curvature thus facilitates the permeation through
the membrane (Fig. 5.9). Concretely, a high curvature (radius 50 A)
increases the water permeability P* by an enhancement factor of 1.7
for a pure DPPC bilayer. A low curvature (Liso) still increases the
water permeability P* by about 1.4, but the escape kinetics seem to
have converged to those of a flat bilayer. The escape and entrance wa-
ter permeability differ considerably, even up to a factor 7 for highly
curved membranes, and this persists for the lower curvatures with
still a factor 2 difference. Hence, for curved membranes, the type of
experiment — escape or entrance — is expected to be dominant in the
kinetics. Importantly, realistic liposomes in drug delivery applications
are commonly much larger (less curved) than the studied systems, and
it is likely that realistic liposomes will have less effect from curvature.

For drug release kinetics, the dominating effect is thus lipid com-
position for large liposomes and curvature for very small liposomes.
The FAs will indeed enhance the passive permeability, but this is still
fairly limited, not even a factor 2, for the investigated permeants.
Therefore, passive permeation from pH-sensitive liposomes contain-
ing FAs may not be a substantial phenomenon, and the undesired
occurrence of premature drug release may be less probable. This
implies that neither FAs nor curvature can induce premature drug
release through pH-sensitive liposomes.

Partitioning of oxygen in curved membranes

In the system consisting of a curved membrane and O», the effect of
the membrane’s curvature on the partitioning of Oz in the membrane
is examined with AA MD simulations. The free energy and partition
coefficient profiles demonstrate that Os’s preference to stay in the
membrane decreases as the membrane’s curvature increases, resulting
in the smaller partition coefficient. This leads to lower O2 concen-
tration in the membrane. In the liposome, Oz needs to overcome a
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smaller energy barrier to permeate from the outer leaflet to the water
phase, which facilitates the permeation process. This can also be re-
lated to the smaller thickness and the larger area per lipid of the outer
layer of the curved membrane. These results differ from our initial
hypothesis regarding the role of curvature in storing O in caveolae.
However, it is worth noting that our simulation did not include cho-
lesterol nor the caveolin protein, which may have a significant impact
on the results.

To make the investigation of a whole caveola system (caveolin
protein included) computationally feasible in future research, a CG
model for Oy was chosen from Martini 3 beads. This will allow to
model O in large simulation boxes encompassing a caveola in its
true size, as CG simulations are computationally cheaper than AA
simulations. The CG model for O2 was chosen after assessing a few
parameters such as charge, polarity, and partitioning inside the mem-
brane. The CG O3z model showed a good agreement with AA Os for
the partitioning between lipids and water. The results showed that
the model Oy can be considered as a good substitute for AA O2.

7.2 PERSPECTIVES

Passive permeability in pH-sensitive liposomes

In our project, we simulated systems comprising 100% charged FAs
and 100% neutral FAs due to the unavailability of the dissociation
constant for the FAs used in our simulations. For precise membrane
modeling involving FAs, it is recommended to calculate the dissoci-
ation constant of the FAs using AA MD and compare it with experi-
mental data. Once the dissociation constant would be determined, it
could be utilized to simulate large systems in CG resolution, ensuring
the incorporation of appropriate proportions of charged and neutral
FAs in the lipid composition. This approach would improve accuracy
and reliability in modeling complex systems.

Partitioning of oxygen in curved membranes

The results in this thesis indicated that curvature may have a neg-
ligible effect in the Os partition coefficient, and it is unlikely that
membrane curvature is the only mechanism by which a caveola stores
O2. For a comprehensive investigation of the influence of caveolae’s
structural parameters on Os partitioning, it seems imperative to con-
sider all structural aspects, including curvature, cholesterol content,
and caveolin protein. Moreover, the timeliness of Og transport, spe-
cifically its permeability, could be assessed in future studies.
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Additionally, we selected our Oz model from the existing Martini
beads since developing a new CG model would have been beyond the
scope of this project. However, it would advisable to parameterize
a CG Martini model specifically for O9, as our current model shows
proficiency but lacks the complete accuracy.
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ABSTRACT

Permeability is a key property in various fields such as membrane technology for chemical separation and transport of substances through
cell membranes. At the molecular scale, the counting method uses the number of membrane crossings in a conventional unbiased molecular
dynamics simulation to predict the permeability. This contribution investigates under which conditions the counting method has insufficient
statistics. An equation is derived for a compartmental model based on the inhomogeneous solubility-diffusion (Smoluchowski) model, giving
insight into how the flux correlates with the solubility of permeants. This equation shows that a membrane crossing is a rare event not only
when the membrane forms a large free energy barrier but also when the membrane forms a deep free energy well that traps permeants. Such
a permeant trap has a high permeability; yet, the counting method suffers from poor statistics. To illustrate this, coarse-grained MD was run
for 16 systems of dipalmitoylphosphatidylcholine bilayer membranes with different permeant types. The composition rule for permeability
is shown to also hold for fluxes, and it is highlighted that the considered thickness of the membrane causes uncertainty in the permeability
calculation of highly permeable membranes. In conclusion, a high permeability in itself is not an effective indicator of the sampling efficiency
of the counting method, and caution should be taken for permeants whose solubility varies greatly over the simulation box. A practical
consequence relevant in, e.g., drug design is that a drug with high membrane permeability might get trapped by membranes thus reducing its
efficacy.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033476

1. INTRODUCTION

Permeability is a key property to describe the kinetics of mass
transport of a substance through a membrane. It is highly relevant in
various research and application fields, such as membrane technol-
ogy for chemical separation ~ and passive permeation of substances
through the cell membrane.” In biology, permeation through the
cell membrane is a vital process that is relevant for drug delivery ™
and the regulation of cell death and proliferation.” A large number
of experimental studies have been carried out to provide information
on this process during the past decade.” " However, these methods
are either expensive or not informative enough, as they are usually
unable to provide data on a molecular level.

On the other hand, computational simulations have been
proven to give more insight into permeation at the atomic scale.”” '
Among simulation methods, molecular dynamics (MD) can lay
open more details on the kinetics of the process, the property that
experiments often cannot provide directly, under the condition that
a proper force field for the molecular interactions is available.'* Dif-
ferent simulation methods have been applied to calculate the perme-
ability, many of which rely on enhanced sampling methods'* "’ and
the inhomogeneous solubility-diffusion (ISD) model based on the
Smoluchowski equation.” ** In the ISD model, the permeability P
is expressed in terms of local diffusivity and free energy gradients.”
A limitation of this approach, however, is that it is generally not
clear a priori to which degree and in which situation the diffusive
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hypothesis is valid for the system under study. Moreover, access-
ing the permeability in this model can be challengmg regarding the
simulation setup and Bayesian analysis (BA).”

Permeability can also be determined by counting crossings
through the membrane.'”” In the case of rare events, there might
be an insufficient number of crossings, and the statistics can be poor.
To set the mind, imagine aiming for a 10% error on the number of
crossings. When crossings are occurring independently according to
a waiting time distribution of a Poisson process, at least 100 events
would be needed to achieve the 10% standard error.”” An example
of using the counting method is  OXygen and water diffusion through
phospholipid membranes.”"*>"!

In this paper, the number of crossings expected in a simula-
tion will be investigated as a function of the simulation properties.
Several properties are dictated by the simulation setup, such as the
number of permeants and box dimensions. A straightforward way
to improve the sampling of the unit cell is to increase the system
size. When the cross section doubles and the total number of per-
meants doubles, the concentration in the solvent phase will remain
unaltered, while the number of crossings would double. There are
unfortunately limits to this approach because the computational cost
increases faster than linearly with the box size, and in comparison, it
would be more efficient to double the simulation time Tim. Another
approach could be to insert more permeants without altering the
simulation box size, meaning that all concentrations—both solvent
and membrane—increase. One should be wary of the clustering of
the permeants, however, and the permeability might become con-
centration dependent. For instance, oxygen showed no clustering for
oxygen concentrations about ten-fold higher than the oxygen solu-
bility in water,”" while ethanol permeation through phosphatidyl-
choline (POPC) membranes differs substantially between low and
high concentrations.”"

Other properties are inherent to the chosen membrane, solvent,
and permeants. This paper considers the solubility of permeants
(or, equivalently, the partitioning coefficient K) and the membrane
thickness . It is well known that the membrane forms a high free
energy barrier when a permeant is nearly insoluble in the membrane,
and the associated low permeability prevents good sampling of the
unit cell. It will now be shown that a high permeability, for perme-
ants that are highly soluble in the membrane, is another cause for
poor sampling. In contrast to low permeability, a high permeabil-
ity membrane is often regarded as a membrane where the flux is
not rate-limiting, but we will show that high permeability cannot
guarantee good sampling of the simulation box either.

The membrane thickness follows from the self-aggregation of
phospholipid molecules in the bilayer. It is less discussed in the per-
meability literature than the partitioning coefficient. Still, using the
simplified Overton’s model P = KD/h,,,” where D is the diffusion
constant, it is clearly of equal importance as the partitioning coef-
ficient. The membrane thickness is however ill-defined since there
is no unique answer as to where an atom ends and another atom
begins, and moreover, membranes exhibit thermal undulations with
lipid protrusions. In experimental work, a roughly estimated mem-
brane thickness is used to estimate the permeability.'*° In simula-
tion work, it is often derived in relation to the plane of the phosphate
groups.”’ Hence, another aim of this paper is to showcase the sensi-
tivity of the permeability to the considered thickness. Therefore, in
addition to the membrane thickness, the thickness of two additional

ARTICLE scitation.org/journalljcp

water layers will be treated as an extra parameter in the discus-
sion. Moreover, this parameter will allow us to discuss the overall
sampling efficiency. When the limit of the water layer thickness
is taken to cover the whole simulation box, the associated num-
ber of crossings represents crossings through the whole simulation
box.

Section II will use the ISD model to derive a theoretical expres-
sion of how the counting method is affected by the solubility of
permeants in the membrane. Section 1] discusses the dependen-
cies and limiting cases of the derived equation. It is shown under
which conditions membrane crossings can be considered as a rare
event. A composition rule for the flux is derived as well. Section I'V
presents the number of crossings of 16 different permeant types
through the dipalmitoylphosphatidylcholine (DPPC) bilayer mem-
brane, illustrating the derived equation. Section V summarizes our
findings.

1. THEORY

The Smoluchowski equation describes the transport of perme-
ants through an inhomogeneous medium on a free energy profile
F(z) with a position-dependent diffusivity D(z), where z is the coor-
dinate along the membrane normal.”’ Assume Fy is the free energy
at the reference location, usually taken to be in the water phase
on both sides of the membrane. The permeability P of a layer of
thickness & follows from solving the Smoluchowski equation under
steady-state conditions, =

F

L 9,

=e (&)
P D(z)
where the integration runs over a certain thickness h, and
B = 1/(kpT) is the inverse temperature with T being the temper-
ature. In a compartmental model, as illustrated earlier for oxygen
transport,”” F and D are piecewise constant functions, and the
integral becomes a sum over the several compartments,

1 1 h;
-yl , 2
P 4P Z K;D; @

where each layer i is characterized by its thickness h;, diffusivity D;,
and free energy F;. The factor K; = exp(—f(F; — Fyef)) is the partition-
ing constant in layer i compared to the water phase, and it is equal
to the concentration ratio between layer i and the water phase, i.e.,
K; = cilcres. The composition rule in Eq. (2) shows that the per-
meation through a series of layers can be seen as a series of local
resistances 1/P;, if the same reference Fif is used for each layer.

Let us start with a one-compartmental model for a uniform
membrane of thickness 4, for which the integral in Eq. (1) sim-
plifies to

(3)

The partitioning coefficient K relates to the free energy difference
AF between the membrane and the water phase, where AF is also
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referred to as the free energy of transfer to bring a permeant from

the water phase into the membrane.

This model is extended to the three-compartmental model
depicted in Fig. 1, where a water layer of thickness d is added on
both sides around the membrane. For simplicity, the diffusivity is
assumed to be constant over the whole simulation box. This model
will allow for a more complete discussion of the behavior of the
counting method. The permeability of this model is obtained by
putting the previous permeation resistance h,/(KD) in series with
the permeation resistance of the water phase 2d/D, where the par-
titioning coefficient of the water phase is simply 1. This gives the

permeability of the membrane plus water layers equal to

D

P=—— (4)

ZdJrh—"l
K

Filling in d = 0 in Eq. (4) results back in Eq. (3).

Two regimes exist for P, depending on the partitioning coeffi-
cient K of the membrane. In the limit of low K, the concentration in
the membrane is much lower than in the water phase, and P reduces

d hm d
L
F(z)
AF
Fref N
¥
| T
d  hm d
D(z)
| e
d  hm d

FIG. 1. Simulation box with length L and cross area o containing the membrane
(red) and water (blue). The compartmental model considers the membrane (thick-
ness hy) and a water layer on both sides (thickness d each). Diffusivity is assumed
to be constant, and the free energy profile is piecewise constant.
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to the previous equation, P ~ KD/h,, as if the water layer is unim-
portant. The permeability is then indeed dominated by the height
of the barrier and is a linear function of K. This is expected from
the integral form in Eq. (1), which is dominated by high F values. In
the limit of large K, at least compared to h,/(2d), the membrane has
a high concentration of permeants, and P becomes approximately
a constant, P ~ D/(2d), meaning that the permeability of the mem-
brane is not the limiting factor but rather the resistance coming from
the water layer.

Given this compartmental model, we will now turn toward the
practical situation of a simulation setup. In a simulation, P can be
computed using the counting method, by determining the cross-
ing rate J and the reference concentration ¢ in the water phase.
The number #1055 of complete transitions through a membrane with
cross section area o in either direction is counted during a long equi-
librium MD simulation of length Tin. Next, the (bidirectional) flux
] per unit of time and unit of area in either direction is derived,

J= 2 |+ |, ®)

Tsim0o

where ] and ] are the flux through the membrane in the negative

or positive direction, respectively. The well-known formula'" for
P from the counting method is
AN ©
2eref 2cref

The counting method for permeability relies on the number of cross-
ings. The aim is to discuss the number of crossings as a function of
the key properties of the membrane and the simulation setup: (1) the
free energy of transfer AF, (2) considered layer thickness h = hy, + 2d,
(3) the total number of permeants N; that are present in the simu-
lation box, and (4) the dimensions of the simulation box, i.e., the
height L and cross area o. For this reason, ncross will be written as a
function of these parameters in order to observe their role. Using the
first equality in Eq. (5), it is clear that a discussion of J contains sim-
ilar information as a discussion of #icross, apart from the role of the
simulation time T and cross area o, and therefore, the discussion
of Ncross Will be largely based on the discussion of J.
From Eq. (6), it immediately follows

J = 2¢reP, 7)

where P is given by Eq. (4). The task at hand is thus to express the
reference concentration located in the water phase, as a function of
the key parameters K and N;. The water concentration ¢yt = cw is
the average number of permeants (Ny ) in the water phase divided
by the volume of the water phase, which is o(L — h;,) according
to Fig. 1. Similarly, the membrane concentration c,, is the average
number of permeants (N, in the membrane divided by the mem-
brane volume oh,,. Note that, while the total number of permeants
N remains constant during the simulation, the number of particles
in the water and membrane, Ny and N, respectively, will fluctuate
over time. Their averages are given as
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(Nw) = cwo (L —hm), (8)

(Nm) = cmOhm = Kow ohm. 9)

Using the equality Ny = Nw + Ny = (Nw) + (Nw), the reference
concentration becomes

Cref = Cw = # (10)
o (K + L= b))
and we find J as a function of the key parameters
2N:D 1 1
== (1n

0 huK+L-hp 2d+h—m

K
This is the equation that will be used for the discussion. The num-
ber of crossings follows immediately by multiplying J with Tsmo
[Eq. (5)].

In a final step, we leave the case of the compartmental model
and return to the case of general F(z) and D(z) profiles that can
take any shape. It is still assumed that the transport kinetics can
be described by the Smoluchowski equation, i.e., the kinetics are

Markovian. In the general case, the reference concentration is given
by

. PR,
ref = ——————.
4 f e F@ gy

L

P is given by Eq. (1). Using the (:::) notation for spatial averages in
the z-direction, over h or L, these are rewritten as

(12)

eﬁl"m
P= W (13)
{5m)
D(2) [,
and
~BFre
e N;
PP 14
Cref L P o), (14)
The flux in Eq. (7) now becomes
2
] al (1s)

- BF(z) :
¢ —BF(2)
hLU( D) )h(e )1_

The above equation is the generalization of the compartmental
model in Eq. (11) to arbitrary free energy and diffusivity profiles.
It gives the flux J as a function of the key parameters in the general
case.
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111. DISCUSSION
The flux in the compartmental model [Eq. (11)] is first dis-

cussed for the two limiting cases where the layer does not comprise
any water (d = 0, so h = h,,) and where all water is included in the
layer (h = L), and next, it is illustrated for the intermediate cases (h,
<h<lL).

For d = 0, only the membrane of thickness h,, is considered,
and the flux simplifies. For large K (free energy well) and small K
(free energy barrier), the dependence on K is constant or linear in K,
respectively,

%, K>1

](hm) ={0 mNtD (16)
— K, K« 1.
oh(L - hw)

‘When the membrane is highly soluble for the permeants (AF > 0),
the number of crossings is independent of K and thus AF. However,
when the permeants’ solubility in the membrane is lower than in the
water phase (AF < 0), the number of crossings will drop exponen-
tially with AF. A very high free energy of transfer will give a very few
membrane transitions, with poor statistics for the counting method
as a consequence.

For 2d = L — hy, the whole water layer in the simulation box is
included in the counting of membrane transitions. The considered
thickness is h = L, so J(L) represents the flux of complete crossings
of the simulation box,

N:D 1 1
o(L=h)? | L hn

L-hnK ~ L-hn

J(L) = (17)

K

Here, J(L) can be interpreted as a measure of the sampling efficiency
of permeants over the whole z-direction of the simulation box. It
is interesting to see that this equation is symmetric for the replace-
ment of K by 1/K. Replacing AF by —AF does not alter the sampling
efficiency J(L). In other words, J(L) is an even function of AF by
the appearance of K in this expression. This is an important realiza-
tion: the flux in a simulation can be low because either a high barrier
makes it difficult for the permeants to pass through the membrane
or a deep well makes it difficult to leave the membrane once they
are trapped. In summary, the larger the difference between the free
energy minima and maxima across the membrane normal, given by
|AF]|, the lower is the sampling efficiency because ] drops with both
K and 1/K. A high variety in solubility hence leads to lower sampling
efficiency.

We now approximate J(L) to allow comparison with the pre-
vious approximations of J(h,) in Eq. (16). For large K (free energy
well) and small K (free energy barrier), J(L) is inversely proportional
to K or linear in K, respectively,

N:D 1

NP 1 ks
oh(L—hm) K >
N.D

J(L) = (18)
ml(, K« 1.
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