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Synopsis of dissertation (ENL/PL)

The development of mechanobiology in recent years has significantly accelerated and gained in importance. Tt
field of science focus on explaigitnow both mechanical properties of biological structures and external forces or
changes in cell or tissue mechanical environment contributdetcelopment, physiology arfdnctioning ofthe celks.

The subject of the dissertation is the developmamd implementation of experimentainethods for determining
mechanical parameters of lipid membran&he development of experimental methodsnsists of three stages

the implementation of the measuremenéechnique the verification by investigation of membmnas with established

in literature parameters and, finally, the use of the methodaddressthe scientific issug In this dissertation
measurement techniques based on the analysis of thermal fluctuation of lipid membnaaes developed.
Specificallythose were the vesicle fluctuation analysis technique and numerical analysis of the fluctuations using
molecular dynamics simulation. The vesicle fluctuation analysis is based on recording the membrane fluctuation
the equatorial plane in order to quantiti@ely measure the fluctuation as a function of tinfhegreat advantagef

the method is its noninvasiveness and the possibility to control experimental conditidvislecular dynamics
simulatiors are usedto determine mechanical parameters requires apprately long simulations to observe
spontaneous fluctuations and then use the appropriate numerical workshop. In this work the full lipid vesicle
simulation approactwas used, which allows to consider the effect of membrane curvature and then analyze the
fluctuation spectrum from the full threeimensional object. In both techniques, innovative asdjnificant
improvementshave beenintroduced The introduced modificationgontributed to increaseof the quality and
precisionof the obtained resultdeading to reproducible and accurate mechanipalrametersof a lipid bilayerin
addition, the method of electroformation, whicls usedto producethe experimentalmodel of lipid membranes
namelygiant unilamellar vesicles, wastensively testeénd improved The core of the dissertation consists of three
articles presentingstages ofthe implementation and improvements of research tools employed for the
determination of biologically relevant mechanical properties of model lipid bilayers
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Nomenclature (Constants, Symbols and Abbreviations)

Constants

ks The Boltzmann constanf) p® Y TP TT —

Symbols

> shearing elastic module

Ka compressibility module

¢ bending rigidity coefficienit]]

ks Gaussian curvature module

T main transition temperature [K]

Ex  the stretching elastic energy per unit area

A equilibrium area surface

Aq deformed area surface

Bend  bending energy per unit area

Ki, K principalcurvatures, eigenvalues of curvature
tensor

¢ the bending elastic modulus

ks the Gaussian elastic modulus

Ko spontaneous curvaturdocal preferred
curvature

A total surface

dA differential area element

Abbreviations

PC
PE
PS
Pl
PG
SM
MG

phosphatidylcholine
phosphatidylethanolamine
phosphatidylserine
phosphatidylinositol
phosphatidylglycerol
sphingomyelin
monogalactosyldiglyceride

Abbreviations of Lipid Molecules

POPC 1-palmitoyl2-oleoytglycera3-phosphotoline
DOPC 1,2-dioleoytsnglycera3-phosphocholine
DMPC 1,2-dimyristoytsnglycera3-phosphocholine
DPPC 1,2-dipalmitoytsnglycera3-phosphocholine

DOPE 1,2-dioleoytsnglycere3-phosphoethanolamine

DSPC 1,2-distearoylsn-glycera3-phosphocholine

DPG
GUV
SLB
VFA
fps
FF

parameters describing local coordinate syst
surface tangent vectors

induced metric tensor / metric
determinant of induced metric tensor
normal vector to the local surface
extrinsic curvature tensor

total extrinsic curvature

Gaussian curvature

surface tension

elasticfree energy

positional vector of the membrane
reference sphere radius

static part of perturbation

dynamic part of perturbation
spherical harmonics

amplitudes of spherical harmonics

diphosphatidylglycerol/cardiolipin
GiantUnilamellar Vesicle
Supported Lipid Bilayer

Vesicle Fluctuation Analysis
frames per second

Force Field

SPHA Spherical Harmonics Analysis

16:0-18:1 PC
18:1c9 PC
14:.0 PC

16:0 PC

18:16 n@s)PE
18:0 PC
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Aims of the dissertation

The main aim of this dissertation is the development of methods and numerical tools to determine mechanica
properties of lipid bilayers. This main airmeist of belowpatrtial aims:

1 detailed study of used lipid membrane model, especially in respect to preparation technique, to ensure
sufficient quality and repeatability of the investigated sample.

1 development of vesicle fluctuation analysis technique in order to detegrbending rigidity coefficient as part
of mechanical description of lipid bilayers.

1 development of numerical tools for analysis of molecular dynamics simulation systems of lipid bilayer in orde
to determine mechanical properties of lipid bilayers. As ppsuting technique, it allows additional insight
into molecular processes.

1 development of experimental technique for determination of area compressibility to provide full description
of mechanical model of lipid membrane.

1 application of developed techniggeand numerical tools to investigate effects of various factors on
mechanical properties as well as solve selected biophysical problems.

Correlation of the dissertation subject to biomedical engineering

Lipid membane has been acknowledged as a versatile biomaterial, which is knowitsfbiocompatibility and
biodegradability. Investigation of mechanical properties of lipid membrane provides crucial information necessar
for effective design of lipid drug delivery ss1s and increas&nowledgeabout the biomaterial itself. As a result it

can contribute to various aspects of biomedical engineering such as understanding of pathogenesis origin of vario
diseases and reasonsrfphysiological disruption, as well pessble solutions to those conditions. Developed tools
and methods are knowrotsuch fields as bioinformatichiological imaging, image processing, biomechanics, physics
and mathematical modelling. Implementation of those toolsrtoreaseknowledge of physiogical processes, which

in result may lead to finding novel ways for curing of those conditions, are essence of the field knoismedical
engineering.

Development of methods for determination of mechanical parameters of lipid membranes Page7



(page left intentionally blank)

Development of methods for determination of mechanical parameters of lipid membranes Pages



1. Outline /description of dissertation

1.1. Mechanobiology z new trend in bio physics

Over past few yearsechanical forces has been recognized as a critical factor to many biological processes ¢
organism, tissue, cell and molecular levels. This have resulted in the emergence of the interdisciplinary field knov
as mechanobiologyl]. The field focuses on studying the effects of mecical properties and external forces on
behavior of biological structures. Specifically, how do the changes in mechanical environment of cells or tissue
contribute to their development, physiology, functioning and occurrence of undesired phenomena sdiskease.

In order to describe the subgt of this dissertation it inecessary tofirst of all,outline biomechanical point of view

in cell functioning In general, a single cell is described as a fluid crowded with organelles, macromolecules an
structures of various purposes, networked with cytoskeleton and covered by a biological membrane. Hatiever,
sometimes modééd as an encapsulated lipid membrane containing steegported structures, which helpgs
deformation, adhesion, and spreadirig-4]. Cell can also be described ascomplex biological machine that
constantly consumes energy to maintain its organizafibjy This energyconsumptionis used to overcome the
tendency to maximize entropic disder and to selorganize itsel{6]. Being such molecular machine, the cell can
organize and operate contgx processes at molecular lev&heprocessegperformed by a cell gabe looked upon

from a varietyof perspectives. Some functions are cheatj such as the manufacture pffoteins, while othercan

be classifiedas information processing, sualscellrecognition ofanother cell as frieth or foe. However some, often
neglected, functions performed by a cell are of physical/mechanical nature. Examples of such functions are
maintaining and/or changing the shape of a cell, movement of a cells, intermadpat of the material, limited
adhesion to other cells, stability and resistangg§. Additionally, numerous membrane components, such as
transmembrane proteins, lipid bilayer, cytoskeleton or nuclei, are mechanically sensitive and can contribute to the
functioning of whole cell systerf8]. Furthermore, ells tend to adjust their mechanical gerties to match the
substrate[9]. This shows that cell mechanics plays a crucidl sightly underestimated, rel in many biological
processeq10]. A deviation in mechanical properties of cell can be gn sf a variety of pathologiefl]]. It is
therefore of interest to understand how cells respondnb@chanicaforces and how these foes influere their life
cycle[12]. Furthermore, cells can adopt variookshapes, ranging from smoatlisk erythrocytes, through stretched

and triangular skin fibroblast® branched and highly elongated neurons. Yet the primary mechanical element of all
cellsis the same: one or more fluid layers surround the cell and its internal compartments while filaments form a
flexible scaffolding primarily, but not exclusively, aoatl within the cell. Again, mechanics of cell plays a crucial part
in this proces$13].

One of most influential factors on mechanics of cell is biological membraneattti®e same timepne of the most
important cell structure. It can be described as a barrier surroundiogll, that additionallyfacilitatestransport of
substances into the cell and removal of waste and toxins out of the cell. Since it is a bagienaitacterized by low
permeability for charges particles, which allows to maintain-equailibrium ion distribution between interior and
exterior of the cell, which is crucial for cell functionifigney also fulfil both contact and receptor functionsjrige
responsible for contact between other cells by means of specific structures and being susceptible from environmer
factors by means of special protein structures incorporated into the membfade While membranes varies in
composition, structure and organization to fulfill mentioned functions, all of the membranes share common genera
structure, which are usually referred to asrner stoneof biological membrane. It consist of sasembled lipids

and proteins held together by noncovalent interactions (such as electrostatic interactions) and hydrophobic effect
The plasma membrane of té& composed of two main layers: the lipid bilayer in the middle and glycocalyx facing
the extracellular space. In some descriptions cytoskeleton, which is located on the edge of cytoplasm and membrau
is considered as apart of membrane. This whole stmects the mixture of around 50 wt% of lipids, 40 wt% of
proteins and 10 wt% of carbohydratgks]. Serving as a barrier, lipid bilayer consists of several kinds of lipids (with
individual lipidstypes reaching up to thousands) with inserted proteins, that mediate most of the specific functions
of membrane. Sketch of lipid bilayemeesented in Figure 1.Dutsideof bilayer carbohydrate residues coming from
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lateral tails of either glycolipids aiycoproteins are present. This glycocalyx forms a mechanically resistant layer for
the cell, as well as participating in adhesion and cell recognifiosside of bilayer tridimensional network of
OeiGz2a1StSiz2yQa TFAfl YSy i duplédtytheandmbiagedaytralbwsitakkied or Zhandgdz0el d
shape of a cell. As a result movement of a cell and rearrangement of the internal organelles are done through th
cytoskeleton[15, 16]. As the bidtogicalmembrane is examined ever more closely, it emerges that it may not just be
vertically inhomogeneous(difference in composition between the leafletshut also spatially inhmogeneous
becauseof the presence of lipid raftgl7, 18]. The difference between the two types of domains commonly involves

a difference in phase of lipidsid their mechanical propertiesThe fact that the two phasesre different in case of
mechanical and structural properties opens up the possibility pneferential incorporation ofproteinsoccurs[19].

Due to composition difference betweedhe individualleafletsof membrane a constant bend of avhole bilayermay

occur, which would resulh nontvanishing curvature. Same can happen due to lateral phase separation. Anisotropic
structural elements also can influence cell shape. For instaneebrane may stretch more easily in one direction
than another if the membrane components have different stiffness or different raft organizgitB)nNevertheless,

lipids, wth their ability to seHassemble into bilayers due to hydrophobic effect, emerge as an interesting and
important part of biological membrane.
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Figure 1.1. A scheme of biological membrane. Common building blocks of biological membrane are: phosj
formed in layer and various proteins. Cytoskeleton filaments in cytoplasm were omitted for better readability.
Graphic rendered using Blender 2.8 softw@®licensed I YR A& | LINRPLISNI& 2F RA&aSNI

Lipids are special class of amphiphilic molecules generally composed of polar head group and two hydrophobic (d
to presence of nospolar acyl chains) tails. There exist more than 1000 various lipids that differ in length and
composition of hydrophobic @ins and polar head groups. Lipids can be divided into three main categories:
phospholipids, glycolipids and sterols. Phospholipids are most common among lipids in biological membranes. Th
can be divided irglycerophospholipids and sphingophospholipi@ise glycerophospholipidgphosphatidylcholine
(PC),phosphatidylethana@mine (PE), phosphatidylserine (PS), phosphatidylinositol (Pl) and phosphatidylglycero
(PG))have common structure. Structure of selectigulds is visualized in Figure 1.2cdinsists of polar head groups

and two hydrophobic acyl chains that are connected to the glycerol backbone. The strucgllyeesbphospholipids

and sphingophospholipiddiffers significantly in the interfacial and hydrophobic pafor instance common dse in
mammalian sphingomyelin (SM) is sphingosine with t@msble bond between C4 and C5 atoni$4].
Phospholipids play dominantly structural role in the biological membrane. They participate in formation of barrier
between the interior and exterior environment and provide special site for functioning of membrane proteins.

Development of methods for determination of mechanical parameters of lipid membranes Pagel0



Additionally, cerain lipids have functional role. Example of such lipid isg3M important component of eukaryotic
cells. Having same shape like PC to minimize free energy in formation of lipid bilayers, it participates in cell signalit
SM is believed to be an importasource of ceramides for the nuclear and mitochondrial apoptotic casdddef0,

21]. SM forms stable complexes with cholesterol knowmadts, which makes it an important factor in lipid sorting
and cell functioning. Second category of lipidglycolipids¢ are localized only on extracellular site of membrane.
The sugar residues of glycolipids are exposed to external part of cell aswe erdilm, which serves as recognition
sites for celcell interactions and facilitates immune responses. Last categstgrolsg are constructed on base of
sterol backbone. Most common sterol is, exclusive to animal cells, cholesterol, which rolbetogéth SM has
already been described. In addition to mentioned already lipids, there exist less common lipids that can be found |
biological membrane, for instance plasmalogen. It can be found in nervous, immune and cardiovascular cells and
known toprotect cells from reactive oxygen spec[@g]. Another example is cardiolipin (DPG), which can be found
in membranes of mitochondria. It has variety of important functions such as regulation of aggregateirssu
triggering apoptosis, translocation of cholesterol from outer to inner membrane of mitochondria and/or imports
proteins into mitochondrial matrij23].
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Figure 1.2. Structure of selected lipids present in biological membranes:(pﬁﬁ?sphatidylcholine), P
(phogphatidylethanolaming, PS ghosphatidylsering SM §phingomyeli), MG (nonogalactosyldiglycerige DPG
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Distribution of the lipids in membrane is asymmetric. In mammalian membraih&M and PC are localized in outer
membrane, while the inner membrane consists of PE, negatoledyged PS and PIl. Cholesterol was found in both
fSFFtSiad ! a8YYSGNR Oly Ffa2 o06S 20aSNWSR Ay awaBiSN
suggested that PG can be found in outer membrane, Pl and PE preferentially in inner membrane and cardiolipin
both leaflets in Granpositive bacterig24]. Transbilayer movement of lipids is energetically unfavorable because it
requires the insertion of the polar groups into thenpolar region of the bilayer. Flijop of some phospholipids (a
type of transbilayer movement) is a very tiraensuming process (at least 3 hours). Cholesterol is an exception with
its transbilayer movement in order of secorid<l].

Membrane proteins are second most common type of molecules that can be found in biological membrane. Protein
that are bound to membrane can be separated into three major groups: integral proteins, peripheral proteins anc
structural proteins. The structure of those proteins may appear in three fogwselical segmentsaf -barrel
structure and (in case of certain antibiotic peptidelsg T -helix TheT -helix is wider tharthe j-helix, and can
therefore function as a channel, transferring monovalent ions throtighmembrane[25]. Peripheral proteins are
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localized in the surface of a membrane and are loosely condetiet either with electrostatic binding, covalent
binding or short hydrophobic chains in structure which enable anchoring to membrane. They are responsible fc
transportation, theyallow many molecules to be carried around the cell. Some peripheral nmamalproteins carry
moleculesand electronsbetween other proteins.Peripheral enzymes participate in metabolism of different
membrane components. There also exist peripheral proteins known ascligidgps, which are responsible for
modification of cell shae [25-27]. Integral membrane proteins are tradosated across the lipid bilayer. The main
feature of the protein structure is the highly hydrophobic transmembrane segments and tendency to form organizec
secondary structure. The reason for this is to overcome high energetic cost of incorporating th&pro/ Q& L.
peptide bonds inside hydrophobic hydrocarbon core of the lipid bilayer. Especially that some of the integral proteins
such adacteriorhodopsincrosses the membrane even seven times. Second feature of the integral proteins is their
length as their transmembrane segments need to correspond to the thickness of hydrocarbon core of the lipic
bilayer[25]. The lifetime of peripheral proteins in membrane is from 2 to 5 days. To thishenel €xist a mechanism

that transports to the membrane proteins that were synthesized at the ribosomes inside the endoplasmic reticulum
Generally, the signal peptide on the protein connects to receptor on the membrane, which is then followed by
incorporaion of protein into the membrane enhanced by the receptor. After the incorporation the signal part is
removed and polysaccharides are attached and ribosome is separated from the memli#ineEventually,
structural proteins form the membrane cytoskeletoifhey are not located near the membrane, but rather
connected to it through integral protes. This type of proteins are the boundary between the cytoskeleton and the
membrane. Their functions are stabilization of attachment to other cells or the substrate, regulation of cell
locomotion and regulation of cytoplasmic responses to growth facamd other external stimuliThis diversity of
cellular functions is matched by the large number of biochemical mechanisms that mediate the connections
between membrane proteins and the underlying cytoskeldtbf 28].

Additional interesting components of membranes are carbohydrates. They are exclusively found in the outer leafle
of the biological membrane of all eukaryotic cells. They are attached to the membrane by either proteirnagform
glycoproteins) or to the phospholipids (forming glycolipids). In both cases the carbohydrate portion is exposed to th
external surface of the cell. Their role is to protect stability of the membrane by forming a mensamiel coating

of the cell sirface (glycocalyx). They also are partially responsible for cell defense, since many antigens al
cellsurface glycoproteins, and cellular recognition and in connections necessary for tissue f@mrhing

Biological membrane emerges as a complex structure with rich variety of molecules such as lipids, proteins ai
carbohydrates. Its constlable inhomogeneity (both lateral and spatial) and anisotropy makes it difficult to study
separately the properties of lipid bilayers and influence of proteins on the bilayer. As a result, it is challenging t
understand and investigate mechanical propest or any properties, of the membrane. To this end biophysical
studies of the membrane properties are performed of various simpler models of membrane structure.
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1.2. Lipid bilayer z experimental model for biophysical investigations

The first modelof membrare structure was the lipid monolayer. It played considerable role in establishing the
bilayer nature of biological membranes during the first third of the XX century. First stable bilayer lipid membrane
was reported in 1962[29]. In 1965 liposomes were discoverefB0]. Nowadays there exist various modeif
membrane structures, which can be divided into two main categories: lipid vesicles and planar lipid models. Lipi
membranemodelsare simplified systems in which almost @hysicaland chemicalparameterscan be controlled.
Thesemodels are frequentlassociatedvith variousmethodsprovidingcomplementarydata[31].

Lipid vesiclegliposomes) are senrspherica vesicles delimited by a phospholipid bilayer separated by two aqueous
compartments. This configuration allows to modify internal water compartment by hydrophilic agents and/or insert
hydrophobic agents into the bilayer itself. The vesicle can be detinfijeone (unilamellar vesicle) or by multiple
bilayers (multilamellar vesicle). There are various of types of vesicles, depending on size and complexity of the
topology. Most common cases are summarized able ][31]. One of the most interesting and widely used model in
determination of mechanical parameters is Giant Unilamellar Vesicle (GU¥)zdtss similar teeukaryotic cells,
which allowsvisualization of topological and rokanical properties of cell membrang&?].

Table 1. Selected modaf liposomes with diameterslescriptionand schemes.

Name 5A1YSGSN Lipid bilayer Schemes
SUvV o
. . 0,02-0,05 Single layer [ !
(Small Unilamellar Vesicles) ingle 1ay G
LUV £
. . 0,05-1 Single bilayer | ]
(Large Unilamellar Vesicles) g Y o=
MLV 0.4¢ 10 Concentrically arranged bilayers
(Multilamellar Vesicles) 46 (5¢ 25)
oLv 01-1 Concentrically arranged bilayer
(Oligolamellar Vesicles) ' (averagely 5)
MVV >1 Smaller liposomes are surrounded by a
(Multivesicular Vesicles) common bilayer
Guv
5-200 Single bil
(Giant Unilamellar Vesicles) Ingle briayer

The advantage of using liposomes is their suitability for vast majority of techniques (such as microscopy, florescenc
scattering, surface sensitive techniques). Depending on the vesicle type used they can either allow to visualize tl
phenomena on the layer or investigate the population effect in case of smaller vesicles. Different techniques allow
to provide data concerning lipid physical state (fluidity, figal transition) or membrane permeability. The
disadvantages are, depending on the vesiclgetysed, that only either visual gualitative datais collected. They

also provide limited information about the interactions between the bilayer and its environi3én83].

Supported Lipid Bilayer¢SLBs) are planar bilayers formed on top of a solid surface. To mimic the cell membrane
structure, numerous biomimetic membranes have been developed using solid supports. These includs
solid-supported bilayer lipid membrane, polymeushioned membranes, hybrid bilayer membrane and suspended
bilayer membrane. Visualization of those models is presenteHignre 1.3. Thenain advantage of SLBs is the
possibility to vary lipid composition,ven locally. It also provides a mean to investigate lipid domain formation,
bilayer fluidity, membrane cell attachment and affinities, interaction kinetics and protein absorptions,
selfassemblies or functions. Due to high range of possible surfacesntidsl remains in agreement with high
number of surface analysis techniques. The major disadvantage is lack of the membrane curvature. There is a
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possibility of partial loss of functionality, protein denaturation or change of physicochemical propefties o
membrane due to intense interaction or friction with the substr§®a, 34].
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Figure 1.3. Models of plandipid bilayers formed on surface: (A) classical supported lipid bilayer, (B) Hybrid k
lipid membrane, (C) Polymeushioned membranes and (D) Suspended bilayer membrane.
Graphic rendered using Blender 2.8 software (GPL license) and is a proparig &f 8 NIi G A 2 y Qa I dzll K2 NX

2=
i

ARG

n

Hybrid bilayer lipid membrane are variation of SLBs that is formed oassdinbled monolayer rather than directly

on the surface. However, mobility of both lipids and peptides in such membranes is limited, despite increasin
stability and robustness ohe bilayer. As a result, this model is not mimicking the biological membrane well. To
overcome the problem of rigidity and space between the bilayer and the support, polyasbioned membrane,
were developed. In this approach the bilayer is separated fthenrigid surface by soft polymeric material that
supports the membrane without the direct linking. This model is superior to previous one in aspect of reducing the
effect of rigidity of the surface. Additionally, it allows incorporation of transmembramdeins. This approach is
mostly used to model system of the cell surface glycocalyspeéhdedlipid bilayers area model of membrane which

is formed over micrometer or nanoeterporesp LG Q& | ySg I LIINRF OK GAGK LINEY
combined approaches of hybrid and suspended bilayer membranes (known as tethered bilayer lipid membranes).
this approach additional layer is added (for instance bistieptavidinbiotin-bilayer or carbon chaingd provide
sufficient space utherneath tre membrane for widies of incorporated membrangroteins[33, 34].

LangmuirMonolayersare peculiar case of supported lipid bilayers. They are composed of one lipid leaflet formed at
the air/liquid interface. Lipid tails are oriented towards the air and lipid heads,rselse towards the liquid.
Following the deposition of mixture of lipids at the air/liquid interface and evaporation of the solvent, a movable
barrier allows the compression of the monolayer. A sensor (such as Withelmy plate) located at the air/watel
interface allows the measurement of surface pressure change in function of lipid surface area, from which lipic
packing and elasticity can be calculated. Scheme of the model is presentedHigtine 1.431, 35, 36).

Figure 1.4. Scheme of Langmuir Monolayer.
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The main advantage of Langmuir monolayers is their versatility with large variety ofdlipidsrated, unsaturated,
mixtures, pure, associated (or not) to proteins. They are very easy to handle model in investigation of interaction
with different specie of compounds spread on the interface or dissolved in the-phdse. They have also
successfully been used to study processes like molecular recognition, cooperative binding, aggregation, signalir
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energy conversion or locomotion. However, this monolayare usually in a metastable state in condensed phases
and are less hydrated than lipid bilay&b, 36].

GUVs and SLBs are believed to be the most populaméaiely usedas a mean tastudy the physical properties
especially mechanical properties, of membrane system. They are chosen due to the fact that characterization of
single membrane is required in those studies. Therefore, they are commonly used to model such phenomena «
topology, shape fluctuations, phasbehavior, permeability, fission and fusion of biological membranes. The
additional advantage of GUVs is the fianding of the vesicle, which limits any possible effect from the substrate.
However, lipid bilayer is an object with certain physical prtips that should be considered before establishing
their mechanical properties. One of the most important property is the phase transition of a membrane, as it was
reported to drastically change mechanical properties determinaf8.

Phase transitions of membrane system

One of most interesting property of bilayer is their ability to existifierent phases depending on the water
content (lyotropic transitions) and temperature (thermotropic transitions). The phase transition processes typical for
biological membranes are connected with hydrocarbon chain. This process has great significaretiecfovesicle
fusion.

(A) Micelle

(B) Hexagonal D) Lamellar

* glnverted
| #¢  Micelle
. X > ™

(F) Inverted
_Hexagonal

(C) Cubic o (E)Inverted

Figure 1.5. Schemes of phases in lyotropic transitions of tipa&yer. With increase of lipid concentration tf
structure is transitioning from normal (A) micelle, (B) hexagonal and (C) cubic phases into (D) lamellar phas
reflect biological membrane model most accurately. Further increase of lipid concentrigds to inverted (E
cubic, (F) hexagonal and finally (G) micelle phases.
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Lyotropic transitions depends on lipid concentration. When it is very low, belowcalled critical micelle
concentration (CMC), the lipids are in form of monomers. With increase in concentration, when it is higher thar
CMC, lipids starts to form normal micelles)xNWVith futher increase of the concentration the system is transformed
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into normal hexagonal phase jHhen into normal cubic phase j@nd finally into lamellar phase:fL.which is also
often referred to as liquigphase. With further increase of concentratioriransformation into inverted cubic phase
(Q) will occur, which go through inverted hexagonal phasg (bl finally reach inverted micelles (M[14, 38].
Schemes of the individual phases aresented in the Figure 1.5.

(A) Liquid Phase (C) Gel Phase

*M " |

f

i

Hh I

-t

Figure 1.6. Schemes of phasestliermotropic transitions of lipid bilayer. With decrease of temperature -
structure is transitioning from (A) liquid (disordered) phase to either (B) rippégbhase or (C) gel phase depend
on the length of hydrocarbon chains and saturation of lipidlecules. Eventually, structure in gel phase !
transition into (D) crystalline (or subgel) phase with further decrease of temperature.
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In case ofthermotropic transitions typically there arefour states in which bilayer can be: crystallippaseL.,
gelphasel 4 ripplephaseP and liquidphasel. (sometimes described as liquid disorderedpbhase) With the
higher increase of temperature the ligi phase undergo further changes into inverted cubic phasg (Qverted
hexagonal phase (Hand, finally, into inverted micellar phase (Mhowever such situation does not occur with
phospholipids. Each lipid can be characterized by following teatpes ¢ main transition temperature (),
subtransition temperature and in some rare casegretransition temperaturg14, 39, 40]. Those temperatures are
determined largely by the hydrocarbon chains length and saturattéhen the cell membrane is fully hydratéa
biologicallyrelevant temperature (above,)it is predominantly in the liquid phas&he liquid phase isharacterized

by well hydrated lipid and loosely packed lipid heads, lateral movement of lipids and disordered lipid chéiiss. In t
phase irregular packing of inddual lipid molecules often occur$.the temperature drops below, [ the membrane

will transit into the gel phase. It has to be noted, that only a fraction of lipids will undergo the transition at the
beginning but with decrease of the temperature thember of gel phase lipids will increa3éne gel phase is mostly
observed in long and saturated fatty acid chains. In that phase the individual lipids within the lipid bilayer lose laterz
mobility, lipid head groups become more tightly packed and dehedrahe lipid acyl chains become straighter and
ordered, he bilayer thickness increasg40]. If a lipid type exhibits a pretransition temperature, a transition into
rippled phase will occur before gphase. This ripplphase is characterized hinterdigitated fluidlike regions
between the gel regions of the membrane. As a result some regions within the béleyenoretightly packed and
dehydrated than otherd41]. Finally, when subtransition temperature is reachebe tbilayer transitions into
crystallinephase (or subgel phase). In this phase a low degree of fluidity, further increase in lipid head density an
higher order of chains is also observed. While this phase still remaingeibinvestigated42], it was reported to
exhibit a staggered structure where the adjacent head groups mutuallft e positions up ad down (in
comparison to gel phas@}3]. Schemes of described phases in thermotropic transitionpeeeented in Figure 1.6.
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While Gibbs phase rule strictly prohibits coexistence of different phases in homogeneous memiatheduring
phase transition and in heterogeneous bilayer such coexistence was observed. A membrane formed from th
mixture of lipids with different J resulted in such phase coexistence. Since in biological membranes various
domains coexist, lipid memanes with phase coexistence has been acknowledge as a good, although in some case
challenging, models to investigate lipid properties. When analyzing heterogeneous bilayer phases, especially
membranes with sterols (such as cholesterol), alternativecdpson of phases is used. In this description there are
four phasesc¢ solidordered $ (already described ggdhase), soliddisordered § liquiddisordered | (already
described liquid phase) and liquitdered L. Cholesterol presence in membrane waparted to induce ordering in
liquid phase,which resulted in liquigbrdered l, phase
areas, as shown in Figure 1.7. Tiplsase represents
something of a midpoint of the liquid disordered and gel
phases. Sufficiently high membrane sterol concentration
combined with the relative rigidity of sterol molecules
leads to tighter packing of liquid phase membrane. As a
result membrane in this L phase exhibits solidike
gualities similar to the ggbhase without reducing the high
rate of lateral diffusion characteristic to liquid phagg].
Interestingly, in case of gphase, sterols were reported to
induce disordering, which resulted in setitsordeed S
phase.This phase is described asliarupted gel in which
sterol disorders the gel state by breaking up the regular
hexagonal chain packing. At the same time it allows more
motion [45, 46]. Sterols are especially important molecules
in alreadymentioned raft hypothesis. Rafts are defined a§19ure 1.7. Visualization of coexistence of differ
. . . hases in single GUv formed fra
small areas on the membrane with different ordering (fo

_ ) _ OPC/Cholesterol/Sphingomyelin mixture. Due to
instance enghed in cholesterollareas on fmembrane. usage of specific fluorescence probe ol

It is current state of knowledge that only presence ofjiquid-disordered phase is illuminate®phere addec
sterols can induce the transitiolo the liquid-orderedand for increased readability.

solid-disorderedphases [47]. Graphic rendered using ImageJ software (OSS license) i
- LINBLISNLEé 2F RAAASNLIFOAZ2
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1.3. Mechanical model of a lipid bilayer
Membrane mechanics, surface parametrization and Hamiltonian

In macroscopic scale bilayer can be treated as infinitely thin surfaresuch surface properties are given in terms of
out-off-plane behavior, area and area difference. Those are related to bending rigidity, stretching elasticity anc
membrane viscosity.Those macroscopic properties are correlated with microscopic bilayer structure and are
dependent on their thermodynamic state and composition. Theoretical considerations presented in this subchapte
are based on worksf Helfrich[48], Bouvafgl5] and Desernf9].

The collective movement of liposome can be divided into three mammponents¢ bending deformations, area
expansion/compression and shearing deformation. This categorization was schematiesdipted inFfigure 1.8and

is based on work of Helfrid48]. In his model it is assumed that area expansion is a response to external pressure
and shearing deformations occurs only in liguigistalline and/or heterogeneous bilayers. Therefore, the most
informative deformationg bendingc is responsible for shape and behavior of vesicle in equilibrium state. In general
responses of bilayer to deformations are characterized by following constrghearirg elastic modulee,
compressibility module Kbending rigidity coefficierft and Gaussian curvature modulg k

Shear movement is a form @fiction between individual lipid particles. It occurs when bilayer is heterogeneous or
the bilayer is in solid/ggbhase (when tail groups are stiffer). For most of phospholipids the transition temperature
T is below physiological temperature, therefore most of them naturally occur in liquid phase. In this phase bilayel
do not show significant shearing forces=().

Compressibility Shear Bending

Figure 1.8. Representation of three components of bilayer deformatiogsarea compressibility, shearin
deformation and bending. Corresponding symbols characterizing those deformations are included.
Graphic rendered using Blender 2.8 software (GRLOSY 4SS0 YR A& | LINRPLISNI& 2F RA

The area expansiofor lipid bilayersis limitedto 4-5% of whole areaAccordig to Equation(1.)6 F a SR 2y |
law for elastic spring, the stretching elastic energy per unit @ea depends on change of relative arpa/A,. The
equilibrium area surface is defined by, &vhile deformed area surface is define by A

o -0 — -0 — (11)
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Bending deformations, which energy per unit ai@a is definedr OO2 NRA Y 3 (2 |EuateM{h2DK Qa
is mainly responsible for shape of bilayer. Bending of bilayer is characterized by two main principal curvature axes
and Kk (describing the local curvature) and three phenomenological parameters:
1 the bending elastic modulusc¢ correlated with microscopic state of bilayer (rigiddayd length of carbon chains
of lipids, nature of interaction between lipid heads, etc.),
9 the Gaussian elastic moduliks ¢ defines the elastic energy associated to th&insic curvature,
9 spontaneous curvatureg defining an asymmetry in lipid composition of the two leaflets or shape of the bilayer
when no constraints are provided.

0 Mo 6 0 QDO (12)

When lipid bilayer is in liquigghase (>=0) only area compressibility and bending have significant impact on
mechanics ofipid bilayer. The elastic free energy Hamiltontarwhich describes the deformations of bilayer can be
defined according té&quation (1.3).

- —0 L -1, 0 0 0 QbR LU0 (13)

While Hamiltonian can be obtained @homenologically, it can
also by calculated using differential geometry. In order to c
that and be able to extract mechanical properties of lipi
bilayers, first the parametrization of the surface needs to b
performed.In case of vesicle a membrane can be described a
fluctuating two-dimensional surface in thredimensional space
(solvent). Therefore, it can be treated as a smooth surface w
a differential area element’@9 andd _ ‘Qoits total area.
Since bilayer is a dynamic structure, it cannot be described
coordinates of individual molecules, but a differential geometr
with surface invariants are used.

In order to effectively parametrize the bilayer surface i
differential geometry, one should start with adopting a locdfigure 1.9. Differential geometry —schem
(two-dimensional) coordinate systemd b and find some representatlon of a section of a surfgce S. 1

) . . . s .. point P, the normal vecton, the coordinates t
mapping that assigns coordinate paér h5 to some point in

_ ] ) ) _ and f as well as vectors, ande, are included.
three-dimensioral space (described by Cartesiepordinates), Graphic rendered using Blender8 software (GPI

as described iguation (1.4) and visualized Fgure 1.9. f AOSyaSo FyR Aa | LINRLIS
Wo

4 dom Mo M 0 ~a (1.4)
wo

Membranes are parametrized by two variables and the infinitesidigblacements along the surface can be
described byEquation(1.5). Tangent vectors can also be constructed accordingdaation(1.6). The tangent
vectors points into the direction in whicthe value of the coordinate®increases and they express all the local
properties of the surface.

o 1o do (1.5)

m T4 B®® ek (1.6)
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The two surface tangent vectors can be used to consttiuetfirst fundamental form of surfaceinduced metric
Sy az2Nl 62N eimded byByyafdn(.R. Tlisinetric tensor characterizes the intrinsic geometry of the
surface and is used to measure infinitesimal distanced between two points on the surface. The determinant
metric "Qcan be connected to #tangent vectors according quation(1.8). Sincgg W andg ' span the local
infinitesimal area element on the surface the determinant of the metric can be connected to it through the
definition inEquation(1.9).

Q mla (1.7)

M AAG Q0 M 00 gl
QQ p Al O "Hig wmSms OET "Hhg = ms (1.8)
Q0 P g®Hs WD (1.9)

The normal vector to the local surfacecan also be constructed from the tangent vectors accordingdaation
(1.10. It is customary to normalizeto unit length. It allows to construct the second fundamental form of surface
the extrinsic curvature tensob . The tensor quantifies the extent of local curvature of the surface in the three
dimensional space and is constructed accordingdoaton (1.11).

- &= = (1.10)
O m3* *O@m *3—1 (1.11)

The curvature tensor is a 2x2 real symmetric matrix and can the diagonalized in an orthonormal basis, where tt
diagonal elements; eigenvalues) and 0 ¢ are named principal curvatures of the local surface and define the
extrinsic properties of the surface. The curvature tensor has two invariants. First one is called the total extrinsi
curvature and is defined bigquation(1.12) as trace K of curvature tensor. In older words extrinsic curvature is
sometimes defined as mean curvature H, which is equal to half of K. Second invariant of curvature tensor
calculated as determinant of the matnix and is called Gaussian curvegk, as inEquation(1.13).

O Yio Qo 0 0 0 0O 0 (1.12)
0 AAD AAQO 00 (1.13)

From chemical or atomistic point of view, lipid membranes consist of numerous individual lipid particles g&ving ri
to significant number of inner degrees of freedom summarizing to lasgale membrane behavior. A lot of models
focus on those local physics inside lipid bilayer. However, with increase of scale, the bilayer can be treated in terr
of curvature deforméon. Almost any peculiar detail, which is responsible for existence of bilayer in the first place,
will just vanish providing scale is large enough. The Helfrich Hamiltonian is an example for constructing effecti
energy functional of membrane based ardescale phenomenological considerations. As the amplitude of elastic
energy depends only on the shape of membrane, the free energy has to be an invariant with respect to a change
parametrization. Therefore, it can be described using both surfaceriamia ¢ total extrinsic curvature K and
Gaussian curvaturegi and differential area elemeri® 0 As a result, the free energy equation can be constructed
by multiplicative combinations of principal curvatures leading to four termi@9_ 0 'QH 0 W and U Q9§ as
shown inEquation(1.14). By relabeling constant with parameters from phenomenological considerations one gets
equations presented ikquation(1.15). This results in weknown form of Hamiltonian presented Equation(1.16).

This Hamiltonian has the same physical meaning as the dauation 1.3 despitdeing under another form.

= .8 08 .8 0Qd_8 hoad _ 8 ho Qb (1.14)
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6 , -loh & loh 6 " -théh 7 (1.15)
= L, -0 0 Q6 Q 0 Qb (1.16)

The first term in the Hamiltonian is related to area compressibility and describes the energy cost related to an are
increase. The symbdl stands for surface tension. The second term describes the energy cost of bending
deformations. It is understood as the energy cost associated with deviations of the equilibrium curvature from loca
preferred valued based on chemical and structural peies of membrane and environment. The third term
describes energy related to topological changes of the surface. Sy@bmeiflects the cost of imposing Gaussian
curvature on the surfacdn case of unconstrained vesicle in liquid phase both firsttaadhird term in Hamiltonian

can be either neglected or omitted. This results in defining relevant elastic free eidsgyonly second term.

Quastspherical representation and spherical harmonics function

Two techniques presented in this dissertation are based on spherical harmfumicions. To this end the
theoretical background for this approach was also included ir
model subchapter. Theoretical considerations presented in thi
subchapters are based on numerous articles focusing on analysis
guasisphericalvesicle fluctuation§l5, 50-52].

Since vesicles are quagherical a natural way to characterize it is
to use the polar coordinates. The positional vector of the
membrane, defied byEquation(1.17), indicates the position of a
given point of the membrane in a given time. The membrane
displacementfield is defined by]1 —k D, which gives
information about deviation from spherical reference radiyg.&
Those relations arerpsented inFgure 1.10.Fluctuations of the
membrane are timedependent thermal agitations around
equilibrium position, therefore can be divided into static pathe
average vesicle size at given coordinates or static mean shaj
1 —B M ¢and dynami part of perturbation¢c deviation from
equilibrium or timedependent deformation of vesiclegs] - b ©'9 g o
¢ as showed irEquation(1.18). Sincefluctuations are constrained RS T. 2 NXE G 7‘. 2ya 2% | @¢

o i N _ Graphic rendered using Blender 2.8 software ((
by equilibrium radius it is assumed that averaged over tmey 3§y a80 FyR A& | LINRBL
fluctuations are balanced, as showedejuation (1.19).

Figure 1.10. Scheme of local radi

»h Y p 1 R (1.17)
1 kP 17 PO 1] -PD (1.18)
6 O B 61 PO N (1.19)

Using spherical harmonicé) as base functionfguations(1.17-1.19) can be rewritten asquation (1.20)where
the only contribution t  in quasisphere shape is a constant ten .

»hMH Yp 6 Yod&b B gs Y ok —bh (1.20)

By introducing timedependent real functionsd © and® © describedby relation given byuation (1.21), the

Equation (1.20) can be rewritten aBguation (1.22),with AT-Orelated to associated Legendre function
0 A T1—Qas described biguation (1.23).

Yo H o @ oI (1.21)
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»hH Yp 6 Yo b
B o Ai-©O B ©w 0OAT & @ 0OE]d- AT-O (1.22)

A6 p —o—% Ai0 (1.23)

Which leads to important expression for the spherical harmod@ascribed byEguation (1.24) that is a corner stone
for considered techniques based on spherical harmonics functions. Additionally, amplitudes of spherical harmonic
function can be rewritten according tajuations (1.25).

o b AT-O0Mm (1.24)
SY 0s & 0sfgY o0ssY o0s - 0s  osfp a ¢ (1.25)

The bending elastic energ® k 1 of a given shape defined by 1 71 with respect to the equilibrium one
"0 is obtained by Taylor expansi@pproximation of elastic free engy (middle term ofEquation 1.16) up to
second order in —b . It is defined byFquation (1.26), where_ , is defined byEuation (1.27) ad ,, is the

reduced membrane tensiofEverycy and® are independent modes, which follow Boltzmastatistics and a time
average given biquation (1.28), wherégis Boltzmann constant and T is temperature.

o1 h1 'O - 0 0 Qobe-B _ ., < o6s -B L 6 W oO0s (1.26)
- » E ¢ & p, t& p (1.27)
& 0s0 — (1.28)
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1.4. Overview of experimental techniques
Techniques for determination of mechanical properties

There are variosl techniques to determine mechanical properties of lipid bilayerboth experimental and
numerical. Commonly, ailable techniques can be divided into three main categories: (a) techniques based on the
analysis of thermal fluctuations, (b) techniques that study the response to mechanical deformation and (c) scatterin
techniques. The first category focuses on techeis that exercise the dependence of thermal undulations on the
membrane bending rigidity. Since two of those techniques are a subject of the dissertation, this category i
described in more details later. Second category of techniques exercise the ftyssibiaffecting membrane
behavior by applying the external mechanical deformation. This techniques have been commonly used to determin
either bending rigidity or area compressibiljty].

Table2. Overview of techniques that study the response to mechanical deformation of lipid bilayer.

Technique LU Brief description Literature
parameters

The idea of the technique is an aspiration of GUV int
Micropipette ¢ K smallcaliber suction pipette. The analysis of the relative chang (5359
aspiration ’ the area under the aspiration pressure allows to obtain beng

rigidity from the lowtension regime of the tensicarea curve.

Theidea is the determination of mechanical parameters from

tethers ¢ locally stretched membrane that forms thin cylindrig
Tether c membrane strands of only 3000 nm in diameter. Measuremen [(60-62]
formation of the tether radius as a function of axial force on the tether g

access to the bending stiffness. This approach has been also

in molecular dynamics simulations.

The idea of this approach is similar to the tethered formation v

the difference that much larger microsphere are controlled
Optical tether formatipn whigh results in their higher diameter. Diffe_re
WEezers ¢ approach, using optical tweezers, focus on optical stretching [63-66]

GUVs with integrated duddeam optical trap by measuring are

strain as a function of applied stress to obtain bending rigidity.

approach was also realized on planar lipids.
Electric field T.he idea of this approa_ch is to measure the _relative appal
deformation ¢ dilatation of the vesicles induced by the electric field as a fung [67-70]

of the homogeneous lateral tension to obtain bending rigidity.
Atomic Force In this approach bilayer, either SLB or tethered vesicle, is inde
Microscopy ¢ K using tip on the AFM cantilever. Change in force/pressur [71-74]
Force ' recorded during indentation, which is then used to establish eit
Indentation bending rigidity or area compressibility.

In this approach the membranés illuminated with a tightly
Confocal focused lowpower laser beam, which i's placeq sligh
microscope above/below the focal plane. As a result the_3|ze and divergen
optical ¢ the reflected beam changed with the @sta_nc;e betvyeen [75, 76]
deformation membrane and the focal plane. The bendingdiiyi was directed

as a function of work done by optical force, vesicle surface

principle curvatures of an oblate spheroid.

Abbreviations® ¢ bending rigidity coefficientk, ¢ area compressibility.

Thelast category contains scattering techniques. Most widely spread of those techniques are those, which base ¢
either Xray or neutron scattering. While both techniques are similar in realization, there are principle differences in
which they interact withmatter. Xrays are electromagnetic waves that primarily interacts with electrons and their
amplitude of Xray scattering length increases linearly with atomic number. Neutrons, on the other hand, are
particles that interact with atomic nuclei and neutr@tattering amplitudes is a function of the mass, spin and
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energy levels of the nuclei that they scatter fr¢@Y]. Xray scattering is usually performed amultilamellar vesicles

with highly oriented lipid bilayers to establish bridge to the mechanical wiexfits of bulk lamellar phase¥hese
oriented stacks are typically in fully hyded conditions and with spacing repeat distance quite small so that the
systems were in soft confinement regim&he bending rigidity is obtained from scattering data by established
dependency between boththeé I A £ £ S  hild INplan& doreiddioniength. Both of those parameters can be
obtained from scattering datd. I A f f S IsIbbkiined $yilaBaN&ing the tails of diffraction peaks, winilelane
correlation length is determined fromthe intensity in the small angleegime [78-80]. Another tecmique is a
combination ofNeutron Spin Echo and Dynamic Light Scattering techniques to study shape fluctuations of bilaye
vesicle. In this approach Dynamic Light Scattering is first used to obtain values of the translation diffusion coefficie
and hydrodynamic radius, which aratdr used to analyze the neutron spin echo scattering functions. Finally, the
relaxation frequency of the fluctuation model is determined from fitting experimental relaxation functions to obtain
bending rigidity coefficien{81]. Alternative approach oNeutron Spin B® measurements of the equilibrium
membrane fluctuations that does not require dynamic light scattering de#a also developedn this approach

both area compressibility and bending rigidity were calculaf8gd, 83]. Yet anotherapproach to determine
mechanical properties is by using sreligle approach. Smadihgle scattering is a popular technique to study
biologically relevant material, as it provides detailed information about the size, shape and confirmation of
molecular asemblies in solutionAs a result, structurdbiophysics has taken advantagérecent developments to
accurately determine the structure of lipid bilayd@, 85]. Apart from structural details, this approach was also
used to establish mechanical properties of membragésth area compressibility4and bendingNA I A[B6L G & ¢

Development of techniques- Molecular dynamics simulations forthe evaluation of membrane
mechanical properties

The developed techniques, that are coesl by this dissertationare commonlyusing giant unilamellar vesicle as a
model of lipid membrane. One of the most common technique for producing this lipid membrane model is
electroformation. It was originally establish in 19887]. The main advantagesf electroformatian are that it
requireslittle technical expertise to implement artiat it yieldsspherical, relatively monodisperse and unilamellar
lipid vesiclesThe idea of the method is to dissolve lipid molecules (either single lipid or lipid mixtnreg)anic
solvents, such as chloroform or methanahd deposit it on electrodes’ surfadesuwally platinum orindium tin
oxide). This is followed by drying of electrodes to obtain lipid film. Thikeguently done in vacuum to ensure full
removal of the solvent. Electrodes are then immersed in agueous buffealahative current AQ field isapplied

to induce formation of the vesicles. The exact principles and physics behind the formation of GUVs is not we
understood despite several contradicting descriptioihgs known, however, that the bilayer edges are allowed to
merge at a fasterate, multi-lamellar vesiclegMLVs)are formed.To increasehe rate of bilayer separation the
electric field is use. This enables obtaining thelamellar vesicles To stimulate swelling process of the hydrated
lipid film, the alternating potential difrence is applied across the electrod&bere are sveral studies investigating
the effect of both amplitude and frequency on formation of vesicles. Inamich studieshe amplitude (from 1V

to 10 V) and frequency (from 1 up toz) are investigaté The best result was observed for 5V and 1088k
Similar study showed, that formatiorf @esicles occurs with amplitude from 0.2 up to 10.5 V and frequency from 1
up to 10 Hz. The highest diameters of vesicles were with frequency between 1 and 1[B®]H¥Vhile most of
protocols set frequency in range ofl2 Hz, some are reporting getting better results with thousands BbB22].
Interestingly, it has been shown that in 3D electroformation systems frequency order higHeZ)i@han in 2D
electroformation systenwas required to obtain similar qugtiof GUVY93]. It was also suggested that geometry,
topology, material and wear of theadtrodes might be a factd®4]. As a result seeral different protocols exiswith
different voltage andrequency of AC field and differeduration of electroformation proces3hey are summze up

in Table 3.

¢t2 (dKA& SyYyR LQ@S Ay@SaidaalriaSR GKS SFFSOG 27F St SO
population. | especially emphasized the effect of time, frequency and current changes during electroformation
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process on the chaceristics of final population.The obtained population of vesicles was assessed using three main
indicators : means of vesicles' diameter size, ratio of lipid mass in vesicles to total lipid mass placed on electrod
and oligovesicularity2 ¥ (G KS @SaA0f SaQ LRLIzZA FGA2y ORSGSNYAYLF (A2
Voltage, frequency, duration of electroformation as well as wear of electrodes weestigated as a potential
factor. The article with details from this work cae iewed inr°PAPER. chapter.

Table 3. Various protocols used for electroformation of Giant Unilamellar Vesicles.

Literature Electric field(AC) Time Additional remarks

[95, 96] 1.2V, 10 Hz 2 hours Most commonprocedure

[52] 3V, 10 Hz 1 hour -

[97] 2V,5Hz 2 hours -

[98] 1.1V, 20 Hz 3 hours -

[99] 5V, 10 Hz 2 hours Custom design special chamber

[94] 1V-> 4V, 500 Hz 3 hours Constant voltage increase

[10Q 1V->4V, 10 Hz 24 hours Step voltage increase each hour for 1V

(107 0.15V-> 3.9V, 500 Hz 2 hours Step voltage in@ase

(102 0.02V-> 1.1V, 12 Hz 4 hours Step voltage increase each 5 min

[103 ov->1.2V, 10 Hz 5 hours Step voltage increase in first 40 min

[68] 1.1V, 1Hz->1.5V,5Hz 3 hours Change in protocol after 1 hour
Second; detachmentg phase lasts 30 mins;

[104 2.2V, 10 Hz> 2.2V, 24 Hz 1.5 hour vesicle contain SNARE proteins

20V-> 250V, 10 Hz (3h) . - . .
[105) 350V, 10 Hz (2h) 7 hours Special protocol tanimic physiologically

350V, 10 Hz> 4 Hz (2h) relevant conditions

8V, 10 Hz (2h)
4V, 5 Hz (15min)

[106] 2.5V, 2,5 Hz (15min) 3 hours Electroformation with solution exchange
1V, 1 Hz (30min)
[107] 0.03V-> 0.33\4> 0.8V, 500 H2 1.43 hour Phases lasted 6 min, 20 min and 90 min,

respectively.

Abbreviations: AG alternating current;> - changing to.
Development of techniquesg, Vesicle fluctuation analysis

In this dissertation methods based on analysis of thermal fluctuation were devel@uexlof the most widely used
technique in this category is vesicle fluctuation analysis (VFA, also sometimes calleahfliskespectroscopy). €h

idea of this technique is the analysis of membrane fluctuaticth@rmally induced shapandulations to bespecific

¢ observed orthe equatorialsurface of avesicle (see Figure 1.11) as a function of time and measure the amplitudes
of those fluctuations, which are later used to determine bendiiggdity of the bilayer.This technique was first
established inl989[51]]. In this approach inverted contrast phase microscopy was used. From 500 to 1000 frames
for single vesicle was recorded with interval of 1 second. It was based on mechanical model of lipid bilayer by V
Helfrich[48] and averagébased approach for numerical analysis is used. Later, in 1990, this approach was used t
investigate the effect of temperature on mechanical properties by designing speciarR&limber[10§. In this
approach 510 frames per second (fps) was recorded. In 2002 this method is used to investigate the effect o
gravitational descend ofesicles on their mechanical propertifs?]. Simultaneous development in technology is
clearly visible, as the frequency of image capture increased to 25 fps andresicle is analyzed for at least 2000
frames. In 2004 three papers regarding flicker noise technique were publish. In two of them phase contras
microscopy was used to observe series of 2000 frames with 308pand 3004000 frames with 25 fpl09]. There

was also an attempt tause stroboscopic light to improve the precision of mechanical parameters determination
[110], however it resukd in significant decrease in number of frames (down to 400). In 2008 method was used to
establish the effect of magainifi01], however no technological nor numerical development were introduced. In
2009 the paper investigating effect of cholesterol and sphingomyelin on mechanical properties of hewoagen
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vesicles and vesicles from plasma membrane of human red blood cells were puljghet@he value of fps was
increased, depending on the sample, from 60 up to 250 fps. Interestingly, etisfivomation of vesicles is done
prior to VFA. In 2010 an effect of fluorescent probe
in lipid membrane on mechanical properties wa:
under the investigatiorj111]. In was shown that up
to 2 moPo of fluorescence probes in bilayer the
effect in negligible and some probes (such a
Rhodamine and NBBE) in higher concentrations
have stronger effect that others (such BBodipy). In
2011 a novel way of numerical analysis wa
developed. It was namedsastatistical analysigb0],
which exhibits certain advantages to the averagec
based approach such as assessment of agreeme
with  mathematical model of recorded vesicle.
Furthermore, lack of effect of fluorescence probe:
(up to 2mol%) on mechanical propes was
confirmed in this work. Single vesicle was recorde
for 10 minutes leading to 15000 frames (25 fps). |
2013, for the first time, an fluorescent microscope

specifically selective plane illumination microscopy. _ o _
was used to record thermal fluctuatis of the lipid Figure 1.11. Visualization of vesicle. As shown, only ¢

GUVs to measure bending rigidity of POPC Vesic\ﬁgersectlon of veS|cIe_at the eqL_JatorlaI part is recorded
the purpose of fluctuation analysis (green area).

[96]. Fluctuations were recorded with 600 fps. In Graphic rendered using Blender 2.8 software (GPL license) ar

2014 a review of mechanical properties of POP&operty of disS NIi I G A 2y Q& | dzii K2 NX

vesicles using veous techniques, including VFA, was

published[112]. In 2016 a paper with summarized two years of work was published, in which both fluorescence
confocal micrgcopy and fluorescence microscopy with spinning disk were used to determine bending rigidity of
both POPC and DOPC vesicles. The article can be viewe@irr2 chapter. In that paper fluorescence microscopy
was used to immve precision of the location of the bilayer and, as a result, improve determination of the bending
rigidity coefficient. Additionally, two numerical approaches are used (both avdraged and statistical). Since the
development of the method it was commtly used to solve various biophysical problems. In 2017 | used it to
determine the effect of doxorubicin drug on bending rigidity of POPC ve§id&sas well as assess the effect of
phenyltin toxins on mechanical properties of lipid membrgié4]. The latter allowed to propose a molecular
mechanism of phenyltin interaction with membrane. In 2018 an approach to determine papuleharacter of
bending rigidity parameter was carried out showing that, instead of expected normal distribution, it follows
exponential charactefl15]. Lately | used VFA to establish the effect of antimicrobial agents (chlorhexidine and
octenidine dihydrochloridg on bending rigidity of POPC membranes [data not yet published] and effect of
incorporated -Amyloidpeptides on mechanical propées of POPC lipid membrandd. 6].

Development of techniques Molecular dynamics simulations for establishing mechanical projes

Second developed technique in this dissertation is SPHA analysis on simulated system of lipid vesicle using molec
dynamics. Molecular Dynamics (MD) is the numerical simulation technique for analyzing physical movement
atoms and molecules. Their t&jOG 2 NA Sa | NS RSUGSNXYAYSR 0@ ydzYSNROI f f ¢
for a system of interacting particles. Forces and interactions between the particles and their potential energies ar
calculated using molecular mechanics force fieldsere «ist three types of FRsatomistic, coarsayain and hybrid
(united-atom). Atomistic FF is determined by the sets of force constants, equilibrium bond distances and angle:
LennardJones parameters and partial charges for all chemically different atons tyywelved. This FF allows most
detailed interactions between the particles, however, due to number of calculations, it requires substantial amount
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of time. When investigation of certain properties of lipid bilayers requires either length or time scalesacbable

(or not affordable) in atomistic simulations, so called coaysned FFs are used. To make lasgale membrane
simulations practically feasible, it is necessary to simplify description of individual lipids or molecules, so that grouf
of atoms are combined into pseuduarticles resulting in a coarggained description of a systerfioarsegrained
models are emerging as a practical alternative todtdimistic simulations when detailed atomistic representation is
not necessary while it is ingptant to observe membrane phenomena over long time scaksally, a hybrid
approach called unitedatom FF, which combines both approaches been developedA unitedatom is a particle

that incorporates a group of atoms but can approximately represbat molecular mechanical properties of the
group on a scale of size that is larger than atomic scale. The tatid@a model is a good approximation when
investigating interactions between the particles that react with each other as a whole group ratrefdim new
compounds or break into smallsubmoleculesIn this FFs unitedtoms are used to represent carbon chains of
lipids, namely carbon atom with two bonded hydrogens is replaced with one uattd reflecting properties of

this compound[117, 118]. There exist numerous approaches to determine mechanical propettissth bending
rigidity and area compressibilityusing moleclar dynamics simulations both based on recreation of experimental
conditions or strictly physical determination of the parameters of interest. For MD approaches to determine
mechanical properties based on membrane undulations two main approaches caghtigtited.

First approach is usually referred to as Fourier Space methodology. Fluctuation spectrum of thermally excite
membrane deformations, which is correlated to bending rigidity, is calculated. It is obtained by applying fast Fourie
transformationto the position of lipid molecules in time. The obtained spectrum is plotted as a function of the
dimensionless wave number to which a model is fitted to obtain bending rigidity. The area compressibility is define
as a function of bending rigidity andfe€tive thickness of the membran&his approach was first used on mixture of
amphiphiles. After the selissembly into bilayer and equilibration, the fluctuation spectrum is collected and
mechanical parameters are determin¢til9. Similar approach was later used on homogeneous DPPC bilayer with
united-atom FH120] and in homogeneouspingomyelinbilayers usingcoarsegrained FF[121]. Interestingly, in

latter work area compressibility isalculated accordingly to ensemble fluctuation theory, which defines it as a
function of bending rigidity and area fluctuations of the system rather than thickness of the membrane. This
approach was also used as a reference when establishing differemages[122]. In 2014 this approach was first
used for fullatomistic DPPC, DOPC and DOPE membrane syjdt2ghsArea compressibility was determined aa
analysis of simulation box fluctuations It was later used to determine mechanical properties of various
homogeneous membrand424].

Second approach is usually referred to as Real Space Fluctuation methodology. Bending rigidity and tilt modulus :
obtained from potental of mean force, which is defined as a measure of free energy change associated with
molecule tilt under different conditions. For tilt modulus a deviation from membrane normal is consjadnie for
bending rigidity a divination from surrounding lipmolecules is taken into account (so called lipid splay). Both of
those tilts are calculated as a probability distribution, which is then fitted with theoretical model distribdtios
approach was first used when the effect of cholesterol in DMPC mambravas investigated usirggparsegrained

FF DM simulationgl25]. It was later improved with calculation of tilt modulus and approach for heterogeneous
bilayers[126-128]. Itwas also used for comparison in fatomistic DPPC, DOPC and DOPE membrane s)j4i28hs

The methodology was implemented in opeiayailable softwareOpenstruct[129]. It was extensively used to
determine mechanical properties of various rhogeneous and heterogeneous membranes usingafalinistic
CHARMM FR30Q.

All of abovementioned methods werearried out on planar lipid membrane. It is not surprising as planar systems
require less computational power. However, the curvature effect is not taken into account, which might be a factol
during determination of mechanical properties. However, in 2044 successful attempt to establish mechanical
parameters from full lipid vesicles was carried out usingrsegrainedFF[131]. An 34 nm in diameter DMPC lipid
vesicle was modelled with different condestions of surrounding water molecules. The analysis of the vesicle to
obtain mechanical parameters, referred to as Spherical Harmonics Analysis (SPHA), is based on HelfridBlmodel
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of fluctuations. The fluctuations observed on the surface of vesicle are decomposed into Legendre polynomi
modes basis to calculattheir amplitudes, as schematicalshown in Figure 1.12. Thamplitudes are used to
RSGSNNAYS YSOKFYAOFf LINBLISNIASAED® LQAS | RFLIWIGSR GKAA
DPPC, DSPC and HSPC 10 nm vesicle systems id-udied CC a5 aAvYdzZ FdA2yasd ! RR
established mechanical properties of those planar membranes of those lipids using Real Space Fluctuatio
methodology. Area compressibility was calculated according to published algqfi8#in This results can be viewed

in PAPER3 chapter. Established method was already used for determination of effect of incorporafedyloid
peptides on mechanical properties of POPC lipid membrddés$]|. Interestingly, a new method based on
guantifying compressibilitynoduli from local thicknesfuctuationsfor determination of area compressibility was
introduced lately{133).

Nonetheless, analysis based or
undulations is not exclusive ’ i e
approach to determine

mechanical properties of lipid
bilayers when using MD
simulations. Those approaches
are based on experimental 4
designs already described atf#§
the beginning of this chapter.
One of the approaches is
based on inducing mechanical
deformations during

simulation. iring a simulation

two cylindrical guiding

potentials are added to
standard FF, which impose a
sinusoidal deformation to a

planar membrane[134]. The ~ A L oA s .
restoring force of the CAIdINBE MOMHDP { OKSYIUAO RSOZ2YLRAaAUA:

deformed membrane iSA)/U2 AYRAOGARdzZLE Y2RSAaQ | YL AUdzRS A&

Graphic created using GIMP software GNU license) and isbased on a work o
measured and detected astheg x 3 3 SNIi F A2y Q& | dzi K2 NI

mean force exerted on the

membrane from the deforming cylinders. The force is determined as a function of the membrane curvature and the
bending rigidity is estimated by numerically solving the Helfrich mpt&}| Another approach is based on imposing

a deformation of the membrane by creat a curbed cylindrical vesicle and measuring the force required to hold
this state[61, 122, 135]. This method is practically a numerical simulation of tether formation method. Interestingly,
it allows calculation of Gaussian curvatigge During simulation a tether is simply stabilized by spanning a cylindrical
vesicle through simulation box (acrogee periodic boundary conditions). As a result simulated system is perfectly
cylindrical and the axial pulling force is readily obtained from the stress tensor along the tether direction.
Additionally, scattering data was also obtained from MD simulatwitis coarsegrainedFF136]. A discrete Fourier
transform was used to calculate neutron scattering function of the real space density distribution of all lipid
molecules.Both planar and vesicle topologies were investigated. Interestingly, bending rigidity was additionally
calculated using Fourier Space methodology.

il

I\HI
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1.5. Summary and perspectives

The main objective of this dissertation was to develop methods to determieehanical properties of lipid
membranes. To this end experimental model of lipid membranes, giant unilamellar vesicles (GUVs) was used. T
model was obtained using electroformation method, which was also studied. For determination of mechanica
parametes two methods were developed and validatedhermal fluctuation analysis and determination using
molecular dynamics simulations. Eventually, developed techniques were used to provide valuable insight int
biophysical processes are were used to solve sgwaientific problems.

The vesicle fluctuation analysis technique was improved by implementation of fluorescence confocal microscop!
GKAOK AYONBIFASR (KS ljdzrtAdGe 2F 200FAYySR @SaarofSQa
rigidity coefficient. Additionally, a custom analysis software was developed using both OpenCYV libraries on C++ a
MATLAB Finally, effect of implementation of various smoothing algorithms on precision of establish parameters was
investigated.

Developed methodd establish mechanical properties of membranes using molecular dynamics was, also, based o
analysis of thermal fluctuations. The difference here was that, in contrary to experimental technique, full
three-dimensional vesicle can be analyzed instead oflistwa-dimensional intersection. This allows not only more
precise observation of fluctuation spectra, but also due to nature of molecular dynamics simulations, grants acce:
to microscopic parameters such as membrane thickness, area per lipid and pilafilers. It also allows to establish
area compressibility from the simulations. This approach was carried out on tatided force field, which provided
more details than commonly usembarsegrain models. This technique allows to include effect of cumeatvhich
provided, in some membranes, different parameters than in case of planar membrane topology.

Established techniques were, as described, used to investigate effects of various factors on mechanical properties
well as solve certain biophysical problems. Studies of electroformation resulted in decreasing necessary time
GUVs formation and showestrong effect of electrical field parameters. Vesicle fluctuation analysis technique was
successfully used to determine the effect of phenyltin toxins,-eaticerous drug doxorubicin, neurodegenerative
pb-amyloid peptides and antimicrobial agents like othexidine and octenidinadihydrochloride on mechanical
behavior of lipid membranes. The effect of fluorescence probe incorporated into bilayer, heterogeneity, phase shif
and temperature was also investigated. Usage of molecular dynamics studies alloweavide additional insight

into mechanical and structural behavior of investigated lipid membranes. It was used to investigate lipid membrane
in uncommonlyinvestigated lipid phases such as rippbp, gel and crystalline (or metastable) phases as agll
investigate the effect of neurodegeneratiieamyloid peptides. It was also shown that, contrary to current
consensus, established mechanical properties might significantly differ when investigated on planar and spheric
systems. This suggest, thalisephases are not as uniform as it was previously believed.

Nevertheless, an experimental technique should be developed to establish area compressibility, as to confirm resul
obtained from molecular dynamics simulations. Two techniques were under geweltt during my PhD studies for

that purpose¢ mechanical deformation induced by polystyrene beads controlled by optical tweezers and force
spectroscopy during indentation of vesicles using atomic force microscopy. The approaches to establish repeatak
results using Optical Tweezers were unsuccessful due to various problems that emerged. On the other hand,
technique using atomic force microscopy was successfully developed [data not yet published], providing a
experimental value to confirm area comprdsbty obtained from molecular dynamics simulations.
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ARTICLE INFO ABSTRACT

Keywords: Giant unilamellar vesicles (GUVs) have become one of extensively studied biological bilayer models especially
GUV when investigating topological and mechanical properties of cell membranes. They are also used to visualize

Electroformation membrane-related phenomena. However, the method of preparation and the effects of parameters of preparation
gytoml?ry on the vesicular structure are extensively varied. Therefore, it is important to understand how the process of
uenching

formation of GUVs influences the outcome population, as it can influence the outcome of the experiment that is
planned. Therefore, in this study, we investigated the effects of protocol parameters of electroformation on
properties of homogeneous population of POPC GUVs. The parameters investigated in this study are duration of
electroformation, usage of electrodes and frequency of applied AC field and its voltage. The properties in-
vestigated, which can be used to describe GUV populations are average diameter of vesicle, the amount of lipid
molecules in population, and structure of vesicles. According to our results, prolonged time (greater than 4 h)
does not influence outcome; however, parameters of applied electrical field (voltage and frequency) did sig-

Lipid vesicles

nificantly influence the properties of obtained POPC GUV populations.

1. Introduction

Giant unilamellar vesicles (GUVs), lipid vesicles with diameter
ranging from 5 to 50 pm, are the extensively studied membrane-related
model system. Their size is similar to eukaryotic cells, which allows
visualization of topological and mechanical properties of cell mem-
branes by using light and fluorescence microscopy (Zupanc et al.,
2014). Thus, they serve as a model system to mimic a freestanding lipid
bilayer. Furthermore, due to their size, the curvature of lipid bilayer on
molecular level is negligible (Kozlov, 2010; Yesylevskyy et al., 2014).
GUVs have been widely used to study different aspects of lipid mem-
branes such as fundamental membrane thermodynamics (Almeida
et al., 2005), membrane curvature (Baumgart et al., 2014), membrane
domains (Lipowsky and Dimova, 2003), fusion (Micheletto et al.,
2016), lateral structure (Kubiak et al., 2011), and bending rigidity
(Nagle et al., 2015). One of the primary advantages of using GUVs as
model systems is the ability to precisely control molecular composition
of the membranes as well as their environmental conditions. Further-
more, they allow to obtain parameters for each individual vesicles in-
stead of averaged values obtained from large number of liposomes, as in
case of large and small unilamellar vesicles.

* Corresponding author,
E-mail address: dominik.drabik@pwr.edu.pl (D. Drabik).
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There are several techniques used for the preparation of GUVs;
however, the most common one, due to its convenience, is electro-
formation (Dimitrov and Angelova, 1988). In this method, lipid mole-
cules dissolved in organic solvents, such as chloroform or methanol,
were deposited on electrodes’ surface. This is followed by drying of
electrodes to obtain dry lipid film, which is then immersed in aqueous
buffer and then, AC field is applied. As the principle behind the for-
mation of GUVs is not well understood, several different protocols exist.
Furthermore, to the best of our knowledge, there are no studies focusing
on finding the most optimal protocol for GUV electroformation. The
first and the most common procedure involves applying of 1.2V AC
field with 10 Hz frequency for up to 2h (Angelova and Dimitrov, 2007;
Herold et al., 2012; Loftus et al., 2013). But, the method of electro-
formation are commonly modified to vary the voltage, frequency, and
duration. Several variations in the protocol have already been pub-
lished. For instance, GUVs were electroformed for 1h with 3V and
10 Hz AC field (Henriksen and Ipsen, 2002), for 2h with 2V 5Hz AC
field (Esposito et al.,, 2007), and for 3h with 1.1V 20Hz AC field
(Pecreaux et al., 2004). Another modification of electroformation is to
increase voltage during the process, such as 3 h electroformation with
frequency of 500 Hz and stepped voltage increasing from 1V up to 4V
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(Herold et al., 2012) and 24 h electroformation with frequency of 1 Hz
and stepped voltage increasing from 1V up to 4V (Drabik et al., 2016),
2h electroformation with 500 Hz and stepped voltage increasing from
0.15V up to 3.9V (Bouvrais et al., 2008), 4h electroformation with
12 Hz and stepped voltage increasing each 5min from 0.02V to 1.1V
(Girard et al., 2004), or 5h electroformation with 10 Hz and stepped
voltage increasing in first 40 min from 0 up to 1.2V (Mathivet et al.,
1996). There are also a few more advanced protocols including chan-
ging frequency as well as voltage such as 1h of electroformation in
1.1 V with 10 Hz frequency AC field followed by 2h of 1.5V and 5Hz
(Gracia et al., 2009), 3h of 10 Hz and increasing continuously voltage
from 20 V up to 350V followed by 2 h of 10 Hz and 350 V AC field and
completed with 2h of 350V with continuously decreasing frequency
from 10 Hz down to 4 Hz (Pott et al., 2008), or 2h of 10Hz and 8V,
followed by 15 min of 5Hz and 4V, followed by 15 min of 2.5 Hz and
2.5V and completed with 30 min of 1 Hz and 1 V AC field (Peterlin and
Arrigler, 2007). Furthermore, changing electrode material (Morales-
Penningston et al., 2010) and adsorption on lipid film (Tac and Yang,
2015) does significantly influence the outcome.

The purpose of this study was to investigate the effect of parameters
of electroformation on quality of GUVs. The investigated parameters
were duration of process, voltage, frequency of applied AC field and
usage of electrodes on the following topological properties of the ob-
tained vesicles: size of the vesicle, population of lipid molecules, and
structure of the vesicle. Based on previously listed protocols, the
duration of electroformation can vary from 0.5h to 7 h. In rare cases, it
can extend even up to 24 h, depending on the protocol used. Frequency
can vary from 1Hz to 12Hz, and in rare cases, it can even go up to
500 Hz. Voltage usually varies from 2 mV to 5V with different ways of
increasing it during the process. In this article, we have investigated the
effect of parameters on geometrical properties of vesicles as well as
efficiency of the process itself. The size of investigated vesicles is crucial
for experimental setup. Therefore, we analyzed the average size of
vesicles by using both fluorescent microscopic images and flow cyto-
metry. The amount of lipid film that is used in the process is considered,
as it can affect the outcome. Therefore, we analyzed the amount of lipid
molecules in GUV suspension, which corresponds to the efficiency of
electroformation technique, by using both photometer- and fluori-
meter-based methods. It allows to assess effect of protocol parameters
on efficiency of the process by quantification of lipid molecules from
lipid film used for GUV formation. In addition, the structure of the
vesicles is assessed as a ratio of oligovesicular vesicles (OVVs)-vesicles
similar in size to GUVs but containing smaller unilamellar vesicles
within-to GUVs in electroformed population. The results of this study
should help to optimize protocol parameters of GUV electroformation
and should provide a starting point for the GUV-based research by
answering some of the important questions that scientists might en-
counter.

2. Materials and methods
2.1. Materials

Lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
fluorescent probes namely, NBD-PC (1-acyl-2-(6-[(7-nitro-2-1,3-ben-
zoxadiazol-4-yl)amino]hexanoyl)-sn-glycero-3-phosphocholine) and
Rhodamine PE (18:1 Liss Rhod PE 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt)
were purchased from Avanti Polar Lipids (USA). Concentrations of
fluorophores were determined using UV/Vis spectroscopy with excita-
tion wavelength and the extinction coefficient obtained from the probe
specification sheets. Polystyrene spheres were purchased from
Polysciences (Germany). Ferric chloride and ammonium thiocyanate
were purchased from VWR (USA). Triton X-100 was purchased from
Amresco (USA). Sodium dithionite was purchased from Hadron
Scientific (Poland). We used 18 MW deionized water in all our
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experiments (PolWater, Poland).
2.2, Preparation of giant unilamellar vesicles (GUVs)

A modified electroformation method was used to model the for-
mation of lipid membranes (Drabik et al., 2016). Briefly, 15 pl of POPC
in chloroform (1 mM) was deposited in small quantities (as 2pl dro-
plets) onto platinum electrodes. Electrodes were set parallel to each
other at a distance of 5mm. The electrodes were kept for 1 h under
reduced pressure to remove traces of organic solvents. Next, the elec-
trodes were immersed in pure aqueous solution. Basic electroformation
protocol consists of 4 h electroformation with 1 Hz AC electrical field
applied in a PTFE (polytetrafluoroethylene) electroformation chamber
(Lipid Systems, Poland) with the electrical field voltage set to 1V for
first hour, 2V for second hour, 3 V for third hour, and finally 4 V for the
remaining time of electroformation. However, depending on the pro-
tocol parameter under investigation, the aforementioned values were
modified as described below. After electroformation, the chambers
were left for 1h without electrical field applied to allow descent of
vesicles from electrodes. For a control sample, electrical field was not
applied each time to one of the chambers.

2.3. Acquisition and assessment of microscopic images

Images were collected using Leica TCS SPE microscope equipped
with 63 x /1.30 ACS APO oil-immersion objective (Leica, Germany). We
recorded 1392 x 1040 pixel images with Leica DFC310 FX camera
using 0.102 pm pixel size. Samples were illuminated with fluorescence
illuminator EL6000 and fluorescence emission was detected using ap-
propriate cutoff filters. GUVs prepared for microscope were labeled
with 1 mol% Rhodamine-PE fluorescent probe and electroformed in
sucrose solution. After electroformation, glucose solution was ex-
ternally added to make the vesicles fall in Z axis and to allow recording
of all vesicles of different radii in one plane. Unlike within other mi-
croscopic studies, when recorded samples were being carefully selected,
in our study, recorded images were consecutively collected over whole
liposome population and then thoroughly analyzed (there were no
lower limit in GUV size). Furthermore, at least 200 vesicles were con-
sidered, which provides greater insight into population parameters.
Individual vesicles in recorded images were detected on collected
images using discrete differential evolution optimization for circle de-
tection approach (Cuevas et al., 2011).

2.4, Flow cytometry

BD FACS Calibur flow cytometer was used to study GUVs. Both
forward scattering (FSC) and side scattering (SSC) values are correlated
with the size of the vesicles (van der Pol et al., 2014) and therefore can
be used as a mean to relatively assess radii of the vesicles. In the
measurement the events were triggered by the light scattering of ve-
sicles. The applied voltage for SSC was equal to 268 in logarithmic
mode, and the applied voltage for FSC was set to EO1 with 3.0 Amp
Gain and linear mode. Each measurement took 3 min with 10,000
events finishing the measurement. Similar samples’ measurements may
differ depending on the status of the cytometer (Simonsen, 2016);
therefore, polystyrene beads were measured and used as a correction
factor for SSC and FSC values for each of the measurements of GUVs
(this process has been described in detail in Supplementary information
2.2).

2.5. Lipid amount assessment

The amount was lipid in GUV suspension was measured using two
methods: first, we used colorimetric method based on the formation of a
complex between phospholipids and ammonium ferrothiocyanate
(Charles and Stewart, 1980). The solution of GUV was kept under
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pressure until complete evaporation of water, leaving behind only lipid
film in the vial. This was followed by the addition of 1 ml chloroform to
dissolve lipid. Next, we added 1 ml thiocyanate reagent dissolved in
water. Samples were vortexed for 1 min and then the chloroform layer
was removed using glass syringe. Subsequently, absorbance was mea-
sured at 488 nm using Nicolet evolution 100 spectrophotometer. Cali-
bration curve was prepared before measuring samples of interest. In the
second method, we measured the intensity of fluorescent probe in GUVs
and used it to determine the amount of lipid molecules. This is because
each of the suspension of GUVs is labeled with 2 m% of Rh-PE following
the assumption that ratio of probe to lipid is constant throughout the
whole population. But, GUVs are not uniform in shape; therefore, light
scattering can be different. To this end, micellization process was used
to obtain similarly sized particles. GUVs labeled with 2m% of Rh-PE
were treated with 10% triton-X solution. After 10 min, fluorescence
intensity was measured using Fluoromax-4 Spectrofluorometer (Hor-
riba, Japan). Then, the samples were read at an excitation wavelength
of 560nm and emission wavelength of 570-630 nm. The obtained
spectra were then integrated to obtain total intensity values, which was
next converted to the amount of lipid in suspension, based on calibra-
tion curve.

2.6. Oligovesicular vesicle fraction assessment

To determine the fraction of oligovesicular vesicles in the suspen-
sion of GUVs, we assessed the ratio between outer layer and inner layers
of the vesicles. In this method, NBD-labeled bilayer was quenched using
bilayer-impenetrable sodium dithionite resulting in significant drop in
fluorescence intensity related to fraction of lipids located in the outer
layer. Two approaches to the quenching of dithionite were used: (i)
measurement of fluorescence intensity prior to and after quenching and
(ii) recording initial quenching rate. In first case, GUV suspension
fluorescence was measured using Fluoromax-4 Spectrofluorometer
(Horriba, Japan) based on measurement protocol (Langner and Hui,
1993). Base sample was excited at 460 nm wavelength and emission
was detected from 500 to 600 nm wavelength. This was followed by the
addition of 50pul of 1M dithionite dissolved in 1M Tris Base
(pH = 11.21 £ 0.05). After 2 min, the intensity was measured again
and relative drop in intensity was calculated as the fraction of lipids
located in the outer membrane. In second case, initial rate of quenching
of NBD was used as a mean to determine fraction of lipids in the outer
layer. Initial rate, for dithionite impermeable membranes, is propor-
tional to the amount of NBD-labeled lipids in the outer membrane
(Angeletti and Nichols, 1998). In this instance, the higher the initial
rate, the better the quality of obtained populations. The quenching ki-
netics were measured using stopped-flow instrument (BioLogic, Gre-
noble, France) in transmission configuration, equipped with a xe-
non-mercury lamp, a monochromator slit of 0.5nm and quartz flow
cuvette of 1.5mm optical path length. The chamber was illuminated
with wavelength of 436 nm, and a 475 nm long-pass filter was placed
prior to the detector. Samples were mixed with injection speed of 4 ml/s
and a total volume of 281 ul with 5:1 lipid:dithionite solutions ratio.
Quenching of sample was recorded for 80s with constant time step
equal to 20 ms. The obtained quenching kinetics were fitted with mono-
exponential function. Initial rate was calculated by multiplying initial
value with rate. Initial rate of quenching kinetics are correlated with
ratio of lipids in outer and inner layers, especially in case of im-
penetrable dithionite in artificial lipid bilayers (Angeletti and Nichols,
1998).

2.7. Statistics

The results are presented as mean + standard deviation calculated
from different number of population sampling of GUVs. In case of
quenching measurements using spectrofluorometer, the standard de-
viation was calculated from three independent populations. One-way
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analysis of variance (ANOVA) was performed to determine the sig-
nificance of difference between measurements from three independent
measurements as well as the controls. While ANOVA provides in-
formation on whether the difference in data points is significant, it does
not provide more details about difference between individual data
points. Thus, a more detailed analysis (ad hoc) of significance of mean
values was performed using Tukey test. Confidence level of a = 0.03
(p < 0.03) for measurements was used in statistical tests. The calcu-
lations were performed using OriginLab OriginPro 9 software.

3. Results and discussion
3.1. The effect of electroformation duration on liposomes’ size

In this study, we used two methods to investigate the effect of
electroformation on the size of liposomes: fluorescence microscopy and
flow cytometry. In fluorescence microscopy, 150 mOsm sucrose/glu-
cose solution was added to induce the fall of liposomes on gravity,
which enabled the observation of vesicles in the same plane. This
concentration was selected as the lowest one that induced the proper
descent of strong vesicles. Keeping the osmotic balance prevented the
unattended vesicular rupture (Figs. S2-54). At least 200 vesicles were
measured for each sample to obtain viable statistical set. Final results
are presented in Fig. 1 (detailed data in Figs. S5-§7). Control popula-
tion had no AC voltage applied during the process. The average radius
of each population set obtained from each of electroformation durations
was not statistically different. Prior to measurements of GUVs using
Flow Cytometry, polystyrene beads of diameters 1.5, 4.5, and 11 um
were used as the markers for optical correction described previously
(see Section 2.2 and Fig. S9 in Supplementary information). Forward
scattered light (FSC) was used to compare the sizes of GUVs. Final re-
sults are presented in Fig. 2 (for detailed information see Figs. $10-S11).
The average FSC voltage corresponding to each of electroformation
durations was not statistically different.

Both methods showed no relation between sizes of obtained vesicles
and duration of electroformation. In both methods, there was difference
between control samples and electroformed samples; however, the
difference was less visible in case of flow cytometry. Furthermore, when
electroformation was run for 24 h in flow cytometry experiment, con-
trol and electroformed samples overlapped. We can explain this phe-
nomenon using two reasons. First, while FSC is correlated with sizes of
recorded objects, the magnitude of scattering change can be small;
therefore, even relatively large (for instance 2 pm) change in size can
correspond to small change in voltage. This is not, however, the case in
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Fig. 1. Average radii of POPC GUVs as a function of electroformation duration obtained
using fluorescent microscopy. Error bars represent uncertainty of Gaussian peak value fit.
Average radii of vesicles are not statistically significant (p < 0.03). Control sample had
no AC voltage applied at all.
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Fig. 2. Peak FSC value as a function of electroformation duration obtained by measuring
POPC GUVs using flow cytometry. Error bars represent uncertainty of Gaussian peak
value fit. FCS voltage between different durations of electroformation is not statistically
significant (p < 0.03). Control sample had no AC voltage applied.

microscopic studies. Second, small vesicles can aggregate and therefore
be treated as bigger ones during cytometer measurement, since similar
effect has been observed in case of polystyrene beads. This is again not
the case in microscopic studies where each of the recorded GUV is being
verified prior to analysis. The increase in duration of electroformation
did not affect size of the vesicles. Consequently prolonged duration
(longer than 4 h) of electroformation cannot be considered as a factor
influencing the quality of obtained vesicles.

3.2. The effect of electroformation duration on process efficiency

In this study, we used two methods to investigate the effect of
duration of electroformation on its efficiency in GUVs population:
classical colorimetric method and fluorescence intensity method com-
bined with micellization. In this instance, efficiency of electroformation
is understood as the amount of lipid molecules which is present in GUV
solution, related to the amount of lipid molecules in primary lipid film
deposited on electrodes. Fig. 3 presents the results of colorimetric test.
The calibration curve is presented in Fig. S12 along with individual
absorbance spectra (Figs. S13-514). According to our results, the
average amount of lipid molecules of GUV population obtained from
each of electroformation durations was statistically different. However
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Fig. 3. Amount of lipid in suspension of GUVs as a function of electroformation duration
obtained using colorimetric method. Error bars represent uncertainty of linear fit from
calibration curve (standard error). Only the amounts obtained between 4 h and 24 h of
electroformation were statistically significant (marked by *). Control sample had no AC
voltage applied.
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Fig. 4. The amount of lipid molecules in GUVs suspension in function of electroformation
duration obtained using micellization method. Error bar represents uncertainty of linear
fit from calibration curve (standard error). The amount of lipid molecules in different
duration of electroformation was not statistically significant (p < 0.03). Control sample
had no AC voltage applied.

further comparison of means using Tukey test showed that there was a
statistical difference only between the amounts obtained from 4 h and
24h of electroformation. The test did not take into account un-
certainties resulting from the experiment, which might have resulted in
much lower uncertainties of investigated time points than expected and
therefore overestimation of significance.

Fig. 4 presents the results of fluorescence analysis. The calibration
curve is presented in Fig. S15 as well as the fluorescence spectra for
individual durations of electroformation (Figs. S16-S17). According to
our results, the average amount of lipid molecules for a given popula-
tion obtained from each of electroformation durations was not statis-
tically different.

With respect to the results obtained from fluorescence and colori-
metric analysis, it can be stated that both methods show no correlation
between the amount of lipid molecules in GUVs suspension and dura-
tion of electroformation. This suggest that after 4 h, at least 95% of the
lipid molecules have already been used to form GUVs and further
electroformation does not alter the amount of lipid molecules used in
GUV formation significantly, Furthermore, there was no difference
between control samples and measurement samples. This shows that
electroformation is not a process which increase the amount of lipid
used for GUVs formation, but rather to increase their diameters. While
there is no dependency between the amount of lipid molecules on
duration of electroformation, other factors have been observed to in-
fluence the outcome, such as the state and surface roughness of elec-
trodes (Herold et al., 2012). This is especially visible in fluorescence
method where order of measurement was 24, 4, 16, and 8 h one after
the other.

3.3. The effect of duration of electroformation on structure of liposome

To investigate the effect of duration of electroformation on structure
of liposomes, we performed two selected quenching analysis, differing
slightly between them in approach. After electroformation, two types of
vesicles can be observed: (i) GUVs and (ii) OVVs. The size of OVVs is
similar to GUVs, but they contain smaller vesicles inside them. The
structure of liposome can be expressed as a ratio of lipid molecules in
outer and inner membranes of a lipid bilayer. However, if additional
smaller vesicles are located inside, the ratio will be different. This can
serve as an indicator of fraction of OVVs in GUVs population. Fig. 5
presents the results of assessment using fluorimeter and the recorded
quenching. First, we successfully tested whether quenching of NBD-PE
reflects parameter in question (Supplementary information Section 5.1
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Fig. 5. Ratio of recorded intensity of fluorescence after addition of dithionite (Ig) to
fluorescence before addition (I,) as a function of electroformation duration. Error bar
represents standard deviation from individual results. Relative fluorescence values were
not statistically significant (p < 0.03). Control sample had no AC voltage applied.

and Fig. S18). This was followed by investigation of GUVs population
obtained after different duration of electroformation process. Individual
spectra are presented in Figs. §19 and S20 . Relative fluorescence is
calculated as the ratio between fluorescence intensity after and prior to
dithionite addition. According to our results, the relative values of
fluorescence were not statistically different in function of electro-
formation duration.

In the second experimental approach to dithionite quenching, ki-
netics of the process itself were used as an indicator of ratio of outer and
inner layers. Initial rate parameter is, for dithionite-impenetrable
membranes, proportional to the amount of NBD-labeled lipids in the
outer membrane. The greater the initial rate, the fewer lipid vesicles are
enclosed in vesicles. Fig. 6 presents the obtained initial rates of GUVs,
which electroformation duration was performed for investigated time
intervals. Prior to the evaluation of GUVs, the measurement setup was
tested on LUV and MLV populations (Fig. S21). Individual kinetics of
the investigated GUV population are presented in Fig. S22. According to
the results, the average initial rates recorded for GUVs with different
electroformation duration were not statistically different. Both methods
showed no correlation between the ratio of lipid quantity in inner/outer
membrane and duration of electroformation. This ratio correlates with
number of vesicles inside other vesicles for dithionite-impenetrable
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Fig. 6. Initial rate obtained for GUV populations quenched with dithionite in function of
electroformation duration. Error bar represents standard deviation from individual re-
sults, Initial rates for 4h electroformation duration were statistically significant from
other durations (marked as *,& and @, p < 0.03). Control sample had no AC voltage
applied.
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membranes. Presence of vesicles inside other vesicles is an unfavorable
situation for analysis. Furthermore, there was no difference between
control samples and samples of interest. Only initial rate measurement
in case of 4 h outlines itself. However, it has to be emphasized that this
measurement was performed first, which means that the electrodes
were least damaged from all initial rate measurements. In addition, the
results suggest that enhanced electroformation duration do not influ-
ence structure of the vesicles and cannot be considered as a factor in-
fluencing the structure of obtained vesicles.

3.4. The effect of electroformation current frequency on formation of
liposomes

Apart from the most time-consuming protocol parameter-duration
of electroformation—two protocol parameters of this process can be
easily adjusted. Frequency of applied AC voltage was verified first.
Difference between investigated parameters of GUVs populations are
presented in Fig. 7, with electroformation time fixed to 4 h. Using One-
way ANOVA, we found that the average radii of liposomes’ population
obtained from each of tested frequencies were statistically different.
Furthermore, ad hoc Tukey test confirmed that the statistical difference
is present between each of investigated frequencies. In case of the
amount of lipid molecules, ANOVA test showed that means were sta-
tistically different to the point that the state of the electrodes should not
influence the outcome. Ad hoc test confirmed statistical difference both
between 10/1 Hz and 100/1 Hz, however, there were no statistical
difference between 100 and 10 Hz. Finally, in case of vesicle topology,
ANOVA test showed that the values were statistically different. How-
ever, ad hoc Tukey test clarified that significance in difference is only
present in case of 100 Hz and 1 Hz populations. This shows that setting
AC frequency to 1 Hz yielded bigger vesicles with higher use of lipid
material deposited on electrodes. In case of vesicle topology, the dif-
ference between 1Hz and 10 Hz was not statistically significant sug-
gesting that such small deviation may not cause additional formation of
small vesicles inside GUVs. However, greater increase in frequency
changed the quantity of lipid inside vesicles. To sum up, the results
suggest that the use of 1 Hz frequency is preferable for AC electric field
applied in electroformation process (Fig. 8).

3.5. The effect of electroformation voltage increment on formation of
liposomes

Voltage is the last easily adjustable parameter that is set when using
electroformation technique to obtain GUVs. However, two ways of
modifying the voltage are possible: first is by changing the values of
voltage itself; however, as stated in Introduction section, most of the
electroformation protocols use 1-4 V. In our opinion, a more interesting
factor is whether the increase of voltage during the process influences
the outcome population. Thus, we electroformed populations in two
distinct ways: once with stepped voltage increase each hour from 1V up
to 4V by 1V and second with constant 2.5V over all 4h of electro-
formation, which is an average voltage applied in first case. One-way
ANOVA revealed that the average radii of liposomes population ob-
tained from these two approaches were statistically different. This was
confirmed by Tukey test. The results were not found to be significantly
different in case of amount of lipid molecules and initial rate (con-
firmed using both ANOVA and ad hoc Tukey tests). This suggests that
changes in voltage preferentially influence the size of vesicles but not
the efficiency of electroformation process and/or vesicles topology.

3.6. The effect of state of electrodes on formation of liposomes

State and surface roughness of electrodes is pointed out as a crucial
factor influencing the quality of obtained GUVs populations. It has been
reported that when using ITO-coated coverslips as electrodes the
maximal radius of vesicles decreased from initial 100 um-25 um in fifth
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Fig. 7. (a) Average radius, (b) amount of lipid and (c) initial rates obtained for GUV populations as a function of frequency of applied AC voltage during 4 h of electroformation. Error bars
are calculated as stated in Sections 3.1-3.3. Control sample had no AC voltage applied. Symbols * and & mark statistical significance (p < 0.03).

electroformation on the same electrodes (Herold et al., 2012). To this
end we have investigated the changes in GUVs population electro-
formed from newly-bought electrodes. The results were summarized
with GUVs population obtained from electrodes on their fifteenth use.
Difference in investigated parameters is presented in Fig. 9. One-way
ANOVA revealed that average radius of liposome was not statistically
different with each subsequent use of electrodes. This results is some-
what contradicted to those stated by Herold et al. (2012). However two
factors are different. Material, of which electrodes are made, is pla-
tinum, contrary to ITO used in mentioned publication. This might make
the electrodes less susceptible to defects and alternations of electrode's
surface. Furthermore there was no lower limit of sizes applied when
taking vesicles into statistics. This makes the whole population's sta-
tistic less sensitive to changes at its edges. There was also no statistical
significance in amount of lipid used for electroformation, as calculated
using one-way ANOVA. The most striking change was observed in in-
itial rate values. One-way ANOVA showed that initial rate values are
statistically significant. Ad-hoc Tukey test showed, that initial rate
obtained from both fifth and fifteenth use of electrodes was statistically
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significant from other populations. Furthermore initial rates from both
third and fourth use were statistically significant from first use. This
results show that the topology of GUVs vesicles is most sensitive
parameter to state of electrode's surface. A slight change in electrode’s
topology, not even changing significantly average radius, can change
the hollowness of vesicles in electroformed population. These results
suggest that if in obtained GUVs population majority of vesicles are
filled with other lipid structures one should either buy new electrodes
or anneal the current ones.

4. Conclusion

In this study, we investigated the effect of prolonged (more than 4 h)
duration of electroformation, frequency of applied AC field, state of
electrodes used in the process and the effect of increase in voltage
during the process of electroformation on geometrical parameters of
GUV population. Specifically, we investigated the average size of the
vesicles, quantity of lipid molecules used to form the GUV population,
and fraction of OVVs in GUV population. Using both flow cytometry
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Fig. 8. (a) Average radius, (b) amount of lipid and (c) initial rates obtained for GUV populations after 4 h electroformation with voltage increase from 1V to 4 V (described in figure as
“voltage increase”) or with constant 2.5V (described as “constant voltage”). Error bars are calculated as stated in Sections 3.1-3.3. Control sample had no AC voltage applied. Symbol *

marks statistical significance.
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