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Synopsis of dissertation (ENL/PL) 

The development of mechanobiology in recent years has significantly accelerated and gained in importance. This 

field of science focus on explaining how both mechanical properties of biological structures and external forces or 

changes in cell or tissue mechanical environment contribute to development, physiology and functioning of the cells. 

The subject of the dissertation is the development and implementation of experimental methods for determining 

mechanical parameters of lipid membranes. The development of experimental methods consists of three stages – 

the implementation of the measurement technique, the verification by investigation of membranes with established 

in literature parameters and, finally, the use of the method to address the scientific issues. In this dissertation 

measurement techniques based on the analysis of thermal fluctuation of lipid membranes were developed. 

Specifically, those 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 in 

the equatorial plane in order to quantitatively measure the fluctuation as a function of time. The great advantage of 

the method is its non-invasiveness and the possibility to control experimental conditions. Molecular dynamics 

simulations are used to determine mechanical parameters requires appropriately long simulations to observe 

spontaneous fluctuations and then use the appropriate numerical workshop. In this work the full lipid vesicle 

simulation approach was used, which allows to consider the effect of membrane curvature and then analyze the 

fluctuation spectrum from the full three-dimensional object. In both techniques, innovative and significant 

improvements have been introduced. The introduced modifications contributed to increase of the quality and 

precision of the obtained results leading to reproducible and accurate mechanical parameters of a lipid bilayer. In 

addition, the method of electroformation, which is used to produce the experimental model of lipid membranes, 

namely giant unilamellar vesicles, was extensively tested and improved. The core of the dissertation consists of three 

articles presenting stages of the implementation and improvements of research tools employed for the 

determination of biologically relevant mechanical properties of model lipid bilayers. 

Streszczenie pracy 

Rozwój mechanobiologii w ostatnich latach znacząco przyśpieszył i przybrał na znaczeniu. Jest to dziedzina nauki 

zajmująca się wpływem właściwości mechanicznych struktur biologicznych, wpływem zewnętrznych nacisków oraz 

zmian w komórce czy tkance w wyniku zmian środowiska mechanicznego na rozwój, fizjologię, funkcjonowanie i 

patogenezę w komórce. Tematem rozprawy doktorskiej jest opracowywanie i rozwój metod doświadczalnych do 

wyznaczania parametrów mechanicznych błon lipidowych. W konsekwencji tego prowadzone badania zwykle 

składają się z trzech głównych etapów – wdrożenia metody pomiarowej, jej weryfikacji poprzez zbadanie dobrze 

poznanych w literaturze błon i, ostatecznie, wykorzystaniu metody do pomiarów w celu wyjaśnienia zagadnienia 

naukowego. W ramach pracy wdrożono techniki pomiarowe bazujące na analizie fluktuacji termicznych błon 

lipidowych - technikę analizy drgań termicznych oraz numeryczną analizę fluktuacji pęcherzyka z wykorzystaniem 

symulacji dynamiki molekularnej. Technika analizy drań termicznych (flicker-noise) bazuje na rejestrowaniu fluktuacji 

pęcherzyka w płaszczyźnie ogniskowej w celu ilościowego pomiaru fluktuacji w funkcji czasu. Jej ogromną zaletą jest 

jej nieinwazyjność i możliwość kontroli warunków eksperymentu. Wykorzystanie symulacji dynamiki molekularnej do 

wyznaczenia parametrów mechanicznych wymaga przeprowadzenia odpowiednio długich symulacji w celu 

zaobserwowania spontanicznych fluktuacji, a następnie wykorzystania odpowiedniego warsztatu numerycznego. W 

ten pracy wykorzystano podejście symulacji pełnego pęcherzyka lipidowego, co pozwala na uwzględnienie efektu 

krzywizny błony, a następnie analiza spektrum fluktuacji z pełnego trójwymiarowego obiektu. W obu technikach 

wprowadzono innowacyjne i unikalne usprawniania, które przyczyniły się do zwiększenia jakości otrzymywanych 

wyników, a w konsekwencji do zwiększenia powtarzalności i zmniejszenia niedokładności wyznaczanych 

parametrów. Ponadto przeanalizowano i usprawniono metodę elektroformacji, która pozwala na otrzymanie 

badanych modeli błon lipidowych – gigantycznych jednowarstwowych pęcherzyków lipidowych. Rdzeniem pracy są 

trzy publikacje naukowe, w których opisano etapy wdrażania, weryfikacji, zastosowania innowacyjnych usprawnień 

oraz przykłady problemów naukowych, do których wykorzystano powyższe techniki.  
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Nomenclature (Constants, Symbols and Abbreviations) 

Constants 

kB The Boltzmann constant, 𝑘𝐵 =  1.3806 ∙ 10−23 𝐽

𝐾
 

 

Symbols 

μ shearing elastic module  

Ka compressibility module  

κ bending rigidity coefficient [J] 

kG Gaussian curvature module 

Tm main transition temperature  [K] 

Eexp the stretching elastic energy per unit area 

A0 equilibrium area surface 

Ad deformed area surface 

Ebend bending energy per unit area 

K1, K2 principal curvatures, eigenvalues of curvature 

tensor 

κ the bending elastic modulus   

kG the Gaussian elastic modulus  

K0 spontaneous curvature, local preferred 

curvature 

A total surface 

dA differential area element 

u1, u2 parameters describing local coordinate system 

e1, e2 surface tangent vectors 

gij induced metric tensor / metric 

g determinant of induced metric tensor 

n normal vector to the local surface 

Kij extrinsic curvature tensor 

K total extrinsic curvature 

KG Gaussian curvature 

σ surface tension 

Fc elastic free energy 

r positional vector of the membrane 

Rsphere reference sphere radius 

ω0 static part of perturbation 

δω dynamic part of perturbation 

𝑌𝑛
𝑚 spherical harmonics 

𝑈𝑛
𝑚 amplitudes of spherical harmonics 

Abbreviations 

PC phosphatidylcholine 

PE phosphatidylethanolamine 

PS phosphatidylserine  

PI phosphatidylinositol  

PG phosphatidylglycerol  

SM sphingomyelin  

MG monogalactosyldiglyceride 

DPG  diphosphatidylglycerol/cardiolipin 

GUV Giant Unilamellar Vesicle 

SLB Supported Lipid Bilayer 

VFA Vesicle Fluctuation Analysis 

fps  frames per second 

FF Force Field 

SPHA Spherical Harmonics Analysis 

Abbreviations of Lipid Molecules 

POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine  16:0-18:1 PC 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 18:1c9 PC 

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine 14:0 PC 

DPPC  1,2-dipalmitoyl-sn-glycero-3-phosphocholine 16:0 PC 

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 18:1 (Δ9-Cis) PE 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 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 mechanical 

properties of lipid bilayers. This main aim consist of below partial aims: 

 detailed study of used lipid membrane model, especially in respect to preparation technique, to ensure 

sufficient quality and repeatability of the investigated sample. 

 development of vesicle fluctuation analysis technique in order to determine bending rigidity coefficient as part 

of mechanical description of lipid bilayers. 

 development of numerical tools for analysis of molecular dynamics simulation systems of lipid bilayer in order 

to determine mechanical properties of lipid bilayers. As a supporting technique, it allows additional insight 

into molecular processes. 

 development of experimental technique for determination of area compressibility to provide full description 

of mechanical model of lipid membrane. 

 application of developed techniques and 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 membrane has been acknowledged as a versatile biomaterial, which is known for its biocompatibility and 

biodegradability. Investigation of mechanical properties of lipid membrane provides crucial information necessary 

for effective design of lipid drug delivery systems and increase knowledge about the biomaterial itself. As a result it 

can contribute to various aspects of biomedical engineering such as understanding of pathogenesis origin of various 

diseases and reasons for physiological disruption, as well as possible solutions to those conditions. Developed tools 

and methods are known to such fields as bioinformatics, biological imaging, image processing, biomechanics, physics 

and mathematical modelling. Implementation of those tools to increase knowledge of physiological processes, which 

in result may lead to finding novel ways for curing of those conditions, are essence of the field known as biomedical 

engineering. 
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1. Outline/description of dissertation 

1.1. Mechanobiology – new trend in biophysics 

Over past few years mechanical forces has been recognized as a critical factor to many biological processes at 

organism, tissue, cell and molecular levels. This have resulted in the emergence of the interdisciplinary field known 

as mechanobiology [1]. The field focuses on studying the effects of mechanical properties and external forces on 

behavior of biological structures. Specifically, how do the changes in mechanical environment of cells or tissues 

contribute to their development, physiology, functioning and occurrence of undesired phenomena such as disease. 

In order to describe the subject of this dissertation it is necessary to, first of all, outline biomechanical point of view 

in cell functioning. In general, a single cell is described as a fluid crowded with organelles, macromolecules and 

structures of various purposes, networked with cytoskeleton and covered by a biological membrane. However, it is 

sometimes modelled as an encapsulated lipid membrane containing stress-supported structures, which helps its 

deformation, adhesion, and spreading [2-4]. Cell can also be described as a complex biological machine that 

constantly consumes energy to maintain its organization [5]. This energy consumption is used to overcome the 

tendency to maximize entropic disorder and to self-organize itself [6]. Being such molecular machine, the cell can 

organize and operate complex processes at molecular level. The processes performed by a cell can be looked upon 

from a variety of perspectives. Some functions are chemical, such as the manufacture of proteins, while others can 

be classified as information processing, such as cell recognition of another cell as friend 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, internal transport of the material, limited 

adhesion to other cells, stability and resistance [7]. 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 system [8]. Furthermore, cells tend to adjust their mechanical properties to match the 

substrate [9]. This shows that cell mechanics plays a crucial, yet slightly underestimated, role in many biological 

processes [10]. A deviation in mechanical properties of cell can be a sign of a variety of pathologies [11]. It is 

therefore of interest to understand how cells respond to mechanical forces and how these forces influence their life 

cycle [12]. Furthermore, cells can adopt various of shapes, ranging from smooth-disk erythrocytes, through stretched 

and triangular skin fibroblasts to branched and highly elongated neurons. Yet the primary mechanical element of all 

cells is the same: one or more fluid layers surround the cell and its internal compartments while filaments form a 

flexible scaffolding primarily, but not exclusively, confined within the cell. Again, mechanics of cell plays a crucial part 

in this process [13].   

One of most influential factors on mechanics of cell is biological membrane. It is, at the same time, one of the most 

important cell structure. It can be described as a barrier surrounding a cell, that additionally facilitates transport of 

substances into the cell and removal of waste and toxins out of the cell. Since it is a barrier, it is characterized by low 

permeability for charges particles, which allows to maintain non-equilibrium ion distribution between interior and 

exterior of the cell, which is crucial for cell functioning. They also fulfil both contact and receptor functions, being 

responsible for contact between other cells by means of specific structures and being susceptible from environment 

factors by means of special protein structures incorporated into the membrane [14]. While membranes varies in 

composition, structure and organization to fulfill mentioned functions, all of the membranes share common general 

structure, which are usually referred to as corner stone of biological membrane. It consist of self-assembled lipids 

and proteins held together by noncovalent interactions (such as electrostatic interactions) and hydrophobic effect. 

The plasma membrane of cell is 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 membrane 

is considered as apart of membrane. This whole structure is the mixture of around 50 wt% of lipids, 40 wt% of 

proteins and 10 wt% of carbohydrates [15]. Serving as a barrier, lipid bilayer consists of several kinds of lipids (with 

individual lipids types reaching up to thousands) with inserted proteins, that mediate most of the specific functions 

of membrane. Sketch of lipid bilayer is presented in Figure 1.1. Outside of bilayer carbohydrate residues coming from 
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lateral tails of either glycolipids or glycoproteins are present. This glycocalyx forms a mechanically resistant layer for 

the cell, as well as participating in adhesion and cell recognition. Inside of bilayer tridimensional network of 

cytoskeleton’s filaments can be found. This structure is coupled to the membrane and allows to keep or change the 

shape of a cell. As a result movement of a cell and rearrangement of the internal organelles are done through the 

cytoskeleton [15, 16]. As the biological membrane is examined ever more closely, it emerges that it may not just be 

vertically inhomogeneous (difference in composition between the leaflets), but also spatially inhomogeneous 

because of the presence of lipid rafts [17, 18]. The difference between the two types of domains commonly involves 

a difference in phase of lipids and their mechanical properties. The fact that the two phases are different in case of 

mechanical and structural properties opens up the possibility that preferential incorporation of  proteins occurs [19]. 

Due to composition difference between the individual leaflets of membrane, a constant bend of a whole bilayer may 

occur, which would result in non-vanishing curvature. Same can happen due to lateral phase separation. Anisotropic 

structural elements also can influence cell shape. For instance, membrane may stretch more easily in one direction 

than another if the membrane components have different stiffness or different raft organization [13]. Nevertheless, 

lipids, with their ability to self-assemble into bilayers due to hydrophobic effect, emerge as an interesting and 

important part of biological membrane. 

 
Figure 1.1. A scheme of biological membrane. Common building blocks of biological membrane are: phospholipids 
formed in layer and various proteins. Cytoskeleton filaments in cytoplasm were omitted for better readability. 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 

Lipids are special class of amphiphilic molecules generally composed of polar head group and two hydrophobic (due 

to presence of non-polar acyl chains) tails. There exist more than 1000 various lipids that differ in length and 

composition of hydrophobic chains 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. They 

can be divided in glycerophospholipids and sphingophospholipids. The glycerophospholipids (phosphatidylcholine 

(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI) and phosphatidylglycerol 

(PG)) have common structure. Structure of selected lipids is visualized in Figure 1.2. It consists of polar head groups 

and two hydrophobic acyl chains that are connected to the glycerol backbone. The structure of glycerophospholipids 

and sphingophospholipids differs significantly in the interfacial and hydrophobic part – for instance common base in 

mammalian sphingomyelin (SM) is sphingosine with trans-double bond between C4 and C5 atoms [14]. 

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. 
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Additionally, certain lipids have functional role. Example of such lipid is SM – an important component of eukaryotic 

cells. Having same shape like PC to minimize free energy in formation of lipid bilayers, it participates in cell signaling. 

SM is believed to be an important source of ceramides for the nuclear and mitochondrial apoptotic cascades [14, 20, 

21]. SM forms stable complexes with cholesterol known as rafts, which makes it an important factor in lipid sorting 

and cell functioning. Second category of lipids – glycolipids – are localized only on extracellular site of membrane. 

The sugar residues of glycolipids are exposed to external part of cell and create a film, which serves as recognition 

sites for cell-cell interactions and facilitates immune responses. Last category – sterols – are constructed on base of 

sterol backbone. Most common sterol is, exclusive to animal cells, cholesterol, which role together with SM has 

already been described. In addition to mentioned already lipids, there exist less common lipids that can be found in 

biological membrane, for instance plasmalogen. It can be found in nervous, immune and cardiovascular cells and is 

known to protect cells from reactive oxygen species [22]. Another example is cardiolipin (DPG), which can be found 

in membranes of mitochondria. It has variety of important functions such as regulation of aggregate structures, 

triggering apoptosis, translocation of cholesterol from outer to inner membrane of mitochondria and/or imports 

proteins into mitochondrial matrix [23]. 

 
Figure 1.2. Structure of selected lipids present in biological membranes: PC (phosphatidylcholine), PE  
(phosphatidylethanolamine), PS (phosphatidylserine), SM (sphingomyelin), MG (monogalactosyldiglyceride), DPG 
(diphosphatidylglycerol, usually referred to as cardiolipin). 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 

Distribution of the lipids in membrane is asymmetric. In mammalian membranes all SM and PC are localized in outer 

membrane, while the inner membrane consists of PE, negatively-charged PS and PI. Cholesterol was found in both 

leaflets. Asymmetry can also be observed in bacterial membranes, although it’s more difficult to quantify. It was 

suggested that PG can be found in outer membrane, PI and PE preferentially in inner membrane and cardiolipin in 

both leaflets in Gram-positive bacteria [24]. Transbilayer movement of lipids is energetically unfavorable because it 

requires the insertion of the polar groups into the nonpolar region of the bilayer. Flip-flop of some phospholipids (a 

type of transbilayer movement) is a very time-consuming process (at least 3 hours). Cholesterol is an exception with 

its transbilayer movement in order of seconds [14]. 

Membrane proteins are second most common type of molecules that can be found in biological membrane. Proteins 

that are bound to membrane can be separated into three major groups: integral proteins, peripheral proteins and 

structural proteins. The structure of those proteins may appear in three forms: α-helical segments, a 𝛽-barrel 

structure and (in case of certain antibiotic peptides) the 𝛽-helix. The 𝛽-helix is wider than the α-helix, and can 

therefore function as a channel, transferring monovalent ions through the membrane [25]. Peripheral proteins are 
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localized in the surface of a membrane and are loosely connected to it either with electrostatic binding, covalent 

binding or short hydrophobic chains in structure which enable anchoring to membrane. They are responsible for 

transportation, they allow many molecules to be carried around the cell. Some peripheral membrane proteins carry 

molecules and electrons between other proteins. Peripheral enzymes participate in metabolism of different 

membrane components. There also exist peripheral proteins known as lipid-clamps, which are responsible for 

modification of cell shape [25-27]. Integral membrane proteins are translocated across the lipid bilayer. The main 

feature of the protein structure is the highly hydrophobic transmembrane segments and tendency to form organized 

secondary structure. The reason for this is to overcome high energetic cost of incorporating the protein’s polar 

peptide bonds inside hydrophobic hydrocarbon core of the lipid bilayer. Especially that some of the integral proteins, 

such as bacteriorhodopsin, crosses 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 lipid 

bilayer [25]. The lifetime of peripheral proteins in membrane is from 2 to 5 days. To this end there exist 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 

incorporation 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 membrane [14]. Eventually, 

structural proteins form the membrane cytoskeleton. They are not located near the membrane, but rather 

connected to it through integral proteins. 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 factors and other external stimuli. This diversity of 

cellular functions is matched by the large number of biochemical mechanisms that mediate the connections 

between membrane proteins and the underlying cytoskeleton [14, 28]. 

Additional interesting components of membranes are carbohydrates. They are exclusively found in the outer leaflet 

of the biological membrane of all eukaryotic cells. They are attached to the membrane by either proteins (forming 

glycoproteins) or to the phospholipids (forming glycolipids). In both cases the carbohydrate portion is exposed to the 

external surface of the cell. Their role is to protect stability of the membrane by forming a mentioned-earlier coating 

of the cell surface (glycocalyx). They also are partially responsible for cell defense, since many antigens are 

cell-surface glycoproteins, and cellular recognition and in connections necessary for tissue forming [27].  

Biological membrane emerges as a complex structure with rich variety of molecules such as lipids, proteins and 

carbohydrates. Its considerable 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 to 

understand and investigate mechanical properties, 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 – experimental model for biophysical investigations 

The first model of membrane 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 discovered [30]. Nowadays there exist various models of 

membrane structures, which can be divided into two main categories: lipid vesicles and planar lipid models. Lipid 

membrane models are simplified systems in which almost all physical and chemical parameters can be controlled. 

These models are frequently associated with various methods providing complementary data [31]. 

Lipid vesicles (liposomes) are semi-spherical 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 delimited by one (unilamellar vesicle) or by multiple 

bilayers (multilamellar vesicle). There are various of types of vesicles, depending on size and complexity of their 

topology. Most common cases are summarized in Table 1 [31]. One of the most interesting and widely used model in 

determination of mechanical parameters is Giant Unilamellar Vesicle (GUV). Its size is similar to eukaryotic cells, 

which allows visualization of topological and mechanical properties of cell membranes [32]. 

Table 1. Selected models of liposomes with diameters, description and schemes. 

Name Diameters [µm] Lipid bilayer Schemes 

SUV 

(Small Unilamellar Vesicles) 
0,02 - 0,05 Single layer 

 

LUV 

(Large Unilamellar Vesicles) 
0,05 - 1 Single bilayer 

 

MLV 

(Multilamellar Vesicles) 
0,4 – 10 

Concentrically arranged bilayers  

(5 – 25) 
 

OLV 

(Oligolamellar Vesicles) 
0,1 - 1 

Concentrically arranged bilayer  

(averagely 5) 
 

MVV 

(Multivesicular Vesicles) 
>1 

Smaller liposomes are surrounded by a 

common bilayer 
 

GUV 

(Giant Unilamellar Vesicles) 
5 - 200 Single bilayer 

 

 

The advantage of using liposomes is their suitability for vast majority of techniques (such as microscopy, florescence, 

scattering, surface sensitive techniques). Depending on the vesicle type used they can either allow to visualize the 

phenomena on the bilayer or investigate the population effect in case of smaller vesicles. Different techniques allow 

to provide data concerning lipid physical state (fluidity, fluid-gel transition) or membrane permeability. The 

disadvantages are, depending on the vesicle type used, that only either visual or qualitative data is collected. They 

also provide limited information about the interactions between the bilayer and its environment [31, 33].  

Supported Lipid Bilayers (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 include 

solid-supported bilayer lipid membrane, polymer-cushioned membranes, hybrid bilayer membrane and suspended 

bilayer membrane. Visualization of those models is presented in Figure 1.3. The main advantage of SLBs is the 

possibility to vary lipid composition, even locally. It also provides a mean to investigate lipid domain formation, 

bilayer fluidity, membrane cell attachment and affinities, interaction kinetics and protein absorptions, 

self-assemblies or functions. Due to high range of possible surfaces, this model remains in agreement with high 

number of surface analysis techniques. The major disadvantage is lack of the membrane curvature. There is also 
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possibility of partial loss of functionality, protein denaturation or change of physicochemical properties of 

membrane due to intense interaction or friction with the substrate [31, 34]. 

 
Figure 1.3. Models of planar lipid bilayers formed on surface: (A) classical supported lipid bilayer, (B) Hybrid bilayer 
lipid membrane, (C) Polymer-cushioned membranes and (D) Suspended bilayer membrane. 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 

Hybrid bilayer lipid membrane are variation of SLBs that is formed on self-assembled monolayer rather than directly 

on the surface. However, mobility of both lipids and peptides in such membranes is limited, despite increasing 

stability and robustness of the 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, polymer-cushioned membrane, 

were developed. In this approach the bilayer is separated from the rigid 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 transmembrane proteins. This approach is 

mostly used to model system of the cell surface glycocalyx. Suspended-lipid bilayers are a model of membrane which 

is formed over micrometer or nanometer pores. It’s a new approach with promising perspectives. There also exist 

combined approaches of hybrid and suspended bilayer membranes (known as tethered bilayer lipid membranes). In 

this approach additional layer is added (for instance biotin-streptavidin-biotin-bilayer or carbon chains) to provide 

sufficient space underneath the membrane for studies of incorporated membrane proteins [33, 34]. 

Langmuir Monolayers are 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, inversely, 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/water 

interface allows the measurement of surface pressure change in function of lipid surface area, from which lipid 

packing and elasticity can be calculated. Scheme of the model is presented in the Figure 1.4 [31, 35, 36]. 

 
Figure 1.4. Scheme of Langmuir Monolayer. 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 

The main advantage of Langmuir monolayers is their versatility with large variety of lipids – saturated, unsaturated, 

mixtures, pure, associated (or not) to proteins. They are very easy to handle model in investigation of interactions 

with different species of compounds spread on the interface or dissolved in the sub-phase. They have also 

successfully been used to study processes like molecular recognition, cooperative binding, aggregation, signaling, 
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energy conversion or locomotion. However, this monolayers are usually in a metastable state in condensed phases 

and are less hydrated than lipid bilayer [35, 36].  

GUVs and SLBs are believed to be the most popular and widely used as a mean to study the physical properties, 

especially mechanical properties, of membrane system. They are chosen due to the fact that characterization of a 

single membrane is required in those studies. Therefore, they are commonly used to model such phenomena as 

topology, shape fluctuations, phase behavior, permeability, fission and fusion of biological membranes. The 

additional advantage of GUVs is the free-standing of the vesicle, which limits any possible effect from the substrate. 

However, lipid bilayer is an object with certain physical properties 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 determination [37]. 

Phase transitions of membrane system  

One of most interesting property of bilayer is their ability to exist in different 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 significance for cell or vesicle 

fusion. 

Lyotropic transitions depends on lipid concentration. When it is very low, below so-called critical micelle 

concentration (CMC), the lipids are in form of monomers. With increase in concentration, when it is higher than 

CMC, lipids starts to form normal micelles (MI). With further increase of the concentration the system is transformed 

 
Figure 1.5. Schemes of phases in lyotropic transitions of lipid bilayer. With increase of lipid concentration the 
structure is transitioning from normal (A) micelle, (B) hexagonal and (C) cubic phases into (D) lamellar phase, which 
reflect biological membrane model most accurately. Further increase of lipid concentration leads to inverted (E) 
cubic, (F) hexagonal and finally (G) micelle phases. 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 
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into normal hexagonal phase (HI), then into normal cubic phase (QI) and finally into lamellar phase (Lα), which is also 

often referred to as liquid-phase. With further increase of concentration a transformation into inverted cubic phase 

(QII) will occur, which go through inverted hexagonal phase (HII) to finally reach inverted micelles (MII) [14, 38]. 

Schemes of the individual phases are presented in the Figure 1.5. 

 
Figure 1.6. Schemes of phases in thermotropic transitions of lipid bilayer. With decrease of temperature the 
structure is transitioning from (A) liquid (disordered) phase to either (B) rippled-gel phase or (C) gel phase depending 
on the length of hydrocarbon chains and saturation of lipid molecules. Eventually, structure in gel phase will 
transition into (D) crystalline (or subgel) phase with further decrease of temperature. 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 

In case of thermotropic transitions, typically there are four states in which bilayer can be: crystalline-phase Lc, 

gel-phase Lβ’, ripple-phase Pβ and liquid-phase Lα (sometimes described as liquid disordered Ld phase). With the 

higher increase of temperature the liquid phase undergo further changes into inverted cubic phase (QII), inverted 

hexagonal phase (HII) and, finally, into inverted micellar phase (MII), however such situation does not occur with 

phospholipids. Each lipid can be characterized by following temperatures – main transition temperature (Tm), 

subtransition temperature and – in some rare cases - pretransition temperature [14, 39, 40]. Those temperatures are 

determined largely by the hydrocarbon chains length and saturation. When the cell membrane is fully hydrated in 

biologically-relevant temperature (above Tm) it is predominantly in the liquid phase. The liquid phase is characterized 

by well hydrated lipid and loosely packed lipid heads, lateral movement of lipids and disordered lipid chains. In this 

phase irregular packing of individual lipid molecules often occurs. If the temperature drops below Tm, 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 the number of gel phase lipids will increase. The gel phase is mostly 

observed in long and saturated fatty acid chains. In that phase the individual lipids within the lipid bilayer lose lateral 

mobility, lipid head groups become more tightly packed and dehydrated, the lipid acyl chains become straighter and 

ordered, the bilayer thickness increases [40]. If a lipid type exhibits a pretransition temperature, a transition into 

rippled phase will occur before gel-phase. This ripple-phase is characterized by interdigitated fluid-like regions 

between the gel regions of the membrane. As a result some regions within the bilayer are more-tightly packed and 

dehydrated than others [41]. Finally, when subtransition temperature is reached, the bilayer transitions into 

crystalline-phase (or subgel phase). In this phase a low degree of fluidity, further increase in lipid head density and 

higher order of chains is also observed. While this phase still remains not-well investigated [42], it was reported to 

exhibit a staggered structure where the adjacent head groups mutually shift the positions up and down (in 

comparison to gel phase) [43]. Schemes of described phases in thermotropic transitions are presented in Figure 1.6. 
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While Gibbs phase rule strictly prohibits coexistence of different phases in homogeneous membranes, both during 

phase transition and in heterogeneous bilayer such coexistence was observed. A membrane formed from the 

mixture of lipids with different Tm resulted in such phase coexistence. Since in biological membranes various 

domains coexist, lipid membranes with phase coexistence has been acknowledge as a good, although in some cases 

challenging, models to investigate lipid properties. When analyzing heterogeneous bilayer phases, especially in 

membranes with sterols (such as cholesterol), alternative description of phases is used. In this description there are 

four phases – solid-ordered So (already described gel-phase), solid-disordered Sd, liquid-disordered Ld (already 

described liquid phase) and liquid-ordered Lo. Cholesterol presence in membrane was reported to induce ordering in  

liquid phase, which resulted in liquid-ordered Lo phase 

areas, as shown in Figure 1.7. This phase 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 Lo phase exhibits solid-like 

qualities similar to the gel-phase without reducing the high 

rate of lateral diffusion characteristic to liquid phase [44]. 

Interestingly, in case of gel-phase, sterols were reported to 

induce disordering, which resulted in solid-disordered Sd 

phase. This phase is described as a disrupted 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 already-mentioned raft hypothesis. Rafts are defined as 

small areas on the membrane with different ordering (for 

instance enriched in cholesterol Lo areas on Ld membrane). 

It is current state of knowledge that only presence of 

sterols can induce the transition to the liquid-ordered and 

solid-disordered phases [47]. 

 

  

 
Figure 1.7. Visualization of coexistence of different 
phases in single GUV formed from 
POPC/Cholesterol/Sphingomyelin mixture. Due to the 
usage of specific fluorescence probe only 
liquid-disordered phase is illuminated. Sphere added 
for increased readability. 
Graphic rendered using ImageJ software (OSS license) and is 
a property of dissertation’s author. 
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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 surface. For such surface properties are given in terms of 

out-off-plane behavior, area and area difference. Those are related to bending rigidity, stretching elasticity and 

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 subchapter 

are based on works of Helfrich[48], Bouvas[15] and Deserno[49]. 

The collective movement of liposome can be divided into three main components – bending deformations, area 

expansion/compression and shearing deformation. This categorization was schematically presented in Figure 1.8 and 

is based on work of Helfrich [48]. In his model it is assumed that area expansion is a response to external pressure 

and shearing deformations occurs only in liquid-crystalline and/or heterogeneous bilayers. Therefore, the most 

informative deformation – bending – is responsible for shape and behavior of vesicle in equilibrium state. In general 

responses of bilayer to deformations are characterized by following constants – shearing elastic module μ, 

compressibility module Ka, bending rigidity coefficient κ and Gaussian curvature module kG. 

Shear movement is a form of friction between individual lipid particles. It occurs when bilayer is heterogeneous or 

the bilayer is in solid/gel phase (when tail groups are stiffer). For most of phospholipids the transition temperature 

Tm is below physiological temperature, therefore most of them naturally occur in liquid phase. In this phase bilayer 

do not show significant shearing forces (μ=0).  

 
Figure 1.8. Representation of three components of bilayer deformations – area compressibility, shearing 
deformation and bending. Corresponding symbols characterizing those deformations are included. 
Graphic rendered using Blender 2.8 software (GPL license) and is a property of dissertation’s author. 

The area expansion for lipid bilayers is limited to 4-5% of whole area. According to Equation (1.1) based on Hook’s 

law for elastic spring, the stretching elastic energy per unit area 𝐸𝑒𝑥𝑝 depends on change of relative area ΔA/A0. The 

equilibrium area surface is defined by A0, while deformed area surface is define by Ad. 

 𝐸𝑒𝑥𝑝 =
1

2
𝐾𝑎 (

𝐴𝑑−𝐴0

𝐴0
)

2
=

1

2
𝐾𝑎 (

𝛥𝐴

𝐴0
)

2
 (1.1) 
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Bending deformations, which energy per unit area 𝐸𝑏𝑒𝑛𝑑 is defined according to Helfrich’s model by Equation (1.2), 

is mainly responsible for shape of bilayer. Bending of bilayer is characterized by two main principal curvature axes K1 

and K2 (describing the local curvature) and three phenomenological parameters:  

 the bending elastic modulus κ – correlated with microscopic state of bilayer (rigidity and length of carbon chains 

of lipids, nature of interaction between lipid heads, etc.), 

 the Gaussian elastic modulus kG – defines the elastic energy associated to the intrinsic curvature, 

 spontaneous curvature K0 – defining an asymmetry in lipid composition of the two leaflets or shape of the bilayer 

when no constraints are provided. 

  

 𝐸𝑏𝑒𝑛𝑑 =
1

2
𝜅(𝐾1 + 𝐾2 − 𝐾0)2 + 𝑘𝐺 ∙ 𝐾1𝐾2 (1.2) 

When lipid bilayer is in liquid phase (μ=0) only area compressibility and bending have significant impact on 

mechanics of lipid bilayer. The elastic free energy Hamiltonian ℋ which describes the deformations of bilayer can be 

defined according to Equation (1.3). 

 ℋ =
𝐴0

2
𝐾𝑎 (

∆𝐴

𝐴0
)

2
+

1

2
𝜅 ∫ (𝐾1 + 𝐾2 − 𝐾0)2𝑑𝐴

𝐴
+ 𝑘𝐺 ∫ 𝐾1𝐾2𝑑𝐴

𝐴
 (1.3) 

While Hamiltonian can be obtained phenomenologically, it can 

also by calculated using differential geometry. In order to do 

that and be able to extract mechanical properties of lipid 

bilayers, first the parametrization of the surface needs to be 

performed. In case of vesicle a membrane can be described as a 

fluctuating two-dimensional surface in three-dimensional space 

(solvent). Therefore, it can be treated as a smooth surface with 

a differential area element (𝑑𝐴) and 𝐴 = ∫ 𝑑𝐴 its total area. 

Since bilayer is a dynamic structure, it cannot be described by 

coordinates of individual molecules, but a differential geometry 

with surface invariants are used. 

In order to effectively parametrize the bilayer surface in 

differential geometry, one should start with adopting a local 

(two-dimensional) coordinate system {𝑢1, 𝑢2} and find some 

mapping that assigns coordinate pair (𝑢1, 𝑢2) to some point in 

three-dimensional space (described by Cartesian coordinates), 

as described in Equation (1.4) and visualized in Figure 1.9. 

  𝑹 = 𝑹(𝑢1, 𝑢2) = (

𝑋(𝑢1, 𝑢2)

𝑌(𝑢1, 𝑢2)

𝑍(𝑢1, 𝑢2)

)       , 𝑤ℎ𝑒𝑟𝑒 (𝑢1, 𝑢2) ∈ ℝ (1.4) 

Membranes are parametrized by two variables and the infinitesimal displacements along the surface can be 

described by Equation (1.5). Tangent vectors can also be constructed according to Equation (1.6). The tangent 

vectors points into the direction in which the value of the coordinate ua increases and they express all the local 

properties of the surface. 

 𝑑𝑹 =
𝜕𝑹

𝜕𝑢1 𝑑𝑢1 +
𝜕𝑹

𝜕𝑢2 𝑑𝑢2 (1.5) 

 𝒆𝑎 =
𝜕𝑹

𝜕𝑢𝑎 = 𝜕𝑎𝑹     , 𝑤ℎ𝑒𝑟𝑒 𝑎 𝜖 {1,2} (1.6) 

 
Figure 1.9. Differential geometry scheme: 
representation of a section of a surface S. The 
point P, the normal vector n, the coordinates u1 
and u2 as well as vectors e1 and e2 are included. 
Graphic rendered using Blender 2.8 software (GPL 
license) and is a property of dissertation’s author. 
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The two surface tangent vectors can be used to construct the first fundamental form of surface - induced metric 

tensor (or just ‘metric’) 𝑔𝑖𝑗  defined by Equation (1.7). This metric tensor characterizes the intrinsic geometry of the 

surface and is used to measure infinitesimal distanced between two points on the surface. The determinant of 

metric 𝑔 can be connected to the tangent vectors according to Equation (1.8). Since 𝒆1𝑑𝑢1 and 𝒆2𝑑𝑢2 span the local 

infinitesimal area element on the surface the determinant of the metric can be connected to it through the 

definition in Equation (1.9). 

 𝑔𝑖𝑗 = 𝒆𝑖 ∙ 𝒆𝑗 (1.7) 

 𝑔 = det(𝑔𝑖𝑗) = 𝑔11𝑔22 − 𝑔12𝑔21 = 𝑔11𝑔22 − (𝒆1 ∙ 𝒆2)2 = 

 = 𝑔11𝑔22[1 − cos2(∡(𝐞1, 𝒆2))] = |𝒆1|2|𝒆2|2 sin2(∡(𝐞1, 𝒆2)) = |𝒆1 × 𝒆2|2 (1.8) 

 𝑑𝐴 = |𝒆1𝑑𝑢1 × 𝒆2𝑑𝑢2| = √𝑔𝑑𝑢1𝑑𝑢2 (1.9) 

The normal vector to the local surface n can also be constructed from the tangent vectors according to Equation 

(1.10). It is customary to normalize n to unit length. It allows to construct the second fundamental form of surface – 

the extrinsic curvature tensor 𝐾𝑖𝑗. The tensor quantifies the extent of local curvature of the surface in the three 

dimensional space and is constructed according to Equation (1.11). 

 𝒏 =
𝒆1×𝒆2

|𝒆1×𝒆2|
=

𝒆1×𝒆2

√𝑔
 (1.10) 

 𝐾𝑖𝑗 = 𝒆𝑖 ∙
𝜕

𝜕𝑗
𝒏 = −𝒏 ∙

𝜕

𝜕𝑗
𝒆𝑖 = −𝒏 ∙

𝜕

𝜕𝑖

𝜕

𝜕𝑗
𝑹 (1.11) 

The curvature tensor is a 2x2 real symmetric matrix and can the diagonalized in an orthonormal basis, where the 

diagonal elements – eigenvalues 𝐾1 and 𝐾2 – 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 extrinsic 

curvature and is defined by Equation (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 is 

calculated as determinant of the matrix 𝐾𝑗
𝑖 and is called Gaussian curvature KG, as in Equation (1.13).  

 𝐾 = 𝑇𝑟(𝐾𝑗
𝑖) = 𝑔𝑖𝑘𝐾𝑘𝑗 = 𝐾𝑗

𝑗
= 𝐾1

1 + 𝐾2
2 = 𝐾1 + 𝐾2 (1.12) 

 𝐾𝐺 = det(𝐾𝑗
𝑖) = det (𝑔𝑖𝑘𝐾𝑘𝑗) = 𝐾1𝐾2 (1.13) 

From chemical or atomistic point of view, lipid membranes consist of numerous individual lipid particles giving rise 

to significant number of inner degrees of freedom summarizing to larger-scale 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 terms 

of curvature deformation. 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 effective 

energy functional of membrane based on large-scale 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 of 

parametrization. Therefore, it can be described using both surface invariants – total extrinsic curvature K and 

Gaussian curvature KG – and differential area element 𝑑𝐴. As a result, the free energy equation can be constructed 

by multiplicative combinations of principal curvatures leading to four terms: ∫ 𝑑𝐴, ∫ 𝐾𝑑𝐴, ∫ 𝐾2𝑑𝐴 and ∫ 𝐾𝐺𝑑𝐴, as 

shown in Equation (1.14). By relabeling constant with parameters from phenomenological considerations one gets 

equations presented in Equation (1.15). This results in well-known form of Hamiltonian presented in Equation (1.16). 

This Hamiltonian has the same physical meaning as the one in Equation 1.3 despite being under another form. 

 ℋ = ∫ 𝐶(0)𝑑𝐴 + ∫ 𝐶(1) 𝐾𝑑𝐴 + ∫ 𝐶(2,1)𝐾2𝑑𝐴 + ∫ 𝐶(2,2)𝐾𝐺 𝑑𝐴 (1.14) 



 

Development of methods for determination of mechanical parameters of lipid membranes Page 21 

 𝐶(0) = 𝜎 +
1

2
𝜅𝐾0

2,     𝐶(1) = −𝜅𝐾0,     𝐶(2,1) =
1

2
𝜅,     𝐶(2,2) = 𝑘𝐺 (1.15) 

 ℋ = 𝜎 ∫ 𝑑𝐴 +
𝜅

2
∫(𝐾 − 𝐾0)2𝑑𝐴 + 𝑘𝐺 ∫ 𝐾𝐺𝑑𝐴 (1.16) 

The first term in the Hamiltonian is related to area compressibility and describes the energy cost related to an area 

increase. The symbol σ 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 local 

preferred value 𝐾0 based on chemical and structural properties of membrane and environment. The third term 

describes energy related to topological changes of the surface. Symbol 𝑘𝐺 reflects the cost of imposing Gaussian 

curvature on the surface. In case of unconstrained vesicle in liquid phase both first and the third term in Hamiltonian 

can be either neglected or omitted. This results in defining relevant elastic free energy 𝐹𝑐 by only second term.  

Quasi-spherical representation and spherical harmonics function 

Two techniques presented in this dissertation are based on spherical harmonics functions. To this end the 

theoretical background for this approach was also included in 

model subchapter. Theoretical considerations presented in this 

subchapters are based on numerous articles focusing on analysis of 

quasi-spherical vesicle fluctuations [15, 50-52]. 

Since vesicles are quasi-spherical a natural way to characterize it is 

to use the polar coordinates. The positional vector of the 

membrane, defined by Equation (1.17), indicates the position of a 

given point of the membrane in a given time. The membrane 

displacement-field is defined by 𝜔(𝜃, 𝜑, 𝑡), which gives 

information about deviation from spherical reference radius Rsphere. 

Those relations are presented in Figure 1.10. Fluctuations of the 

membrane are time-dependent thermal agitations around 

equilibrium position, therefore can be divided into static part – the 

average vesicle size at given coordinates or static mean shape 

𝜔0(𝜃, 𝜑, 𝑡) – and dynamic part of perturbation – deviation from 

equilibrium or time-dependent deformation of vesicles 𝛿𝜔(𝜃, 𝜑, 𝑡) 

– as showed in Equation (1.18). Since fluctuations are constrained 

by equilibrium radius it is assumed that averaged over time 

fluctuations are balanced, as showed in Equation (1.19). 

 𝒓(𝜃, 𝜑, 𝑡) = 𝑅𝑠𝑝ℎ𝑒𝑟𝑒[1 + 𝜔(𝜃, 𝜑, 𝑡)] (1.17) 

 𝜔(𝜃, 𝜑, 𝑡) = 𝜔0(𝜃, 𝜑, 𝑡) + 𝛿𝜔(𝜃, 𝜑, 𝑡) (1.18) 

 〈𝜔(𝜃, 𝜑, 𝑡)〉 = 𝜔0(𝜃, 𝜑)  =>   〈𝛿𝜔(𝜃, 𝜑, 𝑡)〉 = 0 (1.19) 

Using spherical harmonics  𝑌𝑛
𝑚 as base functions Equations (1.17-1.19) can be rewritten as Equation (1.20), where 

the only contribution to 𝜔0 in quasi-sphere shape is a constant term 𝐴0
0𝑌0

0.  

 𝒓(𝜃, 𝜑, 𝑡) = 𝑅 [1 + (𝐴0
0 + 𝑈0

0(𝑡))𝑌0
0 + (∑ 𝑈𝑛

𝑚(𝑡)𝑌𝑛
𝑚(𝜃, 𝜑)

𝑛𝑚𝑎𝑥
𝑛≥2,|𝑚|≤𝑛 )] (1.20) 

By introducing time-dependent real functions 𝑎𝑛
𝑚(𝑡) and 𝑏𝑛

𝑚(𝑡) described by relation given by Equation (1.21), the 

Equation (1.20) can be rewritten as Equation (1.22), with Ƥ𝑛
𝑚(cos 𝜃) related to associated Legendre function 

Pn
m(cos𝜃), as described by Equation (1.23). 

 𝑈𝑛
𝑚(𝑡) = (𝑎𝑛

𝑚(𝑡) − 𝑖𝑏𝑛
𝑚(𝑡))/2 (1.21) 

 
Figure 1.10. Scheme of local radius 
deformations of a vesicle’s membrane.  
Graphic rendered using Blender 2.8 software (GPL 
license) and is a property of dissertation’s author. 
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 𝒓(𝜃, 𝜑, 𝑡) = 𝑅[1 + (𝐴0
0 + 𝑈0

0(𝑡)) 𝑌0
0 + 

 +[∑ 𝑎𝑛
0(𝑡)Ƥ𝑛

𝑚(cos 𝜃)𝑛𝑚𝑎𝑥
𝑛≥2 + ∑ (𝑎𝑛

𝑚(𝑡) cos(𝑚𝜑) + 𝑏𝑛
𝑚(𝑡)sin (𝑚𝜑))Ƥ𝑛

𝑚(cos 𝜃)0<𝑚≤𝑛 ] ] (1.22) 

 Ƥ𝑛
𝑚(cos 𝜃) = (−1)𝑚√

2𝑛+1

4𝜋
∙

(𝑛−𝑚)!

(𝑛+𝑚)!
Pn

m(cos𝜃) (1.23) 

Which leads to important expression for the spherical harmonics described by Equation (1.24) that is a corner stone 

for considered techniques based on spherical harmonics functions. Additionally, amplitudes of spherical harmonics 

function can be rewritten according to Equations (1.25). 

 𝑌𝑛
𝑚(𝜃, 𝜑) = Ƥ𝑛

𝑚(cos 𝜃) ∙ 𝑒𝑖𝑚𝜑 (1.24) 

 |𝑈𝑛
0(𝑡)|2 = |𝑎𝑛

0(𝑡)|2, |𝑈𝑛
𝑚(𝑡)|2|𝑈𝑛

−𝑚(𝑡)|2 =
1

2
[|𝑎𝑛

𝑚(𝑡)|2 + |𝑏𝑛
𝑚(𝑡)|2], 1 ≤ 𝑚 ≤ 𝑛 (1.25) 

The bending elastic energy 𝐹{𝜔0, 𝛿𝜔} of a given shape defined by 𝜔0 + 𝛿𝜔 with respect to the equilibrium one 

𝐹𝑐{𝜔0} is obtained by Taylor expansion approximation of elastic free energy (middle term of Equation 1.16) up to 

second order in 𝜔(𝜃, 𝜑). It is defined by Equation (1.26), where 𝜆𝑛(�̅�) is defined by Equation (1.27) and �̅� is the 

reduced membrane tension. Every 𝑎𝑛
𝑚 and 𝑏𝑛

𝑚 are independent modes, which follow Boltzmann statistics and a time 

average given by Equation (1.28), where kB is Boltzmann constant and T is temperature. 

 𝐹𝑐{𝜔0, 𝛿𝜔} − 𝐹{𝜔0} =
𝜅

2
∫(𝐾 − 𝐾0)2𝑑𝐴 ≅

𝜅

2
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1.4. Overview of experimental techniques 

Techniques for determination of mechanical properties 

There are various techniques to determine mechanical properties of lipid bilayers – both experimental and 

numerical. Commonly, available 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) scattering 

techniques. The first category focuses on techniques 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 is 

described in more details later. Second category of techniques exercise the possibility of affecting membrane 

behavior by applying the external mechanical deformation. This techniques have been commonly used to determine 

either bending rigidity or area compressibility [15]. 

Table 2. Overview of techniques that study the response to mechanical deformation of lipid bilayer. 

Technique 
Determined 
parameters 

Brief description Literature 

Micropipette 
aspiration 

κ, KA 

The idea of the technique is an aspiration of GUV into a 
small-caliber suction pipette. The analysis of the relative change in 
the area under the aspiration pressure allows to obtain bending 
rigidity from the low-tension regime of the tension-area curve. 

[53-59] 

Tether 
formation 

κ 

The idea is the determination of mechanical parameters from the 
tethers – locally stretched membrane that forms thin cylindrical 
membrane strands of only 10-100 nm in diameter. Measurements 
of the tether radius as a function of axial force on the tether gave 
access to the bending stiffness. This approach has been also used 
in molecular dynamics simulations. 

[60-62] 

Optical 
tweezers 

κ 

The idea of this approach is similar to the tethered formation with 
the difference that much larger microsphere are controlled for 
tether formation which results in their higher diameter. Different 
approach, using optical tweezers, focus on optical stretching of 
GUVs with integrated dual-beam optical trap by measuring area 
strain as a function of applied stress to obtain bending rigidity. This 
approach was also realized on planar lipids. 

[63-66] 

Electric field 
deformation 

κ 
The idea of this approach is to measure the relative apparent 
dilatation of the vesicles induced by the electric field as a function 
of the homogeneous lateral tension to obtain bending rigidity. 

[67-70] 

Atomic Force 
Microscopy 
Force 
Indentation 

κ, KA 

In this approach bilayer, either SLB or tethered vesicle, is indented 
using tip on the AFM cantilever. Change in force/pressure is 
recorded during indentation, which is then used to establish either 
bending rigidity or area compressibility. 

[71-74] 

Confocal 
microscope 
optical 
deformation 

κ 

In this approach the membrane is illuminated with a tightly 
focused low-power laser beam, which is placed slightly 
above/below the focal plane. As a result the size and divergence of 
the reflected beam changed with the distance between the 
membrane and the focal plane. The bending rigidity was directed 
as a function of work done by optical force, vesicle surface and 
principle curvatures of an oblate spheroid. 

[75, 76] 

Abbreviations: κ – bending rigidity coefficient, KA – area compressibility. 

The last category contains scattering techniques. Most widely spread of those techniques are those, which base on 

either X-ray or neutron scattering. While both techniques are similar in realization, there are principle differences in 

which they interact with matter. X-rays are electromagnetic waves that primarily interacts with electrons and their 

amplitude of X-ray scattering length increases linearly with atomic number. Neutrons, on the other hand, are 

particles that interact with atomic nuclei and neutron scattering amplitudes is a function of the mass, spin and 
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energy levels of the nuclei that they scatter from [77]. X-ray scattering is usually performed on multilamellar vesicles 

with highly oriented lipid bilayers to establish bridge to the mechanical coefficients of bulk lamellar phases. These 

oriented stacks are typically in fully hydrated conditions and with spacing repeat distance quite small so that the 

systems were in soft confinement regime. The bending rigidity is obtained from scattering data by established 

dependency between both the Caillé parameter and in-plane correlation length. Both of those parameters can be 

obtained from scattering data. Caillé parameter is obtained by analyzing the tails of diffraction peaks, while in-plane 

correlation length is determined from the intensity in the small angle regime [78-80]. Another technique is a 

combination of Neutron Spin Echo and Dynamic Light Scattering techniques to study shape fluctuations of bilayer 

vesicle. In this approach Dynamic Light Scattering is first used to obtain values of the translation diffusion coefficient 

and hydrodynamic radius, which are later 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 coefficient [81]. Alternative approach of Neutron Spin Echo measurements of the equilibrium 

membrane fluctuations that does not require dynamic light scattering data was also developed. In this approach 

both area compressibility and bending rigidity were calculated [82, 83]. Yet another approach to determine 

mechanical properties is by using small-angle approach. Small-angle scattering is a popular technique to study 

biologically relevant material, as it provides detailed information about the size, shape and confirmation of 

molecular assemblies in solution. As a result, structural biophysics has taken advantage of recent developments to 

accurately determine the structure of lipid bilayers [84, 85]. Apart from structural details, this approach was also 

used to establish mechanical properties of membranes – both area compressibility KA and bending rigidity κ [86]. 

Development of techniques - Molecular dynamics simulations for the evaluation of membrane 

mechanical properties 

The developed techniques, that are covered by this dissertation, are commonly using 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 1988 [87]. The main advantages of electroformation are that it 

requires little technical expertise to implement and that it yields spherical, relatively monodisperse and unilamellar 

lipid vesicles. The idea of the method is to dissolve lipid molecules (either single lipid or lipid mixtures) in organic 

solvents, such as chloroform or methanol, and deposit it on electrodes' surface (usually platinum or indium tin 

oxide). This is followed by drying of electrodes to obtain lipid film. This is frequently done in vacuum to ensure full 

removal of the solvent. Electrodes are then immersed in aqueous buffer and alternative current (AC) field is applied 

to induce formation of the vesicles. The exact principles and physics behind the formation of GUVs is not well 

understood despite several contradicting descriptions. It is known, however, that if the bilayer edges are allowed to 

merge at a faster rate, multi-lamellar vesicles (MLVs) are formed. To increase the rate of bilayer separation the 

electric field is use. This enables obtaining the unilamellar vesicles. To stimulate swelling process of the hydrated 

lipid film, the alternating potential difference is applied across the electrodes. There are several studies investigating 

the effect of both amplitude and frequency on formation of vesicles. In one of such studies the amplitude (from 1V 

to 10 V) and frequency (from 1 up to 103 Hz) are investigated. The best result was observed for 5V and 10 Hz [88]. 

Similar study showed, that formation of vesicles occurs with amplitude from 0.2 up to 10.5 V and frequency from 1 

up to 104 Hz. The highest diameters of vesicles were with frequency between 1 and 100 Hz [89]. While most of 

protocols set frequency in range of 1-12 Hz, some are reporting getting better results with thousands of Hz [90-92]. 

Interestingly, it has been shown that in 3D electroformation systems frequency order higher (104 Hz) than in 2D 

electroformation system was required to obtain similar quality of GUVs [93]. It was also suggested that geometry, 

topology, material and wear of the electrodes might be a factor [94]. As a result several different protocols exist with 

different voltage and frequency of AC field and different duration of electroformation process. They are summed up 

in Table 3. 

To this end I’ve investigated the effect of electroformation protocol parameters on quality of obtained GUVs 

population. I especially emphasized the effect of time, frequency and current changes during electroformation 
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process on the characteristics 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 electrodes 

and oligovesicularity of the vesicles’ population (determination how hollow and unilamellar the vesicles were). 

Voltage, frequency, duration of electroformation as well as wear of electrodes were investigated as a potential 

factor. The article with details from this work can be viewed in PAPER 1 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 common procedure 

[52] 3V, 10 Hz 1 hour - 

[97] 2V, 5 Hz 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 

[100] 1V -> 4V, 10 Hz 24 hours Step voltage increase each hour for 1V 

[101] 0.15V -> 3.9V, 500 Hz 2 hours Step voltage increase 

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

[103] 0V -> 1.2V, 10 Hz 5 hours Step voltage increase in first 40 min 

[68] 1.1 V, 10 Hz -> 1.5V, 5 Hz 3 hours Change in protocol after 1 hour 

[104] 2.2V, 10 Hz -> 2.2V, 2-4 Hz 1.5 hour 
Second – detachment – phase lasts 30 mins; 

vesicle contain SNARE proteins 

[105] 
20V -> 250V, 10 Hz (3h) 

350V, 10 Hz (2h) 
35oV, 10 Hz -> 4 Hz (2h) 

7 hours 
Special protocol to mimic physiologically 

relevant conditions 

[106] 

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

2.5V, 2,5 Hz (15min) 
1V, 1 Hz (30min) 

3 hours Electroformation with solution exchange 

[107] 0.03V -> 0.33V -> 0.8V, 500 Hz 1.43 hour 
Phases lasted 6 min, 20 min and 90 min, 

respectively.  

Abbreviations: AC – alternating current, -> - changing to. 

Development of techniques – Vesicle fluctuation analysis 

In this dissertation methods based on analysis of thermal fluctuation were developed. One of the most widely used 

technique in this category is vesicle fluctuation analysis (VFA, also sometimes called flicker-noise spectroscopy). The 

idea of this technique is the analysis of membrane fluctuations - thermally induced shape undulations to be specific 

– observed on the equatorial surface of a vesicle (see Figure 1.11) as a function of time and measure the amplitudes 

of those fluctuations, which are later used to determine bending rigidity of the bilayer. This technique was first 

established in 1989 [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 W. 

Helfrich [48] and average-based approach for numerical analysis is used. Later, in 1990, this approach was used to 

investigate the effect of temperature on mechanical properties by designing special Peltier chamber [108]. In this 

approach 5-10 frames per second (fps) was recorded. In 2002 this method is used to investigate the effect of 

gravitational descend of vesicles on their mechanical properties [52]. Simultaneous development in technology is 

clearly visible, as the frequency of image capture increased to 25 fps and each vesicle is analyzed for at least 2000 

frames. In 2004 three papers regarding flicker noise technique were publish. In two of them phase contrast 

microscopy was used to observe series of 2000 frames with 30 fps [98] and 300-4000 frames with 25 fps [109]. There 

was also an attempt to use stroboscopic light to improve the precision of mechanical parameters determination 

[110], however it resulted in significant decrease in number of frames (down to 400). In 2008 method was used to 

establish the effect of magainin [101], however no technological nor numerical development were introduced. In 

2009 the paper investigating effect of cholesterol and sphingomyelin on mechanical properties of homogeneous 
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vesicles and vesicles from plasma membrane of human red blood cells were published [68]. The value of fps was 

increased, depending on the sample, from 60 up to 250 fps. Interestingly, electro-deformation of vesicles is done  

prior to VFA. In 2010 an effect of fluorescent probes 

in lipid membrane on mechanical properties was 

under the investigation [111]. In was shown that up 

to 2 mol% of fluorescence probes in bilayer the 

effect in negligible and some probes (such as 

Rhodamine and NBD-PE) in higher concentrations 

have stronger effect that others (such as βBodipy). In 

2011 a novel way of numerical analysis was 

developed. It was named as statistical analysis [50], 

which exhibits certain advantages to the averaged-

based approach such as assessment of agreement 

with mathematical model of recorded vesicle. 

Furthermore, lack of effect of fluorescence probes 

(up to 2mol%) on mechanical properties was 

confirmed in this work. Single vesicle was recorded 

for 10 minutes leading to 15000 frames (25 fps). In 

2013, for the first time, an fluorescent microscope, 

specifically selective plane illumination microscopy, 

was used to record thermal fluctuations of the lipid 

GUVs to measure bending rigidity of POPC vesicles 

[96]. Fluctuations were recorded with 60-100 fps. In 

2014 a review of mechanical properties of POPC 

vesicles using various techniques, including VFA, was 

published [112]. In 2016 a paper with summarized two years of work was published, in which both fluorescence 

confocal microscopy and fluorescence microscopy with spinning disk were used to determine bending rigidity of 

both POPC and DOPC vesicles. The article can be viewed in PAPER 2 chapter. In that paper fluorescence microscopy 

was used to improve 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 average-based and statistical). Since the 

development of the method it was commonly used to solve various biophysical problems. In 2017 I used it to 

determine the effect of doxorubicin drug on bending rigidity of POPC vesicles [113] as well as assess the effect of 

phenyltin toxins on mechanical properties of lipid membrane [114]. The latter allowed to propose a molecular 

mechanism of phenyltin interaction with membrane. In 2018 an approach to determine population character of 

bending rigidity parameter was carried out showing that, instead of expected normal distribution, it follows 

exponential character [115]. Lately I used VFA to establish the effect of antimicrobial agents (chlorhexidine and 

octenidine dihydrochloride) on bending rigidity of POPC membranes [data not yet published] and effect of 

incorporated β-Amyloid peptides on mechanical properties of POPC lipid membranes [116].   

Development of techniques - Molecular dynamics simulations for establishing mechanical properties 

Second developed technique in this dissertation is SPHA analysis on simulated system of lipid vesicle using molecular 

dynamics. Molecular Dynamics (MD) is the numerical simulation technique for analyzing physical movement of 

atoms and molecules. Their trajectories are determined by numerically solving Newton’s Law equations of motion 

for a system of interacting particles. Forces and interactions between the particles and their potential energies are 

calculated using molecular mechanics force fields. There exist three types of FFs - atomistic, coarse-gain and hybrid 

(united-atom). Atomistic FF is determined by the sets of force constants, equilibrium bond distances and angles, 

Lennard-Jones parameters and partial charges for all chemically different atom types involved. This FF allows most 

detailed interactions between the particles, however, due to number of calculations, it requires substantial amount 

 
Figure 1.11. Visualization of vesicle. As shown, only small 
intersection of vesicle at the equatorial part is recorded for 
the purpose of fluctuation analysis (green area). 
Graphic rendered using Blender 2.8 software (GPL license) and is a 
property of dissertation’s author. 
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of time. When investigation of certain properties of lipid bilayers requires either length or time scales not reachable 

(or not affordable) in atomistic simulations, so called coarse-grained FFs are used. To make large-scale membrane 

simulations practically feasible, it is necessary to simplify description of individual lipids or molecules, so that groups 

of atoms are combined into pseudo-particles resulting in a coarse-grained description of a system. Coarse-grained 

models are emerging as a practical alternative to full-atomistic simulations when detailed atomistic representation is 

not necessary while it is important to observe membrane phenomena over long time scales. Finally, a hybrid 

approach, called united-atom FF, which combines both approaches has been developed. A united-atom is a particle 

that incorporates a group of atoms but can approximately represent the molecular mechanical properties of the 

group on a scale of size that is larger than atomic scale. The united-atom model is a good approximation when 

investigating interactions between the particles that react with each other as a whole group rather than form new 

compounds or break into smaller submolecules. In this FFs united-atoms are used to represent carbon chains of 

lipids, namely carbon atom with two bonded hydrogens is replaced with one united-atom reflecting properties of 

this compound [117, 118]. There exist numerous approaches to determine mechanical properties – both bending 

rigidity and area compressibility - using molecular 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 can be highlighted.  

First approach is usually referred to as Fourier Space methodology. Fluctuation spectrum of thermally excited 

membrane deformations, which is correlated to bending rigidity, is calculated. It is obtained by applying fast Fourier 

transformation to 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 defined 

as a function of bending rigidity and effective thickness of the membrane. This approach was first used on mixture of 

amphiphiles. After the self-assembly into bilayer and equilibration, the fluctuation spectrum is collected and 

mechanical parameters are determined [119]. Similar approach was later used on homogeneous DPPC bilayer with 

united-atom FF [120] and in homogeneous sphingomyelin bilayers using coarse-grained FF [121]. Interestingly, in 

latter work area compressibility is calculated 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 different approaches [122]. In 2014 this approach was first 

used for full-atomistic DPPC, DOPC and DOPE membrane systems [123]. Area compressibility was determined via an 

analysis of simulation box fluctuations. It was later used to determine mechanical properties of various 

homogeneous membranes [124]. 

Second approach is usually referred to as Real Space Fluctuation methodology. Bending rigidity and tilt modulus are 

obtained from potential 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 considered, while for 

bending rigidity a divination from surrounding lipid molecules 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 distribution. This 

approach was first used when the effect of cholesterol in DMPC membranes was investigated using coarse-grained 

FF DM simulations [125]. It was later improved with calculation of tilt modulus and approach for heterogeneous 

bilayers [126-128]. It was also used for comparison in full-atomistic DPPC, DOPC and DOPE membrane systems [123]. 

The methodology was implemented in openly-available software Openstruct [129]. It was extensively used to 

determine mechanical properties of various homogeneous and heterogeneous membranes using full-atomistic 

CHARMM FF [130]. 

All of above-mentioned methods were carried 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 factor 

during determination of mechanical properties. However, in 2014, an successful attempt to establish mechanical 

parameters from full lipid vesicles was carried out using coarse-grained FF [131]. An 34 nm in diameter DMPC lipid 

vesicle was modelled with different concentrations of surrounding water molecules. The analysis of the vesicle to 

obtain mechanical parameters, referred to as Spherical Harmonics Analysis (SPHA), is based on Helfrich model [48] 
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of fluctuations. The fluctuations observed on the surface of vesicle are decomposed into Legendre polynomial 

modes basis to calculate their amplitudes, as schematically shown in Figure 1.12. The amplitudes are used to 

determine mechanical properties. I’ve adapted this approach to determine mechanical properties of POPC, DMPC, 

DPPC, DSPC and HSPC 10 nm vesicle systems in united-atom FF MD simulations. Additionally, as a reference, I’ve 

established mechanical properties of those planar membranes of those lipids using Real Space Fluctuation 

methodology. Area compressibility was calculated according to published algorithm [132]. This results can be viewed  

in PAPER 3 chapter. Established method was already used for determination of effect of incorporated β-Amyloid 

peptides on mechanical properties of POPC lipid membranes [116]. Interestingly, a new method based on 

quantifying compressibility moduli from local thickness fluctuations for determination of area compressibility was 

introduced lately [133]. 

Nonetheless, analysis based on 

undulations is not exclusive 

approach to determine 

mechanical properties of lipid 

bilayers when using MD 

simulations. Those approaches 

are based on experimental 

designs already described at 

the beginning of this chapter. 

One of the approaches is 

based on inducing mechanical 

deformations during 

simulation. During a simulation 

two cylindrical guiding 

potentials are added to 

standard FF, which impose a 

sinusoidal deformation to a 

planar membrane [134]. The 

restoring force of the 

deformed membrane is 

measured and detected as the 

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 model [48]. Another approach is based on imposing 

a deformation of the membrane by creating 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 curvature KG. During simulation a tether is simply stabilized by spanning a cylindrical 

vesicle through simulation box (across the 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 simulations with coarse-grained FF [136]. 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. 

  

 
Figure 1.12. Schematic decomposition of observed fluctuations on vesicle’s surface 
into  individual modes’ amplitudes (described by Legendre polynomials). 
Graphic created using GIMP software (GNU license) and is based on a work of 
dissertation’s author. 
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1.5. Summary and perspectives 

The main objective of this dissertation was to develop methods to determine mechanical properties of lipid 

membranes. To this end experimental model of lipid membranes, giant unilamellar vesicles (GUVs) was used. This 

model was obtained using electroformation method, which was also studied. For determination of mechanical 

parameters two methods were developed and validated – thermal fluctuation analysis and determination using 

molecular dynamics simulations. Eventually, developed techniques were used to provide valuable insight into 

biophysical processes are were used to solve several scientific problems. 

The vesicle fluctuation analysis technique was improved by implementation of fluorescence confocal microscopy, 

which increased the quality of obtained vesicle’s contour. This resulted in much precise determination of bending 

rigidity coefficient. Additionally, a custom analysis software was developed using both OpenCV libraries on C++ and 

MATLAB. Finally, effect of implementation of various smoothing algorithms on precision of establish parameters was 

investigated. 

Developed method to establish mechanical properties of membranes using molecular dynamics was, also, based on 

analysis of thermal fluctuations. The difference here was that, in contrary to experimental technique, full 

three-dimensional vesicle can be analyzed instead of small two-dimensional intersection. This allows not only more 

precise observation of fluctuation spectra, but also due to nature of molecular dynamics simulations, grants access 

to microscopic parameters such as membrane thickness, area per lipid and bilayer profiles. It also allows to establish 

area compressibility from the simulations. This approach was carried out on united-atom force field, which provided 

more details than commonly used coarse-grain models. This technique allows to include effect of curvature which 

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 as 

well as solve certain biophysical problems. Studies of electroformation resulted in decreasing necessary time of 

GUVs formation and showed strong effect of electrical field parameters. Vesicle fluctuation analysis technique was 

successfully used to determine the effect of phenyltin toxins, anti-cancerous drug doxorubicin, neurodegenerative 

β-amyloid peptides and antimicrobial agents like chlorhexidine and octenidine dihydrochloride on mechanical 

behavior of lipid membranes. The effect of fluorescence probe incorporated into bilayer, heterogeneity, phase shift 

and temperature was also investigated. Usage of molecular dynamics studies allowed to provide additional insight 

into mechanical and structural behavior of investigated lipid membranes. It was used to investigate lipid membranes 

in uncommonly-investigated lipid phases such as rippled-gel, gel and crystalline (or metastable) phases as well as 

investigate the effect of neurodegenerative β-amyloid peptides. It was also shown that, contrary to current 

consensus, established mechanical properties might significantly differ when investigated on planar and spherical 

systems. This suggest, that solid-phases are not as uniform as it was previously believed. 

Nevertheless, an experimental technique should be developed to establish area compressibility, as to confirm results 

obtained from molecular dynamics simulations. Two techniques were under development 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 repeatable 

results using Optical Tweezers were unsuccessful due to various problems that emerged. On the other hand, a 

technique using atomic force microscopy was successfully developed [data not yet published], providing an 

experimental value to confirm area compressibility obtained from molecular dynamics simulations. 
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ABSTRACT : Giant unilamellar vesicles (GUVs) have become one of extensively studied biological bilayer models especially when investigating topological and 

mechanical properties of cell membranes. They are also used to visualize membrane-related phenomena. However, the method of preparation and the effects of 

parameters of preparation on the vesicular structure are extensively varied. Therefore, it is important to understand how the process of 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 investigated, 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 significantly influence the properties of 

obtained POPC GUV populations. 

1. Microscopy 

1.1. Vesicle detection using DDEO 

Recorded images were analyzed using discrete differential evolution optimization (DDEO) for circle detection. This approach is described in 

details elsewhere [1]. In figure S1 the result of such analysis is presented along with recorded image. 

 
Figure S1. (Left) Recorded POPC vesicles in 150mOsm sucrose/glucose solution, (Right) result of analysis using DDEO for circle detection. 

Blue circles represent very good accuracy in circle detection while red ones slightly worse (due to absence of part of vesicles or noise). 

1.2. Sugar concentration 

In order to be able to observe whole population of vesicles in one plane appropriate concentration of sucrose/glucose had to been applied. The 

presence of sucrose inside vesicles and sucrose/glucose mixture outside vesicles cause gravity effect making larger vesicles descent [2]. Three 

sugar concentrations have been tested – 75mOsm, 150mOsm and 300mOsm (which translates directly to 75mM, 150mM and 300mM 

respectively). Results suggest that 75mOsm sugar concentration was too small to cause descent of larger vesicles while both 150 mOsm and 300 

mOsm are similar in recorded sizes. To this end 150 mOsm was selected in order to prevent any possible ruptures of vesicles due to high 

pressure. 
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Figure S2. Vesicles formed in 75mOsm for 24h. Panels (a) and (b) represents number of vesicles and frequency of vesicles at given radius size 

bin, panel (c) represents Gauss fit and panel (d) represents average radii of vesicles with Measurement ID=0 being control. 

 
Figure S3. Vesicles formed in 150mOsm for 24h. Panels (a) and (b) represents number of vesicles and frequency of vesicles at given radius size 

bin, panel (c) represents Gauss fit and panel (d) represents average radii of vesicles with Measurement ID=0 being control. 
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Figure S4. Vesicles formed in 300mOsm for 24h. Panels (a) and (b) represents number of vesicles and frequency of vesicles at given radius size 

bin, panel (c) represents Gauss fit and panel (d) represents average radii of vesicles with Measurement ID=0 being control. 

1.3. Individual results for each duration of electroformation 

For statistical purposes in each measurement at least 200 vesicles were recorded. Below are presented individual results for 4 h, 8 h and 16 h of 

investigated electroformation duration, while 24 h electroformation is presented in Figure S3. Control is understood as a sample with electrodes 

immersed in water solution for same time but with no AC applied. In repeat 3 in 8h clearly there was a fault during electroformation. 

 
Figure S5. Vesicle sizes obtained in populations electroformed for 4h in 150mOsm sucrose/glucose solution. Panels (a) and (b) represents 

number of vesicles and frequency of vesicles at given radius size bin, panel (c) represents Gauss fit and panel (d) represents average radii of 

vesicles with Measurement ID=0 being control. 
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Figure S6. Vesicle sizes obtained in populations electroformed for 8h in 150mOsm sucrose/glucose solution. Panels (a) and (b) represents 

number of vesicles and frequency of vesicles at given radius size bin, panel (c) represents Gauss fit and panel (d) represents average radii of 

vesicles with Measurement ID=0 being control. 

 
Figure S7. Vesicle sizes obtained in populations electroformed for 16h in 150mOsm sucrose/glucose solution. Panels (a) and (b) represents 

number of vesicles and frequency of vesicles at given radius size bin, panel (c) represents Gauss fit and panel (d) represents average radii of 

vesicles with Measurement ID=0 being control. 
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2. Flow cytometry 

2.1. Vesicle detection using flow cytometry 

 

Flow cytometer has been reported as a viable method to investigate GUVs [3-5]. For purpose of this studies both polyester beads and GUVs 

vesicles were recorded. In figure 1 example of SSC(FSC) dot plots were presented. It should be noted, that several polystyrene beads are 

sometimes recorded as one object providing false positive data points (Figure S8.a). 

 
Figure S8. Examples of SSC(FSC) dot plots for (a) 4.5µm diameter polystyrene beads, (b) 11µm diameter polystyrene beads and (c) GUVs 

electroformed for 8h. In case of small particles sometimes several events were measured as one resulting in recorded larger particles marked as 

artefacts in panel (a). Second curve can be observed in liposome plot (panel c), however we believe those are OVVs rather than GUVs. 

2.2. Polystyrene beads scattering as a correction factor 

In order to take into account any possible differences in recorded intensities of FSC and SSC, prior to each measurement series polystyrene 

beads of sizes 1.5, 4.5 and 11 µm were measured. Each polystyrene beads were measured 3 times and Gaussian function was fitted in order to 

obtain peak value for each of beads sizes. This was followed by averaging those peak values and obtaining three marker values for each of 

GUVs measurements. Finally function minimization was carried out in order to find correction factor for both FSC and SSC which would result 

in minimal differences between markers from each of GUVs measurements. All measurements were compared to those with 4h electroformation 

duration. For FSC correction factors were equal to 1.042, 1.06 and 1.064 for 8h, 16h and 24h of electroformation duration respectively. For SSC 

correction factor was in all cases equal to 1.5. In figure S9(a) obtained histograms for polystyrene beads are presented along with averaged 

marker from three measurements. In figure S9(b) differences in obtained histograms of 4.5 µm beads recorded in different measurement days are 

presented (legend represents GUVs associated with the day of measurement). 

 
Figure S9. Polystyrene beads measured in flow cytometry. In panel (a) beads recorded prior to 4h electroformation duration GUVs are presented 

along with markers used for determination of correction factor. In panel (b) histograms of 4.5 µm beads recorded prior to measurements of 

different electroformation duration GUVs are presented. Note the difference in peak positions of given populations. 

2.3. Individual results for each of investigated durations of electroformation 

Below are presented individual results for each investigated electroformation duration. Control is also understood as a sample with electrodes 

submerged in water solution for same time but without AC applied. In order to obtain population parameter, Gaussian function was fitted to the 

data and peak value was obtained. In figures S10 and S11 histograms for FSC are presented. Each sample was measured 3 times, however, to 

keep figures clean, only first repeats were plotted. 
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Figure S10. Histograms of FSC for GUV vesicles electroformed for (a) 4h and (b) 8h recorded using flow cytometry. Inset in figure reflects 

magnification on the FSC range where peak value is present. 

 
Figure S11. Histograms of FSC for GUV vesicles electroformed for (a) 16h and (b) 24h recorded using flow cytometry. Inset in figure reflects 

magnification on the FSC range where peak value is present. 

3. Lipid amount assessment using colorimetric method 

3.1. Calibration curve for lipid mass determination using colorimetric method 

In order to correctly assess the amount of lipid calibration curve for lipid used in studies had to be measured. For each calibration curve for each 

lipid amount three samples were measured to verify measurement protocol. Calibration curve was obtained independently two times to ensure 

repeatability of measured values. Both absorbance spectra and linear fit used for determination of lipid amount are presented in figure S12. 
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Figure S12. In panel (a) calibration curve for determination of lipid mass in GUV samples is presented along with linear fit. In panel (b) raw 

absorbance spectra from first calibration curve measurement is presented. 

3.2. Individual results for each duration of electroformation 

Below are presented individual results for each of investigated electroformation duration. Control is also understood as a sample with electrodes 

submerged in water solution for same time but without AC applied. GUV solution was evaporated under low pressure conditions. Lipid film was 

then dissolved in 1ml chloroform and 1ml of thiocyanate reagent was added. Samples were vortexed for 2minutes prior to absorbance 

measurement. Value of absorbance at 488nm was used to determine the mass of lipid molecules in solution. In figure S13 and S14 absorbance 

spectra for each of electroformation duration is presented. Each sample was measured 3 times, however results were identical in each repeat. 

 

Figure S13. Absorbance spectra for GUV solution obtained after (a) 4h and (b) 8h of electroformation. 
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Figure S14. Absorbance spectra for GUV solution obtained after (a) 16h and (b) 24h of electroformation. 

4. Lipid amount assessment using fluorescence method 

4.1. Calibration curve for lipid mass determination using fluorescence method 

In order to correctly asses amount of lipid based on the intensity of fluorescent dye calibration curve had to be measured.  We assume that 

lipid/dye concentration is always constant therefore one sample of LUVs labelled with 1m% of Rhodamine-PE was prepared and then diluted 

into five different concentrations of lipid. This was followed by adding 70ul of 10% triton-x solution to induce micellization. After 10 minutes 

samples were measured 3 times. Whole process has been repeated 3 times. In figure S15 obtained calibration curve with linear fit is shown along 

with raw fluorescence spectra from first measurement series. The final value is integration of fluorescence intensity from 570 to 630 nm after 

subtracting base curve.  

 

Figure S15. In panel (a) calibration curve of integral fluorescence for determination of lipid mass in GUV samples is presented along with linear 

fit. In panel (b) raw fluorescence spectra from first calibration curve measurement is presented. 

4.2 Individual results for each duration of electroformation 

Below are presented individual results for each of investigated electroformation duration. Control is also understood as a sample with electrodes 

submerged in water solution for same time but without AC applied. GUVs were converted into micelles by adding 70ul of 10% triton-x solution. 

It was verified using dynamic light scattering whether all lipid from GUVs has been converted into micelles (data not shown). Measured 

fluorescence spectra are presented in figures S16 and S17. 
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Figure S16. Fluorescence spectra for GUV solution obtained after (a) 4h and (b) 8h of electroformation. 

 
Figure S17. Fluorescence spectra for GUV solution obtained after (a) 16h and (b) 24h of electroformation. 

5. OVVs presence evaluation using fluorescent quenching level method 

5.1 Calibration quenching for LUVs and MLVs 

In order to ensure both impenetrability of dithionite in lipid bilayers and certainty that recorded parameter describe property in question, a series 

of tests were carried out on populations of LUVs and MLVs. In latter case recorded fluorescence should be significantly higher, since MLVs are 

known to contain vesicles inside them. Each population was also micellized using Triton-X to perform a positive test – all fluorophore particles 

should be reachable for dithionite after micellization. The experiment was repeated 3 times to ensure obtained results were not a matter of 

random environment - first repeat is presented in Figure S18. 
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Figure S18. Fluorescence spectra for NBD-labelled (A) 100nm LUV and (B) MLV in water. The effect of quenching using 50 µl of 1M 

dithionite solution in 1M TRIS-Base is presented along the effect of micellization on fluorescence spectra. 

5.2 Individual results for each duration of electroformation 

Below are presented individual results for each of investigated electroformation durations. Control is also understood as a sample with electrodes 

submerged in water solution for same time but without AC applied. Each sample was measured prior and after 2 minutes of addition of 50 µl of 

1M dithionite dissolved in 1M Tris base (pH = 11.21±0.05). Relative drop in intensity is understood as fraction of lipids located in outer 

membrane. Measured fluorescence spectra are presented in figures S19 and S20. 

 
Figure S19. Fluorescence spectra for NBD-labelled GUVs in water electroformed for (A) 4h and (B) 8h. The effect of quenching using 50 µl of 

1M dithionite solution in 1M Tris base is presented along the effect of micellization on fluorescence spectra. 
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Figure S20. Fluorescence spectra for NBD-labelled GUVs in water electroformed for (A) 16h and (B) 24h. The effect of quenching using 50 µl 

of 1M dithionite solution in 1M TRIS-Base is presented along the effect of micellization on fluorescence spectra. 

6. OVVs presence evaluation using fluorescent quenching ratio method 

6.1 Calibration quenching for LUVs and MLVs 

In order to ensure whether sensitivity of Stopped-Flow instrument is sufficient to determine ratio of lipids in inner/outer bilayer a series of tests 

were carried out on populations of LUVs and MLVs. The initial rate was obtained by fitting single-exponential equation to decay of NBD 

fluorescence and multiplying initial value times rate. The parameter therefore is correlated with quenching, meaning the greater the value of 

initial rate, the greater is quantity of lipids in outer bilayer (which means that fewer vesicles are located inside other vesicles). Several initial 

values for both LUVs and MLVs populations as well as averaged values are presented in figure S21(A). The kinetics of quenching are presented 

in figure S21(B).  

 
Figure S21. Comparison of LUVs and GUVs population labelled with NBD-PE when quenched with dithionite solution. In panel A both 

individual results and averaged are presented for both population. For individual measurements error bars represent the uncertainty of fit while 

for averaged values error bars represent standard deviation. In panel B kinetics of quenching for both LUVs and GUVs population are presented. 

6.2 Individual results for each duration of electroformation 

Below are presented representative kinetics for each of investigated electroformation durations and repeats. Control is also understood as a 

sample with electrodes submerged in water solution for same time but without AC applied. Each measurement reflects mixing of GUVs solution 

with dithionite solution with volume ratio 4:1. Results for 4h and 8h are presented in figure S22 while results for 16h and 24h are presented in 

figure S23. 
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Figure S22. Quenching ratio for GUVs labelled with NBD-PE electroformed for (A) 4 hours and (B) 8 hours. 

 
Figure S23. Quenching ratio for GUVs labelled with NBD-PE electroformed for (A) 16 hours and (B) 24 hours. 
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ABSTRACT: Lipid bilayer is the main constitutive element of biological membrane, which confines intracellular space. The mechanical properties of biological 

membranes may be characterized by various parameters including membrane stiffness or membrane bending rigidity, which can be measured using flicker noise 

spectroscopy. The flicker noise spectroscopy exploits the spontaneous thermal undulations of the membrane. The method is based on the quantitative analysis of a 

series of microscopic images captured during thermal membrane fluctuations. Thus, measured bending rigidity coefficient depends on the image quality as well as 

the selection of computational tools for image processing and mathematical model used. In this work scanning and spinning disc confocal microscopies were used 

to visualize fluctuating membranes of giant unilamellar vesicles. The bending rigidity coefficient was calculated for different acquisition modes, using different 

fluorescent probes and different image processing methods. It was shown that both imaging approaches gave similar bending coefficient values regardless of 

acquisition time. Using the developed methodology the effect of fluorescent probe type and aqueous phase composition on the value of the membrane bending 

rigidity coefficient was measured. Specifically it was found that the bending rigidity coefficient of DOPC bilayer in water is smaller than that determined for 

POPC membrane. It has been found that the POPC and DOPC bending rigidities coefficient in sucrose solution was lower than that in water. Fluorescence imaging 

makes possible the quantitative analysis of membrane mechanical properties of inhomogeneous membrane. 

Depth of focus 

All experiments have been performed using dedicated PTT chamber, which allows for the focusing everywhere within the chamber volume. In 

addition, to ensure that during the image acquisition the vesicle cross-section has been recorded, the vesicle radius has been calculated. Image 

was discarded from further analysis when the radius variation was large as shown in figure S.1. 

 

Figure S.1 Examples of vesicle radius variations in subsequent images. Panel A shows the acceptable fluctuation of vesicle radius while fluctuation presented in 

panel B was considered as unacceptable. 

Detailed results for POPC and DOPC systems using Spinning Disk Microscopy (SDM) and Confocal Laser Scanning Microscopy 

(CLSM) 
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Figure S.2 Bending rigidity coefficients determined for POPC vesicles in water. Images were collected using SDM (top panels) and CLSM (bottom panels). The 
bending rigidity coefficient was calculated using average-based approach (panels a and c) or statistical approach (panels b and d). The left side of each graph 
shows values of bending rigidity coefficients obtained for a series of vesicles whereas the right side shows the averaged value. βBodipy FL DHPE was used to 

label the vesicles. 

 
Figure S.3 Bending rigidity coefficients determined for DOPC vesicles in water. Images were collected using SDM (top panels) and CLSM (bottom panels). The 
bending rigidity coefficient was calculated using average-based approach (panels a and c) or statistical approach (panels b and d). The left side of each graph 
shows values of bending rigidity coefficients obtained for a series of vesicles whereas the right side shows the averaged value. βBodipy FL DHPE was used to 

label the vesicles. 



 

Development of methods for determination of mechanical parameters of lipid membranes Page 66 

 
Figure S.4 Bending rigidity coefficients determined for DOPC vesicles in 75mOsm sucrose. Images were collected using SDM (top panels) and CLSM (bottom 

panels). The bending rigidity coefficient was calculated using average-based approach (panels a and c) or statistical approach (panels b and d). The left side of 
each graph shows values of bending rigidity coefficients obtained for a series of vesicles whereas the right side shows the averaged value. βBodipy FL DHPE was 

used to label the vesicles. 
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1. Molecular Dynamics simulation details of vesicle systems 

All full-atomic simulation simulations  were  performed  with  the  NAMD
1
 software  and united-atom CHARMM36  force  field 

under NPT conditions. Each of vesicles was modelled with 10nm radius. United atom chain models were used for lipids
2
. The 

system was hydrated with TIP3P water molecules giving a final simulation box of 30 nm
3
. Ions were not added to system. It was 

our aim to recreate experimental setup, where deionized water is used, at accurately as possible. Furthermore ions are charged 

particles which increase significantly simulations time, as they require calculation of additional electrostatic interactions. Due to 

significant volume of systems such option was choose in order to avoid prolonged simulation time. Three dimensional periodic 

boundary conditions were applied in the simulations. Vesicle system was created using custom script in Matlab. Starting area per 

lipid (APL) value was assumed based on literature data
3
. APL was adopted to account for the effect of vesicle’s curvature – 

multiplied by respectively 0.95 and 1.05 for inner and outer leaflet. Simulations were analysed for at least the last 10ns of 

equilibrated system. In order to determine equilibration six selected parameters were monitored. Those were vesicle radius, 

thickness of lipid bilayer, mean values and standard deviations of both inner and outer leaflets. All calculation of this parameters 

is based on location of phosphorus atom in lipid molecules. The simulations were run with time-step equal to 2fs. The simulated 

POPC system consisted of 3637 lipid molecules (269 139 atoms) and 748 344 water molecules (2 245 032 atoms). Adopted Area 

per lipid (APL) was equal to 68.1 Å
2
. There were 1521 lipid molecules in inner leaflet and 2 116 in outer leaflet. As a reference 

simulation it was carried out for the longest time - total 163 ns simulation time. Final simulation unit cell was equal to 298Å in 

each of xyz axis. The equilibration parameters are presented in figure S1.A. Last 65 ns of simulation were used for bending 

rigidity determination. The simulated DMPC system consisted of 3556 lipid molecules (241877 atoms) and 720 421 water 

molecules (2 161 263 atoms). Adopted APL was equal to 70 Å
2
. There were 1156 lipids in inner leaflet and 2 400 in outer. The 

simulation was carried out for 32 ns. Final simulation unit cell was equal to 293Å in each of xyz axis. The equilibration 

parameters are presented in figure S1.B. At the beginning of equilibration spontaneous water pore has opened. It closed itself at 

the end of equilibration time. Last 13 ns of simulation were used for bending rigidity determination. The simulated DSPC system 

consisted of 4251 lipid molecules (323077 atoms) and 678 524 water molecules (2 035 572 atoms). Adopted APL was equal to 

68.1 Å
2
. There were 1 443 lipids in inner leaflet and 2808 in outer. The simulation was carried out for 35 ns. Final simulation unit 

cell was equal to 293Å in each of xyz axis. The equilibration parameters are presented in figure S3.A. Last 15 ns of simulation 

were used for bending rigidity determination. The simulated DPPC system consisted of 4251 

lipids (306 073 atoms) and 693 076 water molecules (2 079 228 atoms). Adopted APL was 

equal to 65.7 Å
2
. There were 1443 lipid molecules in inner leaflet and 2 808 in outer. The 

simulation was carried out for 32 ns. Final simulation unit cell was equal to 294Å in each of 

xyz axis. The equilibration parameters are presented in figure S3.B. Last 12 ns of simulation 

were used for bending rigidity determination. The simulated HSPC system, as a mixture of 

11.4% of DPPC and 88.6% DSPC, consisted of 4328 lipid molecules (326 949 atoms) and 

682 785 water molecules (2 048 355 atoms). From those lipid molecules 495 of them was 

DPPC and 3833 DSPC. Adopted APL was equal to weighted average of DPPC and DSPC 

APLs. There were 1520 lipids in inner and 2808 it outer leaflet. The simulation was carried 

out for 31 ns. Final simulation unit cell was equal to 294Å in each of xyz axis. The 

equilibration parameters are presented in figure S3.C. Last 12 ns of simulation were used for 

bending rigidity determination. 

 
Figure S2. Spontaneous water 

pore observed during DMPC 

vesicle equilibration. 

 
Figure S1. Visualization of six parameters used for equilibration determination for (A) POPC and (B) DMPC vesicle systems. 

Red line represents the starting point of data used for bending rigidity determination. 
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Figure S3. Visualization of six parameters used for equilibration determination for (A) DSPC, (B) DPPC and (C) HSPC vesicle 

systems. Red line represents the starting point of data used for bending rigidity determination. 

2. Calculation of order parameter for vesicle systems 

Carbon-hydrogen order parameter of lipid tails is often used to assess force field accuracy. In this section we are presenting the 

change of order parameter throughout whole simulation for both inner and outer membranes. Three carbons were selected on both 

tails – second (C22, C32), eighth (C28,C38) and fifteenth (C215,C315). For DSPC vesicle system thirteen carbon (C213,C313) 

was selected instead of fifteenth for obvious reasons. Order parameter was calculated by established protocol for united-atom
4
 

with slight adaptation for vesicle systems. Namely, the vector between vesicle center and position of phosphorus atom for given 

lipid is treated as membrane normal. 

 
Figure S4. Order parameter for selected carbon atoms in function of simulation time for POPC vesicle system. 

Carbon atoms for POPC system located closer to lipid head (namely C22,C32,C28 and C38) became stable after 20 ns of 

simulations. For C215 and C315 order parameter semi-stabilized after 20 ns, after which constant small drift could be observed. 

However such drift is to be expected in carbon atoms at the end of carbon tails. Parameter evolution is presented in Figure S4. 
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Figure S5. Order parameter for selected carbon atoms in function of simulation time for DMPC vesicle system. 

Carbon atoms in DMPC vesicle system located closer to lipid head (namely C22,C32,C28 and C38) became stable after 10 ns of 

simulations for sn-2 tail and after 8 ns for sn-1 tail. For carbon atoms at the end of tails the order parameter semi-stabilized almost 

instantly after less than 2 ns, after which remain constant when a small drift could be observed around 28 ns. Additionally, 

significant difference was observed in parameter value between the inner and outer leaflets. This was not observed only for middle 

carbon atom. However it can be concluded that system is thermally stable. Order parameter evolution in time is presented in 

Figure S5. 

 
Figure S6. Order parameter for selected carbon atoms in function of simulation time for DSPC vesicle system. 

For DSPC system atoms closest to head, namely C22 and C23, obtained stability after 10 ns for both inner and outer leaflets. 

However the fluctuation of the parameter in time was much higher than observed for POPC or DMPC systems. Similar tendency 

was observed for C28 and C38 atoms. Additionally it takes longer for inner leaflet to obtain stability. A constant drift was 

observed for last carbon atoms in tails, the drift was higher in inner leaflet. Except for C22 atom, order parameter values were 

different between the inner and outer leaflet. Despite that the parameters and stable, therefore system can be treated as thermally 

stable as well. Order parameter evolution in time is presented in Figure S6. 
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Figure S7. Order parameter for selected carbon atoms in function of simulation time for DPPC vesicle system. 

For DPPC system and carbon atoms closest to head, stability was obtained after 15 ns for inner leaflet and after 5ns for outer 

leaflet. For C28 and C38 stability was obtained relatively quick after 5 ns. However, either small drift or high fluctuation can be 

observed for carbon atom in inner leaflet. A constant drift was observed for last carbon atoms in tails, after obtaining 

semi-stability at around 3 ns. It can be concluded that system can be treated as thermally stable after 15 ns. Order parameter 

evolution in time is presented in Figure S7. 

 
Figure S8. Order parameter for selected carbon atoms in function of simulation time for HSPC vesicle system. 

For HSPC system two different lipid types can be found. It can be observed that order parameter value is the same for both DSPC 

and DPPC lipid molecules. Only exception from this tendency can be observed in C213 and C313 atoms in outer leaflet. For 

carbon atoms closes to head as well as for middle carbon atoms stability was observed after 8ns. For carbon atoms at the end of 

tail semi-stability was observed after 4 ns for outer and 10 ns for inner leaflet. However constant small drift was present in both 

cases. Nevertheless, it can be safely assumed that systems are thermally stable after 10 ns of simulations. Order parameter 

evolution in time is presented in Figure S8. 
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3. Flicker-noise analysis approach for Molecular Dynamics simulation 

For bending rigidity determination in case of molecular dynamics study the fluctuation analysis is done on whole liposome. 

However, in case of flicker-noise spectroscopy, only cross-section is analysed and used to mathematically re-establish fluctuations 

on whole vesicle. To compare accuracy of such approach, fluctuation contour of cross-section of vesicle in molecular dynamics 

studies was extracted and analysed similarly to flicker-noise images. Fluctuation spectra was collected for range of 3 nm and 

under five different angles as visualized in Figure S9. Bending rigidity calculated using Braun and Sachs
5
 approach was equal to 

κ=17,86·kBT. When analysed the slice under 0 degree angle it was equal to 17.9±0.6·kBT and 17±3·kBT from average-based and 

statistical approaches respectively. In other angles result were within margin of error: for 30 degree slice it was equal to 

17.2±0.7·kBT and 16±4·kBT, for 45 degree slice - 16.6±0.6·kBT and 15.5±4.3·kBT and for 90 degree slice - 17.7±0.7·kBT and 

17±4·kBT. In each case first result from average-based approach is presented followed by statistical approach. Only in case of 60 

degree angle slice result was slightly different - 13.9±0.5·kBT and 14.3±3.4·kBT. Despite this single discrepancy, it can be 

concluded that determination of fluctuation spectra from cross section is accurate. 

  

 
Figure S9. Liposomes used for contour determination in (a) 0 (b) 45 and (c) 90 degree cross-sections. Images were rendered using 

Blender software. 

4. Planar bilayer MD simulations details and mechanical parameters determination  

Mechanical parameters for investigated lipids were also determined in planar lipid bilayer configuration. All full-atomic 

simulations  were  performed  with  the  NAMD
1
 software and united-atom CHARMM36 force field

2
 under NPT conditions. 

Specifically, planar lipid bilayers were generated using CHARMM-GUI membrane builder, which was followed with hydrogen 

removal to reflect united-atom force field. Each investigated bilayer consisted of 648 lipids (324 for each leaflet). For HSPC 

system the bilayer consisted of 574 DSPC molecules and 74 DPPC molecules. Other options were the same as in vesicle system 

simulations. Planar bilayer simulations were run for at least 100 ns. Last 50 ns were used for mechanical parameter determination. 

To determine mechanical parameters (focusing on bending rigidity coefficient, but also tilt modulus) a real-space fluctuation 

(RSF) method was used
6
. Specifically, a probability distribution for both tilt and splay is determined for all lipids over all 

analyzed time steps. Tilt θ is defined as an angle between the lipid director (vector between lipid head – midpoint between C2 and 

P atoms – and lipid tail – midpoint between last carbon atoms) and bilayer normal. Lipid splay Sr is defined as divergence of an 

angle formed by the directors of neighboring lipids providing that they are weakly correlated. The method, along with equations 

and calculations, is thoroughly described in given references. APL in planar bilayer simulation is simply determined by dividing 

box area over number of lipids, which is followed by averaging over analyzed time steps. In table 1 obtained parameters are 

presented. In figures S10-S14 obtained probabilities P(θ) and P(Sr) along with model fit to the potential of mean force (PMF) for 

each bilayers are presented. Area compressibility is determined using same algorithm as for vesicle systems
7
.  

Table S1. Mechanical parameter determination from planar lipid bilayer simulations using RSF method. 

Lipid type APL [Å
2
] κ [J] κt [J] KA [N/m] 

POPC 62.4 ± 0.6 (10.8 ± 0.3) × 10−20 (2.80 ± 0.04) × 10−20 0.18 

DMPC 59.4 ± 0.5 (11.7 ± 0.4) × 10−20 (2.69 ± 0.06) × 10−20 0.30 

DPPC 51.3 ± 0.5 (23 ± 1) × 10−20 (3.8 ± 0.3) × 10−20 0,55 

DSPC 49.2 ± 0.4 (19.9 ± 1.1) × 10−20 (5.3 ± 0.1) × 10−20 0.88 

HSPC 49.6 ± 0.2 (23.2 ± 1.8) × 10−20 (5.61 ± 0.32) × 10−20 0.48 

APL, Area per lipid; κ, bending rigidity coefficient; κt, thermodynamic tilt modulus; KA, area compressibility;  



 

Development of methods for determination of mechanical parameters of lipid membranes Page 83 

 
Figure S10. Visualization of the fitting procedure used for the determination of the tilt and splay moduli on example of POPC 

bilayer. Both probability distributions and PMFs of tilt angle θ and lipid splay S are presented. A quadratic function is fitted to 

PMF in range of [μ-σ, μ+σ] to obtain either tilt of bending moduli in low tilt/splay region. Values of tilt and splay modulus in 

function of fold kBT are also included. 

 

 
Figure S11. Visualization of the fitting procedure used for the determination of the tilt and splay moduli on example of DMPC 

bilayer. Both probability distributions and PMFs of tilt angle θ and lipid splay S are presented. A quadratic function is fitted to 

PMF in range of [μ-σ, μ+σ] to obtain either tilt of bending moduli in low tilt/splay region. Values of tilt and splay modulus in 

function of fold kBT are also included. 
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Figure S12. Visualization of the fitting procedure used for the determination of the tilt and splay moduli on example of DPPC 

bilayer. Both probability distributions and PMFs of tilt angle θ and lipid splay S are presented. A quadratic function is fitted to 

PMF in range of [μ-σ, μ+σ] to obtain either tilt of bending moduli in low tilt/splay region. Values of tilt and splay modulus in 

function of fold kBT are also included. 

 

 
Figure S13. Visualization of the fitting procedure used for the determination of the tilt and splay moduli on example of DSPC 

bilayer. Both probability distributions and PMFs of tilt angle θ and lipid splay S are presented. A quadratic function is fitted to 

PMF in range of [μ-σ, μ+σ] to obtain either tilt of bending moduli in low tilt/splay region. Values of tilt and splay modulus in 

function of fold kBT are also included. 
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Figure S14. Visualization of the fitting procedure used for the determination of the tilt and splay moduli on example of HSPC 

bilayer. Both probability distributions and PMFs of tilt angle θ and lipid splay S are presented. A quadratic function is fitted to 

PMF in range of [μ-σ, μ+σ] to obtain either tilt of bending moduli in low tilt/splay region. Values of tilt and splay modulus in 

function of fold kBT for individual lipid types are also included, as well as final parameters calculated according to 

phenomenological dependency established to heterogeneous bilayers. 

 

5. Flicker-noise detailed results 

Presented in main paper bending rigidity coefficients determined in flicker noise spectroscopy were averaged values. They are 

averaged over at least 10 individual vesicles. However average value do not fully show the diversity of individual measurements. 

To this end the values of bending rigidity coefficient for individual vesicles as well as their average values are presented in this 

paragraph (Figures S15-18). They are presented for both average-based approach and statistical one. Furthermore image of 

vesicles are shown to further emphasize the difference in their shape, which is stated in main paper. 

 
Figure S15. (A) Image of DMPC vesicle and (B) bending rigid coefficient values for individual measurements. 
 

 
Figure S16. (A) Image of DPPC vesicle and (B) bending rigid coefficient values for individual measurements. 
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Figure S17. (A) Image of DSPC vesicle and (B) bending rigid coefficient values for individual measurements. 
 

 
Figure S18. (A) Image of HSPC vesicle and (B) bending rigid coefficient values for individual measurements. 
 

6. Time-stability of solid-ordered vesicles shapes 

Vesicles created from lipids with Tm higher than room temperature exhibited oddly-rectangular shape rather than typical 

quasi-spherical one. This was more visible the higher was the Tm of lipid – namely observed ‘bilayer wrinkles’ were common 

view in DSPC, DPPC and HSPC, while they were less visible in DMPC. In this section time stability of this peculiar bilayer shape 

are shown. As one can see in Figures S9 and S10, visible ‘wrinkles’ can be seen stable for over a minute. Furthermore, the 

changes in the vesicle shape is mostly due to rotation of vesicle rather than change of individual wrinkles. 
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Figure S19. Time evolution of selected DPPC vesicle shape. 

 



 

Development of methods for determination of mechanical parameters of lipid membranes Page 88 

 
Figure S20. Time evolution of selected HSPC vesicle shape. 
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