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ABSTRACT 

Lipid droplets (LDs) are the main fat storage organelles of the cell that originates from the 

endoplasmic reticulum (ER) membrane. They are composed of a neutral lipid core surrounded by 

a phospholipid monolayer that is decorated by proteins. These proteins have an important role 

in regulating lipid storage and consumption, which is directly the source of several metabolic 

diseases like obesity. A key question about these proteins is, how they are partitioning between 

a phospholipid bilayer and LD monolayer membranes. To address this question, a free-standing 

bilayer with a physiologically relevant composition is produced in a 3D microfluidic device. 

Afterward, the artificially formed LDs with and without proteins are introduced to the device and 

waited until they are inserted into the bilayer and equilibrated. The 3D geometries of LDs and 

the distribution of proteins in the monolayer and bilayer are explored as a function of bilayer 

composition. For the protein UBXD871-132 with a hydrophobic domain, it has been found that the 

accumulation of proteins on the LD monolayer induced an asymmetric bulged lipid droplet. The 

protein ADRP, which has an affinity to surfaces of LDs, enriched non-homogenously all over the 

LD’s surface and displayed a pancake shape, however, the hairpin-like peptides Cav11-17 are freely 

diffused through the LD core which resulted in a symmetric shape. Fluorescence recovery after 

the photobleaching (FRAP) technique is applied and the following insights about the dynamics of 

proteins and phospholipids are obtained. The existence of a phospholipid diffusion barrier at the 

interface of the bilayer and monolayer is observed and rationalized by coarse-grained molecular 

dynamic simulations by revealing the lipid-specific density distributions along the pore rim. The 

dynamics of the proteins and phospholipids show that in presence of hairpin-like proteins in the 

system, the lipid diffusion barrier is weakened. However, when there are ADRP proteins on the 

lipid droplet, the lipid diffusion barrier is destroyed which means that the transport of lipid 

molecules is facilitated. Further studies with Cav11-17 peptide have demonstrated that the 

partitioning of the proteins is regulated by the lipid bilayer packing. Hence, hairpin-like proteins 

are partitioned more on the lipid droplet when there are more defects in the bilayer. The results 

about the dynamics of proteins and phospholipids, and the effect of lipid packing give new insight 

into the possible mechanisms controlling the partitioning of proteins.  
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ZUSAMMENFASSUNG 

Lipidtröpfchen (LDs) sind die wichtigsten Fettspeicherorganellen der Zelle, die aus der Membran 

des endoplasmatischen Retikulums (ER) stammen. Sie bestehen aus einem neutralen Lipidkern, 

der von einer Phospholipid-Monoschicht umgeben ist, die mit Proteinen verziert ist. Diese 

Proteine spielen eine wichtige Rolle bei der Regulierung der Speicherung und des Verbrauchs von 

Lipiden, die direkt die Quelle mehrerer Stoffwechselerkrankungen wie Fettleibigkeit sind. Eine 

Schlüsselfrage zu diesen Proteinen ist, wie sie sich zwischen einer Phospholipid-Doppelschicht 

und LD-Monoschicht-Membranen aufteilen. Um diese Frage zu beantworten, wird eine 

freistehende Doppelschicht mit einer physiologisch relevanten Zusammensetzung in einem 3D-

Mikrofluidikgerät hergestellt. Danach werden die künstlich gebildeten LDs mit und ohne Proteine 

in das Gerät eingeführt und gewartet, bis sie in die Doppelschicht eingefügt und äquilibriert sind. 

Die 3D-Geometrien von LDs und die Verteilung von Proteinen in der Monoschicht und 

Doppelschicht werden als Funktion der Doppelschichtzusammensetzung untersucht. Für das 

Protein UBXD871-132 mit einer hydrophoben Domäne wurde festgestellt, dass die Akkumulation 

von Proteinen auf der LD-Monoschicht ein asymmetrisch gewölbtes Lipidtröpfchen induzierte. 

Das Protein ADRP, das eine Affinität zu Oberflächen von LDs hat, reicherte sich inhomogen über 

die gesamte Oberfläche der LD an und zeigte eine Pfannkuchenform, jedoch diffundieren die 

haarnadelartigen Peptide Cav11-17 frei durch den LD-Kern, was zu einer Symmetrie führte 

gestalten. Die Fluoreszenzwiederherstellung nach Anwendung der Photobleichtechnik (FRAP) 

und die folgenden Erkenntnisse über die Dynamik von Proteinen und Phospholipiden werden 

erhalten. Die Existenz einer Phospholipid-Diffusionsbarriere an der Grenzfläche von 

Doppelschicht und Monoschicht wird beobachtet und durch grobkörnige molekulardynamische 

Simulationen erklärt, indem die lipidspezifischen Dichteverteilungen entlang des Porenrandes 

aufgedeckt werden. Die Dynamik der Proteine und Phospholipide zeigt, dass in Anwesenheit von 

Haarnadel-ähnlichen Proteinen im System die Lipid-Diffusionsbarriere geschwächt wird. Wenn 

sich jedoch ADRP-Proteine auf dem Lipidtröpfchen befinden, wird die Lipiddiffusionsbarriere 

zerstört, was bedeutet, dass der Transport von Lipidmolekülen erleichtert wird. Weitere Studien 

mit dem Peptid Cav11-17 haben gezeigt, dass die Partitionierung der Proteine durch die 

Lipiddoppelschichtpackung reguliert wird. Daher werden Haarnadel-ähnliche Proteine mehr auf 

dem Lipidtröpfchen verteilt, wenn mehr Defekte in der Doppelschicht vorhanden sind. Die 

Ergebnisse über die Dynamik von Proteinen und Phospholipiden und den Effekt der Lipidpackung 

geben neue Einblicke in die möglichen Mechanismen, die die Partitionierung von Proteinen 

steuern. 
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1 INTRODUCTION 

Cells are the building blocks of living organisms. The observation of the first cell is dated to the 

17th century by Robert Hooke by his simple microscopy technique of reflecting the light by using 

three different lenses and stage light. With the development of microscopy techniques over the 

centuries, it has been realized that cells are complex systems, which are constituted by organelles 

and nanometer-size structures including membranes, lipid droplets, or vesicles which consist of 

lipids and proteins. One main responsibility of the lipids is to store the energy in form of “lipid 

droplets,” which originate after the accumulation of neutral lipids in the Endoplasmic reticulum 

membrane, where the membrane lipids and proteins are synthesized. Disproportionate lipid 

storage is the source of several metabolic diseases such as obesity and diabetes [1]. As many 

proteins take part in the correct functioning of lipid droplets (LDs), the questions about how the 

proteins target lipid droplets and how they relocate between the bilayer and lipid droplets 

become important. The remaining questions about the protein movement between the bilayer 

and the lipid droplet, so-called partitioning, caught our attention to mimic each component in a 

model membrane platform.  

The very first platforms to create an artificial bilayer were black lipid membranes (BLMs) and 

supported lipid bilayer membranes which brought some limitations such as low diffusivity of the 

membrane components due to underlying substrate or low stability [2]. To overcome these 

limitations, an alternative method was created via the fusion of the two free-standing lipid 

monolayers to create a bilayer [3]. The fluidity of the bilayer components could be mimicked 

closer to a physiological situation with a fluidity similar to a cell membrane without any undesired 

boundary effects from the solid support.  If the bilayer is formed in a 3D microfluidic device, a full 

view of the bilayer area in all directions can be achieved [4]–[6]. The electrophysiological 

measurements (patch-clamp) can be performed on these bilayers, while the device allows 

contacting the sample by electrodes.  

In this thesis, a 3D microfluidic system has been created for the studies of bilayers, lipid droplets, 

and protein interactions. The model system enables obtaining a free-standing bilayer in a fluid 

state like an ER membrane with a composition that can be freely adjusted. The artificial LDs were 

inserted into the bilayer and their shape differences were observed. The role of different bilayer 

compositions on the geometry of lipid droplets was explained by wetting theory. By using LD-

associated proteins (UBXD871-132, Cav11-17, ADRP), the obtained results reveal that the lipid 

droplet symmetry and partitioning of the proteins between the LD and the bilayer could be 

crucially related to the protein type as well as the bilayer packing. 
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2 OVERVIEW AND CONNECTIVITY 

The purpose of this thesis is to present a new perspective to study lipid droplets and associated 

proteins to extend the current knowledge about protein partitioning from a biophysical point of 

view. The main motivation to build up a simple microfluidic system was to create a stable free-

standing bilayer to study membrane components such as phospholipids, lipid droplets, proteins, 

or ion channels. For analyzing the components of the bilayer, this platform should also be 

compatible with 3D fluorescence imaging. Considering these, a 3D microfluidic device was 

developed to create a horizontal bilayer to investigate each component with a full area view of 

the bilayer with the desired composition. The bilayer was formed via the fusion of two 

monolayers by trapping the oil and lipid mixture between two buffer phases, and the formation 

was demonstrated by two techniques. The patch-clamp technique was used to prove the bilayer 

thickness is similar to the thickness of a biological membrane, which should be around 3-5 nm 

when the formation is completed. As the membrane structure is in a fluid state in cells, the 

Fluorescence Recovery After Photobleaching (FRAP) technique was used to show the fluidity of 

the bilayer is similar to the fluidity of an ER membrane.  To evaluate the functionality of 3D 

fluorescence imaging, the first study aimed to image the bilayer in the case of silicon oil inclusion. 

In the publication by Tawfik et al. in Frontiers in Cell & Developmental Biology 2020, the increased 

intensity of the silicon oil between two leaflets of the bilayer due to increasing silicon oil 

concentration in the bilayer could be measured precisely in all directions [7], which proved that 

the microfluidic device serves as a useful tool for 3D imaging of the bilayer with the desired 

composition. 

Therefore, the artificial lipid droplets were inserted into the lipid bilayer in the desired 

composition to study their properties as shown in the publication by Puza et al. Small 2022 [6]. 

Insertion angles of lipid droplets were investigated by 3D imaging. By applying the equilibrium 

wetting theory, it has been found that the reduction of insertion angle is driven by the increased 

bilayer tension which has been tuned by changing the membrane composition. The symmetry of 

the lipid droplets was broken when the UBXD871-132 hairpin protein was accumulated only on the 

lipid droplet monolayer. Finally, the FRAP measurements revealed a significant diminishment of 

phospholipid transfer at the LD monolayer-bilayer interface and it exhibits that there is a diffusion 

barrier at the LD rim which is confirmed by MD Simulations.  

In the continuation of this study, a hairpin-like peptide Cav11-17 was studied to follow the 

partitioning by tuning the PE amount and the packing of the bilayer. Cav1 protein presents a 

dynamic partitioning by freely diffusing between the ER membrane and LD monolayer 

surrounding. For simplicity, the Cav11-17 peptide with a hairpin-like structure is selected as a 

model peptide to study the controlling mechanisms for protein partitioning. Proteo-LDs 

consisting of Cav11-17 were introduced to the system after the bilayer formation. In addition to 
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biologically relevant lipid combinations (DOPC/DOPE, POPC/POPE), some other high-packing 

characteristic lipid combinations (DPhPC/DPhPE) were studied that allowed to test of different 

lipid packing characteristics. Increased packing defects in the bilayer related to the increased 

amount of PE caused a high preference for the LD monolayer compared to the bilayer. In the case 

of fewer packing defects in the bilayer, the hairpin-like peptides distribute uniformly. The results 

of mobility measurements have shown that the proteins and phospholipids are moving freely in 

the bilayer and nearly freely at the bilayer-LD monolayer interface. Although, the phospholipid 

diffusion barrier still exists but does not strong enough to block the partitioning of the proteins. 

This provides strong proof that partitioning is mainly controlled by bilayer packing.  

The experiments have been performed by ADRP protein which is known to be associated with 

the surfaces of LDs as shown in the publication by Puza et al. International Journal of Molecular 

Sciences 2023 [8]. After Proteo-LDs consisting of ADRP proteins were inserted into the bilayer, it 

has been observed that the non-homogeneous distribution of the ADRP protein caused the 

bilayer-embedded LDs to take a pancake shape which corresponds to an equilibrium wetting 

theory. The shape could be controlled by increasing the bilayer tension by increasing cholesterol 

concentration, which results in the increment of the insertion angle. The measurements of 

diffusion properties have shown that the ADRP molecules can diffuse freely on the LD surface as 

expected. Moreover, the ADRP proteins enable the transport of lipids and proteins along the LD 

rim by destroying the hypothesized phospholipid ring.    

This thesis is sectioned into four main chapters as follows: 

 In the chapter “Background and State of Art” membrane phospholipids, their 

organization, lipid droplets, and associated proteins are explained in the scope of the 

thesis. A brief overview is given about the insertion and trafficking ways of proteins, and 

the studies in artificial bilayer systems. 

 The chapter “Materials and Methods” introduce the methods applied in the experiments, 

instruments, and materials used. 

 The chapter “Results and Discussion” focuses on the results of the lipid droplet studies 

on the model membrane and summarizes the key findings. 

 In the “Conclusion and Outlook” chapter, the results are summarized and presented as a 

guide for future research. 
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3 BACKGROUND AND STATE OF THE ART 

Structures of cell and organelle membranes are important to ensure a protected interior by 

controlling the exchange of molecules through the membrane. The main components 

responsible to organize the structure of the membranes are phospholipids and proteins, and the 

distribution and interaction of these molecules determine the physical properties. In this chapter, 

a general introduction to the organization of phospholipids in cellular membranes and some of 

their key features such as fluidity and packing due to this dynamic organization will be 

introduced. The origination of lipid droplets from the lipid bilayer will be explained by defining 

the equilibrium shape of the droplets to demonstrate the insertion of synthetic lipid droplets into 

the bilayer. The factors taking a role in the partitioning of proteins between the lipid bilayer and 

lipid droplets are aiming to be clarified, and an overview about the proteins used in this thesis is 

given. As many model systems are used to mimic the lipid droplets in the bilayers for years, some 

examples of these systems from the literature will be given for the further understanding of the 

microfluidic system used in this thesis to study the proteins partitioning on the lipid droplet 

inserted bilayers.  

 

3.1 MEMBRANE PHOSPHOLIPIDS 

One of the theories regarding the origin of life can be expressed as the “membrane-first” 

hypothesis. To ensure a proper life, the prior condition is to create a safe environment for each 

organelle in the cell, which is formed by membranes [9]. Membranes are everywhere in cellular 

systems to determine the boundaries between cells by separating each organelle from the 

interior. They are highly selective and semi-permeable gatekeepers, which are crucial for osmotic 

and electrical gradients for activities like neuron signal transduction and bioenergetics [10]. 

Further for all cells and organelles, membranes control the exchange of the type and number of 

substances that come in and go out. For instance, while small hydrophobic molecules like oxygen 

can cross a cell membrane easily, polar molecules like water and ethanol can pass in a slower 

way, whereas highly charged molecules such as ions diminish diffusion in the membrane. The cell 

membrane was first described as a continuum fluid-mosaic model by Singer and Nicolson in 1972. 

It is defined as a combination of lipids, cholesterol, and proteins, where proteins are partially or 

fully embedded in the lipid bilayer (Figure 1) [11], [12].  
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Figure 1 Schematic structure of a cell membrane with membrane proteins. Reproduced by 

permission of publisher [13]. 

 

In eukaryotic organisms, there are four major classes of lipids: glycerophospholipids, 

sphingolipids, glycerol glycolipids, and sterols. A typical cell uses 5% of its genes to synthesize 

thousands of these lipids to fulfill the specific functions of the cellular processes [18]. ER-localized 

enzymes take the role to synthesize the majority of these cell membrane phospholipids and 

cholesterol as well as triacylglycerol and cholesteryl esters. Lipids as well as proteins, are found 

in different quantities in the two leaflets of the biological membrane, and the lipid composition 

of each organelle membrane differs as shown in Figure 2. While the plasma membrane contains 

prominent levels of saturated lipids, cholesterol, and negatively charged lipids, the endoplasmic 

reticulum (ER) membrane is described by the high amount of monounsaturated acyl chains, a low 

amount of charged lipids, sterols, and complex sphingomyelins. For a yeast cell, the most 

significant lipids are PC and PE, which are forming in total around 90% of the membrane, whereas 

the rest are various kinds of lipids such as PI and PS [14].  

The three main functions of the phospholipids should be categorized briefly to understand lipids’ 

main roles. Firstly, lipids are serving as the energy storage organelles in the form of “lipid 

droplets” by storing the triacylglycerols and sterol esters in their cores. Before biogenesis, they 

are the neutral lipid accumulations in the ER membrane, which are serving as sufficient reservoirs 

to provide energy to the cell when needed for cellular processes. The second role of the lipids is 

to form the cellular membranes by self-organization which is necessary to create physical 

boundaries between the internal components of the cell and the external environment. This 

selective barrier is also crucial for the processes like budding, fission, fusion, cell division, and 

intracellular membrane trafficking. Finally, the ion channels in membranes take the role of signal 

transduction and molecular recognition process by forming pores with transmembrane proteins. 

This is crucial to transmitting a message out of the membrane [14]–[17].  
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Figure 2 Lipid composition of different membranes in cell. The blue and light blue colors in 
graphs represent the mammalian and yeast cells, respectively. Reproduced by permission of 

publisher [14].  

 

The composition of the membrane is dynamically regulated by the self-organization of lipids and 

other components. The amphiphilic molecular structure of the phospholipids led them to be 

organized to form the membrane structure. The head of the phospholipid consists of a glycerol 

unit which is attached to the fatty acids which can be called the tail part. The attachment is done 

by the binding of the fatty acids to the first two carbons of the glycerol unit. However, the 

common synthetic phospholipids are produced by further esterification of the phosphate group 

with an alcohol, such as choline, ethanolamine, serine, glycerol, or inositol for research studies. 

The resulting lipids can be listed as phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), phosphatidylglycerol (PG) and phosphatidylinositol (PI). These lipids are 

either charged (like PS, PI, and PG) or dipolar (like PC and PE). A phospholipid molecule is identical 

to a triglyceride up to the phosphoric acid unit. These chemical properties of phospholipids lead 

to an association between the hydrophobic tails by the means of dispersion forces where the 

organization is entropically driven by water. The hydrophilic head of the lipid immerses in water, 

and the rest which is the hydrophobic tail, therefore immerses in nonpolar substances. As the 

hydrophilic heads tend to cooperate with each other, they orient through the aqueous 

environment, and the hydrophobic tails orient simultaneously in the opposite direction. This 
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dynamic organization ends up with a two-dimensional liquid system which is called a “bilayer.” 

As the hydrophobic tail is composed of some unsaturated fatty acids, so the components in the 

membrane are free to move, this feature helps to describe the membrane as fluid.  

Maintenance of a stable membrane asymmetry is assured by specific proteins called ATPases by 

facilitating the transport of phospholipids between the two leaflets with simultaneous energy 

[18]. Specific membrane transport proteins permanently embedded in the membrane take part 

in molecular recognition and transportation. These transmembrane proteins are embedded in 

the membrane as a single α-helix, multiple α-helices, or β-barrels [19]. They organize their 

domains by facing the cytosolic side towards the cytoplasm, and the exoplasmic domain towards 

the exterior domain, and by interacting with the hydrophobic membrane core with the 

membrane-spanning domain. So, these membrane proteins can interact both with hydrophilic 

and hydrophobic structures due to their amphipathic nature.  

The structures of lipids and proteins have an impact on the insertion of the proteins into the 

membrane. For example, a hydrophobic domain-containing protein prefers to be on the 

hydrophobic regions, and removal of these proteins from the membrane can be only done by 

detergents or non-polar solvents which results in damaging the membrane. Receptor proteins 

are another type of transmembrane protein and responsible to transmit information across the 

membrane. These proteins bind to the membrane by their extracellular domains when they 

recognize the specific ligands. By this, the conformation of the protein changes and carries the 

signal into the cell which is defined as the “signal transduction”. These receptors can be in the 

cytoplasm, nucleus, or membrane. The receptors that bind to cells are mainly categorized as 

ligand-gated ion channels, G-protein-coupled receptors, and receptor tyrosine kinases [20]. 

Contrary to transmembrane proteins, peripheral proteins attach to the membrane temporarily 

either from the cytosol or exterior domain without inserting into the membrane core due to their 

hydrophilic nature, while creating attachment sites for transmembrane proteins or openings for 

ion channels [21]. Peripheral proteins can be removed from the membrane by changing the salt 

levels or pH. Another class of proteins are lipid-anchored proteins. These proteins covalently bind 

to phospholipids from one leaflet without being fully embedded into the membrane. These 

anchors include phenyl groups, long-chain acyl, glycosyl-phosphatidylinositol (GPI), or 

cholesterol.  

 

 

3.2 LIPID PACKING DEFECTS 

The geometry of lipids in the membrane has a key role in biomolecular interactions, especially 

with various classes of proteins. Here, it is aimed to clarify the meaning of packing defects for 

further understanding of the influence of lipid packing on protein localization. The term “defects” 
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originates from the imperfections created by the different geometry of lipids in the membrane. 

The packing parameter determines the curvature and the shape of a membrane, which is 

originating from the different geometry of the molecules such as cone, truncated cone, inverted 

cone, or cylinder (Figure 3). The packing parameter (P) can be defined as: 

 

 
𝑃 =

𝑉

𝑎0𝐼𝑐
 

(1) 

Where 𝑉 and  𝐼𝑐 are the volume and length of the hydrophobic tail and 𝑎0 is the hydrophilic head 

cross-section area. Different geometrical structures formed by distinct critical packing shapes can 

be summarized as shown in Figure 3.  

 

 

Figure 3 Critical packing parameter due to the molecular shape and resulting self-assembly 
entities. Reproduced by permission of publisher [22]. 

Due to the packing parameter, the assorted sizes of polar head groups can be used for the 

comparison of various lipid arrangements in the membrane. When we consider the difference 

between DOPC and DOPE as an example, even in the case when they have the same fatty acid 

tails, their head groups are different (-choline and –ethanolamine). The polar head of 

phosphatidylethanolamine (PE) is smaller compared to phosphatidylcholine (PC), which creates 
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a difference in their geometry [23]. DOPC is considered geometrically as a cylinder where the 

shape of DOPE is more like a conical shape between a cylinder and a cone, which can be described 

as a truncated cone. A planar membrane composed of cylindrical shaped phospholipids like DOPC 

creates a well-packed planar membrane. The non-lamellar lipids which are the secondary lipid 

structures including hexagonal or cubic phases forms molecular structures due to their geometry. 

For example, if there are only DOPE phospholipids in the buffer, they create inverted hexagonal 

phase micelles due to the spontaneous organization. Therefore, the presence of non-lamellar 

lipids in the planar membrane creates void areas available for acyl chain tails, in the assembly of 

acyl-chain tails which are larger compared to their head groups. This effect causes the lipids to 

not tightly come together and creates less-packed regions in the bilayer called “packing defects.”  

Due to the interactions between lipid molecules, the bilayer owns a lateral pressure profile which 

is the distribution of lateral stresses across the width of the bilayer.  The net lateral pressure on 

a lipid bilayer is zero when that is not under tension. The truncated or inverted cone shapes of 

the non-lamellar lipids in the bilayer change the local curvatures, which alters both the head 

group spacing and the entropy of the hydrophobic chains. For the lipid molecules with an 

inverted cone shape, like PE, as a result of the negative membrane curvature and due to the non-

lamellar lateral pressure profile, the bilayer also becomes less stable. The stability and packing 

defects together influence pore formation and membrane fusion processes. This lipid geometry 

and the related bilayer curvature are key factors for the protein and peptide interactions in the 

bilayer. Numerous proteins and peptides are reported as being sensitive to the membrane 

curvature [24]–[28] with the effect of lipid composition as a factor for the partitioning [29], [30].  

Another factor affecting the packing of the bilayer is the saturation of acyl chains of phospholipid 

molecules. When we compare two phospholipids with the oleyl chain (C18:1) and palmitoyl chain 

(C16:1), the oleyl chain has a larger volume due to the double bond at the middle of the chain by 

inducing the “kink” structure at this point. The presence of unsaturated acyl-chain in a well-

packed membrane eventually causes packing defects. The binding preference of the specific 

proteins depends on their structure. For soluble proteins like amphipathic helix-containing 

proteins, increasing the lipid packing defects in a bilayer result in enrichment on the lipid droplet 

monolayer rather than the bilayer. For the hydrophobic domain-containing proteins such as β-

hairpins, this effect still exists, and they also barely relocated to the bilayer. This preference can 

change for the monotopic proteins depending on the amino acid composition or the presence of 

charged residues in their hydrophobic domain [31]. To summarize, the proteins recognize the 

phospholipid packing defects, neutral lipids, and surface charges. Due to the packing defects, the 

proteins can cluster more in the void areas of less-packed bilayers. This effect can be reduced by 

creating well-packed bilayers. 
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3.3 MOBILITY IN A MEMBRANE 

The absence of covalent linkages between the lipids and the protein in the membrane makes 

them freely move by conformational, rotational, or translational motions. These molecules are 

free to diffuse in the two-dimensional bilayer, and asymmetrically distributed within the 

membrane. Only some of the proteins are not free to diffuse due to their attachment to the 

cytoskeleton [32]. The membrane proteins are able to move laterally and rotationally in the 

membranes. The proteins diffuse laterally in the bilayer with a typical diffusivity between 10-3 

and 2 µm2/s [33]. Lateral diffusion of the integral and peripheral proteins takes a role in 

controlling the dynamics and functioning of the membrane as well as the motion of lipids. Lipids 

can transversally move between the two leaflets by enzymatic reactions which are called the 

“flip-flop”, which is catalyzed by enzymes called flippase, floppase, and scramblase, which takes 

the role of the bilayer to stay asymmetric. A lipid can also do the rotational movement on its axis 

while interacting with other neighbors in the bilayer laterally around one leaflet. The lateral 

motion of the lipids depends on their chemical structure, physical state, and lipid-protein and 

lipid-cholesterol ratios in the membrane. As the phospholipids in ER membrane are free to move, 

they are expected to be in a fluid state with a typical diffusivity of ≈10 µm2/s. Investigating the 

lateral motion of lipids and proteins provides information about the fluidity of the overall 

membrane which is one of the main characteristics that shows if the movement of the proteins 

are favorable within the membrane. 

Several continuum theories have been developed to describe the diffusion of lipids and proteins 

in the bilayer. Brownian motion is explained by Robert Brown (1827) as the particles suspended 

in a liquid or gas environment fluctuate randomly without any preferred direction. Due to this no 

preference for the direction of these particles, they separate evenly in the medium over time. If 

there is a concentration difference in the system, the particles move from the high concentration 

to the low concentration region, so-called “diffusion.” The diffusion is driven by Gibbs free 

energy, which is the maximum amount of work in a closed system when both the pressure and 

temperature are constant. The chemical potential of the molecules is defined as the partial molar 

Gibbs free energy, and the particles are moving from the higher to lower chemical potential to 

reduce this free energy. According to the kinetic theory of Boltzmann, the temperature of a 

substance is depending on the average kinetic energy of the molecules in it, which are vibrating 

or moving. This theory describes the motion of the particles as reversible in agreement with 

Newtonian mechanics. Due to the second law of thermodynamics, not all energy is transferred 

or transformed to work, but some of it is transformed into heat during the conversion, and many 

processes are irreversible. The kinetic theory and the second law of thermodynamics were 

combined and formulated by Einstein in 1905 [34]. Einstein’s quantitative theory of Brownian 

motion is described as:  
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 𝐷 = 𝜇 𝑘𝐵𝑇 (2) 

Here 𝐷 is the diffusion coefficient, 𝑘𝐵 is the Boltzmann’s constant, μ is the mobility of the particle 

and T is the absolute temperature, respectively. For the diffusion of spherical particles through a 

liquid which is dominated by laminar flow, Stokes-Einstein equation can be written as follows: 

 
𝐷 =

𝑘𝐵𝑇

6𝜋𝜂𝑟
 

(3) 

where r defines the radius of the particle and η is the dynamic viscosity of the liquid. The Stokes 

friction coefficient 𝑓 = 6𝜋𝜂𝑟, and the relation with the mobility of a particle can be defined as: 

 𝑓 = 1/𝜇 (4) 

The diffusion of a particle in the membrane is described in more detail by Saffman and Delbrück 

[35]. By this model, the classical Brownian motion is applied to a hydrodynamic model by the 

assumption of cylindrical particles, here the proteins, displaced freely in the membrane. The size 

of an object embedded in a membrane can be extracted from its translational diffusion 

coefficient. The model comprises an approximate solution for the translational motion of the 

inclusions in a membrane surrounded by a viscous fluid, and it was originally developed to explain 

the protein mobility in membranes, where the proteins are small compared to the characteristic 

length scale. Hence, this model is developed to predict the self-diffusion of small membrane-

spanning objects [36]. To study the motion of a wider range of molecules in the bilayer, another 

model is created to describe the diffusion which is called the “free volume model.” This model is 

based on the concept of redistribution of the molecules taking place in presence of open voids 

for diffusive displacement [37], [38], [39]–[41]. The free volume is 𝑣𝑓 = 𝑎′𝑣𝑚(𝑇 − 𝑇0), where a′ 

is the thermal expansion coefficient and 𝑣𝑚  is the mean molecular volume where the free 

volume does not exist anymore. This free volume model is the first to be used for long-range 

diffusion of lipids and proteins by measuring them with the Fluorescence Recovery After 

Photobleaching, so-called “FRAP” technique.  

 

3.4  LIPID DROPLET BIOGENESIS 

In this subchapter, the steps of lipid droplet formation from the ER membrane are introduced by 

including the roles of the proteins. Then the equilibrium shape of lipid droplets is explained 

biophysically by the three-phase wetting phenomenon. For this aim, a lipid droplet inside the 



13 
 

bilayer is demonstrated as an oil phase (neutral lipid) in between two water phases (ER lumen 

and cytosol) which results in the budding of the oil phase from the bilayer. 

 

3.4.1 Structure and Formation 

The major metabolic energy storage in cells is maintained by lipid droplets in the form of neutral 

lipids (i.e., triacylglycerols (TAGs) and sterol esters) which can be used for cellular processes if 

needed. The neutral lipid core is covered by a phospholipid monolayer which includes several 

integral and peripheral proteins (Class I and Class II proteins) [42]. Storing the lipids in an inert 

form and providing reservoirs of sterols, fatty acids, and phospholipids make the LDs important 

for cellular survival. Their role in energy metabolism also makes them crucial for cell homeostasis 

by maintaining stability in terms of energy maintenance. Lipid droplets are also establishing 

contact with other cellular organelles such as peroxisomes, mitochondria, and lysosomes.  

The typical formation of LDs from ER membrane follows three steps, including neutral lipid 

synthesis, lens formation, and budding (Figure 4). Firstly, the neutral lipids (triacylglycerols and 

sterols) are synthesized in between two leaflets of the ER membrane. This biosynthesis is an 

enzyme-catalyzed esterification of an activated fatty acid to diacylglycerol or a sterol. Even if the 

neutral lipids are dispersed in between the two monolayers at low concentrations, when the 

concentration increases up to a certain value (5-10 % mole), the accumulation of the neutral 

lipids results in an oil inclusion with a lens-like shape. This is due to the demixing and reduced 

interaction of neutral lipids with other components, such as proteins and lipids [43]. The 

membrane curvature before budding is induced by proteins (i.e., COPII) to transform from the 

lens-shape to the bulged shape which results in lipid droplet budding [44]–[46].  

The membrane phospholipid composition is determining the membrane tension. Minimizing the 

surface tension is crucial to come to the state of the formation of a bud. While molecules like 

diacylglycerol (DAG) and PE are disfavoring the budding due to their conical shape, contrarily 

molecules like lysophospholipids promote budding. The budding can occur in both directions, 

either towards the cytosol or ER lumen. The direction depends on the lipid/protein composition 

balance between two membrane monolayers. Although it generally occurs in the direction of the 

cytosol. Several proteins have roles in LD budding including fat storage induced transmembrane 

proteins (FIT1, FIT2), perilipin-1 (Pln1), Seipin with different molecular mechanisms, which are 

still being studied for further understanding. FIT (fat-storage-inducing transmembrane proteins) 

promotes LD budding by triggering the accumulation of neutral lipids between the two leaflets 

of the bilayer. In mammalians, the Pln1 (also known as Pet10) protein binds to LD in the process 

of biosynthesis. Seipin is another responsible protein of the LD formation, which promotes the 

accumulation of TG molecules that are crucial for the LD to reach the lens shape with a certain 

concentration before budding [47]. As a LD life cycle has an importance on both membrane 
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synthesis and cell biology, the molecular details of the biological processes need to be further 

investigated and understood as most of the fundamental questions about LD biology have not 

yet been solved [48], [49].  

The equilibrium shape of the lipid droplet in the membrane is also a result of the partitioning of 

the protein, as the shape can be determined by the localization of the protein whether on the 

lipid droplet surface or in the bilayer. In this thesis, one of the aims is to contribute the answer 

to the question of how this equilibrium shape of the lipid droplets changes in presence of 

different classes of proteins.  

 

 

Figure 4 Schematic demonstration of LD biogenesis steps. Reproduced by permission of 
publisher [43]. 

3.4.2 Equilibrium Shape of the Lipid Droplets 

The interface between the neutral lipid in two leaflets of the bilayer, cytosol, and the ER lumen 

has a high energy cost to be generated during budding. Therefore, phospholipids in cell 

membranes organize together with proteins to minimize energy while minimizing the contact 
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area between oil and water [49]–[51]. The shape of a LD in the membrane can be defined by the 

balance between surface tensions which are expected to play an important role for budding. 

For this aim, the stage of lipid droplet budding towards the cytosol can be defined as a three-

phase wetting phenomenon which will be explained by the difference in surface tensions. The 

origination of a lipid droplet starts with the spreading of the oil (triglycerides and sterol esters) 

between the cytoplasm and the ER lumen, which indicates the “wetting phase.” When this oil 

starts to have a lens-shape by the increased concentration of the neutral lipids between two 

leaflets of the bilayer,  a contact angle forms between the LD and the bilayer, where the 

“dewetting” process starts. The surface tensions acting on the neutral phase of the lipid droplet 

in the two leaflets of the bilayer are in equilibrium, where the balance between different surface 

tensions defines the budding angle by the Young equation, the bilayer tension 𝛤 = 2 γLB cos(θ)  

as shown in Figure 5 [50]. Here, γLB  is the surface tension of one of the monolayers which are 

forming the bilayer, 2𝜃 is the contact angle of the plateau border. Complete dewetting occurs 

when the lipid droplet completely forms and buds off from the bilayer. This formation can be 

defined as a spontaneous “emulsification” as the surface tension lowers and at the end 

approaches a value close to zero. For the physical characterization, the three phases are 

determined by interfacial tensions to achieve droplet budding. In the dewetting process of a lipid 

droplet, the three phases are defined by interfacial tensions as Γ   (tension between cytosol and 

ER lumen), 𝛾𝑈𝐿𝐷  (tension between the upper leaflet of the LD and cytosol) and 𝛾𝐿𝐿𝐷  (tension 

between the lower leaflet of the LD and ER lumen) (Figure 5), which create the angle at the end. 

For the ER membrane and monolayers, the surface tensions are expected to be in the order of 

𝛤 = 10−2𝑚𝑁/𝑚  and 𝛾𝑈𝐿𝐷 = 𝛾𝐿𝐿𝐷 = 0.1 − 1 𝑚𝑁/𝑚  [51], [52]. For the case of a symmetric 

droplet, the contact angle of the upper monolayer should be equal to the lower monolayer, 

where 𝛼𝑈 =  𝛼𝐿 = 𝛼. The contact angle can be defined by the surface tensions as follows:  

 

 
−𝑐𝑜𝑠𝛼 =

𝛾𝐿𝐿𝐷  
2− 𝛤  − 

2 𝛾𝑈𝐿𝐷 
2

2𝛤𝛾𝑈𝐿𝐷
 

(5) 

For the small values of  𝛼 (close to 0), the oil is still spreaded between the two phases and wetting 

remains. For the larger values, a spherical droplet is formed. In the partial wetting phase, the 

contact angle can be measured. 

The balance between contact angles (𝛼𝑈, 𝛼𝐿) of the droplet gives the main information about 

the symmetry of the lipid droplet. It is expected to have a symmetric shape when there are only 

the forces of two symmetric monolayers in the system. For the small contact angles, the LDs 

remain connected with the bilayer, and the proteins can still reach the LDs [53], [54], whereas 

for the larger contact angle on one leaflet, the budding can eventually occur. The proteins take a 
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role in LD formation and influence the contact angle by modulating the surface tensions as 

already reported in Section 3.2.1. The symmetry of a lens-shaped lipid droplet in the bilayer can 

be broken by the accumulation of proteins on only one side. When the membrane curvature is 

induced, the biogenesis of the lipid droplet occurs, which can be defined as direct emulsions in 

the cytoplasm. However, as lipid droplets are oil emulsions and are still metastable, they are still 

open for destabilization by coalescence or ripening in the long term [55]. In the case of LDs, 

phospholipids ensure stability in cooperation with the proteins decorated on the lipid droplet 

monolayer. Even if the lipid droplets are originating from the Endoplasmic Reticulum bilayer, the 

type of phospholipids in the LD monolayer differs from the bilayer where they originated from. 

Compared to the bilayer composition, lipid droplets have more phosphatidylcholine (PC) and free 

cholesterol. In addition to that, there is phosphatidylethanolamine (PE) and to some lesser extent 

phosphatidylinositol (PI) and lysophospholipids in the lipid droplet monolayer. PC is the key 

phospholipid with its cylindrical geometry which results in well-packed coverage at the surface 

area which lowers the surface tension and provides good stability.  

The stage of a droplet can be also described by the entering coefficient (𝐸) and the spreading 

coefficient (𝑆) by using the tensions, where 𝐸 = 𝛤 − 𝛾𝑈𝐿𝐷 −  𝛾𝐿𝐿𝐷 and  𝑆 = 𝛤 + 𝛾𝑈𝐿𝐷 −  𝛾𝐿𝐿𝐷. 

Here, the entering coefficient (𝐸) predicts whether the droplet will be in the membrane or remain 

submerged in the water phase, where the spreading coefficient (𝑆) can indicate the spreading 

tendency. The droplet stays in the membrane when 𝐸 > 0,  and either forms a lens shape or 

spread along the bilayer. Entering and spreading coefficients together predicts whether the 

neutral lipid will stay in the bilayer (𝑆 > 0), or will be in the state of forming a lens-shape (𝑆 <

0 < 𝐸), or will become a nascent LD via budding (𝐸 < 0) based on the balance of tensions in the 

system (Figure 5) [52], [56].  
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Figure 5 Schematic representation of contact angles for (A) bilayer (B) all stages of the 
formation of a lipid droplet considering the wetting theory. 

 

3.5 LIPID DROPLET ASSOCIATED PROTEINS  

Lipid droplet-associated proteins are classified as Class I and Class II proteins according to the 

different pathways they follow to insert into the lipid droplets. The insertion takes place either 

directly from the cytosol or by diffusing from the bilayer through the LD monolayer depending 

on the functional parts of the proteins. In this chapter, the insertion and trafficking of lipid droplet 

associated proteins, effect of lipid packing on the localization of these proteins and several 

microfluidic model systems developed over years to understand the regulation phenomenon of 

LD-associated proteins will be introduced.  

 

3.5.1 Insertion and Trafficking  

Lipid droplet-associated proteins diversify between cell types, and the lipid droplet proteome 

consists of 100-150 proteins in mammalian cells [43]. Proteins can access the LD surface in two 

different pathways: through hydrophobic domains (Class I proteins) or through amphipathic 

helices (Class II proteins) [57]. Class I proteins are the proteins which localize both in the ER and 

in the LD and can also be found in ER in absence of LD. Class I proteins are typically attached to 

the membranes by hydrophobic sequences often with a hydrophobic ‘hairpin’ motif and 
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accommodate both the ER membrane and LD surface. The hairpins with hydrophobic domains 

first insert into the ER membrane, and then freely diffuse from the membrane through the 

surface of the lipid droplets via membrane bridges. For the proteins translocate from ER to LDs 

via membrane bridges, it might be expected that these proteins would equilibrate between ER 

and LD surface, but for many proteins, such as GPAT4, they excessively accumulate on LD surfaces 

compared to ER [58]. Hence, even if the membrane bridges provide the path for proteins, the 

mechanism led to the accumulation of proteins on lipid droplets are still unknown [59]. The 

insertion of the proteins happens via the insertion of the hydrophobic hairpins/helices into the 

membrane that finally get a V-shape with its ends (N- and C- termini) facing through cytosol which 

is shown in Figure 6. Several examples of proteins with hairpins can be classified as ACSL3, GPAT4, 

AUP1 and UBX domain-containing protein 8 (UBXD8), and Caveolin-1 [60]. Class II proteins bind 

straight to the LD surface without diffusing in the bilayer, which shows a different behavior than 

Class I proteins. Class II proteins either bind through amphipathic α-helices, or some of them use 

both amphipathic and hydrophobic helices for binding. When these proteins bind with 

amphipathic helices, the hydrophobic part is embedded in the LD monolayer and the hydrophilic 

part positions through the polar head groups of the lipids (Figure 6). Some examples of Class II 

proteins can be classified as Perilipins, CCTα, and Cidea.  

 

 

Figure 6 Schematic representation of the insertion of Class I and Class II proteins shows that 
Class I proteins bind LD monolayer through the bilayer, and Class II proteins bind to the surface 

directly from cytosol. Reproduced by permission of publisher [58]. 
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There are two main hypotheses for the dynamic localization of the proteins. The first way 

includes the diffusion of these proteins in the outer leaflet of the bilayer and transferring the 

proteins to the lipid droplet monolayer during the LD formation [61]. Another proposed way is 

the trafficking from ER to mature LDs through membrane bridges, which is combining two 

organelles [54]. As the Class I proteins first bind to ER, this binding can follow two pathways: the 

signal recognition particle (SRP) pathway and the guided entry of tail-anchored proteins (GET) 

pathway. The proteins, which are inserted via the SRP pathway contain N-terminal sequences or 

transmembrane domains. The insertion of the hydrophobic integral, bitopic or polytopic proteins 

takes place co-translationally via the protein conducting channels such as Sec61 channel which 

mediates protein translocation across the ER membrane by forming pores in the membrane for 

the passage of soluble domains through the hydrophobic part of the membrane. Besides, they 

can assist the lateral integration of hydrophobic membrane-spanning segments [62]. On the 

contrary, the proteins which have C-terminal transmembrane domains follow the GET pathways 

for post-translational insertion due to their tailor-anchored (TA) topology.  

One main factor for the proteins to specifically target the lipid droplet monolayers is their 

content. Proteins insert into the surface monolayer lipids and further embed into the 

hydrophobic core of the bilayer embedded lipid droplet if their hydrophobic residues allowing 

them to, whereas the proteins with hydrophilic regions cannot insert into the core, which is 

energetically unfavorable. The proteins select a conformational organization for binding by 

minimizing the energy at the bilayer interface, which is possible by decreasing overall stress. The 

binding site preference of each protein class originates from the difference between the 

interaction-free energy of the bilayer and the monolayer. Even if the lipid droplets are the 

continuation of the bilayer, lipid droplets have much higher surface tensions due to the thickness 

of the neutral lipid accumulation, which is more than the thickness of the hydrophobic core of 

the bilayer. Compared to the hydrophobic thickness of a bilayer (3-4 nanometers), the thickness 

of the lipid droplet is infinitive (a few micrometers). This hydrophobic domain creates a greater 

surface for the binding of proteins with hydrophobic domains. The proteins including AUP1, 

GPAT4, AAM-B, UBDX8 and Caveolin-1 specifically bind to the ER membrane from the cytoplasm 

via their hairpin domains before localization towards LDs.  

 

 

3.5.2 Overview of the Studied Proteins 

Related to the fact that hairpin proteins are primarily localized in ER, it is still a question of how 

the partitioning between ER and LD is organized. To answer this question, protein-protein 

combinations by various amino acid residues were studied in the literature [62]–[65]. Despite the 
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well-characterized pathways, the insertion machinery of hairpin proteins can also show unique 

set of biophysical features [57]. In the following section, the features and known partitioning 

pathways of proteins studied in this thesis will be briefly introduced to contribute the 

understanding of controlling mechanisms of protein partitioning. 

 

Protein UBXD8 

UBXD-domain-containing proteins are mainly ubiquitin-regulatory proteins [66], and the 

molecular mechanism of the partition between ER and LD membranes of these proteins is still 

unknown. UBXD8 is a fusion protein that is known as a Class I intrinsic membrane protein, and it 

firstly localizes in the ER membrane via binding with hairpin domains. Both NH2 and COOH 

terminus of UBXD8 protein orient towards the cytoplasm and forms a hairpin loop in the 

membrane by insertion via its membrane domain (amino acid 90-118) which is a typical insertion 

of hairpin proteins into the membrane (Figure 7). This binding is actualized specifically to the 

cytoplasmic leaflet of the ER membrane prior to the localization towards LDs. UBXD2 protein 

organizes the ER-associated protein degradation (ERAD) machinery, and it can dynamically 

localize to ER and LDs. In the case of defects in the UBXD2 protein, the UBXD8 protein functions 

in the conservation of lipid homeostasis by complementing the defect [67]. 

 

Figure 7 Schematic description of proposed membrane topology of UBXD8. Reproduced by 

permission of publisher [68]. 

 

UBXD8 is studied in literature to investigate the underlying mechanism of the insertion and 

dynamics of the hairpin proteins [68]–[71]. A study done by Schrul et al.,2016  [72] shows that 

the partitioning of UBXD8 proteins requires a peroxisomal biogenesis factor. It is reported that 

hairpin domain-specific binding partners like PEX19 and BAG6 have a role in targeting UBXD8 to 

ER membranes [72]. The insertion pathway of UBXD8 protein into the ER is affected by the 

interrupted interaction of the PEX19-PEX13 pathway independent of all other pathways such as 

SRP and GET. While in the case of this uninterrupted interaction, UBXD8 inserts into the ER 

membrane but when there is interrupted interaction it inserts into the mitochondria [72]. So far, 

UBXD8 is the only LD protein that employs the PEX19-PEX3 pathway for the insertion (Figure 8). 
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Figure 8 Schematic description of SRP-mediated targeting (left) for most bitopic or polytopic 
membrane proteins and PEX-19 mediated targeting (right) for UBXD8 proteins. Reproduced by 

permission of publisher [62]. 

 

The peroxisomal proteins and LD-hairpin proteins are associated and coupled to balance lipid 

storage/consumption together with ER, which questions the role of UBXD8 protein on neutral 

lipid storage. The study by Wang et al.,2012 addresses that the UBXD8 might has an impact on 

the conversion of diacylglycerols (DAGs) to triacylglycerols (TAGs), [67] by inhibiting the synthesis 

of TAGs. Another interaction of UBDX8 proteins is with valosin-containing proteins (belonging to 

the AAA ATPase family of proteins) for the removal of UBXD8 from ER membrane [70], [67], [69]. 

In the cell, UBXD8-p97 and associated proteins prefer to be in the droplets. Other class I proteins 

such as ALDI, AAM-B and Cyb5r3, which are targeting both ER and LDs, have N-terminal 

hydrophobic sequences rather than hairpins, and the structure of these domains is likewise not 

known [58].  

 

Protein Caveolin-1 

The caveolin family proteins were first identified as curvature-inducing monotopic proteins in the 

plasma membrane [73]–[75]. The caveolin protein family has three members: caveolin-1, 

caveolin-2, and caveolin-3 which are mostly found in the plasma membrane but also in the Golgi, 

endoplasmic reticulum, and vesicles [76]. The name caveolin comes from the proteins’ function 
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of marking the cave-like invaginations, which are called “caveolae”, in the plasma membrane. It 

also regulates the transport of cholesterol in caveolae, ER, and Golgi [73]. High levels of Caveolin-

1 (Cav1) are mostly found in adipocytes, endothelial, and smooth muscle cells. The absence of 

Cav1 protein can be linked to several diseases such as lipid metabolism disorders, decreased life 

span, and vascular abnormalities [77]. It has been shown in the literature that Cav1 is a soluble 

protein and can move to multiple compartments with caveolae-vesicles to fulfill its role in lipid 

traffic and signal transduction [61], [78]. They are relatively small proteins (18-24 kPa) but form 

oligomeric complexes with more than 14-16 monomers [76]. The chemical structure of cav1 

protein is a membrane-spanning hairpin-like structure with N- and C- groups both directed 

against cytoplasm (Figure 9). As caveolae contain amphipathic lipid binding domains, they 

interact with lipids and related proteins to bind to lipid droplets [69], [73], [79]. In the caveolae 

protein family, cav1 and cav2 are specifically found in lipid droplets. The in-vitro insertion study 

of cav1 protein shows that it employs the SRP-Sec61 insertion pathway for the insertion of 

heterogeneously expressed oleosin [78], [80]. Localization between diverse membrane 

organelles is also observed for caveolin-1 proteins [61],[78][73]–[78], [81], [82]. 

 

Figure 9 Schematic description of Caveolin-1 domains that let interaction with membrane and 
other proteins (A). Anchored shape of Cav1 via membrane insertion (B). Reproduced by 

permission of publisher [83]. 

 

Protein ADRP 

The perilipin proteins (PLINs 1-5) are the major Class-II LD-associated proteins, and PLIN1 and 

PLIN2 proteins are considered as markers of the LD surface. PLIN2 has originally named the 

Adipose differentiation-related protein (ADRP), which is ubiquitously expressed and takes the 

role in the stabilization of LDs, adipocyte differentiation, and generation of small LDs [84], [85]. 
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ADRP is responsible for lipid accumulation by displaying in the adipocytes in the early stage of 

origination. The overexpression of ADRP induces the accumulation of LDs in fibroblasts [85], 

which is directly related to their role in the protection of Triolein from lipolysis and the promotion 

of LD formation. Therefore, ADRP has a key role in the management of neutral lipid storages. 

ADRP is considered a Class II LD-associated protein, and the studies show that alpha helices of 

Class II proteins are unfolded in the cytosol and fold into the helical structures by their alpha-

helices when they contact and bind to the LD surface [86]. In literature, it has been shown that 

the disruption of the hydrophobic face of the predicted AH diminishes the localization of the 

amino terminus of ADRPs on the LD surface [87], and ADRPs bind to the LD monolayers via their  

C-terminal four-helix bundle with the 11-aa [62]. The live cell analysis of ADRP protein displays 

that they do not rapidly diffuse along the membranes and barely affect the mobility of 

phospholipids [88]. Even if it is known that alpha helices play an important role in targeting the 

LDs and the ADRPs are stable on lipid droplet surfaces, it is a remaining question how the ADRP 

proteins target and bind to lipid droplets.  

 

3.5.3 Effect of Lipid Packing on Localization 

The geometry of lipids in the membrane has a key role in biomolecular interactions, especially 

with various classes of proteins. Due to the hydrophobic part of a protein, the protein might 

prefer the LD monolayer which has an effective underlying hydrophobic region (neutral lipids) 

thickness compared to the thickness of phospholipid acyl chains in the bilayer (Figure 10A). 

Monotopic membrane proteins embed into one face of the membrane, and the β-hairpin 

proteins embed into and across the membrane due to their membrane-associated domains, 

which are the widely used model motifs. As lipid packing is much lower at the lipid droplet 

monolayer compared to the bilayer, the monotopic and β-hairpin proteins generally prefer the 

monolayer. This also shows that proteins bind to a specific area of the membrane via the 

recognition of the polar head group when the area is less packed. In the case where the lipids are 

not equally accessible for the protein due to imperfections in the membrane, the detection of 

the defects becomes crucial.  

As the lipid droplet monolayer is the continuation of the bilayer, the lipid packing defects which 

originate from the composition of the bilayer may contribute to the protein’s preference for LD 

monolayer rather than ER. Increasing lipid packing defects contribute to the formation of 

hydrophobic packing voids in the bilayer and monolayer. The nature of these voids within a 

membrane controls the binding level of the amphipathic helices on the LD surface (Figure 10B) 

[63]. Normally these proteins bind to lipid bilayers by interacting with the acyl chains. Their 

preference changes if the neutral lipids become more accessible due to the reduced packing of 

the phospholipids. This means that the amphipathic helices bind to the neutral lipids by creating 
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less interaction with water and folding in the monolayer. In cells, the packing of a lipid droplet 

monolayer is around 90% smaller compared to a bilayer [62]. By this, hairpin proteins are 

expected to move from the bilayer to the LD monolayer (Figure 10C). As mentioned before in 

Section 3.1.2, this packing defect can be regulated artificially by increasing the amount of cone-

shaped lipids (such as DOPE) in the composition. This type of non-lamellar lipid has a negatively 

curved morphology different from the planar morphology of the lamellar phase. This curvature 

results in a less stable bilayer with a less uniform lateral pressure profile, in contrast to the 

uniform pressure profile of cylindrical phospholipids in the bilayer. Here, the lateral pressure 

profile of the bilayer depends on the distribution of lipids in nanometric scale. Besides, for few 

nanometer size droplets, a lens-shaped LD has a larger curvature compared to the planar bilayer. 

As a result, the proteins may constitute more on the LD surface due to the lipid composition and 

packing defects at these sites.  

 
Figure 10 Differences in lipid packing between a bilayer and LD monolayer. The yellow area 
shows neutral lipid core of the LD (A). Amphipathic helices (AH) interaction with the bilayer 

(left) and LD monolayer (right) in presence of packing defects (B). Interaction of AH containing 
protein (C). Interaction of hairpin protein with the bilayer and the lipid droplet (D). Reproduced 

by permission of publisher [62]. 

 

For example, a guiding study is done by Caillon et al. (2020) to study the partition of different 

proteins by creating GUVs as a model system for ER membranes containing lipid droplets [31], 

[89]. Several monotopic integral membrane proteins including Cav1 are assessed. The study 

shows that independent of the PC/PE ratio, there was more partition through the monolayer 

compared to the bilayer and increasing the PE amount further favors the monolayer partition. 

When the amount of PE in the bilayer increases, the hydrogen bonding with the amine head 
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group of PE will increase the membrane tension. The tension variation due to membrane 

composition is also a factor for proteins to be dispersed or co-organized. For instance, under 

some cellular membrane tension, caveolae tend to group into clusters at the plasma membrane. 

Another study is done by Mani et. al (2006) by beta-hairpin antimicrobial peptide to show the 

effect of packing on a different protein structure. The oligomeric structure of PG-1 is changed 

due to the membrane composition and headgroup charge of the phospholipids in the membrane. 

Even if the PG-1 could be inserted in an anionic membrane, no insertion is observed for densely 

packed POPC/cholesterol membranes due to the negative curvature strain created by cholesterol 

inserted in the hydrophobic and glycerol regions of the bilayer. Besides, the rigid sterol ring 

structure of cholesterol causes a reduction in membrane elasticity which makes the membrane 

more difficult to deform for the accumulation of PG-1 [90]. 

Class II proteins can also have lipid composition dependence for binding. CCTα (CTP: 

phosphocholine cytidylyltransferase α isoform) is a class II amphipathic helix protein, which has 

binding properties depending on the lipid PC:PE ratio. When the PC amount is lacking on the LD 

surface, due to the higher surface tension, CCTα molecules perceive this insufficient covering as 

“PC deficiency.” As a result, CCTα operates to ensure the efficient amount of the PC in the LD 

monolayer to achieve a complete coating of phospholipid monolayer around the LD. Further, the 

binding of class II proteins also depends on the amount of diacylglycerol which promotes the 

binding [91]. Protein crowding on the LD surface is another factor that determines how much 

additional class II protein can bind to the surface. When the surface is fully covered with proteins, 

class II proteins cannot find enough space to bind to the LD surface. Some other proteins can bind 

to the LD by both amphipathic and hydrophobic helices, such as perilipin/ADRP/PLIN4 (PAT 

proteins). Perilipins bind to the LD surface by transforming their amino acid repeats from 

disordered to bounded. This means that in the cytosol, the amino acid repeats are disordered 

and at the LD surface it folds into an amphipathic helix [92]. In the literature, the results show 

that PLIN4 is directly binding to the neutral lipids by replacing the phospholipids on the LD 

monolayer [93]. 

In the literature, it was demonstrated that the mobility of these proteins depends on their 

surrounding (composition of the membrane) and thus it is expected that is also varied in the 

bilayer and on the LD, but it was not shown up to date. It is reported that the mobility and 

diffusion coefficient of the caveolae depend on the location (in the plasma membrane, in Golgi, 

or in the cytoplasm) and the type of caveolae (cav1, cav2, wild type, or mutant) [94], [95]. In 

addition to that, the length of the amino acid sequences and the location (apical membrane or 

basolateral membrane) of caveolae cause a significant change in diffusion coefficient [96]–[98]. 

Caveolin-1 specifically shows high immobility once it has arrived in the plasma membrane, which 

results in a very limited lateral diffusion [99]. As the different motion characteristics of these 

proteins in the bilayer and lipid droplets are still a question, investigating the mobility or 
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diffusivity of these proteins caught our attention. Hence, in this thesis, the dynamics of hairpin-

like Cav1 and ADRP proteins in the lipid bilayer and on the LD surface will be explored. 

 

3.6 MODEL SYSTEMS IN LITERATURE FOR STUDYING LIPID DROPLETS 

As natural pathways in cells show the complexity and fast transitions of lipids and proteins, model 

systems are widely used to investigate lipid droplet biogenesis and lipid droplet-protein 

interactions, which enable compositional changes of lipids and proteins [31], [100]–[102]. All 

model systems such as GUVs, DIBs, and molecular dynamic simulations have some general 

advantages such as giving an ease to tailor the lipid composition and the type of proteins for the 

purpose of the research. Here, some of the examples for these systems from literature will be 

introduced. The most used components to study LD biogenesis are Droplet-embedded vesicles 

(DEVs), which are combined with several proteins to study the emergence of LDs (Figure 11). 

DEVs are prepared by embedding the oil droplets from an emulsion into the Giant unilamellar 

vesicles (GUVs) [64] to mimic a lipid droplet in physical contact with the ER membrane. Using 

those systems, bilayer asymmetry and budding kinetics are studied [63], [64], [101]–[103]. 

According to the hypothesis about LD emergence, the asymmetry between two monolayers that 

are forming the bilayer is sufficient to complete the budding. The effect of asymmetry on LD 

biogenesis has been investigated by Chorlay et al. (2019) via the incorporation of LDs between 

the monolayer leaflets of Giant Unilamellar Vesicles (GUVs) [102]. The study focuses on how 

protein crowding promotes the direction of budding. An asymmetry between two leaflets was 

created by increasing the number of PC molecules in one leaflet and the budded shape is 

observed in that direction. The proteins Arf1 and Cav159-178 were observed to accumulate on the 

leaflet with more coverage and thus reduced surface tension, and this determines the budding 

direction. The study shows that hydrophobic residues containing amphipathic helix proteins, in 

general, prefers the lipid droplet monolayer compared to the phospholipid bilayer. Another study 

has been done by Ben M’barek et al. (2017) by combining different ratios of phospholipids for 

bilayer formation including PC, Lyso-PC, PE, PA, and Cholesterol [103]. Here, droplet-embedded 

vesicles (DEVs) were used as model systems to investigate the budding. The results show that 

increasing the bilayer tension has an impact on the triolein accumulation inside the bilayer. 

Triolein spreads more in the bilayer and does not desire to form a lens-like shape if the bilayer 

tension value exceeds 0.1 mN/m. For the tensions lower than this value, LD budding takes place. 

These systems were also used to study both classes of LD-associated proteins to investigate the 

impact of the proteins in the budding. When the proteins are adsorbed from the cytosol side, the 

surface tension decreases at this side and LD emerges towards cytosol and vice versa for ER 

lumen side adsorption.  
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A guiding study to contribute to the investigation of protein partition between ER membrane and 

LDs has been done by Caillon et al. (2020)  by using Droplet Interface Bilayers (DIBs) as a model 

system. In this study, two phospholipid monolayers of droplets are contacted in a neutral lipid 

environment (TG) to form the bilayer [31]. By altering the PC/PE ratio, the distribution of several 

monotopic integral membrane proteins such as Plin1 and caveolin were studied. These 

hydrophobic membrane association domains (HD) containing proteins highly partition in the 

monolayer rather than in the bilayer. This partition was observed for all PC/PE ratios and 

increasing the PE amount in the bilayer favors this partition. As DOPE and DOPC have conical and 

cylindrical shapes respectively, increasing the DOPE amount decreases the phospholipid packing 

and results in more HD-TG contact. All the selected proteins in this study showed that the 

hydrophobic domains such as helical hairpins, hydrophobic helices, and transmembrane domains 

preferably be at the lipid droplets rather than the bilayer [31]. Some examples of the systems 

introduced in this section are shown in Figure 11. 

 

Figure 11  Example systems to study lipid droplets and associated proteins A) Giant unilamellar 
vesicle (GUV) and Droplet-embedded vesicle (DEV) systems. Reproduced by permission of 

publisher [102] B) Double interface bilayer (DIB) Systems. Reproduced by permission of 
publisher [31]. 

Molecular conformation and shape of the triolein inside a bilayer have been also studied by 

conducting molecular dynamic simulations [6], [45], [46], [104]–[106]. The triolein concentration 

effect in a POPC bilayer is reported by Khandelia et al. (2010) [45]. At a sufficiently high 

concentration of triolein (5.2 mol%) in the bilayer, “blister” like structures were formed inside 

the bilayer by altering the molecular conformation of phospholipids in the bilayer. The introduced 

model system by  Khandelia et al. (2010)  is convenient to study a wide range of phospholipid-
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protein combinations to further investigate the dynamics of lipid droplets. The study shows that 

the neutral lipid accumulation in the bilayer also depends on the bilayer stresses, which are 

determined by the lipid acyl chains which has already studied experimentally by Ben M’barek et 

al. (2017). Simulations have shown that, when the phospholipid density is lower in one 

monolayer and thus the surface tension is higher, LD is budding in the direction of the monolayer 

with smaller surface tension. Due to the created asymmetry, the success rate of the formation 

increases simultaneously. A wide range of phospholipid compositions has been also studied to 

show that the accumulation of neutral lipids is promoted by diacylglycerol together with lipids 

such as phosphatidylethanolamine, which are enriched at sites of LD formation. On the contrary, 

saturated acyl chains promote the accumulation of neutral lipids in the bilayer [104] (Figure 12).  

 

 

Figure 12 Example MD simulation systems to study the accumulation of triolein in the bilayer. 

(A) Side view of triolein accumulation trend depend on increasing amount of triolein in POPC 

bilayers. Reproduced by permission of publisher [45] B) Side view of the in silico-model (upper 

view) and top view showing the accumulation of triolein due to the increasing PC bilayer 

surface tension. Reproduced by permission of publisher [103]. 

Despite the fact that all the introduced systems have the advantages for lipid droplet studies, 

even if the fluidities of the GUV and DIB systems can be close to a free-standing bilayer (around 

10 μm2/s), the depth of the droplets limits the visualization of only one focal plane clearly and 

the signals are coming from the whole droplet. These extra signals are needed to be further 

processed to achieve a clear view of one focal plane. If we focus on a horizontal free-standing 

bilayer in a microfluidic system, its diffusivity is similar to a GUV vesicle. Nevertheless, the existing 

working area of the horizontal free-standing bilayer can be up to the order of hundred 



29 
 

micrometers which gives the opportunity to visualize more interaction and localization on the 

bilayer area with better resolution. In the other systems such as vertical lipid bilayers, the area is 

limited by the view direction which is parallel to the bilayer but perpendicular to its normal axis,  

and it is not possible to optically image the interior area. The cell membrane is in fluid state and 

dynamic. The components like lipid droplets or proteins inserted in a free-standing artificial 

membrane can be tailored closer to a real membrane. A free-standing bilayer gives the advantage 

to manipulate the system from both directions and is appropriate for 3D visualization of proteins 

and lipids on a solvent-free bilayer which will be introduced in the following chapter. 
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4 MATERIALS AND METHODS 

In this chapter, the relevant experimental protocols and details are explained. The used 

molecules including lipids, oil and fluorescence probes are explained in subchapter 4.1. In 

subchapter 4.2, geometry and operation of the developed microfluidic device as well as 

preparation methods of lipid droplets, proteins, and proteo-lipid droplets are introduced. Applied 

characterization methods like 3D imaging and FRAP are introduced in subchapter 4.3. Following, 

patch-clamp recordings and the steps of interfacial tension measurements and molecular 

dynamic simulations are explained.  

 

4.1 MATERIALS 

The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)  (DOPS),  

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), 1,2-diphytanoyl-sn-glycero-3-

phosphoethanolamine (DPhPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 

1palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and cholesterol were purchased 

from Avanti Polar Lipids. Fluorescence dyes 4,4-difluoro1,3,5,7,8-pentamethyl-4-bora-3a,4a-

diaza-s-indacene  (BODIPY  493/503,  D3922,  ThermoFisher),  1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine   rhodamine   B   sulfonyl)   (ammonium    salt)    (18:1    Liss    

Rhod    PE),    1,2-dioleoyl-sn-glycero-3-phosphocholine-N-(Cyanine   5)   (18:1   PC-Cy5),   1,2-

Dioleoyl-sn-glycero-3-phosphoethanolamine   labeled   with   Atto   647N   (Atto-DOPE)   were   

obtained  from  Avanti  Polar  Lipids. Human Caveolin peptide (MSGGKYVDSEGHLYTVP, Cav1-17), 

Alexa Fluor 488 Conjugation Kit (ab236553) and Alexa Fluor647 Conjugation Kit (ab269823) were 

purchased from Abcam. Ultra-pure water was obtained from the ultra-pure filtration system by 

Thermo-Fischer. Sodium chloride was obtained from Sigma-Aldrich. The high-resolution 

transparency mask is ordered from Micro Lithography Services, Ltd, UK. 

 

4.1.1 Lipids and Oil 

The phospholipids (DOPC, DOPE, DOPS, POPC, POPE, DPhPE, DPhPC) and Cholesterol 

were used to create the bilayers in microfluidic system. Triglyceride (so called 

Triolein) was used to create the artificial lipid droplets.  

DOPC,DOPE and DOPS lipids were chosen as the main components while creating the artificial 

bilayer system, as they are also the main components of the ER membrane. DOPC (1,2-dioleoyl-

sn-glycero-3-phosphocholine) is the most abundant phospholipid with a Choline 
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headgroup in the cell membrane  and has a net charge of zero. Presence of DOPC in 

the membrane ensures a highly packed structure.  DOPE (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine) is another major phospholipid of the cell membrane which is a non-

lamellar lipid with a head group of ethanolamine, which creates void areas in the membrane with 

its non-lamellar structure. DOPS increases the hydrogen bonding on the membrane and creates 

rigidity, and it is a key phospholipid for directing the protein binding. To mimic the 

artificial membrane close to the real one, the composition was set to DOPC:DOPE:DOPS (60:30:10 

molar ratio) unless another composition is mentioned. By using the determined composition, the 

membranes were stable for at least for 2 hours and the measured phospholipid diffusivity was 

around 10 µm2/s which is very close to a biological free-standing membrane. Squalene oil was 

used in the artificial bilayer formation to carry the lipids into the system by dissolving. During the 

bilayer formation, squalene was absorbed by the walls of the microfluidic device which is made 

of PDMS [5]. All the lipid/squalene mixtures were prepared in the concentration of 5 mg/ml 

(phospholipids in squalene) for the bilayer formation. The chemical structures of lipids and oil 

used for the experiments are listed in Figure 13.  

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) is a diacylglycerol and phospholipid, 

and together with POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) they create 

more packed structures compared to DOPC and DOPE, as well as DPhPC (1,2-diphytanoyl-sn-

glycero-3-phosphocholine) and DPhPE (1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine) 

[107], [108]. Here the combinations of these lipids (DPhPC/DPhPE, POPC/POPE or POPC/DOPE) 

were used to adjust the bilayer packing to study how it influences protein partitioning.  
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Figure 13 Chemical Structures of Lipids, Cholesterol and Squalene oil used in the experiments 

(Avanti Polar Lipids, n.d.). 

 

4.1.2 Fluorescence Probes 

Two different labels Atto 647N DOPE or Rhodamine PE (1,2-dioleoyl-snglycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) were used to 

fluorescently label the lipid bilayer for the fluorescence microscopy depending on 

the exact experiment. In aqueous solution, Atto 647N DOPE shows high quantum 

efficiency which means that the fluorophores emit strong fluorescence even at low 

concentration. By replacing 2-4 mol% of DOPE with the fluorescent DOPE, a very 

good signal could be achieved. Without changing the natural bilayer composition, 

the fluorescence signal coming from the bilayer was enough to perform an efficient 

bleaching on the bilayer area for FRAP measurements.  

Antibody Conjugation Kit (Alexa Fluor 488 or Alexa Fluor 647) was used to label the Cav11-17 

peptides and Alexa Fluor 488 was used to label the ADRP proteins to follow the dynamics of the 

peptide by distinguishing the proteins, lipid droplets and bilayer. BODIPY (493/503) is widely 

utilized by scientists to stain neutral lipid droplets in literature. BODIPY binds to 

neutral lipid and emits green fluorescence signal but within a narrow wavelength 

range. This makes the BODIPY a very suitable probe for multi labe lling experiments. 

In this thesis, it was used to stain the neutral lipid content (Triolein) inside the lipid 

droplets and for the identification in our system during the confocal microscopy 

experiments.  
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4.2 PREPARATION METHODS 

Microfluidic tools were used to fabricate free-standing fluid lipid bilayers with both leaflets in 

contact with the buffer. The design principle allows to access the two sides of the bilayer to 

introduce additional components without rupturing the membrane. The 3D geometry design of 

the microfluidic device is aimed to be adaptable to a fluorescence microscope and patch-clamp 

amplifier. The details of the device preparation, bilayer formation, and preparation of LDs and 

PLDs will be explained in this section.   

 

4.2.1 Microfluidic Device Preparation 

The molds to create microfluidic devices have been done by combining photolithography and 

micromachining. Photolithography is a well-known technique to achieve microscale lateral 

structures [109]. In principle, the desired pattern is transferred from a transparent mask to a 

substrate by using a photosensitive chemical called photoresist.  

The parameters of the negative photoresist spin coater were arranged to achieve a 100 μm 

channel to allow a higher level of optical access. For this aim, 2 g of SU-8 was placed on a 2-inch 

silicon wafer that is placed on a spin coater, and the coating started with a rotational speed of 

500 rpm with an acceleration of 100 rpm/second for 20 seconds, then 1500 rpm at 300 rpm/sec 

for 60 seconds to achieve the desired thickness of the photoresist on the surface. The coated 

wafer was put on a hot plate for 15 minutes at 65 ˚C for a pre-bake. Subsequently, the solvent 

was evaporated at 95 ˚C for 45 min to densify the film. A transparent mask with the desired 

channel pattern on it is carefully placed on the coated wafer and exposed to UV light. For UV 

exposure, the device was set to a wavelength of 400 nm with an intensity of 15 mW/cm2 for 20 

seconds. To cross-link the epoxy-based photoresist strongly with the silicon wafer, the wafer is 

post-backed for 1 minute at 65 ˚C, then at 95 ˚C for 5 minutes. Subsequently, the structure was 

washed with acetone, ethanol, and distilled water. The residues of the solvents are removed with 

a gentle stream of nitrogen gas. As the microfluidic device is aimed to be a combination of a 

channel and a cone, the obtained final structure is used as the channel part of the 3D mold. The 

cone was produced by micromachining from an Aluminum block by CNC machining. To create a 

3D mold for the device fabrication, this cone was positioned at the center of the channel 

structure on the silicon wafer mold (Figure 14).  
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Figure 14 Schematic representation of steps of photolithography (A) and soft-lithography (B). 

 

For the soft lithography, Sylgard 184 Silicone Elastomer Kit (Dow Corning) Silicone Elastomer Kit 

(PDMS) was used. PDMS is a member of organosilicon compounds called silicones. The chemical 

formula of PDMS is CH3[Si(CH3)2O]nSi(CH3)3. This widely used silicone is the main component for 

easy microfluidic device fabrication for a long time [110]. PDMS is transparent and optically 

creates a clear visualization for microscopy techniques. Due to its hydrophobic nature, it is also 

suitable to create a microfluidic device to form free-standing bilayers, where the hydrophobic oil 

is absorbed by the walls of PDMS, and the bilayer forms in between the walls. The microfluidic 

devices are produced via mixing two components Silicon Rubber Base and Cross Linker (catalytic 

agent) with a ratio of 10:1, respectively. Prior to pouring the mixture into the mold, the mixture 

was degassed in a desiccator under vacuum for 30 minutes. The cone and the bottom channel 

are positioned with ultimate contact, the hot plate was set at 100 ˚C and PDMS is cured for one 

hour (Figure 14). Then it is cooled down before detaching the Aluminum cone. The PDMS is 

removed from the mold, and it has the final shape of one channel connected to a conical hole 

that is opened toward the air. Two holes for the inlet and outlet were punched, and the prepared 

PDMS chip and a thin glass coverslip is treated by using a plasma cleaner (Plasma cleaner, Diener 

electronic GmbH) prior to bonding. Afterwards, to enhance the bonding quality, the device is 

kept at 100 ˚C for 1h on a hot plate. The set-up and final microfluidic device are shown in detail 

in Figure 15.  
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Figure 15 Combination of Aluminum based cone and channel on silicon wafer (left). Positioning 

the cone at the middle of the channel (upper right image). Final device (lower right image) (A). 

Schematic representation of the device from top (left) and side (right) view (B). The two inlets 

are used to introduce the components for the experiments. 

 

4.2.2 Bilayer Formation 

The produced microfluidic platform as described in the previous section is used to create an 

artificial free-standing bilayer. The system characterization was performed by fluorescence 

microscopy connected to a path-clamp device. The microfluidic device is placed on an inverted 

confocal microscope (Nikon Ti-Eclipse) with the light source of Intensilight Epi-Fluorescence 

illuminator. The microscope is equipped with Yokogawa spinning disk heads (CSU-W1; Andor 

Technologies) and FRAP (Andor Technology) modules. All the units were controlled by Nikon NIS 

Software. To follow the formation kinetics, the electrodes were positioned directly to the upper 

cone and bottom channel (Figure 16).  

The simply designed structure of the device consists of a channel linked to a cone at the middle 

of the channel as introduced in the previous section. The intersection point of the channel and 

the cone is the position where the lipid bilayer is formed. The formation of the lipid bilayer is 
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simply based on sandwiching (or trapping) the oil and lipid mixture between two water phases. 

For that, the bottom channel was filled with the buffer (0.1 M NaCl). After filling the bottom 

channel with the buffer, a 4 μL drop of oil and lipid mixture was added from the upper cone using 

a pipette. Then the top of this droplet was covered again with water by introducing 6 μL of the 

buffer from the upper cone. When the film thickness approaches a few hundred Angstroms, two 

phospholipid monolayers form at the oil/water interface and a lipid bilayer spontaneously forms 

by the zipping of these two monolayers as a result of van der Waals forces [4]. Therefore, a circle 

appears in the middle surrounded by a Plateau-Gibbs border due to this organization. The area 

outside the bilayer, which is called annulus, is the lipid oil mixture that is remaining. As the circle 

enlarges toward the walls of the cone, the oil is absorbed by the walls of PDMS. This process 

continues until the bilayer area reaches the limits of the aperture. This means that the two 

monolayers are completely zipped, and an oil-free lipid bilayer is formed at the intersection of 

the channel and the cone (Figure 16). Further modification of the bilayer is possible by adding 

other components like lipid droplets and proteins to the system.  

 

 

Figure 16 Steps of bilayer formation (A). Oil drainage by the walls of PDMS before the bilayer is 
formed (B). Reproduced by permission of publisher [6]. 

 

4.2.3 Formation of Lipid Droplets 

The lipid droplets are formed for the insertion experiments. Lipids and BODIPY (493/503) were 

used from the chloroform stock solutions with a concentration of 10 mg/mL. 1 mg of the mixture 

(which is in total 200 µL) consisting of of DOPC : DOPE : Triolein : BODIPY (35:35:28:2 mol%) was 
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deposited in a glass vial and the chloroform is evaporated under vacuum for 1 h. This dried film 

was dispersed in 0.1 M NaCl buffer prior to the formation of the droplet. The lipid-triolein 

droplets were shaped by sonicating the solution in an ultrasonic bath for 5 min. The optical 

visualization by fluorescence microscopy was used to examine the resulting size of the lipid 

droplets, which are typically around 5 µm. Prior to the experiments, the solution was diluted (1:4 

(vol/vol)) to limit the coalescence of lipid droplets. The lipid droplets stayed stable during the 

experiments for around 3 hours.  

 

4.2.4 Formation of PLDs containing UBXD8 Protein 

UBXD871-132 is a fusion protein consists of a hydrophobic hairpin domain. It contains an N-terminal 

GST-tag chased with a  PreScission Protease cleavage site, and a S-peptide-tag ahead the peptide 

sequence. The purification of the proteins and the preparation of liposomes were done in the lab 

of Jun.Prof.Dr.Bianca Schrul, Medical Biochemistry and Molecular Biology, Saarland University 

[6].   

The prepared liposomes are composed of POPC and DOPS (9:1 molar ratio) reconstituted with 

(UBXD871-132Atto488). The proteo-liposome containing fraction was used for the generation of 

proteo-LDs. To prepare the Proteo-LDs, 10 µL of Triolein (from a chloroform stock solution) was 

added to an empty vial to evaporate the chloroform. Following, a biphase was created by adding 

180 µL of the buffer that is used to store proteoliposome solution, and 20 µL of ready to use 

proteoliposomes were mixed by this biphase. The solution was stored overnight at 4°C, 

afterwards it was sonicated until a LD size of 15 µm was achieved. These Proteo-LDs were directly 

added to the microfluidic system during the experiments (Figure 17). 

 

 

Figure 17 In vitro translated UBXD8 proteins are reconstituted in the protein-free liposomes 
composed of POPC:DOPS (1:9 mol%). A biphase of triolein/buffer is formed and sonicated. The 

product is protein containing lipid droplets. 
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4.2.5 Formation of PLDs containing Cav11-17 Peptides  

The Cav11-17 peptide is introduced as a potential hairpin-like structure by Abcam  (ab4928) with 

an amino acid sequence MSGGKYVDSEGHLYTVP, which is a short sequence of the N-terminal 

domain of full-length Cav1 protein. The peptide has a purity  >95% and consists of first 17 amino-

acids in N-terminus of the full-length human Cav1 which has 178 amino acids. The crude 

hydrophobic/hydrophilic analysis of the sequence shows the structure as globally neutral with 

29.41% of hydrophobic amino acids, 11.76% acidic, 11.76% basic, and 47.06% neutral (Peptide 

2.0), which is also predicted by the AlphaFold2 IA and QUARK Algorithm, and provided in this 

thesis by courtesy of JB Fleury (Figure 18). The AlphaFold2 IA Protein Structure Database ranks 

the model based on a score called “Predicted Local Distance Difference Test (pLDDT) to choose 

the best model. While a model is scored greater than 90, it is considered as a high accuracy model 

with characterized binding sites. The pLDDT between the scores 70 and 90 are expected to be 

modelled with a well prediction [111], [112]. 

By assuming the helix type as alpha (Heli Quest Analysis tool), the hydrophobicity of the sequence 

is calculated as 0.346 (+20.80 Kcal/mol) with the net charge (z) of -1. The polar residues are 

55.56% and the nonpolar residues are 44.44%, which also confirms the neutral structure. The 

helical wheel diagram in Figure 18 shows all the residues by color coding. The hydrophobic 

residues (methionine (M), valine (V), tyrosine (Y), leucine (L)) are shown in yellow, the acidic 

residues (aspartic acid (D), glutamic acid (E)) in red, serine (S) and threonine (T) in purple, proline 

(P) in green, alanine (A) and glycine (G) in gray and histidine (H) in light blue circles. The circles 

marked with ‘N’ and ‘C’ are the N-terminal and C-terminal ends of the amphipathic helix. The 

arrow direction at the center shows the direction of the hydrophobic affinity. Thus, this hairpin-

like protein shows affinity to both hydrophilic and hydrophobic residues, and it is thus expected 

to show affinity to the bilayer.  

 

Figure 18 Predicted IDDT per position for Cav11-17 by AlphaFold2 IA  (A). Sequence by Heli Quest 
analysis (B). 
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To follow the dynamics of Cav11.17 by fluorescence microscopy, it should be conjugated first. 

Prior to the conjugation of Cav11-17, the concentration of the peptide was adjusted in the range 

of (0.03-0.1) mg/ml and 0.065 mg/ml was used. 1 μL of modifier reagent from the conjugation 

kit was added to 1.3 μL of Cav11-17 peptide solution and mixed gently. The sample (modifier 

reagent and peptide) was mixed with AlexaFluor dye (either AlexaFluor 488 (ab236553)  or 

AlexaFLuor 647 (ab269823)) and mixed gently once or twice. This mixture kept in dark at room 

temperature for 15 min. After that, 1 μL of quenching agent was added and the conjugated Cav1 

peptide was ready after 5 minutes of waiting. To create the Proteo-liposomes (PLDs) containing 

Cav11-17, first a solution composed of DOPC : DOPE : Triolein : BODIPY (493/503) with the molar 

ratio (33:33:32:2 mol%) was prepared. Here all the components were used from their chloroform 

stock solutions (10 mg/ml) and in total 30 μL was deposited in a glass falcon. After drying the 

chloroform for 1 hour under vacuum, 200 μL of PBS were added to the falcon. 1 μL of the 

conjugated peptide solution was diluted with PBS to ratio of 1:10 (vol/vol) at the same time. This 

diluted peptide was added to the falcon and stored in 4 ˚C overnight. Later, it was sonicated for 

5 minutes to obtain the Proteo-LDs (Cav11-17-LD). The approximate size of the PLDs measured as 

5 μm. For the experiments, this Proteo-LDs were further diluted to avoid their possible 

coalescence which would result in a disruption of the bilayer. 

 

4.2.6 Formation of PLDs containing ADRP Proteins 

The ADRP is a full-length protein made of 437 amino acids, self-assembled in several α-helices, 

with a secondary structure available from the AlphaFold OpenIA database. A stock solution of 0.5 

mg/mL is prepared for the recombinant human ADRP proteins (Abcam-ab181932) by mixing it 

with ultra-pure water (Thermo Fischer). For the labelling of proteins, the AlexaFluor 488 

conjugation kit (Abcam-ab236553) is used. First, 5 µg of the proteins are mixed gently with 1 µL 

of the modifier agent. This mixed sample is pipetted into the AlexaFluor dye and kept standing in 

dark for 15 minutes. After that, it is mixed with 1  µL of the quenching agent and the conjugated 

proteins are ready to after 5 minutes of waiting.  The Proteo-liposomes containing ADRP proteins 

are prepared by first depositing in total 30 μL of DOPC:DOPE (1:1 molar ratio) with Triolein by the 

same protocol mentioned in the section 4.2.5. During the experiments these Proteo-LDs are 

dispersed around the bilayer and their insertion kinetics are observed using the confocal 

microscopy.  

 

4.2.7 Artificial Lipid Monolayer Formation  

A simple microfluidic approach is previously reported by Asfia et.al,2022 to mimic the surface of 

a lipid droplet [113]. The fabrication of the device was based on positioning of a 3D printed cone 

at the center of a petri dish, and pouring the degassed PDMS into the mold until the resulting 
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layer thickness will be around 3 mm. The PDMS was cured at 60 ˚C for 6-7 hours and bonded to 

a PDMS coated glass coverslip [113]. The resulting device is composed of a cylindrical hole with 

3 mm diameter in a PDMS matrix that is bonded to a glass substrate (Figure 19).  

The working principle of this device is based on creating a phospholipid monolayer at the buffer-

triolein interface composed of the same phospholipid composition as the bilayer. To produce the 

triolein-lipid mixture, first DOPC:DOPE (1:1 mol%) with a composition of 2% in total weight ratio 

are dissolved in chloroform and dried under vacuum. The dried phospholipids, triolein and DOPE-

Cy5 fluorescent probe (2% in molar ratio) are mixed in an ultrasonic bath. To form the artificial 

monolayer, 6 µL of the triolein-lipid mixture placed in the cylindrical opening of the PDMS device, 

and then 20 µL of KCl solution which is already consist of 1 µM conjugated ARDP  is added to the 

top. Within seconds,  phospholipid monolayer is spontaneously formed at the triolein-buffer 

interface. The platform is suitable for performing FRAP experiments (which will be introduced in 

Section 4.3.2) on this monolayer. Hence, this microfluidic set-up is used to investigate the 

dynamics of the phospholipids and ADRP proteins on the lipid droplet surface, to make proof of 

the results obtained in 3D microfluidic device. 

 

Figure 19 Scheme of the microfluidic device to form the artificial LD monolayer by decorating 
the phospholipids on the triolein-buffer interface. Reproduced by permission of publisher [114]. 

 

4.2.8 Droplet Interface Bilayer (DIB) Formation 

The DIB experiments are included in this thesis in courtesy of JB Fleury to confirm the presented 

results obtained by the microfluidic technique, and to assess various bilayer compositions for 

studying the effect of lipid packing in the bilayer on the regulation of Cav11-17 proteins. First, the 

Proteo-SUVs are made by sonication [5]. Here, the buffer of Proteo-SUVs contains same molar 

concentration of Cav1-17 peptides used for preparing PLDs. A hydrophobized (octadecyl-

trichlorosilane, OTS-coated) cylindrical glass container with 7 cm diameter and 1 cm height is 
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filled with triolein. Two nearly equal size droplets of the buffer containing Proteo-SUVs are 

injected into the triolein by two micropipettes and let at rest. The Proteo-SUVs in the buffer 

solution diffuse to the buffer/oil interface and decorate it with lipids by time. Two droplets 

brought into contact with a needle after 30 minutes, and a bilayer spontaneously appeared 

between these droplets as shown in Figure 20 [115].  

 

 

Figure 20 Schematic representation of DIB experiments. 

 

4.3 MICROSCOPY 

4.3.1 3D Imaging 

A spinning disk confocal microscopy is used to visualize the system during the experiments. 

Confocal microscopy offers excellent advantages to achieve more detailed images compared to 

the wide-field (epifluorescence) microscopes when used in the appropriate area of application. 

The main feature is to block the out-of-focus light to visualize the specific section chosen in the 

sample. A shallow focus depth reduces background effects and thus increases signal-to-noise 

ratio that helps revealing more details, and high-contrast fluorescence images. The main 

components from the sample towards the detector are respectively: the objective lens, laser-

beam splitter, pin-hole lens, and the pinhole. For a confocal microscope with one pinhole i.e., 

scanning confocal microscope, as the confocal laser collects fluorescence only from one focal 

point at a time, an image is created pixel by pixel. An alternative for imaging fast dynamics is the 

spinning disk confocal microscope which illuminates the sample using an array of pinholes 

arranged on a spinning disk, which is creating hundreds of focused beams [116], [117].  

For the experiments to distinguish the positions of each component, distinct fluorophores in 

different emission wavelengths have been used. Confocal imaging was conducted using the 

excitation wavelengths of 481 nm and 647 nm, and emission filters of 447/60, 525/30, 607/36, 

and 685/40 (wavelengths/bandwidths) to distinguish bilayer area, lipid droplets, and proteins. 

For the quantification of the sample in all directions (x,y and z), 3D images were created by doing 
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a z-stack through the entire thickness of the sample. Also, by performing optical sectioning, only 

the section of interest can be quantified with remarkably high spatial precision. Eventually, the 

resolution of the spinning disk microscope was good enough to evaluate the shapes of the lipid 

droplets to study the wetting phenomenon, and to track the position of the proteins in the bilayer 

or lipid droplet.  

 

4.3.2 FRAP  

The very first studies about the kinetics of FRAP were performed in the early 80s on cell 

membranes to investigate the long-range lateral diffusion and coefficient of lipids and proteins 

[118]–[121]. FRAP technique is applied to model lipid bilayer systems including free-standing or 

supported bilayers as the distribution of membrane lipids and their interaction with neighboring 

molecules are important to be understood for the further investigation of membrane 

organization and signal transduction [122]–[124].  Even if supported bilayers are suitable 

platforms to mimic the asymmetry of biological membranes, the presence of underlying 

substrate leads to a decrease in diffusion and mobility [125]. By using free-standing bilayers and 

GUVs, following the interactions of lipids and proteins within and across the bilayer became more 

promising [121], [126]. For a free-standing bilayer, a diffusion coefficient of ~10 μm2 s-1 is reported 

in the literature [5]. This value is like the value for giant vesicles and is approximately three times 

faster than supported membranes [127].  

Due to its properties, confocal microscopes with FRAP modules are widely used to measure 

molecular dynamics and interactions quantitatively. Selecting the right emission filter due to the 

fluorescence probe used in the sample and selecting the objective with the right working distance 

and numerical aperture can help to improve the image quality as much as possible. The area to 

bleach can be focused precisely and bleached efficiently with high laser power. For the samples 

like lipid bilayers, one needs to focus on one single focal plane to get the precise fluorescence 

signal from the right focus plane. To investigate the dynamic state of a lipid membrane, lipid 

molecules covalently linked to fluorophores are widely used for specific applications [128]. For a 

FRAP experiment on a membrane, several steps need to be followed to achieve the diffusion 

coefficient at the end. The region of interest should be fluorescently labeled in the membrane 

for the measurements. For the FRAP experiments, a pinhole size of 50 μm was used when a 

circular area with a diameter of 50 μm is aimed to be bleached. The imaging is performed either 

with a 40x oil immersion objective (WD=220 μm) or long distance 60x water immersion objective 

(WD=310 μm). For imaging the system, an EMCCD camera (Hamamatsu) was used.  

During the FRAP experiments performed, being at the right focus is key to eliminate the signal 

from lower or higher focus points. In this way, the right quantitative data to calculate the 

diffusion coefficient can be measured. Typically, first, the fluorescent intensity of the selected 

area (IROI) in the membrane is recorded for a brief period prior to the bleaching. Here, it shows 
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that there is a continuous signal coming from the sample, and there is no self-quenching of the 

fluorescence due to the exposed laser. Afterwards, the sample is exposed to an intense laser light 

(100% power) until the fluorescence molecules are bleached. When the selected area is bleached 

by high-intensity illumination, that region goes into the dark with a minimum intensity (I0) 

(intensity value should be 0) due to the elapse of fluorescence molecules. After this brief period 

of bleaching, the recovery dynamics on this bleached area is observed. Here, the diffusion of the 

non-bleached neighboring molecules into the bleached region and the diffusion of the bleached 

molecules outside the region are govern the recovery kinetics. So, this recovery happens due to 

the replacement of non-fluorescent probes with fluorescent probes by Brownian motion (free 

diffusion). During the recovery, intensity increases with an exponential trend and fits into the 

new maximum intensity value. After the recovery is completed, this curve can be fitted to the 

proper equation to obtain the diffusion coefficient value. Sketched curve of a bilayer with full 

recovery is shown in Figure 21. 

 

 

Figure 21 Representation of the principle of FRAP experiments and explanation of the steps by 
schematic drawing and graph. 

 

To subtract the diffusion coefficient value, the membrane is assumed as a uniformly distributed 

infinite plane. By taking this assumption, for a simple lateral diffusion calculation, the following 

“ideal” conditions are assumed to analyze FRAP data: (a) The bleaching laser beam has a Gaussian 

profile (b) single diffusion coefficient is assumed for recovery (c) there is flow in membrane [118], 
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[129], [130]. The fitting of the fluorescence recovery curve is expressed by the equation [120], 

[131]: 
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Where 𝐼0 is the initial fluorescence intensity (t=0) just after the bleaching, 𝐽0 and 𝐽1 are modified 

Bessel functions of the 0th and 1st order, 𝐼𝑛∞ is the intensity of n number of species at t=∞ and 𝜏 

is the characteristic diffusion time, respectively [131]. This equation is simplified to calculate the 

diffusion of molecules within a membrane by Soumpasis in 1983 and the diffusion coefficient (𝐷) 

is theoretically described as follows: 

 
𝐷 =

𝑟2

4𝜏
 

(7) 

where 𝑟 is the radius of the beam, and  𝜏 is the characteristic diffusion time obtained from the 

recovery curve [131], [132]. Due to the chosen bleaching area, the radius of the bleaching disk is 

set as r=25 µm for all the FRAP measurements to characterize the bilayer fluidity. Equation 7 is 

fitted to the experimental data and used to obtain the diffusivity of lipid molecules and proteins 

in the bilayer. By this method, transfer rate and protein partitioning can be proved quantitatively. 

In the current thesis, provided the bilayer is in the fluid state, mobility of lipids and proteins in 

the bilayer and lipid droplet monolayer are investigated by FRAP technique. The mobility of the 

lipids and proteins in bilayer and lipid droplet surrounding are determined.  The obtained mobility 

of proteins is guided to the studies to clarify the mechanism behind partitioning. 

 

4.4 PATCH CLAMP RECORDINGS 

Patch-clamp is a widely used electrophysiological method to measure membrane thickness and 

ion channel activity. In this thesis, patch-clamp method is used to confirm the bilayer formation 

and to measure the thickness of the bilayer. Each membrane behaves as an electrical capacitor 

separated by a dielectric material for a one-membrane equivalent circuit. The technique can be 

applied in two diverse ways called “Voltage clamping” and “Current clamping.” For voltage 

clamping, a voltage is applied to a patch of the membrane to measure the resulting current. For 

current clamping, a current is applied to measure the voltage. With the voltage clamping method, 

ion flow can be measured in voltage-gated ion channels such as Na+, K+, Ca+2, and Cl- channels 
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[133]. The patch clamp measurements are also widely used to determine the formation of a 

bilayer. By applying the technique of “Current Clamping”, the voltage difference across the 

membrane is detected while applying constant current. The microfluidic device was connected 

to a patch-clamp amplifier (EPC 10 USB, Heka Electronics) by Ag/AgCl electrodes before forming 

the bilayer. The two electrodes were prepared by inserting 5-cm-long silver wires into a 100 mM 

NaCl electrolyte solution applying 3 V for 20 min. The two electrodes were positioned in the 

channel and the cone respectively to measure the capacitance value, and the optical imaging is 

also performed simultaneously by a standard inverted microscope (Axio Observer Z1 Zeiss). A 

detailed description of the system can be found in Figure 22. The capacitance of the bilayer is 

measured using the lock-in function, applying a 10 mV sinusoidal wave with a frequency of 10 

kHz. The area of the conductive plates is equal to the area of the bilayer and the thickness of the 

bilayer is calculated depending on the following equation: 

 

 C = 
𝜀0𝜀𝑚

𝑑
𝐴𝑚 (8) 

 

where C is the capacitance, Am is the area of the membrane. ε0 is the dielectric permittivity 

(8.8x10-12 F/m), εm is the relative dielectric constant of the membrane (2.2) and d is the thickness 

of the membrane. The thickness of the bilayer is a key parameter to understand if the bilayer 

formation is completed or not.  

 

 

 

Figure 22 Positioning of Ag/AgCl electrodes into the microfluidic device (A) and the principle of 
patch clamp measurements of the bilayer (B).  
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4.5 INTERFACIAL TENSION MEASUREMENTS 

The interfacial tension was determined by the pending drop method using a contact angle 

measurement device OCA 20 (DataPhysics, Germany). The phospholipid-oil mixtures were 

prepared at the same composition that is used for the experiments. The method was applied by 

filling a transparent cuvette by squalene-phospholipid mixture (ρoil = 0.858 g/cm3) and injecting 

the buffer solution (ρbuffer = 0.998 g/cm3) with a defined volume to create a droplet. The droplet 

volume was set to (2.0 ± 0.5) μl for all the measurements.  By this optical method, the shape of 

the droplet hanging from the needle was determined by imaging the cross-section of the droplet. 

The geometry of the droplet was automatically extracted by the SCA20 Software based on a 

Young-Laplace equation [134] which defines the pressure difference between the inside and 

outside of the droplet with a radius of curvature Ri as follows: 

 

 

 Δ𝑃 = (𝑃𝑖𝑛𝑡 − 𝑃𝑒𝑥𝑡) =  𝛾 (
1

𝑅1
+

1

𝑅2
) (9) 

 

Where 𝑅1 and 𝑅2 are the principal radii of curvature which is shown in Figure 23. After a certain 

time, the surface tension value was fixed and the measurements were continued until the droplet 

succumbed to the gravity due to the Laplace pressure across the z-axis which is Δ𝑃(𝑧)  =

(𝛥𝑃0 ± 𝛥𝜌𝑔𝑧) where 𝛥𝑃0  is the Laplace pressure  of the reference plane. Subsequently, the 

droplet is ruptured due to the limit of the size with respect to the surface tension. In our case, 

the liquid-liquid interface is decorated with lipid molecules, and the obtained surface tension 

value was used to calculate the bilayer tension. After getting the surface tension value, the bilayer 

contact angle 2θ was obtained from optical micrographs, and the bilayer tension was calculated 

using the Young equation, Γ = 2γcos(θ) as schematically described by Figure 5 in Section 3.2.2. 
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Figure 23 A typical drop image and schematic description of how the geometry of the droplet is 

fitted  to obtain surface tension value (A). Reproduced by permission of publisher [134]. A 
typical drop image where the buffer phase (0.1 M NaCl) is formed in a mixture of squalene and 
phospholipids DOPC:DOPE:DOPS (60:30:10 mol%) (B). Corresponding change of IFT (Interfacial 

tension) by time until the fixed surface tension value is obtained (C). 

 

4.6 MOLECULAR DYNAMICS SIMULATIONS 

The MD Simulations have been carried out by the group of Prof.Dr.Jochen Hub, Experimental 

Physics, Saarland University to study the lipids localization on the lipid droplets. The Gromacs 

simulation software (version 2020.4) was used to run the simulations [135]. Characterization of 

the molecular interactions were completed by Martini 2.0 coarse-grained force field [136]. Verlet 

algorithm was performed to update the neighbor lists. The bilayer was made of 5000 lipids with 

a lipid composition of  DOPC:DOPC:DOPS (50:40:10). There were 126478 water and 244 sodium 

beads around the bilayer. To constitute the triacylglycerol lipids in between two monolayers, a 

gap of 5.8 nm was created by moving them apart in z-direction normal to the membrane. This 

cylindrical gap with a radius of 8nm (axis is parallel to the z-axis) was filled with 529 triacylglycerol 

(TAG) lipids. The set-up provide an LD inserted in the bilayer with a well-defined insertion angle 

[6].  
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5 RESULTS AND DISCUSSION 

5.1 BILAYER CHARACTERIZATION 

To conduct the experiments with the lipid bilayer, it is important that the bilayers are formed in 

the microfluidic device behave similarly to an ER membrane in a cell. For that reason, in the 

following, a full characterization including the formation of the bilayer and its properties is 

discussed. Details about the formation technique can be found in the “Materials and Methods” 

section. The formation of the bilayer in the microfluidic set-up is confirmed by 

electrophysiological measurements (Patch-Clamp) and FRAP.  

For the electrophysiological measurements of the bilayer formation, the microfluidic set-up is 

connected to a Patch-Clamp device by inserting two Ag/AgCl electrodes in the NaCl buffer (0.1 

M) containing channel and the cone, and the formation is simultaneously monitored by bright-

field microscopy. In this microfluidic geometry, the phospholipid mixture in oil is sandwiched 

between the buffer phases, and the lipids organize spontaneously to form two oil-water 

interfaces composed of monolayers of lipid molecules [137]. Optical imaging shows that, once 

the two interfaces meet between the bottom channel and the upper cone, a disk-like shape 

appears at the center of the opening which is also shown in literature [5]–[7], [138]. At this point, 

the formation starts and phospholipids in the oil organize to form a bilayer (Figure 24). The 

sudden appearance of this bright disk-like shape is a result of the draining of the oil from center 

area, thus changed thickness . The formation process continues until the area reaches the limits 

of the aperture and the bright ring disappears.  

The simultaneous capacitance measurements of the bilayer show that, in the beginning, the 

capacitance value “C” is measured around zero, indicating that the two interfaces are far away 

from each other. The capacitance value starts to increase by slow thinning of the oil layer 

between two monolayers. Subsequently, the oil-free bilayer starts forming as the zipping of the 

two monolayers take place. Therefore, once the formation starts (t=47 s), the capacitance signal 

increases until meeting a stable value (t=55 s) as shown in Figure 24. After this point, the bilayer 

has reached the size of the aperture, and the constant capacitance value shows that the 

formation is completed. The formation of an oil-free bilayer is confirmed by calculating the 

thickness of the bilayer which is calculated by the measured value of the capacitance is 1.3 nF 

and the diameter of the bilayer (550 μm). By using Equation 8 and assuming dielectric permittivity 

ε0 as 8.8x10-12 F/m and is the relative dielectric constant (εm) of the membrane as 2.2, the 

thickness of the lipid bilayer is calculated as ≈3.2 nm. In the literature, the thickness of a cell 

membrane is reported as 3-5 nm, which is compatible with the measured value of the lipid bilayer 

formed in the microfluidic device [139]. These results show that the bilayer is oil-free after the 
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formation, and the thickness of the bilayer is similar to the reported values for oil-free free-

standing and GUV bilayer systems  [5], [140], [141]. 

 

 
Figure 24 Capacitance measurement of a bilayer formation with bright-field images. 

 

It is necessary to form a free-standing phospholipid bilayer in the fluid state to mimic the 

biological membrane. To check this membrane property, the physical state of the bilayer is 

characterized by the FRAP technique to measure the mobility of the lipids, which is the most 

common technique used to measure the mobility of cellular membrane components like lipids 

and proteins. For this aim, DOPE lipids in the bilayer are first labeled with the fluorescence dye. 

Three equivalent-size areas are bleached, and the recovery kinetics are recorded until the 

intensity approaches a plateau (Figure 25) as detailed in the Methods section. To obtain the 

diffusion coefficient, first, all the intensity value data are normalized due to the maximum value 

before the bleaching. The Soumpasis equation is fitted to the data to obtain the characteristic 

diffusion time (𝜏). From the diffusion time, the diffusion coefficient value for the phospholipids 

in the bilayer is calculated using Equation 7 as D ≈ 10 µm2/s. This value shows that the lipids are 

freely diffusing in the bilayer, and the bilayer is in a fluid state. This extracted diffusion coefficient 

value is remarkably similar to the values reported for all bilayer systems as GUVs [142] and free-
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standing bilayers in literature [5], which is three to four times more mobile than a supported 

bilayer [143].  

All the characterization of the free-standing bilayer shows that this microfluidic approach is 

suitable to produce a free-standing bilayer with good optical and electrophysiological 

accessibility. Moreover, the bilayer could be produced in the fluid state and with a thickness 

similar to an ER membrane. These features indicate that this bilayer can be used as a model 

system to investigate more on the lipid droplets and associated proteins with a reasonable ER 

membrane composition. 

 

Figure 25 FRAP experiments on the bilayer for the bilayer composition DOPC:DOPE:DOPS 
(60:30:10 mol%) labelled with Atto DOPE-647N. Scale bars with arrows denote 15 µm for x and 

y (A). FRAP data for three equivalent areas presented with dots in green, blue and red. The 
Soumpasis equation fitted to the data presented by the black line (B). Reproduced by 

permission of publisher [6]. 
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5.2 INSERTION OF LDS AND PROTEO-LDS 

In the previous subchapter it was demonstrated that the formed free-standing bilayer is a good 

model system with desirable properties that makes it also suitable to explore the behavior of 

model lipid droplets (LDs). Insertion kinetics of lipid droplets into the bilayer is one of the most 

important points to be clarified to investigate the diffusion dynamics of the LDs in the bilayer at 

the beginning of the studies with LDs. For this aim, the lipid bilayer lipid droplets are prepared 

with the compositions comparable with the literature [57], [62], [144], [145]. The preparation 

methods for bilayer and LDs are given in detail in the “Materials and Methods” section. Primary 

experiments to follow the insertion of LDs are performed by following only the lipid droplet signal 

by a laser system. Once a free-standing stable bilayer is formed in the microfluidic device, the 

artificially formed LDs are introduced to the system from the upper cone by pipetting a small 

volume of the emulsion. After a few minutes, once LDs immobilize at the bilayer area, the 

fluorescent intensity of the bilayer area increased simultaneously (Figure 26) due to the LDs 

labelled with BODIPY. This quite simple study showed that these LDs are positioned on or into 

the bilayer but the exact lateral position could not be determined. Therefore, the shape and 

position of LDs are determined by spinning-disk confocal microscope by using high numerical 

aperture objectives. 

 

 

Figure 26 Lipid droplets labelled with BODIPY 493/503 on a non-fluorescent bilayer with a 
composition of DOPC:DOPE:DOPS (60:30:10 mol%). 

 

Triolein-LDs are expected to encapsulate between two monolayers of the bilayer [50], [64], [101], 

[146], as the hydrophobic molecules can be encapsulated between two amphiphilic leaflets of the 

bilayer. These molecules either spread evenly in the bilayer or form droplets. Considering the 
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mechanics of membrane fusion, the fusion of the LD monolayer with the bilayer can be described 

as a stalk-like intermediate state upon very close contact of the two layers with a negative 

curvature through the stalk rim. The LDs with 5 μm diameter imply a diffusion coefficient of 0.1 

μm2/s in the bulk via the Einstein relation [147]. The insertion of a lipid droplet with a monolayer 

lipid composition of PC:PE (1:1 mol%) takes 10-15 min after introduction from the cone. For the 

LDs with a monolayer lipid composition of PC only, the insertion takes at least one hour. The 

accumulation of cone-shaped PE lipids may stabilize the pore rim by advocating the negative 

curvature [148], [149]. This shows that the presence of PE in the LD monolayer reduces the 

insertion energy barrier and facilitates the insertion of LDs into the bilayer.  

For this system, the LD insertion and shape are confirmed by the position of the triolein that is 

visible as green due to BODIPY sandwiched between the two leaflets of the bilayer that are visible 

as red due to Atto647N. Overall, the z-stacks with a step size of 300 nm give a clear 3D image of 

how the lipid droplets have reached the bilayer, and how they are inserted (Figure 27). The LD 

does not spread after embedding into the bilayer but takes a characteristic lens shape with a 

well-defined insertion angle and does not move afterward [150]. The obtained 3D shape of an LD 

inserted in the bilayer is defined as highly symmetric  as shown in Figure 28.  

 

 

Figure 27 Fluorescence microscopy images of the lipid bilayer (left image) and LDs (middle two 
images) in bulk. Scale bars are 100 μm, 10 μm, and 1 μm for bilayer, LDs, and single LD images, 
respectively (A). z-stack images of LD before (upper image, t≈5 min) and after (bottom image, 

t≈10 min) touching the bilayer (B). Lipid bilayer before and after LD insertion (C). Scale bars with 
arrows, 5 μm for x and z. Reproduced by permission of publisher [6]. 
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Figure 28  3D representation of a lipid droplet (in yellow) inserted in the 40 mol% cholesterol 
including bilayer (in red). Scale bars with arrows show 10 μm in the upper panel (A). The xz 

plane of a lipid droplet insertion. Scale bars for the lower panel; 10 μm for x and 2 μm for z (B). 
Reproduced by permission of publisher [6]. 

 

The partitioning of several type of proteins that insert into the membrane are also studied to 

investigate the insertion kinetics of lipid droplets in presence of proteins. The first study is done 

by the Proteo-LDs (PLDs) consisting of the peptides of UBXD8 proteins, UBXD871-132, which 

includes a hairpin region. After the bilayer formation, these PLDs labelled with fluorescent probes 

are introduced to the system from the upper cone following the same strategy as LD insertion 

before (Figure 29). From the bilayer core (z=0) through the top of the PLD, the fluorescence signal 

transforms from a green ring (z=0) to a spot (z=700 nm). The green ring demonstrates the 

UBXD871-132 peptides are covering the interface. The spot at the top of the PLD shows a large area 

covered with proteins on the monolayer.  
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Figure 29 Schematic representation of the PLD-UBXD8 insertion pathway (A). Fluorescence 
images of the bilayer (red signal, Atto DOPE) containing PLDs (green signal, Atto488). The scale 

bar shows 15 µm  (B).  z-stacks from the bilayer core through the PLD top (upper row). Scale 
bars denote 15 µm and 10 µm (x,y) for upper and lower rows, and z-arrows show 1 µm for the 

lower left two images and 700 nm for the right image (C). Reproduced by permission of 
publisher [6]. 

 

Here, the 3D images have shown that the insertion of PLDs differs from LDs due to their 

positioning after the immobilization as the proteins are present only in the LD monolayer which 

indicates that these monotopic hairpin proteins are only localized in the monolayer leaflet on the 

side of insertion with their hydrophobic domain and changed the surface tension of the 

monolayer. Even after monitoring for 30 minutes, the proteins do not partition by freely diffusing 

from the monolayer through the bilayer. As a result, the localization of the proteins on one side 

of the LD breaks the symmetry and changes the monolayer composition, which ends up with an 

asymmetric LD shape as a bulge toward the protein-containing leaflet.  

To explore the insertion kinetics of a hairpin-like protein, Cav11-17 is introduced to the system. 

During the insertion, first, the LD takes an asymmetric shape for a few minutes. Then a transition 

state takes place and once the LD completely embeds into the bilayer core. After insertion of the 

PLDs into the bilayer, the mixing of the LD monolayer phospholipids occurs as well as the mixing 

of proteins. When the system is equilibrated, the proteins are redistributed between the bilayer 

and LD monolayer and  become visible in both areas. The shapes examined by the confocal 
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microscopy show that the LDs resulted in a symmetrical lens shape as shown in Figure 30 [6], 

[50], [102], [146]. To achieve a symmetric LD shape like this after insertion in presence of 

proteins, the proteins should be also distributed equally in both leaflets. If the surface tensions 

for the cases with and without proteins are compared, the results show that the surface tension 

of LDs covered with PC/PE (1:1 mol%) monolayer (≈ 2 mN/m) is very similar to the surface tension 

of LDs with 1 µM of Cav11-17 ( ≈ 1.3 mN/m). This means that the proteins are surface active, and 

they have a role in the achievement of remarkably close surface tensions in two monolayers 

surrounding the LDs. Hence, the symmetry of inserted lipid droplets is not destroyed in presence 

of Cav11-17 proteins which can be explained by the spontaneous diffusion of these proteins 

through the droplet core until both of the monolayers contain equivalent protein concentrations. 

This experimental result is in line with the literature about spontaneous diffusion of the Cav11-17  

proteins which have been found in the LD core in our model system, as seen in the cell [82].  

 

 

Figure 30 3D confocal images of an bilayer inserted PLD containing Cav11-17. Channels are 
shown for LD and proteins in green and red colors, respectively. Scale bars with arrows denote 

5 μm (x,y, and z) (A) and 5 μm (B) and 2 μm (C) for (x and z). 

 

To investigate the shape of the lipid droplets inserted in the bilayer in presence of a protein with 

an affinity to lipid droplet, the Proteo-LDs consisting of the ADRP proteins which has a 

cytoplasmic lipid droplet binding domain are studied. The surface tension measurements show 

that ADRP proteins are highly surface active as a triolein/buffer interface in presence of 1 µM 

ADRP has a surface tension of  ≈ 10 mN/m which is three times less than the surface tension of 

the interface without any surface-active molecules. So, these proteins are free to move on the 

lipid droplet surface as well as the core. The 3D confocal scans are performed on the inserted 

droplets to determine their shapes after the insertion of PLDs by following the same steps 

introduced previously for LDs and Proteo-LDs including UBXD8 and Cav11-17. The fluorescence 
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images reveal that after the lipid droplets including ADRP proteins inserted into the bilayer, they 

have a diameter of about 20 µm and a height of about 5 µm, which shows that the shape of the 

droplets slightly escape from the ideal lens-shape with spherical interfaces which have been 

previously shown for the lipid droplets without proteins (Figure 31). These pancake shapes might 

be a result of inhomogeneous distribution of the surface active ADRP molecules, which might be 

accumulated more at the circumference of the LD and lowered the local surface tension as the 

measured surface tension values are very close to the value of surface tension of a pure triolein-

water interface. 

 

 

Figure 31 The typical pancake shape of Proteo-LDs containing ADRP proteins inserted into the 
bilayer. Scale bar denotes 5 µm for x,y, and z.   

 

Even if the hairpin structure and surface activation of UBXD8 protein allows the accumulation of 

the protein on one leaflet of the lipid droplet, the freely-diffusing protein ADRP with lipid droplet 

binding domains (PAT) are localized on the lipid droplet as expected [151], and lipid droplets with 

ADRP proteins resulted in a quasi-symmetric pancake shape. This shape is like the symmetric 

shape of the lipid droplets in presence of Cav1-17  peptides and in contrast to the asymmetric 

shape of UBXD8 containing PLDs. 
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5.3 STUDYING WETTING PHENOMENON FOR LDS AND PLDS 

The wetting of inserted LDs and PLDs are studied once the bilayer with the desired composition 

is completely stable. Characterization of the 3D shape of the bilayer-embedded LDs without 

proteins show a highly symmetric lens shape as previously mentioned in Section 5.2, which is like 

the lens shape of an LD in ER membrane before biogenesis. Bilayer tension is one of the main 

factors to change the shape of a LD by tuning the insertion angle of the LD. The wetting properties 

of the membrane are investigated depending on the cholesterol content in the bilayer by varying 

the amount from 20% to 40% (mol%) in the bilayer. Two-dimensional surface plot projections are 

created for each LD to measure the insertion angles both for the upper and lower leaflets as 

shown in Figure 32.  

 

 

Figure 32 2D surface plot projections (left two rows) and corresponding confocal images (right 
rows) of LDs for bilayer-cholesterol compositions 40%, 30%, and 20% from top to bottom. Scale 

bars denote 5 µm and 200 nm for x and z planes, respectively. Reproduced by permission of 
publisher [6]. 

 

To understand the dependence on cholesterol content of the bilayer, the measured insertion 

angles of LDs and PLDs are compared with the wetting theory [50], [63], [101], [146]. By using 

the 3D shapes of the lipid droplets, angles are measured, and surface tension values for bilayer 

and lipid droplets  were obtained by the pendant drop method. According to the wetting theory, 

the balance of the bilayer tension (Γ) and lipid droplet tension determines the shape of the LD. 

Here for a lipid droplet, the tension applied by the horizontal components of the upper leaflet 

surface tension is defined as  ΓULD = γ
ULD 

. cos(α
U
), and the lower leaflet surface tension is defined 

as ΓLLD = γ
LLD 

. cos(α
L
) where α

U 
, α

L 
are the measured angle and γ

ULD ,  γLLD 
are the surface tensions 

(Figure 33).  
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Figure 33 Schematic representation of surface forces acting on the bilayer (A) on a LD in the 
bilayer for the symmetric (upper) and asymmetric (lower) case (B). Reproduced by permission 

of publisher [6]. 

 

The lipid droplet tension considering both leaflets can be written as:  

 

 𝛤𝐿𝐷 = 𝛾𝑈𝐿𝐷 
. 𝑐𝑜𝑠(𝛼𝑈) +  𝛾𝐿𝐿𝐷 

. 𝑐𝑜𝑠(𝛼𝐿) 

 

(10) 

 

Due to the Young-Dupre law, in equilibrium, the bilayer tension is defined as 𝛤 =

2 γLB cos(θ)   which is shown in Figure 33 [50] . Here, γLB  is the surface tension of one of the 

monolayers which are forming the bilayer, 2θ  is the contact angle of the plateau border. For a 

symmetric bilayer the equation becomes:
 

 

 γLB

γLD 
=

cos(αU) +cos(αL)

2cos(θ) 
 

(11) 

For mirror symmetric lipid droplets with respect to the bilayer, we can simply assume αU = αL = 

αU  and simplify Equation 11 to 
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 γLB

γLD 
=

cos(α)

cos(θ) 
 

(12) 

The extracted values (shown in Table 1) fit Equation 12 and are compared with the wetting 

theory as plotted in Figure 34.  The results demonstrate that when the cholesterol amount 

increased from 20% to 40%, the lipid bilayer contact angle of an LD decreases from (49±3)˚ to 

(29±2)˚. Here, even if the angle changes, the characteristic lens shape of a LD is not affected by 

that. As the cholesterol amount in the bilayer increases, a reduction of the measured angle is 

observed due to the increased bilayer tension. In line with the literature, the displayed results 

are indicating that the lens shapes of the LDs are comparable with an equilibrium wetting theory 

for different amounts of cholesterols which is consistent with the literature [152], [153].  

 

Table 1 Characterization of a bilayer including embedded LDs  and PLDs containing UBXD8 
protein. 

Lipid Droplets 

Cholesterol LB Surface 

Tension γLB 

mN/m 

LB Contact 

Angle 

 θ 

Lipid Bilayer 

Tension Γ 

mN/m 

Lipid Droplet 

Tension γLD 

mN/m 

Lipid Droplet 

Contact 

Angle α 

 

20% 2.9±0.2 (49±3)˚ 3.8 ±0.2 1.7±0.2 (33±3)˚ 

 

 

30% 3.0±0.3 (41±3)˚ 4.5±0.3 1.8±0.2 (27±2)˚ 

 

 

40% 2.5±0.3 (29±3) ˚ 4.3±0.3 1.9±0.3 (24±2)˚ 

 

 

PLDs 

Cholesterol LB Surface 

Tension γLB 

mN/m 

LB Contact 

Angle  

θ 

Lipid Bilayer 

Tension Γ 

mN/m 

Lipid Droplet 

Tension 

γLD 

Proteo-LD 

Contact 

Angle α 

0% 0.78±0.2  ≈ 0 3.2±0.2 1.6±0.2 (40±3)˚ 
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Figure 34 Comparison with the wetting theory for bilayer embedded LDs for 20%,30% and 40% 
cholesterol, and PLDs containing UBXD8 protein for 0% cholesterol. Reproduced by permission 

of publisher [6]. 

 

The asymmetric shapes of inserted Proteo-LDs are also analyzed by wetting theory. As it is 

already shown, when a Proteo-LD including UBXD8 peptides is embedded into the bilayer, the 

UBXD871-132 proteins are coated only on one side of the LD surface, which eventually created an 

asymmetric distribution on LDs. An asymmetric shape of a PLD with UBXD8 proteins in 

equilibrium fulfills the subsequent equation based on the wetting theory: 

 

 𝛤𝑃𝐿𝐷 = 𝛾𝑃𝐿𝐷 
. 𝑐𝑜𝑠(𝛼𝑈) +  𝛾𝐿𝐷 

. 𝑐𝑜𝑠(𝛼𝐿) 

 

(13) 

 

Here the upper leaflet contains the protein, and due to the strong asymmetric shape, we can 

assume that αL of the droplet side which does not contain any proteins is approximately zero, so 

the lower leaflet tension can be written as γLD 𝑐𝑜𝑠(𝛼𝐿) = γLD and Equation 13 becomes:  

 

 𝛤𝑃𝐿𝐷 - γLD

γPLD 
=   𝑐𝑜𝑠(𝛼𝑈) 

(14) 
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From the measured angles and calculated bilayer and lipid droplet tensions (Table 2), it can be 

concluded that the surface tension of one of the leaflets is adjusted by the proteins which causes 

the difference between the two leaflets, which resulted by an asymmetric bulged shape of the 

LD.  

To investigate the wetting of lipid droplets in presence of proteins with high affinity to lipid 

droplets, PLDs consisting of ADRP (Adipose-differentiation related protein) proteins are 

investigated by using different cholesterol amounts in the bilayer. The contact angle values are 

extracted from the fluorescence images of PLDs inserted in the bilayers. The extracted values of 

surface tensions and contact angles (Table 2) of lipid droplet and bilayer fit to Equation 11 and 

compared with the wetting theory as plotted in Figure 35. The results show that in presence of 

surface active ADRP proteins, increasing cholesterol amount results in an increased LD surface 

tension and also increased contact angle of inserted LDs. However, the already reported quasi-

symmetric pancake-like shape remains and even more pronounced the increased the cholesterol 

concentration (from 0% to 40%), respectively the larger the contact angle (Figure 35). 

 

Table 2 Characterization of a bilayer including embedded LDs  and PLDs containing ADRP 
protein by using the values obtained by Interfacial Tension measurements. 

Protein 

(µM) 

Cholesterol Bilayer 

Tension Γ 

mN/m 

LB Contact 

Angle  

θ 

LD Tension 

γLD 

mN/m 

LD Contact 

Angle  

αU 

LD Contact 

Angle  

αL 

1 0% 2±0.2  (64±3)˚ 1.1±0.2  (42±3)˚ 

 

(35±3)˚ 

 

1 20% 2.4±0.3 (67±3)˚ 2±0.3 (65±3)˚ 

 

(55±3)˚ 

 

1 40% 3.1±0.3 (69±2)˚ 3.9±0.2 (75±3)˚ (65±3)˚ 

 

0 0% 2±0.2 (63±2)˚ 1.6±0.2 (49±3)˚ (51±3)˚ 
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Figure 35 3D confocal images of bilayer embedded PLDs for 0%, 20% and 40% cholesterol, and 
bilayer embedded LD for 0% cholesterol (A). Comparison with the wetting theory (B). 

Reproduced by the permission of publisher [8]. 

 

The results of both lipid droplet and PLD studies have shown that the droplet shapes can be 

described by equilibrium wetting theory by using the insertion angles and surface tension values 

for the symmetric or asymmetric case. Depending on the type of the protein, the symmetry of 

lipid droplets without proteins can either be broken (as shown by UBXD8 containing PLDs) or the 

lipid droplet can take a specific shape like a pan-cake due to the non-homogeneous distribution 

of surface-active proteins (as shown by ADRP containing PLDs). This means that the distribution 

of the proteins due to their functional elements and types, is a controlling mechanism on the 

shape of the bilayer-embedded PLDs.  
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5.4 LIPID DIFFUSION BARRIER 

As the microfluidic device is suitable for high-resolution optical imaging of LDs as detailed in 

Section 5.1, it also can be used to investigate the exchange rate of phospholipids and proteins 

between the lipid droplet and the bilayer. For this aim, either the phospholipids and proteins in 

the lipid droplet area or in bilayer area are bleached depending on the aim of the experiment as 

sketched in Figure 36. 

 

 

Figure 36 Area selection in the area of lipid droplet and bilayer. For bleaching the molecules on 
LD surface, entire surface of the lipid droplet, and for the bilayer, a bleaching area at the center 

of the entire bilayer is selected.  

 

First FRAP experiments were performed on BODIPY-labeled neutral lipids in the LD core inserted 

into a non-fluorescent bilayer to explore the neutral lipid exchange between the lipid droplet 

core and the surrounding bilayer area. The results show that once the neutral lipid is bleached, 

there is no recovery, which indicates that an inserted LD is isolated from the surrounding without 

any spreading of neutral lipids inside the two leaflets of the bilayer (Figure 37). This means that 

the lipid droplets inserted in the bilayer are separated from the bilayer with a boundary around 

the LD rim, which will be studied in the following experiments to investigate the exchange rate 

of phospholipids between the bilayer and lipid droplet. 
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Figure 37 FRAP measurements on the neutral core of the lipid droplet with a size of 5 µm 
inserted into a bilayer. The area is bleached for 20 seconds. Reproduced by permission of 

publisher [6]. 

 

For the phospholipid exchange rate experiments, the DOPE phospholipids in the bilayer are 

labeled with Atto-DOPE. The phospholipids in the LD monolayer are not labeled (invisible) until 

the LD is inserted into the bilayer. After the insertion of LDs, LD monolayer starts to fluorescent 

with the same intensity. This shows that these phospholipid molecules could exchange between 

the lipid droplet and the bilayer. When the phospholipids in the selected bilayer area without LDs 

are bleached, the recovery is observed after 30 seconds as shown in Figure 38. This area is 

completely recovered by the neighbor fluorescence molecules in 120 seconds. The experiments 

are continued by bleaching the phospholipids in the area of lipid droplets. On contrary, when 

only the area of the LD is bleached, a reduced recovery of the phospholipids is observed. The 

recovery is started from the intersection points through the center, and the area is never fully 

recovered.  
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Figure 38 3D representation of the selection of areas for LD and bilayer before bleaching. Scale 
bars are 10 µm for all directions (A). FRAP experiments on the bilayer (upper row) and the 

entire LD (lower row) for the bilayer composition DOPC/DOPE/DOPS (60:30:10 mol%) labelled 
with Atto DOPE-647N. The scale bar shows 25 µm and 10 µm, respectively (B). Reproduced by 

permission of publisher [6]. 

The results show that even if there is 85%-100% recovery with respect to the initial value (before 

bleaching) in the bilayer, the recovery in the LD area is limited to a maximum of 10% with respect 

to the initial value of the LD area. Namely in the LD area, the recovery is slowed down from the 

sides through the center of the lipid droplet and stopped when the fluorescently labeled 

phospholipids are reached the lipid droplet area. The intensity values are extracted from 

measurements as in Figure 38 and plotted as recovery curves in Figure 39. The Soumpasis 

equation is fitted to these data to obtain the recovery time, thus, finally a diffusion coefficient. 

Due to that, the diffusion coefficient value obtained for the bilayer is ≈ 10 µm2/s. However, the 

corresponding results of the LD area reveal a remarkably diminished motility of the phospholipids 

from the surrounding bilayer onto the LD surface (Figure 39). If the Soumpasis equation is fitted 

to the recovery curve of LD area, the suggested diffusion coefficient is calculated as 0.1-0.5 µm2/s 

which points out diminished mobility of phospholipids on the lipid droplets by approximately one 

order of magnitude compared to the phospholipids in the bilayer. However, when assuming a 
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diffusion barrier for the lipids, the Soumpasis equation is not valid anymore. Based on the 

invalidity of Soumpasis equation in presence of a diffusion barrier, it is considered that the 

exchange of phospholipids can be quantified due to the transport rate between two membranes 

in contact, here LD monolayer and one leaflet of the bilayer. At t=0 sec, one leaflet of the bilayer 

contains fluorescence molecules, and the LD monolayer does not contain them. When they are 

in equilibrium, they could exchange the molecules reversibly. The exchange of these molecules 

can be written as: 

 

 [𝐴] ⇌ [𝐵] 

 

(15) 

Where [A] and [B] are the concentration of fluorescent lipids in the donor and acceptor 

membranes, respectively. By using this one-stage first-order reversible reaction model, the lipid 

transfer rate can be differentiated as follows: 

 

 𝑑[𝐴]

𝑑𝑡
= −

𝑑[𝐵]

𝑑𝑡
= 𝑘−1[𝐵] − 𝑘1[𝐴] 

 

(16) 

Here, 𝑘1 and 𝑘−1 are the transport rates for 𝐴  and 𝐵 . At the beginning (t=0), the donor 

membrane has a number of molecules, “𝑁”, and the acceptor membrane has no molecules, 

assuming 𝑘−1=𝑘1=𝑘, the Equation 16 can be expressed as: 

 

 
𝐵 =  

𝑁

2
 (1 − 𝑒−2𝑘𝑡) 

 

(17) 

 
∆𝐼 =  

𝑁𝛼

2
(1 − 𝑒−2𝑘𝑡) 

   (18) 
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Where ∆𝐼 is the fluorescence intensity change, 𝛼 is the scaling factor which is the efficiency of 

certain number of molecules result in fluorescent signal, and 𝑁𝛼/2 is the final plateau value. 

Fitting Equation 18 to the recovery data on the LD surface, a transport rate of 0.25 min-1 is 

extracted. If the equation is fitted to the recovery data of a pure bilayer, the estimated transport 

rate is around 3 min-1, which is one order of magnitude higher than that for the LD surface. These 

results confirm that there is a diffusion barrier for PE phospholipids, as there was a very reduced 

recovery in the lipid droplet area.  

 

Figure 39 FRAP curves for LD and bilayer after bleaching an area labelled with Atto-DOPE with a 
diameter of 30 µm for 20 sec. Reproduced by permission of publisher [6]. 

 

As only the PE molecules were probed, this raised a question of, if this barrier is specific to PE, or 

could be also measured for PC molecules which will be done in the following. For this aim, the 

experiments are repeated by replacing the dye with Cy5-PC, and the obtained fluorescence 

recovery data are fitted to Equation 18. The results show that the obtained transport rates for 

PC are remarkably similar to the transport rates of PE, which implies that the diffusion barrier is 

not specific to a phospholipid type and exists for both lipids as shown in Figure 40.  

 



70 
 

 

Figure 40 FRAP curves after bleaching an area labelled with Cy5-PC with a diameter of 30 µm 
for 20 sec in the LD monolayer. Reproduced by permission of publisher [6]. 

 

5.5 MOLECULAR DYNAMIC SIMULATIONS  

To explore more about the origin of this biophysical phenomenon of the experimentally observed 

lipid diffusion barrier, molecular dynamics simulations of LDs by using a coarse-grained MARTINI 

model (see Materials and Methods) were performed by the group of Prof.Dr.Jochen Hub, 

Theoretical Physics, Saarland University [136]. The bilayer composition is selected as 

DOPC/DOPE/DOPS (60:30:10), and the results were obtained on a nanometric lipid droplet 

inserted in the bilayer with a well-defined insertion angle. The components of the model are 

shown for an equilibrated coarse-grained simulation system in Figure 41.  

The simulations disclosed that PE molecules concentrated at the interface in a ring structure 

(Figure 42). Lipids accumulate due to the structure of DOPE, while they balance the negative 

curvature around the lipid droplet due to their cone-shaped geometry [31], [154]. This raises the 

question of whether the origin of the diffusion barrier for both of the phospholipids is because 

of the negative curvature of DOPE lipids at the LD rim or not. To evaluate this hypothesis by 

simulations and confirm the experimentally established diminished diffusion, the mean first 

passage times (MFPTs) for all the bilayer phospholipids are computed with the same composition 

used for the experiments.  
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Figure 41  Equilibrated CG simulation of an LD. The red color is the neutral lipids and 
phospholipids are shown as green/blue/white sticks in the simulations. The detailed simulation 

of the side view consists of DOPC in blue, DOPE in orange, and DOPS in pink. Reproduced by 
permission of publisher [6]. 

 

Figure 42 Coarse-grained numerical simulations representing the lateral lipid densities on a LD 
monolayer and surrounding bilayer. The lipid composition is set to DOPC:DOPE:DOPS (60:30:10 
mol%) for bilayer. TAG composition is set to 537 triacylglycerol. Reproduced by permission of 

publisher [6]. 
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The computed MFPTs show that the lateral diffusion in a pure bilayer is faster than that across 

the bilayer and lipid droplet boundary, by revealing that PE and PC molecules are accumulate in 

a ring structure at the interface of the lipid droplet and the bilayer. This result is confirming the 

existence of the diffusion barrier, but the key difference between the experimental results and 

the simulations observed is the impact of the diffusion barrier, which can be explained by the 

relative increase of the MFPTs. As shown in Table 3, the MFPTs are systematically larger in the 

LD-bilayer simulations compared to the pure bilayer simulations with a relative increase between 

23% to 39%. This result indicates that the diffusion barrier is much weaker than the barrier 

obtained in experiments. This effect can potentially be explained by the differences in scales and 

thermal fluctuations of the simulations and experiments. It should be noted that the simulations 

are performed on the nanometric scale, where the LDs in the experiments have a size of a few 

micrometers. Under thermal fluctuations, the nanoscopic regions are expected to be more 

unstable, which results in an unstable PE ring. On the contrary, the increased thermal stability of 

phospholipids might influence the diffusion barrier and makes it more stable and enhanced. Such 

different spatial dimensions could cause a reduced effect of the barrier for simulations compared 

to the reported experimental results. Although the results clearly show that there is a visible 

diffusion barrier both in micrometric and nanometric scales. 

Table 3 Comparison of lateral diffusion of lipids from the LD surface to the bilayer and in pure 
lipid bilayer by coarse-grained MD simulations. 

 Pure bilayer simulation LD simulation Rel. increase 

 Ntrans MFTP [μs] Ntrans MFTP [μs]  

DOPC 7346 0.44 2025 0.61 39% 

DOPE 5733 0.44 1600 0.54 23% 

DOPS 1399 0.45 423 0.57 27% 

 

5.6 PROTEIN PARTITIONING DUE TO LIPID PACKING 

The protein structure and bilayer composition are the main factors for the partitioning as 

explained in detail in Section 3.3. The insertion of PLDs containing UBXD871-132 shows that 

proteins due to their structure can accumulate on one LD monolayer without partitioning. 

Compared to the UBXD8 protein, an integral membrane protein Caveolin-1 can show a dynamic 

partitioning by diffusing freely in the bilayer and the LD in living cells is employed [82]. The 

truncated peptide Cav11-17 is a short sequence of the N-terminal domain of Caveolin-1, and as 

also detailed in the Materials and Methods section, it has affinities with hydrophilic and 

hydrophobic residues. By using this hairpin-like protein, the mechanism behind dynamic protein 

partitioning is aimed to be further investigated in this model bilayer-lipid droplet system. The LD 
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core is labelled with BODIPY 493/503, Cav11-17 protein and bilayer are labelled with Alexa Fluor 

647 and Rhodamine-PE, respectively. The lipid droplets are decorated with Cav1-17 peptides and 

introduced right after the bilayer formation, which is carried out similarly to the previous study. 

For this set of experiments, it has been waited at least for 20-30 minutes until the lipid droplets 

inserted in the bilayer, and proteins organized their distribution between the bilayer and the lipid 

droplets (Figure 43). The detailed regulation of the proteins as observed by fluorescence imaging 

will be explained in the following section. 

 

 

Figure 43 Schematic description of the insertion of PLDs consist of Cav11-17 into the bilayer  

Increasing the PE amount in the bilayer to alter the localization of proteins from bilayer through 

the LD monolayer has been reported for monotopic proteins previously by using DIBs [31]. This 

preference is explained by the packing defects caused by increased PE amount in the bilayer, 

which creates more area for the proteins to bind to the neutral lipids. To investigate the effect of 

lipid packing on the partitioning of a hairpin-like protein, the bilayer composition is changed by 

tuning the PE amount in the bilayer to vary the lipid packing by choosing a composition close to 

ER membrane [31]. The composition of the PC/PE (either DOPC/DOPE or POPC/POPE) in the 

bilayer is tuned between 2:1 to 1:3 in molar ratio. Depending on the composition of the bilayer, 

Cav1-17 proteins are either distributed homogeneously or form visible clusters up to a few 

micrometers (Figure 44). Moreover, the distribution of the protein between the lipid droplet 

monolayer and bilayer is changed according to the composition of the bilayer.  
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Figure 44 Confocal images of the lipid droplets inserted on the bilayer by 2D and 3D 
representations. Scale bars with the arrows are 5 μm for x,z (2D images) and 10 μm for x,y and z 

(3D images) for DOPC/DOPE experiments. Lipid droplet core and the Cav11-17 proteins are 
shown in green and red, respectively. 

 

To investigate the regulation of proteins between the lipid droplet and bilayer, intensity values 

are obtained by processing the z-stack images. For this aim, the center of the bilayer is set to z=0 

position, and z-stack imaging is performed between the upper leaflet (z-top) and the bottom 

leaflet (z-bottom) positions. The distribution of the proteins is investigated by comparing the 

fluorescence intensity in the LD monolayers and the bilayer after. From the corresponding 

fluorescent intensities of two LD monolayers and the bilayer, the partition coefficient (𝑃) is 

calculated as follows:  

 

 
𝑃 =

2𝐼𝑏

 𝐼𝑢𝑚 + 𝐼𝑙𝑚
 

(1) 

where 𝐼𝑏 is the bilayer intensity over the entire bilayer area including clusters, 𝐼𝑢𝑚 is the intensity 

of the upper monolayer and 𝐼𝑙𝑚  is the intensity of the lower monolayer. Two different 

wavelengths have been used to define the lipid droplets and proteins to obtain a 3D shape, and 

only the channel detecting the proteins are processed to obtain the partition coefficient value. 

When  𝑃 ≫ 1, the proteins prefer to be in the bilayer, while they are slightly localizing in the LD 

monolayer in the case of 𝑃 > 1. For the case where 0 < 𝑃 < 1, the proteins are distributed 

between the bilayer and on the LD monolayer, and they prefer to be on the LD monolayer for  

𝑃 = 0 as sketched in Figure 45.  
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Figure 45 Schematic representation of how protein partitioning can be explained by the 
evaluated P value. 

 

For the bilayer composition DOPC/DOPE (2:1), where the DOPC amount is two times larger than 

the DOPE amount in the bilayer, the proteins localized more in the bilayer (𝑃 ≈  2.2). The 

proteins prefer to be in the monolayer when the bilayer ratio is increased to 1:1, 1:2 and 1:3. The 

value is evolved from 𝑃 ≈ 0.6 to 𝑃 ≈ 0.3 from PC/PE ratio of 1:1 to 1:3, where the localization is 

clearly shifted from the bilayer to the LD monolayer (Figure 46). This hypothesis is studied with 

another approach, by increasing the packing of the bilayer rather than increasing the packing 

defects. For this aim, the bilayer composition is changed from DOPC/DOPE to POPC/POPE with 

varying ratios of 1:1, 1:2, and 1:3. These two phospholipids ensure higher packing density with 

only one unsaturated fatty acid chain, where DOPC and DOPE are consisting of two unsaturated 

chains. The evaluated partition coefficient values for the POPC/POPE bilayers show that the 

preference of the proteins shifted through the bilayer. The ratios vary between 1:3 and 1:1 

corresponding to 𝑃 ≈ 2.6 to 𝑃 ≈ 2.4, and the preference is not shifted to the monolayer even 

for the case of considerable amounts of POPE in the bilayer (Figure 46). The results showed that 

increasing the PE amount in POPC/POPE bilayers did not show the same effect as in DOPC/DOPE 

bilayers. These result has shown that the distribution of the proteins is not directly related to the 

excess of PE in the bilayer, and there is another mechanism controlling this preference.  
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Figure 46 Confocal images of protein partitioning between the LD (in green) and bilayer (in red) 
to show the distribution of proteins with respect to increased lipid packing in the bilayer (A). 

Partition coefficients for the bilayers composed of DOPC/DOPE and POPC/POPE (B). 

 

The results obtained with DOPC/DOPE bilayer compositions agree with the literature [31]. In this 

microfluidic system, the bilayer mimics the ER membrane, and the water-oil interfaces decorated 

with phospholipid monolayers mimic the two leaflets of LDs, which creates a much larger size of 

LDs compared to the bilayer. Besides, the curvature of the LDs significantly differs from an 

expected lens shape of an LD in the ER membrane. Therefore, to ensure that the results of 

POPC/POPE which showed the opposite trend compared to DOPC/DOPE do not depend on the 

chosen model system i.e. DiB or microfluidic technique, DIB experiments are included in courtesy 

of JB Fleury to confirm the presented results obtained by the microfluidic technique, and to assess 

various bilayer compositions for studying the effect of lipid packing in the bilayer on the 

regulation of proteins. The DIBs system is set up by dispersing Proteo-SUVs decorated with 

phospholipid monolayer in Triolein as detailed in Materials and Methods section. 
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As the Proteo-SUVS in the DIB system have equal protein concentrations, the bilayer fluorescent 

signal is measured, which means that the relative protein presence in the bilayer compared for 

each bilayer composition. When the DOPE amount in the bilayer is increased by changing the 

DOPC/DOPE ratio from 1:1 to 1:3, the relative bilayer intensity is slightly decreased (Figure 47). 

The regulation for the bilayers composed of DPhPC/DPhPE also confirms the same trend, where 

the signal reduction of the bilayer becomes less evident for the compositions of POPC/DOPE and 

POPC/POPE. The results for DOPC/DOPE bilayers are in line with the results obtained from the 

free-standing bilayer system and show that the PC/PE ratio does not determine the partitioning 

of a hairpin-like protein Cav11-17, but rather its influence on lipid packing regulates the 

partitioning. When the lipid packing increases due to the molecular interactions of highly-packed 

phospholipids, the hairpin-like proteins prefer to be in the bilayer independent of the 

experimental approach.  

 

 

Figure 47 DIB examples of bilayer intensities for DOPC/DOPE and POPC/POPE for the molar 
ratios 1:1, 1:2 and 1:3.  

 

Lipid packing defects in the membrane originate due to the geometry of specific lipids, such as 

PE [23], [31], [155]–[157]. PC phospholipid molecules are presenting cylindrical shapes which 

create compact structures in the bilayer. Compared to cylindrical shape PC lipids, PE lipids have 

truncated cone shapes [14], [158], which creates packing defects in the membrane. Hence, 

varying the PC/PE ratio in the membrane can strongly affect lipid packing. DOPE creates more 

lipid packing defects than POPE due to its molecular structure, while POPE has only one 

unsaturated chain (C-C double bond) and a fully saturated chain. This structure ensures more 
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rigidity than a structure consisting of two unsaturated chains [24], [30], [159]. Due to the degree 

of saturation, DOPC is also known to create bilayers with a lower area fraction than POPC. DPhPC, 

and DPhPE lipids are creating membranes with high defect density [160]. If we categorize the 

bilayers as a function of their lipid packing, from lowest to the highest packing: DPhPC/DPhPE  

DOPC/DOPE  POPC/DOPE  POPC/POPE. Comparing the relative bilayer intensities from 20 

DiBs, the results show that the protein organization is directly controlled by the bilayer lipid 

packing (Figure 48).  

As mentioned before, the hairpin-like protein Cav11-17  shows affinity to the bilayer, which has 

both hydrophobic and hydrophilic parts. The dependence of Cav11-17  partitioning can be 

rationalized based on the interaction of non-polar residue of the protein, which is necessary for 

the insertion of the protein into the bilayer, with the hydrophobic core of the bilayer. In presence 

of packing defects in the bilayer, some hydrophobic residues of the protein interact more with 

the aqueous buffer, which is energetically unfavorable. Considering the energetic argumentation, 

the protein recruitment into the bilayer could be explained due to the packing defects in the 

bilayer. If we consider the bilayer composition of DOPC/DOPE, with ratios from 1:1 to 1:3, the 

distribution of the proteins is changed from homogenous to clustered. In addition to these few 

micron-size clusters in higher PE ratios in the bilayer, the proteins also cover the monolayers of 

LDs. This organization also shows that the lipid packing in the bilayer is a controlling mechanism 

of the partitioning of Cav11-17 proteins. 

 

 

Figure 48  Relative bilayer intensity due to PC/PE ratio for all bilayer compositions for DIB 
experiments. 
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5.7 EXCHANGE KINETICS OF PROTEINS AND PHOSPHOLIPIDS 

In this thesis, FRAP measurements are performed on Cav1-17 and ADRP proteins to investigate 

how proteins with different binding characteristics are diffusing in the bilayer and monolayer, 

and how the mobility of phospholipids gets affected by proteins. The bilayer is composed of 

DOPC/DOPE with a ratio of 1:1 is formed as the partitioning studies have already shown that the 

proteins present almost equally both in the bilayer and monolayer (Section 5.6) for this bilayer 

composition. Hence, the mobility of the proteins for each case could be measured. To perform 

the FRAP experiments, the bilayer and Cav11-17 are labeled with Atto647N-DOPE and Alexa Fluor 

488, respectively. The diffusion coefficients are extracted from the Soumpasis equation fit to the 

measured recovery data [131]. The obtained phospholipid diffusion coefficient of 10 µm2/s 

shows that the bilayer is fluid in presence of the proteins [5], [6]. The obtained diffusion 

coefficients of the Cav11-17 proteins are in the range of (2.8-4.6)  µm2/s, which is in line with the 

reported values for peripheral and transmembrane proteins in literature [5]. Moreover, in cells 

Cav1 protein shows dynamic partitioning by freely diffusing in the bilayer, which is the feature to 

allow localization [76], [79], [82]. These results confirm that the Cav11-17 protein diffuses freely in 

the model bilayer (Figure 49).  

 

Figure 49 FRAP data obtained for Cav11-17 proteins and DOPE lipids in the bilayer with a 
composition DOPC:DOPE:DOPS (60:30:10 mol%). 

It has been reported in Section 5.4 that phospholipids do not move freely at the intersection of 

the bilayer and the monolayer and create a diffusion barrier [6]. To explore the effect of proteins 

on the existence of this diffusion barrier at the LD rim, the labeled Cav11-17 proteins present on 
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the entire LD surface are bleached, as well as the phospholipids (Figure 50A). The fluorescent 

recovery of the monolayer covering the LD is measured. The recovery data of DOPE lipids at the 

intersection of the bilayer and monolayer in presence of Cav11-17 proteins are obtained to see if 

the same DOPE barrier exists for these proteins. The calculated transport rate k = (0.73-0.96) min-

1 shows that the diffusion barrier is weakened by around a factor of 4, which was previously 

reported as 0.25 min-1 in the absence of proteins [6]. For the proteins at the interface, a transport 

rate (k) of  (0.7-1.5) min-1 is extracted, which is 3 to 10 times smaller than the transport rate of a 

protein freely diffusing in the bilayer. These results indicate that proteins show reduced mobility 

at the interface compared to their mobility in the bilayer (Figure 50B). This can be explained by 

the still-existing diffusion barrier which possibly slows down the re-localization of proteins 

between the bilayer and monolayer. Although it is not strong enough to affect the partitioning 

of the proteins over 10 minutes. Therefore, once the measurements are performed 20-30 

minutes after the insertion of PLDs, the effect of the diffusion barrier on the partitioning can be 

neglected safely. 

 

 

Figure 50 (A) Area of Cav11-17 proteins on LD area (dashed circle) and DOPE in the bilayer area 
composed of DOPC:DOPE:DOPS (60:30:10 mol%) for FRAP experiments. Scale bar shows 10 µm. 

(B) Schematic of FRAP in the LD area (C) FRAP data obtained for proteins and lipids in the LD 
monolayer. 
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The impact of ADRP protein, which shows high affinity to the lipid droplet, on the existence of 

the diffusion barrier is also tested by following the same steps previously explained for 

phospholipids and Cav11-17 peptides. Although the ADRPs have a known binding affinity to the LD 

surface, it is unknown how the presence of ADRP affects the hypothetical diffusion barrier.  For 

this aim, a bilayer is formed with a composition of DOPC:DOPE (3:1) and labeled with DOPE-Cy5, 

where the PLDs are labeled with Atto-488 to distinguish the components (See Materials and 

Methods). After the PLDs are inserted into the bilayer and equilibrated, selected areas in the 

bilayer and the entire surfaces of several LDs are bleached. The Soumpasis equation fitted to the 

data have shown that the diffusion coefficient of the phospholipids in the LD monolayer is about 

8 µm2/s which is very close to the diffusion coefficient of PE in the bilayer (10 µm2/s). The LD 

monolayer could include a potential diffusion barrier and thus indicates that this barrier can only 

have a small influence.  

For evidence, the microfluidic system created to mimic the surface of a LD is used to create a 

phospholipid monolayer at the buffer-triolein interface composed of the same phospholipid 

composition as the bilayer. The details of the platform can be found in Materials and Methods 

section. The extracted diffusion coefficient of the LD monolayer is calculated as ≈ 8 µm2/s which 

is identical to the value extracted from the bilayer-embedded PLDs (Figure 51). These findings 

show that the presence of ADRP proteins destroyed the hypothetic PE ring which is the origin of 

the diffusion barrier. This can facilitate the molecular transport between the bilayer and LD 

monolayer through the LD rim. The free diffusing of all molecules proves that the pancake shape 

of the PLDs (introduced in Section 5.3) is not a result of diffusion related artifact but can be a 

consequence of ADRP molecules close to the LD perimeter. The motility of the ADRP proteins is 

also investigated on the artificial LD monolayer. The extracted diffusion coefficient for the ADRP 

protein is ≈ 0.3 µm2/s, which shows that the motility of the ADRP proteins is 20 times smaller 

than that of the phospholipids on the monolayer. Even if the proteins motility is slower, the 

diffusion of ADRP molecules along the LD surface is not negligible.  
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Figure 51 (A) FRAP experiments on the lipid monolayer with a composition of DOPC:DOPE (3:1). 
The images correspond to DOPE-Cy5 (2% mol) (upper row) and ADRP-Alexa488 (lower row). (B) 
FRAP data obtained for LD monolayer and bilayer embedded LD experiments. Reproduced by 

permission of publisher [8]. 
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6 SUMMARY  

The designed model bilayer system is able to mimic the relevant features of LDs inserted in the 

ER membrane and allow to study the lipid droplets and associated protein partitioning. One of 

the main advantages of the design is the height of the bottom channel, which allows a higher 

level of optical access, and gives the occasion for high-resolution imaging of the few micron size 

bilayer components. Besides, the cone connected to this channel gives easy access to the bilayer 

where new components such as LDs and proteins can be added to the system. The 

characterization of the bilayer by Patch-Clamp demonstrates that the bilayer is formed with an 

identical thickness to an ER membrane, and further characterization with the FRAP method 

indicates that the free-standing bilayer is in a fluid state. These two characterizations are showing 

that the properties of thickness and fluidity of the bilayer are similar to a biological membrane. 

After a thorough examination of the bilayer, the lipid droplets could be inserted after a free-

standing bilayer is formed by the microfluidic technique and optically distinguished by 

fluorescently labeling each component individually. The contact angles of well-defined 

symmetric shaped bilayer-embedded lipid droplets are demonstrated depending on the changing 

bilayer tension. The data suggests that the symmetric lens shape, so the insertion angle of a lipid 

droplet is based on the balance between the bilayer and the two monolayers of the lipid droplet 

which is described by the equilibrium wetting theory. The study also displays a correlation 

between the cholesterol amount in the bilayer and the contact angle of the lipid droplet in line 

with the hypothesis of increasing the cholesterol amount increases the bilayer tension, so results 

in a reduced insertion angle for the lipid droplets [152], [153]. The data contribute to an 

understanding of how the lipid droplet shape is facilitated by the bilayer tension without proteins 

and in presence of diverse types of proteins. In presence of peptides including a hairpin region 

(here UBXD871-132) with a known preference for lipid droplet monolayer, the symmetry is broken 

by the accumulation of the peptide in only one monolayer side, which is resulted in an 

asymmetric bulged-shaped lipid droplet. Besides, a smaller hairpin-like peptide (here Cav11-17) 

with the feature of freely diffusing in the bilayer, does not break the symmetry due to its fusion 

through the lipid droplet core until the amount of the proteins in both monolayers is equivalent. 

Although, in presence of the surface active ADRP proteins, lipid droplets took a specific pancake-

like shape, which is promoted in presence of cholesterol.  

The dynamics of the lipids and proteins are investigated by a quantitative measurement 

technique, FRAP. The exchange kinetics of lipid molecules are studied both in the lipid droplet 

area and the bilayer. The data suggest that the transport rate of lipids at the intersection of the 

lipid droplet and the bilayer is reduced by a factor of 10, which call “diffusion barrier”. The 

existence of the barrier is studied by MD Simulations and the results show the diffusion barrier 

with a reduced intention. This could be based on the spatial dimensions used in the simulations, 
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as the thermal stability has more influence on the nanometer scale simulations compared to 

micron scale experiments, which results in a weaker diffusion barrier. Although the effects are 

different, the barrier is also reported by simulations in line with the hypothesis. The experiments 

about the diffusion barrier provide new insight into the transport of phospholipids at the 

intersection of the bilayer and lipid droplet area. In addition, the dynamics of the phospholipids 

in presence of a freely diffusing hairpin-like peptide (Cav11-17) is investigated. The FRAP data 

supports the theory that Cav11-17 is freely diffusing in the bilayer with a similar diffusion 

coefficient of peripheral and transmembrane proteins reported in the literature [5]. The 

existence of a lipid diffusion barrier in presence of proteins is studied, and the results show that 

phospholipids have a reduced transport rate at the LD rim with 4 times weaker impact, whereas 

the proteins also have a slower transport compared to bilayer. These results should be taken into 

account when considering how the transport rate of lipids changes in presence of proteins 

through the LD rim. Even if the barrier still exists, it is not strong enough to block the partitioning 

of the peptides over 10 minutes. Hence, all the measurements in presence of proteins are 

performed just after the system is fully equilibrated, where the barrier is neglected safely. The 

motility measurements in presence of ADRP protein have shown that the mobility of 

phospholipids in the LD monolayer is very similar to the bilayer. Therefore, the hypothesized 

diffusion barrier is diminished when the lipid droplet area is covered with the ADRP proteins. 

These results show that proteins can have a high impact on diminishing the possible diffusion 

barrier at the LD rim depending on their class and type.  

To investigate the mechanism behind the partitioning of hairpin-like proteins between the lipid 

droplet and bilayer, the bilayer packing was systematically changed by tuning the PE amount in 

the bilayer. The results show that increasing the DOPE amount in the bilayer changes the 

direction of the preference from the bilayer to the LD monolayer. In the continuation, the bilayer 

structure is changed from a less-packed to high-packed composition by changing the lipid types. 

It has been found that the partitioning is controlled by the lipid bilayer packing, rather than only 

the PE amount. This finding is supported by the DIB experiments, to make evidence that the 

difference is not based on the microfluidic technique used. The data show that the partitioning 

of a hairpin-like protein highly dependent on the lipid bilayer packing, whereas for the bilayers 

with high-packing defects, the preference is for the lipid droplet surface.  
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7 CONCLUSION AND OUTLOOK 

Conclusion 

In this thesis, the research aimed to improve the understanding of the mechanisms behind lipid 

droplet insertion into the bilayer, and how the dynamics of lipids and proteins are influenced in 

presence of lipid droplets in the bilayer. The lipid droplet experiments with the model bilayer 

have shown that this approach is advantageous to study lipid droplet-associated proteins in such 

a microfluidic device by combining with techniques like FRAP and Patch-Clamp. The 

characterization results of the artificial bilayer show that the model bilayer is close to the ER 

membrane with its phospholipid composition and fluidity. Besides, the bilayer with inserted lipid 

droplets is promising in sum to study different classes of lipid droplet-associated proteins with 

high-resolution imaging. This design strategy may provide inspiration for new proteins or distinct 

types of membranes to be studied in such a microfluidic setup. 

Based on the quantitative analysis of the lipid droplets in the model ER membrane, it can be 

concluded that one main factor determining the shape of the droplet is the balance between 

bilayer tension and the tension created by two monolayers of an LD. The bilayer tension has been 

changed by tuning the bilayer composition, which has governed the insertion angle of the lipid 

droplets based on the equilibrium wetting theory. By analyzing the 3D images, it has been shown 

that the symmetry of the lipid droplet is broken depending on the accumulation of surface-active 

protein (here UBXD871-132) on one leaflet, which is resulted in an asymmetric shape in equilibrium. 

This result clearly illustrated the case where protein is located only on one lipid droplet 

monolayer, but it also raised the question of how the proteins partition in the system. This 

approach has been studied in this thesis by adding a freely diffusing hairpin-like protein Cav11-17 

and ADRP protein which has an affinity to the lipid droplet separately, and the dynamics of these 

proteins are followed.  

By using FRAP measurements, the transfer rate of lipids and proteins in the bilayer and in the 

area of lipid droplets are investigated.  On lipid droplets in absence of proteins, it can be 

concluded that the transfer rate of phospholipids is weakened at the LD rim which indicates a 

diffusion barrier. Even if the hairpin-like peptide Cav11-17  can freely diffuse in the bilayer and lipid 

droplet, the diffusion barrier still exists in presence of these proteins in a reduced manner and 

has no significant effect on the localization of the proteins from the bilayer through the LD core. 

Moreover, the experiments with ADRP proteins show that this diffusion barrier could almost 

disappear in presence of ADRP proteins located on the LD surface. This effect has been 

demonstrated for the first time with a model system by using several types of proteins.  
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Outlook 

Using the established bottom-up approach to explore protein partitioning between LD and 

bilayer, the developed microfluidic model system allows to study more complex situations by 

adding more proteins that might lead to understand biochemical and enzymatic reactions in cells. 

The approach followed in this thesis is focused on studying the specific types of proteins 

individually. Thus, studying the combination of distinct proteins and enzymes will make the 

system closer to the interactions and dynamics in a cell, which can be done by several set of 

experiments.  

Even if the effect of PE amount on the partitioning of monotopic proteins is as previously 

reported, it is new to study the driving mechanism of partitioning for hairpin-like peptides in a 

free-standing bilayer system. In addition to the existing literature for monotopic proteins, the 

results have shown that the partitioning of hairpin-like proteins is directly related to the bilayer 

packing. Hence, the results of lipid-packing dependent partition of hairpin-like peptides open a 

new perspective on the regulation phenomenon, which can be applied to other classes of 

proteins to understand the underlying mechanism controlling the dynamic partitioning between 

ER membrane and the LDs in cells. Further, lipid-mediated parameters such as lipid packing and 

surface tension can be modulated by varying the composition of the bilayer in a wider range of 

lipid classes to determine their influence on bilayer-monolayer partitioning. 

In this thesis, proteins are introduced to the system as Proteo-LDs, which are reconstituted to 

the lipid droplet surface before introducing to the microfluidic device. For further understanding 

of the proteins which are targeting the bilayer or lipid droplets directly from the cytosol, the 

proteins can be added individually after the lipid droplets are inserted into the bilayer.    

The design of our system is optimized for imaging after the system is stable in 20-30 minutes. 

While the time scale of the event limits the trafficking of a protein from the stretch, the approach 

of using the FRAP method provides new insight into the transport rates of the lipids and proteins 

after the system is stabilized. Nevertheless, imaging the real-time partitioning of different types 

of proteins from the moment it touches the membrane and during the system is equilibrated 

could be an interesting research topic for future research.  

This research clearly illustrates a diffusion barrier for the lipids at the LD rim, but it also raises the 

question if this barrier is existing for all types of proteins or in presence of specific protein-protein 

interactions. Based on the conclusions, the LD rim could be weakened in presence of hairpin-like 

peptides or could be destroyed by ADRP proteins. To better understand the implications of these 

results, future studies could address the existence of the diffusion barrier depending on the type 

of protein.  
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