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Introduction 

The membrane is an intriguing and complex system to study, playing a critical role in 

regulating the biochemical processes that occur within and outside of cells. It serves as a 

dynamic barrier that protects cellular components and facilitates communication and transport 

from the intracellular to the extracellular environment or the other way around [1–5]. 

Examining the membrane at the nanoscale level reveals the presence and behaviour of proteins 

embedded within or associated with the membrane, providing valuable insights into their 

intricate interactions and functions. Proteins within the membrane exhibit a variety of 

behaviours and functions that are essential for cellular life. For example, some membrane 

proteins aggregate to form pores or channels, which are vital for import-export molecules such 

as nutrients, ions and many more through the membrane [6, 7]. These aggregates can be highly 

specific and regulated, responding to cellular signals and environmental conditions to maintain 

homeostasis. The study of such protein aggregations is essential for understanding how cells 

control permeability, signalling, and energy transduction. 

 

A membrane pore can be characterized as a localized disturbance in the membrane that 

facilitates the passive movement of molecules [8]. Pore-forming proteins (PFPs) are a large 

and diverse protein family that all share the function of pore generation to alter membrane 

permeability [9–13]. These proteins can function externally by being secreted as soluble 

proteins, inducing permeabilization in the plasma membrane of their designated target cells. 

Notably, this encompasses various pore-forming toxins (PFTs), potent virulence factors in 

nature, and perforin is secreted by Natural Killer cells (NK) and cytotoxic T cells [11, 14–16]. 

PFPs play an essential role in various biological processes [17, 18]. Various organisms use 

pore-forming proteins for diverse purposes, such as defence strategies in pathogenic bacteria 

and eukaryotic organisms [19, 20]. In higher vertebrates, PFPs play pivotal roles in defence 

mechanisms against pathogens, serving as critical executioners in the generation of 

inflammatory responses [21, 22]. 

 

PFPs can function as intracellular killers in the context of cell death signalling pathways 

[23, 24]. For example, the BCL-2 family’s proteins make pores and permeabilize mitochondrial 

membrane (MOM) in process of the intrinsic apoptosis process. Gasdermin (GSDMs) carry 

out pyroptosis by a process that results in the opening of pores in the plasma membrane (PM). 

The process by which the mixed lineage kinase domain-like (MLKL) drives permeabilization 
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of the plasma membrane during necroptosis is not entirely understood. However, it may be 

linked to pore creation [25–27]. Pore-forming proteins (PFPs) are generally classified as α or 

β based on the secondary structure of the protein segments that form the pore. These proteins 

can create various types of pores, which are distinguished by whether lipids are involved in 

their structure. Pores can be categorized as protein-lined, pure lipid, or protein-lipid, depending 

on their composition. In protein-lined pores, the lumen is formed entirely by transmembrane 

segments of the proteins, which can arrange into either α-barrel or β-barrel structures. [9, 14].  

 

The membrane or specific membrane lipids often play a critical role in the recruitment, 

assembly, and folding of proteins in these types of pores [9, 28]. In the context of regulated cell 

death, various endogenous pro-death effectors employ a range of strategies to permeabilize 

cellular membranes. The structure of the resulting pores is determined by the specific 

combination of proteins and lipids, along with their intramolecular interactions. This 

composition influences the heterogeneity, size, and stability of the pores, which in turn affects 

the types of molecules that can pass through. Consequently, the properties of these membrane 

pores have a significant impact on the signaling pathways activated following membrane 

permeabilization. 

 

 Pore formation is a crucial step in the signaling pathways that drive various forms of 

regulated cell death. Proteins like BAX/BAK, gasdermins (GSDMs), and mixed lineage kinase 

domain-like protein (MLKL) are key players in creating membrane pores with distinct 

properties, which govern the movement of molecules across membranes and ultimately 

determine the cell's fate. These proteins also play an essential role in controlling the type and 

timing of the release of cellular contents and their impact on the organism. Understanding the 

regulation and assembly of membrane pores offers significant potential for developing new 

strategies to control cell death and modulate the inflammatory and immunological effects of 

these processes for therapeutic purposes [18].  

 

 Given the interdependence of many cell death pathways, several PFPs can be active at 

the same time in a population of challenged cells. Different cytokines, chemokines, and 

damage-associated molecular patterns may be released as a result of the coexistence of cell 

death modes, which may have significant physiological and pathological ramifications. 

Gaining knowledge of PFPs' functions and interactions in membrane biology can help create 

new treatment modalities for a range of illnesses. 
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The Mechanism of Pore Formation 

The overall process of pore formation usually involves a series of four steps. These include 

directing the activated protein to the membrane, inserting it into the membrane, undergoing 

oligomerization, and finally, assembling the pore (refer to Figure 1A). Although these steps 

are shared among all PFPs, the specific sequence of events can vary among different classes of 

PFPs, as outlined in Figure 1 [28–31]. 

 

Figure 1: Illustrative Overview of Pore Formation in Membranes by PFPs: (A) This 

diagram details the stages of membrane pore formation by pore forming proteins (PFPs), 

including binding, membrane insertion, oligomerization, and pore formation. (B) It also 

explores the dynamics of membrane insertion and protein unit assembly, both concerted and 

non-concerted ways of insertion.  (C) Protein assembly mechanism: sequential versus non-

sequential. Protein oligomerisation can happen when units of a defined stoichiometry are added 

one after the other sequentially or randomly (non-sequentially). (D&E) visual representations 

of protein-lined and protein-lipid pores in side and top views: protein-lined pores (pores formed 

by proteins only) & Protein-lipid pores (pores formed by both lipids and proteins). (The figure 

was adapted from “https://doi.org/10.3390/ijms24054528”). 

https://doi.org/10.3390/ijms24054528
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Artificial membrane systems 

 

Cellular membranes are crucial for protecting cells from their external environment and 

helping in various cellular functions, such as substance exchange, cell adhesion, transport, 

metabolism, and signaling. These membranes consist of complex networks of proteins 

embedded within a lipid bilayer, which includes a wide variety of lipid species. The complexity 

and diversity of these components make it difficult to isolate and understand the specific roles 

of proteins and lipids in cellular functions. 

 

 Model membranes address this challenge by providing simplified membrane systems 

where individual components can be introduced and studied in a controlled manner. This 

approach facilitates the identification of the distinct roles that proteins and lipids play in the 

functional activity of pore-forming proteins [32–34]. By utilizing model membranes system, it 

offers a significant advantage in unraveling the intricate mechanisms of biological membranes. 

 

On one hand, these model systems allow researchers to explore how individual lipids—

considering factors such as lipid charge, geometry, and the length and saturation of fatty acyl 

chains—contribute to protein function and impact membrane properties like curvature and 

fluidity. On the other hand, reconstituting purified proteins into lipids enables a more focused 

investigation of specific interactions and functions.  

 

Model membranes, often in the form of free-standing lipid vesicles, are widely used for 

such studies (see Figure 2). These vesicles, which are spherical assemblies of lipid bilayers 

encasing an aqueous compartment, vary in size: small unilamellar vesicles (SUVs) are less than 

50 nm in diameter, large unilamellar vesicles (LUVs) range from 100 nm to 1 µm, and giant 

unilamellar vesicles (GUVs) are larger than 1 µm. SUVs and LUVs are typically generated by 

disrupting multilamellar liposomes through various physical methods, such as extrusion, 

sonication/ultrasonication, or detergent dialysis and homogenization [33, 35]. On the other 

hand, GUVs can be formed by electroformation and gel-assisted method [36, 37].  
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Figure 2: Free-standing model membrane systems represented by black lipid 

membranes, SUVs, LUVs or GUVs and supported lipid bilayers systems. 

 

Supported phospholipid bilayers (SPBs) are a widely used membrane model system 

known for their flat structure, which is formed on planar surfaces with a thin liquid layer 

separating the bilayer from the underlying surface (Figure 2) [38]. SPBs are typically created 

on hydrophilic, smooth substrates such as glass, mica, or silica. These materials facilitate the 

spontaneous formation of bilayers through the adsorption of vesicles, followed by their fusion, 

a process that is often enhanced by the presence of calcium ions [39–41].  
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One of the key advantages of SPBs, compared to free-standing vesicles, is their planar 

configuration. This flat structure eliminates the effects of membrane curvature, making SPBs 

particularly suitable for various biophysical techniques. However, a significant challenge arises 

when incorporating transmembrane proteins into SPBs. The thin hydration layer between the 

support and the bilayer may be insufficient, leading to unwanted interactions between the 

proteins and the supporting surface. Such interactions can result in the fixation of proteins, 

potentially causing protein deformation or denaturation. 

 

To overcome this limitation, a polymeric layer can be introduced as a spacer between 

the substrate and the lipid bilayer, resulting in polymer-supported membranes (PSMs). PSMs 

address this issue by allowing proteins to diffuse within the bilayer and enabling real-time 

tracking of protein assembly [42–44]. PSMs have been used, for example, to study the 

redistribution of cholera toxin subunit B toward liquid-ordered domains within the membrane 

[45]. Additionally, PSMs have been applied in detecting membrane pore formation induced by 

α-hemolysin in membrane biosensors, where a membrane bilayer is formed on a conducting 

polymer [46].  

 

Nanodiscs are disc-shaped, soluble phospholipid bilayers encased by a protein belt, 

capable of incorporating integral membrane proteins. They offer a versatile platform for 

functional and structural studies, characterized by their uniform size and remarkable stability 

in aqueous environments, which provides access to both sides of the lipid bilayer [47, 48]. 

These features make nanodiscs essential tools for protein structural analysis using techniques 

like AFM, NMR, and cryo-EM microscopy. 

 

 In summary, model membrane systems serve as essential instruments for analyzing the 

mechanisms and structures of PFPs. Nevertheless, it's crucial to acknowledge that these 

systems offer a simplified representation of cellular processes. Consequently, they should be 

viewed as a supplementary rather than a replacement approach for assessing protein complexes 

within their natural physiological cellular context. 
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1. Techniques for studying membrane pore 

formation & protein oligomeric states 

Over the past decades, various biophysical techniques have been extensively used to 

study the functional properties of membrane pores [49, 50] While atomic force microscopy 

(AFM), electron microscopy (EM), and X-ray crystallography are commonly used for 

obtaining structural information, they often fall short in capturing the intricate dynamics of 

membrane pore formation. Complementary approaches have thus been developed, involving 

stepwise photobleaching, (single-molecule) Förster Resonance Energy Transfer (smFRET), 

Fluorescence Cross-Correlation Spectroscopy (FCCS), or super-resolution microscopy[51–

56]. To gain a deeper insight into the molecular mechanisms of pore-forming proteins, it is 

crucial to characterize pore structures at a single-entity level. In this context, in the next chapter, 

we explore different methods commonly utilized for the functional and structural 

characterization of membrane pores, involving membrane permeabilization approaches and 

methods enabling the monitoring of protein self-assembly (oligomerization) into membrane 

pores.  

Membrane permeability 

Membrane permeabilization (pore formation) monitored by fluorescence 

leakage assays: 

A prevalent method for investigating membrane permeabilization involves monitoring 

the passage of fluorescent markers through the lipid bilayer. Various techniques have been 

developed for this purpose over time. In terms of quantifying the amount of permeabilized 

(leaky) vesicles, two approaches became widely popular: (1) a bulk method utilizing LUVs 

loaded with calcein dye and (2) a single vesicle assay employing GUVs. Both methods provide 

information about the fraction of leaked vesicles and the kinetics of released dye, offering 

comprehensive insights into the mechanism of membrane permeabilization. 

 

1.1 leakage assay on LUVs & GUVs 

Certain fluorescent dyes, including calcein, possess the ability to be self-quenched at 

elevated bulk concentrations, with calcein exhibiting self-quenching above 1mM [57]. In this 
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approach, LUVs are prepared in a concentrated calcein solution (typically 30 – 100 mM) and 

subsequently undergo size exclusion chromatography to eliminate unencapsulated free dye 

(Figure 3(a)). Upon permeabilization of the LUV’s membrane, entrapped calcein is released 

(Figure 3(b)). As it becomes diluted, the dye starts to fluoresce, allowing the monitoring of 

pore formation through time-co-operated fluorescence intensity measurements. To achieve 

maximum fluorescence intensity (F∞) and release of all entrapped dye, detergent is introduced 

at the end of the measurement. 

 

Figure 3: The principle of LUVs leakage assay based on the release of calcein from the 

LUV interior. The LUV in (a) represents a calcein loaded vesicle at self-quenching 

concentration, whereas the LUV in (b) represents a leaky LUV with partially released dye.  

 

To monitor the fraction of permeabilized vesicles over time, normalized fluorescence 

intensity is usually calculated according to: 

 

     𝐹𝑛 =
𝐹𝑡−𝐹0

𝐹∞− 𝐹0
      (1) 

 

Where Fn is the normalized fluorescent intensity, Ft is the fluorescent intensity at time t, F∞ is 

the maximal fluorescence intensity obtained after the detergent addition, and F0 is the 

background intensity.  

 

Assuming a continuous flux of matter through the vesicle membrane, J, the kinetics of 

calcein release can be fitted by the following equation [58]:  

 

    𝐹𝑛 = 𝐹𝑛
0 (1 − 𝑒

−3⋅𝐽(𝑡−𝑡0)

𝑟 )                       (2) 
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 The flux J across the lipid bilayer aligns with the concentration gradient, representing 

the rate at which molecules diffuse through the lipid bilayer. In equation 2, 𝐹𝑛
0 represents the 

degree of leakage (alternatively the fraction of leaky vesicles), r is the vesicle radius, t is the 

time, and t0 is the initial time when leakage starts. 

 

Leakage assay using GUVs  
 

 GUVs with diameters typically ranging from 10 to 100 μm are sufficiently big enough 

to be observed under a conventional microscope. A well known benefit of this approach, the 

continuous visualization of individual vesicles during the entire experiment, enabling the 

monitoring of membrane stability during leakage (Figure 4). Additionally, complementary 

processes like changes in vesicle structure, fusion with other vesicles, or budding on vesicles 

can be captured. To do the fluorescent imaging measurements, a suitable lipid soluble 

fluorescent dye is utilized to detect and monitor the vesicles. Water soluble (Hydrophilic) 

fluorescent dye is added to the media surrounding the GUVs to probe the leakage. An essential 

characteristic of leakage involves distinguishing between the mechanisms known as "all-or-

none" or "graded." The former describes a condition when vesicles either leak entirely or not 

at all, indicating stable pores over time. The latter refers to a process in which vesicles release 

only a portion of their content [59, 60]. Using GUVs, the evaluation encompasses both the 

percentage of leaked vesicles and the fluorescent intensity within each GUV. As a result, the 

graded and all-or-none leakage mechanisms can be directly distinguished. 

 

Figure 4:  Confocal microscopy images of non-leaky GUVs (the GUV’s interior is 

black) and leaky GUVs (the GUV’s interior is green). ‘Green’ fluorescent dye Alexa-Fluor-

532 has been added to the GUV exterior.  
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The extent of leakage for each GUV can be determined according to the following 

equation:  

     𝐹𝑛 =
𝐹𝑣−𝐹𝑏

𝐹𝑜𝑢𝑡− 𝐹𝑏
                      (3) 

 

 Here Fv represents the average intensity per pixel present in the GUV, Fout represents 

the initial fluorescence intensity per pixel surrounding the vesicle, and Fb is the average 

background intensity per pixel. 

 

Measuring protein oligomeric states leading to membrane pore formation 

 

1.2 Chemical Crosslinking 

A traditional approach for assessing the size of protein oligomers involves chemically 

crosslinking the subunits within the complex. Developed in the late 1970s, this technique 

creates stable bonds—usually through amines or sulfides—between various protomers in an 

oligomer. To perform this, cells are exposed to chemical crosslinkers like formaldehyde or bis-

(2-methanethiosulfonatoethyl) amine hydrochloride (bis-EA). During this process, only 

proteins in close proximity, such as those within an oligomer, form covalent bonds [61–63]. 

After crosslinking, proteins bound to the plasma membrane are extracted from the membrane. 

 

Figure 5: Chemical Crosslinking: an in-vitro approach to investigate protein 

oligomerization. (Figure was adapted from “https://doi.org/10.1007/978-3-319-66601-3_8”). 
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 The proteins of interest are then isolated from the mixture using techniques like 

immunoprecipitation or other affinity methods. Subsequently, the size of the isolated oligomers 

is determined using Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (also known 

as SDS-PAGE) in combination with Western blotting. This classical approach has been 

fundamental in studying protein interactions and determining the oligomeric size of proteins 

(see Figure 5 for a basic setup of a cross-linking experiment).  

 

Chemical crosslinking allows scientists to investigate protein-protein interactions in 

their native biological context. It can capture transient or weak interactions that may be lost 

during traditional protein purification. Unlike some techniques that require denaturation, 

crosslinking is performed under mild conditions, preserving the native conformations of 

proteins. When combined with other structural biology methods like mass spectrometry or 

electron microscopy, chemical crosslinking can provide structural information about protein 

complexes and their oligomeric states. It is applicable to a wide range of proteins and 

complexes, making it versatile for various biological systems. 

 

In comparison to other approaches (see below), chemical crosslinking can be 

considered a rapid and ‘cheap’ approach for assessing the oligomerization states of proteins as 

it does not need any specialized equipment or chemical reagents, rendering it accessible and 

widely utilized in the scientific community. Its versatility extends to both hetero- and homo-

oligomerization scenarios[64]. However, inherent limitations exist within this technique as the 

applied experimental conditions are still too harsh and away from the native cellular 

environment. Consequently, it may generate artificial clusters that lack stability in their native 

membrane environment. Additionally, when the reactive sites in the protein oligomer are too 

distantly spaced, crosslinking efficiency diminishes. 

 

Moreover, the interpretation of oligomeric populations from gel electrophoresis lacks 

sensitivity, leading to potential oversight of minority populations. It also lacks real-time 

measurement capabilities and spatial resolution. Moreover, the choice of a crosslinker and 

conditions must be carefully optimized to ensure specific and meaningful crosslinking without 

introducing artefacts. Finally, data interpretation can be complex, especially for large protein 

complexes, as multiple crosslinking sites can be involved.  
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1.3 High-resolution localisation microscopy 

 Numerous or even countless fluorophores are present in a typical fluorescently labeled 

biological sample at a high density, making it challenging to distinguish them using the single-

molecule localization method. A recent breakthrough addresses this challenge by 

differentiating the otherwise spatially overlapping fluorescent signals in the time domain, 

utilizing fluorescent probes that can switch between a fluorescent and a dark state.This method 

allows molecules to be individually imaged, localised, and then deactivated by activating them 

at different times within a diffraction-limited zone (Figure 6). Wide-field imaging enables 

massively parallel localization, allowing for the mapping of several fluorophores' coordinates 

and the subsequent reconstruction of super-resolution images. Three labs independently came 

up with and carried out this notion, which they named STORM, PALM, and FPALM, 

respectively. Initially, photo-switchable fluorescent dyes or proteins—which are triggered by 

light with a wavelength distinct from the imaging light that causes fluorescence to excite and 

fluorophores to deactivate—were utilised in all three labs. By keeping activation and imaging 

distinct, it is possible to regulate the proportion of fluorescent molecules at any given moment, 

enabling accurate localization and optical separation of the active molecules. Numerous 

fluorophores can then have their locations recorded and used to create a super-resolution image 

by repeating the activation and imaging procedure. We call this method "super-resolution 

microscopy by single-molecule localization" in the following. Subsequent reports have 

described additional variations of this strategy that use non-optical phenomena, including the 

stochastic binding of diffuse fluorophores or asynchronous fluorophore activation and 

deactivation. These super-resolution approaches have then been used in the research of 

membrane pores [65].  

 

 

Figure 6: The idea behind PALM, FPALM, and STORM.  The subsets of fluorophores 

can be observed without spatial overlap and precisely localised thanks to the distinct 

fluorescent probes indicating the sample structure that are activated at different times. 

Numerous fluorescent probes can have their positions identified by repeating the activation and 
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imaging process. A super-resolution image can then be rebuilt using the locations of multiple 

localised probe molecules. The lower left inset of the second panel displays an experimental 

image of a single fluorescent dye (blue) alongside the high-precision localization of the 

molecule (red cross). (The figure was adapted from 

“10.1146/annurev.biochem.77.061906.092014”). 

 

1.4 STED microscopy 

 The concept of stimulated emission depletion (STED) microscopy was proposed in 

1994 and later demonstrated experimentally. It uses a second laser (STED laser) to suppress 

fluorescence emission from fluorophores outside the excitation center. This suppression occurs 

through stimulated emission, where an excited fluorophore returns to the ground state when 

encountering a matching photon, depleting excited fluorophores capable of emitting 

fluorescence [66, 67](Figure 7(A, B)). As a result, fluorescence is emitted from a small spot, 

its size being considerably below the diffraction limit of the light used.  

 

 



 

16  

Figure 7: This image represents the principle of STED microscopy. (A) The 

mechanism of stimulated emission. (B) A diagram illustrating a STED microscope. (C) In XY 

mode, a doughnut-shaped STED laser is used, with its zero point aligned to the peak of the 

excitation laser focus. Through saturated depletion, fluorescence from areas near the zero point 

is suppressed, leading to a smaller effective PSF size. (The figure was adopted from 

“10.1146/annurev.biochem.77.061906.092014”). 

 

 Achieving super-resolution relies on the nonlinear relationship between the depleted 

population and the intensity of the STED laser as it nears saturation. When the local intensity 

of the STED laser exceeds a specific threshold, nearly all spontaneous fluorescence emission 

is suppressed. Increasing the power of the STED laser expands the saturated depletion zone 

without significantly impacting fluorescence emission at the focal point, where the STED laser 

intensity is minimal. This restriction confines fluorescence signal detection to a narrow area 

around the focal point, thereby reducing the effective width of the point spread function 

(Figure 7C). The extent of this area is constrained by the operational power of the STED laser 

rather than by light diffraction.  

 

 Super-resolution images are subsequently generated by scanning this compact, 

effective PSF. While theoretically, the spatial resolution of STED microscopy can be pushed 

to unlimited scales, practical limitations related to the photophysical properties of fluorophores 

under physiological conditions limit the achievable lateral resolution to approximately 20–50 

nm in cell studies. STED microscopy imaging, like confocal microscopy, involves sequential 

raster-scanning of the sample, which makes image acquisition too slow to track individual 

diffusing molecules. STED has been used on biological materials that have been genetically 

tagged with fluorescent proteins (FPs) ), or immunostained with fluorophore-labeled antibodies 

[68]. Large stimulated emission cross sections in the visible to near-infrared (IR) region and 

robust photostability under STED conditions are desirable for the used dyes. Among the most 

widely used dyes for STED microscopy are Atto 532 and Atto 647N. As shown later in this 

work, STED has successfully been employed to determine oligomeric states of membrane-

associated fibroblast growth factor 2 proteins that form membrane pores [69].  
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1.5 Number and Brightness Analysis 

Number and Brightness (N&B) analysis is a computational method used in fluorescence 

microscopy to study the number, brightness, and oligomeric states of molecules within 

biological samples[70–75]. This technique is valuable for understanding molecular interactions 

and dynamics in cellular systems. Below is a brief explanation of N&B analysis:  

N&B analysis leverages fluctuations in fluorescence signals originating from varying numbers 

of molecules within individual pixels of a microscope image. By analyzing both the mean and 

variance of fluorescence intensity distributions, researchers can evaluate two key parameters: 

 

 Average Number of Molecules: The ratio of the square of the average intensity to the 

variance of the fluorescence signal is proportional to the average number of particles 

contributing to the signal. A larger variance indicates fewer contributing molecules. 

 

     𝑛 =
⟨𝑘⟩2

𝜎2−⟨𝑘⟩
                                 (4) 

 

The term n symbolizes the average number of molecules in the illumination volume, 〈k〉 is the 

average counts, and σ is the variance. 

 Brightness: The brightness of individual molecules can be assessed based on their 

fluorescence intensity. The molecular brightness ɛ is defined as the amount of photons emitted 

per second per molecule when the molecule is located in the middle of the illumination volume. 

In biological contexts, this brightness serves as an indicator of the clustering or aggregation 

status of molecules containing fluorophores. 

       Molecular Brightness,  𝜀 =
𝜎2−⟨𝑘⟩

⟨𝑘⟩
                (5) 

 

 N&B analysis has several applications, such as studying the behaviour of proteins and 

their interactions in cellular membranes, investigating DNA-protein interactions and the 

dynamics of DNA molecules, and determining the distribution of oligomers within a sample 

when the brightness of a monomer is known. N&B analysis doesn't require sophisticated 

technical equipment, making it accessible to a wide range of researchers. It allows the 

calculation of the oligomeric states of proteins diffusing in cellular membranes when the 

brightness of a monomer is known. However, to the best of our knowledge, it has not yet been 

applied to study protein clustering, leading to pore formation.   
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1.6 Stepwise Photobleaching 

This approach determines the aggregate stoichiometry of protein oligomers by digitally 

decreasing fluorescence intensity [76]. During imaging, the fluorophores of the fluorescently 

labeled sample undergo irreversible photobleaching after several excitation-emission cycles. 

This method can determine the number of fluorophores in a diffraction-limited area, such as 

within a protein oligomer. Photobleaching, being quantal, occurs in distinct steps; each 

bleaching event of an individual dye molecule is marked by a noticeable drop in the 

fluorescence intensity time trace of the complex (Figure 8). If each protomer in the complex 

is labeled with a single dye molecule (e.g., fusion constructs with green fluorescent protein 

(GFP)), the number of initial subunits in the complex can be directly inferred from the number 

of bleaching steps. To reduce intracellular background noise, this technique is often paired with 

total internal reflection fluorescence microscopy. 

 

Figure 8: Stepwise photobleaching methods to determine protein oligomeric states. (a) 

Fluorescent intensity traces for mono, di, tri, and tetrameric proteins are shown. Each stepwise 

drop in the fluorescence intensity versus time plot corresponds to the photobleaching of one 

fluorophore. (b) Single Molecule Co-Tracking: The proteins of interest are labeled with 
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fluorophores of different spectra, and their diffusion paths in the membrane are tracked using 

localization algorithms. This allows direct visualization of molecular association (i), 

dissociation, and co-diffusion (ii and iii). (c) Fluorescent molecules are imaged based on their 

point spread function (PSF). Larger protein complexes do not produce a broader PSF compared 

to monomeric proteins, but they do exhibit a higher amplitude. Thus, analyzing the brightness 

of diffraction-limited spots enables the determination of the underlying oligomeric state. (The 

figure was adopted from “https://doi.org/10.1007/978-3-319-66601-3_8”). 

 

Overall, stepwise photobleaching is a powerful and precise method with a simple and 

direct readout for determining the oligomerization of membrane-bound proteins. Because this 

technique functions at the single-molecule level, it requires highly sophisticated and sensitive 

cameras. Despite the need for advanced equipment, the data analysis is straightforward and 

independent of assumed models. However, this method is limited to the analysis of immobile 

complexes. [77][78, 79].  

 

1.7 Fluorescence Correlation Spectroscopy 

Fluorescence correlation spectroscopy (FCS) is a highly sensitive and refined technique 

for detecting single molecules in motion. Originally introduced in 1974 by Elson and Magde, 

FCS was developed as a method for single-molecule detection, allowing for the study of the 

concentration, mobility, and interactions of fluorescence-labeled molecules [80]. This 

technique relies on analyzing the fluctuations in fluorescence intensity originating from the 

focal volume of a confocal microscope. As a fluorescent molecule diffuses through the focal 

volume, it becomes excited, and the resulting burst of emitted light is captured by highly 

sensitive detectors. 

 

The fluorescence signal generated by repeatedly excited and emitted molecules as they 

diffuse through the detection volume is statistically analyzed. The fluctuations in time are 

described by the normalized autocorrelation function. 

 

                                                     𝐺(𝜏)  =  
⟨𝐼(𝑡)⋅𝐼(𝑡+𝜏)⟩

⟨𝐼(𝑡)⟩2
                                        (6) 

 

In the eqn. 6, I(t) represent the fluorescence intensity at time t, while τ refers to the lag time. 

The angle brackets denote time averaging. By fitting the autocorrelation function G(τ) to an 
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appropriate model, key parameters can be extracted, such as the diffusion time 𝜏𝐷, which 

indicates how long a fluorophore remains within the focal volume, and the average number of 

fluorophores in the focal volume (denoted as (PN)). A two-dimensional model is employed 

when analyzing fluorophores within planar lipid bilayers [80] [Elson EL., Magde D]:  

 

                                                𝐺(𝜏) = 1 +
1

𝑃𝑁
+

1

1+(
𝜏

𝜏𝐷
)
                            (7) 

 

Figure 9: Principles of FCS measurements (A) A laser beam excites fluorescent 

particles as they diffuse within the detection volume. (B) The emission from these fluorophores 

leads to fluctuations in fluorescence intensity, which are recorded by a detector. (C) These 

intensity fluctuations are then correlated to produce an autocorrelation curve. The diffusion 

time 𝜏𝐷 is determined at the half maximum of the autocorrelation function. 

 

The diffusion coefficient D, a key parameter for describing lateral diffusion, can be directly 

calculated from the diffusion time 𝜏𝐷 using the following equation: 

 

Sample 

Detector 
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             𝐷 =
𝜔0

2

4𝜏𝐷
          (8) 

 

where ω0 represents the radius of the detection volume. Figure 9 illustrates the principle behind 

this method.  

 FCS's single-molecule sensitivity has made it popular across various research fields. Its 

most common application is in measuring the molecular diffusion and concentration of 

fluorescently labeled particles. Additionally, FCS can be used to measure kinetic rate constants 

of chemical reactions or other quantities that result in intensity fluctuations within the observed 

volume. However, the FCS method requires very low concentrations (nanomolar or picomolar) 

of fluorescent molecules because the optimal signal-to-noise ratio is achieved when, on 

average, only one fluorescent molecule is present within the detection volume. 

 

Over time, scientists have adapted the classical FCS method to address increasingly 

complex problems. One such adaptation, brightness-FCS, has been further developed in this 

thesis to determine protein oligomeric states (see the Results section of this thesis). Other 

successful variants of FCS include Z-scan FCS and fluorescence cross-correlation 

spectroscopy [81].  

 

1.8 Antibunching 

Fluorescence antibunching is a less frequently used technique for determining the 

number of independent emitters per molecule or molecular complex. It was rarely applied to 

auto-fluorescent proteins due to the necessity of collecting large numbers of fluorescence 

photons from a single molecule, which is usually impossible to achieve with rather photolabile 

auto-fluorescent proteins. However, it can be well applied to molecules in solution, allowing 

us to accumulate data over a large number of molecules. It has been used to determine the 

average stoichiometry of molecular complexes. The proposed method is absolute in the sense 

that it does not need any calibration or referencing [82].  

 

Photon antibunching is a phenomenon where a single photon emitter, such as a 

fluorescent molecule, cannot emit more than one photon at a time. Consequently, the 

probability of detecting photon pairs from a single molecule within a very short lag time 

between them approaches zero as the lag time itself approaches zero. This characteristic drop 

in probability is determined by the fluorescence lifetime of the molecule. If multiple molecules 
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are present, the drop does not reach zero but stabilizes at a higher value, which is determined 

by the number of independently fluorescing molecules within the detection volume. Therefore, 

antibunching can be used to determine the number of independently emitting molecules within 

a molecular complex, and this technique has been effectively applied to measurements of 

immobilized molecules [83]. However, a limitation of this method is the requirement for high 

photon count rates and photostable molecules to obtain reliable antibunching data. To address 

issues like photobleaching and low signal strength, one approach is to perform measurements 

in solution and accumulate signals from many molecules passing through the detection volume. 

Although antibunching measurements on fluorescent molecules diffusing in solution were first 

successfully demonstrated in 1985, this method has not been widely applied to determine the 

number of independently fluorescing molecules within a diffusing complex [84].  

 

1.9 Förster resonance energy transfer 

 Förster resonance energy transfer (FRET) is most likely the most popular fluorescence 

method to study direct interactions of fluorescently tagged biomolecules [56, 85, 86] (Figure 

10) in models as well as plasma membranes of living cells. Two types of molecules are used 

in this approach: the first type serves as the donors, and the other type serves as kaskacceptors 

of the excited energy. Dipole-dipole coupling between the donors and acceptors enables non-

radiative energy transfer from the excited donor to the acceptor, leading to the quenching of 

donor fluorescence. The donor-acceptor separation at half-maximum transfer efficiency is 

defined as the Förster radius, whereby the efficiency of energy transfer is inversely related to 

the sixth power of the distance. The optimal distance between donors and acceptors ranges 

between 1 and 10 nm, implying that the formation of protein oligomers with both donors and 

acceptors localized in these oligomers results in increased FRET efficiency.    

 
Figure 10: Förster resonance energy transfer method. Nonradiative energy transfer to 

the (red-shifted) acceptor dye molecule happens only when the two dyes are near to each other, 

as in an oligomer, after the donor dye molecule is excited.  The rate of the energy transfer 
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depends strongly on the distance between the two dye molecules. (Figure was adapted from 

“https://doi.org/10.1007/978-3-319-66601-3_8”). 

 

 A simplistic description of the mechanisms underlying FRET involves the energy 

transfer from an excited (donor, D∗) molecule to a neighboring (acceptor, A) molecule in its 

ground state via non-radiative dipole-dipole coupling of the two chromophores. The rate 

coefficient 𝜅𝐹𝑅𝐸𝑇
𝐷∗→𝐴 is dependent on the donor fluorescence lifetime (𝜏𝐷), the Förster radius (R0) 

and the distance (r) that separates the two fluorophores. 

 

     𝜅𝐹𝑅𝐸𝑇
𝐷∗→𝐴 =  

1

𝜏𝐷
(

𝑅0

𝑟
)

6
       (9) 

 

 FRET provides a direct way to display the interaction between two participants in the 

plasma membrane. A somewhat reliable readout is produced by the energy transfer's high 

dependency on the separation between the two dyes. Fluorescent proteins that are well-

established and can be used in large quantities for genetic fusion to the target protein include 

cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). The precise number of 

subunits in the oligomer can be determined with Monte Carlo simulations, as recently shown 

in Škerle et al. 2020 [87]. The high correlation between the energy transfer and the distance 

between the dye molecules in an oligomer is a potential disadvantage of FRET; if the distance 

between the two dye molecules is too great, FRET will not be detected. Furthermore, even 

though there aren't any oligomers present, a discernible FRET signal could be produced by the 

stochastic proximity of dyes if the protein surface density is sufficiently high. 
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2. In-membrane Pore Formation by FGF2 

 

2.1 FGF2 – An Overview 

The discovery of fibroblast growth factor (FGF) protein dates back to 1973, when it 

was first identified in pituitary extracts[88]. FGFs are commonly found in various tissues and 

cells. Among them, FGF1 is often referred to as acidic FGF, while FGF2 is known as basic 

FGF. These growth factors were initially isolated from the brain and pituitary gland for their 

role in stimulating fibroblast growth.  

 

Over time, researchers have identified and isolated at least 22 different distinct FGFs, 

each with its unique properties and functions [89, 90]. The basic fibroblast growth factor 

(bFGF) has a variety of functions in both physiological and pathological processes: Embryonic 

development, hematopoiesis, cell proliferation, cell differentiation, and wound healing are a 

few of the physiological processes where FGFs are crucial.  

 

FGF2 is a versatile growth factor with a wide range of biological and physiological 

roles. It influences cell growth, differentiation, and signaling pathways in numerous contexts, 

including tissue development, repair, and maintenance. Its multifaceted functions make it a 

crucial player in normal physiological processes, and its dysregulation can have significant 

implications for various diseases, including cancer and neurodegenerative disorders [91, 92].  

 

Understanding the role of FGF2 in these processes is essential for advancing our 

knowledge of biology and for the development of therapeutic strategies. With several tissue 

engineering applications being created and going through clinical trials, FGF2, in particular, is 

being studied as a possible therapeutic component for different illnesses and injuries, such as 

peripheral nerve damage. FGF2, as it encourages cell survival and angiogenesis, also plays a 

significant role in many forms of cancer. Due to this, FGF2 is also intriguing as a possible early 

indicator of tumour development or a target for cancer treatment[93]. 
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2.2 FGF2 structure and stability 

 FGF2 appears to be a globular protein with a folded diameter of around 4 nm based on 

its crystal structure [94]. This protein is a β-tertiary structure with 12 antiparallel β strands 

joined by β turns. The protein surface is covered with many charged residues, whereas the 

barrel's centre is lined with hydrophobic residues. A bundle of positively charged residues to 

one side is believed to organize the heparin-binding site of the protein [95]. The receptor 

binding domain is also located in this area but is the same as the heparin-binding region. The 

accompanying image shows the globular structure of FGF2, highlighting its complex folding 

and active sites (see Figure 11). 

 

Figure 11: The structure of Fibroblast Growth Factor 2 (FGF2). (The figure was 

adopted from “doi: 10.3389/fcell.2022.864257”) 

 

 The latent instability of FGF2 has been linked to the vital quantity of structural energy 

associated with the binding site of heparin and the binding ratio as low as 03:1 (heparin: FGF2) 

or with similar glucosaminoglycans [95–97]. In vivo, the interactions of FGF2 with molecules 

like heparin, heparin sulphate proteoglycan, and fibrin/fibrinogen present in soluble form or 

bound to cell membranes are understood to influence its stability, receptor reactions and 

concentration in an outer microenvironment of the cell [98]. 
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2.3 Unveiling the mystery of FGF2 pores 

 Several different kinds of unconventional protein secretion (UPS) pathways carry a 

large number of proteins into the extracellular environment[99–102]. Although FGF2 must 

reach the extracellular space to activate FGF2 receptors on cell surfaces, its primary structure 

analysis showed it lacks a signal peptide necessary for ER/Golgi-dependent protein secretion. 

Despite significant efforts over the years, the hypothesis that alternative pathways for protein 

secretion exist remained speculative for decades[103, 104]. Only recently have detailed 

insights into the molecular mechanisms by which FGF2 and other UPS cargoes are transported 

into the extracellular space been discovered[99–102, 105].  

 

  

Figure 12: Unconventional protein secretion I pathway of FGF2 for bypassing the use 

of intracellular vesicle intermediates. Instead, it directly translocates across the plasma 

membrane. This figure includes all the steps in the translocation process. (The figure was 

adopted from “doi: 10.3389/fcell.2022.864257”) 

All components (Na, K-ATPase[106, 107], PI(4,5)P2 membrane[108–110], Tec 

kinase[111–113] of the molecular machinery responsible for the unconventional secretion of 

FGF2 have been found to be localized at the plasma membrane (Figure 12). An assemble of 

amino acids (K127, R128, and K133; Figure 12) with basic side chains facilitates PI(4,5)P2 

supported membrane binding of FGF2[69, 109, 114]. This interaction between PI(4,5)P2 starts 

the core mechanism of FGF2 protein membrane translocation, a process that involves 
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membrane insertion of FGF2 oligomers[69, 105, 112]. The formation of these oligomers relies 

on intermolecular disulfide bridges[69, 99, 114]. As depicted in the figure above, the membrane 

pore induced by FGF2 oligomers features a toroidal architecture[105, 112, 114].  

 

 Several experimental observations back this perspective, such as the concurrent 

membrane passage of fluorescent tracers and the trans-bilayer diffusion of membrane lipids, 

which occur alongside the PI(4,5)P2-dependent membrane insertion of FGF2 oligomers[105, 

112]. Additionally, diacylglycerol, a cone-shaped lipid that interferes with the positive 

membrane curvature induced by PI(4,5)P2, prevents the formation of membrane pores by 

FGF2 oligomers[105, 112]. Consequently, PI (4,5)P2 is involved in the secretion of FGF2 in 

three different ways: 1) mediating the binding of FGF2, 2) starting FGF2 oligomerization (in-

) membrane, and 3) maintaining positive membrane curvature to cause the lipid bilayer to 

change into a toroidal membrane pore that can accommodate membrane-inserted FGF2 

oligomers in its hydrophilic centre[99, 105].  

 

 As a result of FGF2's ability to bind multiple PI(4,5)P2 molecules, it is hypothesised 

that a strong local accumulation of this bilayer perturbing membrane lipid could impact the 

integrity of the plasma membrane and aid in the process of membrane remodelling, which 

would transform the lipid bilayer into a toroidal membrane pore[69, 99, 100]. Membrane-

inserted FGF2 oligomers are thought to constitute membrane translocation intermediates as 

part of an assembly/disassembly route that propels the directed transport of FGF2 into the 

extracellular space, based on the findings previously presented [99, 105].  

 

Heparan sulphate proteoglycans on the cell surface mediate the last stage of this 

process, which involves capturing FGF2 at the plasma membrane's outer leaflet[115–118]. Of 

note, heparan sulphates have an approximately 100-fold greater affinity for FGF2 than 

PI(4,5)P2[69, 108, 109, 119]. Additionally, the binding sites of heparan sulphates and 

PI(4,5)P2 in FGF2 overlap with certain important residues, such as K133, which is necessary 

for both kinds of interactions[69, 108, 109]. It is consistently demonstrated that FGF2's 

interactions with PI(4,5)P2 and heparan sulphate chains are mutually exclusive[69]. These 

results provide a convincing explanation of how FGF2 assembles at the inner leaflet in a 

PI(4,5)P2-dependent manner into membrane-inserted oligomers that are captured and 

disassembled at the outer leaflet by cell surface heparan sulphate chains. They also reveal a 

crucial component of the molecular mechanism of FGF2 membrane translocation[99, 100, 
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102]. Therefore, FGF2 is maintained on cell surfaces, and heparan sulphates promote the final 

stage of FGF2 membrane translocation (Figure 12).  

 

FGF2 can spread to nearby cells after translocation into the extracellular space. This is 

most likely due to the direct exchange between heparan sulphate chains that are connected to 

proteoglycans on adjacent cell surfaces[116]. Heparan sulphate proteoglycans, thus, perform a 

variety of roles from the production of FGF2 on free ribosomes to the cell surface, with the 

first being the mediation of the last stage of FGF2 secretion[115, 116], 2) protection of FGF2 

on the extracellular region of cell surfaces against denaturation and degradation[120]  and 3) 

triggering the FGF2 signalling through ternary complexes in which heparan sulfate chains and 

FGF high-affinity receptors are involved[121–123].  

 

To summarise, the process of directed transport of FGF2 into the extracellular space is 

reliant on the sequential connections between FGF2 and PI(4,5)P2 at the inner leaflet, as well 

as interactions with heparan sulphates on the cell surface through bridging membrane 

translocation intermediates (Figure 12). Previous research showing that FGF2 stays in a fully 

folded state during every stage of its unusual secretory route lends additional credence to the 

hypothesised mechanism[110, 124, 125], a phenomenon that reflects the requirement for the 

formation of defined oligomers during membrane insertion. These findings imply a quality 

control step that ensures secretion to be limited to FGF2 species that are biologically 

active[110, 124].  

 

 One potential component of the FGF2 unconventional secretory pathway that pertains 

to quality control is the involvement of Na, K-ATPase. On the other hand, its role might be 

limited to constructing a landing platform at the inner plasma membrane leaflet to serve as 

FGF2's initial point of contact[107]. It is also hypothesised that the control of the Na,K-

ATPase's ATPase activity may be connected to the aberrant production of FGF2[100]. Because 

FGF2 binds to a location in the cytoplasmic domain of the α-subunit of the Na,K-ATPase that 

includes its enzymatic activity, and because FGF2 secretion entails the development of a brief 

lipidic pore in the plasma membrane[107]. The idea that FGF2 could increase this Na,K 

exchanger's ATPase activity seems like a fascinating theory. Consequently, in situations where 

lipidic membrane pores are formed during FGF2 unconventional secretion—a process that 

doesn't seem to threaten cell viability—this could aid in maintaining the membrane 

katsinpotential[99, 100, 105]. 
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 Interestingly, the schematic representation in Figure 12 shows a molecular mechanism 

that is also applicable to other protein secretions, like HIV-Tat and tau protein. Similar to FGF2, 

both mechanisms necessitate direct physical contact with the plasma membrane's inner leaflet, 

PI(4,5)P2, and outer leaflet, heparan sulphates[126–131]. 
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Research objective 

The major objective of this work is to contribute to an enhanced understanding of FGF2 

pore formation in biological membranes. For this purpose, we developed a new single-

molecule fluorescence method, dual-(+1)-FCS, which enables to correlate membrane pore 

formation with protein oligomerization, thus providing an improved insight into the mechanism 

by which FGF2 is translocated over the lipid membrane. For better understanding, this work is 

divided into two methodological parts: 

 

Part I: Development of a functional assay to correlate protein oligomerization states with 

membrane pore formation. 

 

 In addressing the challenge of distinguishing functional oligomers from irrelevant 

aggregates, we focus in this section on the development of a statistical fluorescence assay 

utilizing single molecules and single giant liposomes. The method evaluates the brightness of 

individually diffusing in-membrane oligomers and establishes a correlation between their 

oligomerization state and the formation of membrane pores. It also enables the analysis in a 

time-dependent manner, allowing for the monitoring of the formation of membrane pores as a 

function of time.  

 

Part II: Determining the functional oligomeric state of membrane-associated FGF2 

oligomers forming membrane pores on giant lipid vesicles. 

 

 In Result Part II, we use the developed assay on the specific case of FGF2 with the aim 

to identify the functional oligomeric state of FGF2 during the transient formation of membrane 

pores. With this approach, we could distinguish between functional oligomers of FGF2 and 

non-specifically aggregated proteins lacking functionality. Specifically, we observed two 

distinct populations of FGF2: (i) dimers to hexamers and (ii) a diverse population of higher 

oligomeric states of membrane-associated protein oligomers. This diversity markedly distorted 

the original unfiltered histogram, encompassing all detectable oligomeric species of FGF2.  
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3. Part I: Development of “dual-(+1)-FCS” 

approach 

Despite significant technological advancements, a considerable limitation of available 

high-resolution microscopy methods is their inability to distinguish between functional and 

dysfunctional protein aggregates within the membrane. This implies that while available 

microscopy techniques can provide high-resolution information about the oligomerization 

degree of proteins, they can no longer determine whether the detected oligomeric unit is also 

functional. Meanwhile, only functional aggregates are essential for normal cellular operations, 

such as forming functional ion channels or signalling complexes. In contrast, dysfunctional 

aggregates can lead to pathological conditions, or they simply have no biological function at 

all. The inability to differentiate between these states can hinder the interpretation of 

experimental data and the understanding of underlying mechanisms in both health and disease. 

 

To overcome these limitations, there is a need for the development of new 

methodologies to enhance their specificity and sensitivity. This may involve combining 

multiple methods to cross-validate findings, or also combine advanced computational 

simulations with experimental techniques, or developing new labelling strategies that can 

differentiate the functional states of protein aggregates. Such advancements would be more 

crucial for gaining a more comprehensive and accurate understanding of the complex interplay 

between proteins associated with membranes[79, 132–134].  

 

In this context, we present here a versatile single-vesicle fluorescence technique, 

enabling the quantification of protein oligomeric states undergoing self-assembly on free-

standing model lipid membranes and correlating the determined average oligomeric state on a 

single GUV to GUV permeability. By executing these experiments on an ensemble of GUVs 

and in a time-dependent fashion, we could establish a correlation between in-membrane protein 

oligomerization and the development of functional in-membrane pores. 
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3.1 Mysterious ‘(+1)’ in dual-(+1)-FCS 

The new method, called dual-(+1)-FCS, employs three distinct detection emission 

channels using three different fluorescent dyes. This contrasts with the classical two-color FCS 

(dual-FCS), which uses only two channels. In our experimental design, we utilized two 

emission channels for classical dual-colour FCS [80] and used the third emission channel to 

monitor membrane permeabilization via the in-leakage of a fluorescent dye (Figure 13). 

Specifically, we labelled the GUV membrane with a lipid analogue probe DOPE-Atto-633 

(excitation wavelength is 629 nm and emission wavelength is 657 nm). This allowed us to label 

all GUVs, including those without any membrane-associated FGF2 protein, and to perform a 

quality check on the membrane. The second emission channel was then reserved for the pore-

forming protein FGF2 labeled by the Green Fluorescent Protein (FGF2-GFP, the excitation 

wavelength is 488 nm, and the emission wavelength is 510 nm). In this case, to follow the in-

membrane oligomerization of FGF2, we used FCS and calculated the brightness and diffusion 

coefficient of FGF2 in the membrane (see the section below).   

 

 

 Figure 13: (A) FGF2-GFP associated with the GUV membrane, (B) Alexa-Fluor-532 

probing GUV membrane permeability, (C) GUV membrane labeled with DOPE-Atto-633, and 

panel (A+B+C) is the merged image of all three fluorescent dyes.  

 

To monitor GUV membrane permeabilization and differentiate between leaky GUVs 

(containing membrane pores) and non-leaky GUVs (intact membranes), we used the third 

emission channel and the dye Alexa-Fluor-532 (excitation 532 nm, emission 590/50nm) as a 

'background' dye. Leaky GUVs were identified by an increased intensity of Alexa-Fluor-532 
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inside the GUV. In contrast, non-leaky GUVs remained intact with minimal background dye 

content inside. More specifically, leaky GUVs were characterized by an Alexa-Fluor-532 

intensity exceeding 20%, while non-leaky GUVs had an Alexa-Fluor-532 concentration below 

20% (Figure 13).  

 

3.2 Calculation of readout dual-(+1)-FCS parameters   

The dual-(+1)-FCS method involves four steps to determine all necessary readout 

parameters. In Step I, leaky and non-leaky GUVs are distinguished and selected. A GUV is 

classified as leaky or non-leaky using Alexa-Fluor-532 (excitation 532 nm, emission 590/50 

nm). In the second step, a membrane is positioned within the focal region of 470 nm and 635 

nm lasers. Subsequently, a series of dual-colour fluorescence correlation spectroscopy FCS 

measurements, each lasting 60 seconds, is conducted using emission channels of 515/50 nm 

(FGF2-GFP) and 697/58 nm (DOPE-Atto-633). The resulting auto-correlation (AC) curves 

undergo fitting utilising a model that postulates two-dimensional diffusion within the 

membrane (FGF2-GFP and DOPE-Atto-633), three-dimensional diffusion in the solution 

(FGF2-GFP in bulk), and the dye transitioning to the triplet state [135]. 
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In this context, τ represents the lag-time, 𝜏𝐷 denotes the diffusion times of the 

membrane-bound dye, SP indicates the structure parameter, T signifies the fraction of the dye 

in the triplet state, and 𝜏𝑇 represents the lifetime of the triplet state. Within the central beam 

region, the fluorescent signal originating from the solution is negligible; consequently, the 

above equation can be simplified to: 
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Figure 14:  dual-color Fluorescence Correlation Spectroscopy on a single GUV 

involves focusing the bilayer into the beam center. The measurement begins by aligning the 

bilayer using the maximum red signal along the black arrow in the vertical XZ GUV plane. 

The correct membrane position, where the bilayer is optimally focused, is marked as "2". 

 

  In step II, single GUVs are measured using dual-(+1)-FCS. The process begins with 

precisely aligning the bilayer within the central area of the focal volume. This alignment is 

achieved by identifying the peak intensity in the red signal, as indicated by the black arrow in 

Figure 14, within the vertical XZ plane of the GUV. Subsequently, the accurate position of the 

membrane is annotated as '2' to ensure proper alignment. Particularly, in this method, it is 

imperative to measure all output parameters under conditions where the membrane is precisely 

aligned with the centre of the beam. If that is not the case, inconsistent results will be obtained.  

 

In Step III, the mean intensity for both the monomer ⟨I(mono)⟩ and the oligomer 

⟨I(oligo)⟩ is determined as outlined in Figure 15, and a fitting analysis of the autocorrelation 

functions G(τ) for the monomer, oligomer, and the lipid tracer DOPE-Atto-633 is performed. 

The resulting fits provide essential output parameters: the quantity of independently diffusing 

oligomers/monomers N(oligo/mono) within the confocal volume, along with their respective 

diffusion times (see Eq. 12,13). 
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 Figure 15:  The dual-(+1)-FCS analysis includes (A) calculating the average intensity 

for the monomer (<I(mono)>) and the oligomer (<I(oligo)>), as well as fitting the 

autocorrelation functions G(τ) for the monomer, oligomer, and the lipid tracer DOPE-Atto-

633. (B) The fitting process provides the readout parameters mentioned in the text. 

 

In the last step, the average oligomeric state on a single GUV is determined based on a 

comparison of the brightness of an oligomer ϕ(oligo) to that of a monomer ϕ(mono). The 

brightness of an oligomer is calculated as ϕ(oligo) = I(oligo)/N(oligo), where <I(oligo)> 

represents the average intensity, and N(oligo) denotes the number of molecules in the focal 

volume. The brightness of a monomer ϕ(mono) is obtained in a similar manner as ϕ(oligo), but 

it needs to be ensured that the probability that two labelled protein molecules meet in a cluster 

is negligible.  

Finally, the average oligomeric state N(m.u.) is calculated as: 

 

     𝑁(𝑚. 𝑢. ) =
𝜙(oligo)

𝜙(mono)
                                                  (12) 

 

The diffusion coefficient D of GFP and DOPE-Atto-633 is determined by using the 

following relationship: 

      𝐷 =
𝜔2

4𝜏𝐷
                                                          (13) 

 

Here, ω denotes the radial distance from the optical axis, corresponding to the points 

where the intensity has attenuated to 1/e². The size of the volume element can be calculated by 

analyzing a 5 nM aqueous solution of rhodamine 6G, which has a known diffusion coefficient 

𝐷 = 2.8 × 10−8 𝑚2/𝑠 [136].  
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Finally, protein surface concentration (PSC) was calculated as the number of protein 

molecules in the confocal spot N(oligo/mono) *N(m.u.) of a known radius ω: 

 

                                                  PSC =  
𝑁(𝑚.𝑢.)×𝑁(oligo mono⁄ )

𝜋𝜔2                                                (14) 

 

3.3 Work-flow of a typical dual-(+1)-FCS measurement 

 A dual-(+1)-FCS was performed on an Olympus FluoView 1000 MPE system, which 

was upgraded with a dual detector channel PicoQuant laser scanning microscope (LSM) 

Upgrade Kit. Additionally, a homebuilt excitation system was integrated, comprising LDH-D-

C-470 and LDH-D-C-640 diode laser heads, along with 543nm He-Ne continuum wave lasers. 

 

 A typical dual-(+1)-FCS measurement starts by imaging individual GUVs using 

FluoView software in conjunction with conventional FluoView 1000 hardware. The GUVs are 

classified as either leaky or non-leaky based on predefined criteria (see above). In the case of 

a time-resolved measurement, the position coordinates of each GUV are stored in memory, 

enabling repeated dual-(+1)-FCS measurements on a selected set of GUVs. Once a GUVs is 

selected, the laser beam is precisely positioned onto the GUV membrane. The emission from 

the membrane is collected using a HydraHarp400 Multichannel Picosecond Event Timer and 

time-correlated single photon counter (TCSPC) module, controlled via SymPhoTime64 

software. The software also facilitates control of the pulse diode laser (PDL) 828 Sepia II driver 

(PicoQuant, Berlin, Germany). 

 

 The emission signal collected from the GUV membrane is then correlated, and 

autocorrelation curves are obtained. These AC curves are subsequently fitted by a model 

assuming two-dimensional diffusion in the membrane and dye transition to the triplet state (Eq 

10). This fitting process allowed for the extraction of crucial FCS output parameters, including 

the average protein oligomeric state and the protein surface concentration of FGF2 on each 

selected GUV, as well as the diffusion coefficient (see the section above). Overall, the 

microscopy setup and measurement protocol described herein provides a robust and 

comprehensive approach for investigating membrane pore formation at the single-vesicle level.  
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3.4 Methodology of Time-Resolved dual-(+1)-FCS 

measurements 

As illustrated in Singh et al. 2023 [137], a dual-(+1)-FCS measurement can also be 

performed in a time-resolved manner by following individual GUVs in time and monitoring 

protein oligomerization and membrane permeability as a function of time. Consequently, in 

our analysis, we classified single GUVs not only based on their permeability in ONE state but 

in at least two consecutive states:  in the FINAL state that has reached equilibrium and in the 

INITIAL state, usually characterized shortly after the incubation of the protein with the GUVs. 

Based on the history of the FGF2 pores, this classification resulted in four distinct GUV 

categories (Figure 16): 

  

Figure 16: The GUVs shown on the left-hand side of the figure represent the GUVs in 

the INITIAL state. They can be either leaky or non-leaky, as monitored by the in-leakage of 

Alexa-Fluor-532. The right-hand side of the figure represents the GUVs in the FINAL state 

240 minutes after the incubation of FGF2 with the GUVs. As shown in the figure, four different 

cases are possible and can be distinguished from each other by adding a new aliquot of Alexa-

Fluor-532.  

 

1. leaky → leaky: GUVs with continuously open pores between the INITIAL and FINAL 

states.  
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2. non-leaky → non-leaky: GUVs with impermeable membrane in both the INITIAL and 

FINAL states.  

3. non-leaky → leaky: GUVs that transit from the non-leaky to leaky state between the 

INITIAL and FINAL measurements.  

4. leaky → non-leaky: GUVs where the pores close after the INITIAL measurement. 

 

The main aim of this work was then to determine to what extent the oligomerization 

degree of FGF2 varied between the distinct membrane permeabilization states and whether it 

evolved over time.  

 

Figure 17: The time-course of a time-resolved dual-(+1)-FCS measurement. The whole 

measurement takes about 315 minutes. 

 

A typical design of a time-resolved dual-(+1)-FCS experiment is outlined in Figure 17. 

To initiate the experiment, we immobilized GUVs within an IBIDI imaging chamber, and, 

subsequent to their introduction, they were introduced into a buffer solution containing Alexa-

Fluor-532. The experimental procedure was followed with the introduction of the protein, 



 

39  

followed by an incubation period of at least 60 minutes, during which the GUVs were exposed 

to the FGF2 protein. Subsequently, dual-(+1)-FCS measurements were performed within the 

time frame of 1st to 2nd hour from the onset of the experiment, defining this phase as the 

INITIAL state. Between the 4th and 5th  hour, a second dual-(+1)-FCS was performed, known 

as the FINAL state. 

 

3.5 Advantages and disadvantages of dual-(+1)-FCS  

The advances in single-molecule and super-resolution fluorescence microscopy opened 

new possibilities to accurately determine in-membrane protein oligomerization numbers. 

STED or single molecule TIRF microscopy, classified as true single-molecule approaches, 

appears to be the method of choice as it provides oligomer size distributions (i.e. histograms) 

of individual protein oligomers. They also have a realistic potential to resolve the molecular 

structure of these oligomer units in the membranes of native cells. However, these single-

molecule methods, which are commonly applied to supported lipid bilayers, reveal broad 

distributions of oligomerization numbers of the investigated membrane proteins, whereby it is 

unclear whether all detected protein oligomers are functional. Attempts to reconstitute mobile 

membrane proteins in SPBs usually fail, as do many attempts to prepare SPBs with minimal 

effect of the support on in-membrane diffusion. These approaches have recently included the 

preparation of tethered and cushion SPBs and were only partially successful. 

 

The possibility to apply dual-(+1)-FCS to GUVs has two significant advantages over 

single molecule and super-resolution fluorescence microscopy on SPBs: (1)  the unique 

possibility to relate N(m.u.), D, and PSC(FGF2-GFP) to membrane permeability in one 

experiment, i.e. to link protein oligomerization to a functional readout, in this case, membrane 

pore formation. (2) The method enables measurements on free-standing membrane parts of 

GUVs, i.e. it enables measurement under natural conditions where the protein dynamics are 

not impeded by the underlying membrane support. Furthermore, since FCS is not a classical 

single-molecule approach, it can be used at relatively high surface concentrations of 1 nmol/m2 

or higher, where classical single-molecule approaches would fail (for comparison, 1 molecule 

in a confocal spot with a radius of 250 nm yields PSC = 9 pmol/m2). 

As the main limitation of dual-(+1)-FCS can be considered the fact that it yields the 

average oligomer size per single GUV, i.e. it does not provide a distribution of single oligomer 

species as the true single-molecule techniques do. Furthermore, as for any fluorescent 



 

40  

approach, achieving specific and full labeling of molecules with fluorophores is critical for the 

accurate determination of the oligomer size. Additionally, applying dual-(+1)-FCS to plasma 

membranes or living cells presents additional challenges due to cellular heterogeneity or 

photobleaching. 
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4. Part II: In-membrane oligomerization of 

FGF2 leading to membrane pore formation 

To demonstrate the applicability of dual-(+1)-FCS, we studied the translocation of 

FGF2 across the plasma membrane, which involves the formation of membrane pores. We 

hypothesized that FGF2 pores form when the protein successfully inserts into the membrane, 

creating a defect that the bilayer cannot compensate for. Therefore, the presence of membrane 

pores indicates that the protein is functional and capable of being translocated across the plasma 

membrane.  

 

We initiated the study by characterizing GUV membrane permeability in the INITIAL 

and FINAL states (see the section “ Methodology of Time-Resolved dual-(+1)-FCS 

measurements” for the specific design of the experiment). 

  

 Figure 18: This pie chart shows that while FGF2 binds to the membrane of most GUVs 

during a 4-hour incubation period, some GUVs develop pores (become leaky), while others 

remain intact (non-leaky).  

 

 Here, Figure 18 shows that 68 ± 3% of GUVs were observed to be leaky 60 min after 

the addition of the protein. This state is defined as the INITIAL state. At t = 180 min, a further 

fluorescence tracer was introduced to assess permeabilization in the FINAL state. The FINAL 

state, representing equilibrium (t ≥ 240 min), revealed that 24 ± 1% of all GUVs remained 

intact. Consequently, the fraction of leaky vesicles increased by only 8 ± 1%, indicating a shift 
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from non-leaky to leaky GUVs. Particularly, a control sample lacking protein exhibited a 

leakage of 12 ± 1% in the INITIAL state and 14 ± 2% in the FINAL state, suggesting a baseline 

level of leakage. 

 

4.1 Correlating FGF2 oligomeric state to membrane pore 

formation for the FINAL equilibrium state  

In the next step, we used dual-(+1)-FCS to investigate the FGF2 oligomeric state and 

membrane permeability in the FINAL equilibrium state. Figure 19 shows that the distribution 

of average oligomer sizes for the entire ensemble of 60 investigated GUVs is clearly bimodal, 

with peaks around N(m.u.) ≈ 4 and N(m.u.) ≈ 8.  

 

Subsequently, we categorized GUVs into non-leaky and leaky GUVs based on 

membrane permeability after incubation with the protein. Additionally, plots for a double 

cysteine mutant (His-FGF2-C77/95A-GFP), where oligomerization was inhibited, are provided 

in the same figure. As demonstrated in Figure 19, leaky vesicles exhibit a significantly larger 

oligomer size, with a median value centred at median [N(m.u.)] = 7.4, compared to non-leaky 

vesicles with median [N(m.u.)] = 4.6. This correlation of oligomeric size with membrane 

permeability thus reveals two distinct populations of FGF2-GFP: one with a median [N(m.u.)] 

= 7.4, capable of permeabilizing the membrane, and another with a median [N(m.u.)] = 4.6, 

lacking this ability. Essentially, a control experiment using a mutant of FGF2, where 

oligomerization was disabled, yields a median [N(m.u.)] = 1.1. These results underscore the 

ability of dual-(+1)-FCS to unravel specific protein subpopulations that could not have been 

revealed with classical single-molecule approaches limited to supported phospholipid 

bilayers[69].   
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Figure 19: This figure illustrates the functional correlation between various parameters 

related to FGF2-GFP induced membrane pore formation. Panel (A) shows the oligomeric size 

of FGF2-GFP (N(m.u.)). The size of these oligomers, indicated by the number of molecules 
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forming a complex on the membrane, is represented by each dot, which corresponds to a 

measurement taken from a single GUV. Panel (B) depicts the surface concentration of FGF2-

GFP (PSC(FGF2-GFP)) on the GUV membrane, measured in nmol/m². A threshold 

concentration is marked by a dashed line with a red arrow, indicating the upper limit of the 

concentration range (0 to 0.3 nmol/m²) reached by 90% of nonleaky GUVs. Panel (C) presents 

a 2D scatter plot that simultaneously displays the correlation between oligomeric size and 

surface concentration. Median values and 95% confidence intervals are shown by solid black 

lines in panels A and B, while colored dashed lines represent median values in panel C. 

 

 

4.2 Correlating FGF2 Oligomeric State with Membrane Pore 

Formation in a Time-Resolved Manner 

The experimental design can be further improved to observe changes in the FGF2 

oligomeric state and membrane pore formation over time. We achieved that by measuring the 

N(m.u.) on the same GUV over the course of time. To illustrate this approach, N(m.u.) was 

estimated twice in the INITIAL state (t = 0 hrs) and subsequently at the end of the incubation 

period corresponding to the FINAL state (t ≥ 4 hrs) (Figure 20). 

 

 

 Figure 20: The correlation between the oligomeric size of FGF2-GFP and lipid pore 

formation was monitored over time on individual GUVs. (Case A) illustrates GUVs that 

initially did not allow the fluorescent tracer to penetrate (GUVs without pores) but became 

filled with the tracer during incubation with FGF2-GFP (GUVs with pores). In contrast, Case 

B displays GUVs that remained impermeable to the small fluorescent tracer throughout the 

entire experiment. 
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 In panel A of Figure 20, GUVs that were not penetrated by the fluorescent tracer 

(GUVs w/o pores) at the start and subsequently were filled with the tracer during incubation 

with FGF2-GFP (GUVs with pores) are shown. Conversely, panel B illustrates GUVs that 

remained unpenetrated by the tracer throughout the experiment. Analysis of the data reveals 

that in 5 out of 8 cases, penetration of GUVs is accompanied by a significant increase in 

N(m.u.), indicating an increase in the oligomeric size as FGF2 pores are formed. Specifically, 

the average N(m.u.) for GUVs without pores at t = 0 hrs increased from 3.2 ± 2.07 to 7.4 ± 2.89 

for GUVs with pores at t ≥ 4 hrs. Conversely, among the 4 out of 8 vesicles that remained 

intact, there was a minor increase in N(m.u.) from 1.7 ± 0.52 at t = 0 hrs to 3.1 ± 1.54 at t ≥ 4 

hrs, which were significantly lower than the former case. Moreover, the FCS-based approach 

identifies individual GUVs that deviate from these trends. For example, GUV nr. 6 likely 

experiences non-specific leakage, as evidenced by a non-specific leakage rate of 17.9% among 

an ensemble of 16 GUVs. Conversely, GUVs nr. 13 to 16 do not exhibit leakage despite a high 

final N(m.u.), possibly due to non-functional protein aggregation at the membrane surface. 

  

4.3 Correlating FGF2 protein oligomerization with pore 

formation 

To shed more light on the time evolution of FGF2 membrane pore formation, indicative 

of the successful incorporation of the protein into the membrane, we significantly expanded 

the set of analyzed GUVs originally shown in Figure 20 and presented in Sachl et al. [138]. 

After collecting the data from a total of 67 GUVs, we first constructed scattered plots, in which 

the average oligomeric size per single GUV and protein surface concentration, two different 

read-outs of dual-(+1)-FCS, are correlated for both the INITIAL (Figure 21A) and FINAL 

states (Figure 21B).  
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 Figure 21: PSC correlation with oligomeric state (an individual GUV’s study in a time-

resolved manner). (A) This panel shows the INITIAL State of GUVs; grey represents non-

leaky, and cyan represents leaky vesicles. (B) This panel shows the FINAL State of vesicles, 

e.g. black dots represent non-leaky to non-leaky GUVs. 

 

The population of (leaky → leaky) GUVs in the FINAL state contrasts sharply with the 

remaining two GUV populations of (non-leaky → non-leaky) or (non-leaky → leaky) GUVs 

in the same state. More specifically, the data points for (leaky → leaky) GUVs are exclusively 

clustered at the PSC (FGF2-GFP) of less than 1 nmol/m² and ⟨N(m.u.)⟩ of less than 10, 

displaying an average oligomer size ⟨N(m.u.)⟩ = 4.21 ± 2.073 and PSC = 0.64 ± 0.139 nmol/m². 

In contrast, the data points for (non-leaky → non-leaky) and (non-leaky → leaky) GUVs are 

more widely dispersed, spanning a broad range of PSC ∈ ⟨0;4.1⟩ and ⟨N(m.u.)⟩ ∈ ⟨1;20⟩, with 

a shift toward higher PSC and ⟨N(m.u.)⟩. Specifically, for (nonleaky → nonleaky) GUVs, 

⟨N(m.u.)⟩ = 10.3 ± 4.439 and PSC = 1.39 ± 0.716 nmol/m², and for (nonleaky → leaky) GUVs, 

⟨N(m.u.)⟩ = 7.64 ± 3.256 and PSC = 1.7 ± 1.23 nmol/m². Additionally, there is an observed 

increase in oligomer size with rising protein surface concentration, with this dependence 

appearing more pronounced for (leaky → leaky) GUVs compared to the other two sets.  

 

These findings suggest that the process of FGF2 oligomerization differs between 

disrupted and intact GUVs. On (leaky → leaky) GUVs, a substantial portion of FGF2 becomes 

membrane-inserted, facilitating specific oligomerization through cysteine C95 and C77. This 

proposition gains support from the previously mentioned steep correlation between ⟨N(m.u.)⟩ 
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and PSC on (leaky → leaky) GUVs, which is an anticipated outcome of heightened sensitivity 

to PSC when oligomerization is specifically driven. 

In contrast, (non-leaky → non-leaky) vesicles present a clearly distinct scenario 

regarding protein insertion. Here, non-specific oligomerization of FGF2 leads to the formation 

of large membrane-associated protein aggregates that do not penetrate the membrane, and their 

self-assembly is facilitated by higher PSC values. As this population of oligomers lacks the 

specificity driving protein oligomerization, the resulting dependence of ⟨N(m.u.)⟩ on PSC 

appears less steep and more chaotic, with a less discernible trend (see Figure 21). 

 

The remaining subset of (non-leaky → leaky) GUVs, as depicted in Figure 21, typically 

becomes leaky with a lag time of 60−180 min. Although these GUVs also contain the inserted 

protein in the FINAL state (notably, the membrane of these GUVs is permeabilized in the 

FINAL state), the presence of the inserted protein is overshadowed by nonspecifically 

aggregated protein oligomers that formed in excess during the INITIAL state. Consequently, 

this group of vesicles exhibits properties more similar to (non-leaky → non-leaky) GUVs 

containing nonfunctional aggregated proteins in excess. 

 

 As for the INITIAL state shown in Figure 21,  the data points representing non-leaky 

GUVs are widely scattered across a broad range of PSC and oligomer sizes. This wide 

scattering suggests a variety of oligomerization behaviors, indicative of non-specific protein 

oligomerization. This implies that a higher concentration of surface-bound protein does not 

necessarily lead to membrane permeabilization, but rather to protein aggregation. In contrast, 

the data points representing leaky GUVs are more tightly clustered within a narrower range of 

PSC and smaller oligomer sizes. The average oligomer size for leaky GUVs is smaller, 

indicating that smaller oligomers are more effective at causing membrane leaks in the INITIAL 

state. Overall, the analysis of the INITIAL state highlights the importance of both protein 

surface concentration and oligomer size in determining the permeabilization behavior of FGF2. 

 

 

 

 

 



 

48  

4.4 Linking diffusion coefficient of membrane-associated 

FGF2 to its oligomerization  

Similar to the scatter plot linking the oligomeric state of FGF2 with PCS (Figure 18), 

analogous dependencies can be generated linking the typical output parameter of FCS, the 

diffusion coefficient of membrane-associated FGF2, with PSC or with N(m.u.). Thus, a 

valuable set of several parameters, N(m.u) versus PSC, versus D or versus membrane 

permeability, can be correlated using dual-(+1)-FCS.  However, as is evident from Figure 22, 

there is no strong correlation between D and PSC or between N(m.u.) and D in the case of 

FGF2, with the individual data points being distributed more or less randomly. At the same 

time, from a physics point of view, it is reasonable to assume that the diffusion coefficient of 

FGF2 should gradually decrease with increasing oligomer size. The reason for the absence of 

this logical trend is the fact that the big FGF2 oligomers are not embedded in the membrane 

but only associated with it, which noticeably accelerates its diffusion. Conversely, the small 

FGF2 oligomers, which should move faster, are embedded in the membrane, which slows them 

down noticeably. The result is an unclear correlation between D versus N(m.u.) and D versus 

PSC. 

 
Figure 22: Correlation of the average diffusion coefficient of FGF2 to PSC (upper 

row), as well as the oligomeric state to the diffusion coefficient of FGF2 (lower row) for all 

three populations considered throughout the work. 
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4.5 Understanding the journey of pore formation 

In the next step, for the extended set of GUVs (see the section above), we generated 

histograms of N(m.u.) and PSC for each state as a function of the permeability of the detected 

vesicles. Interestingly, in the initial state, dimers to hexamers emerge as the predominant 

species on leaky GUVs (Figure 23(A1, A2). The similarity observed in the histograms 

constructed for the INITIAL and FINAL states (compare Figure 23(1) with Figure 23(2)) led 

us to conclude that membrane-inserted protein oligomers do not aggregate over time. Secondly, 

we inferred that the specific oligomerization of FGF2 occurs within a time scale shorter than 

60 minutes. This finding aligns with recent single-molecule cell experiments demonstrating the 

translocation of FGF2 across the plasma membrane in the order of hundreds of 

milliseconds145. 

 

Is There a Pre-INITIAL State? Considering this disparity between the short 

translocation time of FGF2 in cells and the 60-minute incubation time employed in the 

experiment, we decided to minimize the incubation time in our experimental setup. 

Consequently, we initiated a dual-(+1)-FCS measurement immediately after introducing the 

protein to the vesicles and continued monitoring the same set of GUVs for a duration of 30 

minutes. For simplicity, our focus was solely on vesicles exhibiting leakage in this pre-INITIAL 

state. We then compared the obtained histograms representing the protein's oligomeric states 

with the histograms for the INITIAL state (Figure 23A). Scrutinising these histograms reveals 

that the respective distributions remain unchanged over time. Consequently, the measurement 

we conducted gives unbiased information about the distribution of membrane-inserted FGF2 

oligomers on the membrane. Additionally, it underscores that the specific self-assembly of 

FGF2 oligomers surpasses the resolution capabilities of this approach. 

 

Furthermore, upon closer inspection of Figure 23A, however, a small fraction of large 

oligomers in the FINAL state on (leaky → leaky) GUVs becomes apparent, absent in the 

INITIAL state. Consequently, it is more precise to characterize the population of functional 

membrane-inserted FGF2 by considering only the histogram obtained for the INITIAL state.  

 

Importantly, the scenario differs significantly for the populations of (non-leaky → non-

leaky) and (non-leaky → leaky) GUVs, where FGF2 aggregates non-specifically. In these 

cases, large protein clusters present in the FINAL state are largely missing in the INITIAL state. 
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In the INITIAL state, dimers to hexamers represent the most dominant oligomer species on 

both leaky and non-leaky GUVs (see Figure 23). 

 

 

Figure 23: Time-dependent FGF2 oligomer sizes distribution. Top row represents leaky 

to leaky, middle row represents non-leaky to non-leaky and the lowest row non-leaky to leaky 

vesicle populations.  Violin plots (A3,B3,C3) showing the distribution of PSC for each vesicle 

population in the Pre-INITIAL, INTITAL and FINAL states are displayed on the right-hand 

side of the figure.   

 

Overall, our analysis let us conclude that on (non-leaky → non-leaky) and (non-leaky 

→ leaky) GUVs, FGF2 aggregates in a non-specific manner, forming larger oligomers in the 

FINAL state. Conversely, in the INITIAL state on the leaky GUVs, the dominant oligomeric 

sizes are in the range of dimers to hexamers, indicating a specific oligomerization process 

occurring at this stage. The INITIAL state of leaky GUVs, where dimers to hexamers are the 

dominant species, thus represents the biologically more relevant oligomerization state of FGF2. 

In contrast, the FINAL state, characterized by non-specific aggregation, is less representative.  

Consequently, to measure biologically relevant oligomerization numbers of FGF2, it is 

important to focus on shorter incubation times, as done for the Pre-INITIAL and INITIAL 
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states before non-specific aggregation occurs, and select from the large ensemble of GUVs 

only those that are permeabilized.  

 For a more detailed quantification of the observed changes, we further replotted the 

data, aiming to highlight the changes in N(m.u.) and PSC for all four GUV categories  (Figure 

24). This approach facilitated a further categorization of GUVs into four contiguous quadrants. 

These quadrants categorize GUVs based on whether there was a simultaneous increase in ΔPSC 

and ΔN(m.u.) (quadrant I), a decrease in ΔPSC and an increase in ΔN(m.u.) (quadrant II), a 

decrease in both ΔPSC and ΔN(m.u.) (quadrant III), or an increase in ΔPSC and a decrease in 

ΔN(m.u.) (quadrant IV). 

 

Figure 24: Correlation of ∆〈𝑁(m. u. )〉 and ∆PSC against each other. Each dot 

represents a GUV.  

 

 Even in this graphical representation, the (leaky → leaky) vesicle population exhibits a 

noticeable distinction from the other two populations. Events are distributed relatively evenly 

among quadrants I to III, with approximately an equal number of vesicles displaying positive 

or negative ΔN(m.u.) or ΔPSC values (refer to Table 1). Additionally, the changes in PSC are 

relatively small, with a relative change of approximately 10−20%. In contrast, the alterations 
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in ⟨N(m.u.)⟩ reach a maximum of +3 monomeric units in quadrant I and only +0.8 m.u. in 

quadrant II. 

In contrast, within the (non-leaky → non-leaky) vesicles, 85% of all GUVs exhibit an 

increase in the average number of monomer units (⟨N(m.u.)⟩), with the change (ΔN(m.u.)) in 

the first quadrant averaging up to seven monomer units. This suggests a significant 

oligomerization process occurring non-specifically, even in the absence of membrane leakage. 

In the (non-leaky → leaky) population, which includes a fraction of specifically oligomerized 

FGF2, the increase is less pronounced but still noteworthy: 75% of all vesicles display an 

increase in ⟨N(m.u.)⟩, with an average addition of four monomer units in quadrant I. 

 

Table 1. The changes in both the average protein surface concentration and average 

protein oligomeric states on individual GUVs calculated for quadrants I-IV as well as for all 

GUV populations under consideration. 

 

  

 Furthermore, the ΔPSC in quadrant I is up to 19 times larger in the (non-leaky → non-

leaky) vesicles compared to the (leaky → leaky) vesicles, where non-specific protein 

aggregation is minimal (refer to Table 1). This substantial difference underscores the 

specificity of FGF2 oligomerization in (leaky → leaky) vesicles, contrasting with more 

scattered changes observed in (non-leaky →non- leaky) vesicles, where non-specific 

aggregation is prevalent. 

 

 

 

 

 

 

 

qu
ad

 

[Δ
N

(m
.u

.),
Δ

PS
C

] nonleaky to nonleaky nonleaky to leaky leaky to leaky 

no. of 
GUVs 

<ΔN(m.u.)> <ΔPSC> no. of 
GUVs 

<ΔN(m.u.)> <ΔPSC> no. of 
GUVs 

<ΔN(m.u.)> <ΔPSC> 

I [+,+] 12 7.2 ± 4.34 0.32 ± 0.408 10 4.2 ± 4.04 0.98 ± 0.50 6 3.3 ± 2.16 0.05 ± 0.030 

II [+,-] 11 4.8 ± 3.04 -0.35 ± 0.295 5 1.8 ± 1.61 -0.14 ± 0.13 5 0.8 ± 0.52 -0.11 ± 0.072 

III [-,-] 4 -1.36 ± 1.56 -0.60 ± 0.254 5 -1.8 ± 0.59 -0.42 ± 0.246 7 -1.3 ± 1.57 -0.21 ± 0.071 

IV [-,+] 
      

2 -0.2 ± 0.19 0.01 ± 0.003 
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4.6 Comparison of STED microscopy oligomerization data 

with dual-(+1)-FCS 

To highlight the importance of filtering GUVs before constructing the final histogram 

of oligomer sizes, we revisited our previous data showing the unfiltered histogram of FGF2 

oligomer sizes measured by STED microscopy on supported phospholipid bilayers [69].   

 

Figure 25:  (A) Distribution of oligomeric states of FGF2-GFP without any filtering 

(i.e., without classifying GUVs as leaky or non-leaky) as determined by dual-(+1)-FCS. (B) 

Distribution of oligomeric states for FGF2-GFP with a filter applied for leaky GUVs only. (C) 

The broad distribution of oligomeric states of FGF2-Y81pCMF-Halo-StarRed on supported 

lipid bilayers from the previous work by Steringer et al., eLife 2017[69] determined by STED. 

(D) FGF2 oligomeric state as determined by Dimou et al. 2018 [99] on the plasma membranes 

of living cells with single molecule localisation microscopy. 

 

 When reconstituted in SPBs, FGF2 oligomerizes into multimers with a wide 

distribution of oligomer sizes (Figure 25C). More specifically, STED microscopy identified 

oligomers ranging from dimers to very large 24-mers within SPBs. Using Gaussian distribution 
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revealed four distinct components corresponding to oligomers with 3, 6, 11, and 17 monomers 

per cluster, as identified by Steringer et al.[69] . Interestingly, when dual-(+1)-FCS was used 

without applying any filtering criteria, a similarly broad distribution of oligomer sizes was 

observed (Figure 25A). Without filtering, all vesicles are included in the analysis, even those 

with non-specifically aggregated proteins. This, however, indicates that not every oligomer 

detected with STED microscopy is capable of forming a membrane pore. 

  

 Conversely, if only GUVs containing the majority of the protein functionally embedded 

in the membrane (represented by leaky GUVs in the INITIAL state) are selected, the 

distribution of FGF2 oligomeric states becomes significantly narrower and more closely 

matches the oligomeric states detected in the plasma membranes of living cells (Figure 25BD). 

Specifically, in this case, only monomers, dimers, and a small fraction of trimers were 

observed105. However, this in vivo approach may underestimate the real content of larger 

aggregates105. Therefore, a clear challenge for the future is to find a better intersection between 

in vivo and in vitro experiments and to determine which FGF2 oligomers are present in the 

membrane during translocation. Our results thus demonstrate the necessity of testing the 

functionality of individually detected protein oligomers reconstituted in biological model 

membrane systems. Not all membrane-associated oligomers may be functional or have the 

same characteristics. 
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5. Conclusions 

 In this dissertation, a novel single-vesicle, single-molecule fluorescence assay was 

developed to monitor pore formation by tracking the clustering of individual protein molecules. 

The effectiveness of this approach was demonstrated by studying the translocation of 

Fibroblast Growth Factor 2 (FGF2) across vesicle membranes, which is accompanied by FGF2 

oligomerization and the formation of transmembrane pores. 

 
 

5.1 Part I: Development of a functional dual-(+1)-FCS assay to 

correlate protein oligomerization states with membrane pore 

formation. 

 

 Specifically, in the first part of the dissertation, the dual-(+1)-FCS single GUV assay 

was developed as an advanced single-molecule fluorescence method. This assay is designed to 

study protein-membrane interactions that lead to protein oligomerization and the subsequent 

formation of membrane pores. By analyzing fluctuations in fluorescence intensity and 

determining the brightness of individual fluorescent species as they diffuse within the GUV 

membrane, this method provides information on protein surface concentration, diffusion 

coefficient, and protein oligomeric state, specifically in leaky versus non-leaky vesicles (i.e., 

membrane-permeabilized versus intact vesicles).  

 Increased membrane permeability indicates pore formation, while an intact membrane 

suggests no pore formation. Importantly, this method uses free-standing membranes, which, 

unlike supported lipid bilayers, do not affect protein mobility and are better suited for 

monitoring membrane pore formation. Overall, the assay directly correlates the degree of 



 

56  

protein oligomerization within the membrane to pore formation, offering valuable insights into 

the mechanisms of membrane permeabilization by proteins. 

 

5.2 Part II: Determining the functional oligomeric state of 

membrane-associated FGF2 oligomers forming membrane 

pores on giant lipid vesicles. 

 

 In the second part of the dissertation, the dual-(+1)-FCS single GUV assay was applied 

to study the translocation of FGF2 across giant lipid vesicle membranes. This process is 

accompanied by in-membrane protein oligomerization and the formation of membrane pores. 

 

 
 

We demonstrated that the wide range of in-membrane oligomer states of FGF2, 

typically observed on supported lipid bilayers, arises from a mixture of complexes with 

different properties. Specifically, we identified two distinct populations of FGF2: one 

consisting mainly of membrane-inserted dimers to hexamers that cause membrane 

permeabilization and another comprising non-specifically aggregated proteins associated with 

the membrane, which do not necessarily reflect functional oligomerization processes. 

 

By using dual-(+1)-FCS in a time-resolved mode, we were able to track the 

oligomerization of membrane-associated FGF2 over time. This tracking revealed that FGF2 

aggregates on GUVs over time without causing leakage, significantly broadening the final 

distribution of oligomer sizes. By linking oligomer size to a functional readout involving 
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membrane permeability, we successfully filtered out the unwanted contribution of non-

specifically aggregated proteins. This approach allowed us to refine the oligomer size 

distribution recorded previously by STED microscopy on supported phospholipid bilayers. 

 

In conclusion, our study illustrates the complex nature of protein oligomerization and 

emphasizes the need for careful analysis to differentiate between specific and nonspecific 

aggregation processes. It highlights that merely determining the oligomerization states of 

proteins can yield biased results, as the observed distribution of oligomer sizes may be 

multimodal due to the presence of both specific and nonspecific protein aggregates. 
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Supplementary Information 

Material and Methods  

Giant Unilamellar Vesicles: All lipids used for GUV preparation were supplied by Avanti 

Polar Lipids. GUVs with a PM like lipid composition were prepared using the following lipids: 

33 mol% phosphatidylcholine (DOPC), 10 mol% phosphatidylethanolamine (DOPE), 5 mol% 

phosphatidylserine (DOPS), 5 mol% phosphatidylinositol (DOPI), 15 mol% sphingomyelin 

(SM), 30 mol% cholesterol (Chol), 1 mol% Biotinyl-PE and 0.05 mol% dioleolyl-PE labelled 

in the headgroup by Atto-633 (DOPE-Atto-633, ATTO-TEC). GUVs were generated based on 

electro-swelling using platinum electrodes[141, 142] . GUVs were supplemented with either 2 

mol% phosphatidylinositol-4,5-bisphosphate (PIP2) or a DGS-NTA lipid (Avanti Polar 

Lipids). The dried lipid film was hydrated with a 300 mM sucrose solution (300 mOsmol/kg). 

Electro-swelling was conducted at 45˚C (10 Hz, 1.5 V for 50 min, 2 Hz, 1.5 V for 25 min). 

GUVs were gently washed with HEPES buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 310 

mOsmol/kg) and collected via centrifugation (1200x g; 25˚C; 5 min). The loose GUV pellet 

was carefully resuspended in a small volume of HEPES buffer and diluted again in 11.5 ml 

buffer, followed by centrifugation (1200x g; 25˚C; 5 min). The supernatant was removed while 

the loose GUV pellet was carefully resuspended. Imaging chambers (IBIDI uncoated) were 

incubated sequentially with 0.1 mg/ml Biotin-BSA (Sigma) and 0.1 mg/ml Neutravidin 

(Thermo Fisher Scientific) dissolved in MilliQ water. 

Protein Expression and Purification 

FGF2 used in part I: His-FGF2-Y81pCMF-GFP, His-FGF2-Y81pCMF-C77/95A-

GFP and His-FGF2-Y81pCMF-C77/95A were expressed in E. coli strains W3110Z1 or BL21 

Star (DE3), respectively. For incorporation of the unnatural amino acid p-

carboxylmethylphenylalanine (pCMF; custom synthesis by ENAMINE Ltd., Kiev, Ukraine), 

codon 81 (tyrosine) was replaced by an amber stop codon. Transformation of a strain carrying 

the pEVOL-pCMF plasmid resulted in expression of recombinant His-FGF2-Y81pCMF. All 

proteins were purified in three steps via Ni-NTA affinity chromatography, heparin 

chromatography and size exclusion chromatography using a Superdex 75 column [138]. 
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FGF2 used in part II: His-tagged variants of FGF2-GFP (pET15b) were expressed in 

Escherichia coli strain BL21 Star (DE3). All proteins were purified in three steps via Ni-NTA 

affinity chromatography, heparin chromatography, and size-exclusion chromatography using a 

superdex 75 column.(protein purified done by Walter Nickel lab in Heidelberg, Germany) 

[137]. 
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List of Figures 

Figure 1 Illustrative Overview of Pore Formation in Membranes by PFPs: (A) This 

diagram details the stages of membrane pore formation by pore forming 

proteins (PFPs), including binding, membrane insertion, oligomerization, 

and pore formation. (B) It also explores the dynamics of membrane insertion 

and protein unit assembly, both concerted and non-concerted ways of 

insertion.  (C) Protein assembly mechanism: sequential versus non-

sequential. Protein oligomerisation can happen when units of a defined 

stoichiometry are added one after the other sequentially or randomly (non-

sequentially). (D&E) visual representations of protein-lined and protein-lipid 

pores in side and top views: protein-lined pores (pores formed by proteins 

only) & Protein-lipid pores (pores formed by both lipids and proteins). (The 

figure was adapted from “https://doi.org/10.3390/ijms24054528”). 

Figure 2 Free-standing model membrane systems represented by black lipid 

membranes, SUVs, LUVs or GUVs and supported lipid bilayers systems. 

Figure 3 The principle of LUVs leakage assay based on the release of calcein from 

the LUV interior. The LUV in (a) represents a calcein loaded vesicle at self-

quenching concentration whereas the LUV in (b) represents a leaky LUV 

with partially released dye. 

Figure 4 Confocal microscopy images of non-leaky GUVs (the GUV’s interior is 

black) and leaky GUVs (the GUV’s interior is green). ‘Green’ fluorescent 

dye Alexa-Fluor-532 has been added to the GUV exterior. 

Figure 5 Chemical Crosslinking: an in-vitro approach to investigate protein 

oligomerization. (Figure was adopted from “https://doi.org/10.1007/978-3-

319-66601-3_8”). 

Figure 6 The idea behind PALM, FPALM, and STORM.  The subsets of fluorophores 

can be observed without spatial overlap and precisely localised thanks to the 

distinct fluorescent probes indicating the sample structure that are activated 

at different times. Numerous fluorescent probes can have their positions 

identified by repeating the activation and imaging process. A super-
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resolution image can then be rebuilt using the locations of multiple localised 

probe molecules. The lower left inset of the second panel displays an 

experimental image of a single fluorescent dye (blue) alongside the high-

precision localization of the molecule (red cross). (The figure was adapted 

from “10.1146/annurev.biochem.77.061906.092014”). 

Figure 7 This image represents the principle of STED microscopy. (A) The 

mechanism of stimulated emission. (B) A diagram illustrating a STED 

microscope. (C) In XY mode, a doughnut-shaped STED laser is used, with 

its zero point aligned to the peak of the excitation laser focus. Through 

saturated depletion, fluorescence from areas near the zero point is 

suppressed, leading to a smaller effective PSF size. (The figure was adopted 

from “10.1146/annurev.biochem.77.061906.092014”). 

Figure 8 Stepwise photobleaching methods to determine protein oligomeric states. (a) 

Fluorescent intensity traces for mono, di, tri, and tetrameric proteins are 

shown. Each stepwise drop in the fluorescence intensity versus time plot 

corresponds to the photobleaching of one fluorophore. (b) Single Molecule 

Co-Tracking: The proteins of interest are labeled with fluorophores of 

different spectra, and their diffusion paths in the membrane are tracked using 

localization algorithms. This allows direct visualization of molecular 

association (i), dissociation, and co-diffusion (ii and iii). (c) Fluorescent 

molecules are imaged based on their point spread function (PSF). Larger 

protein complexes do not produce a broader PSF compared to monomeric 

proteins, but they do exhibit a higher amplitude. Thus, analyzing the 

brightness of diffraction-limited spots enables the determination of the 

underlying oligomeric state. (The figure was adopted from 

“https://doi.org/10.1007/978-3-319-66601-3_8”). 

Figure 9 Principles of FCS measurements (A) A laser beam excites fluorescent 

particles as they diffuse within the detection volume. (B) The emission from 

these fluorophores leads to fluctuations in fluorescence intensity, which are 

recorded by a detector. (C) These intensity fluctuations are then correlated to 
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produce an autocorrelation curve. The diffusion time 𝜏𝐷 is determined at the 

half maximum of the autocorrelation function. 

Figure 10 Förster resonance energy transfer method. Nonradiative energy transfer to 

the (red-shifted) acceptor dye molecule happens only when the two dyes are 

near to each other, as in an oligomer, after the donor dye molecule is excited.  

The rate of the energy transfer depends strongly on the distance between the 

two dye molecules. (Figure was adopted from “https://doi.org/10.1007/978-

3-319-66601-3_8”). 

Figure 11 The structure of Fibroblast Growth Factor 2 (FGF2). (The figure was adopted 

from “doi: 10.3389/fcell.2022.864257”) 

Figure 12 Unconventional protein secretion I pathway of FGF2, for bypassing the use 

of intracellular vesicle intermediates. Instead, it directly translocates across 

the plasma membrane. This figure includes all the steps in the translocation 

process. (The figure was adopted from “doi: 10.3389/fcell.2022.864257”) 

Figure 13 (A) FGF2-GFP associated with the GUV membrane, (B) Alexa-Fluor-532 

probing GUV membrane permeability (C) GUV membrane labeled with 

DOPE-Atto-633, and panel (A+B+C) is the merged image of all three 

fluorescent dyes. 

Figure 14 dual-color Fluorescence Correlation Spectroscopy on a single GUV involves 

focusing the bilayer into the beam center. The measurement begins by 

aligning the bilayer using the maximum red signal along the black arrow in 

the vertical XZ GUV plane. The correct membrane position, where the 

bilayer is optimally focused, is marked as "2". 

Figure 15 The dual-(+1)-FCS analysis includes (A) calculating the average intensity 

for the monomer (<I(mono)>) and the oligomer (<I(oligo)>), as well as 

fitting the autocorrelation functions G(τ) for the monomer, oligomer, and the 

lipid tracer DOPE-Atto-633. (B) The fitting process provides the readout 

parameter mentioned in the text. 
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Figure 16 The GUVs shown on the left-hand side of the figure represent the GUVs in 

the INITIAL state. They can be either leaky or non-leaky as monitored by 

the in-leakage of Alexa-Fluor-532. The right-hand side of the figure 

represents the GUVs in the FINAL state 240 minutes after the incubation of 

FGF2 with the GUVs. As shown on the figure, four different cases are 

possible and can be distinguished from each other by adding a new aliquot 

of Alexa-Fluor-532. 

Figure 17 The time-course of a time-resolved dual-(+1)-FCS measurement. The whole 

measurement takes about 315 minutes. 

Figure 18 This pie chart shows that while FGF2 binds to the membrane of most GUVs 

during a 4-hour incubation period, some GUVs develop pores (become 

leaky), while others remain intact (non-leaky). 

Figure 19 This figure illustrates the functional correlation between various parameters 

related to FGF2-GFP induced membrane pore formation. Panel (A) shows 

the oligomeric size of FGF2-GFP (N(m.u.)). The size of these oligomers, 

indicated by the number of molecules forming a complex on the membrane, 

is represented by each dot, which corresponds to a measurement taken from 

a single GUV. Panel (B) depicts the surface concentration of FGF2-GFP 

(PSC(FGF2-GFP)) on the GUV membrane, measured in nmol/m². A 

threshold concentration is marked by a dashed line with a red arrow, 

indicating the upper limit of the concentration range (0 to 0.3 nmol/m²) 

reached by 90% of nonleaky GUVs. Panel (C) presents a 2D scatter plot that 

simultaneously displays the correlation between oligomeric size, surface 

concentration. Median values and 95% confidence intervals are shown by 

solid black lines in panels A and B, while colored dashed lines represent 

median values in panel C. 

Figure 20 The correlation between the oligomeric size of FGF2-GFP and lipid pore 

formation was monitored over time on individual GUVs. (Case A) illustrates 

GUVs that initially did not allow the fluorescent tracer to penetrate (GUVs 

without pores) but became filled with the tracer during incubation with 

FGF2-GFP (GUVs with pores). In contrast, Case B displays GUVs that 
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remained impermeable to the small fluorescent tracer throughout the entire 

experiment. 

Figure 21 PSC correlation with oligomeric state (an individual GUV’s study in a time-

resolved manner). (A) This panel shows the INITIAL State of GUVs, grey 

represents non-leaky and cyan is for leaky vesicles. (B) This panel shows 

FINAL State of vesicles e.g. black dots represents non-leaky to non-leaky 

GUVs. 

Figure 22 Correlation of the average diffusion coefficient of FGF2 to PSC (upper row), 

as well as the oligomeric state to the diffusion coefficient of FGF2 (lower 

row) for all three populations considered throughout the work. 

Figure 23 Time-dependent FGF2 oligomer sizes distribution. Top row represents leaky 

to leaky, middle row represents non-leaky to non-leaky and the lowest row 

non-leaky to leaky vesicle populations.  Violin plots (A3,B3,C3) showing the 

distribution of PSC for each vesicle population in the Pre-INITIAL, 

INTITAL and FINAL states are displayed on the right-hand side of the figure. 

Figure 24 Correlation of ∆〈N(m.u.)〉 and ∆PSC against each other. Each dot represents 

a GUV. 

Figure 25 (A) Distribution of oligomeric states of FGF2-GFP without any filtering (i.e., 

without classifying GUVs as leaky or non-leaky) as determined by dual-

(+1)-FCS. (B) Distribution of oligomeric states for FGF2-GFP with a filter 

applied for leaky GUVs only. (C) The broad distribution of oligomeric states 

of FGF2-Y81pCMF-Halo-StarRed on supported lipid bilayers from the 

previous work by Steringer et al., eLife 2017 determined by STED. (D) 

FGF2 oligomeric state as determined by Dimou et al. 2018 on the plasma 

membranes of living cells with single molecule localisation microscopy. 
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