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ABSTRACT Vital biological processes such as the adhesion of cells to their surroundings 

rely on short-term recognition processes, which are defined by a rapid assembly and 

disassembly of adhesion molecules. These processes were mostly attributed to interactions 

of membrane-bound proteins to complementary proteins (PPI) or carbohydrates (CPI), while 

direct interactions between carbohydrates (CCI) were underestimated due to their low 

homotypic binding affinity. However, the cellular plasma membrane offers an abundant 

supply of carbohydrate-containing molecules including glycosphingolipids (GSLs), which are 

exclusively displayed on the outer leaflet of mammalian cell membranes. GSLs are 

characterized by extremely high variability due to a large diversity of different carbohydrate 

head groups and were found to interact with high selectivity.  

In this thesis, two different methods based on atomic force microscopy (AFM), namely 

colloidal probe microscopy (CPM) as well as single-cell force spectroscopy (SCFS), were 

applied to assess the impact of CCIs between the GSLs GM3 and lyso-lactosylceramide (lyso-

LacCer) on the initial adhesion of murine B16 melanoma cancer cells. To study the relation 

between CCI and tumor malignancy, B16-F1 and B16-F10 cells of the same origin but different 

malignancy were used. Surface-based analytical experiments including fluorescence and 

optical cell adhesion studies were applied to examine the distribution and organization of GM3 

and lyso-LacCer in the cellular plasma membrane and in solid supported lipid membranes 

(SSLMs) and indicated the formation of GSL-enriched domains (GEMs). CPM employing a 

model membrane system allowed to examine the specific adhesion forces between GM3 and 

lyso-LacCer due to a full control over molecular composition in SSLMs. Our CPM results 

showed that strong maximum adhesion forces of approximately 100–400 pN exist between 

GM3 and lyso-LacCer at contact times of 0–60 s, which were comparable to adhesion forces 

found between other GSLs, CPIs and even PPIs. Since we assume similar amounts of binding 

partners in the contact area of the glass microsphere and the cells, maximum adhesion forces 

obtained by CPM can be compared to force values detected by SCFS. We found that CPM 

observed forces were quite similar to the maximum adhesion forces obtained by SCFS at 

contact times shorter than 5 s (∼100–500 pN) before high adhesion forces of 750 pN (B16-

F1) and 1800 pN (B16-F10) were detected for contact times of 10–60 s. We propose that the 

CCIs between GM3 and lyso-LacCer have the potential to foster B16 cell attachment within the 

first seconds of adhesion. At longer contact times, associations between GSLs and adhesive 

molecules including proteins are presumably actively induced by cellular internal 

mechanisms leading to an enhanced adhesion caused by signaling processes. The stronger 

adhesion behavior of the invasive B16-F10 cells points at an enhanced recruitment of GM3 to 

the basal attachment site based possible on interactions with adhesive molecules leading to a 

more effective metabolism.  

In this thesis, I was able to show by using a combination of tailor-made model systems and 

live cell studies that CCIs play a significant role in early adhesion processes of the murine B16 

melanoma cancer cells. 
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1 Introduction 

 
 
In this thesis, the impact of carbohydrate-carbohydrate interactions between the 

glycosphingolipids GM3 and lyso-lactosylceramide on the initial adhesion of cancer 

cells was investigated using the GM3-expressing murine B16 melanoma cancer cell 

lines B16-F1 and B16-F10. The B16 cells were used as a model system for melanoma 

skin cancer cells showing different metastatic behaviors. Cells studies were 

complemented by model membrane studies based on GM3- or lyso-lactosylceramide-

containing solid supported lipids membranes. The following section is intended to 

give a brief insight into the malignant cell line and to provide information on the 

interaction between glycosphingolipids on vital processes. 

 

1.1 MELANOMA SKIN CANCER 

Cancer in general is described as an abnormal change in endogenous cells 

characterized by an uncontrolled growth and division process. The resulting tumor 

has the ability to penetrate and destroy the surrounding tissue as a consequence of 

nutrient removal for example. Whereas a primary tumor is defined as a tumor growth 

restricted to the original anatomical site, secondary tumors are characterized as a 

more malignant form of tumors, which spread as so called metastates to other organs 

throughout the body through the invasion of the blood and lymph channels.1 

Skin cancer is one of the most common types of cancer in the world2 and can be 

differentiated into non-melanoma and melanoma skin cancer.  The latter belongs to 

the malignant form of cancer and can arise particularly after intense UV exposure and 
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recurring sunburns.3 The malignant melanoma originates in the melanocytes, which 

are skin cells producing the brown-colored pigment melanin giving the skin its 

specific tan or brown coloration.2 Malignant melanoma accounts for about 4 % of all 

malignant neoplasms and for about 1 % of all cancer deaths.4 For 2019, the AMERICAN 

CANCER SOCIETY2 predict approximately 96,500 new cases of malignant melanoma in 

the United States. In line with that, the ROBERT KOCH INSTITUTE4 has recorded a steady 

increase in new cases in Germany since the 1970s and estimates the annual rate of 

malignant melanoma diagnoses at about 21,200.  

 

Figure 1.1: Schematic representation of the three skin layers referred to as epidermis, dermis and subcutis.2 The 
epidermis forms the outer layer of the skin functioning as a shield against the external environment and contains. 
among others. the squamous and basal cells as well as melanocytes, which produces the brown-colored pigment 
melanin.  

 

1.1.1 THE B16 MELANOMA CELL LINE 

Within this project, the GM3-overexpressing murine B16 melanoma skin cancer cell 

lines B16-F1 and B16-F10 were used as a model system for melanoma cancer 

characterized by a different degree of malignancy. The cell lines were originally 

derived from a naturally grown tumor cell, which was discovered in the skin tissue 

behind the ear of the syngeneic mouse species C57BL/6 in 1954. To obtain low or high 

metastatic behaviors, FIDLER5,6 isolated the B16 melanoma tumor cells and allowed 

them to grow to confluency in cell culture. Afterwards the cells were injected 

intravenously into new syngeneic mice where particularly invasive cells populated 

the lungs of these mice. By repeating this procedure, the number of 
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experimental malignant lung tumor colonies increased5–7 and thus enabled the 

acquisition of low or high metastatic cell lines. In contrast to the F1 variant, which is 

characterized by its rather low tendency for metastasis, the B16-F10 cell line was 

cultivated in a way that a high degree of metastasis could be obtained.6  

The different metastasis potential of the B16-F1 and B16-F10 cells was proven by 

studies by FIDLER5 and POSTE8, amongst others, who injected cells of the above 

mentioned B16 cell variants into the veins of mouse tails. Those experiments showed 

that the B16-F10 cells produced a higher number of foci in the lungs of the mice 

compared to the B16-F1 cells, which generated the lowest amount of foci. Further 

studies demonstrated a doubling time of 22 hours for the B16-F1 cells compared to a 

doubling time of 17 hours for the even more metastatic F10 variant during cultivation 

and preparation steps6,7 leading to a quicker confluency for B16-F10. However, both 

cell lines do not significantly differ regarding their shape. As shown in Figure 1.2, both 

adherently growing carcinoma cell lines are characterized by a spindle-shaped 

morphology.  

 

Figure 1.2: Phase-contrast micrographs of sub-confluent grown B16-F1 [A] and B16-F10 [B] cells for 48 h in in 
culture treated plastic dishes, sharing a similar spindle-shaped morphology. Cell seeding density: 75,000 cells. 
Scale bars: 100 µm.  

 

1.2 BIOLOGICAL MEMBRANES 

In the 1970s, SINGER and NICOLSON9 introduced the fluid mosaic membrane concept as 

a first model of the cellular plasma membrane. According to this model, membranes, 

which are only a few nanometer thick, are composed of lipid molecules forming 

homogenous two-dimensional fluid structures in which diverse membrane proteins 

are embedded or associated.1,10 In the current literature, the fluid mosaic model of 

membrane structures is widely debated. Starting from the observation that 
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glycolipids like glycosphingolipids (GSLs) are targeted to the apical cellular 

membrane of epithelial cells11–13, a number of studies revealed that not only the 

composition of the membrane components varies greatly for different membranes 

but also that the two monolayer leaflets of the membrane bilayer show an 

asymmetrically distribution of the incorporated lipids. More specifically, 

phosphatidylethanolamine, phosphatidylserine and phosphatidylinositide are mainly 

found in the inner cytoplasmic leaflet, while the outer lipid monolayer is enriched in 

phosphatidylcholine, sphingomyelin, cholesterol and GSLs.14–16 Findings during the 

last 50 years (reviewed by TODESCHINI and HAKOMORI17) indicated that the structure of 

the extracellular leaflet is composed of spatially organized microdomains enriched in 

cholesterol, sphingolipids and associated proteins varying in structure and function.18  

 

Figure 1.3: Schematic representation of the assumed lipid rafts in the extracellular plasma membrane19, enriched 
in sphingolipids (glycosphingolipids and sphingomyelin, dark blue) and cholesterol (red), incorporating raft 
associated, GPI (glycosylphosphatidylinositol)-anchored and acylated proteins (light blue). The composition of the 
raft “phase” can be distinguished from its surroundings consisting of a higher amount of phospholipids and other 
membrane proteins. 

The first steps in postulating the formation of microdomains were taken when GSL 

clustering was observed in various cell membranes, the Golgi apparatus and 

liposomes even without cholesterol.20–25 Another key step was the recognition of 

cholesterol- and sphingolipid-enriched detergent-resistant membranes (DEM), 

leading to the concept of GSL-enriched microdomains (GEM)26,27 and the postulation 

of the raft theory proposed by SIMONS and IKONEN28 in 1997 (cf. Figure 1.3). The 

approximately 20–200 nm29 wide lipid microdomains are associated with important 

cellular processes such as signal transduction30.  



1 Introduction 

 

5 

In 2002, HAKOMORI31 added the term glycosynapse to the raft concept, which describes 

the glycosylation-dependent cell adhesion linked to signaling process. More 

specifically, membrane incorporated GSLs self-assemble to GSL-enriched 

microdomains (GEM) bearing diverse signal transducer molecules like cSrc or 

FAK.32,33  

However, morphological evidence for those microdomains were mainly reported in 

model or sorely in specific biological membranes34 and a direct transfer to the plasma 

membrane of living cells remained questionable.  

 

1.3 GLYCOSPHINGOLIPIDS 

As a basic unit of cellular membranes, membrane lipids fulfill a wide variety of life-

sustaining functions such as storage or signaling molecules.1,35 According to VAN MEER 

and DE KROON36, the plasma membrane of mammalian cells are composed of 

approximately 65 mol% glycerolipids, 10 mol% sphingolipids and 25 mol% sterols 

such as cholesterol among various membrane-bound proteins. Glycerolipids consist 

of a glycerol backbone that is attached to two hydrocarbon chains and a 

phosphorylated alcohol.1  

Sphingolipids were first discovered by THUDICHUM in 1884.37 The common structural 

feature of sphingolipids is a ceramide unit acting as a starting material of many other 

lipid structures. An overview of common sphingolipid structures is shown in Figure 

1.4. The lipid class of sphingolipids are further subdivided into sphingomyelin (SM) 

and glycospingolipids (GSLs), both important components of mammalian cells.38 In 

general, sphingolipids are built up from longer hydrocarbon chains, which share 

saturated or unsaturated configurations. Due to this structural feature, high van-der-

Waals forces can exist between the hydrocarbon chains, resulting in a denser packing 

within the lipid membrane and an accumulation in a gel (lβ') or solid-ordered (So) 

phase, which in turn is fluidizied by additionally incorporated sterols (cf. Chapter 2.4). 

While the ceramide backbone in SM is esterified with a phosphoethanolamine or 

phosphocholine head group, GSLs consist of mono, di- or oligosaccharide-containing 

head groups carrying a neutral, anionic (acidic) or cationic (basic) charge.32 The 

monosaccharide glucosylceramide represents the simplest GSL, while 
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oligosaccharides such as the disaccharide lactosylceramide (LacCer, cf. Chapters 1.6 

and 2.2.1) or the ganglioside GM3 (cf. Chapters 1.5 and 2.2.1) form more complex 

structures. For example, gangliosides are characterized by an additional sialic acid 

residue.39,40  

 

Figure 1.4: Overview of common sphingolipid structures characterized by a ceramide backbone, which consists 
of variable fatty acid residues (red). The ceramide backbone of sphingomyelin esterified with a 
phosphoethanolamine or phosphocholine head group (blue), while GLS like lactosylceramide or GM3 are composed 
of saccharide-containing head groups (green), with GM3 carrying an additional sialic acid residue (orange). 
R = alkyl residue of respective fatty acid. 
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1.3.1 CONFORMATION AND ORGANIZATION  

The presence of long hydrocarbon chains triggers the self-association of GSL into So 

phases (cf. Chapter 2.4).41 and may also couple the extra- and intracellular leaflet of 

plasma membranes by possible interdigitation processes.30  

The ability of GSLs to form the so-called GSL-enriched microdomains (GEM) was first 

shown by x-ray crystallographic experiments of cerebrosides42 and minimum-energy 

models of various GSLs.43,44 In these experiments it was demonstrated that the axis of 

the carbohydrate head group of the entire GSL is perpendicular to the ceramide axis 

of the GSL. An exemplary minimum-energy model of the GSL Gb5 is shown in Figure 

1.5. The oligosaccharide moiety is directed to the hydrophilic area outside of the 

cellular plasma membrane and offers a great variability of possible binding sites for 

complementary GSLs, toxins, lectins or antibodies31 (cf. Figure 1.5).   

 

Figure 1.5: Minimum-energy model of the GSL Gb5 demonstrating the perpendicular orientation of the 
oligosaccharide head group (orange) to the ceramide axis (green) keeping the GSL in a defined orientation within 
the cellular plasma membrane.31 By a side-by-side interaction, GSLs form GSL-enriched microdomains. Due to the 
high variety of the oligosaccharide head group, GSLs are able to interact with a great amount of binding partners 
as complementary GSLs, toxins, lectins or antibodies.  

On the other hand, the ceramide component is anchored within the membrane, 

characterizing the hydrophobic region. By this, the ceramide structure keeps the 

entire GSL in a defined conformation and orientation. A cis or side-by-side interaction 

between several GSLs within the plasma membrane leads to the formation of 
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GEMs.32,45 Scanning electron microscopy studies pointed out that GEMs can be 

separated from glycerophospholipid or glycoprotein domains within the cell 

membrane21,22 and that they have distinguishable properties compared to rafts or 

caveolae.32 

Since some proteins associate with GEMs within the same plasma membrane, GSLs 

can modulate the activity of those proteins. Especially gangliosides are known to 

interact with receptor tyrosine kinases and therefore inhibit or promote growth 

factor receptors.46 Further, interactions of GEM with diverse signal transducer 

molecules like cSrc or FAK regulate signaling processes32,33 (cf. Figure 1.6). Such 

processes are possible due to the mentioned GSL interdigitations. Due to the long 

hydrocarbon chains, GSLs may protrude beyond the mid-plane of the bilayer and 

penetrate into the opposite leaflet. This could ensure the transmission of information 

from the outside to the inside of the cell.47 

 

Figure 1.6: Schematic representation of GSL-enriched microdomains (GEMs, orange) within the extracellular 
leaflet of a plasma membrane. It is known that [A] GEMs can be separated from glycoprotein patches (blue) and 
shows [B] no or [C] stable associations with signal transducers (violet) or growth factor receptors (black).  

The asymmetric distribution of membrane lipids within the extracellular and 

intracellular leaflets of the plasma membrane has already been demonstrated by 

several studies.48 Glycosylated proteins and lipids (“glycocalyx”) in particular were 

predominantly found to be enriched within the extracellular leaflet with their 

carbohydrate head groups facing the surrounding medium of the cell.49 With regard 

to cellular recognition and adhesion processes, special focus was placed on the impact 

of protein-protein or carbohydrate-protein interactions, while carbohydrate-

carbohydrate interactions (CCIs) between GSLs on neighboring cells were considered 
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to be too weak to mediate cell recognition and adhesion.45 However, due to their 

flexible chains and therefore high specificity, homotopic (LewisX-LewisX)50,51 or 

heterotopic (GM3-Gg3/LacCer)33,52 trans interactions of complementary GSLs have 

been found to fulfill the prerequisites to be able to mediate those short-termed events. 

Yet, only few studies addressed the impact on CCIs on cell-cell interactions. For 

invertebrates (marine sponges), carbohydrate-rich proteoglycans are found to 

participate in cell recognition, while in vertebrate models, CCIs seem to be responsible 

in mouse embryo compaction and mediate cancer cell adhesion.45 

 

1.4 CARBOHYDRATE-CARBOHYDRATE INTERACTIONS 

1.4.1 MOLECULAR FORCES  

For a long time, carbohydrate-carbohydrate interactions (CCIs) were claimed to be 

too weak and nonspecific to play an important role in cellular recognition and 

adhesion processes relative to the widely accepted protein-protein (PPI) and 

carbohydrate-protein (CPI) interactions. However, due to their high variability and 

the accumulation of GSLs in GEMs, CCIs actually offer polyvalent intercellular forces53 

of relatively high adhesion strengths in the range of several hundred pN, which are 

comparable to adhesion forces obtained in PPIs and CPIs.45,54 The discovery of the 

crystal structure of the GSL LewisX by PÉREZ et al.55 revealed that GSLs offer the 

possibility to accept but also donate hydrogen bonds due to a great supply of hydroxyl, 

amine and carboxyl groups32 (cf. Figure 1.7, blue-colored dashed lines). Within the 

crystal structure, a great amount of hydrogen bonds were detected both 

intramolecular and intermolecular and occur likewise with the surrounding 

medium.55  

In general, CCIs are based on van-der-Waals forces, including dipole-dipole and 

London dispersion forces.56 Additionally, the binding strength of neighboring 

carbohydrate residues can be stabilized via complementary hydrophobic surfaces (cf. 

Figure 1.7, magenta-colored area) and calcium ions (cf. Figure 1.7, green-colored 

arrows) which can bridge the negative charge of acidic GSLs or rearrange the 

carbohydrate unit to allow proper interaction strength.56 In order to ensure a tight 

binding between GSLs incorporated into neighboring cellular plasma membranes, 
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SPILLMANN57 proposed a zipper-like anchoring of the GSL chains within the opposing 

membranes. Based on this, it can be stated that GSLs offer flexible chains and variable 

binding sides to create flexible and versatile carbohydrate–carbohydrate recognition 

systems for cellular adhesion processes, which might be established before rather 

stable PPIs occur.  

 

Figure 1.7: Schematic illustration of molecular forces between carbohydrate units in GSLs on opposing cellular 
plasma membranes.58 Carbohydrate-carbohydrate interactions can be stabilized due to hydrogen bonds (blue-
colored dashed lines) between hydroxyl, amine and carboxyl groups, hydrophobic surfaces (magenta-colored 
shaded area) and the bridging effect of ionic interactions by Ca2+ ions (green-colored arrows). 

 

1.5 BIOFUNCTIONAL ROLE OF GM3  

In vertebrates, GM3 makes up the majority of gangliosides within the cell membranes 

of most extraneural tissues (reviewed by PROKAZOVA et al.59). It is the metabolic 

precursor for more complex gangliosides and therefore directly influences their 

contents in the cells59. Gangliosides are functionally associated with receptor and non-

receptor tyrosine kinases, cellular antigens, receptors and adhesion molecules in lipid 

GEMs, which are responsible for signal transduction, membrane transport or cell 

adhesion.59 Besides, GM3 is proposed to alter the molecular organization in 

glycosynaptic microdomains and to modulate the activation levels of co-localized 

signaling molecules involved in cancer pathogenesis thus influencing cell adhesion, 

growth and motility60.  
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Several processes like cell proliferation and differentiation as well as apoptosis, 

embryogenesis and oncogenesis are regulated under involvement of GM3.59  

GM3 influences fibroblast growth factor (FGF) and platelet-derived growth factor 

(PDGF) by reducing tyrosine phosphorylation thus stimulating cell proliferation61. In 

addition, contact inhibition of locomotion and proliferation are absent in cancer cells. 

Studies observed an association of the loss of contact inhibition in cancer cells with 

an increase in LacCer and a twofold decrease in GM3 content.59 The inhibitory effect of 

GM3 on the growth of tumor cells and tumor development is related to its property to 

suppress tyrosine phosphorylation of growth factor receptors (reviewed by 

PROKAZOVA et al.59). Findings of ZHENG et al.62 propose a role of GM3 in the function of 

integrin receptors, which are crucial for cell adhesion. During initial adhesion, 

integrin receptors promote interaction between the cytoskeleton and extracellular 

proteins (fibronectin and laminin) until the adhesion is terminated by the formation 

of focal adhesions mainly induced by FAK (focal adhesion kinase) causing signal 

transduction. GM3 can also inhibit invasive tumor cells by enhancing cell adhesion to 

the intercellular matrix by promoting the interaction between membrane proteins 

like CD9 with α3-integrin.59  

The effect of GM3 on the proliferation depends on the ratio between GM3 and more 

complex gangliosides as proliferation can either be induced or suppressed.63,64 

Additionally, ABATE et al.65 showed that the influence of GM3 on tumor growth and 

angiogenesis depends also on the ratio between GM3 and complex gangliosides. 

For GM3-expressing mouse melanoma B16 cells it is established that an interaction 

between GM3 and LacCer is responsible for the observed adhesion.66 PROKAZOVA et al.59 

found in trials with four types of B16 cells varying in their GM3 expression levels that 

the measured adhesion was dependent on GM3 expression. They proposed that the 

interaction between GM3 and LacCer is an initial adhesion process by cancer cells to 

anchor metastatic foci. 

To conclude, it can be said that the specific role of GM3 regarding metastasis varies 

with its concentration on the tumor cell surface as well as with its concentration in 

the environmental surroundings.67 
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1.6 BIOFUNCTIONAL ROLE OF LACCER  

LacCer is a key intermediate for higher glycosylated sphingolipids like the ganglioside 

GM3. It is associated to cell-cell and cell-matrix interactions and to signaling processes 

concerning cell differentiation, development, apoptosis and oncogenesis68. LacCer is 

a part of the sphingolipid-sterol raft domains and has been identified as an essential 

component of rafts in kidney cortex microvillar membranes69 and in the membranes 

of human neutrophils70. Raft domains are associated with various lipid-anchored 

proteins and proposed to play an important role in transmembrane signaling 

processes.28,30,71,72 Especially in human neutrophils LacCer is of great interest. In 

mature cells it makes up more than 70% of total GSLs.73 Human neutrophils are the 

first defense against microorganisms and are involved in inflammatory reactions.74 

Iwabuchi et al.75 showed that LacCer is involved in superoxide generation and 

migration of neutrophils by activating of a Src family kinase within rafts. 

The binding of LacCer to a variety of different microorganisms that are linked to 

pathogenic behavior (reviewed by IWABUCHI et al.76) proposes a key role in pathogen-

host interactions. Further it has been observed that in rats a certain soluble cell wall 

component (β-glucan) of Pneumocystis carinii triggers a LacCer dependent 

mechanism that leads to the release of macrophage inflammatory protein-2 (MIP-2).77 

Another β-glucan polysaccharide from Candida albicans was observed to induce 

chemotaxis of neutrophils also by LacCer-enriched microdomains78. Further studies 

underlying the involvement of LacCer in inflammatory signaling is the observed up-

regulation of LacCer synthase in glial proliferation79. Besides, CD11b/CD18 integrin, 

which regulates several functions in neutrophils such as adhesion, migration, 

chemotaxis and phagocytosis, is known to utilize LacCer enriched lipid rafts for 

phagocytosis.80 

These findings led to the assumption that LacCer-enriched microdomains act as 

pattern recognition receptors (PRRs) on neutrophils and are therefore a key in the 

defense against pathogens.76 Likewise these membrane microdomains are targeted 

by invading microorganism, which alter the signaling cascade in order to escape the 

immune defense and establish an infection.81 
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2 Materials and methods  

 
 
This thesis comprises cell studies and model membrane assays to investigate the 

ultra-weak, but highly specific carbohydrate-carbohydrate interaction between the 

ganglioside GM3 and the globoside lactosylceramide. In this chapter, information 

about the materials, setups and experimental procedures used in this work are 

described. 

 

2.1 B16 CELL LINES 

As a model for the carbohydrate induced attachment of carcinoma cells the GM3-

overexpressing murine B16 melanoma tumor cell lines B16-F1 and B16-F10 are used. 

Both cell lines differ in the degree of their metastatic potential. The B16-F1 cell line 

shows a rather low tendency for metastasis, whereas the B16-F10 cell line is 

characterized by a high degree of metastasis.5–7 

Both the B16-F1 (ATCC-No.: CRL-6323, passage 28) and B16-F10 (ATCC-No.: CRL-

6475, passage unknown) cell lines were purchased from the AMERICAN TYPE CULTURE 

COLLECTION (ATCC, Manassas, USA). Originally, the cell lines were derived from a 

naturally grown tumor cell, which was discovered in the skin tissue behind the ear of 

the mouse species C57BL/6 in 1954.  

In Table 2.1, media and buffer solutions, which are used for general cell culture 

experiments as well as for staining and functionalization assays are listed. 
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Table 2.1: Overview of the composition and ingredients of media and buffer systems used for cell experiments. 

Media / buffer system Manufacturer information 

   

BSA 
Bovine serum albumin 

SIGMA ALDRICH, St. Louis, MO, USA 

  

FBS 
Fetal bovine serum 

LIFE TECHNOLOGIES, Carlsbad, CA, 
USA 

  

HEPES BIOCHROM, Berlin, Germany 
  

L-glutamine LONZA, Basel, Switzerland 
  

PBS-- 
Phosphate buffered saline 
without Mg2+/Ca2+  

BIOCHROM, Berlin, Germany 

  

Penicillin/streptomycin GE HEALTHCARE, Logan, Utah 
  

Triton X-100 SIGMA ALDRICH, St. Louis, MO, USA 
  

DMEM 1X 
Dulbecco's modified eagle medium 1X       
+ 4.5 g/L glucose with L-glutamine 

LONZA, Basel, Switzerland 

  

D10F- 

DMEM 1X + 10 % FBS 

 

  

D10F+ 

D10F- + 15 mM HEPES  + 200 µg/mL 
penicillin/streptomycin 

 

  

Blocking buffer  
5 % BSA (w/v) in PBS-- 

 

  

Dilution buffer  
1 % BSA (w/v) in PBS-- 

 

  

Triton blocking buffer  
5 % BSA (w/v) + 0.3 % Triton-X-100 (v/v) in 
PBS-- 

 

  

Triton dilution buffer  
1 % BSA (w/v) + 0.3 % Triton-X-100 (v/v) in 
PBS-- 
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2.1.1 CELL CULTURE CONDITIONS 

The cell lines used in this work were thankfully cultivated and prepared by ANJA 

HERDLITSCHKE (former: Institute of Organic and Biomolecular Chemistry, Georg-

August University, Göttingen, Germany), ANGELA RÜBELING and DR. TABEA OSWALD 

(Institute of Organic and Biomolecular Chemistry, Georg-August University, 

Göttingen, Germany).  

In order to avoid contamination, cell culture and preparation were performed under 

sterile working conditions. For this purpose, a sterile Safe 2020 laminar flow (THERMO 

FISHER SCIENTIFIC, Waltham, MA, USA) was used with sterile equipment and sterile 

filtered solutions and media, which were heated up to 37 °C. In the following sections, 

solutions and media heated to 37 °C are described as “warm”. The cells were cultured 

in a humidified Heracell 160i incubator (THERMO FISHER SCIENTIFIC, Waltham, MA, USA) 

at 37 °C and 7.5 % CO2 in 25 cm2 or 75 cm2 cell culture flasks (TPP TECHNO PLASTIC 

PRODUCTS AG, Trasadingen, Switzerland). The B16 cell lines were cultivated in a 

suitable D10F- medium (cf. Table 2.1). 

 

CELL TRYPSINIZATION PROTOCOL 

Shortly before reaching the confluent phase after approximately 24 h to 48 h in the 

culture flasks, the cells were harvested, re-seeded or prepared for further studies. In 

order to harvest the cells, the old cell medium was removed and the cells were 

incubated for about 1 min with 2 mL or 3 mL of a warm trypsin/EDTA 

(0.05 %/0.02 %, BIOCHROM GMBH, Berlin, Germany) solution in the incubator, 

depending on the cell culture flask size. After the cells had detached from the bottom 

of the flask, they were transferred to a freshly prepared warm stop solution consisting 

of 2 mL D10F- medium and 2 mL or 3 mL of FBS (cf. Table 2.1), which serves to inhibit 

trypsin. The cell suspension was centrifuged with a Heraeus Megafuge 16R (THERMO 

FISHER SCIENTIFIC, Waltham, MA, USA) at 1000 rpm (188 x g) for 4 min. The 

supernatant was discarded and the obtained cell pellet resuspended in 1 mL of the 

desired medium or solution. The cell density was determined using a disposable C-

Chip counting chamber (BIOCHROM GMBH, Berlin, Germany). For re-seeding, the pellet 

was resuspended in 1 ml of a warm D10F- medium and transferred to cell culture 

flasks for 24 h to 48 h, allowing the cells to grow to sub-confluency or confluency.  
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2.1.2 TAINING AND FUNCTIONALIZATION  

To study the organization and distribution of GM3 of the B16 cell line, various staining 

and functionalization assays were performed. In order to stain certain components of 

the cell, such as the cell nucleus or GM3 on the outer leaflet of the cell membrane, 

standardized immunostaining protocols were used. To determine the contribution of 

the interaction between GM3 and its binding partner lyso-lactosylceramide to single-

cell adhesion forces, the cells were additionally functionalized for control 

experiments. This was achieved by blocking the binding site of GM3 with an anti-GM3 

monoclonal IgM antibody or by inactivating it using the enzyme sialidase, which 

cleaves off the sialic acid in the GM3 molecule (for both cf. chapter 2.1.2.2). Lücke 

2.1.2.1 IMMUNOSTAINING PROTOCOLS 
 

CELL FIXATION AND BLOCKING PROTOCOL 

The cells were harvested using the trypsinization procedure described in chapter 

2.1.1 and resuspended in warm D10F- medium (cf. Table 2.1). After counting, 

approximately 200,000 cells were transferred to 1 mL of warm D10F- medium and 

grown to sub-confluency for 24 h in culture treated and sterilized 35 mm low µ-dishes 

(IBIDI GMBH, Martinsried, Germany) or sterilized 35 mm glass bottom petri dishes with 

a 14 mm glass microwell (No. 1.5, MATTEK CORPORATION, Ashland, MA, USA). For the 

immunostaining procedure, the D10F- medium was removed and the cell sample was 

washed three times with 1 mL of a warm PBS-- solution (cf. Table 2.1). Then, the cells 

were fixed by incubating the cell layer with 1 mL of a paraformaldehyde (PFA, 4 % in 

PBS--, FLUKA, Switzerland) solution for 20 min at room temperature. Again, the sample 

was washed three times with 1 mL of a PBS-- solution and treated with 1 mL of triton-

containing or triton-free blocking buffer (cf. Table 2.1) for 30 min at room 

temperature to block unspecific binding of the antibodies. Another three-wash step 

with 1 ml of PBS-- was carried out to prepare the cells for the staining procedure 

explained in the following sections.  

GM3 STAINING PROTOCOL 

In order to stain the glycosphingolipid (GSL) GM3 on the B16-F1 and B16-F10 cells’ 

membranes, the sub-confluent grown cell layer was treated with the cell fixation and 
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blocking protocol. For this purpose, a triton-free blocking buffer was used (cf. Table 

2.1). The PBS-- solution was removed and the cells were incubated with 195 μL of a 

10 μg/mL solution of an anti-GM3 monoclonal IgM antibody (TCI DEUTSCHLAND GMBH, 

Eschborn, Germany), dissolved in a triton-free blocking buffer solution (cf. Table 2.1). 

After 1 h incubation at room temperature, the cells were washed with 1 mL PBS— on 

a shaker (80 rpm, GFL, Burgwedel, Germany) for 5 min. After that, the cells were 

incubated with 5 µg/mL of a goat anti-mouse IgG/IgM secondary antibody conjugated 

with Alexa Fluor 488 (LIFE TECHNOLOGIES, Carlsbad, Germany), diluted in triton-free 

dilution buffer (cf. Table 2.1), for 1 h at room temperature. Again, the sample was 

washed three times with 1 mL PBS-- by shaking the sample for five minutes between 

the washing steps. The cells were directly used or stored at 4 °C for a maximum of 

24 h.  

 

CELL NUCLEUS STAINING PROTOCOL 

Two different fluorescence markers were used in order to examine the cell nucleus of 

the B16-F1 and B16-F10 cells. 

For confocal laser scanning microscopy studies, 4',6-diamidino-2-phenylindole 

(DAPI, LIFE TECHNOLOGIES, Carlsbad, Germany) was used. DAPI shows the preference 

to accumulates in AT-rich regions of the double-stranded deoxyribonucleic acid 

(DNA) in the nucleus.82 DAPI-staining of the nucleus was combined with the 

visualization of GM3. First, the sub-confluent cell layers were treated based on the GM3 

staining protocol. Subsequently, the PBS-- was removed and 50 ng/mL of DAPI in a 

triton-containing dilution buffer (cf. Table 2.1) was pipetted onto the cells. After an 

incubation time of 15 min at room temperature, the cells were washed three times 

with 1 mL of a PBS—solution and used directly or stored at 4 °C for a maximum of 24 h.  

For cell migration studies, the fluorescence marker Hoechst 33342 (Trihydrochloride, 

Trihydrate, THERMO FISHER SCIENTIFIC, Waltham, MA, USA) was used. Just like DAPI, the 

bisbenzimide accumulates in AT-rich regions of the double-stranded DNA.83 Due to 

its ability to be cell permeable, Hoechst 33342 is a widely used dye for live cell 

experiments.84 Therefore, B16-F1 and B16F10 cells were treated according to the 

trypsinization protocol (cf. chapter 2.1.1) and counted in a warm D10F- medium (cf. 

Table 2.1). Afterwards, 1 µg/mL of a Hoechst 33342 solution in D10F+ medium (cf. 
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Table 2.1) was used to stain 20,000 live cells in solution. The cell solution was directly 

used to perform cell migration experiments. More information on the experimental 

procedure of the adhesion assay can be found in Chapter 2.8.6. 

2.1.2.2 FUNCTIONALIZATION PROTOCOLS 
 

BLOCKING GM3 WITH ANTI-GM3 MONOCLONAL IGM ANTIBODY  

In order to block the binding site of the glycosphingolipid GM3, which is overexpressed 

at the surface of the murine B16-F1 and F10 cell lines85,86, an anti-GM3 monoclonal IgM 

antibody was used. By this, we attempt to inhibit the interaction between GM3 and 

Lyso-LacCer. 

First, the cells were detached from the bottom of the cell culture bottle as described 

in Chapter 2.1.1. Subsequently, the cells were taken up in 1 mL of a warm PBS-- 

solution and counted. Approximately 500,000 cells were transferred to 500 μL of a 

warm PBS-- solution and centrifuged for 3 min (0.3 x g) at 4 °C in a micro test tube 

(1.5 mL, Eppendorf, Hamburg, Germany). The supernatant was discarded and the 

resulting pellet was carefully resuspended in 500 μL of a blocking buffer (5 % BSA in 

PBS--) solution. The cell suspension was incubated for 30 min on ice and centrifuged 

(0.3 x g, 3 min, 4 °C). Subsequently, the pellet was resuspended in 500 μL of a PBS-- 

solution and centrifuged (0.3 x g, 3 min, 4 °C). Again, the supernatant was discarded 

and the pellet carefully resuspended in 100 μL of a 10 μg/mL anti-GM3 monoclonal 

IgM antibody solution. After an incubation period of about 1 h at 4 °C, the solution was 

washed three times with a PBS-- solution and finally resuspended in 500 μL of a warm 

D10F+ medium. Single-cell force spectroscopy (SCFS) experiments (cf. chapter 2.6.1) 

were performed within 30 minutes after the functionalization in order to obtain 

single cells, which were well suited for an attachment to the cantilever.  

 

CELL FUNCTIONALIZATION WITH SIALIDASE  

In addition to antibody blocking, the enzyme neuraminidase from vibrio cholerae 

(sialidase, MERCK, Munich, Germany) was used to prevent the interaction between GM3 

on the cells and lyso-LacCer. The enzyme is known to hydrolyze α2,3-, α2,6- or α2,8-

glycosidic linkages of terminal sialic residues in oligosaccharides, glycoproteins or 

glycolipids.  
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First, the cells were detached from the bottom of the cell culture bottle as described 

in Chapter 2.1.1. Afterwards, the cells were taken up in 1 mL of a warm PBS-- solution 

and were counted. Approximately 500,000 cells were transferred to 50 µl of 1 U/mL 

active sialidase, diluted to 500 µL with warm PBS--. The cell suspension was incubated 

for 30 min on ice and centrifuged (0.3 x g, 3 min, 4 °C). For the subsequent washing 

step, the pellet was resuspended in 500 μL of a PBS-- solution and centrifuged (0.3 x g, 

3 min, 4 °C). Again, the supernatant was discarded and the pellet was carefully 

resuspended in 500 μL of a warm D10F+ medium. Again, the cells were used within 

30 min for SCFS (cf. chapter 2.6.1).   

 

2.2 LIPIDCHEMICAL EXPERIMENTAL PROCEDURES 

2.2.1 LIPIDS 

The application of artificial lipid membranes including solid supported lipid 

membranes (SSLMs) is a widespread method to mimic the plasma membrane of many 

components in living organisms.10 Within this thesis, the glycerophospholipid POPC, 

(cf. Figure 2.1) serves as a matrix lipid, while the GSLs lyso-LacCer (cf. Figure 2.3) and 

GM3 (cf. Figure 2.4) function as receptor lipids for the interaction between their 

carbohydrate head groups. To visualize the SSLMs, the lipid-bound dyes β-BodipyTM 

and Texas RedTM DHPE were used.  

 
 
 
 
 
 
 

1-PALMITOYL-2-OLEOYL-SN-GLYCERO-3-PHOSPHOCHOLINE 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, SIGMA-ALDRICH®, St. Louis, 

MO, USA, cf. Figure 2.1) is an asymmetric synthetic glycerophospholipid that consists 

of a glycerol backbone, two nonpolar fatty acid side chains and a zwitterionic polar 

phosphocholine head group. The linear carbon side chains are composed of a 

saturated palmitic acid (C16:0) and an unsaturated oleic acid (C18:1) moiety having 

a cis (Z)-configured double bond at position ∆9. The latter lowers the main phase 

transition temperature to around TM = -2 °C87–89, leaving POPC molecules in a fluid 

liquid-disordered (ld) phase at room temperature.  
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Figure 2.1: Chemical structure of 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 
C42H82NO8P, MPOPC = 760.08 g/mol.90 

 

LACTOSYLCERAMIDE DERIVATIVES 

The GSL lactosylceramide is expressed at the surface of human neutrophils70 and 

plays a significant role in a wide range of biological processes (cf. Chapter 1.6). Within 

this thesis, the synthetically made D-Lactosyl-ß-1,1'-N-palmitoyl-D-erythro-

sphingosine (LacCer, d18:1/16:0-lactosylceramide, AVANTI POLAR LIPIDS INC., 

Alabaster, AL, USA, cf. Figure 2.2) and D-Lactosyl-ß-1-1'-D-erythro-sphingosine (lyso-

LacCer, d18:1-Lactosylceramide, SIGMA-ALDRICH®, St. Louis, MO, USA, cf. Figure 2.3) 

were used as receptor lipids for the ganglioside GM3.  

LacCer consists of a hydrophobic ceramide backbone that is composed of a 

sphingosine (d18:1) unit having a trans (E)-configured double bond at position ∆4. 

The sphingosine in turn is N-linked to a saturated palmitic acid (C16:0) and holds a 

lactose residue via a glycosidic bond at its first position. Due to the high symmetry, 

the additional trans-configuration and almost identical length, strong van-der-Waals 

forces act between the chains leading to a drastic increase in the main phase transition 

temperature of around TM = 80 °C91 in comparison to glycerophospholipids like POPC 

(cf. Figure 2.1). Thus, the entire glycosphingolipid remains in a solid-like (So) phase 

under physiological conditions. 

 

Figure 2.2: Chemical structure of D-Lactosyl-ß-1,1'-N-palmitoyl-D-erythro-sphingosine, 
C46H87NO13, MLacCer = 862.18 g/mol.92 

Lyso-LacCer, the N-deacylated derivative of LacCer, is also characterized by the 

disaccharide lactose as its hydrophilic head group, which is linked to a sphingosine 

unit via a glycosidic bond. Contrary to LacCer, the sphingosine is not bound to an 

additional fatty acid chain. Therefore, lyso-LacCer is anchored via the single-chain 
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sphingosine component in the lipid membrane. The resulting asymmetry and the lack 

of stabilizing forces result in a lower main phase transition temperature of around 

TM = 40−50 °C (cf. Chapter 3.3). Accordingly, lyso-LacCer remains in a solid-like phase 

under physiological conditions. Due to the reduced main phase transition 

temperature lyso-LacCer is the preferred lipid within this thesis in order to analyze 

the carbohydrate-carbohydrate interaction with the ganglioside GM3. 

 

Figure 2.3: Chemical structure of D-Lactosyl-ß-1-1'-D-erythro-sphingosine,  
C30H57NO12, Mlyso-LacCer = 623.77 g/mol.93 

 

 

GANGLIOSIDES 

The GSL GM3 (bovine milk, AVANTI POLAR LIPIDS INC., Alabaster, AL, USA, cf. Figure 2.4) 

is a part of the ganglioside family and is, like LacCer, of immense importance in many 

key cellular processes, especially within the nervous system (cf. Chapter 1.5]. In this 

thesis, GM3 functions as a binding partner for LacCer or lyso-LacCer within the cell and 

model membrane studies.  

 

Figure 2.4: Representative chemical structure of GM3, C46H87NO13, MGM3 = 1267.85 g/mol.94 
 

As all GSLs, GM3 is characterized by a hydrophobic ceramide backbone consisting of a 

sphingosine (d18:1) unit having a trans (E)-configured double bond at position ∆4. 

The sphingosine is N-linked to a saturated stearic acid (C18:0) chain at its first 

position and holds an oligosaccharide head structure containing a sialic acid unit via 

a glycosidic bond. Various studies observed a main phase transition temperature of 

around TM = 35 °C95–97. 
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2.2.2 FLUORESCENT PROBES 

β-BODIPYTM C12-HPC 

The lipid-coupled dye 2-(4,4-Difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacen-3-

dodecanoyl)-1-hexadodecanoyl-sn-glycero-3-phosphocholine (β-BodipyTM C12-HPC, 

β-BodipyTM, THERMO FISHER SCIENTIFIC, Waltham, MA, USA, cf. Figure 2.5) is a frequently 

used fluorophore in lipid membrane research due to its high extinction coefficient, 

quantum yield and photostability.98 β-BodipyTM has the same structural backbone as 

the matrix lipid POPC with a polar phosphocholine headgroup and a saturated 

palmitic acid (C16:0) chain linked to position 1 of the glycerol backbone. Position 2 

on the contrary is esterified with a saturated lauric acid (C12:0) chain that is 

additionally linked to a boron-dipyrromethene (BodipyTM) fluorophore unit. Although 

the linear carbon side chains are anchored deep into the membrane due to the high 

hydrophobicity34, the bulky BodipyTM unit prevents the phospholipid from forming an 

orderly membrane structure and therefore accumulates in the fluid liquid-disordered 

(ld) phase. The emission maximum of β-BodipyTM is λem = 510 nm and the absorption 

maximum λex = 500 nm. 

 

Figure 2.5: Chemical structure of 2-(4,4-Difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacen-3-dodecano-yl)-1-
hexadodecanoyl-sn-glycero-3-phosphocholine, C46H79BF2N3O8P, Mβ-Bodipy = 881.93 g/mol.99 

 

TEXAS REDTM DHPE 

With its similar stable fluorescence and high quantum yield100 compared to β-

BodipyTM (cf. Figure 2.5), the lipid-coupled dye Texas RedTM 1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine (Texas RedTM DHPE, THERMO FISHER SCIENTIFIC, 

Waltham, MA, USA, cf. Figure 2.6) is well suited to visualize and analyze membrane 

properties.  

Texas RedTM DHPE is a synthetically produced phospholipid that is composed of a 

polar phosphoethanolamine headgroup and two saturated palmitic acids (C16:0) 

chains connected to position 1 and 2 of the glycerol backbone. The fluorescence 
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activity of the lipid is obtained by the polycyclic sulforhodamine 101 acid chloride 

(Texas RedTM) that is covalently bound to the headgroup. By replacing the typical 

phosphocholine headgroup with phosphoethanolamine, the overall fluorescent lipid 

carries a net charge of -1e.101 Computational studies by Skaug et al. 101,102 showed that 

the polycyclic dye Texas RedTM is located at the interface of a lipid membrane rather 

than sticking out to the hydrophilic water phase. These findings and also the size of 

the dye lead to an accumulation of Texas RedTM DHPE in fluid liquid-disordered (ld) 

phase. The emission maximum is λem = 607 nm and the absorption maximum 

λex = 584 nm. 

 

Figure 2.6: Chemical structure of Texas Red 1,2-Dihexadecanoyl-sn-glycero-3-phosphoethanolamin,  
C74H117N4O14PS2, MTexas Red DHPE = 1381.85 g/mol.103 

2.2.3 PREPARATION OF SMALL UNILAMELLAR VESICLES 

In this thesis, small unilamellar vesicles (SUVs) are used to produce SSLMs by 

spreading vesicles composed of the desired lipid mixture on glass or silicon dioxide 

(SiO2) substrates above the highest main phase transition temperature of the used 

lipids. The attachment and fusion of the vesicles on the chosen substrate result in a 

homogenous coverage of the surface with a lipid membrane.  

2.2.3.1 EXPERIMENTAL PROCEDURE 

The buffer systems and lipid mixtures used for SSLMs are listed in Table 2.2 and Table 

2.3, respectively. The buffers were prepared with ultra-pure water, filtered (cellulose 

acetate filter, 0.2 µm pore size) and degassed for about 2 h under constant stirring.  
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Table 2.2: Overview of buffer system used to establish solid supported lipid membranes. 

Buffer system Composition 

   

Phosphate buffered saline 
(PBS--) 

137 mM NaCl, 2.7 mM KCl, 8.1 mM 

Na2HPO4, 1.5 mM KH2PO4 
pH 7.4 

   

Ca2+-spreading-buffer 20 mM Tris/HCl, 50 mM KCl, 1 mM CaCl2 pH 7.4 
   

Ca2+-measurement-buffer 20 mM Tris/HCl, 50 mM KCl, 10 mM CaCl2 pH 7.4 
   

EDTA-measurement-
buffer 

20 mM Tris/HCl, 50 mM KCl, 2 mM EDTA pH 7.4 

   

 

Table 2.3: Overview of lipid mixtures used to establish solid supported lipid membranes. 

POPC / 
mol% 

Lyso-LacCer / 
mol% 

GM3 / 
mol% 

β-BodipyTM / 
mol% 

Texas RedTM DHPE/ 
mol% 

     

99 - - 1 - 
99 - - - 1 
89 10 - 1 - 
98 1 - 1 - 
97 2 - 1 - 
89 - 10 - 1 

     

 

The concentrations c of the stock solutions of the matrix phospholipid and 

phospholipid-coupled dyes, dissolved in chloroform, were c(POPC) = 10 mg/mL,  

c(β-BodipyTM) = 0.1 mg/mL and c(Texas RedTM DHPE) = 1 mg/mL. The solvents and 

concentrations of the glycosphingolipid stock solutions are listed in Table 2.4. All 

stock solutions were used without further purification or characterization (except 

from selected differential scanning calorimetry experiments). 

Table 2.4: Overview of the solubility and stock solution concentrations c of the used glycosphingolipids. 

 Solvent c / mg∙mL-1 

   

LacCer 
Chloroform/methanol/ultra-pure water  

(5:1:0.1 by vol.)104 
1 

   

Lyso-LacCer 
Chloroform/methanol/ ultra-pure water  

(2:1:0.1 by vol.)105 
1 

   

GM3 
Chloroform/methanol/ ultra-pure water  

(5:4:1 by vol.)94 
1 
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In order to prepare lipid films, test tubes were rinsed with 500 µL methanol p.a. 

(SIGMA-ALDRICH®, St. Louis, MO, USA) and dried under a constant stream of nitrogen at 

room temperature. The respective volumes of the different lipid stock solutions were 

pipetted into the test tubes filled with 100 μL of chloroform (w/o amylene, SIGMA-

ALDRICH®, St. Louis, MO, USA) according to the desired ratios (total lipid mass: 0.6 mg). 

The solvent in the test tubes was evaporated under a gentle stream of nitrogen for 20 

minutes and further dried under reduced pressure for 3-4 h at the highest main 

phase transition temperature of the used lipids and stored at 4 °C until use. For the 

preparation of SUVs, the dried lipid films were mixed with 600 µL degassed 

phosphate buffered saline (PBS--) buffer (cf. Table 2.2) and rehydrated for 30 min 

above the main phase transition temperature of the corresponding lipid. The total 

lipid concentration in the solution was c = 1.00 mg/mL. Subsequently, the lipid 

suspension was vortexed two times for 60 s at intervals of two minutes resulting in a 

detaching of the lipids from the test tube wall. The resulting multilayered vesicles 

were transferred to micro test tubes (1.5 mL, EPPENDORF, Hamburg, Germany) and 

sonicated in an ultra-sonic homogenizer (Sonopuls bath sonifier, BANDELIN, Berlin, 

Germany) for 30 min (4 cycles, 65 % intensity) to obtain unilamellar vesicles. The 

produced SUVs were used directly. 
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2.3  DIFFERENTIAL SCANNING CALORIMETRY 

Differential scanning calorimetry (DSC), developed in 1962 by Watson and Neil106,107, 

deals with the analysis of temperature-induced changes in specific material 

properties. To identify temperature changes, the heat flux of the sample is measured 

during its heating or cooling process over a certain period of time. In this thesis, DSC 

is used to study the thermochroic behavior and with this the main phase transition 

temperature of the glycosphingolipids LacCer and lyso-LacCer.   

 

2.3.1 SETUP AND MEASURING PRINCIPLE  

The change in enthalpy can be determined by the principle of a heat flux (cf. Figure 

2.7 [A]) or a power-compensation DSC (cf. Figure 2.7 [B]).  

 

Figure 2.7: Schematic drawings of differential scanning calorimetry (DSC) set-ups. Part [A] shows a heat flux DSC, 
consisting of sample (S, blue) and reference (R, green) chambers, whereas in [B] a power-compensate DSC is 
shown. Here, sample (S, blue) and reference (R, green) chambers are heated up individually.108  

The latter consists of a sample (S, blue) and a reference (R, green) measuring 

chamber, which are located in separate ovens and are coupled by their respective 

electrical heating elements. By means of temperature sensors, the temperature 

difference between the ovens is set to ∆𝑇 = 0 during the controlled heating or cooling 

procedure. The enthalpy change of the sample is determined by an increase of the 

heating capacity in the sample chamber for an endothermic process, whereas it is 

reduced in an exothermic process.  

The heat flux DSC consists of sample and reference measuring chambers located in a 

symmetrical furnace, which are connected by an integrated temperature sensor. Thus, 

the temperature difference between sample and reference as well as the respective 
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absolute temperature can be determined and differences in the heat flow can be 

detected.108–110 

2.3.1.1 EXPERIMENTAL PROCEDURE 

To analyze the main phase transition temperature of the GSLs LacCer and lyso-LacCer, 

differential scanning calorimetry measurements were carried out using a MicroCal 

VP-DSC calorimeter (MALVERN INSTRUMENTS LTD., Malvern, United Kingdom).1 

 

PREPARATION OF MULTILAMELLAR VESICLES 

In order to determine the gel-to-liquid main phase transition temperature of the GSLs 

LacCer and lyso-LacCer, lipid films were prepared according to the protocol described 

in chapter 2.2.3.1. For the preparation of multilamellar vesicles (MLVs), the dried lipid 

films were dissolved in degassed DSC-measurement-buffer containing 20 mM Hepes, 

100 mM NaCl and 10 mM EDTA and rehydrated for 30 min at 90 °C for LacCer and at 

70 °C for lyso-LacCer. The resulting lipid concentrations were c(LacCer) = 0.5 mg/mL 

and c(lyso-LacCer) = 2 mg/mL. The lipid suspensions were vortexed two times for 

60 s in intervals of two minutes resulting in a detaching of the lipids from the test tube 

wall. The multilayered vesicles were transferred to 1.5 mL micro test tubes, degassed, 

and used directly for DSC measurements. 

 

DSC SETTINGS AND PARAMETERS 

All settings and parameters used during DSC measurements are listed in  

Table 2.5. The examination of the main phase transition temperature is performed by 

the data analysis software Origin® (ORIGINLAB CORPORATION, Northampton, MA, USA) 

that was already implemented into the DSC measurement software. 

 

 

 

 

                                                        
1 Kindly provided by Prof. Dr. Jörg Enderlein, Third Institute of Physics, Georg-August University, 
Göttingen, Germany.  
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Table 2.5: Overview of parameters used in DSC experiments. 

Parameters LacCer Lyso-LacCer 

   

Lipid concentration / mg∙mL-1 0.5 2 
   

Scan rate / °C∙h-1 15 15 
   

Number of scans 3 3 
   

Starting temperature / °C 20 20 
   

Final temperature / °C 90 90 
   

Post cycle temperature / °C 10 10 
   

Prescan thermostat 15 15 
   

Postscan thermostat 15 15 
   

                            

 

2.4 SOLID SUPPORTS FOR LIPID MEMBRANES 

For the investigation of biological membranes in vitro, different types of model 

membrane systems have been developed mimicking the natural composition of 

cellular plasma membranes. This allows targeted investigations of individual 

membrane components or studies of lipid rafts or GEMs (cf. Chapter 1.2). Following 

first experiments by MCCONNELL and TAMM111,112, solid supported lipid membranes 

(SSLMs) have become one of the most important tools in the past four decades for 

simulating the plasma membrane of cells. These artificial systems offer the great 

advantage of a known composition and organization under equal conditions, which 

can be analyzed by common surface-based analytical techniques10 or function as 

biosensors.113 SSLMs can be prepared by Langmuir-type applications or vesicle 

spreading approaches10,114 on different substrates like glass, silicon dioxide, mica or 

titanium oxide112,115–118 offering mechanical stability.119 For vesicle spreading 

approaches, small unilamellar vesicles (SUV, d < 100 nm) and large unilamellar 

vesicles (LUVs, 100 < d < 1000 nm) are mostly used to prepare SSLMs, while giant 

unilamellar vesicles (GUVs, d ≥ 1 μm) are used to produce pore-spanning lipid 

membranes.120  

SSLMs are not directly coupled to the respective underlying hydrophilic substrate but 

are separated from it by an approximately 1–2 nm thick water layer.121,122 Still, the 
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leaflet facing the solid support often behaves less mobile. Consequently, SSLMs were 

valuable for the exploration of the lateral mobility and the phase behavior of 

incorporated lipids.  

 

Figure 2.8: Schematic illustration of lipid membranes showing different lamellar phase behavior.123,124 Depending 
on temperature, pressure or lipid composition, lipid membranes can form gel (lβ') or solid-ordered (So), ripple 
(pβ') as well as liquid crystalline (lα) or liquid-disordered (ld) phases. The incorporation of cholesterol leads to the 
formation of liquid-ordered (lo) phases. Tm describes the specific main phase transition temperature of the 
respective lipid. 

Depending on temperature, pressure or lipid composition, lipid membranes show 

different lamellar phase behavior (cf. Figure 2.8).35,125,126 The specific phase transition 

is influenced by the symmetry and the composition of the hydrocarbon chains of the 

lipids and their degree of saturation.1 Long hydrocarbon chains and a high degree of 

saturation (trans configuration) result in enhanced van-der-Waals forces due to 

improved interactions between the lipids.123 This in turn restricts the mobility of the 

lipids and more energy is required to initiate a phase transition.1 In this so-called gel 

(lβ') or solid-ordered (So) phase, the lipids are tilted by an angle of 30 ° to the 

membrane normal.123 Increasing the temperature promotes the phase transition from 

the So phase to the ripple phase (pβ'), a pretransition phase, which is characterized by 

an asymmetrically wavy surface structure.123 If the ambient temperature is further 

increased and the lipid-specific main phase transition temperature Tm is reached, the 

liquid crystalline (lα) or liquid-disordered (ld) phase is formed. Here, highly mobile 

membrane lipids with disordered hydrocarbon chains are arranged parallel to the 

membrane normal and form planar membranes.123 The additional incorporation of 

cholesterol to the lipid membrane (liquid-ordered (lo) phase) does not change the 
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specific Tm126 but it leads to a disruption of the high density packing of the lipids 

present in the SO phase, incresing the order of lipids in the ld phase.123  

In order to analyze the GSLs-incorporated SSLMs and the impact of the carbohydrate-

driven adhesion of the B16 carcinoma mouse cell line, three different substrates were 

used.  

 

2.4.1 GLASS SUBSTRATES 

Due to their ease of handling, the universal functionalization options and their 

transparency, glass substrates are widely used solid supports, especially in optical 

analysis methods. To perform optical microscopy experiments and force 

spectroscopy studies, glass bottom petri dishes (MATTEK CORPORATION, Ashland, MA, 

USA) were used. In order to prepare a homogenous lipid membrane on glass 

substrates or to provide a clean surface for cell attachment experiments, the petri 

dishes were incubated in a 1 % Hellmanex® III (HELLMA ANALYTICS, Müllheim, 

Germany) solution at room temperature overnight, rinsed ten times with ultra-pure 

water and dried under a gentle stream of nitrogen. In order to prepare solid 

supported lipid membranes onto the cleaned and hydrophilized glass bottom petri 

dishes, the supports were heated to the specific main phase transition temperature of 

the incorporated lipid if necessary. The glass substrates are the primary used 

supports for atomic force microscopy, as well as for fluorescent and optical 

microscopy techniques. Further information about the preparation techniques and 

experimental parameters are described in the respective Chapters 2.6.1 and 2.6.2. 

 

2.4.2 BOROSILICATE GLASS MICROSPHERES 

For colloidal probe microscopy, a borosilicate glass microsphere (DUKE SCIENTIFIC 

CORPORATION, Palo Alto, Canada) with a diameter of 15 µm was glued to a tip-less 

cantilever and enveloped with a SSLM. With this approach, the binding affinity 

between the GSLs GM3 and lyso-LacCer can be obtained. Further information about the 

preparation techniques and experimental parameters are described in chapter 

2.6.2.1.  
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2.4.3 SILICON DIOXIDE SUBSTRATES  

SiO2 substrates (CRYSTEC, Berlin, Germany) with an oxide layer thickness of 100 nm 

were selected to determine the topography of glycosphingolipid doped membranes. 

The SiO2 supports are characterized by a low roughness compared to glass substrates. 

This allows visualization the surface topography of the membranes. The SiO2 

substrates were cut (1.5 cm x 2.0 cm), cleaned with ultra-pure water and ethanol p.a. 

(SIGMA-ALDRICH®, St. Louis, MO, USA) and placed in a teflon holder. Subsequently, they 

were oxidized for 45 min at 70 °C in a solution prepared using ultra-pure water, 30 % 

hydrogen peroxide (H2O2, SIGMA-ALDRICH®, St. Louis, MO, USA) and 25 % ammonia 

solution (NH3, SIGMA-ALDRICH®, St. Louis, MO, USA) with a ratio of 5:1:1 by volume. 

Next, the supports were thoroughly rinsed with ultra-pure water, dried in a gentle 

stream of nitrogen, treated for 1 min in O2 plasma, and stored in ultra-pure water until 

use. If necessary, the SiO2 supports were heated to the main phase transition 

temperature of the specific lipid to ensure incorporation of GSLs in SSLMs.  

 

2.5 ATOMIC FORCE MICROSCOPY 

The invention of the scanning tunneling microscopy (STM)127,128 in 1981 allowed for 

the first time to image surfaces at atomic resolution. However, this microscopy 

technique was still limited to the use of conducting samples as it is depended on the 

measurement of the tunneling current between an electric sensor and the surfaces of 

metals, semiconductors and superconductors.129 Based on STM, BINNIG, QUATE and 

GERBER130 developed the atomic force microscopy (AFM) in 1986, a powerful tool to 

study the surface topographies of different samples in the nanometer range. The 

lateral resolution can range from 0.1 nm to 10 nm.131 The ability to carry out 

measurements in air or in liquids makes AFM a versatile instrument in biology, 

biochemistry or medicine as this technique can be used to work under physiological 

conditions. Consequently, AFM has become an effective and widely used method for 

the analysis of surfaces over the last 30 years. In addition to the possibility of 

obtaining topographical images of a sample, there are a number of methods that have 
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been designed to investigate individual molecular interactions by means of force 

spectroscopy. 

2.5.1 SETUP AND MEASURING PRINCIPLE  

The principle of AFM is the measurement of a force between a local probe, the so-

called cantilever, and the surface of a sample. A general set-up is illustrated in Figure 

2.9. Surface forces between 10-12 N and 10-4 N can be measured132,133, including 

electrostatic, hydrodynamic or van-der-Waals forces. Besides, this microscopy 

technique overcomes the resolution of Abbe holding a lateral resolution in the 

angstrom region. The most important component of the AFM is the cantilever, which 

is made of silicon or silicon nitride and consists of a sharp, a few micrometers long tip. 

The various forms of the cantilever affect its resonances and spring constants, through 

which the cantilever receives its special characteristics. Cantilever with small spring 

constants record even the smallest changes in the interaction between cantilever tip 

and sample surface and are therefore considered to be very sensitive.  

 

Figure 2.9: Schematic drawing of an atomic force microscope.134 In this setup, a laser beam is positioned on the 
back of a cantilever. Its reflection is directed via a collimator and mirror to a four-quadrant photodiode. A 𝒛-piezo 
element varies the distance between the tip and the surface, whereas the horizontal movement of the tip over the 
sample is made possible by 𝒙-𝒚-piezo elements. The piezo elements are managed via a controller, which is 
connected to a computer. 

The deflection of the cantilever can be detected by means of a laser, which is adjusted 

to the back of the cantilever and reflected on a four-quadrant photodiode. The 

calibration of the cantilever (cf. chapter 2.6) allows to convert the voltage signal of the 

photo diode into the force that acts on the cantilever. With the help of a 𝑧-piezo 

element the distance between the tip and the surface can be adjusted very precisely. 
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A horizontal movement of the tip over the sample is made possible by 𝑥-𝑦-piezo 

elements.  

 

2.6 FORCE SPECTROSCOPY 

With the help of force spectroscopy, different surface forces can be measured and 

analyzed. Using the vertical movement of the 𝑧-piezo element and the resulting 

movement of the cantilever, force-distance curves can be obtained.  

 

Figure 2.10: Schematic illustration of a force-distance curve during the retraction process. From [A] to [B], the 
cantilever approaches the surface of the sample (trace, dashed line) until a contact between both is formed [B]. In 
point [C] a certain setpoint is reached, which causes the cantilever to be retracted from the surface. During the 
retraction procedure [D], the maximum adhesion force (green cross) can be followed by individual force steps, 
such as jumplike rupture steps (blue crosses) or tetherlike steps (orange crosses). In [D] the original position of 
the cantilever is reached again. 

In Figure 2.10, a schematic illustration of a typical force-distance-curve is shown. 

From point [A] to [B], the cantilever approaches the surface of the sample. Since there 

are no forces acting between the sample and the cantilever during this approach, 

there is no measurable deflection of the cantilever. At point [B], the cantilever comes 

in contact with the surface, resulting in an increased force on the sample surface and 

in a bending of the cantilever. If a defined force, the so-called setpoint, is reached [C], 

the cantilever is retracted from the surface by a piezo element. The cantilever is still 

held on the surface of the sample during this process by specific adhesion forces and 

thus experiences a negative deflection [D]. If a critical maximum adhesion force is 

reached, the cantilever starts to detach from the surface. In some cases unbinding 

effects occur including jumplike rupture steps135,136, which are characterized by a 

non-linear force increase before an instantaneous force decrease or tetherlike 
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steps135,136, which show long plateaus of constant forces before also instantaneous 

force decreases occur. These forces are assigned to the breaking of single or grouped 

bonds between the cantilever and the sample or membrane nanotubes, which are 

pulled out of the cellular surface. At point [E], the cantilever has returned to its 

original position, where it experiences no deflection or forces because there is no 

contact with the surface anymore.  

Force-distance curves show the force 𝐹 that results from the attractive and repulsive 

interactions between the cantilever tip and the sample surface as a function of their 

distance 𝑑. By subtracting the cantilever deflection 𝑍𝑐 from the total movement of the 

piezo element, the distance 𝑑 between the cantilever tip and the sample surface can 

be determined. If the specific spring constant 𝑘𝑐 of the cantilever is known Hook's law 

can be applied for the following relationship for the measured force 𝐹: 
 

 𝐹 = −𝑘𝑐 ∙ 𝑍𝑐  2.1 
 

CALIBRATION PROCEDURE OF THE CANTILEVER 

As described above, the specific spring constant of a cantilever is needed to determine 

the force and hence the binding strength between two or more molecules. Generally, 

cantilever with spring constants between 0.005 N/m and 40 N/m are commercially 

available. However, since the spring constant is dependent on the manufactured 

shape and size of the cantilever, it has to be calibrated before each measurement in 

order to calculate the force. For this purpose, the thermal noise method is used. First, 

the cantilever is pressed on a clean, hard substrate and a force-distance curve is 

recorded. From the slope of the contact region of the curve, the sensitivity in units of 

nm/V can be obtained to convert the photo diode signal into the cantilever bending. 

By recording the thermal noise of the cantilever, the specific spring constant can be 

determined.132,137 
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2.6.1 SINGLE-CELL FORCE SPECTROSCOPY 

In addition to being able to examine the cellular adhesion strength by 

micropipettes138 or beads using a laser beam139, single-cell force spectroscopy (SCFS) 

has become a major tool in analyzing the adhesion properties of living cells within the 

last decades. The combination of an atomic force and an optical microscope allows 

not only probing the cell with functionalized surfaces or different cells, but also the 

interactions between components on the outer leaflet of cellular plasma membranes. 

Within this thesis, SCFS based on AFM is used to determine the maximum adhesion 

force of GM3-overexpressing B16 carcinoma cells of different malignancy on lyso-

LacCer-containing SSLMs with variable parameters (cf. Table 2.6, Chapter 2.6.1.1). For 

this purpose, a single B16-F1 or B16-F10 carcinoma cell was attached to a poly-D-

lysine coated tip-less cantilever and brought into contact with the lipid membrane. 

The recorded force-distance curve gives a direct measure of the adhesion forces, 

which are presumably due to the interaction between the GSL moieties GM3 and lyso-

LacCer. Figure 2.11 illustrates the set-up of the SCFS experiment used within this 

thesis. The approach and retraction of the cell-attached cantilever and its calibration 

are described in Chapter 2.6.  

 

Figure 2.11: Schematic drawing of a single-cell force spectroscopy set-up. From left to right the approach (blue 
arrow) and retraction (red arrow) process of a GM3-overexpressing B16 cell (blue) attached to a cantilever (grey 
bar with spring) onto a lyso-LacCer-containing solid supported lipid membrane (green) is shown. GM3 is 
represented by three, while lyso-LacCer is illustrated by two adjacent orange-colored six-membered ring 
structures.  

2.6.1.1 EXPERIMENTAL PROCEDURE 

All force spectroscopy measurements were carried out with a Cellhesion® 200 AFM 

(JPK INSTRUMENTS, Berlin, Germany), which was combined with an inverted IX 81 

optical microscope (OLYMPUS, Shinjuku, Japan) using a UPLFLN 2 (10x magnification, 

NA = 0.3, OLYMPUS, Shinjuku, Japan) or UPLFLN (40x magnification, NA = 0.75, 



2 Materials and methods  

 36   

OLYMPUS, Shinjuku, Japan) objective to analyze the correct position of the cell on the 

cantilever. The fluorescent-labeled solid supported lipid membranes were examined 

with an upright BX 51 optical microscope (OLYMPUS, Shinjuku, Japan) using a 

LUMPLFLN (40x magnification, NA = 0.8, OLYMPUS, Shinjuku, Japan) objective or a 

FluoView FV1200 confocal laser scanning microscope (OLYMPUS, Shinjuku, Japan) for 

its integrity and homogeneity.  

FUNCTIONALIZATION PROCEDURE OF THE CANTILEVER 

A tip-less silicon cantilever (Arrow-TL2-50, NANOWORLD, Neuenburg, Switzerland) 

with a nominal spring constant of 𝑘𝑐 = 0.03 N/m was used to perform single-cell force 

experiments. Before functionalization, the cantilever was cleaned with ethanol p.a. 

mixed with ultra-pure water (60:40 by vol.) and isopropanol p.a. for about 5 min each. 

Afterwards they were cleaned in an argon plasma for 1 min, incubated in 1 mL of a 

100 µg/mL poly-D-lysine (PDL, in PBS--, cf. Table 2.2) solution for 15 min and gently 

washed 10 times with ultra-pure water. PDL is a positively charged proteinogenic α-

amino acid and assures the attachment of a cell to its surface. The functionalized 

cantilever were used directly or stored at 4 °C for a maximum of one week. The 

coating process was performed according to a method proposed by DZEMENTSEI et 

al.140 

PREPARATION OF SOLID SUPPORTED LIPID MEMBRANES 

For SCFS experiments, SSLMs consisting of POPC, lyso-LacCer and β-BodipyTM 

(89:10:1 mol%) were prepared. For control experiments SSLMs with less lyso-LacCer 

(POPC/lyso-LacCer/β-BodipyTM, 98:1:1 mol%) as well as SSLMs with lacking lyso-

LacCer (POPC/β-BodipyTM, 99:1 mol%) were used (cf. Table 2.3).   

For SCFS, 35 mm glass bottom petri dishes with a 14 mm glass microwell (No. 1.5, 

MATTEK CORPORATION, Ashland, MA, USA) were used as a support for the SSLMs (cf. 

chapter 2.4). To separate the glass microwell from the surrounding area of the petri 

dish, a liquid blocker (Super PAP Pen Liquid Blocker, mini, DAIDO SANGYO CO., LTD, 

Tokyo, Japan) was applied to the outer edge of the glass microwell.  

In order to prepare solid supported lipid membranes on glass substrates, 60 µL of a 

1 mg/mL SUV solution (cf. chapter 2.2.3.1) were pipetted onto the inner glass 

microwell. The solution was incubated for 10 min before 320 µL of degassed Ca2+-
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spreading-buffer (cf. Table 3.1) were added to the SUV solution, resulting in a lipid 

concentration of about 0.15 mg/mL. Each step described above was carried out at the 

main phase transition temperature of the highest melting lipid (cf. chapter 2.2.1) in a 

heating oven (BINDER, Tuttlingen, Germany). The maintenance of the correct 

temperature was also applied to buffer solutions and materials used to prepare 

SSLMs.  

Due to the fact that the lipids used in this thesis vary in their main phase transition 

temperature, there is a slight difference in performing the spreading process for lipids 

with a high transition temperature compared to those which are already in the liquid 

phase at room temperature. For lipids with a main phase transition temperature 

above room temperature (LacCer, lyso-LacCer, GM3) the spreading process was 

performed for one hour at the desired temperature before the formed lipid membrane 

was slowly cooled to room temperature in the heating oven overnight. This cooling 

process was intended to avoid sudden temperature differences and thus to ensure the 

formation of an intact, defect-free lipid membrane. After the overnight incubation 

process, the whole sample was gently rinsed five times with 1 mL of degassed PBS---

buffer (cf. Table 2.2) to remove non-spread vesicles. By using the liquid blocker, it was 

possible to remove the PBS---buffer on the outer plastic rim of the petri dish to prevent 

the lipid membrane prepared on the microglass from drying. Subsequently, the rim 

was passivated with 1 mL of a triton-free blocking solution containing BSA (cf. Table 

2.1) for 1-2 hours. BSA is a stable, inert protein that blocks non-specific binding sites, 

therefore preventing tight attachment or spreading of cells. The BSA-containing outer 

rim was gently washed three times with 1 mL of degassed PBS-- buffer (cf. Table 2.2). 

Finally, the entire sample was washed three times with 1 mL of D10F+ medium (cf. 

Table 2.1) before cell addition.  

For lipids that are characterized by a low main phase transition temperature (POPC), 

the spreading process after SUV addition was performed for one hour at room 

temperature before the formed lipid membranes were gently rinsed with degassed 

PBS-- buffer and D10F+ medium as described above. Before the actual SCFS 

experiment, the SSLMs were examined for integrity and directly used or stored at 4 °C 

for a maximum of 24 h.  
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B16 CELL LINE FUNCTIONALIZATION 

For single-cell force studies, the B16-F1 (low metastatic potential) and the B16-F10 

(strong metastatic potential) cells were detached from the bottom of the cell culture 

flask using the trypsinization procedure (cf. Chapter 2.1.1) and were then taken up in 

1 mL of warm D10F+ medium (cf. Table 2.1). After counting, approximately 500,000 

cells were transferred to 500 μL of warm D10F+ medium. For the SCFS measurements, 

20,000 cells were directly added to the BSA-functionalized plastic rim of the petri dish 

and allowed to settle down for 1 min. Then, a single cell was attached to a PDL-coated 

cantilever by approaching the cantilever to the cell surface (see below). For control 

experiments, the cells were treated with an anti-GM3 monoclonal IgM antibody or the 

enzyme sialidase according to the functionalization protocol in chapter 2.1.2.2 and 

likewise attached to the cantilever.  

The untreated or functionalized cells were attached to a PDL-coated cantilever by 

performing a force-distance experiment on a chosen cell with the parameters given in 

Table 2.6. The dwell time of 30 s allowed the cells to attach to the cantilever tip. 

Afterwards, the cell-loaded cantilever was moved to regions containing the lipid 

membrane and pressed onto the membrane with varying dwell times. Using the same 

cell, 50 total force curves with 5 force curves on 10 different spots on the membrane 

were examined.   

 

AFM SETTINGS AND PARAMETERS 

Before performing the SCFS measurements, the PDL-coated cantilever was calibrated 

and its specific spring constant obtained using the thermal noise method. In Table 2.6 

[A] important parameters used for the calibration are listed, while in [B] the 

parameters for attaching a single cell onto the PDL-coated and calibrated cantilever 

are shown. In order to determine the maximum adhesion force between the single cell 

and the surface of the individual SSLMs, parameters listed in Table 2.6 [C] were used 

with varying dwell times of 0 s, 0.125 s, 0.25 s, 0.5 s, 1 s, 5 s, 10 s, 15 s, 30 s and 60 s. 

 

 

Table 2.6: Overview of parameters used for [A] cantilever calibration, [B] attaching a single cell to the cantilever 
and [C] obtaining adhesion forces from the single cell with the individual SSLMs for SCFS experiments. 
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Setpoint Velocity Dwell time Pause time 

Sample 
rate 

z-length 

       

A 2 V 5 µm/s 0 s 0 s 6 kHz 50 µm 
       

B 1 nN 5 µm/s 30 s 0 s 6 kHz 80 µm 
       

C 1 nN 10 µm/s  0 s - 60 s 5 s 6 kHz 80 µm 
       

 

DATA ANALYSIS  

To determine the maximum adhesion force between the GSLs GM3 and lyso-LacCer in 

the presence of calcium-ions, the obtained force-distance curves of the retraction 

processes were analyzed with the JPK SPM data processing software and imported 

into a home-written MATLAB script2. 

The following analysis steps were performed using the JPK software: 

1. Automatically subtract the baseline 
2. Automatically adjust the x offset (contact point)  
3. Correct height for cantilever bending with unsmoothed height (tip-sample 

separation) 

Using the MATLAB script, baseline and offset were checked by eye and corrected if 

necessary before the maximum adhesion force was evaluated by selecting a point 

close to the maximum force. In case no adequate baseline correction was applicable, 

the force curves were rejected.   

  

2.6.2 COLLOIDAL PROBE MICROSCOPY 

Within this thesis, colloidal probe microscopy (CPM) was used to investigate the weak 

but highly specific interaction between GM3 and lyso-LacCer. CPM provides the 

advantage of a controllable surface functionalization and sample geometry.141             

While regular force spectroscopic experiments typically use cantilever with a sharp 

tip, a sphere is replacing the tip in CPM. In this case, a borosilicate glass microsphere 

with a diameter of 15 µm was glued to a tip-less cantilever (see below). In order to 

study the interaction of glycosphingolipids in an environment mimicking the cell 

membrane, they were embedded in SSLMs. To mimic the GM3-expressing B16 cell line, 

                                                        
2 Kindly provided by Dr. Ingo Mey, Institute of Organic and Biomolecular Chemistry, Georg-August 
University, Göttingen, Germany.  
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the glass sphere was enveloped with a GM3-containing lipid membrane and brought 

into contact with another SSLM containing its receptor lipid lyso-LacCer.  

 

Figure 2.12: Schematic drawing of a colloidal probe microscopy set-up. From left to right the approach (blue 
arrow) and retraction (red arrow) process of a borosilicate glass microspheres enveloped with a GM3-containg 
lipid membrane (yellow) attached to a cantilever (grey bar with spring) onto a lyso-LacCer-containing solid 
supported lipid membrane (green) is shown. GM3 is represented by three, while lyso-LacCer is illustrated by two 
adjacent orange-colored six-membered ring structures.  

Figure 2.12 illustrates the set-up of the CPM experiment used within this thesis. The 

approach and retraction of the sphere-attached cantilever and its calibration are 

described in Chapter 2.6. 

2.6.2.1 EXPERIMENTAL PROCEDURE 

All CPM measurements were carried out with a MFP-3D AFM (ASYLUM RESEARCH, Santa 

Barbara, CA, USA), which was combined with an inverted IX 51 optical microscope 

(OLYMPUS, Shinjuku, Japan) using a UPLFLN 2 (10x magnification, NA = 0.3, OLYMPUS, 

Shinjuku, Japan) objective to analyze the correct position of the microsphere on the 

cantilever as well as the integrity of the fluorescently-labeled lipid membrane. The 

quality of the fluorescent-labeled lipid membrane on the glass support was examined 

with an upright BX 51 optical microscope (OLYMPUS, Shinjuku, Japan) using a 

LUMPLFLN (40x magnification, NA = 0.8, OLYMPUS, Shinjuku, Japan) objective.  

 

FABRICATION OF COLLOIDAL PROBE CANTILEVER 

GM3-containing SSLMs were spread on borosilicate glass microspheres that have been 

previously glued to a triangular tip-less cantilever (MLCT-O10, type C, BRUKER AFM 

PROBES, Camarillo, Canada) with a nominal spring constant of 𝑘𝑐 = 0.01 N/m. For this 

purpose, about 1 mg of an Epikote 1004 epoxy resin (BRENNTAG GMBH, Mühlheim, 

Germany) with approximately the same amount of glass spheres were spread on a 

microscopy slide (VWR INTERNATIONAL, Radnor, PA, USA) and secured on a custom-
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made heating stage. The cantilever was fixed on a special holder of a MM3A-LS 

nanomanipulator (KLEINDIEK NANOTECHNIK GMBH, Reutlingen, Germany) by a double-

sided adhesive strip and positioned such that the backside of the cantilever pointed 

to the microscope slide. Then, the heating stage was set to 110 °C to achieve melting 

of the epoxy resin (𝑇𝑀 = 90 °C142). The instrument was designed in a way that the 

nanomanipulator could be moved by a joystick in order to bring the tip of the 

cantilever into contact with the liquid adhesive for a brief moment before it was 

placed onto a glass microsphere. In order to observe the attachment process of the 

sphere to the cantilever, a BX 51 optical microscope (OLYMPUS, Hamburg, Germany) 

was used. Finally, the correct position of the glued sphere was checked after a cooling 

time of a few minutes. Until use, the cantilever were stored at room temperature. 

Their functionality could be ensured for about 2-4 weeks before a detachment of the 

sphere under experimental conditions was observed. 

 

PREPARATION OF SOLID SUPPORTED LIPID MEMBRANES  

For CPM experiments, SSLMs consisting of POPC, GM3 and Texas RedTM DHPE 

(89:10:1 mol%) on glass microspheres were prepared. On glass substrates, SSLMs 

contained POPC, lyso-LacCer and β-BodipyTM (89:10:1 mol%). For control 

measurements, the following SSLMs listed in Table 2.7 were prepared and brought in 

contact with each other. 

Table 2.7: Overview of solid supported lipid membranes on glass microspheres and glass substrates for control 
experiments using colloidal probe microscopy. Lipid mixture ratios are given in mol%. 

SSLMs on glass microspheres SSLMs on glass substrates 

  

POPC/GM3/Texas RedTM DHPE 
(89:10:1) 

POPC/lyso-LacCer/β-BodipyTM (98:1:1) 

  

POPC/GM3/Texas RedTM DHPE 
(89:10:1) 

POPC/lyso-LacCer/β-BodipyTM (89:10:1) 

  

POPC/GM3/Texas RedTM DHPE 
(89:10:1) 

POPC/β-BodipyTM (99:1) 

  

POPC/β-BodipyTM (99:1) POPC/lyso-LacCer/β-BodipyTM (89:10:1) 
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PREPARATION OF SOLID SUPPORTED LIPID MEMBRANES ON GLASS 

MICROSPHERES 

To spread lipid membranes on the colloidal probe cantilever, it was mounted in the 

AFM and 80 µL of a 1 mg/mL SUV solution (cf. chapter 2.2.3.1) with the desired lipid 

mixture were pipetted directly onto the glass microsphere that has been glued to a 

cantilever. The incubation period was 20 min. It is important to mention that enough 

vesicle solution or buffer was added to the spherical membrane to prevent the lipid 

membrane from drying. Due to the fact that the colloidal probe cantilever needed to 

be mounted to the AFM beforehand, the spreading process could only be obtained at 

room temperature. After formation, the SSLMs were gently rinsed five times with 

1 mL of degassed EDTA- or Ca2+-measurement-buffer (cf. Table 2.2, Chapter 2.2.3). 

The colloidal probe was directly used to perform CPM experiments.   

 

PREPARATION OF SOLID SUPPORTED LIPID MEMBRANES ON GLASS SUBSTRATES 

For performing model membrane studies using CPM, 50 mm glass bottom petri dishes 

with a 30 mm glass microwell (No. 1.5, MATTEK CORPORATION, Ashland, MA, USA) were 

used (cf. chapter 2.4).   

The preparation of SSLMs was similar to that for cell studies using SCFS (cf. chapter 

2.6.1.1) with volumes adapted to the bigger radius of the glass microwell to obtain the 

same lipid concentration. For CPM, 500 µL of a 1 mg/mL SUV solution (cf. chapter 

2.2.3.1) were pipetted onto the inner glass microwell. The solution was likewise 

incubated for 10 min before 2 mL of degassed Ca2+-spreading-buffer (cf. Table 2.2, 

Chapter 2.2.3) were added to the SUV solution to maintain a lipid concentration of 

about 0.2 mg/mL.). The formed SSLMs were gently rinsed five times with 1 mL 

degassed EDTA- or Ca2+-measurement-buffer (cf. Table 2.2, Chapter 2.2.3) to remove 

non-spread vesicles and finally checked for integrity. The SSLMs were directly used 

or stored at 4 °C for a maximum of 24 h.  

 

AFM SETTINGS AND PARAMETERS 

Before CPM measurements were performed, the colloidal probe cantilever were 

calibrated as described in chapter 2.6. In Table 2.8 important parameters used for the 

calibration and determination of the maximum adhesion force between the GSLs GM3 

and lyso-LacCer and control samples are listed. For each measurement, force maps 
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with a scan size of 20 µm and 10 force points or force lines were recorded. Each map 

contained 100 force curves. Dwell times were varied between 0–60 s as within SCFS 

studies (cf. Chapter 2.6.1.1). 

Table 2.8: Overview of parameters used for [A] cantilever calibration and [B] obtaining adhesion forces between 
the GSLs GM3 and lyso-LacCer for CPM experiments. 

 
Setpoint Velocity Dwell time Pause time 

Sample 
rate 

      

A 1 V 1 µm/s 0 s 0 s 12,5 kHz 
      

B 0.2 nN 1 µm/s 0 s - 60 s 5 s 12,5 kHz 
      

 

DATA ANALYSIS  

To determine the maximum adhesion forces between GM3 and lyso-LacCer in the 

presence or absence of calcium-ions, the force-distance curves of the retraction 

process were converted with the ASYLUM RESEARCH software to obtain the corrected 

height for the cantilever bending (tip-sample separation). Afterwards the data was 

imported into a home-written MATLAB script3 in order to perform the baseline 

correction and the adjustment of the contact point. To determine the maximum 

adhesion force, a point close to the maximum force was selected similar to SCFS 

studies (cf. chapter 2.6.1.1).  

 

2.7 ATOMIC FORCE MICROSCOPY IMAGING 

For recording a topographical image, the tip of the cantilever is approached to the 

surface of the sample to a defined deflection. By scanning the sample and adjusting 

the cantilever height to the defined deflection setpoint, a height image of the sample 

can be created. The set up and measuring principle is described in chapter 2.5.1. 

The most common modes for scanning a sample surface are contact and tapping mode 

(cf. Figure 2.13). In the latter, the cantilever is excited to oscillate, which happens close 

to resonance frequency of the cantilever. The oscillation amplitude is then used as the 

feedback parameter.  

                                                        
3 Kindly provided by Dr. Ingo Mey, Institute of Organic and Biomolecular Chemistry, Georg-August 
University, Göttingen, Germany.  
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In contact mode, the absolute cantilever deflection is used as a setpoint and the 

cantilever does not oscillate. Here, the cantilever is dragged along the surface and high 

shear forces can act. Disturbing effects due to vibrations and loud noises were 

reduced by vibrational and acoustic isolation. As relatively soft and fluid lipid 

membrane samples were examined, tapping mode was the method of choice to 

analyze the lipid membrane’s topography. 

 

Figure 2.13: Schematic illustration of the two basic measurement principles using imaging atomic force 
microscopy. In contact mode, the tip stays in the area of repulsive forces, whereas in tapping mode, the cantilever 
oscillates with a high amplitude. Here, the tip is in the area of repulsive as well as attractive forces during 
oscillation.129 

2.7.1.1 EXPERIMENTAL PROCEDURE 

AFM imaging was carried out with a MFP-3D Infinity AFM (ASYLUM RESEARCH, Santa 

Barbara, CA, USA) to examine the surface properties of the GSL containing supported 

lipid membrane. A type E triangular MSNL-10 cantilever (BRUKER AFM PROBES, 

Camarillo, Canada) with a nominal spring constant of 𝑘𝑐 = 0.1 N/m was used. The 

quality of the fluorescent-labeled lipid membrane on the glass and SiO2 supports were 

analyzed with an upright BX 51 optical microscope (OLYMPUS, Shinjuku, Japan) using 

a LUMPLFLN (40x magnification, NA = 0.8, OLYMPUS, Shinjuku, Japan) objective. 

 

PREPARATION OF SOLID SUPPORTED LIPID MEMBRANES ON SIO2 SUBSTRATES 

Cutting and cleaning of the SiO2 substrates are explained in more detail in Chapter 

2.4.3. 

To ensure an efficient incorporation of the lipids into the supported lipid membrane, 

the SiO2 supports as well as custom-made teflon measurement chambers were 

preheated for about 30 minutes at the highest main phase transition temperature of 

the used lipids. Subsequently, the solid supports were mounted into the chambers and 

200 µL of a preheated 1 mg/mL SUV solution (cf. chapter  2.2.3.1) was pipetted onto 

the substrates. The solution was incubated for 10 min before 800 µL of degassed Ca2+-

spreading buffer (cf. Table 2.2) were added to the SUV solution to maintain a lipid 
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concentration of about 0.2 mg/mL. The spreading procedure of SSLMs containing 

lipids with a main phase transition temperature above or below room temperature 

are identical to the handling of preparation of SSLM for cell studies (cf. chapter 

2.6.1.1). The formed lipid membranes were gently rinsed five times with 1 mL 

degassed EDTA- or Ca2+-measurement-buffer (cf. Table 2.2), incubated for  

3-4 h as described before, and checked for integrity by an upright BX 51 optical 

microscope (OLYMPUS, Shinjuku, Japan). Resettled vesicles were removed with 

respective incubation buffer and directly used for imaging AFM experiments.  

All AFM imaging measurements were thankfully performed by DR. HANNES WITT (Max 

Planck Institute for Dynamics and Self-Organization, Göttingen, Germany). For the 

topographic analysis of the SSLMs GWYDDION 2.51143 was used.  

 

2.8 FLUORESCENCE MICROSCOPY 

To evaluate the success of the formation of SSLMs, the lipid-coupled dyes β-BodipyTM 

and Texas RedTM DHPE (cf. chapter 2.2.1) were used. With the help of optical, non-

invasive fluorescence microscopy, structures and processes on the micrometer scale 

were visualized. 

 

Figure 2.14: Illustration of a Jablonski diagram representing the competing processes between the electronic 
states S0, S1, S2 and T1. The respective vibrational quantum numbers ν, ν' and ν'' represent the different vibrational 
energy levels.144 

In general, fluorescence is the property of certain fluorescent molecules to absorb 

light of a specific wavelength and release it again with a different wavelength. 
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Typically, there is a transition between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO). The electronically 

excited singlet state S1 is energetically unfavorable and therefore unstable. 

Consequently, the molecule emits a photon and thus returns to its singlet ground state 

S0 after a few nanoseconds (fluorescence, cf. Figure 2.14).145,146 Due to the fact, that 

the absorbed energy relaxes from an energetically higher vibration state of the 

electronically excited state into its basic vibration state, the emitted fluorescent light 

has always a lower energy and is thus shifted to longer wavelengths (Stokes-

Shift).145,147 

 

2.8.1 EPIFLUORESCENCE MICROSCOPY 

Epifluorescence microscopy is a widely used method to image fluorescently labeled 

samples. The schematic drawing of the beam path of an epifluorescence microscope 

is shown in Figure 2.15 and explained in the following. 

At the beginning of the process, the irradiated white light has a continuous spectrum. 

To selectively filter out the wavelength responsible for the excitation of the molecule, 

the white light passes through an excitation filter resulting in a monochromatic beam 

(green). The excitation light is directed to a dichroic mirror, which functions as a beam 

splitter to reflect shorter and transmit longer wavelengths. This allows the filtered 

light to reach the sample through an objective and stimulate fluorescence. The 

emitted fluorescent light (red) in turn passes the dichroic mirror and is then filtered 

and detected by a camera. The lateral resolution of an epifluorescence microscope is 

limited by Abbe’s law148 and is additionally adversely affected by the presence of 

background fluorescence from fluorescent molecules located in front of or behind the 

focal plane. This phenomenon causes a degradation of the image quality, which 

complicates a correct reproduction of three-dimensional structures, such as vesicles 

or cells. In order to be able to illustrate such objects in a realistic way, confocal laser 

scanning microscopes are often the method of choice. 
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Figure 2.15: Schematic illustration of an epifluorescence microscope.124 

2.8.1.1 EXPERIMENTAL PROCEDURE 

The investigations on the integrity and homogeneity of the fluorescent-labeled solid 

supported lipid membranes on glass and SiO2 supports were carried out using an 

upright BX 51 optical microscope (OLYMPUS, Shinjuku, Japan). All images were taken 

with a water immersion objective (LUMPLFLN 40XW, NA = 0.8, OLYMPUS, Shinjuku, 

Japan) and suitable filter cubes (CHROMA TECHNOLOGY CORP., Bellows Falls, VT, USA, cf. 

Table 2.9). 

Table 2.9: Overview of filter cube sets (CHROMA TECHNOLOGY CORP., Bellows Falls, VT, USA) used within fluorescent 
microscopy studies. 

Filter cube set 
Excitation 
𝝀𝐞𝐱𝐜 / nm 

Emission 
𝛌𝐞𝐦 / nm 

Beam splitter 
𝝀𝐁𝐒 / nm 

    

41001 480 ± 20 535 ± 25 505 
    

41002 535 ± 25 610 ± 37.5 565 
    

 
Editing and analysis of the fluorescence images were performed with the software 

FIJI.149  
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2.8.2 CONFOCAL LASER SCANNING MICROSCOPY 

The development of conventional fluorescence microscopy to confocal laser scanning 

microscopy (CLSM) has brought considerable advantages, especially in the field of 

biology and medicine.150 Based on the concept of MINSKY151 in 1955, an essential 

difference to the epifluorescence microscope is the scanning process and the 

subsequent image processing. In an epifluorescence microscope (cf. chapter 2.8.1), all 

object spots are recorded simultaneously and transferred into an image. In contrast, 

when using CLSM, the sample is serially irradiated with a spot-by-spot illumination 

via an oscillating 𝑥-𝑦 scanning mirror.  

In Figure 2.16, a confocal beam path is shown. It can be seen that the excitation light 

(green) passes a collimator and is focused by a dichroic mirror and an objective in the 

sample. The resulting emitted light (red) passes the same objective and the dichroic 

mirror again and is focused on an adjustable confocal pinhole before being detected. 

By this, stray light from fluorescent molecules above and below the focal plane 

(dashed grey lines) is inhibited, which reduces the background fluorescence. In order 

to visualize three-dimensional structures individual layers of the sample are scanned 

(𝑧-stacks) and reconstructed.  

 

Figure 2.16: Schematic illustration of a confocal scanning laser microscope.124 
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2.8.2.1 EXPERIMENTAL PROCEDURE 

To visualize the nuclei of the B16-F1 and B16-10 cell line as well as the GM3 amount 

on the outer leaflet of the cellular plasma membrane, CLSM studies were carried out 

using a FluoView 1200 CLSM (OLYMPUS, Shinjuku, Japan). The images were taken with 

oil immersion objectives with a 60x (UPLFLN60XOIPH, NA = 1.25, OLYMPUS, Shinjuku, 

Japan) or 100x magnification (UPLFLN100XO2PH, NA = 1.3, OLYMPUS, Shinjuku, 

Japan). Appropriate diode lasers (𝜆exc = 405 nm, 𝜆exc = 488 nm, 𝜆exc = 561 nm) 

ensured the excitation of the fluorescent molecules. Editing and analysis of the images 

were performed with the FLUOVIEW 1000 software (OLYMPUS, Shinjuku, Japan), 

BITPLANE IMARIS (OLYMPUS, Shinjuku, Japan) or FIJI.149 

 

B16 CELL LINE FUNCTIONALIZATION 

Both the nuclei staining procedure as well as the labeling of the GSL GM3 of the B16-

F1 and B16-10 cell lines are performed based on the immunostaining protocols 

described in chapter 2.1.2.1.  

 

2.8.3 FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING 

In the 1970's, AXELROD et al.152 developed the fluorescence recovery after 

photobleaching (FRAP) technique, which is a fluorescence-based method that allows 

the bleaching of fluorescently labeled molecules to investigate dynamic processes 

with high temporal and spatial resolution.153 Together with the fluorescence 

correlation spectroscopy (FCS) method154, which has been developed within the same 

time frame, it is one of the most important analytical methods for determining 

diffusion rates of molecules within the plasma membrane of cells or in artificial 

systems. In this work, FRAP is used to analyze the diffusion of lipids in GSL-

incorporated SSLMs in order to draw conclusions about the fluidity and the mobile 

parts of the prepared membranes. For this purpose, fluorescent-labeled molecules are 

bleached in a certain region of interest (ROI) with a strong laser pulse and are thus 

irreparably damaged. By passive diffusion of intact fluorescently labeled molecules 

into the bleached area, the defective molecules are exchanged and a recovery of 

fluorescence intensity can be observed. The analysis of the time course of the 
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fluorescence recovery gives a measure of exchange processes of the lipids in the 

membrane. 

2.8.3.1 EXPERIMENTAL PROCEDURE 

In order to analyze the lateral diffusion of the glycosphingolipids lyso-LacCer and GM3, 

which were incorporated into glass or SiO2 supported lipid membranes, FRAP studies 

were performed with a FluoView 1000 CLSM (OLYMPUS, Shinjuku, Japan), equipped 

with a water immersion objective (LUMFLN 60XW, NA = 1.1, OLYMPUS, Shinjuku, 

Japan) and suitable diode lasers (𝜆exc = 488 nm, 𝜆exc = 561 nm). Editing and analysis 

of the images were performed with the FLUOVIEW 1000 software (OLYMPUS, Shinjuku, 

Japan) or FIJI.149 

 

FRAP SETTINGS AND PARAMETERS 

Keeping the continuous bleaching during the FRAP recordings as low as possible, a 

5 µW excitation laser pulse was used combined with a recording time of 10 µs/pixel. 

To determine the diffusion coefficient of the glycosphingolipid-enriched membrane, 

a FRAP series of 20 images were taken, of which the first two did not undergo 

photobleaching (pre bleach). The bleaching process was carried out using a duration 

of 5 s and a round ROI using the tornado setting. 

 

DATA ANALYSIS 

In order to determine the diffusion coefficient and the mobile parts of the SSLM, the 

time course of the fluorescence recovery after photobleaching was analyzed by the 

following equation 2.2: 

 𝐼(𝑡) = 𝐼eq − 𝐼1 ∙ 𝑒
−𝑡

𝑇1
⁄  2.2 

Here, 𝐼(𝑡) is the fluorescence intensity at the respective time 𝑡, 𝐼eq the intensity of the 

bleached ROI after reaching the equilibrium state and 𝐼1 the amount of the intensity 

of the recovered fraction. By applying a mono-exponential fit, the time constant 𝑇1 can 

be obtained. From equation 2.3, it is possible to determine the diffusion time 𝜏D, in 

which half of the fluorescence intensity after the photobleaching in the selected ROI 

was reached again. 

 𝜏D = ln(0.5) ∙ (−𝑇1) 2.3 
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By means of the radius 𝜔 of the ROI and the diffusion time 𝜏D, the characteristic 

diffusion coefficient 𝐷 can be calculated following equation 2.4.  

 
𝐷 =

𝜔2

4 ∙ 𝜏D
 

2.4 

In general, GSLs are known to form GSL patches in the plasma membrane. For this 

reason, it is interesting to determine the mobile part 𝐹𝑚 within the plasma membrane 

by means of equation 2.5. 

 
𝐹𝑚 = (

𝐼1

𝐼i − 𝐼0
) 

2.5 

Here, 𝐼i corresponds to the fluorescence intensity before bleaching and 𝐼0 to the 

fluorescence intensity after bleaching. 

 

2.8.4 TOTAL INTERNAL REFLECTION FLUORESCENCE 

The adhesion of cells in multicellular organisms is an essential prerequisite for the 

formation of tissue and organs. Large numbers of adhesion molecules in the plasma 

membrane of cells control the attachment process. However, these near-surface 

molecules are usually poorly visualized by classical fluorescence microscopy, since 

the near-surface signal is obscured by the background scattered light. In 1956, 

AMBROSE155 described for the first time a way to visualize fluorescent molecules on the 

interface between the cell surface and the glass substrate by means of the total 

internal reflection fluorescence (TIRF). Over the years, this technique has become an 

important method for determining the localization and dynamics of cell membrane 

molecules. 

The basis of this technique is Snell's law of refraction (cf. equation 2.6), which 

describes the bending of light when there is a change in refractive index passing from 

one material into another.  

 𝑛1 ∙ sin(𝜃1) = 𝑛2 ∙ sin(𝜃2) 2.6 

Here, 𝑛1 and 𝑛2 are the refractive indices of the differentiable media, 𝜃1 and 𝜃2 are the 

angle of incidence and the angle of refraction, respectively. In Figure 2.17 the 

difference between epifluorescence and TIRF microscopy are shown. If the beam of 

light (blue arrows) passes e.g. through glass and water, which has a lower refraction 

index compared to glass, the light will bend to a larger angle from normal. If the critical 
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angle 𝜃C (dotted line) is exceeded, the total internal reflection is achieved and the light 

is reflected (red arrow) and will not enter the second media or sample. At this point, 

an evanescent wave is generated, which decays exponentially and reaches about 100-

200 nm into the second medium and can excite fluorescent-labeled molecules (green 

dots) near the interface.  

 

Figure 2.17: Schematic illustration of the physical basis of epifluorescence and TIRF microscopy. In general, 
fluorescence molecules (green dots) within the sample are excited by an appropriate incident light (blue arrows). 
Whereas in the case of epifluorescence [A] each molecule is excited to fluorescence due to light passing directly 
through the interface between cover slip and sample, within TIRF [B], the light hits the cover slip at a certain 
incidence angle Θ. Because this angle is larger than the critical angle ΘC (dotted line), the incident light is reflected 
at the cover slip (red arrow). The resulting evanescence field protrudes only a few hundred nanometers into the 
sample, thus stimulating only those molecules that are within the field.156  

2.8.4.1 EXPERIMENTAL PROCEDURE 

Within TIRF experiments, special attention was paid to the distribution of GM3 within 

the cellular plasma membrane of the B16 melanoma cancer cells. All total internal 

reflection fluorescence images were carried out with an inverted IX 81 optical 

microscope (OLYMPUS, Shinjuku, Japan), which was combined with a cellTIRF 

(OLYMPUS, Shinjuku, Japan) unit. The images were obtained using an oil immersion 

objective (PLAPOOTIRFM, NA = 1.45, OLYMPUS, Shinjuku, Japan) with a 60x 

magnification and a suitable diode laser (𝜆exc = 488 nm). Editing and analysis of the 

images were performed with the CELLSENS DIMENSION software (V1.15, OLYMPUS, 

Shinjuku, Japan) and FIJI.149 
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B16 CELL LINE FUNCTIONALIZATION 

The labeling of the GSL GM3, which is embedded into the outer leaflet of the B16-F1 

and B16-10 cell lines are performed according to the immunostaining protocols 

described in chapter 2.1.2.1. For TIRF studies, approximately 50,000 cells were 

transferred to 2 mL of warm D10F- medium and grown for 24 h in 35 mm petri dishes 

with 14 mm glass microwells (No. 1.5, MATTEK CORPORATION, Ashland, MA, USA). The 

glass petri dishes were washed with ethanol p.a. and D10F- medium beforehand to 

ensure a clean and cell-friendly surface. The stained and fixed cells were directly used 

for TIRF measurements. 

 

2.8.5 IMAGE-BASED CYTOMETRY 

In this thesis, image-based cytometry studies were performed to determine the 

amount of the GSL GM3 on the extracellular plasma membrane of the B16-F1 and B16-

F10 cells. In contrast to flow cytometry, which was developed by Wolfgang Göhde in 

1968, the image-based variant analyzes the sample on solid supports, while in flow 

cytometry cells are scanned in suspension. Cytometry in general is a widely used 

method in today's diagnostic medicine. As a high-throughput screening system, it is 

suitable for examining cells for their properties, such as proliferation, differentiation 

or cell-cycle abnormalities. Within flow cytometry, suspended cells passes one by one 

a light source, usually in the form of a laser beam. In the case of fluorescence labeling, 

the fluorescent molecules are excited by the light beam to emit fluorescence. The 

detector can be used to analyze the forward scattered (FSC, forward scatter) as well 

as the side scattered light (SSC, side scatter). The light emitted by the cell sample is 

finally converted into an electrical signal in the electrical system by the installation of 

photomultipliers. The image-based cytometry likewise allows the cell-by-cell analysis 

of fluorescence intensities by fluorescently labeled cell components but does not rely 

on diodes for the forward scattered and side scattered light. Additionally, less 

amounts of the cell samples are necessary and the sample can be rescanned. Thus, 

comparable results can be obtained to flow cytometry.157 
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2.8.5.1 EXPERIMENTAL PROCEDURE 

All image-based cytometry measurements were thankfully performed by DR. TABEA 

OSWALD (Institute of Organic and Biomolecular Chemistry, Georg-August University, 

Göttingen, Germany).  

The experiments were carried out with a Countstar® Rigel S5 advanced image 

cytometer (INTAS SCIENCE IMAGING INSTRUMENTS GMBH, Göttingen, Germany) to analyze 

the amount of GM3 on the outer surface of the plasma membrane of the B16 cells by 

applying an antibody-based immunostaining assay (see below). The median 

fluorescence intensities of each cell line were determined with the FCS Express 6 (DE 

NOVO SOFTWARE, Glendale, CA, USA) software and plotted using Origin® (OriginPro 

8.5G, ORIGIN LAB CORPORATION, Northampton, MA, USA). 

 

B16 CELL LINE IMMUNOSTAINING PROTOCOL 

First, the cells were detached from the bottom of the cell culture bottle as described 

in Chapter 2.1.1. Subsequently, the cells were taken up in 1 mL of a warm PBS-- 

solution (cf. Table 2.1) and counted. Approximately 1,000,000 cells were transferred 

to 1 mL of a warm PBS-- solution and centrifuged (Heraeus Fresco 21, THERMO FISHER 

SCIENTIFIC, Waltham, MA, USA) at 4 °C and 0.3 x g for 3 min in a micro test tube (1.5 mL, 

EPPENDORF, Hamburg, Germany). The supernatant was discarded and the resulting 

pellet carefully resuspended in 1 mL of a triton-free blocking buffer (cf. Table 2.1). 

The cell suspension was incubated for 30 min on ice and centrifuged (0.3 x g, 3 min, 

4 °C). Subsequently, the pellet was resuspended in 500 μL of a PBS-- solution and 

centrifuged again (0.3 x g, 3 min, 4 °C). Again, the supernatant was discarded and the 

pellet carefully resuspended in 100 μL triton-free dilution buffer (cf. Table 2.1) 

containing 10 μg/mL anti-GM3 monoclonal IgM antibody. After an incubation period 

of 1 h at 4 °C, the solution was washed three times by centrifugation (0.3 x g, 3 min, 

4 °C) and resuspension in 1 mL of PBS--. Then, the obtained pellet was carefully 

resuspended in 100 μL of a triton-free dilution buffer containing 5 μg/mL goat anti-

mouse IgG/IgM secondary antibody conjugated with Alexa Fluor 488. After an 

incubation period of 1 h at 4 °C, the solution was washed 3 times with 1 mL of PBS-- 

as described above. Finally, the pellet was resuspended in 100 μL of PBS--. For the 

subsequent measurements, 20 µL of the cell solution was added to a COUNTSTAR 
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CHAMBER SLIDE and analyzed using the GFP (488) PI BIOAPP (both INTAS SCIENCE IMAGING 

INSTRUMENTS GMBH, Göttingen, Germany). Data analysis was performed using the FCS 

EXPRESS 6 software (DENOVO, Glendale, CA, USA). 

For control measurements, all immunostaining steps were identical to the above-

mentioned process with the difference that either no (blank sample) or only the 

secondary antibody (negative control) was used.  

 

2.8.6 CELL ADHESION ASSAY 

Proper cell adhesion is indispensable to maintain vital processes in an organism. 

Within this work, the cell adhesion assay should provide insights into the adhesive 

properties of the GM3-expressing B16-F1 and B16-F10 cells on lyso-LacCer-doted 

SSLMs.  

2.8.6.1 EXPERIMENTAL PROCEDURE 

All cell adhesion studies were performed using an inverted IX 83 optical microscope 

(OLYMPUS, Shinjuku, Japan), which was combined with a heating (temperature 

controller, IBIDI GMBH, Martinsried, Germany) and incubation (gas mixer, IBIDI GMBH, 

Martinsried, Germany) system. The images were obtained using an UPLFLN 10X2 

objective (NA = 0.3, OLYMPUS, Shinjuku, Japan) with a 10x magnification and a suitable 

diode laser (𝜆exc = 488 nm). All experiments were performed at 7.5 % CO2 saturation 

and 37 °C. By staining the cell nucleus with Hoechst 33342 (cf. chapter 2.1.2.1), it was 

possible to track the center of the nucleus.  About 20.000 cells in 3 mL PBS-- were 

seeded onto fibronectin-coated glass substrates or POPC/lyso-LacCer/Bodipy 

(89:10:1 mol%)-doped SSLMs and immediately stained with Hoechst 33342 

(1:10,000). For fibronectin-coating, 35 mm glass bottom petri dishes with a 14 mm 

glass microwell (No. 1.5, MATTEK CORPORATION, Ashland, MA, USA) were coated with 

5 µg/cm2 fibronectin (human plasma, SIGMA ALDRICH, St. Louis, MO, USA) and 

incubated at room temperature for 1 h. Excess fibronectin-coating was removed and 

used immediately. The preparation of lyso-LacCer-doted SSLMs is described in 

Chapter 2.6.1.1. 
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2.9 REFLECTION INTERFERENCE CONTRAST MICROSCOPY 

With the establishment of the total internal reflection fluorescence (TIRF) technique, 

an important tool has been developed to precisely determine near-surface processes 

such as cell adhesion. A disadvantage of this method, however, is that the molecules 

which have to be labeled with fluorophores for visualization, can be influenced in 

their function. By contrast, the reflection interference contrast microscopy (RICM) 

technique, is a label-free method and thus rules out disturbing effects of fluorescent 

modified cell components. Therefore, this non-invasive method has the great 

advantage of a live optically tracking of the adhesion points of cells at different 

surfaces.158,159 Still, RICM shares many of the advantages of TIRF microscopy over 

conventional bright field microscopy: high contrast, high definition and enhanced 

sensitivity. Studying the movements of living cells was one of the first applications for 

RICM used by ABERCROMBIE and AMROSE160 in 1954 and CURTIS161 in 1964. In 1975, 

PLOEM162 succeeded in using the antiflex technology to improve the process again.  

In general, RICM makes use of polarized light to detect interferences within the 

sample, which then provide insights into the cell-substrate distance.160,162 Both beams 

of light differ in their optical path lengths in their way through the media generating 

a constructive or destructive interference. A detector bundles this information and 

displays the interference pattern of the sample. From the obtained interference 

patterns, the height image of the object on the substrate can be determined. The 

pattern allows a penetration depth of around 200 nm in the sample achieving a 

deeper insight into the cell-substrate distance. Due to the influence of different 

refractive indices and multiple reflections of the objects and substrates, it is 

challenging to carry out correct calculations of the cell-substrate distance163,164. 

However, since the distances of the cell components to the substrate can be reliably 

differentiated from the determination of the color intensities within a RICM image, an 

exact analysis of the distance was omitted and the focus was placed on the 

classification of the color regions within the recorded images. Due to the different 

interferences of the reflected light, it is possible to draw conclusions about close or 

further adhesion points of the cells from the surface.165A measure of the distance of 

an object to a surface can be obtained from the different gray coloration of the RICM 

image. Thus, IZZARD et al.165 classified the different shades of gray into dark gray to 
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black objects, which represent very close distances of 15-30 nm. White areas, on the 

other hand, reflect objects that have the greatest distance to the surface at a distance 

of 100 nm. 

2.9.1.1 EXPERIMENTAL PROCEDURE 

All RICM studies were performed using an inverted Axiovert 200 optical microscope 

(ZEISS, Oberkochen, Germany), which was equipped with an oil immersion Plan-

Neofluar antiflex objective (63x/1.25, Ph3, a = 0.09 mm, ZEISS, Oberkochen, Germany). 

Beyond, a polarization module (Pol ACR P&C for HBO 10, ZEISS, Oberkochen, 

Germany), which was suitable for high-energy illumination, for the incident white 

light (X-Cite(R) 120Q, OLYMPUS, Shinjuku, Japan) was used. The polarized light passes 

the antiflex objective equipped with a λ/4 wave plate to reach the sample. Here, the 

light beam is partially reflected and passes an analyzer before an image is formed. An 

additional integrated UV filter blocks the UV emission of the light source to protect 

cells and the eye of the observation from UV radiation.  

For RICM studies, approximately 50,000 cells were transferred to 2 mL of warm 

D10F- medium and grown for 24 h in pure or fibronectin coated (cf. Chapter 2.8.6.1) 

35 mm petri dishes with 14 mm glass microwell (No. 1.5, MATTEK CORPORATION, 

Ashland, MA, USA). By using a heating (temperature controller, IBIDI GMBH, 

Martinsried, Germany) and incubation (gas mixer, IBIDI GMBH, Martinsried, Germany) 

system, all experiments were performed at 7.5 % CO2 saturation and 37 °C. The glass 

petri dishes were washed with ethanol p.a. and D10F- medium beforehand to ensure 

a clean and cell-friendly surface. Editing and analysis of the images were performed 

with FIJI.149 
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3 Results and discussion 

 
 
The main goal of this thesis was to investigate the impact of carbohydrate-

carbohydrate interactions (CCIs) on the adhesion of GM3-containing murine B16 

melanoma cancer cells. For this purpose, the calcium-dependent interaction between 

the globoside lyso-lactosylceramide (lyso-LacCer) and the ganglioside GM3 was 

examined based on model membranes and cell studies. The amount of GM3 in the 

cellular plasma membrane of B16-F1 and B16-F10 cells was examined and compared 

to the adhesive properties of the cells related to their malignancy. To assess the 

binding strength between GM3 and lyso-lactosylceramide single-cell force 

spectroscopy (SCFS) and colloidal probe microscopy (CPM) studies based on atomic 

force microscopy (AFM) were performed. 

 

3.1 GM3 EXPRESSION OF THE B16 CELL LINE  

Within this project, the GM3-overexpressing murine B16 melanoma carcinoma cell 

lines B16-F1 and B16-F10 are used as a model system for cancer cell lines with a 

different malignancy.166,167 B16 cells were first isolated by FIDLER5,6 revealing a high 

degree of metastasis for the B16-F10 cell line contrary to the F1 variant having a 

rather low tendency for metastasis.6 

Firstly, the distribution of the glycosphingolipid (GSL) GM3 within the cellular plasma 

membrane was analyzed by confocal laser scanning microscopy (CLSM). By recording 

x-z and y-z planes, the three-dimensional structure of cells can be visualized and used 

to determine those cell regions, in which the gangliosides 
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accumulate primarily. In Figure 3.1, the sub-confluent grown [A] B16-F1 and [B] B16-

F10 cell layers are shown, labeled for the ganglioside GM3 (∎) and the cellular nuclei 

(∎) according to the immunostaining procedure described in chapter 2.1.2.1. Since 

the glycosphingolipids are incorporated into the outer leaflet of the cell membrane41, 

a triton-free blocking and dilution buffer was used (cf. Table 2.1, Chapter 2.1) to keep 

the membrane as intact as possible. Detergents like Triton X-100 are used to lyse the 

cell or to permeabilize the cellular plasma membrane168–170 to stain specific 

components within the cell. When looking at the confocal images in Figure 3.1, it was 

noticeable that GM3 seemed to be punctually embedded into the membrane rather 

than being homogenously distributed. These findings were evident in both the [A] 

B16-F1 and [B] the B16-F10 cell line and agreed well with the assumption that GSLs 

in general form domains within the cellular membrane to initiate the adhesion 

between two adjacent cells.32,45 Besides, the x-z and y-z planes of the confocal images 

indicated that the ganglioside GM3 is predominantly expressed in the outer plasma 

membrane of the cells, particularly on the apical side, since there are hardly any 

fluorescent molecules on the basal side of the cell noticeable. 

 

Figure 3.1: Confocal laser scanning microscopy images of sub-confluent grown B16-F1 [A] and B16-F10 [B] cell 
layers for 48 h. X-y as well as x-z and y-z images visualize the distribution of the ganglioside GM3 (∎) within the 
cellular plasma membranes. The respective cellular nuclei are shown in blue (∎). Cell seeding density: 
200,000 cells. Scale bars: 10 µm. 

Since near-surface signals are often covered by background scattered light, CLSM 

reaches its limits when visualizing molecules close to the surface. Therefore, total 

internal reflection fluorescence (TIRF) was used to further study the distribution of 

GM3 on the basal cellular membrane. TIRF is able to visualize structures that are
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about 100 nm156,171 away from the surface and is helpful to uncover selective 

processes in the basal cellular plasma membrane. Due to this, the method has become 

an important tool to detect and explore adhesion relevant processes like the dynamic 

of actin172,173 or the orientation of microtubules to focal adhesions174. Contrary to the 

confocal images (cf. Figure 3.1), Figure 3.2 showed that GM3 tends to be embedded on 

the basal side of the cellular membrane indicating that GM3 might be recruited to 

substrate facing regions to enhance adhesion. In addition, it seemed like GM3 was 

expressed at the cell rims rather than in the center of the cell. Based on this finding, 

the questions aroused whether GM3 is accumulated at adhesion complexes mainly 

located at the cell periphery175 or if the upper and lower cellular membranes were 

only getting very close to each during cell attachment leading to an increased 

fluorescence intensity. Another possibility would be an imprecise staining of GM3 with 

the used anti-GM3 monoclonal IgM antibody. Even though the latter options are 

plausible, studies from OKADA et al.26 indicated the enrichment of GM3 to focal 

adhesions or at least to adhesive complexes at the attachment sites of the cell. Within 

the study, baby hamster kidney (BHK-C12) cells were treated with EDTA and the 

zwitterionic detergent Empigen BB to collect the molecules that are targeted to the 

attachment sites of the cell. The analysis revealed the enrichment of GSLs, especially 

of GM3, to those attachment sites.  

 

Figure 3.2 Total internal reflection fluorescence images of typically shaped single B16-F1 [A, A’] and B16-F10 [B, 
B’] cells grown on glass surfaces for 24 h, respectively. The images show that the ganglioside GM3 (∎) is mainly 
distributed at the cell rims and present at the basal side of the membrane. Cell seeding density: 50,000 cells per 
petri dish. Scale bars: 10 µm. 
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Evidence exists that the more metastatic cancer cell line B16-F10 expresses a higher 

level of GM3 than the B16-F1 variant.67,85,86,176 This correlation was examined mostly 

within studies of HAKOMORI and coworkers85,86. By means of fluorescence-activated 

cytometry experiments, the amount of GM3 expressed on the surfaces of B16-F1 and 

B16-F10 was detected by incubating the cells with an anti-GM3 monoclonal DH2 (IgG3) 

antibody, which in turn was coupled to a fluorescein-labeled goat anti-mouse IgG 

antibody85,86. The cytometry measurements revealed a slightly higher amount of GM3 

expressed on the surface of the highly metastatic cancer cell line B16-F10 in contrast 

to the F1 variant and thereby indicated a correlation of the GM3 expression to the 

metastatic potential of the B16 mouse melanoma cell lines. Studies from SAWADA et 

al.,176 using a primary anti-GM3 IgM antibody, confirm the results.  

Within this project, image-based cytometry was applied to examine the amount of GM3 

on the plasma membrane of the B16-F1 and B16-F10 cells. With the help of this 

method, the correlation of the cell size and the integrated fluorescence intensity of 

GM3 were visualized as demonstrated in Figure 3.3 [A].  

 

Figure 3.3: Exemplary image based cytometry results to investigate the total amount of GM3 expressed on the 
surface of the B16-F1 cells. In [A] the cells are characterized by their size and integrated fluorescence intensity. A 
gate was set to further analyze only the fluorescence intensity of vital cells. Every dot indicates one count, red color 
a high amount of counts and blue a low amount of counts. In [B] the selected data from [A] is displayed in a 
histogram (green), showing the fluorescence intensity distribution of GM3 expressing cells.  

A specific gate (dark gray frame) was selected to ensure that only those cells are 

chosen, which have a good vitality and thus show an appropriate fluorescence 

intensity. Every dot indicated one count with red dots representing a high amount of 

counts and blue dots illustrating a low amount of counts. In the example given in 

Figure 3.3, about 86 % of the total amount of the B16-F1 cells was selected for further 

analysis. Signals having a cell diameter of less than 10 µm represented dead cells or 
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residues of cell components and were therefore neglected. Afterwards, the selected 

cell data was visualized in a histogram (cf. Figure 3.3 [B]). For the examination of the 

overall amount of GM3 expressed on either the B16-F1 and the B16-F10 surfaces, the 

data was selected in a way that about 50−86 % of the total amount of cells was 

analyzed.  

To compare all performed experiments, the median fluorescence intensities of the 

B16-F1 and B16-F10 cells are displayed in Figure 3.4. For control measurements, 

either no (blank sample) or only the secondary goat anti-mouse antibody (cf. Chapter 

2.1.2.1, negative control) was used. All control studies revealed no fluorescence 

intensities at all, proving that the anti-GM3 monoclonal IgM antibody is very specific 

and can be selectively used to label the glycosphingolipid GM3. Based on these findings, 

all control values were collected, averaged up to one value (black rhombus) and 

plotted as “control” (cf. Figure 3.4, dotted green or red line).  

 

Figure 3.4: Fluorescence-based cytometry analysis of the GM3 amount, expressed on the surface of the B16-F1 
(green) and B16-F10 (red) carcinoma cell line. The black rhombs show the obtained fluorescence intensities of 
the antibody-labeled GM3 within different passages of B16-F1 and B16-F10 on day A and B. Control measurements 
are illustrated via a dotted line and all experimental results combined are shown in a box plot. Here, 50 % of all 
data points are represented by a box containing the median (solid line). The box is limited by an upper (75 % 
threshold) and lower (25 % threshold) quartile. Data points outside of the box, whose values are limited to 1.5 
times the box length177, are described by whiskers. Values, which are not within the whisker range, are referred 
to as outliers. 

In the present study, P28.2, P28.12, P28.15 as well as PU.2, PU.10 and PU.13 represent 

the different passage numbers of the B16-F1 and B16-F10 cell lines, respectively, 

which were used within different days A and B. Here, P28.12 and P28.15 originates 
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from the same subculture, whereas P28.2 was freshly subcultured and jointly used 

with P28.15 for comparable cytometry experiments on day A. The same applies to the 

B16-F10 cell line. For a final comparison, all fluorescence intensities, that were 

obtained within the passage numbers of the respective cell lines, were combined and 

represented in a box plot (cf. Figure 3.4 “All”).  

Although an increased GM3 expression on the surface of the strongly metastasizing 

cancer cell line B16-F10 was demonstrated in several studies85,86,176, our cytometry 

studies did not show that the more metastatic B16-F10 cell line has a higher 

proportion of GM3 expressed on its surface. Even though intensities varied over day 

and cell sample, the median of all collected intensities (�̃�F1 = 612 for the B16-F1 and 

�̃�F10 = 523 for the B16-F10 cell line) show a slightly larger value for the F1 variant. 

Based on these data, we cannot conclude that the B16-F10 cell line shows a highly 

increased GM3 expression compared to the B16-F1 variant.  

Looking more closely at the fluorescence intensities of the individual experiments, it 

is noticeable that the measured amount of GM3 depends strongly on the day, on which 

the experiment was carried out rather than on the individual passage number of the 

cell (e.g. B16-F10, cf. Figure 3.4). These findings coincide with studies revealing that 

the B16 cells exhibit stable metastatic phenotypes even after constant cell passage5–7 

at least in uncloned cell lines.8 Experiments on day B demonstrated larger median 

fluorescence intensity values of both the B16-F1 (�̃�P28.12 = 625) and B16-F10 

(�̃�PU.10 = 656) cell line compared to day A. This suggests that the integrity of cells and 

their functionality can already be influenced by a slight change in the environment or 

in day-dependent preparation steps. Thus, cells react sensitively to nutrient 

deficiency in the medium by a longer growth phase, to a prolonged trypsin incubation 

time during the harvesting process or simply alter their functionality by building up 

more (∼confluent phase) or less (∼sub-confluent phase) contacts with neighboring 

cells. Especially the effect of the latter was discussed within studies of BOSMANN7, who 

found out that sparse and confluently grown B16-F1 and B16-F10 cells showed 

significant differences in their surface properties. By comparing the stability of the 

metastatic potential in cloned and uncloned B16 cell lines, POSTE et al.8 found that the 

uncloned B16-F1 and B16-F10 cell lines are comprised of cell subpopulations holding 

various phenotypic properties like metastatic potentials. This finding is in line with 
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the broad distribution of fluorescence intensities found within our fluorescence-

based cytometry analysis of the GM3-expression on B16 melanoma cells (cf. Figure 3.3 

[B]). In addition, research by KOJIMA and HAKOMORI86 supported our outcomes, 

particularly within the B16-F1 cell line. The inhomogeneity of the cell population 

might be an explanation for the varying results in our cytometry studies. 

Finally, it has to be considered that the adherent B16 cells had to be suspended during 

cytometry measurements. This might have not only disrupted the pathway of natural 

GM3 expression, but could have also increased the cells’ fragility during the staining 

protocol. Due to the various preparation steps within these procedures, the plasma 

membrane of the in suspension floating cells could have been damaged and shown 

defect and inhomogeneous areas, which in turn could have reduced the correct 

proportion of embedded GM3 molecules. Following up on this, it was noticeable that 

the B16-F10 cell line was more sensitive to a longer incubation period with trypsin 

exhibiting a higher number of dead cells in the medium during the harvesting process 

compared to the F1 variant.  

 

3.2 CELL ADHESION PROPERTIES OF THE B16 CELL LINE 

To examine the impact of the glycosphingolipid GM3 on the adhesion process of the 

B16-F1 and B16-F10 carcinoma cell line, reflection interference contrast microscopy 

(RICM) and time-resolved adhesion studies of B16 cells were performed on glass, 

lyso-LacCer-incorporated solid supported lipid membranes and fibronectin-treated 

glass substrates. The adhesion of B16 cells on fibronectin is intended to create a 

natural adhesion environment for the cells. Fibronectin is an adhesive glycoprotein 

that is a major contributor to the extracellular matrix (ECM). Due to its 

conformational flexibility, fibronectin acts as a binding partner for a large number of 

molecules, such as growth factors, cytokines, other ECM components or as a receptor 

of various signaling cell surface molecules.178,179 Because of this characteristic, 

fibronectin contributes to the maintenance of various vital physiological processes 

such as embryonic development or wound healing, but also participates in the 

pathway of abnormal processes such as malignant tumor formation.178,179   
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Advantages of the label-free and thus non-invasive RICM are the possibility of 

optically live-tracking the adhesion points of cells on different surfaces158,159 and rules 

out disturbing effects of fluorescently modified cell components. Due to the influence 

of different refractive indices and multiple reflections of the objects and substrates 

however, it is challenging to carry out correct calculations of the cell-substrate 

distances163,164. Therefore, the commonly165,180–182 used classification of the color 

intensities in very close, intermediate and distant areas from the respective substrate 

is applied to determine the contact areas of the B16 cells. According to IZZARD et al.165, 

very close regions appeared dark gray to black, and have a cell-substrate distance of 

about 15−30 nm. The dark color results from an interference between the reflected 

phase-shifted light from the cellular plasma membrane and the reflected light from 

the glass surface. Cell components, which are about 30−50 nm away from the surface, 

have a gray to light gray color and thus characterize the intermediate contact region. 

Distant adhesion points are nearly white in color and are located about 100 nm away 

from the corresponding surface. Here, the reflected light from the cell membrane has 

a smaller phase shift in contrast to the reflected light from the glass substrate, leading 

to brighter areas in the image. Components having the same coloration as the 

background are not in contact with the substrate.  

The RICM images shown in Figure 3.5, demonstrate living [A, A’] B16-F1 and [B, B’] 

B16-F10 cells, adhering to glass or fibronectin-treated substrates. It was noticeable, 

that the highly metastatic cancer cell line B16-F10, as well as the less invasice cell line 

B16-F1 showed small and very close contact areas to the surface at their cell borders 

as indicated by a dark coloration. These are most likely adhesion contacts such as focal 

adhesions characterized by roundish to partly strip-like structures having a 1.5 µm 

long and 0.25 µm wide dimension.183 In addition, the images indicated that stress 

fibers were present at the basal side of the cell, represented as elongated dark regions 

in the center of the cell. Besides, it seemed like both cell lines adhered closer to the 

substrate at the cell rim rather than in the center of the cell (cf. Figure 3.5).  



3 Results and discussion 

67 

 

Figure 3.5: Reflection interference contrast microscopy images of separated murine B16 cancer cells grown on 
different substrates. The B16-F1 variant, grown on [A] glass and [A’] fibronectin-coated surfaces show, as well as 
the B16-F10 cell line, grown also on [B] glass and [B’] fibronectin-coated surfaces, very close adhesion regions at 
the cell rims (represented by a dark coloration). Especially in [A] and [B] the formation of adhesions points and 
stress fibers can be demonstrated. Cell seeding density: 50,000 cells per petri dish, grown for 24 h. Scale bars: 
10 µm.  

If the adhesive behavior of the cancer cell lines B16-F1 and B16-F10 observed from 

RICM experiments was compared with the distribution of the ganglioside GM3 found 

in TIRF images (cf. Figure 3.2), a connection between the GM3 expression and the close 

cell adhesion at the cell rims were detected. As the ganglioside was predominantly 

observed at the cell borders, it can be suggested that GM3 tends to be an important 

player during the adhesion of the B16 cancer cells. This corresponds well to the 

literature, which states that GM3 is enriched at adhesion complexes like focal 

adhesions26, associated with signaling transducer molecules like cSrc, Rho A and focal 

adhesion kinase25 and was identified to mediate the attachment of melanoma to 

endothelial cells66. The assumption that GM3 plays not only an important role in the 

adhesion process of B16 cells, but also for the occurrence of serious diseases such as 

the formation of malignant tumors, was proven in previous studies184. Thus, it is 

known that GM3 interacts with caveolin-1, a protein, which is important in cell cycle 

progression. Its main task is the linkage of integrin to special kinases that promote the 

cell cycle. In turn, integrins are essential cell adhesion receptors that decisively 

regulate the interaction between the cell and the surrounding extracellular matrix. 

With the epidermal growth factor receptor (EGFR) and the plasma membrane Ca2+ 
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ATPase (PMCA), further binding partners of the ganglioside were identified. By 

binding to its receptor, the epidermal growth factor (EGF) stimulates cell growth and 

differentiation. With regard to cancer research, a variety of studies have already 

shown that EGFR is upregulated or mutated in certain types of malignant tumors, 

resulting in uncontrolled growth and increased metastasis. The PMCA is responsible 

for the removal of calcium ions from the cell. Again, it was shown that a defective 

function of PMCA can lead to serious diseases. 

To gain a clearer picture of the adhesive behavior of the B16-F1 and B16-F10 cells, 

time-resolved adhesion studies of living B16 cells were performed (cf. Figure 3.6). 

More specifically, the cells were seeded on 10 mol% lyso-LacCer-doted SSLMs and 

fibronectin-treated glass substrates. By adhesion to fibronectin-coated surfaces, an 

integrin-mediated adhesion of the cells can be determined, whereas the adhesion to 

lyso-LacCer-embedded membranes is caused by the interaction between the two 

glycosphingolipids lyso-LacCer and the cell surface expressed GM3. Within 80 min, 

both cell lines exhibited stronger adhesion to fibronectin-treated surfaces compared 

to 10 mol% lyso-LacCer-containing membranes. This observation is not surprising 

when considering that the cells are able to provide a large number of fibronectin 

receptors such as α5β1-integrin, which in turn lead to a fast and effective anchoring of 

the cells on fibronectin coated surfaces.178,179,185 In contrast, the initial attachment of 

the B16 cells on the lyso-LacCer-doted SSLMs were mediated by an interaction 

between lyso-LacCer and GM3. The matrix lipid POPC, which is also embedded in the 

membrane, is regarded as reaction-inert and therefore does not make any 

contribution to the cell adhesion. However, the single-bond strength between 

fibronectin and α5β1-integrin (39 ± 8 pN)186 is comparable with the adhesion strength 

between GM3 and lyso-LacCer (∼40 pN, cf. Chapter 3.4.1).   
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Figure 3.6: Phase-contrast images of the adhesive behavior of B16-F1 and B16-F10 cancer cells. Both cell lines 
were grown on 10 mol% lyso-LacCer-containing SSLMs and fibronectin-treated glass supports for 80 min after 
cell seeding. The highly metastatic B16-F10 cells showed a more pronounced adhesion on both [D, D’] fibronectin 
and [C, C’] lyso-LacCer-doted SSLMs than the less invasive F1 variant. For the B16-F1 cells, a spreading process 
could only be slightly observed on [B, B’] fibronectin surfaces, while on [A, A’] lyso-LacCer-doted SSLMs the cells 
remained in their spherical initial shape. Cell density: 20,000 cells per petri dish. Scale bar: 100 µm 

Apart from that, it was interesting to see how differently the more metastatic B16-

F10 cancer cell line behaved on the various substrates compared to the F1 variant. 

The highly metastatic cell line showed a more effective adhesion on both [C, C’] 

10 mol% lyso-LacCer-containing SSLMs and [D, D’] fibronectin. Already 80 min after 

cell seeding, the B16-F10 cells showed a pronounced spreading on fibronectin, 

whereas only a few of the B16-F1 cells were able to initiate a spreading process after 

this time [B, B’]. Those differences were even more evident on the 10 mol% lyso-

LacCer-doted lipid membranes. Here, the B16-F1 cells did not seem to be able to 

initiate a spreading process at all [A, A’], whereas, at least partially, the B16-F10 cells 

were able to form adhesion points on the membrane [C, C’]. Along with cell studies 

showing an interaction between GM3 and cell adhesive molecules such as integrin 

receptors62, it can be assumed that the highly metastatic B16-F10 cells are more 

responsive to their environment and might be able to recruit adhesive molecules 

faster to the basal membrane in contrast to the F1 variant. These observations agree 

well with our force spectroscopy forces, which propose enhanced adhesion forces 

between B16-F10 and lyso-LacCer-containing SSLMs (cf. Chapter 3.4.1). 
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In literature, the adhesive properties of the B16 melanoma cell line are also a widely 

discussed topic. In the very beginning when establishing the B16 melanoma cell line 

as a model system for metastatic cell behavior, FIEDLER5 and BOSMANN et al.7 observed 

that the B16-F10 cells produced a greater amount of melanin-containing malignant 

tumor cells in the lungs of C57BL/6 mice than the less metastatic F1 variant 

independent from the amount of cells that were injected into the mice. Studies from 

HILL et al.187 supported these results by calculating the effective rate of the ability to 

generate experimental metastases. For the B16-F1 cell line an effective rate of 1.3 ∙

10−5 per cell per generation was found while the F10 variant showed an effective rate 

of  5.0 ∙ 10−5.187 Within our studies, we were at least able to confirm a faster and more 

active adhesion process on 2D surfaces for the highly metastatic F10 variant. To 

further clarify the contribution of GSLs on the adhesion of the carcinoma B16 cells, 

single-cell force spectroscopy studies (cf. Chapter 3.4) were performed at early 

substrate contact times ranging from 0–60 s.   

In order to quantify the observations of the enhanced adhesive behavior of the 

invasive B16-F10 cells and to answer the questions if an interaction between GM3 and 

lyso-LacCer can mediate the initial adhesion of the B16 carcinoma cell lines, single-

cell force spectroscopy (SCFS) and colloidal probe microscopy (CPM) studies, based 

on atomic force microscopy (AFM), were performed (cf. Chapters 3.4.1 and 3.5.1). 
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3.3 DEVELOPMENT OF A MODEL MEMBRANE SYSTEM 

As a comparison to the cell studies, a model membrane system was designed to get a 

deeper insight into the carbohydrate interactions of GM3 and lyso-LacCer. To ensure a 

natural like environment for GM3 and lyso-LacCer, the GSLs were incorporated into 

solid supported lipid membranes (SSLMs). SSLMs are characterized by a long-term 

stability188,189 and are also particularly versatile in the study of membrane processes 

and the development of biotechnological applications.10,190 A common method to 

create SSLMs is the spreading of vesicles, which adsorb, rupture and fuse together on 

hydrophilic solid supports.114 The charge and topography of the surface, the lipid 

concentration and the lipid head group as well as the temperature play a crucial role 

to achieve an optimal spreading process of the vesicles.10,115,191,192 

In this thesis, GSL-containing SSLMs were prepared by spreading GM3-, LacCer- and 

lyso-LacCer-doted small unilamellar vesicles (SUVs) on silicon dioxide (SiO2) 

substrates, a process that turned out to be challenging. First, the high phase transition 

temperature of LacCer (Tm ≈ 80 °C, cf. Figure 3.7 [A]) caused by high symmetry of the 

hydrophobic part, made it difficult to create proper SUVs, possibly leading to 

inefficiently incorporated LacCer into the lipid membrane.  

 

Figure 3.7: Differential scanning calorimetry studies revealing a main phase transition temperature of Tm ≈ 80 °C 
for the glycosphingolipids LacCer [A] and Tm ≈ 40−50 °C for lyso-LacCer [B]. Both heat scan traces were obtained 
at scan rate of 15 °C/h. 

To overcome those issues, LacCer was finally replaced by its N-deacylated derivative 

lyso-LacCer. In comparison to LacCer, the hydrophobic part of lyso-LacCer lacks an 

additional fatty acid chain resulting in a reduced symmetry and lower stabilizing 
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forces of the hydrophobic part of the lipid. As a consequence, the main phase 

transition temperature decreased to Tm ≈ 40−50 °C (cf. Figure 3.7[B]). However, pure 

lyso-LacCer exhibited a much lower solubility during the formation of multilamellar 

vesicles (MLVs) for DSC studies, so that recording of heat scans was considerably 

more difficult, since strong noise was present in all experiments. To ensure the 

embedding of lyso-LacCer in the membrane, all necessary preparation steps were 

performed at an ambient temperature of 70 °C. 

The ganglioside GM3 shares an almost identical symmetry and composition with 

LacCer, but differs in the structure of its polar head group. With an additional charged 

large sialic acid residue, GM3 reveals a larger head group structure resulting in 

decreased phase transitions at around TM = 35 °C47,95–97 Consequently, the setting of 

an ambient temperature of 40 °C was sufficient to prepare proper GM3-doted lipid 

membranes. For the matrix lipid POPC, main phase transition temperatures of 

TM = -2 °C87–89 were found, thus the spreading procedure was carried out at room 

temperature. Since subsequent CPM experiments were carried out at room 

temperature or at 37 °C for SCFS studies, it was essential to ensure that the membrane 

was not subjected to severe temperature fluctuations after preparation. This could 

have disrupted the characteristic phase transition of the lipids and thus distort their 

specific lateral distribution. For this reason, the formed lipid membranes were slowly 

cooled down to room temperature overnight.  

Further, it was pivotal to overcome the electrostatic repulsion between the charged 

lipid head groups and the charged SiO2 substrate surface. To reduce the repulsive 

interactions during the spreading process of GSL-doted SUVs on SiO2, positively 

charged Ca2+ ions were added during membrane formation. Spreading vesicles in 

presence of divalent cations is a conventional preparation method and facilitates the 

formation of stable lipid membranes.10,117,193,194 The attempt to diminish the negative 

charge of the surface by lowering the surrounding pH value195 proved ineffective. 

Although Ca2+ ions were essential for the spreading process, they may also cause 

premature aggregation of the incorporated GSLs, since Ca2+ ions have been shown to 

enhance carbohydrate-carbohydrate interactions between GSLs in neighboring cells 

or model systems.53,196,197 Therefore, Ca2+ ions were entirely omitted during SUV 

formation and reduced to a low amount during the spreading process. To verify the 
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impact of Ca2+ ions on the formation of GSL-doted SSLMs and on the interaction 

between the glycosphingolipids GM3 and lyso-LacCer, the freshly prepared 

membranes were incubated with Ca2+- and EDTA-containing buffer (cf. Table 2.2, 

Chapter 2.2.3). EDTA is able to form very stable 1:1 chelate complexes with divalent 

cations198 and is applied to remove present Ca2+ ions when required. A possible effect 

of the buffer components as well as on the quality of the lipid membranes was verified 

by fluorescence and atomic force microscopy. For visualization, the photostable and 

highly absorbent98,100 fluorescently labeled lipids β-BodipyTM and Texas RedTM DHPE 

were additionally embedded into the lyso-LacCer- or GM3-containing membranes.  

Fluorescence recovery after photobleaching (FRAP) experiments were performed to 

determine the quality of the lipid membrane formed in a calcium-containing and non-

containing environment. In Figure 3.8, FRAP time series of [A] a 10 mol% lyso-LacCer-

, [B] a 2 mol% lyso-LacCer- and [C] a 10 mol% GM3-incorporated SSLM on silicon 

substrates in the presence of calcium ions are shown. All three membranes revealed 

a rather homogeneous fluorescence throughout the entire area. To perform FRAP, the 

homogenous β-BodipyTM or Texas RedTM DHPE dyes were irreversibly photooxidized 

in a defined region of interest (ROI, yellow) by a short laser pulse at time 𝑡 = 0 s. In 

the case of a fluid lipid membrane, intact neighboring fluorescently labeled lipids are 

able to diffuse into the bleached region leading to a recovery of the fluorescence 

intensity. The recovery of the fluorescence intensity in the bleached area was 

observable in all three membranes and a representative intensity time trace is shown 

in Figure 3.8 [D] for a 10 mol% lyso-LacCer-doted SSLM indicating the formation of 

fluid GSL-embedded membranes. However, the presence of impurities, which are 

recognizable by spots with increased fluorescence intensity, could not be avoided as 

exemplary shown in Figure 3.8 [A] or [B]. Since those objects showed no fluorescence 

recovery after being bleached, it can be concluded that loosely adsorbed vesicles 

populate the surface of the underlying lipid bilayer. Similar results were observed 

with EDTA-incubated GSL-containing membranes (cf.  Figure 6.1, Chapter 6).   
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Figure 3.8: Images showing time series of a fluorescence recovery after photobleaching (FRAP) experiment on 
solid supported lipid membranes consisting of [A] POPC/lyso-LacCer/β-BodipyTM (89:10:1 mol%), [B] POPC/lyso-
LacCer/β-BodipyTM (97:2:1 mol%) and [C] POPC/GM3/Texas RedTM DHPE (89:10:1 mol%) on silicon dioxide 
substrates. The quality of the membranes was analyzed in the presence of a calcium-containing buffer. The 
fluorescent molecules in a desired region of interest (ROI, yellow) were irreversibly bleached at time t = 0. Due to 
the diffusion of surrounding intact fluorophores, the fluorescence intensity was recovered within the ROI. [D] 
Exemplary FRAP curve of the membrane shown in [A]. Here, the observed fluorescence intensities from the 
specific ROI were normalized to the fluorescence intensity at the beginning and plotted against the time. Scale 
bars: 5 μm. 
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In addition, the FRAP techniques allows to estimate the lateral mobility of fluorescent 

molecules by determining the specific diffusion coefficients 𝐷 and the mobile 

fractions 𝐹𝑚 (cf. Chapter 2.8.3.1). Within this project, the above mentioned 

parameters were only calculated once for each membrane (N = 1) according to 

AXELROD et al.152 Thus, only first indications of the mobility of the lipids can be given. 

The calculated diffusion coefficients 𝐷 and mobile fractions 𝐹𝑚 of the various 

membranes in presence (cf. Figure 3.8) and absence (cf. Figure 6.1, Chapter 6) of 

calcium ions are shown in Table 3.1. The high mobile fraction indicates very fluid GSL-

containing membranes, whereas the diffusion of the fluorophores seems to be rather 

slow compared to reported diffusions coefficients of phosphatidylcholine lipid 

membranes (𝐷 ≈ 0.5 − 5 µm2 ∙ s−1).199,200 

Table 3.1: Overview of diffusion coefficients D and mobile fractions Fm of various membranes in calcium- or EDTA-
containing buffer. Both parameters were determined at room temperature. The errors were calculated by 
Gaussian error propagation of the uncertainties of the fit parameters. N = 1 for each tested condition. 

  D / µm2 ∙ s-1 Fm 

    

Calcium 

10 mol% lyso-LacCer 0.420 ± 0.007 0.988 ± 0.004  
   

2 mol% lyso-LacCer 0.382 ± 0.028 0.941 ± 0.015 
   

10 mol% GM3 0.230 ± 0.014 0.879 ± 0.017 
    

EDTA 

10 mol% lyso-LacCer 0.345 ± 0.008 0.984 ± 0.005 
   

2 mol% lyso-LacCer 0.309 ± 0.015 0.962 ± 0.012 
   

10 mol% GM3 0.248 ± 0.011 0.852 ± 0.011 
    

 
Previous literature91,201,202 and DSC studies performed within this thesis reveal that 

even small GSL have high phase transition temperatures compared to corresponding 

phosphatidylcholine or sphingomyelin moieties. As described in Chapter 3.1, GSLs 

exist in a solid-like (So) gel phase under physiological conditions and form GSL-

enriched microdomains (GEM) due to side-by-side interactions. To gain more 

information about potential GEM formation in GSL-doted solid supported lipid 

membranes, topography studies of the membrane surfaces were performed using 

atomic force microscopy. Figure 3.9 shows topographical maps of GSL-containing 

membranes as well as a pure POPC membrane in the presence (calcium buffer) and 

absence (EDTA buffer) of calcium ions.  
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Figure 3.9: Exemplary topographical maps (AFM, tapping mode) of lipid membranes consisting of [A] POPC, 
[B] + [E] POPC/lyso-LacCer/β-BodipyTM (89:10:1 mol%), [C] + [F] POPC/GM3/Texas RedTM DHPE (89:10:1 mol%) 
and [D] POPC/lyso-LacCer/β-BodipyTM (97:2:1 mol%) on silicon dioxide substrates. The topography of the 
membranes was analyzed in presence (calcium buffer) and absence (EDTA buffer) of calcium ions and reveals the 
formation of higher structures (orange to gold). The height profiles of those structures correspond to the marked 
yellow lines. Scale bar: 500 nm. 

Although the fluorescence images (cf. Figure 3.8) indicated a relatively planar 

membrane surface, slight topographic differences were found in the AFM images 

caused by the selection of the GSL moiety and the GSL concentration. Compared to the 

rather homogenous and relatively flat surface topography (∼0.2 nm high structures) 
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of the pure POPC membrane (cf. Figure 3.9 [A]), a greater amount of increased 

structural elements (∼0.2−0.4 nm high structures) was detected on the surface of the 

10 mol% lyso-LacCer-containing membrane (cf. Figure 3.9 [B]). In addition, those 

objects seemed to accumulate in certain areas, indicating the formation of GEMs. 

Objects with similar height values can be observed within the 10 mol% GM3-doted 

membrane (cf. Figure 3.9 [C]) revealing the formation of even larger domain sizes. By 

reducing the lyso-LacCer content to 2 mol% (cf. Figure 3.9 [D]), these structures tend 

to lose their accumulation in specific domains and appear to be more homogeneously 

distributed throughout the membrane. However, the height of the structures 

(∼0.2−0.4 nm) seems to be more similar to the height values of the objects in GSL-

doted membranes than in POPC membranes. In the absence of calcium ions the 

observed structures tend to accumulate less within the 10 mol% lyso-LacCer- and 

GM3-doted membranes (cf. Figure 3.9 [E] + [F]), but still revealing height structures of 

∼0.2−0.5 nm. Thus, it can be assumed that the obtained higher structures (gold-

colored) correspond to GSLs embedded into the leaflet of the solid supported 

membrane, which offer larger and more complex head group structures compared to 

POPC. Similar results were obtained in studies examining the binding of pentameric 

cholera toxin B subunits (CTBs) to the corresponding ganglioside GM1 membrane 

ligand.203 By means of AFM experiments, SHI et al.203 found ∼1.0−2.0 nm high and 

15−60 nm large GM1 clusters in supported POPC bilayers in the absence of CTB, 

depending clearly on the GM1 density (from 0−10 mol%) within the membrane. The 

height of the obtained structures were in good agreement with the size of the 

pentasaccharide head group of GM1, determined by X-ray diffraction204,205. Compared 

to the smaller di- and trisaccharide head groups of lyso-LacCer and GM3 and the fact 

that already small changes within acyl chain and head group structures of GSLs show 

a significant impact on GSL behavior in microdomains38,206,207, it seems reasonable 

that smaller structure and domain sizes of lyso-LacCer and GM3 were detected within 

AFM studies of this thesis.  

Although the distribution and organization of lyso-LacCer and GM3 and the possible 

accumulation of those GSLs in GEMs must be investigated by further studies, it can be 

concluded that the model membrane system presented here is quite capable of 

producing intact and reproducible GSL-containing membranes.              
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3.4 SINGLE-CELL FORCE SPECTROSCOPY OF B16 CELLS 

3.4.1 QUANTIFICATION AND VALIDATION OF THE CARBOHYDRATE-

CARBOHYDRATE INTERACTION 

In Chapter 3.2, the adhesion capabilities of the GM3-expressing melanoma cancer cell 

lines B16-F1 and B16-F10 were discussed. Particular emphasis was placed on the 

contribution of the ganglioside GM3, which interacts with the GSL lyso-LacCer in a Ca2+-

containing environment. Based on the fundamentals of atomic force microscopy 

(AFM), single-cell force spectroscopy (SCFS) was used to investigate the adhesion of 

individual, living cells at the molecular level and especially to determine the forces 

between interacting molecules. For this purpose, single B16-F1 or B16-F10 cells were 

attached to a cantilever using positively charged α-amino acid poly-D-lysine (cf. 

Chapter 2.6.1.1) and brought into contact with lyso-LacCer-containing or –lacking 

SSLMs on glass. Then, the detected forces upon retraction of the cantilever were 

recorded to gain information about the maximum adhesion forces between the cell 

and a lyso-LacCer-doted lipid membrane. Figure 3.10 shows an example of an 

attached single B16-F10 cell on the cantilever tip pressed onto a 1 mol% lyso-LacCer-

containing lipid membrane for 45 s.  

 

Figure 3.10: Image of a single B16-F10 cell brought in contact with a 1 mol% lyso-LacCer-containing lipid 
membrane for 45 s. The cell was attached to a cantilever tip, which was coated with the α-amino acid poly-D-lysine. 
Scale bar: 40 µm. 

For the investigation of the carbohydrate-carbohydrate interaction between the GM3-

expressing cell and lyso-LacCer, the respective cell was pressed on 1 mol% and 

10 mol% lyso-LacCer-doted membranes (for parameters cf. Table 2.6, Chapter 

2.6.1.1). Three control measurements were performed to verify the specific 

interaction between GM3 and lyso-LacCer. On the one hand, forces between cells and 

pure POPC membranes were measured, whereas on the other hand, cells were treated 

either with a monoclonal IgM antibody against GM3 or with the enzyme sialidase (cf. 
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Chapter 2.1.2.2) to remove sialic acid residues in the GM3 molecule and pressed onto 

a 10 mol% lyso-LacCer-containing SSLM. Before force measurements were 

performed, the cells were examined for its vitality by optical microscopy. In addition, 

the respective cell contact areas (cf. Table 3.2) were determined to observe size 

differences between B16-F1 and B16-F10 cancer cells, which might result from 

treatment with the antibody and the enzyme. Especially the determination of the 

respective contact areas is important for the correct interpretation of the measured 

forces, as strongly enlarged contact regions could lead to more potential binding 

partners, which in turn could lead to increased forces between the cell and the 

substrate. In Table 3.2 the respective contact areas are listed that resulted from direct 

contact with the substrate.  

Table 3.2: Overview of contact areas of untreated or treated B16-F1 and B16-F10 cells, pressed on 1 mol% lyso-
LacCer-doped or pure POPC membranes for at least 30−45 s.  

 Lyso-LacCer  POPC  

     

 Contact area / µm2 N Contact area / µm2 N 
     

B16-F1 
untreated 

192 ± 16 3 204 ± 58 3 
     

B16-F1 
Anti-GM3 

205 ± 23 2   
     

B16-F1 
Sialidase 

181 ± 18 4   
     

B16-F10 
untreated 

184 ± 38 4 150 ± 15 3 
     

B16-F10 
Anti-GM3 

229 ± 21 2   
     

B16-F10 
Sialidase 

203 ± 11 3   
     

     

Note that untreated B16 cells were brought in contact with 1 mol% lyso-LacCer-

doped or pure POPC membranes, while B16 cells treated with the anti-GM3 antibody 

or the enzyme sialidase were pressed onto 10 mol% lyso-LacCer-incorporated 

membranes. It was found that both the treatment of the cells, as well as the different 

metastasis potentials of the B16 cell line in general do not have a large influence on 

the contact area. Only with POPC, the contact areas showed a slight difference 

between the B16-F1 and B16-F10 cell line. We conclude that the contact area is mainly 

a result of normal force paired with the cortical tension of the cell. Also, for this 

condition the error range is overlapping. So, no major contact area bias were detected. 
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Figure 3.11: Exemplary force-distance curves recorded with single-cell force spectroscopy demonstrating the 
maximum adhesion forces between the B16-F10 cell line and a 10 mol% lyso-LacCer-containing or pure POPC 
lipid membrane. In [A] typical force-distance curves are shown presenting the binding strength of the cell and 
lyso-LacCer after various contact times of 0 s (violet), 1 s (blue), 5 s (green) and 60 s (orange). In [B], the maximum 
adhesion forces of the cell-lyso-LacCer interaction detected after 1 s and 60 s are compared to the adhesion affinity 
between the cell and a pure POPC lipid membrane after the same contact times (shown in light blue or light 
orange). The adhesion forces increase with longer contact times and show higher force values if the cell is able to 
interact with lyso-LacCer compared to POPC. 

To assess the influence of the carbohydrate-carbohydrate-mediated interactions on 

the adhesion of the B16-F1 and B16-F10 cancer cells, the maximum adhesion forces 

between the cell and the respective substrate were analyzed by SCFS. Different cell-

substrate contact times between 0−60 s provided information about possible cell-

internal initial adhesion processes caused by the GM3-lyso-LacCer interaction. In 

Figure 3.11 exemplary forces-distance curves recorded at contact times of 0 s (violet), 

1 s (blue) 5 s (green) and 60 s (orange) are shown, demonstrating the binding 

strength between the metastatic B16-F10 cells and [A] a 10 mol% lyso-LacCer-

containing or [B] a pure POPC lipid membrane. They indicate a correlation between 
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the contact times and maximum adhesion forces and contain information about 

possible unbinding processes between the cell and lyso-LacCer. Especially in the 

force-distance curves for contact times greater than 1 s, it can be seen that during the 

separation of the cantilever tip from the surface two types of unbinding events (cf. 

Chapter 2.6) occurred. Unbinding effects, which exhibit a non-linear force increase 

before an instantaneous force decrease are commonly described as jumplike rupture 

steps135,136 and correspond to receptors, which are mostly inserted into the cellular 

membrane and are also anchored in the cytoskeleton via other proteins. A large 

number of these jumplike rupture steps (∼40–60 pN, cf. Figure 6.3, Chapter 6) were 

identified in the force-distance curves representing long contact times (cf. Figure 3.11 

[A]). The second type of unbinding events is the formation of tetherlike steps, which 

occur when membrane nanotubes are pulled out of the cellular surface. Tetherlike 

steps are characterized by long plateaus of constant forces before also instantaneous 

force decreases due to the constant tension of the cellular membrane135,136 were 

detected. These tetherlike steps were more frequently observed at longer contact 

times (cf. Figure 3.11 [A]). Comparing the maximum adhesion forces obtained during 

the interaction between the B16-F10 cells and pure POPC membranes (cf. Figure 3.11 

[B], light blue and light orange curve), the force-distance curves revealed stronger 

adhesion of the cells to lyso-LacCer-containing membranes than pure POPC 

membranes. For POPC, only a slight increase of maximum adhesion forces were 

observed with longer contact times.  

Figure 3.12 represents an overview of the mean maximum adhesion forces of the B16-

F1 and B16-F10 cell line obtained with SCFS at contact times ranging from 0−60 s. The 

distribution of all measured maximum adhesion forces of both cell lines for each 

contact time is shown in Figure 3.13 and Figure 3.14 as well as in Figure 6.4 and Figure 

6.5. It was found that the mean maximum adhesion forces, which occurred at contact 

times smaller than 1 s, differed markedly from the forces that were measured at 

contact times between 5−60 s. The plot clearly shows that a strong adhesion of the 

B16-F1 and B16-F10 cells only occurred when lyso-LacCer had been embedded into 

the substrate. This is shown by the fact that B16-F1 (cf. Figure 3.12 [A]) and B16-F10 

(cf. Figure 3.12 [B]) cells in contact with pure POPC membranes (blue line) only 

revealed mean maximum adhesion forces of about 500 pN even at contact times of up 
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to 60 s. Similar results were observed when the cells were treated with the anti-GM3 

antibody (red line), or in the case of B16-F10, with the enzyme sialidase (green line). 

In contrast, non-control force experiments with 1 mol% or 10 mol% lyso-Lacer-doted 

membranes showed significantly increased mean maximum adhesion forces at longer 

contact times. Within studies of the B16-F1 cells (cf. Figure 3.12 [A]), these forces 

settled at 700 pN (1 mol% lyso-LacCer, violet line) or 750 pN (10 mol% lyso-LacCer, 

black line). On the other hand, the B16-F10 cells (cf. Figure 3.12 [B]) showed markedly 

increased adhesion forces up to 1000 pN (1 mol% lyso-LacCer, violet line) or even 

1800 pN (10 mol% lyso-LacCer, black line). These results indicated that the 

carbohydrate-carbohydrate interactions were able to mediate cell attachment for the 

B16 cancer cells and that B16-F10 cells showed larger adhesion strengths than the F1 

variant.    

 

Figure 3.12: Mean maximum adhesion forces between the B16-F1 and B16-F10 cell line and the respective 
substrate in dependency of a given contact time ranging from 0−60 s (logarithmic scale). Black and violet lines 
represent adhesion forces, which resulted from the interaction between the respective cells and a solid supported 
lipid membrane containing 10 mol% or 1 mol% lyso-LacCer. Mean maximum adhesion forces illustrated in blue 
demonstrate the contact between the cells and a pure POPC lipid membrane, whereas red and green lines show 
mean maximum adhesion forces of anti-GM3 antibody or sialidase treated B16-F1 or B16-F10 cells, which were 
pressed onto 10 mol% lyso-LacCer-embedded lipid membranes. Measurements include about 5 cells and 15-25 
force curves per category. 

In the following section, the distribution of the maximum adhesion forces of the highly 

metastatic B16-F10 cancer cell line will be discussed and compared with the obtained 

results within the less invasive B16-F1 variant. To demonstrate the distribution of 

individual maximum adhesion force values, the data was plotted in a box plot diagram 

(cf. Figure 3.13, Figure 3.14, Figure 6.4 and Figure 6.5), including the mean 

(represented as squares in the respective color) and median (represented as solid line 

in the respective color) of the maximum adhesion forces. 
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Figure 3.13: Representation of the distribution of the maximum adhesion forces between B16-F10 and B16-F1 
cells and the respective substrate obtained at contact times smaller than 1 s with single-cell force spectroscopy. 
For the measurement of the GM3-lyso-LacCer adhesion forces, untreated single cells were pressed onto SSLMs 
containing either 10 mol% [A, A’] or 1 mol% [B] of the binding partner lyso-LacCer. To prove that the cell adhesion 
was initiated by the interaction between GM3 and lyso-LacCer, control measurements were made. For pure POPC 
membranes [C], no binding partners for GM3 were available. In further control measurements, the individual cells 
were first treated with a specific anti-GM3 antibody [D] or the enzyme sialidase [E] and pressed on 10 mol% lyso-
LacCer-containing SSLMs. Here, 50 % of all data points are represented by a box containing the median (solid line) 
and the mean (illustrated by squares in the respective color). The box is limited by an upper (75 % threshold) and 
lower (25 % threshold) quartile. Data points outside of the box, whose values are limited to 1.5 times the box 
length177, are described by whiskers. Values, which are not within the whisker range, are referred to as outliers. 
Measurements include about 5 cells and 15-25 force curves per category. 
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Figure 3.14: Representation of the maximum adhesion forces between B16-F10 and B16-F1 cells and the 
respective substrate obtained at contact times ranging from 5−60 s with single-cell force spectroscopy. As already 
described in Figure 3.13, the interaction between GM3 and its binding partner lyso-LacCer is represented by the 
contact of untreated single cells onto SSLMs containing either 10 mol% [A, A’] or 1 mol% [B] of lyso-LacCer. For 
control measurements, untreated cells were brought in contact with pure POPC membranes [C] to ensure that no 
binding partners were available to GM3. For further control measurements, the individual cells were first treated 
with a specific anti-GM3 antibody [D] and the enzyme sialidase [E] and pressed on 10 mol% lyso-LacCer-containing 
SSLMs. Here, 50 % of all data points are represented by a box containing the median (solid line) and the mean 
(illustrated by squares in the respective color). The box is limited by an upper (75 % threshold) and lower (25 % 
threshold) quartile. Data points outside of the box, whose values are limited to 1.5 times the box length177, are 
described by whiskers. Values, which are not within the whisker range, are referred to as outliers. Measurements 
include about 5 cells and 15-25 force curves per category. 
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In general, it can be stated that longer contact times led to higher adhesion strengths 

in carbohydrate-based measurements. For control experiments, no similarly 

pronounced trend was observed. At contact times smaller than 1 s, mean maximum 

adhesion forces between 140−250 pN were found for the interaction between cells 

and 10 mol% lyso-LacCer-containing membranes (cf., Figure 3.13 [A]), while mean 

maximum adhesion forces between cells and 1 mol% lyso-LacCer-doted membranes 

(cf. Figure 3.13 [B]) showed slightly decreased mean force values between 80–

230 pN. This result is plausible when the cell attachment is supported by an interplay 

of GM3 with its binding partner lyso-LacCer, since less binding partners led to weaker 

adhesion. For the control measurements, mean maximum adhesion forces between 

60−140 pN were found in the case of POPC (cf. Figure 3.13 [C]), while for anti-GM3 

antibody (cf. Figure 3.13 [D]) mean force values of 80−240 pN and for sialidase (cf. 

Figure 3.13 [E]) mean force values between 60−140 pN were observed for contact 

times smaller than 1 s. Based on these data, it can be proposed that a stronger 

adhesion of the B16-F10 cells only occurs when an intact interaction between GM3 and 

lyso-LacCer is present. The finding that the mean maximum force values of the anti-

GM3 antibody measurements are similar to those of the carbohydrate-based 

interactions can be explained by the fact that the antibody might not block all GM3 

molecules on the cellular plasma membrane, and thus still a few binding partners for 

lyso-LacCer were available. Besides, a reversible binding of the antibody is 

reasonable.  

Within the next section, the maximum adhesion forces obtained at contact times 

smaller than 1 s are compared to maximum adhesion forces detected at contact times 

between 5−60 s. In all control measurements only mean maximum adhesion forces 

between 180−270 pN (POPC, cf. Figure 3.14 [C]), 290−570 pN (anti-GM3, cf. Figure 

3.14 [D]), and 220−430 pN (sialidase, cf. Figure 3.14 [E]) were observed. These forces 

were only slightly larger than those obtained at contact times smaller than 1s. 

Significantly increased mean maximum forces between 440−1800 pN were found in 

the case of 10 mol% lyso-LacCer (cf. Figure 3.14 [A]). Even when the lyso-LacCer 

concentration is reduced to 1 mol%, mean maximum adhesion forces between 400–

1000 pN (cf. Figure 3.14 [B]) were obtained, which also differed significantly from the 

mean maximum adhesion forces that occurred within the control measurements. 
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Same SCFS studies with the weakly metastatic and thus less metastatic B16-F1 cancer 

cell showed a comparable correlation between contact times and mean maximum 

adhesion forces (cf. Figure 6.4 and Figure 6.5, Chapter 6). At contact times smaller 

than 1 s, the mean maximum adhesion force values of 80−200 pN (10 mol% lyso-

LacCer, cf. Figure 6.4 [A]) or 60−160 pN (1 mol% lyso-LacCer, cf. Figure 6.4 [B]) 

originated from the interaction between B16-F1 cells and lyso-LacCer-doped 

membranes. Same studies with the B16-F10 cell line showed comparable mean 

maximum adhesion forces. Mean maximum adhesion force values of 60−160 pN were 

obtained when using an anti-GM3 antibody (cf. Figure 6.4 [D]). Studies examining the 

mean maximum adhesion forces with pure POPC membranes (cf. Figure 6.4 [C]) 

revealed values ranging from 90−200 pN. Only the control sample with the enzyme 

sialidase showed increased mean maximum adhesion forces between 140−280 pN 

(cf. Figure 6.4 [E]). The fact that the treatment with the enzyme sialidase caused 

higher maximum adhesion forces of the B16-F1 cells compared to the F10 variant is a 

rather unexpected result, since the enzyme is known to cleave off the sialic acid 

residue of ganglioside molecules. Thus, no or at least less binding partners should be 

available for lyso-LacCer, which in turn should lead to lower maximum adhesion 

forces. Since all maximum adhesion forces for sialidase treatment were obtained from 

one measurement day, it could be that the B16-F1 cells were altered on this day or 

that the enzyme revealed less efficiency, which might have provoked various 

mechanisms in the cells leading to a stronger attachment than usual.  

At contact times longer than 5 s, increased adhesion forces also occurred for the B16-

F1 cells. At contact times between 5−60 s, the mean maximum adhesion forces of the 

interaction between B16-F1 cells and lyso-LacCer-doped lipid membranes range 

between 300−750 pN (10 mol% lyso-LacCer, cf. Figure 6.5 [A]) or 250−690 pN 

(1 mol% lyso-LacCer, cf. Figure 6.5 [B]). Thus, with the exception of the sialidase 

measurement (480−1000 pN, cf. Figure 6.5 [E]), those mean maximum adhesion 

forces were higher than the mean maximum adhesion force values detected for the 

interaction with pure POPC membranes (280−420 pN, cf. Figure 6.5 [C]) and for anti-

GM3 measurements (220−500 pN, cf. Figure 6.5 [D]).  

The performed SCFS experiments showed that the adhesion of both cell lines was only 

enhanced if both GSLs were in close proximity to each other. If this interaction was 



3 Results and discussion 

87 

inhibited or if one of the two binding partners was missing, significantly weaker 

maximum adhesion forces were determined. Interestingly, largest differences to 

control measurements were found for long contact times indicating active processes 

inside the cells, which strengthened the adhesion to the underlying substrate.  

The fact that the B16-F1 cell line exhibits weaker maximum adhesion forces to the 

lyso-LacCer-doped membranes could either indicate that the B16-F10 cells provide 

more GM3 on their surfaces or that the more metastatic cell line is able to recruit the 

surface GM3 more rapidly to the basal adhesion site through its increased metabolism 

or cell cycle. Since it was not possible to prove an enhanced GM3 expression on the 

surface of the B16 F10 cell line either by immunostaining or cytometry experiments 

(cf. Chapter 3.1), it again implies that stronger adhesion does not necessarily result 

from the total amount of GM3 on the cell surface, but rather depend on the fact that the 

invasive B16-F10 cells is able to recruit adhesion molecules, such as GM3, faster and 

more efficiently to the basal membrane.  

Since strong maximum adhesion forces were observed during the adhesion of B16 

cells to 10 mol% lyso-LacCer, it is of great interest to examine how the interaction 

between carbohydrate moieties contribute to the maximum adhesion forces and to 

check if internal processes of the cells contributes to initial adhesion. Therefore, SCFS 

results were put into context with colloidal probe microscopy (CPM) studies (cf. 

Chapter 3.5) and jointly discussed with the ongoing literature in the Chapter 3.6.  

 

3.5 FORCE SPECTROSCOPY OF MODEL MEMBRANES 

3.5.1 QUANTIFICATION AND VALIDATION OF THE 

CARBOHYDRATE-CARBOHYDRATE INTERACTION 

Within Chapter 3.3, the preparation of solid supported lipid membranes (SSLMs) 

including glycosphingolipids (GSLs) and the possible formation of GSL-enriched 

microdomains (GEM) were discussed. Due to the advantage of a known composition 

and the opportunity to exclude external influences by biochemical pathways, model 

membrane studies offer the great possibility to quantify the specific interaction 

between particular molecule moieties influencing cellular attachment. This specificity 



3 Results and discussion 

 88   

is difficult to achieve within cell experiments due to the wide variety of different 

molecules within the cell cortex regulating adhesion and motility. To examine the 

Ca2+-dependent binding strength between GM3 and lyso-LacCer, the GSLs were 

incorporated into solid supported lipid membranes to mimic the plasma membrane 

of mammalian cells. In this thesis, the GM3-containing SSLMs represented the plasma 

membrane of the carcinoma mouse cell lines B16-F1 and B16-F10, whereas the 

incorporated lyso-LacCer functioned as a binding partner for GM3. The interaction 

between those GSLs was analyzed by means of colloidal probe microscopy (CPM), an 

approach based on atomic force microscopy (AFM).208–210  

 

Figure 3.15: Image of a borosilicate glass microsphere glued to a cantilever tip (left). For colloidal probe 
microscopy experiments, the microsphere was coated with a Texas RedTM DHPE labeled 10 mol% GM3-containing 
lipid membrane (right) for 15 min. Scale bar: 50 µm. 

SCFS (cf. Chapter 3.4) already revealed strong maximum adhesion forces between 

B16-F1 and B16-F10 cells and lyso-LacCer containing lipid membranes. CPM studies 

were applied to verify how the specific interplay between GM3 and lyso-LacCer 

contributes to the maximum adhesion forces obtained by SCFS. Based on this, the 

impact of carbohydrate-carbohydrate interactions on the initial adhesion processes 

of B16 cells can be discussed. For CPM, a glass microsphere coated with a 10 mol% 

GM3-doted lipid membrane (cf. Figure 3.15) was brought into contact with lyso-

LacCer-containing or a pure POPC solid supported lipid membranes. The influence of 

the membrane composition was examined by reducing the lyso-LacCer concentration 

from 10 mol% to 1 mol%. For control measurements, the B16 cells were brought into 

contact with pure POPC membranes to rule out the possibility that the maximum 

adhesion forces obtained within CPM arose from unspecific binding forces, which do 

not depend on carbohydrates involved in this system. Additionally, the influence of 

Ca2+ ions was studied by analyzing the maximum interaction forces between GM3 and 

lyso-LacCer using a Ca2+- or EDTA-containing measurement-buffer (cf. Table 2.2, 

Chapter 2.2.3).  
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In order to investigate the specific binding affinity between GM3 and lyso-LacCer, the 

maximum adhesion forces between the glycosphingolipid moieties were examined by 

collecting force-distance curves on model systems (cf.  Figure 3.16) that were 

analyzed in the same manner as for SCFS experiments (cf. Chapter 3.4). Again, the 

binding strength and possible unbinding processes were studied using various 

contact times ranging from 0−60 s. The distribution of the individual maximum 

adhesion forces for each contact time is shown in Figure 3.17. Figure 3.16 [A] 

demonstrates exemplary forces-distance curves recorded at contact times of 0 s 

(violet), 1 s (blue) 5 s (green) and 60 s (orange) in the presence of Ca2+ ions, 

illustrating the maximum adhesion forces between GM3 and lyso-LacCer, both 

embedded in lipid membranes. Although less pronounced compared to SCFS studies 

(cf. Chapter 3.4), Figure 3.16 [A] shows that longer contact times led to stronger 

adhesion forces between GM3- and lyso-LacCer containing membranes. In Figure 3.16 

[B], exemplary force-distance curves of control measurements (light blue and light 

orange) were compared to force curves representing the GM3-lysoLac interaction 

(blue and orange) at contact times of 1 s and 60 s. In presence of Ca2+ ions, the force-

distance curve of the control measurements demonstrated measurable maximum 

adhesion forces between a GM3-doted and a pure POPC membrane. However, even at 

a contact time of 60 s, the obtained adhesion force was significantly lower than the 

maximum adhesion force revealed by the force curve representing the interaction 

between GM3 and its binding partner lyso-LacCer. These findings indicate that the 

interaction with only the matrix lipid POPC is negligible. 
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Figure 3.16: Exemplary force-distance curves of the retraction process recorded by colloidal probe microscopy 
demonstrating the maximum adhesion forces between 10 mol% GM3- and 10 mol% lyso-LacCer-doted or pure 
POPC lipid membranes. In [A] typical force-distance curves are shown presenting the binding strength of GM3 and 
lyso-LacCer after various contact times of 0 s (violet), 1 s (blue), 5 s (green) and 60 s (orange) in the presence of 
Ca2+ ions. In [B], the maximum adhesion forces of the GM3-lyso-LacCer interaction (blue and orange) are compared 
to the maximum adhesion forces between GM3 and POPC (light blue and light orange) detected at contact times of 
1 s and 60 s, again in the presence of Ca2+ ions. The force-distance curves plotted in [C] display the influence of 
Ca2+ ions on the maximum adhesion forces between GM3 and lyso-LacCer.  
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Figure 3.17: Histograms of maximum adhesion forces obtained by colloidal probe microscopy measurements. [A] 
In order to examine the adhesion forces between the glycosphingolipids GM3 and lyso-LacCer, a 10 mol% GM3-
containing lipid membrane was spread onto a glass microsphere and brought into contact with an underlying 
10 mol% (transparent histograms) or 1 mol% (blue histograms) lyso-LacCer embedded lipid membrane. [B] For 
control measurements, the forces obtained between 10 mol% GM3 and 10 mol% lyso-LacCer (transparent 
histograms) were compared with the maximum adhesion forces that occurred between a 10 mol% GM3-containing 
and a pure POPC lipid membrane (blue histograms). Measurements include 188–298 force curves for 10 mol lyso-
LacCer, 65–100 force curves for 1 mol lyso-LacCer and 272–294 force curves for POPC. 

It was interesting to observe that in absence of Ca2+ ions (EDTA, cf. Figure 3.16 [C]) no 

measurable maximum adhesion forces were detected between GM3 and lyso-LacCer 

indicating once more the importance of Ca2+ ions for an efficient formation of 

carbohydrate-carbohydrate interaction. 

While many typical unbinding processes such as jumplike rupture steps135,136 or 

tetherlike steps135,136 were observed in recorded force-distance curves within SCFS 
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studies (cf. Figure 3.11), such processes are rarely detectable in the force-distance 

curves collected by CPM studies (cf. Figure 3.16). Even at high contact times of 60 s, if 

at all, only tetherlike steps were observable indicating strong adhesion forces 

between GM3- and lyso-containing lipid membranes possibly accumulated into GEMs. 

Compared to the maximum adhesion forces obtained within SCFS, a rather broad 

distribution of measured maximum adhesion forces was detectable within CPM. Also, 

a significant amount of outliers towards values higher than 1000 pN was observed, 

which is surprising considering that the carbohydrate-carbohydrate interaction are 

assumed to be weak. In addition, it was interesting to observe that the maximum 

adhesion forces obtained between 10 mol% GM3- and 10 mol% lyso-LacCer-doted 

membranes (transparent histograms, cf. Figure 3.17 [A]) showed a bimodal 

distribution in contrast to the approximately normal distribution of the maximum 

adhesion forces detected between 10 mol% GM3 and 1 mol% lyso-LacCer (blue 

histograms, cf. Figure 3.17 [A]) or 10 mol% GM3 and POPC (blue histograms, cf. Figure 

3.17 [B]). Moreover, the appearance of the two maxima at 50−100 pN and 

100−250 pN seemed to be related not only to the concentration of the incorporated 

binding partners, but also to the duration of the contact time. Thus, within the 

interaction of 10 mol% GM3 and 10 mol% lyso-LacCer, both maxima appeared very 

clearly at contact times smaller than 1 s. Here, maximum adhesion forces between 

50−100 pN characterize the first maximum, whereas the second maximum reveals 

maximum adhesion forces ranging from 100−250 pN. With increasing contact times 

from 5−60 s between both GSL-containing membranes, a stronger adhesion was 

observed resulting in maximum adhesion forces of 100−400 pN. Interestingly, the 

height of the first maximum appears to decrease within contact times smaller than 1 s 

and is only barely observable at higher contact times ranging from 5−60 s. 

A plausible explanation for a bimodal distribution could be the presence of GSL 

enriched microdomains (GEMs), which were possibly detected in topography studies 

of 10 mol% GM3 and 10 mol% lyso-LacCer-doted membrane surfaces using atomic 

force microscopy (cf. Figure 3.9, Chapter 3.3). Supposing that GSLs accumulate in 

GEMs, and thus are not homogeneously distributed in the membrane, it is always 

possible to analyze areas of the neighboring membranes, which do contain GSLs and 

those regions, which do not contain GSLs. As shown in the blue-colored histograms in 
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Figure 3.17 [B], the interaction between GM3-doted and pure POPC membranes 

provided maximum adhesion forces between 50−100 pN at contact times from 

0−60 s, which corresponded well to the obtained first maxima representing the 

maximum adhesion forces between 10 mol% GM3 and 10 mol% lyso-LacCer at contact 

times smaller than 1 s. Since the maximum adhesion forces between GM3 and POPC 

could not be increased using longer contact times (with the exception of single 

measurements), these findings support the assumption that the first maximum 

observed within the interaction between 10 mol% GM3 and 10 mol% lyso-LacCer is 

due to nonspecific interactions caused by GSL-POPC interactions. This in turn verifies 

that high maximum adhesion forces ranging from 100−400 pN at contact times of 

0−60 s were exclusively caused by an interaction between 10 mol% GM3 and 10 mol% 

lyso-LacCer, since no comparable maximum adhesion forces were observed within 

control experiments at contact times greater than 1 s.  

The phenomenon that the first maximum of the bimodal distribution almost 

disappeared with longer contact times assumes that POPC lipids were steadily 

replaced by GSLs diffusing into the contact area of neighboring GSL-doted lipid 

membranes, resulting in a reduction of nonspecific GM3-POPC interactions. Although 

less pronounced, the interaction between 10 mol% GM3 and 1 mol% lyso-LacCer (blue 

histograms, cf. Figure 3.17 [B] also showed a reduction of the maximum adhesion 

forces between 50-100 pN with longer contact times. However, similar to the GM3-

POPC interaction, maximum adhesion forces of 50−150 pN were detected even at 

contact times of 60 s, indicating that several GSLs need to be involved to create 

relatively strong bonds between two adjacent GSL-doped membranes to enhance 

adhesion.  

It was striking to observe that the interaction between 10 mol % GM3- and 10 mol% 

lyso-LacCer-containing SSLMs exposed relatively high maximum adhesion forces 

ranging from 100−400 pN at contact times of 0–60 s. Those forces corresponded well 

with the maximum adhesion forces obtained at contact times smaller than 5 s within 

SCFS. Large adhesion forces, measured with SCSF at long contact times were not 

detected in CPM, indicating that the interaction between GM3 and lyso-LacCer 

contributes to the B16 cell adhesion at least at contact times smaller than 1s. In 

Chapter 3.6, these findings and all SCFS and CPM results are discussed together with 
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the ongoing literature to achieve an integrated view about the impact of 

carbohydrate-carbohydrate interactions on the cellular attachment.  

 

3.6 CARBOHYDRATE-CARBOHYDRATE ADHESION FORCES 

The general aim of this work was to determine the impact of the interaction between 

GM3 and lyso-LacCer on the adhesion of the B16-F1 and B16-F10 melanoma cancer 

cells. In addition to studying the distribution and organization of the GSLs in cellular 

and model membranes, single-cell force spectroscopy (SCFS, cf. Chapter 3.4) as well 

as colloidal-probe microcopy (CPM, cf. Chapter 3.5) experiments were performed 

allowing quantitative analysis of adhesion forces. SCFS was used to investigate the 

maximum adhesion forces between living GM3-expressing B16 cells and lyso-LacCer, 

whereas CPM was used to determine the maximum adhesion forces between GM3 and 

lyso-LacCer directly. Since CPM is based on model membranes, it offers the great 

advantage of ensuring full control over molecular compositions and excludes 

interference with other molecules such as integrins. Also, the impact of internal 

cellular processes on adhesion forces can be excluded and the observed adhesion 

forces can be solely attributed to the interaction between GM3 and lyso-LacCer. 

Depending on the degree of GEM formation, carbohydrate-carbohydrate interactions 

(CCIs) are known to have association constants of about ∼103–108 M-1, which are 

below the association constants of carbohydrate-protein (CPIs, ∼108 M-1) and 

protein-protein interactions (PPIs, ∼108–109 M-1),58,207,211 and therefore long time 

considered to be too weak to mediate cellular attachment. However, our results 

showed that indeed strong adhesion forces exist between GM3 and lyso-LacCer, most 

likely due to the interaction of many bonds in parallel. Using CPM, maximum adhesion 

forces of 100–400 pN (cf. Figure 3.17) at contact times of 0–60 s were detected 

between 10 mol% GM3 and 10 mol% lyso-LacCer, which were quite similar to 

adhesion forces measured between 200 kDa glycan molecules (200–300 pN)45 and 

mean adhesion forces obtained between LewisX moieties (90–230 pN).208 The 

maximum adhesion forces between GM3 and lyso-LacCer were even comparable with 

adhesion forces detected between entire proteoglycan molecules (50–400 pN), 

protein-glycan (CPI, P-selectin/carbohydrate ligand, 100–300 pN) and single 
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antibody-antigen interactions (PPI, human serum albumin (HSA)/anti-HSA 

antibody), where rupture forces of ∼240 pN were detected.212–214 Considering that 

single GM3-lyso-LacCer interactions might rupture at approximately 40– 60 pN (cf. 

Figure 6.3, Chapter 6), several multivalent GSLs bonds need to be established to 

ensure short-termed recognition processes by rapid and cooperative interactions to 

enhance cell adhesion. 

To clarify the role of CCI on initial attachment processes of cells, CPM studies were 

compared with SCFS. Interestingly, the maximum adhesion forces obtained within 

CPM (100–400 pN, cf. Figure 3.17) were quite similar to maximum adhesion forces 

observed using SCFS at contact times shorter than 5 s (∼100–500 pN, cf. Figure 3.12). 

These finding is probably due to the choice of bead size in CPM providing a similar 

amount of binding partners in the contact area. At contact times of 10–60 s, maximum 

adhesion forces up to 750 pN for the less invasive B16-F1 cell line and even 1800 pN 

for the highly metastatic F10 were detected by SCFS (cf. Figure 3.12). These results 

indicate that the interaction between GM3 and lyso-LacCer is able to promote the initial 

cellular adhesion of the carcinoma B16 cells at least within the first seconds. 

Interestingly, GM3 is known to interact with focal adhesions26, integrin receptors62 and 

signaling transducer molecules.25 With regard to the very high maximum adhesion 

forces obtained within SCFS at longer contact times, an association of GM3 with those 

mentioned adhesive and signaling molecules might induce active internal cellular 

processes, which in turn lead to an enhanced cell adhesion with adhesion forces in the 

upper pN to nN range.  

The effect of divalent cations such as Ca2+-ions on CCIs still remains highly debated 

even though many CCIs rely on the presence of Ca2+-ions.45 In our CPM studies, the 

interaction between GM3 and lyso-LacCer showed a clear Ca2+ dependency since no 

adhesion forces between GM3 and lyso-LacCer were observed in absence Ca2+ions (cf. 

Figure 3.16 [C]). It is believed that Ca2+-ions could bridge negatively charged 

carbohydrate head groups to stabilize the conformation of involved carbohydrate 

moieties, thus leading to the formation of hydrogen bonds and an interaction between 

hydrophobic surfaces.45,58,215  
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To conclude, we were able to demonstrate that the interaction between GM3 and lyso-

LacCer have the potential to provide sufficient adhesion strengths to initiate the 

cellular attachment of the B16 melanoma cancer cells before active cellular processes 

enhances adhesion. Since no major contact area differences were detected between 

B16-F1 and B16-F10 cells, we additionally assume that the much higher maximum 

adhesion forces of the B16-F10 cells in comparison to the F1 variant might result from 

an enhanced cellular metabolism leading to a more effective recruitment of GM3 to the 

attachment site. 
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With their highly variable carbohydrate head groups facing the surrounding medium 

of cells, glycosphingolipids offer vital short-term recognition systems to influence 

cellular adhesion and signaling processes. To investigate the role of carbohydrate-

carbohydrate interactions (CCIs) on the cellular attachment of carcinoma cells, two 

different atomic force microscopy (AFM) based methods, colloidal probe microscopy 

(CPM) as well as single-cell force spectroscopy (SCFS), were implemented in this 

thesis. Combined with surface based analytical experiments, those studies assessed 

and quantified the impact of CCIs between GM3 and lyso-LacCer on the initial adhesion 

of the murine B16 melanoma cancer cells. The GM3-expressing B16 cells are 

characterized by different metastasis behaviors. B16-F1 cells are less invasive, while 

the B16-F10 variant shows an increase of metastases in surrounding organs.5–7 By 

using those cell lines, conclusions about the impact on CCI related to tumor 

malignancy can be drawn. 

SCFS was used to investigate the maximum adhesive forces of living B16 cells, 

whereas CPM is based on a model membrane system allowing the determination of 

the maximum adhesion forces between GM3 and lyso-LacCer directly. Model 

membranes are excellent tools to mimic cellular plasma membranes ensuring full 

control over the molecular composition of the membranes. By this, SSLMs make it 

possible to obtain direct feedback of the impact of certain lipids under controlled 

conditions.10  

The investigation of the distribution and organization of GM3 within the cellular 

plasma membrane of B16 cells by fluorescence microscopy indicated an accumulation 
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of GM3 within defined parts of the apical as well as basal side of B16-F1 and B16-F10 

cellular membranes (cf. Chapter 3.1). Those results agreed well with topography 

studies applied to the model membrane system (cf. Chapter 3.3) revealing that GM3 as 

well as lyso-LacCer were punctually embedded in the leaflet of the solid supported 

lipid membranes (SSLMs) rather than being homogenously distributed. The observed 

accumulation in specific domains was also consistent with several studies proposing 

the formation of GSL-enriched microdomains (GEMs) in biological and model 

membranes.32,45 Further, we observed that GM3 seemed to be predominantly located 

at periphery of the cellular adhesion areas. Since RICM results suggested that both cell 

lines adhered closer to the substrate at the cell borders rather than within the center 

of the cell, an association of GM3 to adhesion complexes was proposed. This 

assumption is consistent with cell adhesion studies, proposing an interaction between 

GM3 and focal adhesions26, integrin receptors62 as well as signaling transducer 

molecules25, which are crucial for cell adhesion and signal transduction.  

Fluorescence-based studies and optical cell adhesion experiments (cf. Chapters 3.1 

and 3.2) gave information about the cellular behavior and the distribution of GM3 on 

the plasma membranes of the B16 cells and SSLMs. However, they were not sufficient 

to provide evidence of the impact of CCI on the initial attachment of the B16-F1 and 

B16-F10 cancer cell lines related to their malignancy. Therefore, AFM-based SCFS (cf. 

Chapter 3.4) and CPM studies (cf. Chapter 3.5) were used to quantify the initial 

adhesion of B16-F1 or B16-F10 cells mediated by the interaction between GM3 and 

lyso-LacCer. 

CPM experiments clearly demonstrated that strong maximum adhesion forces of 100–

400 pN at contact times from 0−60 s were only obtained if lyso-LacCer was available 

as a binding partner for GM3 (cf. Figure 3.17 [A]). These findings were confirmed by 

control experiments based on the interaction between GM3 and pure POPC 

membranes showing unspecific maximum adhesion forces between 50−100 pN at 

same contact times (cf. Figure 3.17 [B]). Additionally, CPM studies confirm the Ca2+ 

dependency of CCI as no adhesion forces between GM3 and lyso-LacCer were observed 

in absence Ca2+ ions (cf. Figure 3.16 [C]). 
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 The difference in B16 adhesion behavior depending on shorter and longer contact 

times revealed another interesting phenomenon. In comparison to CPM, similar 

maximum adhesion forces of 100–500 pN were detected by SCFS at contact times 

shorter than 5 s, while longer contact times of 10–60 s resulted in maximum adhesion 

forces up to 750 pN for the less metastatic B16-F1 cell line and even 1800 pN for the 

highly invasive F10 variant (cf. Figure 3.12). Since weaker maximum adhesion forces 

were detected in control experiments applying pure POPC membranes, an anti-GM3 

antibody, or the enzyme sialidase (cf. Figure 3.12), the higher maximum adhesion 

forces observed within SCFS were attributed to the interaction between the cell-

surface expressed GM3 and lyso-LacCer. Along with these results, we propose that the 

interaction between GM3 and lyso-LacCer is able to promote the initial cellular 

adhesion of the carcinoma B16 cells within the very first seconds. In addition, an 

association of GM3 with adhesive molecules like focal adhesions26, integrin receptors62 

and signaling transducer molecules25 could foster active internal cellular processes 

enhancing adhesion forces.  

Regarding the role of malignancy, SCFS showed that the highly malignant B16-F10 

cells are able to form significantly stronger adhesion forces with lyso-LacCer than the 

less invasive F1 variant (cf. Figure 3.12). Since we were not able to confirm that the 

B16-F10 cells express more GM3 on their cell surfaces, we assume that those invasive 

cells are able to recruit membrane-bound GM3 more efficiently to the attachment site 

due to an enhanced effective internal mechanism. An actively regulated redistribution 

of GM3 from the entire membrane surface to the basal cell membrane and stronger 

adhesion to surrounding cells would turn out to be particularly advantageous in the 

metastasis process, bearing in mind that highly metastatic cancer cells must be able 

to invade surrounding organs in the presence of a constant bloodstream to form 

further metastases. The effects of CCI on the adhesion of B16 cells within this project 

are also in good accordance with studies demonstrating that cells adapt the 

biosynthesis of GM3 according to their role and properties.59,216,217 Cells forming strong 

contacts with surrounding cells expressed a higher proportion of GM3 than actively 

proliferating cells, which rather rapidly catabolized the complex ganglioside GM3 to 

the disaccharide lactosylceramide (LacCer).59,218 As already described in Chapter 1.5, 
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GM3 is known to inhibit the tyrosine kinase of the epidermal growth factor (EGF). 

Therefore, replicative processes are promoted in GM3-reduced proliferating cells.59,218 

In summary, I was able to demonstrate that CCIs lead to strong maximum adhesion 

forces due to the cooperative character of GSLs involved. Thus, CCIs have the potential 

to support the initial adhesion process of the B16 melanoma cells. Further, CCIs based 

adhesion forces were comparable to the forces obtained within PPI or carbohydrate-

protein interactions (CPI) in terms of the order of magnitude. In contrast to the rather 

low variability of PPIs, CCIs have the significant advantage of allowing rapid assembly 

and disassembly due to their extremely high flexibility and variability.  

Compared to CPM, SCFS in general revealed significantly increased maximum 

adhesion forces at contact times higher than 10 s. While the migration of the GSLs in 

model membranes to the surrounding substrate is limited by diffusion, the use of 

living cells offers the possibility of an active reorganization of GSLs and a subsequent 

association with adhesive molecules including proteins, whereby cell adhesion can be 

strengthened. Findings that equally strong maximum adhesion forces were present in 

CPM as well as SCFS studies at contact times smaller than 5 s indicate again that the 

B16 cell line benefits greatly from existing CCI, especially in times frames of 5–60 s. 

This in turn allows the cells to form initial contacts in order to test for suitable 

adhesion areas before stable PPI are formed. In addition, the invasive nature of the 

B16-F10 cell line appeared to be fostered by a more active metabolism by an 

presumably association with adhesion molecules like integrin, which corresponds to 

the properties of metastatic cancer cell lines and the biological functions that have 

been attributed to GM3. 
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6 Appendix 

 
 

6.1 TIME SERIES OF FRAP STUDY 

 

Figure 6.1: Images showing time series of a fluorescence recovery after photobleaching (FRAP) experiment on 
solid supported lipid membranes consisting of [A] POPC/lyso-LacCer/β-BodipyTM (89:10:1 mol%), [B] POPC/lyso-
LacCer/β-BodipyTM (97:2:1 mol%) and [C] POPC/GM3/Texas RedTM DHPE (89:10:1 mol%) on silicon dioxide 
substrates. The quality of the membranes was analyzed under the absence of a calcium-containing buffer (EDTA). 
The fluorescent molecules in a desired region of interest a certain range (ROI, yellow) were irreversibly bleached 
at time t = 0. Due to the diffusion of surrounding intact fluorophores, the fluorescence intensity was recovered 
within the ROI. [D] Exemplary FRAP curve of the membrane shown in [A]. Here, the observed fluorescence 
intensities from the specific ROI were normalized to the fluorescence intensity at the beginning and plotted against 
the time. Scale bars: 5 μm. 
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6.2 TOPOGRAPHICAL MAPS (AFM, TAPPING MODE) 

 

Figure 6.2: Topographic maps (AFM, tapping mode) of lipid membranes consisting of [A] + [E] POPC/lyso-
LacCer/β-BodipyTM (89:10:1 mol%), [B] POPC/lyso-LacCer/β-BodipyTM (97:2:1 mol%) and [C] + [F] 
POPC/GM3/Texas RedTM DHPE (89:10:1 mol%) on silicon dioxide substrates. The topography of the membranes 
was analyzed in presence (calcium buffer) and absence (EDTA buffer) of calcium ions. Scale bar: 2 µm. 
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6.3 DISTRIBUTION OF MAXIMUM ADHESION FORCES OF 

B16-F1 

 

Figure 6.3: Histograms of exemplary jumplike rupture steps obtained in force-distance curves of the retraction 
process by single-cell force spectroscopy studies. The histograms show the distribution of jumplike rupture steps 
resulting from the interaction between [A] B16-F1 as well as [B] B16-F10 and 10 mol% lyso-LacCer-doted SSLMs 
at contact times of 60 s. N = 33 for each histogram.  
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6.4 DISTRIBUTION OF MAXIMUM ADHESION FORCES OF 

B16-F1 

 
 
Figure 6.4: Representation of the distribution of the maximum adhesion forces between B16-F1 cells and the 
respective substrate obtained at contact times smaller than 1 s with single-cell force spectroscopy. For the 
measurement of the GM3-lyso-LacCer adhesion forces, untreated single cells were pressed onto artificial lipid 
membranes containing either 10 mol% [A] or 1 mol% [B] of the binding partner lyso-LacCer. To prove that cell 
adhesion was initiated by the interaction between GM3 and lyso-LacCer, control measurements were performed. 
For pure POPC membranes [C], no binding partners for GM3 were available. In further control measurements, the 
individual cells were first treated with a specific anti-GM3 antibody [D] or the enzyme sialidase [E] and pressed on 
10 mol% lyso-LacCer-containing membranes. Here, 50 % of all data points are represented by a box containing 
the median (solid line) and the mean (illustrated by squares in the respective color). The box is limited by an upper 
(75 % threshold) and lower (25 % threshold) quartile. Data points outside of the box, whose values are limited to 
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1.5 times the box length177, are described by whiskers. Values, which are not within the whisker range, are referred 
to as outliers. Measurements include about 5 cells and 15-25 force curves per category. 

6.5 DISTRIBUTION OF MAXIMUM ADHESION FORCES OF 

B16-F1 

 

Figure 6.5: Representation of the distribution the maximum adhesion forces between B16-F1 cells and the 
respective substrate obtained at contact times ranging from 5−60 s with single-cell force spectroscopy. As already 
described in Figure 3.13, the interaction between GM3 and its binding partner lyso-LacCer is represented by the 
contact of untreated single cells onto artificial lipid membranes containing either 10 mol% [A] or 1 mol% [B] of 
lyso-LacCer. For control measurements, untreated cells were brought in contact with pure POPC membranes [C] 
to ensure that no binding partners were available to GM3. For further control measurements, the individual cells 
were first treated with a specific anti-GM3 antibody [D] and the enzyme sialidase [E] and pressed on 10 mol% lyso-
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LacCer-containing membranes. Here, 50 % of all data points are represented by a box containing the median (solid 
line) and the mean (illustrated by squares in the respective color). The box is limited by an upper (75 % threshold) 
and lower (25 % threshold) quartile. Data points outside of the box, whose values are limited to 1.5 times the box 
length177, are described by whiskers. Values, which are not within the whisker range, are referred to as outliers. 
Measurements include about 5 cells and 15-25 force curves per category. 
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