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Abstract 

 

The alterations observed in tumour cells include the number of processes introducing 

abnormalities in cellular morphology, structure and growth profiles. Despite continuous efforts, 

the molecular mechanism of the metastasis is still not understood completely. That is the reason 

why there is an urgent need for the search of new scientific approaches in the cancer progression 

investigations. The development of various biochemical and biological methods increases the 

chance to detect cancer, however, in past decades, single cell biomechanics has gained large 

significance since certain diseases are known to manifest in altered biomechanical properties. 

Stiffness of single cells is one of the major properties that changes during cancerous 

progression. Studies have demonstrated that biomechanics can bring both data describing 

mechanisms underlying cancer progression and tools for its detection and diagnosis at the single 

cell level. However, one of the emerging directions is to correlate cellular biomechanics with 

biochemical and biophysical properties of single cells. 

The main objective of the presented thesis is to study how single cell deformability is 

linked with cellular surface properties, and how these changes correlate with cancer 

progression. Thus, the elasticity of melanoma cells was measured by means of atomic force 

microscopy (AFM). Measurements were carried out for three groups of cells encompassing 

cells originating from primary tumour sites i.e. from radial and vertical growth phases (RGP 

and VGP, respectively), and those derived from skin and lung metastasis. The results were 

compared with properties of melanocytes (cells from which melanoma originates). The surface 

properties were determined using time of flight secondary ions mass spectrometry (ToF SIMS). 

The use of ToF SIMS has required to develop a dedicated sample preparation protocol enabling 

measurements of biological material in the high vacuum environment.  

The final results show the correlation between single cell deformability and surface 

biochemical properties of melanoma cells. They confirm the hypothesis that cancer progression 

causes alterations in the morphological and mechanical properties of cancerous cells and these 

differences are connected with changes in the cellular surface composition.  
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Streszczenie 

 

Zmiany obserwowane w komórkach nowotworowych obejmują szereg procesów 

wprowadzających zaburzenia w ich morfologii, strukturze i wzroście. Pomimo ciągłych badań, 

molekularny mechanizm procesu przerzutowania wciąż nie został do końca wyjaśniony. 

Dlatego wciąż istnieje potrzeba poszukiwania nowych rozwiązań w badaniach dotyczących 

nowotworów. Rozwój zaawansowanych metod biochemicznych i biologicznych zwiększa 

szanse na wczesne wykrywanie zmian nowotworowych. Jednakże, w ostatnich dekadach, 

biomechanika pojedynczej komórki zyskuje na znaczeniu, ponieważ okazuje się, że wiele 

chorób wpływa na zmianę właściwości biomechanicznych już na poziomie komórkowym. 

Sztywność pojedynczych komórek zmienia się podczas progresji nowotworowej. Liczne 

badania wykazują, że biomechanika może dostarczać zarówno danych opisujących mechanizm 

progresji nowotworu jak i narzędzi do jego detekcji na poziomie pojedynczej komórki. 

Niemniej jednak, jednym z istotnych kierunków badań jest korelacja biomechaniki z 

biochemicznymi i biofizycznymi właściwościami komórek. 

Głównym celem niniejszej rozprawy jest zbadanie w jaki sposób elastyczność komórki 

jest związana budową biochemiczną jej powierzchni i czy zmiany te są skorelowane ze 

stopniem progresji nowotworowej. W tym celu, elastyczność komórek czerniaka została 

wyznaczona za pomocą mikroskopii sił atomowych (AFM). Pomiary zostały wykonane dla 

komórek wywodzących się z linii komórkowych pochodzących z pierwotnego ogniska 

czerniaka - z radialnej i wertykalnej fazy wzrostu, oraz z przerzutu czerniaka do skóry i płuc. 

Jako linię referencyjną wykorzystano prawidłowe melanocyty. Budowę biochemiczną 

powierzchni komórek zbadano za pomocą spektrometrii mas jonów wtórnych za analizatorem 

czasu przelotu (ToF SIMS). Wykorzystanie ToF SIMS wymagało opracowania protokołu 

preparatyki umożliwiającego pomiary materiału biologicznego w warunkach wysokiej próżni. 

Uzyskane rezultaty, przedstawione w niniejszej rozprawie, wskazują na związek 

pomiędzy deformowalnością a budową biochemiczną powierzchni komórek czerniaka. Tym 

samym potwierdzają hipotezę, że progresja nowotworowa powoduje różnice w morfologii i 

nanomechanice komórek nowotworowych, które są związane ze zmianami w budowie 

biochemicznej ich powierzchni.  
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1. Introduction 

 

Nowadays, the development of advanced spectroscopic techniques, working at the 

nanoscale, achieved through enhancing the sensitivity and through coupling with other 

complementary techniques, enables measurements of biological samples at the single cell level. 

Many of the processes, occurring at the cellular level, play an important role in the variety of 

biological functions at macroscale. The example is the carcinogenesis that starts with the 

alterations occurring in single cells. These changes encompass, among others, distinct cellular 

morphology, cytoskeleton organization, biochemical composition, biophysical and 

biomechanical properties. Such an observation leads to the conclusion that cancer progression 

is a complex process that cannot be explained with a single biomarker. Therefore, the 

employment of various techniques, including molecular biology and physical approaches, 

delivers distinct characteristics of cancer-related changes in single cells. 

 Since several decades, the atomic force microscopy (AFM) can serve not only as a tool 

for the measurements of the cellular morphology with a high resolution but also, working in the 

force spectroscopy mode, it delivers the quantitative description of mechanical properties of 

living cells in conditions close to their physiological environment. Thus, within the frame of 

the presented thesis, the goal was to characterize mechanical properties of various melanoma 

cells lines originating from distinct stages of melanoma progression, namely, from 

radial/vertical growth phases and from metastasis to skin and lung.  The obtained results were 

compared to properties of melanocytes being the cells of origin for malignant melanoma.  

On the other hand, the altered biomechanics is only one of many distinct features 

characteristic for cancerous cells. The other changes include modifications in adhesive 

properties of single cells occurring at the cell surface. Thus, one can expect that, instead of 

searching for specific molecules responsible for malignant phenotype, the alterations in the 

overall composition of cell’s surface are distinct enough to be identified using techniques 

probing sample surface and, further, to be used as a diagnostic marker. Among various 

techniques used to study the composition of cell surface, a time of flight secondary ions mass 

spectrometry (ToF SIMS) appears to be the optimal one to measure the biophysical/biochemical 

changes on the surface of cancerous cells. The recorded information is derived from a layer of 

a few nm, that is comparable to the thickness of the cell membrane. In this thesis, the ToF SIMS 

technique was applied to measure the surface composition of individual melanoma cells in an 

attempt to detect these changes occurring at the sub-cellular and cellular levels. The goal was 
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to study whether there is a correlation between biomechanical and biophysical/biochemical 

properties of cell surface.  

The layout of the presented thesis is the consequence of the proposed research plan. 

Chapter 2 introduces the basic information on melanoma progression, basic terms used in 

biomechanics of cells, followed by significance of cellular deformability and chemical 

properties. The Chapter 2 ends with the presentation of the aims of the thesis. Subsequently, in 

Chapter 3, the biological samples are characterized together with the applied methodology of 

the sample preparation. In particular, the protocol devoted to ToF SIMS sample preparation 

was developed as a one of specific work objectives. Its validation involved the AFM based 

topography imaging after each step of preparation protocol and cellular structure and surface 

visualization by fluorescence and environmental scanning electron (ESEM) microscopes. The 

basics for all employed experimental methods are shortly described in the Chapter 4. Mass 

spectra of biological samples are very complex, that is why various statistical methods are 

usually used to resolve characteristic fingerprints in these samples. Here, the principal 

component analysis (PCA) was chosen, as it allows for the search of the biggest variances in 

the analysed data. Moreover, PCA was performed for the whole collected range of mass spectra 

without a pre-definition of any particular mass peaks a priori. Using such an approach, it is 

possible to determine those masses that cause the strongest differentiation between studied cell 

populations, afterwards. Next chapter, i.e. Chapter 5, contains the results of ToF SIMS 

measurements demonstrating the functionality of this technique. It was applied to determine 

chemical properties of human bladder cells. These cells are characterized by large deformability 

difference occurring between non-malignant and cancerous bladder cells. The large 

deformability of these cells was accompanied by visible separation among the studied cell lines. 

Characterizing cells that are clearly distinguishable by cellular morphology, biomechanical, 

biophysical, and biochemical properties with the use of various techniques bears traces of proof-

of-concept approach, thus, in further studies melanoma cells were chosen (Chapters 6–8). First, 

two types of cells were analysed, namely, WM115 cells originating from vertical growth phase 

and from the metastasis of WM115 to skin (WM266-4 melanoma cells). Their nanomechanical 

characterization in relation to both, surface structure and actin cytoskeleton organization, is 

presented in Chapter 6. The measurements of surface chemical composition with identified 

molecular masses causing the strongest differentiation between these cell lines is presented in 

the Chapter 7. These studies were verified by the use of photothermal microspectroscopy 

(PTMS). The latter technique delivers the photothermal spectra that resemble the infrared 

spectra observed in Fourier Transform Infrared Spectroscopy (FTIR). The final chapter, 
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Chapter 8, presents the results of biomechanical and biophysical characterization of various 

melanoma cells. The findings show that the alterations of mechanical properties observed in 

various melanoma groups (radial/vertical growth phase, metastasis to skin, metastasis to lung, 

melanocytes) are accompanied by the alterations in their surface composition. 

 Results, included in the presented thesis, were obtained thanks to the close collaboration 

of two research groups, namely, between the Department of Biophysical Microstructures at the 

Institute of Nuclear Physics (Polish Academy Sciences) and the Department of Advanced 

Materials Engineering at the Institute of Physics (Jagiellonian University).  

This work was partially supported by National Science Centre (NCN) Project Number 

DEC-2013/11/N/ST4/01860. The author is grateful to Polish National Science Center (NCN) 

for the financial support of the ETIUDA scholarship no DEC-2015/16/T/ST4/00358 and to the 

Institute of Nuclear Physics PAS for a healthy work environment and KNOW for PhD 

scholarship. 
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2. Fundamentals and state of the art 

 

2.1 Melanoma progression 

 

Cutaneous melanoma is the most aggressive and lethal malignancy of the skin. Despite 

advances in melanoma treatment [1], mortality from melanoma is still increasing [2]. Thus, 

there is an urgent need to develop prognostic biomarkers that can differentiate between 

malignant and non-malignant skin lesions and that can identify melanoma patients with high-

risk primary lesions to facilitate greater surveillance [3]. That is why, the discovery of 

biomarkers and their application, in conjunction with traditional cancer diagnosis, staging, and 

prognosis, could improve early diagnosis and patient care [4]. Melanoma arises from 

melanocytes [5]. Melanocytes are neural crest-derived cells endowed with defined 

morphological and biochemical markers. They are mainly located within the basal layer of the 

epidermis, just superficial to the basement membrane. Normal melanocytes produce and 

subsequently transfer pigment-producing melanosomes to neighbouring keratinocytes, which 

are thought to protect the keratinocytes against UV radiation. When the functioning of 

melanocytes is impaired, the UV irradiation can lead to the formation of melanoma.  

Melanoma is characterized by high rate of invasion resulting at various metastatic sites 

in, for example, skin and lung. Such behaviour of cells requires the interaction of the tumour 

cells with the extracellular matrix (ECM) trough cell adhesion, cell migration, and cell-

mediated tissue proteolysis [6]. During melanoma development and progression, cancerous 

cells encounter several basal membranes (BMs) being the sheets of ECM mainly composed of 

laminins, type IV collagen, nidogens and perlecan [7–9]. The BMs are lost or penetrated by 

tumour cells during invasion and metastasis: firstly melanoma cells penetrate the dermo-

epidermal junction, and invade the BM of dermal lymphatic vessels, entering the lymphatic 

circulation and lodging into regional lymph nodes. After obtaining access to the blood 

circulation system, the melanoma cells interact with the blood vessel wall and invade target 

organs, causing metastasis [6].  

Tumour growth and dissemination involve specific interactions with tumour cell surface 

adhesion receptors and multiple adhesive components of the ECM. The receptors that mediate 

the cellular adhesive interactions with the ECM are derived from a large family of heterodimeric 

molecules referred to as the integrins [10]. Today it is clear, that these molecules play key roles 

in the regulation of tumour cell migration and survival in dependency of their ligands. 
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Alterations in the number and composition of integrins is a result of changes in surface receptors 

linked with cancer progression [11]. In addition, many proteins participating in normal 

biochemical processes are glycosylated i.e. they have attached oligosaccharide moieties. The 

variations of this glycosylation pattern often lead to changes in their functions. It has been 

reported for many tumours that the plasma membrane oligosaccharides linked to proteins or 

lipids are altered during cancer transformation. Changes in the expression and the structure of 

oligosaccharides seem to be a characteristic feature of the malignant transformation. All 

together, these characteristics can be attributed to alterations in adhesion and communication 

between cancerous cells and the normal cells in their nearest environment. Malignant 

transformation is also characterized by disruption of cytoskeletal organization, decreased 

adhesion, and altered adhesion–dependent responses. It has been already reported that the 

deformability of a cell in response to external forces is mainly determined by cytoskeleton and 

governed by adhesive molecules, usually linked to the cell cytoskeleton [12,13]. 

Melanoma has been already classified into well-described clinical stages as illustrated 

in the Figure 2.1. 

 

Figure 2.1. Schematic model for melanoma progression. [5] 

 

Starting from benign lesions to highly metastatic ones. At the first step, due to oncogenic 

mutations, melanocytes can transform, through nevus stages, to a flat tumour, growing 

horizontally (radial growth phase, RGP). It is followed by the acquisition of the ability to invade 

deeper layers of the skin (vertical growth phase, VGP), what finally leads to the metastasis [14]. 
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The transition, from radial to vertical growth phase, is a crucial step in the melanoma 

progression. It is correlated with the diversity of alterations that allow for distinguishing 

between RGP and VGP melanoma cells. As it was already described in the literature, the VGP 

melanoma cells change their phenotype, for example, BRAF and NRAS mutations towards 

more invasive one that lead to further metastatic progress [15,16]. Cells derived from vertical 

growth phase express surface receptors involved in the metastasis. These molecules are a part 

of the large family of heterodimeric receptors called integrins, that play crucial roles in the 

regulation of cell survival and migration [10,17].  

Around 60% of melanoma cases had tumour thickness below 1 mm, it is important 

because they are frequently diagnosed as a non-invasive melanoma and there is a clear need for 

novel screening strategies [18]. Nevertheless, the incidence of thin metastasizing melanomas is 

still increasing [19]. It creates an urgent necessity for the determination of other significant 

criteria and novel melanoma characteristics, molecular as well as mechanical ones, especially 

on the correlation between their deformability and metastatic potential. It is already well-

known, that melanoma cells deformability is related to their metastatic potential, for example, 

the more invasive melanoma cells, the larger deformability was observed [20].  

 

2.2 Basic terms used in cellular biomechanics  

 

There are many various theoretical and phenomenological models describing the 

properties and behaviour of distinct materials under the influence of external forces [21–23]. 

However, the mechanistic description of biological systems, in particular single cells, is not 

easy. In most cases, cells are approximated as a homogenous material without internal structure 

[24]. Currently applied models describe viscosity and elasticity of cells in a sufficient way to 

deliver semi-quantitative parameters enabling direct comparison between various populations 

of cells [25,26]. The mechanistic nature of any materials can be determined through the nature 

of deformation generated by the external force F. It can be purely elastic, viscoelastic or purely 

plastic. Most of the deformed biological objects reveal viscoelastic behaviour as observed 

phenomenologically [27–29], however, theoretical models are not easy to be applied. Thus, 

very frequently only elastic contribution is studied.  

Purely elastic material  has an ability to resist an external force and to return to its 

original size and shape when the stress is removed. In contrary, purely plastic materials undergo 

irreversible changes of shape in response to external forces. The remaining types of the 

deformations include a combination of the elasto-plastic behaviour.  
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Depending on the value of the external force acting upon the material, different 

deformation modes may occur. An elastic region, where deformation is reversible, occur up to 

a certain extent of the strain, the yield strength, where plastic deformation begins.  

As it was mentioned above, biological materials, like living cells are not purely elastic. 

However, in order to the simplifying the theoretical models, usually, they are approximated in 

such a way that only the elastic contribution is analysed. Then, the Young’s modulus parameter 

is defined to describe their mechanical properties. Nevertheless, the limitations of this approach 

should be remembered.  

In the linear elastic region the deformation of the material can be described using a 

Hooke’s law:  

𝜎 = 𝐸휀 

where: σ – the applied stress, E - a material constant called the Young's modulus, ε – fractional 

strain. 

 In the Figure 2.2 an ideal stress-strain curve in the elastic region is presented. 

 

Figure 2.2. A stress-strain curve in the elastic region. 

 

The Young’s modulus is the basic parameter describing the elastic properties of any 

investigated material. It is defined as the ratio of the stress along an axis (described as force per 

unit area) to the strain along that axis (calculated as deformation of the initial length) in the 

range where Hooke’s law is working.  

During stretching, a material tends to contract in the directions transverse to the direction 

of stretching. In this case, the fraction of relative contraction to relative expansion is called the 

Poisson ratio. The majority of the materials have Poisson’s coefficient value between 0 and 0.5. 
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For living cells, Poisson’s ratio equal to 0.5 is usually assumed, as for a perfectly incompressible 

material deformed elastically at small strains [30,31].  

 

2.3 Significance of cellular deformability 

 

Alterations in the mechanical properties have been shown to accompany molecular 

changes in the cytoskeleton, as observed in various diseased cells, also in cancerous cells 

[32,33]. Adhesive interactions, involved in metastatic processes and occurring either between 

cells (by cadherins) or between cells and their environment (involving integrins) that reflect 

their individual properties, are mostly governed by the binding/unbinding of appropriate 

molecules present on a cell surface that frequently require the participation of actin cytoskeleton 

in their functioning [34]. In all types of eukaryotic cells, the structure responsible for 

maintaining  cytoskeleton network is not only the 3D support, but it also participates in the 

diversity of cellular processes [35]. What is more, the mechanical properties of cells strongly 

depend on the cytoskeleton [36]. The cytoskeletal network participates also in the cellular 

signalling by various surface receptors [37]. As it is already proven, cancerous cells differ from 

normal ones in many features, such as growth, morphology and cellular adhesion. Also the 

mechanical resistance maintained by the cytoskeletal network and its organization is altered in 

cancerous cells in comparison the normal ones [38]. It is well known that the organization of 

cytoskeleton alters during tumour progression [39,40]. That is the reason why the research on 

the correlation between cellular structures and nano-mechanical properties of cells would 

improve the identification of new, potential biomarkers. 

The technological progress, made over the last few decades, in the fields of 

bioengineering, nanotechnology and medicine allows for the determination of the properties of 

individual cells at the single cell level. Moreover, it is now possible to study the pathological 

changes occurring within a single cell. Among a variety of scientific apparatuses, atomic force 

microscope (AFM) seems to be an ideal tool in the research of biological materials ranging 

from single proteins to living cells [41,42]. It has been shown that the cellular stiffness can be 

a marker of oncogenic process in various cancer types [43,44]. Different properties of cells 

derived from the early and late stages of tumour progression may become an indicator of the 

oncogenic transformation and can be used not only in the diagnosis but also in the cancer 

treatment and therapy [45]. Taking this into account, studies of cellular biomechanics in the 

conjunction with the analysis of cellular structure are essential for the progress of advanced 

diagnostic approaches and the anti-cancer drugs development. 
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 Initially, AFM was mainly used for non-organic samples investigations. However, soon 

after its invention, it was realized that it can be successfully applied in the measurements of a 

biological material [46,47]. A significant advantage of AFM, in comparison to other high-

resolution microscopic techniques, like electron microscopy, is the possibility to measure 

biological samples in the environment close to their physiological conditions. It is realized by 

using a liquid cell-container filled with medium solution with submerged sample in the bottom. 

Thanks to that fact, measurements on living cells in medium can be performed. Moreover, AFM 

is not only an excellent tool for measuring the topography of the analysed samples, but also, 

when working in the force spectroscopy mode, it can give the information about mechanical 

properties of studied material. Soon after its invention, it was found that AFM can be used for 

the measurements of nanomechanical properties of biological materials, such as elasticity 

[46,47]. 

In 1999 Lekka et al. determined the elastic properties of normal and cancerous human 

bladder epithelial cells. They showed that the average Young's modulus values for the 

cancerous cells are much lower than for the benign cell line, what was connected with poorly 

developed cytoskeletal elements in metastatic cells [46]. Further research in this field confirmed 

these results and, in present times, it is known that cancer progression correlates with larger 

deformability of the cancerous cells. The alterations in the cytoskeletal structure in cancerous 

cells, revealing in the higher deformability, were confirmed in several studies. Ketene et al. 

showed that ovarian cells are stiffer when they are benign. Moreover, the increase in cell 

deformability directly correlates with the progression of a transformed phenotype from a non-

tumorigenic cell to a malignant one. The decrease in the level of actin in the cytoskeleton and 

its organization is directly associated with the changes in cellular biomechanical properties [48]. 

They also indicated that further work is needed to enhance the understanding of the complex 

architecture of living cells and the interaction of molecular and biomechanical events. The 

cytoskeletal elements are anchored in the cellular membrane in the focal adhesions - the 

macromolecular assemblies through which the cytoskeletal elements are connected with the 

extracellular matrix (ECM). The changes in the cytoskeleton structure in cancerous cells will 

cause the alterations in the amount and molecular composition of focal adhesion sites in cellular 

membrane. Lekka et al. in 2006 showed that among many alterations, cancerous cells reveal 

the expression of different oligosaccharides in cellular membrane than normal ones [49]. By 

using functionalized AFM tip it was shown i. e. that the amount of sialic acid in cancerous cells 

is higher than in normal cells, but normal cells have much higher amount of the high-mannose-

type glycans on their surface. 
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2.4 Surface properties  

 

Cancer progression is a multistep process leading to alterations in cellular 

cytoarchitecture and biophysical properties that are frequently associated with biochemical 

changes [32,50]. Various studies on cancer progression have shown a wide range of alterations 

in chemical composition, leading to a conclusion that a general, single change of a specific 

molecular compound does not exist [3]. Therefore, the characterization of (bio)chemical 

cancer-related changes in a quantitative manner with respect to normal or benign and cancer 

cells defines new target area for novel diagnostic approaches.  

There are various biochemical methods used to study properties and expression of 

particular molecule types. The research groups that investigate the overall chemical properties 

of various biological samples, hope that their deviations from a normal-functioning state will 

give rise to alterations detectable by methods sensing the chemical composition [52]. These 

various techniques can be classified as those analysing the molecular masses of molecules or 

their fragments emitted from the superficial layers of sample surface (mass spectrometry 

techniques) [53] and as those recording the absorption spectra originating from vibrational 

oscillations of chemical bonds present in the studied material (infrared based ones such as 

Raman [54] or Fourier transformed infrared [55] spectroscopies).  

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is an excellent tool for 

analysis of chemical composition of various materials belonging to the former of the 

abovementioned classes of techniques. ToF-SIMS spectrometer is characterized by its high 

transmission and mass resolution [56]. It enables to detect different masses simultaneously. 

Moreover, it is also possible to perform surface maps with good lateral resolution (even 0.1 μm) 

[57]. The huge advantage of this technique is that, besides information on elements, ToF-SIMS 

can also be used to probe surface species of higher molecular mass with an extremely high 

sensitivity [58]. An another advantage of this technique is that measurements are possible 

without the addition of any additives. Although the experiment performed by J. J. Thomson in 

the beginning of the 20th century [59], when he observed a release of particles induced by ion 

bombardment, may be considered as the origin of the mass spectrometry itself, the work of A. 

Benninghoven in late 1960s [60] could be regarded as the beginning of static SIMS 

spectrometry in a form used nowadays. The method was primarily applied to inorganic 

materials but a development of apparatuses allows now for an analysis of biological samples. 

The technique was originally developed for the analysis of solid state materials in 1960s and 

soon it was applied for biological samples. In 1970 Galle et al. studied the emission of sodium 
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from red blood cells [61]. SIMS is the first mass spectrometric technique that enables chemical 

imaging [62]. A. Benninghoven was the pioneer who used this technique to localize ions on a 

surface [63]. Shortly after its development, the mass resolution and the transmission efficiency 

of SIMS were improved by Chait and Standing so that this technique, coupled with a time-of-

flight analyser, was used to measure masses of biological compounds [64]. 

The ToF-SIMS is capable of elemental and molecular analysis of complex chemistry on 

the sub-cellular scale [65]. However, the high vacuum requirements of SIMS prevent the 

analysis of live cells because of their water content. Therefore, sample preparation protocols 

are critical in preserving the biochemical architecture of biological samples and extracting 

meaningful information [66,67]. Biological samples like cells have to be dried or frozen. It is 

extremely important to remove any contamination from culture medium and to preserve cellular 

structure intact. The first attempt to achieve this was to apply the same methodology as for 

scanning electron microscopy for which it has been shown that drying protocols can preserve 

the biochemical structures [68]. These typically involve drying under argon or freeze drying. 

Before drying, either chemical (with e.g. parafomaldehyde) or physical (by cryofixation) 

fixation is necessary to prevent cell degradation, which would be evident in SIMS images as 

redistribution of diffusible ions like Na+ or K+ [67]. The popular solution is a cryogenic 

freezing [62]. This approach requires a careful temperature control. An another solution is a 

chemical fixation using, for example, paraformaldehyde and alcohol substitution. Although it 

was noticed that drying may cause a cell collapse [62]. Frozen hydrated protocols have also 

received a lot of interest, possibly due to the fact that chemical fixatives and the drying 

procedure can potentially distort chemical specificity [69].  

The development of cluster and polyatomic ion beams, resulting in the increase of 

secondary ion yield and broadening of the mass range of molecules, and also highly sensitive 

ToF analysers, make possible the measurements of molecular composition of extremely 

complex biological samples, such as cells. However, the lack of reference spectra of relevant 

bio-compounds is hampering the use of ToF SIMS technique in bioscience [70]. Due to 

extensive research carried out over the last few decades, the knowledge about organic 

compounds emitted from cells or tissue surfaces upon primary ions bombardments is still 

expanding. So far, mass spectra of amino acids [71–73] and lipids [74–77] were established to 

study protein and lipid contents on cell or tissue surfaces. However, despite this, ToF SIMS 

data recorded for complex biological samples are still difficult to be interpreted due to the 

phenomenon of fragmentation of large biomolecules. Moreover, the cellular mass spectra are 

very similar to each other and, basically, differ only by the maxima intensities, but not, as one 
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could wrongly expect, due to the presence of a unique mass that would be characteristic solely 

for one cell type. Thus, there is currently no possibility to identify the sample by looking at the 

ToF SIMS spectrum only [78]. That is the reason why multivariate analysis, such as principal 

component analysis (PCA), is widely applied to find spectral differences between biological 

samples [69]. 

Nowadays, through the extensive research, ToF-SIMS is becoming an important tool; 

not only for the development of novel chemotherapeutic agents, but also for the diagnosis and 

prognosis of cancer. Much of the literature pertaining to this area describes the use of this 

technique to map certain ions within cancerous cells or tissue sections [79,80]. However, 

increasingly, studies are focusing on the use of multivariate, interdisciplinary techniques to 

characterize the various cellular differences associated with carcinogenesis. A significant part 

of the literature on this subject has been provided from dynamic SIMS studies. A particularly 

active group in this area, Chandra and colleagues, have provided the basis for many of the more 

recent investigations. After adapting the cryogenic technique to SIMS [81], they have been able 

to productively apply dynamic SIMS to cancer research. Investigations of various inorganic 

ions, in cancerous (MCF-7) and normal (MCF-10A) breast cell lines, revealed differences in 

the ratios of nuclear and cytoplasmic calcium concentrations [52]. Following this, as a part of 

the same investigation, the same group then progressed on to investigate boron neutron capture 

therapy (BNCT) of cancer [82]. Quong et al. investigated genotoxic heterocyclic amines 

produced during certain cooking methods [83]. The most important of these amines is 2-amino-

1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). The group was able to analyse the 

distribution of this carcinogen in human breast cancer cells using ToF-SIMS and a dye, specific 

to the outer leaflet of the cell membrane. This particular study was strongly reliant on the ability 

of the ToF-SIMS to obtain molecular information, specifically, from large membrane 

molecules. Furthermore, and more importantly, Fartmann et al. demonstrated the ability of 

static SIMS to examine molecular distribution without the addition of dyes or isotopic labels 

[84]. Interestingly, ToF-SIMS was applied to investigate the effects of hederacolchiside A1 

(Hcol-A1) – a novel chemotherapeutic agent [85]. The group utilized a range of techniques to 

assess the ability of Hcol-A1 to permeabilize human melanoma cell membranes. Principally, 

ToF-SIMS was used to monitor the interaction of the compound with cholesterol and 

phospholipids. Through the use of imaging ToF-SIMS, the group illustrated the destruction of 

the cell after prolonged Hcol-A1 exposure. Finally, ToF-SIMS is widely used to investigate the 

molecular composition of normal and cancerous cell lines. Valuable information regarding the 

natural history of the disease and metastasis has been obtained from such experiments. One 
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particular research group used this technique to discriminate between malignant and non-

malignant prostate cancer cells [86,87]. Baker et al. utilized three prostate cancer cell lines: PC-

3, LNCaP and PNT2-C2 - the latter being the non-malignant example [88]. A 40KeV C60
+ 

primary ion beam was used for the analysis to generate 135 spectra. The complexity of the 

spectral signatures associated with biological materials, as mentioned previously, is widely 

known. Interpretation of their spectra was, therefore, aided by the chemometric analysis. 

Subsequently, the greatest mass spectral differences were rapidly identified. Due to the non-

destructive nature of static SIMS, the group was able to discriminate the cell lines according to 

the phospholipid contents of their cell membranes. This was then illustrated using Principal 

Component-Discriminant Function Analysis (PC-DFA).  

Another use of SIMS results is addressed to the quantitative analysis of chemical 

alterations in mass spectra between cell lines in order to find differences between them. This 

approach has already been applied to differentiate three lines of human breast cancer cell types 

by Kulp et al. [78]. They tested lysed cells and a mass selection range of m/z 58–500. They 

used ToF-SIMS to classify single cells based on their spectra. For this purpose they applied 

statistical data reduction on the SIMS data sets. They proved that it is possible to distinguish 

breast cancer cell lines based on the knowledge about their chemical composition. These results 

showed also that it is not a single change or modification in a chemical composition that 

explains the progression of cancer, but rather it is a spectrum of changes that defines the 

carcinogenesis.  In the present times, it is also possible to acquire SIMS images of distribution 

of certain compounds on cell membranes. Depth profiling can be made, for example, with C60 

ion beam and followed by analysis with a Bi3
+. Nygren et al. used this approach to perform 3D 

imaging of single thyroid tumour cells [89]. They detected and imaged distribution of 

phosphocholine and inorganic ions in a cellular membrane. In the same study it was also shown 

that high intensity of potassium can be seen in a cellular membrane. These results may indicate 

that potassium is compartmentalized in cells of a thyroid tumour. It is clear from the literature, 

that ToF-SIMS is becoming the valuable tool for the researchers focused on biochemistry. It is 

important to recognize the strengths and weaknesses of ToF-SIMS. Through this recognition it 

is hoped that the technique can be used as a significant help in differentiation between cell lines 

with different metastatic potential. 
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2.5 Aims of the thesis 

 

Melanoma arises from a disruption of melanocytes that, firstly, grow horizontally 

forming a superficial tumour (i.e. radial growth phase). Later on, cells invade deep layers of the 

skin transforming into vertical growth phase [14]. Next, such cells evolve into more invasive 

ones, leading to metastasis. The cellular conversion from healthy melanocytes to highly 

invasive melanoma cells is linked with genetic changes that are strongly accompanied by 

alterations in the expression of cell surface molecules [90], in the actin cytoskeleton 

organization [91], and indirectly in cellular deformability [92]. Thus, the main objective of the 

presented thesis is to study the relationship between cellular deformability obtained by means 

of AFM with alterations in surface chemical compositions measured by ToF SIMS in melanoma 

cells. The underlying hypothesis assumes that cancer-related changes generated during 

melanoma progression, namely, cellular deformability and surface chemical properties, are 

mutually correlated. As the first step of this work, the elaboration of the sample preparation 

protocol for ToF SIMS measurements, which are carried out in high vacuum conditions, was 

performed, followed by the acquisition of mass spectra of single cells from human bladder 

cancer. Bladder cells were chosen due to the gathered knowledge on their mechanical and 

biochemical properties. These served as basis for the optimisation of ToF SIMS experiments 

and data analysis using principal component approach (PCA). As next steps, the two melanoma 

cell lines were characterized using the proposed approach, namely, WM115 cells originated 

from vertical growth phase and WM166-4 ones derived from skin metastasis. Both cell lines 

were established from the same patient. Thus, the sample preparation protocol for ToF SIMS 

experiments was optimized, cellular surface was characterized using both atomic force and 

fluorescent microscopes, deformability of these cells was quantified through the AFM elasticity 

measurements, and finally, the mass spectra were recorded and analysed using PCA. The 

obtained results were validated by applying a data analysis scheme which was analogous to the 

interpretation of photothermal spectra measured by photothermal microspectroscopy (PTMS). 

The obtained validation of the proposed methodology, enabled to measure mechanical and 

chemical properties of seven melanoma cell lines and to compare them to melanocytes. The 

latter results were used to correlate the deformability of cells with the chemical composition of 

their surface.   
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3. Materials 

 

3.1 Cell cultures 

 

The studies performed within the frame of the presented thesis were carried out using cells 

of human bladder cancer and melanoma cell lines. All cell lines have been cultured for many 

years at the Department of Biophysical Microstructures (NZ55) at the Institute of Nuclear 

Physics in Cracow (Poland). 

 

3.1.1 Human bladder cancer cell lines.  

 

As a model system four cell lines representing human bladder cancer were chosen:  

(1) non-malignant epithelial cells of ureter (HCV29, this cell line was established at the 

Fibiger Institute, Copenhagen, Denmark);  

(2) urinary bladder carcinoma (HTB-9, ATCC, LGC Standards);  

(3) transitional cell carcinoma (HT1376, ATCC, LGC Standards); and  

(4) transitional cell carcinoma (T24, ATCC, LGC Standards).  

 

The HCV29 cells represent a non-metastatic cancer while three other cell types are 

characterized by metastatic phenotype with different histological grades1. The higher the grade, 

the more invasive cancerous cells are. The histological grades for the studied human bladder 

cancer cell lines are: HTB-9 – grade II, HT1376 – grade III/IV and T24 – grade IV.  

All cultures were carried out in 25 cm2 culture flask (Sarstedt) in the incubator (NuAire) 

providing 37⁰C and 95% air/5% CO2 conditions. The HCV29 and T24 cells were grown in 

RPMI-1640 medium (Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma). The 

HTB-9 cells were cultured also in RPMI-1640 medium containing 10% of FBS, but additionally 

supplemented with 1% HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, Sigma), 

and 1% sodium pyruvate (Sigma). The culture of HT1376 cells required Eagle’s medium 

(EMEM, LGC Standards) supplemented only with 10% FBS (LGC Standards).  No antibiotics 

were involved in cell cultures.  

 

                                                           
1 The histological grade describes a degree of abnormality in cancerous cells (differences in appearance and 

function in comparison to healthy cells). 
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3.1.2 Human melanoma cell lines.  

 

To study the properties of cancerous cells, characterized by small differences in their 

morphology and physic-chemical properties, melanoma cell lines were chosen. In addition, all 

cell lines originate from very close stages of cancer progression. The measured cell lines were 

obtained from ESTAB Melanoma Cell Bank: 

(1) WM35 cells – these cells were originally isolated from a patient’s skin diagnosed 

with radial growth phase (RGP) primary melanoma, 

(2) WM115 cells – cells derived from a 55 year old female skin melanoma at a vertical 

growth phase (VGP) in the primary melanoma site, 

(3) WM793 cells –cells were established from the vertical growth phase (VGP) of a 

primary skin melanoma lesion, 

(4) WM266-4 cells – cells were established from a cutaneous skin metastasis detected 

in the same patient as WM115 cells, 

(5) WM239 cells – cells were collected from a cutaneous skin metastasis,  

(6) 1205Lu cells – cells originated from a lung metastasis diagnosed in the same patient 

as WM793 cells, 

(7) A375P – cells were derived from a solid malignant tumour located in the lung. 

 

Since melanoma develops from melanocytes, as a reference cell line, human epidermal 

melanocytes from adult skin (primary cell line HEMa-LP, ATCC, LGC Standards) were used.   

All melanoma cell lines, used here, were cultured in the RPMI-1640 medium (Sigma) 

supplemented with 10% fetal bovine serum (FBS, Sigma). The HEMa-LP melanocytes required 

a special, dedicated medium  i.e. MEDIUM 254 (GIBCO). Also, in melanoma cell cultures, 

there were not any antibiotics involved. 

 

3.2 Sample preparation for AFM measurements 

 

For elasticity measurements using atomic force microscopy (AFM), cells were seeded on 

glass coverslips placed in the Petri dishes (Sarstedt) filled with the corresponding culture 

medium. The culture time was set to 48 hours. Afterwards, prior to AFM measurements, glass 

coverslips with cells were immersed into the AFM liquid cell setup, filled with corresponding 

fresh culture medium and placed on the AFM piezo-scanner.  
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3.3  Sample preparation for PTMS experiments 

 

For photothermal microscopectroscopy (PTMS), cells were cultured in 25 cm2 culture 

flasks (Sarstedt) until they reached 70-80% of confluency (corresponding to around 3 millions 

of cells per 1 ml). Cells were trypsinized with 0.05% EDTA-trypsin solution (Sigma) for 5 

minutes. Next, cells were centrifuged at 1800 rpm for 4 minutes in an Eppendorf tube (with 

volume of 1.5 ml). The supernatant was removed, the culture medium was added and cells were 

gently mixed. Next, cells were again centrifuged. After the culture medium was removed the 

phosphate buffered saline (PBS, Sigma) was added to a cell pellet, located at the bottom of the 

Eppendorf tube. Cells were centrifuged and, again, supernatant was removed in gentle way to 

keep a cell pellet unbroken. Afterwards, a 2.5% glutaraldehyde solution in PBS was added to 

each tube for 2 hours, followed by delicate twice rinsing in the sterile PBS buffer. Such prepared 

cells pellet was used for the PTMS measurements. 

 

3.4 Fluorescent staining 

 

Cells cultured on glass coverslips, immersed in the Petri dish with culture medium, were 

washed with phosphate buffered saline (PBS, Sigma), and the 3.7% solution of 

paraformaldehyde (Fluka) was added to fix them at room temperature for 20 minutes. After 

removing the fixative, cells were incubated with the 0.2% solution of Triton X-100 at 4ºC for 

5 minutes, followed by rinsing them with PBS buffer. To visualize the actin filaments, 

coverslips were incubated with Alexa-Fluor 488 conjugated with phalloidin (0.033 µM in PBS, 

Molecular Probes) for 35 minutes, and washed again with PBS. The cell nuclei have been 

stained with Hoechst solution (1 mg/ml in PBS, Sigma) for 15 minutes, followed by washing 

in PBS buffer. 

 

3.5 Sample preparation for ToF SIMS experiments 

 

Although the sample preparation for AFM-based elasticity measurements is well 

established at the Department of Biophysical Microstructures, the sample preparation for ToF 

SIMS experiments required more elaboration. This is due to the fact that these experiments 
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have to be carried out in high vacuum conditions. Thus, a protocol specific for ToF SIMS 

sample preparation was developed2.  

 

3.3.1 Substrates for cell culture for ToF SIMS.  

 

To avoid harmful charge deposition on substrates, glass coverslips could not be used as 

a support for cell cultures. Instead, highly doped silicon was used as a substrate for cell growth 

due its conductive properties. Here, commercially available silicon wafers (Si-Mat, Germany) 

were cut into squares with the size of 1 cm × 1 cm. Such prepared substrates were cleaned with 

pressurized nitrogen and sterilized with a UV lamp for 1 hour on both sides. Afterwards, cells 

were seeded on these surfaces. Then, silicon slices were moved to Petri dishes (Sarstedt) that 

were filled with the corresponding culture medium and, further, cultured for 48 h in the CO2 

incubator providing 95%/5% air/CO2 atmosphere. After 48 h of culture, silicon substrates with 

cells were washed with phosphate buffered solution (PBS, Sigma) and underwent further steps 

of sample preparation protocol. 

 

3.3.2 Drying protocol for silicon substrates containing single cells.  

 

After 48 hours of culture on silicon substrates, cells were fixed using 3.7% solution of 

paraformaldehyde (Fluka) in PBS for 20 minutes, at room temperature (RT). After rinsing them 

in PBS buffer, steps leading to salt removal were applied (Figure 3.1).  

To remove salt, two dilutions were prepared from initial PBS solution containing 150 

mM concentrations of NaCl and 27 mM of KCl (pH 7.4). Dilutions were prepared by adding 

deionized water (Cobrabid purification system, 18 MΩ/cm2) at ratios 1:2 and 1:4. Samples with 

cells were washed for 1 minute in each of them. Next, they were immersed in deionized water. 

As a subsequent part of the protocol, dehydration stage was carried out. Here, to be sure that all 

water molecules will be removed from the cellular samples, six dilutions of ethyl alcohol 

(POCH Gliwice) were prepared at concentrations of 40%, 50%, 60%, 70%, 80%, 90%. 

 

                                                           
2 The ToF SIMS specific sample preparation protocol has been published in the papers by (1) Bobrowska et al. 

Analytical Biochemistry 2016, doi:10.1016/j.ab.2016.06.011 and (2) Bobrowska et al. Data in Brief, 2016,        

doi:10.1016/j.dib.2016.07.052. 
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Figure 3.1. Schematic illustration of the protocol used for sample preparation for ToF SIMS 

experiments (image adapted from Bobrowska et al. Analytical Biochemistry, 2016, 

doi:10.1016/j.ab.2016.06.011). 

 

Afterwards, silicon wafers with cells were immersed subsequently for 30 seconds in 

each solution, starting from the 40% one. At the end, the anhydrous ethyl alcohol (99.8%, 

POCH Gliwice) was used for 30 seconds, too. At the final step of the protocol, samples were 

air dried for 20 minutes in RT. Such prepared samples were transferred into the lock-in chamber 

of the SIMS apparatus in a vacuum sealed vessel to maintain a sterile environment. All protocol 

steps were carried out under the laminar flow chamber (NuAire) providing sterile conditions. 

What is more, for a single batch of experiments, all samples were prepared at once to avoid any 

differences stemming from the preparation process.  

 

3.3.3 Monitoring changes on cell surface during the preparation protocol.  

 

To study the effects of fixation, salt removal, dehydration and drying steps on cells, the 

AFM images of cell surface were recorded after each step of the sample preparation protocol. 

Measurements were carried out for two melanoma cell lines: WM115 from primary tumour site 

and WM266-4 from skin metastasis (Figure 3.2).  
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Figure 3.2. The surface topography and deflection images recorded for WM115 (a-f) and 

WM266-4 (g-l) melanoma cells: (a&g) living cell, (b&h) fixed cell with paraformaldehyde, 

(c&i) cell in the deionized water, (d&j) dehydration step with 70 % ethyl alcohol solution, 

(e&k) dehydration step with anhydrous alcohol, and (f&l) dried sample in air (images 

adapted from Bobrowska et al. Analytical Biochemistry, 2016, doi:10.1016/j.ab.2016.06.011). 
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Images of living cell surface topography were collected in the culture medium (Figure 

3.2 a&g). Next, changes of cellular surfaces were visualized after fixation with 

paraformaldehyde in PBS buffer (Figure 3.2 b&h). The effect of subsequent salt removal was 

measured for samples immersed in deionized water (Figure 3.2 c&i, for WM115 and WM266-

4 cells, respectively). Dehydration effect on cell surface is visualized at two steps i.e. after 

immersing samples in 70% ethanol solution (Figure 3.2 d&j) and after treatment of the cells 

with anhydrous ethyl alcohol (Figure 3.2 e&k). Finally, the surface of dried cells (after 15 

minutes) was imaged in ambient conditions (Figure 3.2 f&l). 

Shapes of melanoma cells remain unchanged independently of the step of the 

preparation protocol at which the images of the cells were recorded. However, the cellular 

surface was altered depending on the undergoing preparation step. The largest changes were 

observed between living cell and fixed cell surfaces. The paraformaldehyde fixation manifested 

in the less clear image of cell surface. Actin filaments visible previously were less clear but the 

position of cell nucleus remained stable (the highest fragment of the cell). Such types of images 

seemed to be characteristic untill the moment when dehydration stage was applied. At these 

steps, cell membranes collapsed and the localization of cell nucleus began to be clearly visible. 

Drying of a sample did not changed the resulting cellular surface significantly. To roughly 

quantify these changes, the height of the cells was measured. Initially, the height of living cells 

was in the range from 3.5 µm to 4.0 µm. It increases after the paraformaldehyde fixation and 

deionized water washing, followed by the decrease during dehydration steps.  Drying of the 

sample resulted in the decrease of a cell height below 1 µm (Figure 3.3 a&b, for WM115 and 

WM266-4 cells, respectively). 

 

a) b)  

 

Figure 3.3. The comparison of cross-sections for WM115 (a) and WM266-4 (b) cells (images 

adapted from Bobrowska et al. Analytical Biochemistry, 2016, doi:10.1016/j.ab.2016.06.011). 
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The highest points in Figure 3.3 a & b indicate the location above cell nucleus, however, 

its exact structure is hidden by the cell membrane. After fixation with paraformaldehyde, the 

height of cells increases from 3.5 ÷ 4.0 µm to about 4.0 ÷ 4.5 µm. Interestingly, after salt 

removal and washing with deionized water, the height of WM115 cells increases further to  

~5 µm while for WM266-4 cells it remains comparable to cells fixed with paraformaldehyde. 

The proposed way of water molecules removal with ethyl alcohol dilutions followed by rinsing 

the cells with anhydrous alcohol resulted in their height comparable with that observed for 

living cells. As it was expected, drying of cells leads to significant drop of cells’ height, being 

now of the order of 0.5 ÷ 1.0 µm. 

The samples with cells, cultured on silicon substrates and prepared using 

abovementioned protocol, were used for ToF SIMS experiments. In this technique, the ion 

bombardment may induce changes to cellular surface that could result in hidden image of 

surface chemical properties in cells. To verify whether the applied ion beam damages the 

cellular surface, its visualization was performed by means of scanning electron microscopy 

(SEM) working in low vacuum conditions under 100 Pa water pressure. In such a way, it was 

possible to obtain high spatial resolution images of single melanoma cells without any coatings 

(Figure 3.4 a-f).  

 

 

 

Figure 3.4. SEM images of WM115 (a, b and c) and WM266-4 (d, e and f) melanoma cells 

cultured on bare silicon surface, recorded at 2kV (a, d) and 5 kV (b, c, e and f). Images 

adapted from Bobrowska et al. Analytical Biochemistry, 2016, doi:10.1016/j.ab.2016.06.011. 
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SEM images were recorded at two values of electron accelerating voltage, namely, 2 kV 

and 5 kV. This enabled to image either cell surface (i.e. cell membrane) or deeper parts of a cell 

(cell nucleus). The former images show corrugations on cell surfaces that veil underlying cell 

nucleus (Figure 3.4 b&e). Higher accelerating voltage allows to visualize cell nucleus with 

nucleoli accompanied by numerous mitochondria (Figure 3.4 c&f).  

The images recorded by AFM and SEM validated the proposed protocol for single cells 

preparation methodology. Cellular morphological and structural characteristics can be 

preserved in the protocol involving fixation, dehydration and drying steps. In parallel, these 

results demonstrate the complementarity of various microscopic techniques (as AFM and SEM) 

applied to visualized morphological and structural characteristics of cells. The results show that 

the proposed methodology of sample preparation for single cells is suitable to study biological 

samples without using freezing based methods and it can be used in spectroscopic and 

microscopic techniques operating in vacuum conditions. 

 

3.3.4 Effect of the various media composition 

 

The medium composition is usually cell type specific since it has to provide various 

constituents required for proper growth of cells. Thus, the surface chemical properties measured 

using ToF SIMS on dry samples can be influenced by the constituents of culture media attached 

to cell surface. To verify the effect of culture media composition, in the presented studies, the 

silicon surfaces were exposed to three different compositions of culture media corresponding 

to those in human bladder cell cultures, i.e. to EMEM (used in HT1376 cells culture), to RPMI 

1640 (used for HCV29 and T24 cells growth), and to RPMI 1640 supplemented with HEPES 

and sodium pyruvate (applied in the culture of HTB-9 cells). Silicon surfaces were kept in the 

corresponding culture media for 24 h at 37 °C in an CO2 incubator. Afterwards, they underwent 

the steps of ToF SIMS specific sample preparation protocol followed by ToF SIMS 

measurements. The collected mass spectra were analysed in the same way as mass spectra 

recorded for bladder cells (as described in the Methods). The exemplary mass spectrum of the 

silicon surface exposed to RPMI 1640 culture medium is shown in Figure 3.5.  
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Figure 3.5. The exemplary positive mass spectrum of the silicon substrate exposed to the 

RPMI 1640 cell’s culture medium.   

 

The effect of culture medium is negligible in the case when all cell lines are grown in 

the same culture medium, but it could be considerable for cells cultured in various media. The 

types of melanoma cells chosen for these studies were grown in the culture medium composed 

of RPMI 1640 medium supplemented with 10% fetal bovine serum. Thus, the effect of culture 

media compositions in this case is negligible. Only melanocytes (normal HEMa-LP cells) 

required a special, dedicated medium. For bladder cells, three distinct culture media were 

applied since their composition is optimized for the best conditions for cellular growth.  

The ToF SIMS positive mass spectrum of bare silicon surface, treated in a similar way 

as silicon with cells, possesses the organic compounds on its surface, which are resulting from 

the deposition of medium components. Independently of the culture medium type, analogous 

complex spectra are observed. Thus, to visualize the effect of the culture media compositions, 

the PCA was applied according to description in Methods.  Autoscaling was used as a pre-

processing method (Figure 3.6). 
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Figure 3.6. Scores plot of the 2nd principal component (PC2) versus the 1st principal 

component (PC1). Three different culture media were studied: RPMI 1640, RPMI 1640 

supplemented with 10% foetal bovine serum, and EMEM.  

 

The results of PCA show that mass spectra of silicon surfaces are grouped depending on the 

culture medium composition. These findings demonstrate that ToF SIMS technique is very 

sensitive and, simultaneously, they indicate the importance of measuring the reference sample 

during ToF SIMS experiments, especially, if this technique is applied to study single cells. 

 

3.6 Summary 

The use of various experimental techniques to analyse cell structure involves the application 

of distinct sample preparation protocols. Some of them, such as cell cultures, are conventional, 

but very often some protocols have to be optimized for a specific type of measurement. The 

SIMS measurements frequently employed a relatively complicated preparation method that 

involves freezing in liquid nitrogen in various ways. Namely, the sample preparation for SIMS 

involves either freeze fraction of single cells or frozen tissue slices. In the presented thesis, two 

questions were addressed. First, whether it is possible to develop a fixative-based sample 

preparation protocol and, second, whether it allows one to distinguish between cells originating 

from various stages of cancer progression. In this research, the functionality of the TOF-SIMS 

technique to study biological samples without using freezing based methodology for sample 

preparation is demonstrated. 
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4. Experimental methods  

 

4.1 Atomic Force Microscopy – basic principles 

 

Atomic force microscopy (AFM) is one of the scanning probe based techniques that 

enables imaging of surfaces with a sub-nanometric resolution. In the AFM, a flat spring (i.e. 

cantilever with a probing tip mounted at its free end) is used to scan surface of the sample 

(Figure 4.1). 

a)  b)  

Figure 4.1. (a) Atomic Force microscope - working principle. (b) An image of the AFM 

apparatus from Park Systems – a model Xe120 integrated with inverted optical microscope 

equipped with fluorescence functionality. 

 

The tip curvature radius of the probing tip varies between few to tens of nanometres. 

When probing tip is placed in a close proximity to the investigated surface, forces acting 

between its end and material’s surface deflect the cantilever. The deflection is measured by an 

optical system consisting of a laser and a position sensitive detector (usually by a photodiode). 

A precise movement of the sample is realised by a piezo-scanner. All measurements presented 

in this thesis were carried out using a commercially available atomic force microscope model 

XE120 manufactured by Park Systems (Korea). This device is integrated with an inverted 

optical microscope Olympus IX71 used to localize place of interest for the AFM measurements, 

as well as to collect fluorescence images.  
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4.1.1 Surface topography measurements.  

 

The surface topography measurements were carried out for both living and dried cells 

using AFM working in contact mode. Two types of V-shaped silicon nitride cantilevers were 

applied: (1) PNP-TR-customized (Nanoworld) characterized by a nominal spring constant of 

0.03 N/m, and (2) MLCT (Bruker) characterized by nominal spring constants of 0.01 N/m 

(microlevel type C) and 0.03 N/m (microlever type D). The set point range varied between  

0.2 nN and 0.8 nN (adjusted during the surface topography acquisition), while the scan rate 

range was set between 0.3-1 Hz, depending on the scan size. During the AFM measurements 

of living cells, glass coverslips with cells immersed in a Petri dish, were mounted on the 

piezoelectric scanner. Cells were imaged in the RPMI-1640 culture media supplemented with 

1% HEPES to stabilize pH during the measurements. AFM images were analysed by means of 

XEI – software provided by a manufacturer, dedicated to XE 120 set-up and WSxM 5.0 

software [93]. 

 

 

4.1.2 Force-distance curves.  

 

The elasticity measurements are realized using AFM working in force spectroscopy 

mode. Here, cantilever is moving towards to and backwards from the sample surface. During 

this movement cycle, the deflection of the cantilever is registered as a function of relative 

scanner position (Figure 4.2). Such relation is later on converted into force versus tip-sample 

distance curve called shortly force-distance curve. Each force-distance curve consists of an 

approach curve and a retract curve. These curves consist of characteristic regions: 

 base line that is the deflection of the cantilever recorded when AFM probing tip 

is far away from the investigated surface. At this distance the interaction forces 

are negligible, 

 contact point that is the a point when the AFM probing tip touches the sample 

surface, 

 a region when cantilever is deflected due to interaction forces acting between 

the probing tip and the sample surface. For stiff substrates, only cantilever 

deflection is measured. For soft samples, the recorded deflection contains 

contribution from sample surface deformation. During approach, the deflection 
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of the probing cantilever increases up to given maximum force value (red line in 

the Figure 4.2) followed by the deflection decrease observed during the AFM 

probe withdrawal (blue line in the Figure 4.2), reaching again the level of the 

base line.  
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Figure 4.2. Force-distance curve recorded on a single melanoma cell (WM115). 

Cantilever deflection (converted into force) reveals non-linear relation when plotted 

versus scanner (sample) position indicating deformed cellular surface. 

 

Figure 4.2 presents the force curve recorded on a single WM115 melanoma cell resulting 

only from cell indentation. There was not any adhesion force occurring between the AFM 

probing tip and cell’s surface. 

 In the elasticity measurements realized using AFM, an important step is the calibration, 

i.e. conversion of the cantilever deflection measured in volts into the force value. This is 

described by the following equation that assumes the knowledge of the cantilever spring 

constant k and photodetector sensitivity PSD: 

 

𝐹 [nN] = 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 [V] ∙  𝑘 [
N

m
] ∙ 𝑃𝑆𝐷[

nm

V
]    (4.1) 

 

4.1.3 AFM-based elasticity measurements  

 

Elasticity measurements were carried out for living cells in a following manner. The 

force curves were recorded over a scan area varying from 5 x 5 μm2 up to 10 × 10 μm2. A grid 

of 8 × 8 or 7 × 7 or 6 × 6 points was set over the scanned region. On average, 36 – 64 force 
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curves for each single cell were automatically recorded at the approach and retract velocity of 

8 μm/s.  The total number of measured cells for each studied cell line varied around 50 cells. 

The measurements were repeated several times with fresh culture cells, medium, and new AFM 

cantilevers to avoid any kind of systematic error.  

 

4.1.4 The Young’s modulus determination 

 

To quantify the indentation depth in the AFM-based elasticity measurements, in parallel 

to the measured sample, force-distant curves are recorded on stiff, non-deformable reference 

surface like glass or silicon. In such a case, the deflection of the cantilever registered after the 

probing tip touches the surface is linear, since the deformation caused by the AFM tip does not 

occur.  By subtracting the reference force-distance curve from that recorded on sample surface, 

the force-indentation curves can be determined. 

The analysis of the force-indentation curves using the Hertz-Sneddon model leads to the 

determination of the Young’s modulus (i.e. elasticity modulus). Based on the Hertz contact 

mechanics, Sneddon derived a model assuming a rigid, axisymmetric probe indenting a soft, 

elastic, flat surface. As the AFM tip is frequently a four-sided pyramid, its shape is often 

assumed to be a cone. In such a case, the Hertz-Sneddon model delivers the following relation 

between applied load force F and indentation depth δ:  

 

𝐹(𝛿) =
2 tan 𝛼

𝜋
 𝐸′𝛿2     (4.2) 

 

Where α is the open angle of the cone [⁰], E’ is the reduced Young’s modulus that depends on 

elastic properties of the cantilever and the sample, as described by the following equation: 

 

1

𝐸′ =
1−𝜇𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟

2

𝐸𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟
+

1−𝜇𝑠𝑎𝑚𝑝𝑙𝑒
2

𝐸𝑠𝑎𝑚𝑝𝑙𝑒
    (4.3) 

 

where μcantilever and μsample represent the Poisson ratios of the cantilever and a sample. In the case 

of living cells, Ecell << Ecantilever, and thus the reduced Young’s modulus can be re-written as: 

 

𝐸′ =  
𝐸𝑐𝑒𝑙𝑙

1− 𝜇𝑐𝑒𝑙𝑙
2       (4.4) 
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It is difficult to determine the exact value of μcell, thus it is often assumed to be 0.5, bearing in 

mind that a cell which is mainly composed of water, which is an incompressible material.  

 

Finally, the relation between applied load force F and indentation depth δ can be written as 

follows: 

𝐹 =  
2 tan 𝛼

𝜋
 

𝐸𝑐𝑒𝑙𝑙

1−𝜇𝑐𝑒𝑙𝑙
2 𝛿2     (4.5) 

 

Using this equation, the Young’s modulus for all studied cells was calculated. Force curves 

were analysed with the aim to determine the Young’s modulus using Origin 8.0 and software 

developed at the Department of Biophysical Microstructures IFJ PAN [43,94]. 

 

4.2 Fluorescence microscopy 

 

All fluorescence images were recorded using optical microscope Olympus XI71 

equipped with a X-Cite Series 120Q Lumen Dynamics lamp (uniformly illuminating the whole 

sample area), U-MWIG2 filter (λexit = 530-550 nm, λemit = 590 nm) used for actin filaments 

visualization, and U-MNB2 one (λexit = 470-490 nm, λemit = 520 nm) for fluorescent detection 

of cell nucleus. For image recording purposes, the XC10 digital camera was used. It provides a 

1376 × 1038 pixel image. Images were recorded using the CellSense Dimensions (Olympus). 

The images were recorded with the objectives 20× and 40× (Universal Plan Fluorite objectives), 

i.e. magnification of 200 and 400, respectively. 

 

4.3 Scanning electron microscopy (SEM) 

 

The morphology analysis of dried cells, that were previously cultured on silicon 

substrates, was performed using environmental scanning electron microscope (ESEM) using 

Quanta 3D FEG (FEI) apparatus. The measurements were carried out under 100 Pa water vapor 

pressure (to avoid charging) using GSED detector. Electron accelerating voltage during 

acquisition of secondary electron images was set to 2 keV and 5 keV. The set-up used is 

available at the Department of Solid State Physics at the Institute of Physics, Jagiellonian 

University. The measurements were carried out due to the courtesy of prof. Franciszek Krok 

and dr Benedykt R. Jany. 
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4.4 Time-of-flight secondary ion mass spectrometry (ToF SIMS) 

 

4.4.1 ToF SIMS – basic principles 

 

Time-of-flight secondary ion mass spectrometry (ToF SIMS) is a mass spectrometric 

technique used for chemical analysis of various materials. In this method, a high energy primary 

ion beam bombards a surface of a sample causing transfer of the particle energy to the atoms 

of the solid by a collision-cascade process (Figure 4.3).  

 

Figure 4.3. Secondary Ion Mass Spectrometer – the idea of the measurement.  

 

Then, fast collisions occur between atoms in the sputtered material. Some of them return 

to the surface resulting in the emission of particles. Those sputtered secondary particles could 

be electrons, atoms, molecules, atomic and cluster ions. They are detected by a mass 

spectrometer based on their mass to charge ratio. In this manner a mass spectrum is obtained 

that enables a chemical analysis of a studied sample.  

 

4.4.2 ToF SIMS – experimental details 

 

The TOF SIMS 5 (ION-TOF, GmbH, Munster) equipped with a 30 keV bismuth liquid 

ion gun was used to collect mass spectra of dried cells, previously cultured on a silicon 

substrate. High-resolution m/z mass spectra of secondary ions, emerging from samples 
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bombarded with the Bi3
+ primary ion beam, were acquired with a time-of-flight mass 

spectrometer.  

 

Figure 4.4. A photography presenting the ToF SIMS system used in the experiments. This 

system is working at the Department of Advanced Materials Engineering at the Institute of 

Physics UJ. 

 

For ToF SIMS measurements, cells on silicon wafers were fixed and dried in the laminar 

flow chamber (NuAire) and transferred into the lock-in chamber of SIMS apparatus in a 

dedicated vacuum vessel to maintain sterile conditions. In principle, for ToF SIMS experiments, 

two types of samples were measured, namely, silicon surfaces without cells (reference samples) 

and silicon surfaces with cells. To probe single cells, the area of 150 μm × 150 μm was chosen. 

To maintain the static conditions (< 1012 ions/cm2 for primary ion beam), time of acquisition 

and primary beam current were adjusted, remaining the sample surface intact. The total dose 

per one measurement was of the order of 108 of primary ions, what yields the dose density of 

1012/cm2. The mass spectra were recorded using Bi3
+ primary ion beam for positive ions within 

a mass range from 1 to 800 Da with the resolution m/Δm > 6500. All samples with cells that 

were analyzed, and compared together afterwards, were measured in a one experiment batch to 

avoid any instrumental drift.  
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4.5 Photothermal Microscopy (PTMS) 

  

4.5.1 PTMS  – basic principles 

 

 Absorption spectra obtained from photothermal microspectroscopy deliver information 

about the chemical status of a sample exposed to the infrared (IR) beam modulated by the 

Michelson interferometer. The IR beam was focused on the sample prepared in a form of “a 

ball” (as described in Materials and Methods Chapter). The absorption of IR energy causes 

vibrations and subsequent relaxation of molecular bonds, that release heat detected by a thermal 

sensing probe, which is further converted into absorption spectra similar to those found in 

conventional IR spectroscopy. Importantly, no substrate was applied, thus the resulting 

photothermal response shows stretching and bending of bonds characteristic for specific 

molecules present in cells only.  

 

Figure 4.5. Principles of PTMS technique. 

 

 The PTMS technique [95] used for acquiring photothermal spectra of melanoma cells 

is a combination of an atomic force microscope (Explorer, Veeco Instruments, Santa Barbara, 

USA) with the implemented IFS/66S FT-IR spectrometer (Bruker Optics, Coventry, UK) 

available at the School of Pharmacy at the East Anglia University in Norwich (UK). In this 

system, the AFM was equipped with a Wollaston wire thermal probe which is a silver wire 

characterized by a diameter of 75-μm with a platinum/10% rhodium core of 5 µm in diameter 

[96]. The probe was used as a localised heat source as well as a temperature sensor. The beam 



42 
 

of the spectrometer is directed to the tip of the probe and the temperature change as a function 

of wavelength is measured due to changes in resistance of the probe. When the probe comes 

into contact with a sample and the material absorbs light at a specific wavelength, the 

temperature increases. This is plotted against wavelength to generate a spectrum similar to that 

found in conventional IR spectroscopy.  

 

4.5.2 Details of PTMS experiments 

 

 In the measurements presented in this thesis, samples were measured by isolating 

material located at the end of the tip. This has the benefit of higher signal-to-noise ratio and 

eliminates the potential for spectral interference from a supporting substrate [97]. To attach the 

cells to the tip, cell pellet, taken from Eppendorf tube from PBS solution, was lightly scattered 

on a clean glass substrate. Next, the tip was dipped into the cellular material and raised. In that 

manner, a cluster of cells adheres to the tip by physical adsorption, as has been demonstrated 

previously [98]. Measurements were first carried out without any material to provide a 

background spectrum, which was used to normalize spectra recorded for cells. Measurements 

were carried out at a resolution of 8 cm-1 for 1000 scans, resulting in acquisition time of 

approximately 50 minutes. The spectra were recorded within the range of 500 cm-1 to  

4000 cm-1. The PTMS spectra were acquired for different samples. Each cell cluster was treated 

as a separate sample. In total, 20-30 spectra were recorded. Measurements were carried out by 

Dr Jonathan Moffat on samples that were prepared at the IFJ PAN3.  

 

 

4.6 Principal Component Analysis – basic principles 

 

PCA is one of the established methods to analyse large data sets [99,100]. The principle 

of PCA is to reduce the dimensionality of a data set, while retaining as much as possible the 

variation present in the original predictor variables [101]. In mathematical terms, PCA 

maximizes the variance of a linear combination of the original predictor variables (Figure 4.6). 

                                                           
3  Measurements were carried out within the frame of EU FP7 project SMW „Single Molecule Workstation“, no. 

NMP4-SE-2008-213717, financed between 2008 – 2011. Thus, the recorded PTMS spectra are free from any 

subjective influence of the ToF SIMS experiments. To perform blind verification of the ToF SIMS results, 

Justyna Bobrowska re-analysed raw data using the methodology proposed by herself for analysing ToF 

SIMS mass spectra. 
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This transforms original set of variables into a new set of variables called principal components 

(PCs). 

 

Figure 4.6. The idea of the principal component analysis (PCA). 

 

Principal components are orthogonal to each other and are defined in such a way that 

the first principal component is the direction that describes the highest degree of variance, the 

2nd principal component describes the second highest degree of remaining variance, and so on. 

If we are considering a matrix of spectra, where each spectrum is a vector in a n-dimensional 

space (n is the number of masses in this case), PCA is basically a matrix rotation into a new set 

of axes, based on a combination of the original data set, that best describes the spread of the 

data. The new axes are called loadings and they are a measure of the importance of the original 

variables to the new direction. When a particular peak has high magnitude of a loading then it 

means that this peak was significant in defining the new direction of maximum difference. The 

original mass spectrum can be projected on to the new directions of principal components by 

means of scores – the distances along these directions of that spectrum for the particular 

principal components.  

 

4.6.1 Details of PCA applied to ToF SIMS and PTMS spectra 

 

In the presented thesis, the PCA was applied to analyze spectra recorded by both 

techniques (PTMS and ToF SIMS). The ToF SIMS spectra were analyzed within the range 0–

500 Da, while for PTMS the range from 4000 cm-1 to 500 cm-1 was used. In the presented 
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approach, the same method of data analysis, without predefining of any particular variables, 

was applied (Figure 4.7). 

 
 

Figure 4.7. A block diagram showing the proposed method of data analysis. 

 

Firstly, each recorded spectrum was normalized to the sum of intensities for all peaks. 

Then, autoscaling was applied as a pre-processing method. In autoscaling, after mean-centering, 

each variable is divided by the corresponding variable standard deviation. Such a way of pre-

processing results in scaling of each variable in a way providing an equal impact on a final 

result of multivariate analysis. After pre-processing, the PCA was carried out using the PLS 

Toolbox 7.5.2 (Eigenvector Research, Manson, WA) for MATLAB 8.1.0.604 R2013a 

(MathWorks, Inc., Natick, MA) software. Original data were analysed with the same weights. 

The cross-validation algorithm was applied to select the number of components in PCA.   
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From PCA analyses, both scores and loading plots were obtained. First, the scores plots 

were reviewed to find the best separated PCs. When it was reached, the standard deviations 

(SDs) for these components were calculated from the loading plots. The SDs were used as a 

threshold to find masses or spectral ranges that participate strongly in the separation of PCs, 

and thereby, they dominate in differentiation between original sets of data. 

 

4.6.2 Pre-processing methods and final PCA results 

 

 The complexity of the spectral signatures associated with biological materials is widely 

known [69,102].  Extracting substantial biological information from the large data sets is one 

of the major challenges in ToF SIMS research of organic materials. This is one of the reasons 

why the interpretation can be facilitated by chemometric analysis based on statistical methods, 

such as principal component analysis (PCA). It is important to remember, that final results of 

PCA may be strongly influenced by the chosen pre-processing method [101].  

For all collected mass spectra recorded for human bladder cancer cells, PCA was 

implemented and loadings for each original variable were obtained. They are presented in the 

Figure 4.8 showing, simultaneously, the results of the type of pre-processing method used i.e. 

either mean centering or autoscaling. Data pre-treatment can be used as a correction for aspects 

that hamper the biological interpretation of mass spectra. Here, two methods of data pre-

processing have been applied and tested, namely, mean centering and autoscaling. Mean 

centering converts all the intensities to fluctuations around zero instead of around the mean 

value. In this way it leaves only the relevant variation between the samples for further analysis 

as it adjusts the differences in the offset between high and low peak intensities [103].  In 

autoscaling, each variable is divided by standard deviation of this variable for all spectra. As a 

result of autoscaling, each variable has a mean value equal to zero and a standard deviation of 

one. In this way, each variable is scaled and, eventually, each variable has an equal impact on 

the results, what can be crucial for higher masses that have lower intensities in the spectra. 
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Figure 4.8. Loadings plot for PC1, PC2 and PC3 components resulted from PCA of ToF 

SIMS spectra acquired for the studied human bladder cancer cells. Two pre-processing 

methods were applied i.e. (a) mean centering and (b) autoscaling. 

 

Depending on the type of pre-processing method applied, the obtained percentages of 

the total variance are different. The percentage of the total variance can be attributed to 

variability present within each orthogonal principal component. Mean centering pre-processing 

delivers values of PC1 = 80.52%; PC2 = 7.71%; PC3 = 4.22%, while after applying of 

autoscaling, the values of PC1 = 57.41%; PC2 = 16.46%; PC3 = 10.59% were obtained. As it 

can be seen in the loadings plots, after mean centering initial masses (1-100 Da) have largest 

amplitudes of loadings (Figure 4.8a). After autoscaling, these values are also significant for 

higher masses (Figure 4.8b).  
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Plotting PC components against each other shows the largest separation between the studied 

human bladder cancer cells for the 3rd principal component (PC3) plotted versus 2nd principal 

component (PC2). Analogously as for loadings plots, two pre-processing methods were 

considered (Figures 4.9).  

 

Figure 4.9. Scores plot for PC3 versus PC2 resulted from PCA of ToF SIMS spectra acquired 

for the studied human bladder cancer cells. The results were obtained for (a) mean centering 

and (b) autoscaling pre-processing methods. To each data set confidence ellipses at the 

confidence levels of the 90%, 95%, and 99% were calculated. 

 

Each single point, present in the score plots, corresponds to a single mass spectrum 

presented in the new coordinate system consisting of principal components. They cluster in 

different parts of coordinate system in a cell-dependent manner. Such separation indicates 

differences in the chemical compositions of cellular surfaces in human bladder cancer cells. 
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Clustering occurs also independently of the pre-processing method applied, however, it seems 

to be more pronounced for autoscaling approach. 

 

4.7 Summary 

 

The realization of the thesis objectives involves the application of several experimental 

techniques such as (1) atomic force microscopy (AFM) used to visualize surface topography 

and to measure elastic properties of living melanoma cells, (2) fluorescent microscopy applied 

to visualize the organization of actin cytoskeleton, a structure responsible for mechanical 

resistance of cells, (3) time of flight secondary ion mass spectrometry (ToF SIMS) used to study 

the surface properties of melanoma cells, (4) photothermal microspectroscopy (PTMS) used to 

verify the measurements obtained from ToF SIMS.  

To identify the spectral fingerprints of cellular surface in melanoma cells, the principal 

components analysis (PCA) was applied. In the approach, presented here, the PCA analyses 

whole mass and photothermal spectra without pre-definition of any particular molecular mass 

or wavenumbers. Such approach was dictated by a huge complexity of mass spectra and large 

variability of detected molecular fragments. The proposed methodology of data analysis was 

verified through PCA of photothermal spectra. In that manner the overall information on surface 

properties can be obtained.  
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5. Functionality of ToF SIMS measurements 

 

5.1 Objectives 

 

The main objective of this chapter is to compare surface properties of cancer cells whose 

deformability is much larger than deformability of reference, non-metastatic cells. By applying 

the proposed methodology of sample preparation (Chapter 3) and data analysis (Chpater 4) for 

single human bladder cells, the functionality of ToF SIMS in detection of cancer alterations has 

been demonstrated4. 

 

5.2 Deformability of human bladder cells 

 

 Deformability of human bladder cancer cells has been measured at the Department of 

Biophysical Microstructures (IFJ PAN, Cracow, Poland) several times. The elastic properties 

of non-malignant HCV29 and cancerous (HTB-9; HT1376, T24) cells were quantified using 

the Young’s modulus. The recently published moduli values are presented in the Table 5.1 

(adapted from [104]). 

 

Table 5.1 Deformability of human bladder cells for indentation depth of 500 nm (data taken 

from Ramos et al. Beilstein J. Nanotechnol. 2014).  

Cell lines Young’s modulus [kPa] 

HCV29, non-malignant cell cancer of ureter 

(reference cell lines) 

10.0 ± 3.0 

HTB-9, carcinoma, grade 2 3.8 ± 2.2 

HT1376, carcinoma, grade 3 3.9 ± 2.1 

T24, transitional cell carcinoma, grade 4 3.6 ± 2.1 

 

The deformability of cancer human bladder cells is much higher as compared to 

reference HCV29 cells. These alterations are strongly related to the organization, density and 

                                                           
4 Mrs Justyna Bobrowska (first name before marriage Justyna Gostek) carried out all AFM and ToF SIMS 

measurements and data analysis. The results have been published in the paper Gostek et al. “Differentiation of 

human bladder cells using PCA analysis of ToF-SIMS mass spectra” in Analytical Chemistry 88(6) 3195-3201 

(2015). 
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amount of actin which is forming cytoskeleton filaments. The relation between the single cell 

deformability and actin cytoskeleton has been reported in several other studies [105–109].  

 

5.3 Mass spectra of human bladder cancer cells 

 

The collected mass spectra of samples containing single human bladder cells show large 

degree of complexity as presented in the Figure 5.1.  

 

 

Figure 5.1. Exemplary positive mass spectra acquired for all studied human bladder cancer 

cells. The molecular masses were within the range of 0-500 Da, and Bi3
+ primary ion gun was 

used to induce secondary particles (images adapted from Gostek et al. Analytical Chemistry 

88 (2015) 3195 – 3201). 

 

A large number of peaks characterized by various intensities was observed. It is not 

possible to define neither a single peak, nor a set of peaks that is specific for only one cell line. 
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5.4 Surface chemistry based differentiation of human bladder cancer cells 

 

 For all collected mass spectra recorded for human bladder cancer cells, PCA was 

implemented and loadings for each original variable were obtained. They are presented in the 

Figure 5.2 showing, simultaneously, the PCA results after the use of autoscaling as a pre-

processing method. 
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Figure 5.2. Loadings plot for PC1, PC2 and PC3 components resulted from PCA of ToF 

SIMS spectra acquired for the studied human bladder cancer cells. As pre-processing method 

autoscaling was applied. (images adapted from Gostek et al. Analytical Chemistry 88 (2015) 

3195 – 3201). 

 

The percentage of the total variance can be attributed to variability present within each 

orthogonal principal component. The values of PC1, PC2, PC3 were equal to 57.41%, 16.46%, 

10.59%, respectively. Plotting principal components against each other (Figure 5.3) shows the 

largest separation between the studied human bladder cancer cells for the 3rd principal 

component (PC3) plotted versus 2nd principal component (PC2). 
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Figure 5.3. Scores plot for PC3 versus PC2 resulted from PCA of ToF SIMS spectra acquired 

for the studied human bladder cancer cells. To each data set confidence ellipses at the 

confidence levels of the 90%, 95%, and 99% were calculated. As pre-processing method 

autoscaling was applied. 

 

Each single point, present in the score plot, corresponds to the single mass spectrum 

presented in the new coordinate system consisting of principal components. They cluster in 

different parts of coordinate system in a cell-dependent manner. The data points corresponding 

to mass spectra acquired for HCV29 non-malignant cells can be clearly distinguished from the 

remaining three cancerous cell lines. Also it can be observed, that the distribution of points for 

HCV29 cells is the widest. That might indicate that chemical composition of non-malignant 

human bladder cells is more variable as compared to cancerous cells. Alternately, it can be 

noticed, that the morphology of the HCV29 cells differs considerably from the remaining three 

cell lines. It can also influence the obtained separation. The non-malignant cells vary 

significantly in shape that is rather elongated in comparison to rounded human bladder 

cancerous cells and denotes a distinct organization of cytoskeleton fibrils, most probably actin 

filaments [104]. The remaining three cancerous cell lines (HTB-9, HT1376 and T24) have 

rounded shape and poorly differentiated cytoskeleton [104,110]. The distribution of points 

corresponding to cancerous cells in the scores plots (Figure 5.3) is much narrower. Thus, it 

suggests similar chemical composition of those cell lines. 
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5.5 Molecular masses derived from PCA analysis 

 

As PCA was performed for the whole range of mass spectra, without pre-definition of 

any particular mass peaks a priori, it was possible to choose masses causing strongest 

differentiation afterwards. In the scores plots shown in Figure 5.4, mass spectra of non-

malignant HCV29 cells have a positive values of PC2 while cancerous cell lines have negative 

values. This observation permits to find these mass peaks that cause the strongest 

differentiation, based on PCA results. Thus, the average value and standard deviation (SD) of 

the PC2 loadings was calculated. Subsequently, all mass peaks with value of PC2 loading below 

-2SD were chosen, as these were causing the largest differentiation between non-malignant and 

cancerous cell lines. This constitutes the selection criterion for molecular masses. The results 

of the selection are presented in the Table 5.2. 

 

 Table 5.2. Masses with PC2 loading values below −2SD (for autoscaling) 

Mass 

[u] 

Determined 

formula 

Assignment Mass 

[u] 

Determined 

formula 

Assignment 

60.09  C3H10N
+  fatty acid−lipid heada 141.12  C8H15NO+  

88.08  C3H10N3
+  144.08  C10H10N

+  

97.07 C6H9O
+   fatty acid−lipid heada 150.10  C10H14O

+ α-tocopherolb 

102.10  C4H12N3
+   ARG, argininea 151.10  C10H15O

+ α-tocopherola 

114.14  C8H18
+ fatty acid−lipid tailb 159.09  C10H11N2

+ TRP, tryptophana 

127.11  C5H11N4
+ ARG, argininea 170.19  C11H8NO+   TRP, tryptophana 

132.09  C10H12
+   fatty acid−lipid tailb 200.14  C11H20O3

+  

139.11  C9H15O
+ fatty acid−lipid headb 226.16  C13H22O3

+  

 

a - Assignment based on literature data [70,74,77,111,112]  b - Proposed assignment  

 

In the case of autoscaling, selected molecular mass peaks can be attributed to lipids and 

there are also several signals coming from amino acids, arginine and tryptophan. When 

autoscaling was used, larger fragments, up to 226.16 Da, became more relevant, coming from 

not only lipid chains but also amino acids.  
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5.6 Summary 

 

Assuming that elasticity changes are associated with alterations occurring on a cell 

surface, the ToF SIMS measurements presented in this chapter were carried out on human 

bladder cancer HTB-9, HT1375, and T24 cells. These cells are significantly more deformable 

as compared to reference, non-malignant HCV29 cells [46,104]. The obtained results show that 

previously measured mechanical properties of human bladder cells are accompanied by distinct 

surface properties as demonstrated using ToF SIMS. 

The applied methodology of PCA to analyse the recorded ToF SIMS mass spectra 

distinguishes between various types of cancer cells in human bladder. The PCA analysis carried 

out for the whole range of molecular masses (up to 500 Da) clearly distinguish non-malignant 

HCV29 cells from the remaining three cancerous cell types (HTB-9, HT1376, T24 cell lines). 

It is worth to recall that there was no need to choose a priori particular masses from mass 

spectra to discriminate between cell lines. The PCA was sensitive enough to find substantial 

differences between cells based on analysis of the whole range of acquired spectra. This is a 

huge advantage in terms of potential applications of the ToF SIMS technique to identify the 

pathological state of the sample. By analysing the molecular mass range dominating in the 

separation of non-malignant cells from the cancerous ones, it was possible to select peaks at 

molecular masses that influenced strongly the obtained separation. Based on literature data the 

proposed peak assignment pointed out at these masses that are characteristic for lipids and for 

some amino acids, such as arginine or tryptophan. These findings show that the invasive 

phenotype of human bladder cancer cells can be correlated with the alterations in chemical 

compositions of the studied cells.  
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6. Morphological and mechanical properties of melanoma cells 

from VGP (WM115) and skin metastasis (WM266-4). 

 

6.1 Objectives 

 

The specific aim of the presented thesis is to find physico-chemical characteristics that 

enable to differentiate between two closely related melanoma cell lines based on 

nanomechanical properties obtained by atomic force microscopy. This chapter describes the 

properties of two melanoma cell types, namely WM115 and WM266-4, derived from the same 

patient from two different stages of melanoma progression. The WM115 cells were derived 

from the primary tumour in vertical growth phase (VGP), whereas the WM266-4 cells were 

established from a metastasis to skin. As a first step, surface morphology and mechanical 

properties of these melanoma cells were characterized by atomic force and fluorescence 

microscopes. Part of these studies has been already published in the paper by Gostek et al. 

“Nano-characterization of two closely related melanoma cell lines with different metastatic 

potential” published in European Biophysics Journal 44 49-55 (2015)5. 

 

6.2 Morphology of melanoma cells in low and high cellular densities 

 

The simplest way applied to analyse the morphology of cells uses either optical or 

fluorescent microscopes. In particular, by fluorescent staining of actin cytoskeleton, the shape 

of single cells can be directly visualized. On the other hand, the shape of cells is a result of 

many factors influencing cellular behaviour during culture. Thus, in the presented case, the 

organization of F-actin filaments was observed at two cellular densities, i.e. at a single cell level 

as well as in conditions of semi-confluent monolayer (Figure 6.1). The fluorescent images were 

recorded for both melanoma cell lines (WM115 and WM266-4) after 3 days of growing in two 

                                                           

5 Mrs Justyna Bobrowska (family name before marriage Justyna Gostek) carried out all atomic force (AFM) and 

fluorescence microscopy (MF) measurements. These measurements were performed within the frame of the 

collaborative projects between IFJ PAN and Institute of Biophysics (Johannes Kepler University (JKU, Linz, 

Austria) entitled (1) „Studies of correlation between surface receptors expression (integrins and cadherins) and 

mechanical properties of living cells” 2011/2012; number 8507/R11/R12 and (2) “Single molecular 

characterization of integrin-mediated adhesion to laminin in normal human melanocytes and melanoma cells” 

01.05.2013-31.04.2015; number PL 04/2013. All data presented within this chapter were collected by Ms Justyna 

Gostek using an integrated AFM/MF system working at the IFJ PAN. Mrs Justyna Bobrowska has had the 

opportunity to measure her samples using an integrated system composed of AFM and fluorescence microscopes 

working at the JKU Linz (Austria). 
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distinct densities. To quantify morphological characteristics, surface areas of cells and nuclei 

were determined. They served as parameters to calculate the N/C ratio (a nucleus surface area 

divided by a cytoplasm surface area) that might be used as a marker to diagnose melanoma 

similarly to the cervical squamous epithelium [113]. 

 

 

Figure 6.1. F-actin (green) distribution in the studied melanoma cells cultured both as 

(a, b) single cells and in conditions of a semi-confluent monolayer (c, d). Blue denotes cell 

nuclei (image adapted from Gostek et al. European Biophysics Journal 44 (2015) 49-55). 

 

To quantify the changes in cell shape based on the fluorescently labelled cell nuclei and 

F-actin filaments, the average size of a nucleus (AN) and, simultaneously, a cell (AC) was 

determined by dividing the coverage area of the corresponding images by the number of cells 

(as described elsewhere [114]). Then, the ratio between a nucleus and a cytoplasm (N/C) was 

calculated as follows (Table 6.1):  

 

   N/C = AN/(AC-AN)       (6.1) 

 

The surface area occupied by single cells (AC) is larger in the case of WM115 melanoma 

cells (from VGP progression stage) as compared to WM266-4 cells (skin metastasis). The 
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alterations of nucleus surface area (AN) are not considerable between these two cell lines. What 

is worth to highlight, the WM266-4 cells undergo larger changes in surface areas at the cellular 

and nuclear levels. For both melanoma cell lines, surface area drops significantly as the density 

of cells increases. The surface of cells grown at higher density constitutes 69 % and 47 % of 

the surface area of single cells (low density) for WM115 and WM266-4, respectively. The 

accompanying alterations in cell nucleus surface are 71% (WM115) and 68 % (WM266-4). 

These changes can be quantified by an N/C ratio. Such determined N/C ratio might be used to 

diagnose cancers, like in case of cervical squamous epithelium, showing a potential usefulness 

in clinical applications as its value increases with increased accumulation of abnormal changes 

in cervical intraepithelial neoplasia. Smaller value of N/C ratio denotes a cell which spread out 

well on a surface while its value close to one indicates a round cell.  

 

Table 6.1. The surface derived parameters quantifying morphological changes in melanoma 

cells. The data are represented as a mean ± standard deviation (SD).  

Cell type,  

density 

AC 

[µm2] 

AN 

[µm2] 

N/C 

 

Overlap 

[%] 

N/C 

 

WM115  

low cellular density 
1630 ± 480 280 ± 70 0.21 ± 0.10 0.81 0.21 ± 0.11 

WM115 

high cellular density 
1130 ± 240 200 ± 10 0.22 ± 0.06 8.18 0.20 ± 0.06 

WM266-4 

low cellular density 
1500 ± 350 220 ± 30 0.17 ± 0.05 0.78 0.17 ± 0.07 

WM266-4 

high cellular density 
700 ± 60 150 ± 10 0.27 ± 0.04 13.18 0.23 ± 0.04 

 

The cultures of the melanoma cells at higher cellular density display places where cells 

overlap (Figure 6.1. c&d). The contribution of overlapping effect is mainly observed at higher 

cellular density with overall level of around 10%-15%. For such a case, the N/C ratio is 

underestimated. The N/C ratio corrected by the overlapping effect shows statistically significant 

differences between WM266-4 cells cultured at low and high cellular densities (p = 0.0302, 

calculated based on Students t-test). The absence of statistically significant difference is 
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observed for WM115 cells at low and high cellular densities (p = 0.8036), WM115 and 

WM266-4 cells cultured at low cellular density (p = 0.3448), and high cellular density (p = 

0.2048). For the studied melanoma cells, the obtained N/C ratio reaches values close to ~0.2 

and it rather describes conditions suitable for cell spreading than the differentiation between 

melanoma cells from VGP and metastatic stages of melanoma progression. 

 

6.3 Topography of melanoma cell surface 

 

 The surface topography of melanoma cells was measured using atomic force 

microscopy working in contact mode (Xe120, Park Systems). The glass slide with living cells 

immersed in culture medium was mounted on the AFM piezoelectric scanner. Next, an optical 

image was collected to find relative positions of a cell to be measured and a probing AFM 

cantilever (Figure 6.2a). Then images of surface topography were recorded (both height and 

deflection images were collected, Figure 6.2b and c, respectively). 

 

 

Figure 6.2. The idea of AFM measurements: a) optical image, b) AFM topography, c) AFM 

error mode image of single WM115 melanoma cell. 

  

The surface topography of single melanoma cells was recorded at large scan areas of 90 

µm × 90 µm. Measurements were carried out on living cells in conditions provided by the 

culture medium. The deflection images presented in the Figure 6.3 show triangular shape of 

single cells that is characteristic for both studied melanoma cell types. 
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Figure 6.3. Typical AFM error images of living melanoma WM115 and WM266-4 cells 

showing characteristic triangular shape of single cells. 

 

Independently of the studied cell type (WM115 or WM266-4), the observed single cell 

shape was very similar, often showing a nucleus in a central region of a cell. To investigate the 

cellular surface at nanoscale, i.e. at the level allowing for the visualization of F-actin filaments 

organization beneath cell membrane, smaller scan areas of 15 × 15 μm2 were chosen.  The AFM 

deflection images of cellular surface are presented in the Figure 6.4 (a-c for WM115 and d-f 

for WM266-4 melanoma cells, respectively).   

 

Figure 6.4. Fragments of cellular surface recorded for WM115 (a–c) and WM266-4 (d–f) 

living melanoma cells, recorded in liquid condition, i.e. culture medium. 
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Deflection images, recorded with high resolution, reveal distinct surface topography of 

the studied melanoma cell lines. In the case of WM115 cells (Figure 6.4a–c), linearly organized 

structures are observed. They can be attributed to actin cytoskeleton lying beneath cell 

membrane. Their organization is characterized by the presence of long bundles of filaments 

interspersed with much shorter ones. Interestingly, such aligned organization of fibres 

disappeared for cells derived from WM266-4 culture (Figures 6.4d–f). The surface of these 

cells was found to be very rough and decorated with numerous dorsal “ruffles” or “ridges”. 

These ridges appeared to be flexible as they were easy to displace in the direction of scan. 

Similar structures have also been described for other cells, such as skin fibroblasts and liver 

endothelial cells [21].  

The literature data published so far enables to attribute the observed filamentous 

structures to F-actin filaments [21, 22]. However, the direct proof of their presence can be 

derived by using a fluorescence microscope integrated with AFM one. The results of such 

combination are presented in the Figures 6.5 and 6.6 for WM115 and WM266-4 melanoma 

cells, correspondingly. To visualize the morphological organization of F-actin filaments and to 

identify F-actin, the AFM topography images were recorded together with epi-fluorescence 

ones, using the AFM integrated with inverted optical microscope equipped with fluorescence 

functionality (available at the JKU, Linz). Here, melanoma cells were stained with rhodamine-

phalloidin dye, which specifically binds to actin filaments. First, fluorescent images of F-actin 

were recorded, followed by AFM surface topography images (Figures 6.5 and 6.6). 
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Figure 6.5. A) Overlay of optical image with AFM image. B) Fluorescent image of fixed 

WM115 cell C) AFM topography image of WM115 cell in the selected area. D) Fluorescent 

image in the selected area. E) Overlay of fluorescent image with AFM image. (image adapted 

from Gostek et al. European Biophysics Journal 44 (2015) 49-55). 

 

AFM images (Figure 6.5c) and Figure 6.6c’) show two distinct organizations of actin in 

WM115 and WM266-4 cells, respectively. This was verified with fluorescence microscopy 

showing linear structures composed of F-actin in WM115 cells (Figure 6.5d) and disordered 

filaments in WM266-4 ones (Figure 6.6d’). 
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Figure 6.6. A) Overlay of optical image with AFM image. B) Fluorescent image of fixed 

WM115 cell C) AFM topography image of WM115 cell in the selected area. D) Fluorescent 

image in the selected area. E) Overlay of fluorescent image with AFM image. (image adapted 

from Gostek et al. European Biophysics Journal 44 (2015) 49-55). 

 

The observed surface structures were properly attributed to the actin filaments and 

flexible ridges composed of membrane cortex. Based on these results, it has been postulated 

that distinct organization of F-actin in WM115 and WM266-4 melanoma cells is also reflected 

in various mechanical properties of these cells. 
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6.4 Nano-mechanical properties of melanoma cells 

 

The images of surface topography recorded for both studied cell lines have shown 

different cytoskeletal organization. Knowing from literature [94,115–118] that alterations in 

cellular elasticity measured by AFM can be directly correlated with actin filament organization 

within a cell, the nanomechanical characterization of melanoma cells from VGP progression 

stage and skin metastasis has been performed aiming at quantitative description of the observed 

cell surface changes through the Young’s modulus (detailed methodology is described in the 

Methods chapter). During the indentation into the cell, the AFM tip meets a variety of structures 

whose mechanical response can be different. Thus, the first structure is a glycocalix attached to 

the surface of cell membrane on the extracellular side, then, AFM probe indents the cortex built 

of a network of actin filaments and, finally, feels deeper parts of the cell filled with cytosol and 

various organelles. Thus, the smaller indentation depths reflect the mechanical response 

dominated by cell membrane tension and superficial layers of F-actin filaments. Deeper 

indentations provide information about the contribution of distinct cellular organelles like, for 

example, cell nucleus. Therefore, the Young’s modulus calculated from elasticity 

measurements is an indentation depth-dependent function [24].  

The elastic properties of the studied melanoma cells (WM115 and WM266-4) were 

calculated for three indentation depths, i.e. 50 nm characterized by dominant role of glycocalix 

and cell membrane (Figure 6.7), 200 nm revealing strong mechanical response originating from 

actin cytoskeleton (Figure 6.8), and 500 nm delivering the overall elasticity of a single cell 

(Figure 6.9). 

For the smallest considered indentation depth equal to 50 nm (Figure 6.7), the Young’s 

modulus value shows large variations attributed to the presence of distinct superficial structures 

present both on external part of cell membrane (like glycocalix) or just beneath cell membrane 

(like short actin filaments).  Thus, the mechanical response to indenting AFM probe represents 

effective elasticity of all these structures, however, most probably with dominating contribution 

originating from cell membrane tension. The similar values of the Young’s modulus obtained 

for WM115 and WM266-4 cells are independent of cellular density. These values reflect the 

properties of the same materials, i.e. mostly cell membrane that is composed of the same types 

of molecules in both cell lines. 
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Figure 6.7. The Young’s modulus, presented as a mean ± standard deviation, 

determined for melanoma cells cultured at low and high cellular density. The modulus 

was calculated for the indentation depth of 50 nm. WM115 cells – blue bar, WM266-4 

cells – red bar.  Statistical difference was obtained by using Student’s t-test (image 

adapted from Gostek et al. European Biophysics Journal 44 (2015) 49-55). 

 

The superficial layer of the cell has also a small contribution of F-actin filaments that in 

both studied cell types also have similar mechanical properties. The significant difference was 

observed between cells cultured at low and high density. The corresponding fluorescent images 

are presented in Figure 6.1. One could expect, that in such a case the modulus value should 

increase as density of cells increases, especially, as single cell spreading area decreases 

denoting larger cellular packing. This could be a case for cells with highly developed 

cytoskeleton with thick and clearly visible actin stress fibres. However, in the studied melanoma 

cells, the actin cytoskeleton is poorly differentiated, thus, dense packing exposes soft cell 

membrane to exterior. The indenting AFM probe, most probably, meets the accumulation of 

soft cell membrane. Lower elastic modulus observed for high density cultures indicates that 

such an accumulation of soft cellular membrane is not negligible in mechanical response, 

independently of the indentation depths.  

For larger indentation depth of 200 nm, significant differences in cellular deformability 

are observed for melanoma cells cultured at low cellular density, while denser growth manifests 

in the same modulus values for both studied melanoma cells (Figures 6.8). 
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Figure 6.8. The Young’s modulus values, presented as a mean ± standard deviation of 

the cell population, obtained for living melanoma cells grown at low and high density. 

WM115 cells – blue bar, WM266-4 cells – red bar. Results for indentation depth of 

200 nm. Statistical difference tested using Student’s t-test (image adapted from Gostek et 

al. European Biophysics Journal 44 (2015) 49-55). 

 

The cellular elasticity at the indentation depths of 200 nm contains mainly contribution 

from actin cytoskeleton. The differences observed in cellular morphology and organization of 

actin filaments (Figure 6.1 a&b) agree with elasticity measurements (Figure 6.8), when single 

cells are studied. Increase in the cellular density manifests in a drop of the difference between 

WM115 and WM266-4 cells what was attributed to the presence of neighbouring cells. Further 

increase of the indentation depth delivers the mechanical response originating from various 

cellular structures inside the cell (Figure 6.9).  

The obtained results of Young modulus at the indentation depth of 500 nm showed that 

WM115 cells were more rigid (p < 0.0001) as compared to WM266-4 cells regardless of cellular 

density. These values can be assigned to the overall elasticity of a cell. This agrees with already 

reported results showing larger deformability of cancerous cells in, for example, breast or 

prostate cancers [94]. The presence of flexible ridges in WM266-4 melanoma cells prevents the 

long actin filaments to be squeezed by the indenting AFM probe, resulting in lower value of 

Young’s modulus. Smoother surface of WM115 cells allows easier access to F-actin filaments 

for the indenting AFM probe. Thus, at the same indentation depth and same cellular density, 

the WM155 cells appeared to be more rigid than WM266-4 ones. 
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Figure 6.9. The Young’s modulus values, presented as a mean ± standard deviation of 

the cell population, obtained for living melanoma cells grown at low and high density. 

WM115 cells – blue bar, WM266-4 cells – red bar. Results for indentation depth of 

500 nm. Statistical difference tested using Student’s t-test (image adapted from Gostek et 

al. European Biophysics Journal 44 (2015) 49-55). 

 

The elasticity measurements, carried out for melanoma cells at low (Figure 6.1 a&b) 

and high (Figure 6.1 c&d) cellular densities, show systematically larger deformability of cells 

cultured in the presence of neighbouring cells (Figures 6.7 - 6.9) regardless of the indentation 

depth chosen for the analysis (50 nm, 200 nm or 500 nm). Most probably, this is linked with 

observed overlapping of cells as it has been shown in the Figure 6.1. 

 

6.5 Summary 

 

The analysis of cellular properties using data recorded by atomic force and fluorescence 

microscopes delivers the characteristics that enable to differentiate between various cell types. 

Such approach applied here to characterize two types of melanoma cells (WM115 cells from 

VGP progression stage and WM266-4 ones from skin metastasis) shows similar morphological 

characteristics for both studied cell types. They have spindle-like shape visible independently 

of the cellular density (Figure 6.1) as observed in fluorescent images. The surface topography 

recorded by AFM shows well organized actin filaments in VGP WM115 melanoma cells and 
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their disorganization in WM266-4 cells from skin metastasis. The surface area occupied by 

single cells is larger in the case of WM115 melanoma cells as compared to WM266-4 cells. 

The alterations of nucleus surface area are not significant between these two cell lines (Table 

6.1). For the studied melanoma cells, the obtained N/C ratio reaches values close to ~0.2 and it 

rather describes conditions suitable for cell spreading than the differentiation between 

melanoma cells from VGP and metastatic stages of melanoma progression. The considerable 

differences between WM115 and WM266-4 cells are accompanied by differences observed 

using AFM. The surface topography images show that the cytoskeletal network of WM115 

cells is better organized, showing cortical filamentous structure (Figure 6.3) whereas  

WM266-4 cells are rougher with the presence of characteristic flexible ridges or ruffles 

(Figure 6.3). The obtained results show also that larger deformability of metastatic WM266-4 

melanoma cells correlates with the presence of flexible ridges. Because the ridges (or ruffles) 

were constantly detected only in WM266-4 cells, it can be assumed that their presence might 

be associated with the melanoma progression. The elasticity measurements show larger 

deformability of metastatic WM266-4 melanoma cells that correlates with the presence of 

flexible ridges.  

The combination of fluorescent and atomic force microscopes allows to characterize the 

surface properties of melanoma cells originating from two stages of cancer progression i.e. 

vertical growth phase and metastasis to skin. Single melanoma cells can be clearly identified 

by both, namely, detailed images of their surface at nm scale and by their nano-mechanical 

properties. The alterations observed on cell surface suggest strongly altered patterns of surface 

molecules that can be translated into distinct surface chemistry.  
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7. Surface chemistry in melanoma cells from VGP (WM115) and 

skin metastasis (WM266-4). 

 

7.1 Objectives 

  

The WM115 and WM266-4 melanoma cells have similar morphology observed under 

an optical microscope but, as it was reported in the Chapter 6, they slightly differ in mechanical 

properties and cellular surface characteristics at the nanoscale level. Thus, the main objective 

of these studies was to verify whether the observed morphological and mechanical changes are 

accompanied by distinct surface chemistry. To investigate the surface chemical properties of 

WM115 and WM266-4 melanoma cells, time-of-flight secondary ion mass spectrometry (ToF 

SIMS) and photothermal microspectroscopy (PTMS) were employed. Simultaneously, since 

both techniques deliver information on chemical composition of the sample surface, analogous 

results can be treated as a verification of the proposed methodology of sample preparation and 

data analysis procedure. The strong complexity of recorded mass and photothermal spectra 

requires the principal component analysis (PCA) to be applied to detect spectral signatures that 

can be used further for the cells’ differentiation.  

 

7.2 PCA of mass spectra recorded for WM115 and WM266-4 melanoma cells 

 

 Mass spectra of melanoma cells (WM115 and WM266-4) and accompanying reference 

sample (i.e. a silicon substrate) were acquired as described in the Methods chapter. Spectra were 

collected in the mass range 0-500 Da using Bi3
+ primary ion beam. Typical mass spectra of 

positive ions recorded for melanoma cells and reference silicon surface are presented in  

Figure 7.1. 
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Figure 7.1. Exemplary positive mass spectra acquired for melanoma cells and silicon 

substrate reference, in the range 0-500 Da, using Bi3
+ primary ion beam. 

 

Within the recorded mass range of 1–500 Da, the mass spectra reveal a large degree of 

complexity manifested in a large number of peaks with various intensities. Since cells are built 

up from the same components, the only expected difference lies in changes in intensities of the 

detected molecular masses. As the bombarding primary ions hit the superficial layers of the cell 

surface, they most probably cause fragmentation of lipids from the cell membrane together with 

embedded proteins and glycans i.e. carbohydrate moieties covalently attached either to proteins 

or to lipids. Since the bombarded cell surface area is smaller than the overall bombarded surface 

area, one can also expect molecular fragments originating from culture medium components 

deposited on silicon surface. Thus, the measurements of cells were recorded together with the 

reference sample, i.e. a silicon surface that was used as a substrate for cells. This silicon 

substrate (without cells) underwent the same treatment as silicon substrates with growing cells, 

i.e. they were incubated in the RPMI-1640 medium for the 48 hours and followed the same 

dehydrating and drying protocol as described in the Materials. 

To resolve whether it is possible to detect differences between the studied melanoma cell lines 

(WM115 versus WM266-4 ones), PCA was used to analyse mass spectra (according to the 

protocol presented in Methods; autoscaling was applied as a pre-processing method). The 

percentages of the total variance, accounting for the variability explained by each orthogonal 

principal component, are as follows: PC1 = 43.12%, PC2 = 25.17%, and PC3 = 9.30%. The 

relation between principal components and an original variable (mass of secondary ions) is 

presented in the loadings plot (Figure 7.2).  
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Figure 7.2. Loadings plot for PC1, PC2 and PC3 components resulted from PCA of 

ToF SIMS spectra acquired for the studied melanoma cells, autoscaling was used as a pre-

processing method. 

 

Despite the large variance percentage for PC1 (43.12%), the PCA shows the strongest 

differentiation between VGP (WM115) and metastatic (WM266-4) melanoma cells for PC3 

and PC2 components (Figure 7.3). In Figure 7.3, each dot corresponds to one mass spectrum 

recorded for each sample type. To statistically quantify the separation between data sets 

obtained for melanoma cells, confidence ellipses are calculated at the confidence levels of the 

90%, 95%, and 99%. 
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Figure 7.3. Scores plot for PC3 versus PC2 resulted from PCA of ToF SIMS spectra acquired 

for the studied melanoma cells together with confidence ellipses calculated at the 90%, 95%, 

and 99% confidence levels. 
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From the figure 7.3, one can see that for WM115 melanoma cells (VGP cells), the PC3 

component has revealed both, positive or negative values, present in almost equal contributions 

(5/10 versus 4/10, respectively). The negative PC2 values are accompanied by negative PC3, 

while positive PC2 corresponded to positive PC3. For cells derived from skin metastasis 

(WM266-4), positive PC3 values are observed in excess (8/10) and they are accompanied by 

negative PC2 values. To find which molecular masses are responsible for the separation 

between the WM115 and WM266-4 melanoma cells, standard deviations (SD) of PC2 and PC3 

components were calculated using loadings plots (Figure 7.2). The obtained values were SDPC2 

= 0.03758 and SDPC3 = 0.03612 for PC2 and PC3, respectively. Combining standard deviations 

with PC2–PC3 scores plot the selection criteria are defined in a following manner (Figure 7.4). 
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Figure 7.4. Graphical representation of selection criteria based on standard deviations of 

PC2 and PC3 used to determine molecular masses that contribute strongly to the separation 

of melanoma cells present in the recorded mass spectra of a) VGP WM115 cells (blue area), 

and b) WM266-4 cells (metastasis to skin, red area). 
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The mass spectra recorded for VGP WM115 melanoma cells are placed either in the 1st 

quadrant (both PCs values positive) or in 3rd quadrant (both PCs values negative). To select 

the masses present on a surface of WM115 cells that contribute strongly to data separation, all 

molecular masses fulfilling simultaneously the following conditions were chosen (Figure 7.4a): 

PC3 > +SDPC3  and  PC2  > +SDPC2 

or PC3 < –SDPC3  and  PC2 < –SDPC2 

Mass spectra of cells originating from skin metastasis (WM266-4 cells) are mainly 

located in the 4th quarter of the PC3–PC2 plot (Figure 7.3). Most of PC3 values were positive 

whereas PC2 ones were negative. Thus, to select masses present on a surface of WM266-4 cells 

dominating in melanoma cell selection, the following criteria were defined (Figure 7.4b): 

PC3 > +SDPC3 and  PC2 < –SDPC2 

The fulfilment of the above defined criteria indicates the masses that most strongly 

affect melanoma cell separation in PCA (Table 7.1).  

 

Table 7.1. Summary of molecular masses that separate the studied melanoma cells, observed 

in the PC3–PC2 plot, found using the selection criteria defined based on the analysis of PCs 

standard deviations. 

Mass 

[Da] 

Chemical 

formula 

Proposed 

structure 

Mass 

[Da] 

Chemical 

formula 

Proposed structure 

16,02 NH2
+  123,06 C6H7N2O+  

17,03 NH3
+  125,00 Si3C3H5N2

+ Si substrate 

18,04 NH4
+  126,09 C7H12NO+  

30,04 CH4N+ Glycine 135,07 C5H11O4
+  

31,04 CH5N+  137,07 C2H11SN5
+  

32,05 CH6N+  142,94 Na2SO4H+ adsorbed medium 

40,02 C2H2N+  146,06 C7H6N4
+  

44,01 C2H6N+ Alanine 150,08 C5H13NPO2
+ Phosphocholine 

46,03 CH4NO+  155,09 C12H11
+ Fatty acid-lipid tail 

52,02 CH3NNa+  155,15 C10H19O+ Fatty acid-lipid head 

53,04 C4H5
+  157,08 C11H19O+ Fatty acid-lipid head 

55,02 C3H3O+  159,10 C10H11N2
+ Tryptophan 

55,05 C4H7
+  164,92 Na3SO4

+ adsorbed medium 

57,02 SiC2H5
+ Si substrate 166,08 C5H13NPO3

+ Phosphocholine 
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Table 7.1 cd. Summary of molecular masses that separate the studied melanoma cells, observed 

in the PC3–PC2 plot, found using the selection criteria defined based on the analysis of PCs 

standard deviations. 

Mass 

[Da] 

Chemical 

formula 

Proposed 

structure 

Mass 

[Da] 

Chemical 

formula 

Proposed structure 

57,05 C3H7N+  168,08 C12H10N+  

57,07 C4H9
+  172,08 C12H12O+ Fatty acid-lipid head 

58,03 C2H4NO+  173,10 C12H13O+ Fatty acid-lipid head 

58,06 C3H8N+ Phosphocholine 174,10 C12H14O+ Fatty acid-lipid head 

59,07 C3H9N+ Phosphocholine 184,10 C5H15NPO4
+ Phosphocholine 

60,08 C3H10N+ Phosphocholine 185,10 C13H13O+ Fatty acid-lipid head 

61,01 C2H5S+ Methionine 186,09 C9H14O4
+  

65,04 C5H5
+  195,10 C13H11N2

+  

66,04 C5H6
+  198,10 C6H17NPO4

+ Phosphocholine 

67,04 C4H5N+  199,11 C14H15O+ Fatty acid-lipid head 

67,05 C5H7
+ 

 

206,09 

C5H14NPO4Na

+ Phosphocholine 

69,07 C4H5O+ Threonine 215,12 C11H19O4
+  

71,01 C3H3O2
+ Serine 224,11 C8H19NPO4

+ Phosphocholine 

71,98 CSN2+  225,12 C12H17O4
+  

77,00 C5HO+  226,11 C12H18O4
+  

87,95 FeNOH2  240,13 C19H12
+ Fatty acid-lipid tail 

87,97 SiN2O2
+ Si substrate 246,11 C8H18NPONa+ Phosphocholine 

90,04 C3H8SN+  255,13 C13H19O5
+  

98,02 C4H4NO+ Asparagine 264,26 C19H36
+ Fatty acid-lipid tail 

98,98 C3HSNO+  281,10 C12H18O6Na+ adsorbed medium 

102,09 C5H12NO+  282,14 C21H30
+ Fatty acid-lipid tail 

104,11 C5H14N+ Phosphocholine 313,27 C19H37O3
+ phospholipid 

107,05 C7H7O+ Tyrosine 410,21 C19H31O8Na+ adsorbed medium 

108,94 Si3C2H+ Si substrate 448,22 C26H49O3K+ adsorbed medium 

120,08 C8H10N+ Phenyloalanine 454,22 C21H35O9Na+ adsorbed medium 

122,06 C3H8NO2S+ cysteine 474,23 C29H46O5
+  

 

As mass spectra were collected from squared regions with single cells inside, the 

secondary ions originate mainly from two sources:  

(1) silicon surface covered with deposited culture medium components and also cellular 

debris, and  

(2) from cell surface.  
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The presence of fragments such as Si3C2H
+ at 57.02 Da; SiN2O2

+ at 87.97 Da; Si3C2H
+ 

at 108.94 Da; Si3C2H
+ at 108.94 Da and Si3C3H5N2

+ at 125.00 Da are strongly linked with the 

deposition of small cellular debris and culture medium components. The thickness of the layer 

is small enough to emit silicon-contained fragment from the underlying substrate. Fragments 

containing sodium ions detected at molecular masses of 142.94 Da, 164.92 Da, 206.09 Da, 

246.11 Da, 281.10 Da, 410.21 Da, 448.22 Da, and 454.22 Da probably indicate the sodium 

atoms deposited from the medium on a cell surface. They can be attached, for example, 

specifically to proteins forming sodium channels or non-specifically through electrostatic 

interactions to various components of cell membrane. These molecules can be also both, 

protonated and sodiated [119]. These sodium containing molecular masses were also observed 

in the mass spectra of the reference silicon sample. However, the substrate effect seems to be 

negligible since the mass spectra recorded for reference silicon surface treated in the same way 

as silicon substrates with cells, have much smaller intensity and also they are grouped in one 

place (Figure 7.3). The distribution of the data is very narrow indicating homogenous surface 

properties, thereby denoting uniform deposition of culture media components. That is why it 

can be assumed, that the observed data separation originates from intrinsic properties of two 

studied melanoma cell lines. The detected secondary ions can be most probably attributed to 

molecules present on a cell surface, like lipids or proteins, as ToF SIMS working in the static 

conditions provides the information from the outermost layers. Molecular masses of some ions 

have been already identified based on literature data [71–76,120]. Part of them can be assigned 

to amino acids coming from proteins anchored or deposited on a surface of cell membrane. 

Many observed intensity maxima correspond to fragments composed of hydrocarbon chains 

present in lipids forming the bilayer. Several masses can be attributed to phosphocholine, based 

on literature data [119,121].  Phosphocholine is a head group of phosphatidylcholine or a part 

of sphingomyelin, both constituting the lipid fraction of cellular membranes. 

 

7.3 Differentiation of melanoma cell lines based on photothermal spectra (PTMS) 

 

 Photothermal microspectroscopy6 absorption spectra deliver information about the 

chemical status of a sample exposed to the infrared (IR) beam modulated by the Michelson 

                                                           
6 The photothermal microspectroscopy experiments were performed using a PTMS device 

located at the School of Pharmacy at the East Anglia University in Norwich (UK). 

Measurements were carried out by Dr Jonathan Moffat on samples that were prepared at the 

IFJ PAN. Measurements were carried out within the frame of EU FP7 project SMW „Single 
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interferometer. The absorption of IR energy causes vibrations and subsequent relaxation of 

molecular bonds that release heat detected by a thermal sensing probe, which is further 

converted into absorption spectra similar to those found in conventional IR spectroscopy 

(Figure 7.5). The photothermal spectra can be used to verify the results obtained based on ToF 

SIMS experiments. To minimize the effect of the substrate, the IR beam was focused on the 

sample prepared in a form of “a ball” (as described in Materials and Methods). Importantly, no 

substrate was applied in the whole experiments, thus, the resulting photothermal response 

shows stretching and bending of bonds characteristic for specific molecules present in cells 

only. As it was expected, the photothermal absorption spectra recorded by PTMS revealed 

complex characteristics, showing very similar shape but varying by the intensities of the 

absorption maxima (Figure 7.5). The spectra were recorded within the range of 500 cm-1 to 

4000 cm-1, encompassing the range characteristic for lipids (2800 – 3000 cm-1), DNA/RNA 

(1000 cm-1 –1250 cm-1) and proteins (1600 – 1700 cm-1; 1500 – 1560 cm-1; amide I and amide 

II regions, respectively). 

 

 

Figure 7.5. Typical photothermal spectra recorded for WM115 (vertical growth phase) and 

WM266-4 (metastasis of WM115 to skin) melanoma cell lines. 

 

                                                           

Molecule Workstation“, no NMP4-SE-2008-213717, financed between 2008 – 2011. Thus, the 

recorded PTMS spectra are free from any subjective influence of the ToF SIMS experiments. 

To performed blind verification of the ToF SIMS results, Justyna Bobrowska re-analysed 

raw data using the methodology proposed by her for analysing ToF SIMS mass spectra. 
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To perform blind verification of the ToF SIMS results, raw PTMS spectra were analyzed 

using the approach proposed within the presented thesis, without a priori knowledge of the 

characteristic spectral ranges for both studied melanoma cell lines. The PCA calculations were 

the same as those applied for ToF SIMS mass spectra, as described in Materials and Methods. 

The percentages of the total variance, accounting for the variability explained by each 

orthogonal principal component, are as follows: PC1 = 53.65%, PC2 = 24.31%, and PC3 = 

14.33%. The results of the PCA show analogous separation between PC2 and PC3 components 

(Figure 7.6).   

 

Figure 7.6. PC3–PC2 scores plot obtained for PCA applied to photothermal spectra recorded 

for melanoma cells, plotted together with confidence ellipses calculated at 90%, 95%, and 

99% confidence levels. 

 

The confidence ellipses calculated at 90%, 95%, and 99% confidence levels confirmed 

separation between the studied data sets for melanoma cells. This indicates that WM115 and 

WM266-4 melanoma cells have distinct chemical properties that can be attributed to melanoma 

progression. For VGP melanoma cells (WM115), the PC3 shows positive values only while for 

cells derived from skin metastasis (WM266-4) negative PC3 values are observed in excess 

(24/27). Similarly, as for ToF SIMS mass spectra, the criteria for the selection of spectral ranges 

contributing mostly to the melanoma cells separation are defined based on standard deviations 

for PC2 and PC3 using loadings plots (Figure 7.7). 
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Figure 7.7. Loadings values obtained for PC1, PC2, and PC3 in relation to the wavenumber, 

together with marked selection criteria used to find the spectral regions contributing mostly 

to melanoma cells separation on PC3-PC2 scores plot. 

 

The selection criteria are as follows: 

PC3 > +SDPC3 

or  PC3 < -SDPC3 

Spectral regions with values of PC3 loadings higher than +SDPC3 (Figure 7.6, 

marked in blue) indicate stretching and bending of molecular bonds, characteristic for 

specific molecules present on a surface of WM115 melanoma cells. The spectral range 

where PC3 loadings is lower than –SDPC3 (Figure 7.6, marked in red) corresponds to 

WM266-4 cells from skin metastasis. A summary is presented in Table 7.2. 
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Table 7.2. Summary of spectral range that separates the studied melanoma cells, 

observed in the PC3–PC2 plot, found using the selection criteria defined based on the 

analysis of PCs standard deviations. 

Wavenumber 

region [cm-1] 

Vibrational mode types present in the detected spectral range 

4000-3700 broad O–H and N–H stretching 

2780–2890 2874 cm-1 – symmetric C–H stretching vibrations of CH3 (lipids) 

2850 cm-1 – symmetric C–H stretching vibrations of CH2 (lipids, choline, 

phospholipids) 

2300–2380 CH stretch combinations 

1320–1410 1397 cm-1 – symmetric stretching of COO–  

1379 cm-1 – symmetric bending of CH3 (proteins, lipids) 

890–1260 1230 cm-1 – 1245 cm-1 – antisymmetric stretching of PO2
– (DNA, RNA, 

phospholipids, phosphorylated proteins)  

1237 cm-1 – antisymmetric stretching of PO2
– (phospholipids, proteins) 

1173 cm-1 – antisymmetric stretching of –CO–O–C (esters) 

1160 cm-1 – 1120 cm-1 – stretching of C–O (RNA ribose) 

1150 cm-1 – C–O stretching, C–O–H bending (carbohydrates, mucin) 

1083 cm-1 – symmetric stretching of PO2
–  (proteins, phospholipids, DNA) 

1078 cm-1 – symmetric stretching of C–C (glycogen) 

1063 cm-1 – symmetric stretching of –CO–O–C (phospholipids and cholesterol 

esters) 

1050 cm-1; 1060 cm-1; 1015 cm-1 – symmetric stretching of C–O (carbohydrates, 

mucin, DNA, RNA ribose) 

1050 cm-1 – stretching of C–O–P (phosphate ester) 

1028 cm-1 – deflection C–H–O (glycogen) 

968 cm-1 – stretching of C–O (DNA, phospholipids) 

950 cm-1 – stretching of P–O (phosphorylated proteins) 

920 cm-1 – stretching of C–O–P (phosphorylated proteins) 

610–805 ‘Fingerprint region’ 

730 cm-1; 720 cm-1; 718 cm-1 – CH2 rocking (lipids) 

725 cm-1– bending of N–H bending (amide bands of proteins) 

627 cm-1– bending of O=C–N bending (amide bands of proteins) 

600 cm-1 – bending of C=O (amide bands of proteins)  

530–570 ‘Fingerprint region’ 

 

Spectral ranges characteristic for each melanoma cell types, either WM115 or  

WM266-4 cells, are within the range of 530–570 cm-1, 610–805 cm-1, 890–1260 cm-1, 

1320–1410 cm-1, 2300–2380 cm-1, 2780–2890 cm-1 and 3700–4000 cm-1. Most of the 
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bands present within the selected ranges indicate phospholipids vibrations [122–129] to 

be dominating in PCA separation of melanoma cells (such as 1230 cm-1 – 1245 cm-1 – 

antisymmetric stretching of PO2
–; 1237 cm-1 – antisymmetric stretching of PO2

–;  

1083 cm-1 – symmetric stretching of PO2
– ; 1063 cm-1 – symmetric stretching of  

–CO–O–C; 968 cm-1 – stretching of C–O) [122,128,129]). Surprisingly, the proposed 

methodology of PCA indicated mostly the dominant alterations for lipids, not for 

proteins (there is no indication towards amide I or amide II regions), which is consistent 

with ToF SIMS data. It should be highlighted that in the photothermal measurements,  

a probing tip was immersed into a group composed of few tens, fixed but still wet, cells. 

In such a case, the response originated from lipids seemed to dominate due to lack  

of damage in cell membrane observed during sample drying. 

 

7.4 Summary 

 

Since the ToF SIMS data recorded for complex biological samples are difficult to be 

interpreted due to fragmentation phenomenon of large biomolecules [130], it is desirable to 

accompany such measurements with other experimental methods that also probe surface 

chemistry. One of such techniques is photothermal microspectroscopy that was employed to 

analyse chemical properties of the studied melanoma cell lines. PTMS combines the advantages 

of conventional FTIR with the high resolution of near-field sensors [96,131]. In comparison to 

conventional FTIR spectroscopy, the sample preparation in PTMS is less strict [132], thus, it 

seems to be good to compare results obtained at single cell level.  

A huge complexity of mass and photothermal spectra observed for cells (Figures 7.1 & 

7.5) disables the direct analysis and the exact value of a particular mass or wavelength is 

difficult to be determined.  Thus, the PCA used for data reduction enhances the existing 

differences in original datasets of the investigated samples. In the presented thesis, a whole 

range of spectra, recorded for two melanoma cell lines (WM115 and WM266-4 ones) were 

analysed. These cells come from relatively close stages of cancer progression. The proposed 

methodology of PCA data treatment enabled to treat both types of spectra (mass and 

photothermal) in a blind way i.e. without choosing particular mass or wavelength in advance. 

In the PCA results presented in Figure 7.3 and Figure 7.6, the majority of spectra recorded for 

WM266-4 melanoma cells, originated from metastasis to skin, are grouped in the different 

quadrants of the coordinate system, using PC2 vs PC3 scores, as compared to spectra grouping 
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for WM115 melanoma cells from vertical growth phase. The distribution of points in the PCA 

scores plots is not very homogenous, what can be influenced by different phases of the cell 

cycle, as these cells were not synchronized. Nevertheless, a distinct separation between primary 

melanoma and skin metastasis cell lines can be observed.  

Based on PCA loadings plots (Figure 7.4 and Figure 7.7), the objective criteria for 

cellular data separation were defined and used to identify masses and wavelengths regions that 

differentiate these cells. By applying these criteria based on a variation of standard deviation 

(SD), maxima with the corresponding values of loadings were found in both types of spectra  

recorded for cells. In that manner, molecular masses and wavenumbers regions causing the 

strongest differentiation between the studied melanoma cell lines were identified.  

Some of the molecular masses found can be attributed to surface presence of such amino 

acids as glycine, alanine, methionine, threonine, serine, asparagine and tryptophan. 

Furthermore, many masses can be assigned to fragments of phosphocholine being a structural 

component of both phospholipids and sphingomyelin in cellular membranes [119]. Such 

assignment seems to be highly probable and was confirmed by studies showing altered 

phospholipid composition in cancer cells [133]. Abnormal choline metabolism, overexpression 

of the choline kinase and phosphocholine accumulation are reported to be a common feature of 

breast, ovarian, lung and prostate cancers [134–136]. Also, sphingomyelin (having 

phosphocholine in its chemical structure) is differently expressed between cancerous and 

normal regions in the colon cancer liver metastasis [137]. The identified spectral ranges in 

photothermal spectra pointed to perturbations in DNA/RNA and lipids composition, 

surprisingly, not for proteins, despite the fact that closer analysis of amide I and amide II regions 

shows differences in the photothermal spectra. This suggests that alterations induced during 

cancer progression in proteins are less dominant as compared to those observed for lipids.  
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8. Physico-chemical properties of melanoma cells from various 

stages of cancer progression 

 

8.1 Objectives 

 

The main objective of the study was to evaluate whether there is a correlation between 

cellular deformability and the surface chemical properties in the studied melanoma cells. Thus, 

the main aim of the studies presented here is to demonstrate that combination of two techniques, 

atomic force microscopy (AFM) and time of flight secondary ions mass spectrometry (ToF 

SIMS) deliver complementary sets of data. To realize it, the mechanical and surface chemical 

properties of melanoma cell lines originating from various stages of melanoma progression 

were evaluated. The studied populations of cells originated from: (i) primary tumour sites 

WM35 (originally isolated from a patient’s skin diagnosed with radial growth phase (RGP)), 

WM115 (derived from a 55 year old female skin melanoma at a vertical growth phase (VGP)) 

and WM793 (established from the vertical growth phase (VGP)); (ii) skin metastasis  

WM266-4 (established from a cutaneous skin metastasis detected in the same patient as 

WM115 cells) and WM239 (derived from a cutaneous skin metastasis); and (iii) lung metastasis 

1205Lu (originated from a lung metastasis diagnosed in the same patient as WM793 cells) and 

A375P (derived from a solid malignant tumour located in the lung). The results were compared 

with those obtained for human melanocytes (HEMa-LP primary cell line).  

 

8.2 Elasticity of melanoma cells 

 

Analogously to studies performed for WM115 and WM266-4 melanoma cells presented 

in Chapter 6, as a first step, the mechanical properties of all melanoma cells were characterized 

using AFM. The elasticity of living cells was quantified by the Young’s modulus value  

(Figure 8). 
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Figure 8.1. The Young’s modulus of melanocytes and melanoma cells, presented as a 

mean ± standard deviation calculated from more than 50 cells measured for each 

melanoma cell line7 (RGP/VGP – radial/vertical growth phase). 

 

To compare elasticity values between cells, the Young’s modulus was calculated for the 

indentation depth of 600 nm. The modulus determined for such a depth denotes the overall 

elastic properties of cells [138]. The obtained elasticity results showed that melanocytes (E = 

13.08 ± 3.39 kPa) were more rigid, as compared to all melanoma cell lines, what agrees with 

the already reported results on cancer cells deformability [94,105,107,108]. Interestingly, 

melanoma WM35 cells, originated from radial growth phase (melanoma progression stage 

when cells do not form metastasis), were characterized by low elastic modulus, placing them in 

a deformability scale just before A375P cells, originating from lung metastasis. These RGP 

cells were more deformable, compared to cells originating from the vertical growth phase (next 

stage of melanoma progression), i.e. WM115 VGP and WM793 VGP ones. The moduli reached 

                                                           
7 The AFM elasticity measurements were carried out as described in Methods. Statistics: for each melanoma cell 

lines more than 50 cells were measured. For each single cell one force curves map has been collected containing 

36 to 64 force curves. This gives approximately 2000 force curves per each cell line to be analyzed.  
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values of 6.26 ± 1.76 kPa, 9.33 ± 1.96 kPa and 10.84 ± 3.30 kPa, for the A375P, WM115 and 

WM793 cell lines, respectively. Melanoma cells derived from the skin metastasis (i.e. WM266-

4 and WM239, 8.38 ± 2.26 kPa and 7.12 ± 2.22 kPa, correspondingly) are characterized by 

lower values of the Young’s modulus in comparison to the VGP melanomas, whereas those 

derived from lung metastasis were comparable or even more deformable (7.83 ± 2.67 kPa and 

5.50 ± 1.50 kPa, for 1205Lu and A375P cells, respectively). 

The statistical significance of the Young’s modulus determined for the studied 

melanoma cells was verified by applying Student t-test. The test was performed at the 

significance of  = 0.05 (Table 8.1). 

 

Table 8.1. Student t-test comparison of the results present in the Figure 8.1 showing the 

Young’s modulus of melanoma cells. 

Cell type HEMa-LP WM35 WM793 WM115 WM239 WM266-4 1205Lu A375P 

HEMa-LP ns **** *** **** **** **** **** **** 

WM35  ns **** **** * **** *** * 

WM793   ns ** **** **** **** **** 

         

WM115    ns **** * ** **** 

WM239     ns ** ns **** 

WM266-4      ns ns **** 

1205Lu       ns **** 

A375P        ns 

****  p < 0.0001 

*** 0.0001 < p < 0.001 

** 0.001 < p < 0.01 

* 0.01 < p < 0.1 

ns – not significant difference between cells’ population 

 

It is worth to highlight that among the studied cell lines, there are two pairs of cells that 

are derived from the same patients i.e. WM266-4 cells are the metastasis of WM115 cells to 

skin and 1205Lu are the metastasis of WM793 to lung. However, the Young’s modulus of 

WM115 cells was not significantly different from WM266-4, whereas its value for WM793 

cells was significantly different from the one for 1205Lu cells. This is linked with distinct 

structure of actin cytoskeleton responsible for cellular mechanical properties of these cells 

(Figure 8.2). 
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a)  b)  

c)  d)  

Figure 8.2. The organization of actin cytoskeleton in two pairs of melanoma cell lines 

derived from the same patient: a) WM115, b) WM266-4, c) WM793 and d) 1205Lu. 

 

Distinct deformability of melanoma cells, measured within the indentation depths of 

600 nm, indicated that changes related to melanoma progression can be linked with alterations 

in the structure of cellular surface. This has been already reported in studies showing distinct 

expression level of various surface receptors [139]. Thus, it is highly probable that the 

application of such techniques as ToF SIMS will enable to identify the chemical surface 

properties.  

 

8.3 PCA of mass spectra for melanoma cells   

 

Analogously as for WM115 and WM266-4 cells described in the Chapter 7, ToF SIMS 

mass spectra were recorded and analysed by applying PCA with autoscaling as the pre-

processing method. The PCA analysis of all spectra together delivered the percentage of the 

total variance, accounting for the variability explained by each orthogonal principal component, 

are as follows: PC1 = 36.98%, PC2 = 20.29%, and PC3 = 11.59%. Despite the large variance 

percentage for PC1 (36.98%), the PCA shows the largest differentiation between melanoma 
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cells for PC3 and PC2 components, similarly as for measurements carried out only for WM115 

and WM266-4 cells (data included in earlier chapters of the thesis). Thus, similarly to previous 

studies, the PC scores plot of PC3 and PC2 components was considered here (Figure 8.3). In 

Figure 8.3, each dot corresponds to one mass spectrum recorded for each sample type.  
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Figure 8.3. Scores plot for PC3 versus PC2 resulted from PCA of ToF SIMS spectra acquired 

for all measured melanoma cells, melanocytes and reference silicon substrates treated with 

RPMI or 254 culture media. 

 

For all studied melanoma cells, the data points in PC scores plot overlap, thus, the 

separation between the specific cell lines is not clearly visible. However, one can see a few 

general relations. The first one is that reference samples are grouped in significantly distinct 

place on the PCs scores plot (grey and black starts, for silicon surface in RPMI 1640 and 254 

culture media, respectively) and that all recorded mass spectra form very narrow distributions, 

indicating similarities in emitted fragments of culture media components. The other relation is 

that melanoma cells originating from the similar stage of cancer progression group around 

similar types of cells. And thus, cells from skin metastasis form a separate group than cells from 

lung metastasis, while cells from primary tumour site span over a whole area in PCs score plot. 

Melanocytes form a separate group that can be relatively clearly distinguished from other cells. 

Simultaneously, the Figure 8.3 shows that in case of so many spectra, the analysis of the score 
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plots is not an easy task. Thus, to resolve whether there are differences within the studied 

melanoma cells, the data were re-analysed according to their origin. 

 The melanoma pair of WM115 and WM266-4 ones, described in previous chapters, 

originates from the same patient. WM115 are the cells from VGP phase, while the WM266-4 

are metastasis to skin. Among the studied melanoma cells, there is also another pair of cell lines 

that originates from one patient i.e. WM793 (VGP) and 1205Lu (metastasis to lung). The PCA 

of mass spectra acquired for the latter pair of melanoma cell lines and a reference silicon 

substrate delivers values of PC1 = 44.34%; PC2 = 30.55% and PC3 = 15.22% of total variance 

(Figure 8.4a). The scores plot obtained for this pair of cell lines delivered analogous separation 

between cells from VGP and metastatic sites as that observed for WM115 and WM266-4 pair 

(Figure 8.4b&d). 
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Figure 8.4. Comparison of WM793 and 1205Lu melanoma cells. (a) Loadings plot for PC1, PC2 and 

PC3 components resulted from PCA of ToF SIMS spectra. (b) The corresponding scores plot for PC3 

versus PC2. Black stars denote measurements carried out on reference silicon surface with deposited 

component of RPMI160 culture medium. The results are plotted together with confidence ellipses 

calculated at 90%, 95%, and 99% confidence levels. Analogous results obtained for similar melanoma 

cell pairs i.e. WM115 and WM266-4 ones (c&d, re-plotted loadings and scores plot from Chapter 7). 
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To quantify the separation between data sets for melanoma cells, confidence ellipses 

were calculated at the confidence levels of 90%, 95%, and 99%. The separation between PCA 

results observed for both pairs of melanoma cells was accompanied by differences in melanoma 

cell elasticity. For WM793 and 1205Lu better separation in scores plot corresponds to larger 

difference in the Young’s modulus (10.84 ± 3.3 kPa versus 7.83 ± 2.67 kPa for WM793 and 

1205Lu, respectively; p < 0.0001), while for WM115 and WM266-4 cells the difference in 

cellular deformability was much smaller (9.33 ± 1.96 kPa versus 8.38 ± 2.26 kPa, 

correspondingly; p < 0.1). These results may be correlated with the fact, that the metastasis to 

skin introduces lower alterations on cellular surface, compared to invasion to lung. Such a 

separation confirms that proposed approach using a whole mass spectra in PCA can distinguish 

between various cell populations. 

The elasticity measurements show large differences between VGP cells (WM115 and 

WM793) and lung metastasis (1205Lu and A375P) at the level of p < 0.0001 (Table 8.1). To 

assess whether the PCA will result in data separation, mass spectra recorded for all these cell 

lines were analysed. The PCA outcome is presented in the Figure 8.5, showing loadings (Figure 

8.5a) and PCs scores plot (Figure 8.5b). The confidence ellipses were calculated at the 

confidence levels of 90%, 95%, and 99%. 
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Figure 8.5. Comparison of melanoma cells from VGP and metastatic sites in lung. (a) 

Loadings plot for PC1, PC2 and PC3 components resulted from PCA of ToF SIMS spectra. 

(b) The corresponding scores plot for PC3 versus PC2. Grey stars denote measurements 

carried out on reference silicon surface with deposited component of RPMI160 culture 

medium. The results are plotted together with confidence ellipses calculated at 90%, 95%, 

and 99% confidence levels.  

 



88 
 

The percentage of the total variance for these four cell lines was as follows: PC1 = 

39.13%; PC2 = 26.52% and PC3 = 14.59%. The scores plot shows clearly that VGP melanoma 

cells are clearly separated from the cells derived from the lung metastasis, what correlates with 

elasticity measurements.  

Next, the comparison of VGP cells with those originated from skin metastasis was 

performed (Figure 8.6). In this case, the elasticity measurements show the large difference  

(p < 0.0001) between VGP WM793 and WM239 (skin metastasis) cells and small, although 

still significant (p < 0.1), difference between the VGP WM115 and WM266-4 ones.  

The determined loadings and PCs scores plots are presented in Figure 8.6a and Figure 8.6b, 

respectively. The obtained percentage of the total variance for each principal component was 

PC1 = 46.73%; PC2 = 19.37% and PC3 = 8.68%. 
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Figure 8.6. Comparison of melanoma cells from VGP and metastatic sites in skin.  

(a) Loadings plot for PC1, PC2 and PC3 components resulted from PCA of ToF SIMS 

spectra. (b) The corresponding scores plot for PC3 versus PC2. Grey stars denotes 

measurements carried out on reference silicon surface with deposited component of RPMI160 

culture medium. The results are plotted together with confidence ellipses calculated at 90%, 

95%, and 99% confidence levels.  

 

The PC scores plot shows that in case of cells with large elasticity difference i.e. WM793 

and WM239, it is still possible to observe the PCA data separation, while for a pair of cells with 

smaller elasticity difference the presence of other datasets influences the data separation. When 

only two cell lines are compared, as in case of WM115 and WM266-4 cells (Figure 8.4), the 

alterations in surface chemical properties of cells are strong enough to be observable.  

Summarising the PCA outcome, the overall conclusion can be made, that, apparently, 

PCA is more sensitive when analysing smaller data sets. With large data sets, such as ten 

different samples (eight cell lines and two references) only the strongest differences in surface 



89 
 

chemical composition can be observed, like in this case, between melanocytes and the rest of 

melanoma cell lines. 

 

8.4 Summary 

 

The results gathered in this chapter show an attempt to find a correlation between 

cellular deformability, surface chemistry and stage of melanoma progression by combining the 

results based on AFM and ToF SIMS measurements. When all eight cell types are considered 

together, the PCA outcome results in the following conclusions (Figure 8.3): 

a) melanocytes overlap with VGP (WM115 & WM793) cells what denotes similarities 

in the overall surface composition of these cells. Also, these cells are characterized 

by similar Young’s moduli of 13.08 ± 3.39 kPa, 9.33 ± 1.96 kPa, 10.84 ± 3.30 kPa, 

respectively. 

b) melanocytes separate clearly from cells originating from lung metastasis (1205Lu & 

A375P) indicating distinct overall chemical surface properties of cellular surface, 

and simultaneously, melanocytes are of about 50%–60% more rigid. 

c) melanocytes separate also from cells derived from skin metastasis (i.e. they have 

distinct overall chemical properties of cellular surface) and they are of about 35–40 

% more rigid. 

d) VGP cells overlap with cells derived from skin metastasis indicating similarities in 

surface composition. The mechanical properties of these cells varied from 7–8 kPa 

(skin metastasis) to 9–11 kPa (VGP). 

e) cells originated form skin metastasis overlap with cells established from lung 

metastatic sites and primary tumour sites (RGP and VGP stages). Such PCA 

outcome suggests strongly the variability of cells forming various types of 

secondary tumour sites in skin. The elasticity of these cells lies within the stiffness 

range with two border limits 5–6 kPa (lung metastasis) and 9–11 kPa (VGP cells). 

 

Additionally to overall PCA for all studied melanoma cells, it is possible to calculate 

PCs scores for specific pairs of the studied cells. The most significant results were obtained for 

two pairs of melanoma cells derived from two patients. The first pair is WM793 and 1205Lu 

being the representatives of VGP and lung metastasis, respectively. The mechanical properties 

of these cells are significantly different. The VGP cells are of about 27% more rigid as 

compared to 1205Lu cells. These cells are characterized by clear separation in the PCs scores 
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plot indicating large variability in the surface chemical composition. The other pair of 

melanoma cells, namely, WM115 and WM266-4 ones represents cells that originate from VGP 

and skin metastasis. When analysed together, the elasticity measurements delivered only a small 

difference in elastic modulus, of the order of 10%, while PCA of mass spectra shows clear 

separation between these cell lines (Figure 8.4). The similar PCA and elasticity results obtained 

for analogous melanoma cell lines confirm the observed relation between cellular deformability 

and surface chemical properties. Comparing the surface chemistry of VGP cells (WM793 and 

WM115) with that of cells originated from lung metastasis (1205Lu and A375P) based on PCA 

of mass spectra, one can see two groups of data (Figure 8.5). The former belongs to VGP cells, 

while the latter to cells originated from lung metastasis. This relation vanishes when VGP cells 

are compared with those derived from skin metastasis (Figure 8.6). The PCA outcomes 

correlate with the elasticity measurements, showing the decrease of cells deformability 

according to melanoma progression stage, i.e. VGP cells (less deformable) > cells from skin 

metastasis > cells from lung metastasis (large deformability). 

  

  



91 
 

9. Summarizing biomechanical and biochemical characteristics in 

melanoma cells 

 

 The main aim of the presented thesis was to find whether alterations observed in cellular 

deformability are accompanied or correlated with the surface composition of melanoma cells. 

By means of two high resolution techniques, originally used to characterize surface properties, 

namely, atomic force microscopy (AFM) and time of flight secondary ions mass spectrometry 

(ToF SIMS), characteristic quantitative or semi-quantitative parameters were obtained. The 

studies were focused mainly on melanoma cells involving distinct groups of cells coming from 

various stages of melanoma progression. They can be divided into three main groups, i.e., cells 

from (i) radial/vertical growth phase, (ii) metastasis to skin, and (iii) metastasis to lung. The 

results are compared to melanocytes – cells of the origin of malignant melanoma. 

Various studies carried out so far with the use of AFM constitute that increased cellular 

deformability is a general feature of most cancer types [140]. Melanoma cells follow this 

direction; all studied melanoma cell lines, independently of the cancer progression stage, are 

significantly more deformable as compared to melanocytes. The explanation for that is the 

alteration in actin cytoskeleton, as shown in the comparison of F-actin in the pair of melanoma 

cells delivered from the same patient (WM115 & WM266-4).  

To identify the spectral fingerprints of cellular surface in melanoma cells, the principal 

components analysis (PCA) was applied. In the approach, presented in this thesis, the PCA was 

calculated for the whole mass (or photothermal) spectrum, without the pre-definition of any 

particular molecular masses or wavenumbers. This approach enables the identification of the 

molecular masses that dominate in the data separation. As a proof of concept, human bladder 

cancer cell lines were chosen for the ToF SIMS measurements. They are non-malignant HCV29 

cancer cells of ureter, resembling morphology of normal epithelial cells, bladder carcinoma of 

distinct grades i.e. HTB-9 (grade I) and HT1376 (grade IV) and T24 transitional cell carcinoma. 

Their choice was dictated by two reasons. The first one is that cancerous HTB-9, HT1376, and 

T24 cells, as it has been shown in the earlier studies, are characterized by large deformability 

as compared to non-malignant HCV29 ones [104]. Moreover, they become soft at early stages 

of cancer progression. That is why, one could expect that their surface properties are distinct 

enough to cause the ToF SIMS data separation in PCs scores plots. The PCA was carried out 

for the whole range of molecular masses (up to 500 Da), clearly distinguishing non-malignant 

HCV29 cells from the remaining three cancerous cell types (HTB-9, HT1376, T24 cell lines). 
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It is worth to highlight that there was no need to choose a priori particular masses from mass 

spectra to discriminate between cell lines. The PCA was sensitive enough to find substantial 

differences between cells based on analysis of the whole range of acquired spectra. The PCA 

carried out on ToF SIMS spectra recorded for human bladder cancer cells has been shown to 

clearly discriminate between non-malignant and cancerous bladder cell lines, but it was 

impossible to correlate the separation degree with bladder malignancy. For cells originated from 

close stages of cancer progression, the mass spectra were very similar and basically differed by 

the maxima intensity, not, as one could expect, due to the presence of a unique mass that would 

be characteristic for only one cell type. These measurements confirmed that changes in 

biomechanics of bladder cells can be linked with alterations of their surface, however, there 

was no clear separation between cancerous cells. This could be linked with the fact that cancer-

related changes, like softening of single cells, occur at early stages of cancer progression. 

The more challenging approach is to find biomechanical and biophysical features that 

can differentiate between cancerous cells, in particular, in cases when they originate from very 

close stages of cancer progression. The example of such a case is a melanoma cell pair of 

WM115 and WM266-4 cells that comes from the same patient and WM266-4 cells are the 

metastasis to skin of the WM115 ones. The analysis of cellular properties by atomic force and 

fluorescence microscopes has delivered characteristics that enable to differentiate between 

these cell lines. Images of cells recorded by inverted optical and fluorescence microscope show 

similar morphological characteristics. Both studied cell types (VGP WM115 melanoma cells 

and WM266-4 ones from skin metastasis) have spindle-like shape, visible independently of the 

cellular density. Also, the recorded fluorescent and AFM images show nicely organized actin 

filaments in WM115 melanoma cells (Figure 6.4a-c) while their organization undergoes 

disordering in WM266-4 cells from skin metastasis (Figure 6.4d-f). The surface area occupied 

by single cells (AC) is larger in the case of WM115 melanoma cells (from VGP progression 

stage), as compared to WM266-4 cells (skin metastasis). The alterations of nucleus surface area 

(AN) are not significant between these two cell lines. For the studied melanoma cells, the 

obtained N/C ratio reaches values closed to ~0.2 and it rather describes conditions suitable for 

cell spreading than the differentiation between melanoma cells from VGP and metastatic stages 

of melanoma progression. The considerable differences between WM115 and WM266-4 cells 

are accompanied by differences observed using AFM.  

The analysis of AFM topographical images revealed considerable differences between 

WM115 and WM266-4 cells that were not visible under optical microscope due to its low 

resolution, ~200–300 nm, as compared to the AFM (several nm). The cytoskeletal network of 
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WM115 cells was better organized (cortical filamentous structure), whereas WM266-4 cells 

were rougher with the presence of characteristic flexible ridges (or ruffles). Because the ridges 

(or ruffles) were constantly detected only on WM266-4 cells, it can be assumed that their 

presence might be associated with the melanoma progression. In this thesis, it was 

demonstrated, that the combination of non-optical atomic force microscopy and optical 

fluorescence microscopy enables the identification of cellular structures and nano-mechanical 

properties of melanoma cells. The obtained results show that larger deformability of metastatic 

WM266-4 melanoma cells correlates well with the presence of flexible ridges. Single 

melanoma cells can be clearly identified by detailed images of their surface at nm scale and by 

their nano-mechanical properties. Recent studies revealed significant differences in the nano-

mechanical properties of benign and cancerous cells that were attributed to alterations in F-

actin filaments organization.  However, the larger deformability of cancer cells is not always 

caused by the reorganization of actin cytoskeleton. Here, it was demonstrated that the elasticity 

of melanoma cells could be correlated with the presence of F-actin-based flexible ridges, typical 

only for metastatic melanoma cells. These results may help to understand the role of nano-

mechanical properties in melanoma development. 

Due to extensive research carried out over the last few decades, the knowledge about 

organic compounds emitted from cells or tissue surfaces upon primary ion bombardments is 

still expanding. So far, mass spectra of amino acids [71–73] and lipids [74–76,120] were 

established to study protein and lipid contents on cell or tissue surfaces. However, despite that, 

ToF SIMS data recorded for complex biological samples are still difficult to be interpreted due 

to fragmentation phenomenon of large biomolecules [130]. There is no possibility to identify 

the sample only by looking at the ToF SIMS spectrum [141]. That is the reason, why 

multivariate analysis is widely applied to find spectral differences between biological samples 

[69]. In the presented thesis, PCA was used to discriminate between two closely related 

melanoma cell lines (WM115 and WM266-4) based on the recorded ToF SIMS spectra. To 

confirm the obtained results, another technique, namely photothermal microspectroscopy, was 

employed to analyse chemical properties of the studied melanoma cell lines. PTMS is a 

spectroscopic technique that combines the advantages of conventional FTIR with the high 

resolution of near-field sensors [96,131]. In comparison to conventional FTIR spectroscopy, 

the sample preparation in PTMS is less strict [132], thus, it seems to be good to compare results 

obtained at single cell level. Therefore, to verify the applied PCA methodology, photothermal 

spectra were analysed within the entire range of 500–4000 cm-1. The FTIR-based spectroscopy 

has been already shown to be applied in diagnosis of cancer [122,127]. 
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A huge complexity of mass and photothermal spectra observed for WM115 and 

WM266-4 cells (Figures 7.1 & 7.5) disables the direct analysis and the exact value of a 

particular mass or wavelength is difficult to be determined. The use of PCA for data reduction 

enhances the existing differences in original datasets of the investigated samples. In the 

presented work, it is postulated that a whole range of spectra, recorded for two melanoma cell 

lines that come from relatively close stages of cancer progression, contains sufficient, encoded 

information to differentiate between these cancer progression stages. The proposed 

methodology of PCA data treatment enabled to treat both spectra types (mass or photothermal) 

with the blind eye i.e. without choosing particular mass or wavelength. The advantage of the 

proposed approach lies in objective criteria for the cellular data separation. In the PCA results 

presented in Figure 7.3 and Figure 7.6, the majority of spectra recorded for WM266-4 

melanoma cells, originated from metastasis to skin, are grouped in the different quadrants of 

the coordinate system using PC2 vs PC3 scores, as compared to the way of spectra grouping 

from WM115 melanoma cells from vertical growth phase. The distribution of points in the PCA 

scores plots is not very homogenous, what can be influenced by different phases of the cell 

cycle, as these cells were not synchronized. Nevertheless, a distinct separation between primary 

melanoma and skin metastasis cell lines can be observed. By applying the criteria based on a 

standard deviation (SD) of loadings, maxima with the corresponding values of loadings were 

found in both spectra types recorded for cells. Based on that, molecular masses and 

wavenumbers regions causing the strongest differentiation between the studied melanoma cell 

lines were obtained. Some of the molecular masses found can be attributed to surface presence 

of such amino acids as glycine, alanine, methionine, threonine, serine, asparagine and 

tryptophan. Furthermore, many masses can be assigned to fragments of phosphocholine, being 

a structural component of both phospholipids and sphingomyelin in cellular membranes [119]. 

Such assignment seems to be highly probable and was confirmed by studies showing altered 

phospholipid composition in cancer cells [133]. Abnormal choline metabolism, overexpression 

of the choline kinase and phosphocholine accumulation are reported to be a common feature of 

breast, ovarian, lung and prostate cancers [134–136]. Also, sphingomyelin (having 

phosphocholine in its chemical structure) is differentially expressed between cancerous and 

normal regions in the colon cancer liver metastasis [137]. 

Analogously, as for the ToF SIMS experiment, the spectral regions causing largest 

differentiation between the studied melanoma cell lines have been chosen. The largest 

perturbations, influencing PCA-based separation, were obtained for DNA and lipids. It should 

be noted that chemical fixation influences the collected spectra, especially, that IR peaks in the 
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spectrum of glutaraldehyde may overlap with those characteristic for lipids, amide I and other 

biomolecules [141]. However, because it is assured that both cell lines were treated with the 

same fixation procedure within one batch of the preparation experiment to avoid any potential 

drifts, the obtained differentiation between melanoma cell lines is not caused by the 

glutaraldehyde residues. This supports the PCA results of ToF SIMS spectra, indicating also 

that phosphocholine is responsible for data sets separation of melanoma cells. This is also 

supported by the results presented in the previous chapter, showing that the surface of WM266-

4 melanoma cells was more rough with the presence of characteristic cell membrane flexible 

ridges (or ruffles), composed mainly of phospholipids filled with actin filaments. 

In the final chapter of the presented thesis, the results of the investigation of seven 

melanoma cell lines and melanocytes are presented. So far, there are not many data in the 

literature describing ToF SIMS experiments carried out for more than four cell lines in one 

study. In 2006, Kulp et al., in a very interesting study, examined the differentiation between 

three human breast cancer cell types: MCF-7 and T47D - estrogen receptor positive (ER+) and 

MDA-MB-231 - estrogen receptor negative (ER-) [142]. In 2007, Baker et al. have investigated 

three prostate cancer cell lines: LNCaP (prostate cancer cells derived from lymph node 

metastasis), non-malignant PNT2 (transfected normal prostate epithelial cells with genome of 

SV40 virus) and PC-3 (prostate cancer cells derived from bone metastasis) [143]. What is more, 

with the development of the SIMS apparatuses, novel sample preparation procedures and 

statistical methods of the data analysis, the ToF SIMS technique has become the powerful tool 

in the studies of large data sets of mass spectra acquired for several cell lines. Recently, 

Robinson et al. have used ToF-SIMS in combination with multivariate analysis (MVA) to 

investigate the complex lipid-related metabolite variations from eight breast cancer cell lines. 

Mass spectra were collected from four triple negative classified cell lines (ER-, PR-, and HER-

), three ER and PR receptor-positive lines (ERþ and PRþ), and one line that was ER, PR, and 

also HER2 positive (ERþ, PRþ, and HERþ) [144].  Thus, the comparison of biomechanical and 

biophysical properties of melanoma cells is in fact, one of the first attempts to find the 

correlation between them. The obtained results (Chapter 8) confirmed the hypothesis, that 

cancer progression causes alterations in the morphological and mechanical properties of 

cancerous cells and these differences are connected with overall biochemical changes in the 

cellular surface composition.  
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