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Introduction 1 

 INTRODUCTION 

1.1 PO2 AND PH AS TWO FUNDAMENTAL PARAMETERS IN LIVING ORGANISMS 
 

Living organisms are highly dependent on sensitively adjusted oxygen tensions as well as on pH milieus and 

gradients within their bodies. The metabolism of every single cells is set in a special environment with an 

adapted intracellular equilibrium with respect to oxygen and pH conditions. Oxygen is a chemical element 

being the most frequent element in the earth crust with a mass portion of around 50 % and after iron, it is 

the second most common element on earth. It is a colorless and odorless gas making up 21 % of the ambient 

air. Oxygen is produced by the photosynthesis of plants and other organisms e.g. algae and cyanobacteria, 

during the conversion of carbon dioxide and water into sugar and oxygen which is driven by light energy 

(Dogutan, D. et al. 2019). Inversely, oxygen is consumed by respirating organisms in order to produce energy 

in form of adenosine triphosphate (ATP). The respiration under aerobic conditions normally encompasses 

glycolysis, the oxidative decarboxylation of pyruvate, the generation of reduction equivalents NADH/H+ in 

the tricarboxylic acid cycle (citric acid cycle) and eventually the reduction of O2 in the oxidative 

phosphorylation (OXPHOS). This series of reactions including the final reduction of oxygen to water in the 

respiratory chain, produces 32 ATP molecules from one initial glucose molecule. The respiratory chain is 

basically an electron transport chain consisting of multiple redox reactions in series. This reaction chain is 

driven by the enzyme complexes I to IV as well as the coenzyme Q and cytochrome c while all are located in 

the inner mitochondrial membrane. The mitochondrion is a cell organelle which is enclosed by a phospholipid 

double layer and additionally contains an inner membrane while both membranes have different properties. 

The outer membrane of the mitochondrion is highly permeable for ions and small molecules due to integral 

membrane proteins, the so-called porins. The inner membrane is heavily folded in order to enhance the 

surface area for protein localization being important for the respiratory chain. The maintenance of the 

complex O2 homeostasis is crucial for the survival of all living organisms. The oxygen concentrations within a 

body and certain tissues strongly differ due to temporal variations in oxygen availability e.g. as muscles work 

or embryonic development. Furthermore, the occurrence of a vascular occlusion for instance can interrupt 

the local blood supply meaning oxygen levels can change in small parts or the entire body. Distinct tissues 

within the human body have developed different metabolisms which are adapted to their respective 

demands and consequently show individual oxygen consumption rates. Oxygen is mainly transported by the 

blood circulation when being reversibly bound to the protein hemoglobin in red blood cells with about 0.2 mL 

of oxygen per milliliter of arterial blood. While the oxygen release to the tissue is enhanced by decreasing 

oxygen partial pressure as well as increasing CO2 levels, it is additionally influenced by temperature and pH 

(Popel, A. et al. 1989). Since variations in the oxygen supply can occur, it is highly necessary for cells to be 

able to sense oxygen levels in their extra- and intracellular compartments and hence to adapt their 



  

 

2 Introduction 

respiratory activity accordingly. William G. Kealing, Peter J. Ratcliffe and Gregg L. Semenza found the 

molecular switch that regulates the cellular adaption to low oxygen levels (hypoxia) and were able to explain 

the phenomenon which is schematically illustrated in Fig. 1.1.  

 

In 2019 they were awarded the Nobel prize in physiology and medicine for their discoveries. The first noted 

physiological change due to low oxygen caused by high altitudes or anemia (insufficient number of red blood 

cells) was the detection of enhanced expression rates of the hormone erythropoietin (EPO) in the kidney. 

The enhanced expression of EPO is triggered by the activation of a specific region on the EPO gene, the so-

called hypoxia response element (HRE). The release of EPO leads to an increased production of red blood cells 

and hence increased O2-carrying capacity in the blood. The increased expression of EPO allowed for the 

identification and isolation of a protein complex called transcription factor protein complex HIF (hypoxia-

inducible transcription factor) which binds to a specific DNA segment in an O2-dependent manner. HIF is 

present in all cell types and regulates the activation and expression of more than 70 genes. It consists of a 

heterodimeric protein which is composed of two subunits. The HIF-1β (or ARNT - aryl hydrocarbon receptor 

nuclear translocator) being constitutively expressed binds to the DNA within the HRE after the binding of the 

second subunit HIF-1α. HIF-1α accumulates under hypoxia and is degraded under normoxic conditions 

(Semenza, G. et al. 2004). The first step of the degradation is the two-fold hydroxylation of HIF-1α by a set of 

enzymes. The hydroxylation allows for the recognition by the von Hippel-Lindau (VHL) tumor suppressor 

protein revealing ubiquitin ligase activity resulting in the proteasomal degradation (Brunelle, J. et al. 2005). 

The abilitity to accurately sense oxygen concentrations is crucial for cells in order to adapt their respiratory 

and metabolic activity appropriately to certain conditions. 

Another key factor controlling metabolic activity is the pH value in the extracellular environment as well as 

in the intracellular compartments of living cells. Already in 1906, the pH was defined as the negative decimal 

Fig. 1.1 Schematic illustration of the principle of how cells sense different oxygen levels. If oxygen levels are high, the 
hypoxia-inducible transcription factor (HIF-1α) is hydroxylated twice, leading to the recognition of the von Hippel-Lindau 
(VHL) tumor suppressor protein resulting in proteasomal degradation of the complex at normoxic conditions. In 
contrast, low oxygen levels (hypoxia) lead to the accumulation of HIF-1α and consequently the formation of a complex 
binding to the DNA which causes the activation of the hypoxia response element (HRE) resulting in the expression of the 
respective genes and proteins. Adapted from the Prize announcement (NobelPrize.org). 
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logarithm of the activity - or approximately the concentration - of hydrogen ions by Sørensen (Buck, R. et al. 

2002). The higher the hydrogen concentration is, the lower is the corresponding pH value and hence the 

more acidic is the respective solution.  

The maintenance of specific pH values and gradients as well as sensing of pH changes is essential for 

mammalian cells. The pH value varies between different cells and even within one cell considering that cells 

are highly compartmentalized and exhibit different organelles. The individual organelles reveal individual pH 

values to provide an optimized chemical environment for the organelle-specific proteins. All proteins are 

highly dependent on pH since protonation or deprotonation events ensure or trigger physiologically 

important conformations and hence their function (Whitten, S. et al. 2005). Furthermore, pH also determines 

the charge of biological surfaces as well as metabolic reactions via the proton motive force for instance being 

the key for the generation of cellular energy. Slight variations in pH levels can be counterbalanced by the 

cells due to inherent buffer capacities of various weak acids and bases like phosphate groups and certain side 

chains of amino acids being localized in the intracellular cytosolic compartment (Roos, A. et al. 1981). Another 

effective proton buffer is provided by HCO3
- ions which can be generated by the hydration and subsequent 

deprotonation of CO2 in a pH-dependent manner, while the uncharged carbon dioxide can freely diffuse over 

biological membranes (Missner, A. et al. 2008) (see Fig. 1.2). Over the last 20 years researchers were able to 

identify 14 genes which encode proteins related to bicarbonate transport activity which can be divided into 

two groups: (i) electroneutral acid loading transporters or exchanger and (ii) electrogenic plasma 

transmembrane co-transporter (Cordat, E. et al. 2009). The driving forces of both transporters are ion 

gradients across the membrane. Anion exchangers (AEs) or acid-loadings transporters exchange the 

intracellular basic HCO3
- ions by the import of pH-neutral Cl- ions causing a cytosolic acidification while Na+-

coupled HCO3
- transporter (NBCs) incorporate extracellular Na+ and HCO3

- ions due to the inward-directed 

sodium gradient of mammalian cells leading to an internal alkalinization due to the accumulation of the base 

HCO3
- (Cordat, E. et al. 2009). Another important and well-characterized group of transmembrane 

transporting proteins are the Na+-H+ exchanger (NHE1 – NHE7). NHE1 is present in almost every cell and 

reveals twelve membrane-spanning segments (Bookstein, C. et al. 1994, Slepkov, E. R. et al. 2007) exporting 

H+ out of the cytosol of the cells in exchange for monovalent sodium ions due to the sodium gradient. Notable 

is the fact that the NHE1 transporter is quiescent at a set point pH value of 7.0 (Cardone, R. et al. 2005). All 

these systems working to stabilize the pH inside the cells are crucial to enable the homeostasis of the finely 

controlled cytosolic pH. However, intracellular acidification can be caused by the continuous uptake of 

protons and the simultaneous efflux of negatively charged ions with alkaline properties driven by the 

electrical potential across the membrane which is negatively charged on the inside and positively charged on 

the outside. Another factor contributing to the intracellular acidification is the generation of net acid 

equivalents during ATP-production (Casey, J. et al. 2010). The slightly acidic intracellular pH values of 

pHi ~ 6.9 – 7.2 are normally accompanied by a slightly alkaline extracellular milieu (pHe ~ 7.2 – 7.5) at 
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physiological conditions. This pH gradient is shown by normal or healthy cells and is known to be reversed in 

cancer cells. Cancer cells tend to acidify their extracellular milieu to pHe ~ 6.7 – 7.1 with a corresponding 

slightly more alkaline intracellular pH value (pHi ~ 7.2 – 7.5) (Webb, B. et al. 2011).  

Otto Warburg was the first to observe this specific metabolic pattern in living tissue slices of tumors in 1924. 

The lactate production was reported to occur in tumor tissue even under aerobic conditions (Warburg, O. et 

al. 1924). In general, mammalian cells can generate energy by two major metabolic processes: the lactic acid 

production (anaerobic respiration) or by aerobic respiration via oxidative phosphorylation taking place in the 

mitochondria of cells. In contrast to the respiratory chain, lactic acid production only occurs in the cytosolic 

compartment. Metabolic glycolysis under anaerobic conditions leads to the conversion of glucose (C6H12O6) 

to pyruvate (C3H5O3) followed by a reduction to lactate (C3H7O3) yielding two ATP per glucose molecule. In 

contrast to the respiratory chain, this process is independent of the presence of oxygen and was found to be 

related to an increased glucose uptake in cancer cells with the consequence of decreasing extracellular pH 

values (Warburg, O. et al. 1927). This phenomenon is called the Warburg effect and ensures a functioning 

cellular metabolism even under hypoxic conditions caused by the lack of blood vessels. The reversed pH 

gradient promotes cancer progression-inducing migration and tumor invasion, leads to increased 

proliferation rates and enhances cell survival since apoptosis is associated with acidic intracellular pH values. 

These inverted pH values require an adapted regulation and sensing of pH and thus changes in expression 

and activity of transmembrane transporters. The reversed pH gradient homeostasis is mainly maintained and 

generated by NHE1, V-ATPases, monocarboxylate transporters (MCTs), (bi)carbonate co(transporters), and 

carbo-anhydrases (CA, CAIX, CAXII) which are schematically shown in Fig. 1.2. 

Boedtkjer, E. et al. 2013 reported about 20 – 30 % higher density of NBC1 and NHE1 in primary breast 

carcinomas and metastases compared to normal breast tissue. The upregulated expression of these 

cotransporters seems to be a major cause for extracellular acidification and intracellular alkalinization. There 

are also studies indicating that the increased proton transport activity of NHE1 seems to accelerate the 

degradation of the extracellular matrix in invadopodia of human breast cancer (Busco, G. et al. 2010) 

facilitating cellular migration.  

Monocarboxylate cotransporters (MCTs) catalyze the transport of metabolic products like lactate, pyruvate 

and ketone bodies across the plasma and the mitochondrial membranes. The MCT family consists of 14 

members while only MCT1 – MCT4 have been characterized as proton-dependent membrane-mediating 

transporters. The efflux of lactic acid and protons being the byproducts of glycolysis under anerobic 

conditions is fundamental for pH regulation and maintenance (Halestrap, A. et al. 2004). Since cancer cells 

are known to exhibit enhanced anaerobic metabolism in the form of glycolysis, the efflux of lactic acid is 

drastically increased contributing to the extracellular acidification.  
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In addition to transmembrane transport systems working along the chemical gradient, cells have surface 

receptors sensing minute pH changes to be able to respond appropriately. These surface receptors can be 

divided into two groups: pH-sensitive receptors like G protein-coupled receptors (GPCRs) and ion channels 

like acid-sensing ion channels (AICs) or transient receptor potential channels (TRPs). pH-sensitive GPCRs are 

thought to respond to extracellular acidification due to the protonation of the imidazole side chain of 

histidine residues resulting in conformational changes of the seven transmembrane receptors (Wiley, S. et 

al. 2019). The conformational changes cause the receptor activation and mediate signals inside the cells 

triggering downstream pathways. Up to now, GPR4, GPR65 (TDAG8), GPR68 (ovarian cancer GPCR 1 or OGR1) 

and GPR132 (G2A) were demonstrated to be pH-sensitive and were found to be overexpressed in various 

human cancers e.g. tumors of the breast, ovary, prostate, skin, pancreas, colon, liver and kidney (Sun, X. et 

al. 2010; Wiley, S. et al. 2019). The four GPCRs likely regulate cancer cell metastasis, proliferation, functions 

of the immune system, inflammatory reactions as well as angiogenesis (Justus, C. et al. 2013). The low pH-

driven activation of GPR4 is discussed to increase adhesiveness of endothelial cells and potentially serves as 

pH sensor for vascular cells and blood cells. pH sensing within the bloodstream is crucial for the detection of 

inflammatory sites as they exhibit an acidic microenvironment with subsequent activation of certain signaling 

pathways (Chen, A. et al. 2011). In contrast to GPR4 expression in normal cells, cancer cells seem to use 

overexpressed GPR4 for tumor growth and angiogenesis since tumor growth is observed to be strongly 

Fig. 1.2 Schematic illustration of the pH gradient of normal cells and the reversed pH gradient in cancer cells which is 
called the Warburg effect. The reversed pH gradients are caused by aerobic or anaerobic respiration and maintained 
due to altered ion transporter activities of the Na+-H+ exporter (NHE1) and the monocarboxylate transporter (MCT) 
equally pumping protons out of the cytosol causing extracellular acidification of cancer cells. Adapted from Casey, J. et 
al. 2010. 
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reduced in mice lacking GPR4 (Wyder, L. et al. 2011). GPR65 was reported to show functions as a contextual 

tumor suppressor (Justus, C. et al. 2017) and to support the survival of photoreceptors in the degenerating 

retina (Ail, D. et al. 2015) and was also discussed to be associated with multiple sclerosis since higher GPR65 

signals have been demonstrated to suppress autoimmune diseases (Wirasinha, R. et al. 2018). Nevertheless, 

other studies indicate that overexpressed GPR65 in glioblastoma seem to predict significantly shorter survival 

rates of patients (Wang, H.-X. et al. 2018). Some studies adressing GPR68 imply tumor suppression effects 

due to significantly inhibited cell proliferation and migration of ovarian cancer cells (Ren, J. et al. 2011) and 

of prostate cancer (Singh, L. et al. 2007) while on the other hand some studies suggest GPR68 deficiency 

seems to reduce the tumorigenesis of melanoma cells significantly (Li, H. et al. 2009) which stands in stark 

contrast to the aforementioned findings. The same seems to be the case for the GPR132 as it seems to play 

a crucial role in autoimmune reactions (Kabarowski, J. et al. 2009), is also discussed to be related to 

inflammatory autoimmune disease as well as atherosclerosis (Kabarowski, J. et al. 2001) and GPR132 also 

activates a specific G protein combination inducing apoptosis (Lin, P. et al. 2003). In contrast to these disease-

suppressing properties it was also reported to promote breast cancer metastasis by tumor-macrophage 

interplay stimulation (Chen, P. et al. 2017). 

All in all, the known functions of pH-sensing GPCRs are strongly cell type-dependent and differ between 

tumor-suppressing effects and tumor-inducing transformations. Moreover, signaling triggered by the 

activation of pH-sensitive proteins is very complex and leads to various changes in the cellular response and 

metabolic activity. There are a number of proteins and receptors being overexpressed in certain cancer 

tissues and numerous molecular interactions with specific recognition elements are known. The 

aforementioned pH regulations and sensing mechanisms only account for a small part and are far from 

complete. Nevertheless, the process of pH homeostasis is highly cell type-specific and many processes are 

still being investigated indicating the importance of further insight into specific relations between pH values 

and cell fate.  
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1.2 MULTICELLULAR SPHEROIDS AS IN VITRO TISSUE MODELS 
 

In vitro studies with two-dimensional cell layers allow for initial investigations in the context of drug 

development and testing, toxicity studies or the examination of changes in proteomic expression levels with 

the advantage of relatively easy assay protocols and well-defined readout techniques. Since multicellular 

organisms are highly complex systems showing diverse tissue architectures and cellular compositions, it is 

crucial to develop tissue-like in vitro models as well as appropriate sensing and readout methods.  

Several non-scaffold-based methods are known for the cultivation of three-dimensional tissue constructs. A 

prominent example are so-called spheroids which are spherical cell aggregates consisting of some thousand 

cells. The most widely used techniques for the formation of spheroids are: (i) the liquid overlay technique 

(LOT), (ii) the hanging drop technique (HDT) and (iii) the carboxymethyl cellulose technique (CCT) (Fig. 1.3).  

 

LOT relies on non-adhesive surfaces forcing the cells to adhere to each other, resulting in cell aggregation 

and spheroid formation. The HDT is based on the sedimentation of cells in a cell culture medium droplet 

which is placed on the underside of the lid of an appropriate cell culture vessel. Sedimentation within the 

droplet also leads to spheroid formation due to the lack of adhesive surfaces. The CCT relies on the addition 

of carboxymethyl cellulose to the cell culture medium in order to increase the viscosity which prevents cell 

sedimentation and in turn accelerates spheroid formation (Metzger, W. et al. 2011). 

Spheroids reflect the in vivo situation more precisely than cell monolayers and can mimic the characteristics 

of solid tumors like physiological responses, stimulus conduction due to the spherical architecture as well as 

gene expression patterns and even drug resistances (Costa, E. et al. 2016).  

Fig. 1.3 Methods for the formation of 3D tissue/spheroids: liquid overlay technique (LOT), hanging drop technique (HDT) 
and the carboxymethyl cellulose technique (CCT) using the advantage of non-adhesive coated substrates, the cell 
sedimentation inside a liquid droplet and the decreased sedimentation due to increased viscosity in the cell culture 
medium, respectively, leading to the formation of cell aggregates. Adapted from Gaebler, M. et al. 2017. 
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Therefore, three-dimensional tissue models like spheroids are celebrated to bridge the gap between two-

dimensional in vitro testings and in vivo animal experiments although these tissue models are not interlaced 

with blood vessels and therefore only represent non-vascularized tissue. Blood vessels are normally 

responsible for oxygen and nutrient supply as well as for the elimination of metabolic waste. Due to the cell-

cell contacts to neighboring cells in all directions within the cultured spheres as well as the lack of blood 

vessels, metabolic zones in a core-shell-like structure are formed. Oxygen and nutrient accessibility decreases 

towards the spheroid’s core and inversely the metabolic waste concentration, lactate accumulation and H+ 

concentration increases towards the center where cell density is highest. The emerging metabolic zones 

differ with respect to the metabolic and respiratory activity of the cells located within (compare Fig. 1.4).  

 

Three different zones can be observed within a spheroid: going from the outside to the inside, the zone 

closest to the surface consists of vital cells forming a proliferating layer which is followed by a zone of 

quiescent or senescent cells reaching the innermost zone of hypoxic or even necrotic tissue in the core of the 

spheroid (Hirschhaeuser, F. et al. 2010; Costa, E. et al. 2016). 

The spheroid formation can also be performed using different cell lines to create co-cultured core-shell-like 

tissues. Co-cultured spheroids can possibly mimic natural situations even more precisely. Spheroids 

additionally allow for the examination of the penetration depth of certain drugs, the development of specific 

tissue-targeting diagnostics or therapeutic agents, proof-of-concept measurements for designed recognition 

elements on a molecular level and are furthermore highly important to develop appropriate measurement 

techniques. These desirable measurement devices and techniques could further improve body-on-a-chip 

approaches and enable accurately adjusted treatment strategies for the individual patient. 

  

Fig. 1.4 Schematic illustration of emerging metabolic zones within a three-dimensional spheroid. Starting with 
proliferating cells in the periphery, a zone of quiescent cells is found underneath, and hypoxic or even necrotic tissue is 
located in the spheroid´s core. The consumption of oxygen by the cells in the proliferating zone leads to oxygen 
depletion in the center and the lack of blood vessels also causes an inhibited nutrient supply towards the center as well 
as increasing lactate and metabolic waste accumulation. Adapted from Costa, E. et al. 2016.  
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1.3 STRATEGIES OF PHARMACOLOGICAL INTERVENTION WITH ENERGY METABOLISM  
 

A deeper understanding of the metabolism of cancer cells is important for a continuing improvement of 

therapeutic strategies. A few selected approaches will be discussed to demonstrate the potential of possible 

cancer treatments. One of the key differences between normal and cancer cells is the Warburg effect and its 

influence on the cellular metabolism as is shown in Fig. 1.2. Increased glucose uptake in metabolically active 

cancer cells on the one hand leads to accelerated glycolysis and on the other hand to slowed down 

mitochondrial activity as glycolysis with subsequent lactic acid production is the preferred form of energy 

generation in cancer cells. This in turn leads to an extracellular acidification and intracellular alkalinization as 

protons accumulate on the extracellular side of the membrane. These pH gradients are possible targets for 

drug design since their inversion could cause an inhibition of migration and angiogenesis or even cell death 

for cancer cells. The challenge for drug development is the highly specific targeting of cancer cells while 

avoiding side effects.  

Drugs targeting the reversed pH gradient are often used in combination with anticancer drugs. Schwartz, L. 

et al. 2017 reported about decreased cancer growth in murine xenografts after treatments with a 

combination of α-lipoic acid and hydroxycitrate. α-lipoic seems to inhibit the pyruvate dehydrogenase kinase 

(PDK). PDK is known to be upregulated in cancers cells in order to inactivate the enzyme pyruvate 

dehydrogenase. This enzyme pyruvate dehydrogenase (PDH) catalyzes the first step of the pyruvate 

conversion via aerobic respiration. The inhibition of PDK in cancer cells consequently leads to increased PDH 

activity which favors the oxidative phosphorylation pathway and consequently less lactic acid is produced 

which is important for the homeostasis of the inverse pH gradient in cancer cells. The combination of the 

metabolic treatment with α-lipoic acid / hydroxycitrate and a cancer therapy drug (Naltrexone) is already 

reported to show promising effects with respect to the survival rate of patients (Schwartz, L. et al. 2017).  

An alternative approach to downregulating glycolysis and the lactic acid production in cancer cells via 

targeted inhibition of e.g. PDK is, on the contrary, to significantly increase glycolysis and at the same time to 

impair the pH-stabilizing systems of the cancer cell. The combination of both factors should cause 

uncontrollable intracellular acidification resulting in cancer cell death (Lee, Z.-W. et al. 2017). It was shown 

that GYY4137 (sodium salt) is a slow H2S-releasing donor, leading to increased glycolysis and impaired activity 

of anion exchangers as well as NHE1, resulting in cancer-specific intracellular hyper acidification. The 

combination of GYY4137 with the anti-cancer drugs simvastatin (inhibiting MCT4) or metformin were 

demonstrated to even cause cancer cell death in more aggressive cancers. 

Another idea is the selective inhibition of carbonic anhydrase (CAII, CAIX, CAXII) being overexpressed in 

glioblastoma multiforme brain tumors (Marathe, K. et al. 2016). The inhibition of CA with the drug topiramate 

seems to induce acute intracellular acidification while contralateral tissue was not affected.  
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The acidic extracellular environment of tumors can also be used as an “activating environment” for targeted 

drug release or enhanced specific interactions of e.g. proteins, antibodies or receptors with the cancer cells. 

A promising tumor-targeting approach is the formation of pH-responsive polymeric micelles out of 

amphiphilic MPEG-poly(β-amino ester) block copolymers (MPEG - hydrophilic methyl ether poly(ethylene 

glycol)) which may serve as drug delivery systems (Ko, J. et al. 2007; Min, K. et al. 2010). These self-assembled 

micelles are a few nanometers in size and can be loaded with doxorubicin or camptothecin - two well-

characterized anti-cancer drugs - and the targeted rapid release in weakly acidic environments is reported to 

entail suppressed tumor growth and increased therapeutic efficacy with simultaneously fewer side effects 

compared to free anti-cancer drugs. The acidic extracellular pH of cancer cells has been proven to be a 

powerful point of application for pharmacological interventions. There are several nano-delivery systems 

showing highly promising pH sensitivity; however, the biocompatibility and biodegradability still need to be 

improved. Nevertheless, the tissue-targeted accumulation of multifunctional diagnostic and therapeutic 

delivery systems could offer the possibility of continuous cancer tracking with simultaneous treatment (Liu, 

J. et al. 2014).  

Regarding the respiratory activity and the oxygen sensing of cells, there are also treatment strategies being 

explored. The hypoxia sensing element HIF-1α is known to be overexpressed in many human cancers due to 

the intertumoral hypoxia as well as genetic alterations causing accelerated angiogenesis (blood vessel 

formation) and glucose transport, increased amounts of glycolytic enzymes and invasion factors, the 

inhibition of apoptosis and the promotion of metastatic behavior (Semenza, G. et al. 2003). All these factors 

are important for tumor growth and metastasis and explain why HIF-1α is often overexpressed. Furthermore, 

HIF-1α is possibly associated with enhanced anti-cancer drug resistance. There are studies indicating that a 

number of anti-cancer agents show a decreasing HIF production even though they have not been directly 

designed to inhibit the transcription factor (Welsh, S. et al. 2003). Accordingly, Yeo, E.-J. et al. 2003 reported 

about targeted inhibition of HIF-1α by a small molecule (YC-1) causing decreased angiogenesis and inhibition 

of tumor growth. Recent studies of Zhang, X. et al. 2020 demonstrated positive effects regarding the 

inhibition of tumor growth and metastatic behavior using a combination of common anti-cancer drugs and a 

HIF-1α-inhibitor encapsulated in specially designed nanoparticles. The applied anti-cancer drug cisplatin 

alone has the grave disadvantage of nonselective tissue distribution and hence serious side effects. The 

loading of microporous organosilica shell-coated nanoparticles with the drug however enables a more tissue-

targeted drug release. The co-delivery of acriflavine which inhibits HIF-1 from being overexpressed causes an 

accelerated expression of glutathione (GSH) resulting in a 100 – 1000-fold higher concentration of GSH in the 

intracellular compartment compared to the extracellular space. A tetrasulfide-bridged silicon framework on 

the nanoparticle surface facilitates a GSH-triggered degradation of the nano particles and leads to the 

targeted drug release. The combinatory delivery system seems to enhance the efficacy of cisplatin on the 

one hand and to inhibit cancer metastasis on the other hand.  
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The metabolic differences between normal and cancer cells enable specific points of application for a variety 

of cancer treatment agents. Especially the combination of targeted and common anti-cancer drugs turned 

out to have higher efficiencies. Nevertheless, further fundamental investigations are required for a complete 

understanding of cancer cell behavior to ultimately design cancer type-specific drugs showing less or no 

harmful side effects. 
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1.4 TECHNICAL STATE-OF-THE-ART IN OXYGEN AND PH MEASUREMENTS FOR IN 

VITRO MODELS  
 

The oxygen and pH sensing within cellular monolayers and especially within three-dimensional tissue models 

is still challenging. The advantage of more physiological conditions in spherically-shaped three-dimensional 

cellular aggregates is on the other side inevitably accompanied by more challenging detection techniques. 

There are several experimental approaches described which differ in the detection method - either in an on-

line mode or as an endpoint assay - as well as with respect to the degree of invasiveness. Since the techniques 

applied in this thesis are exclusively non-invasive detection methods and it is still unclear how cellular 

metabolism and hence the response to certain external stimuli is altered by invasive methods, the following 

overview of methods will focus only on non-invasive techniques capable of simulating the native in vivo 

situation as best as possible. Generally, non-invasive techniques can be divided into two main groups: label-

free methods on the one hand and label-based ones on the other hand. One of the main advantages of label-

free methods is the undisturbed cellular metabolism allowing for the detection of native oxygen tensions or 

pH-levels.  

 

Label-free, electrochemical approaches 

The easiest label-free and non-invasive technique is the use of electrodes or microelectrodes which are 

placed inside the measurement chambers or are externally attached to a measurement setup without 

establishing physical contact to the cells or spheroids. Typically, Clark-type electrodes are used for oxygen 

determination. The Clark-type electrode normally consists of a platinum (Pt) cathode and a silver (Ag) anode 

being electrically connected via an electrolyte solution. An oxygen-permeable membrane (e.g. Teflon) 

separates the electrodes and an inner electrolyte solution from the sample solution. The working principle 

relies on the measurement of the current due to the reduction of oxygen which changes according to the 

partial pressure-dependent diffusion of dissolved oxygen across the membrane into the measurement 

chamber. An applied negative potential on the working electrode (cathode) relative to the counter electrode 

(anode) causes the reduction of oxygen to hydroxide ions (O2 + 2 e- + 2 H2O → H2O2 + 2 OH-, H2O2 + 2 e- → 

2 OH-) while silver molecules are oxidized to form AgCl in the presence of chloride ions. Consequently, the 

detected electrical current is directly proportional to the oxygen partial pressure in the analyte solution 

(Clark, L. et al. 1953; Park, J. et al. 2007). This electrochemical reduction of oxygen was used to create a broad 

variety of electrodes over the last 50 years which can be divided into two major groups: (i) metal electrodes 

(Pt and Au) and (ii) carbon-based electrodes (glassy carbon, carbon fibers and carbon paste) (Bolger, F. et al. 

2011). In addition, there are multiple reports about modified, target-specific electrodes e.g. the investigation 

of lactate production after external stimulation. These examinations were reported to be performed using a 
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microelectrode being coated with the enzyme lactate oxidase immobilized in a hydrogel and placed in 

proximity to an adherent spheroid (Weltin, A. et al. 2017). The detection of the metabolic activity in form of 

lactate production and the use of the microsensor system seemed to be possible for almost three days. A 

similar non-invasive approach for monitoring the metabolic state and vitality was described using embryonic 

bodies as these in vitro systems are supposed to be potentially transferred to in vivo systems in the field of 

regenerative medicine. The oxygen consumption rate can be considered an indicator for metabolic activity, 

reflecting the activity of mitochondrial oxidative phosphorylation and hence the production of adenosine 

triphosphate (ATP). This fundamental relation highlights the importance of the investigation of oxygen 

consumption rates.  

The combination of a measurement chamber with eight embedded microelectrodes for a new clinically 

applicable device (chip-sensing embryo respiration monitoring system, CERMs) was introduced by Kurosawa, 

H. et al. 2016 and is depicted in Fig. 1.5. 

 

The measurement device consists of five individual wells, each offering a cavity for spheroid positioning in 

the middle as well as multiple circular microelectrodes in eight different positions (see Fig. 1.5 A). This enables 

the possibility to observe an evolving gradient of the dissolved oxygen concentration due to the respiration 

of the cells. The electrodes measure the oxygen reduction current under an applied potential. To validate the 

use of the microelectrode chamber, the oxygen consumption rate was investigated via scanning 

electrochemical microscopy (SECM). SECM constitutes an electrochemical multiparameter analysis to 

examine tissue models for instance according to their intracellular redox activity or the transport of ions 

across the membrane. A high sensitivity was observed in both cases, with the advantages of easy handling 

and the possibility of parallelization in the case of CERM in contrast to the SECM measurement where the tip 

needs to be adjusted manually for the individual scanning modes. Shiku, H. et al. 2001 used the tip of an 

SECM microelectrode (tip radius of 1.8 µm) to measure oxygen concentration profiles around a single bovine 

embryo by scanning in the x/y- and z-directions up to a distance of 500 µm at 14.7 µm/s and 160 µm at 

Fig. 1.5 Schematic depictions of (A) the CERM (chip-sensing embryo respiration monitoring system) measurement 
chamber for the analysis of the respiratory activity of three-dimensional tissue models as described by Kurosawa, H. et 
al. 2016 and (B) the SECM (scanning electrochemical microscopy) scanning modes for the detection of oxygen gradients 
around spheroids which was adapted from Shiku, H. et al. 2001. 
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4.9 µm/s, respectively (compare Fig. 1.5 B). SECM was also used to compare different cell culture techniques 

according to the respiratory activity of the formed tissue. Zhou, Y. et al. 2013 examined differences in the 

cellular respiration between spheroids created either via the hanging drop method or with a liquid overlay 

method in specially designed PDMS chambers. In addition to the formation method, different cell numbers 

were investigated. The respiratory activity increased with higher cell numbers equally for the hanging drop 

method as for the PDMS array technique.  

Apart from the detection of oxygen there are many more electro-active species detectable with the help of 

SECM. Arai, T. et al. 2013 monitored p-aminophenol (PAP), the substrate of the enzymatic hydrolysis of p-

aminophenylphosphate (PAPP), to evaluate the activity of the enzyme alkaline phosphatase (ALP). ALP is a 

biomarker for undifferentiated embryonic stem cells (Shamblott, M. et al. 1998), for bone and liver diseases 

as well as for many electrochemical immunoassays (Warsinke, A. et al. 2000). As a control experiment for the 

SECM investigations, cell staining with alkaline phosphatase was conducted (Arai, T. et al. 2013) by the 

addition of p-nitrophenyl phosphate as the substrate and the increase in absorbance was measured due to 

the enzymatically catalyzed formation of the product p-nitrophenol. A decreased ALP activity during the 

cultivation time was observed and it was suggested that this noninvasive measurement technique is able to 

discriminate between embryoid bodies with high and embryoid bodies with low potential to differentiate 

into cardiomyocytes.  

The second key parameter this thesis focuses on, is the pH value in and around living organisms and the 

detection of changes in the normally sensitively maintained equilibria of pH tensions. Conventionally, pH 

values are detected by set of two separate electrodes (one glass electrode and a reference electrode) being 

incorporated into one body and arranged like a galvanic cell. The glass electrode (Ag/AgCl) is surrounded by 

an inner buffer solution (KCl adjusted to pH 7) and separated by a glass membrane from the test solution. A 

ceramic junction separates the test solution from the reference electrode (Ag/AgCl in aqueous KCl solution). 

The glass membrane as well as the ceramic junction act as diffusive barriers. The resulting measurable 

potential between the two electrodes is dependent on interactions of the glass membrane with the 

surrounding test solution. The glass structure of the membrane allows Na+ and Li+ ions to freely pass, whereas 

it is impermeable for H+ ions although they can occupy free lattice sites in the glass structure. Consequently, 

a high concentration of H+ ions (low pH value) causes a higher degree of proton occupation and hence an 

electrical repulsion of Na+ and Li+ ions from the inner membrane side. Vice versa, low H+ concentrations (high 

pH values) lead to a repulsion of Na+ and Li+ ions from the test solution because the protons from the inner 

buffer solution occupy the free spaces in the membrane. This H+-dependent displacement causes detectable 

potential shifts allowing for the measurement of pH in the test solution. The process at the membrane 

surface had been unclear for a long time (Shangguan, J. et al. 2016; Pungor, E. et al. 1998), but the principle 

could nevertheless be used for designing other ion-selective sensor electrodes. This technique offers the 

possibility of pH detection in solution, for instance in the supernatant of adherent cells. A miniaturization of 
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glass pH electrodes with nonaqueous internal reference was introduced by Savinell, R. et al. 1981. 

Nevertheless, the use of these fragile glass electrodes in in vivo or in vitro studies was challenging. Liu, C. et 

al. 1980 reported about Pd/PdO wire-form electrodes with an Ag/AgCl reference electrode to overcome the 

drawback of pH-sensing electrodes made from glass. The development of planar electrodes would make the 

investigation of pH values in the microenvironment of attached cells feasible. Mingels, R. et al. 2019 

introduced miniaturized, planar pH sensors consisting of a Pt electrode layout being coated with iridium and 

ruthenium oxide layers for potentiometric pH measurements. The combination of an iridium oxide pH sensor 

with a miniaturized solid-state reference electrode and additional sensor chips for temperature and 

conductivity detection are already used for water quality monitoring (Zhou, B. et al. 2017) and would also be 

an interesting approach for in vitro studies. 

 

Optical imaging and non-imaging approaches 

Apart from the robust and well-established electrochemical approaches, optical methods allow for cost-

effective, non-invasive and highly versatile multiparametric investigation of living organisms. This assay 

format is easy to miniaturize being a crucial point when it comes to examinations using in vitro tissue models 

or biopsy material. Optical methods in general can either be label-free or label-based by using luminophores. 

However, the use of luminophores poses risks of photobleaching, interference with background emissions 

(autofluorescence) or the generation of singlet oxygen (1O2) which is potentially dangerous for living 

organisms. Despite these drawbacks, the luminophore method comes with the advantage of a high lateral 

resolution and, in contrast to electrochemical methods, no oxygen is consumed.  

The easiest optical methods to gain information about the size and viability of cells or spheroids are 

microscopical studies. They are routinely used to monitor time-dependent changes in size or growth as well 

as to investigate morphological changes induced by different cancer drugs (Gaio, E. et al. 2016; Raghavan, S. 

et al. 2015). Ekstrand, A. et al. 1991 and Pedersen, P.-H. et al. 1994 investigated the influence of growth 

factors on spheroid growth, migration and invasion and could show by using phase contrast microscopy that 

the growth factor EGF is overexpressed in 50 % of malignant human gliomas and seems to be the most 

stimulating growth factor. A two-dimensional observation of three-dimensional tissue models however 

offers some disadvantages: (i) it is only possible to image the projected area of the tissue, (ii) no information 

can be gained on the actual 3D shape and (iii) it is difficult to judge uniformity of the surface of the grown 

tissue. For the examination of the cytoskeleton, the metabolic activity, proliferation rates or viability of the 

cells within a spheroid, there are several staining techniques available. As the nutrient supply is predicted to 

decrease towards the center of most tissue models due to the lack of blood vessels, the diffusion, exchange 

or active transport of dyes should also be restricted depending on the respective tissue or cell type. In 

addition to the complicated cell staining procedure in the center, a confocal laser visualization of the possible 
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dyes in the inner compartment of the spheroids poses additional difficulties because the penetration depth 

of visible light into the tissue as well as the fluorescence emission out the tissue is limited to approximately 

100 µm (Costa, E. et al. 2019). Nevertheless, the stainings help to reveal important information on several 

cell phenotypes even though only the cells from the outer layer of the spheroid are considered. Changes in 

oxygen levels, lactate concentrations and pH are important parameters playing decisive roles in mirroring 

the vitality state of cells. The process of cell staining with subsequent imaging at different focal planes in 

z-direction is an established method for functional investigations.  

As oxygen generally is a very important metabolite and involved among others in reductive processes at the 

cytochrome c oxidase in the oxidative phosphorylation, the production of reactive oxygen species in the 

mitochondria and many enzymatic reactions, it would be most desirable to develop processes to be able to 

detect oxygen levels within the tissue. Optical oxygen sensing using luminophores offers spatially resolved 

data either by quenching processes, intensity- or lifetime-based techniques or by ratiometric methods. 

Prominent oxygen probes for biological samples are the oxygen-sensitive reagents image-iTTM Red (Sarkar, S. 

et al. 2018), platinum (II) tetra (carboxyphenyl) porphyrin (PtTCPP) (Kurokawa, H. et al. 2015) and Pt(II)-

tetrakis-(pentafluorophenyl)-porphyrin (PtPFPP) (Fercher, A. et al. 2011). The protocols mostly differ 

regarding the time point of application of the oxygen-sensitive dyes. Some probes are already added to the 

cell suspension during spheroid formation whereas other staining procedures are performed on mature 

spheroids. However, the detection method and therefore the penetration depth is similar as all methods 

require confocal z-directional scanning. Kurokawa, H. et al. 2015 investigated the intracellular oxygen 

concentration (OC) depending on changes of the extracellular environment and could observe increasing 

intracellular OC with increasing extracellular OC. In single cell experiments, he was able to distinguish 

between distinct organelle-specific OC within one cell. The distribution of the dye inside one cell does not 

matter as the measured lifetime is independent from the concentration of the phosphorescent dye. The 

research of alternative probes is still a focus of interest. The metal complex compounds are widely used and 

described and offer the possibility of chemical modification according to distinct purposes. Thus, the 

complexes were used to design nanoparticle-based probes which should exhibit good cell-penetration, 

require low working concentrations, exhibit small particle sizes and excellent biocompatibility (Kondrashina, 

A. et al. 2012).  

In addition to metabolic investigations, the use of nanoparticles presents an opportunity of drug loading, 

different surface modifications for specific receptor recognition or surface loading for enzymatic release of 

diagnostic or therapeutic drugs. 

Next to the uptake of probes into the intracellular compartments, it is of great interest to be able to collect 

information from the nearest extracellular environment of monolayers or the small spaces between the cells 

within one spheroid. A direct addition of microbeads or paramagnetic probes to the respective cell 
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suspension prior to tissue formation leads to the inclusion of the probes into the paracellular clefts. Lesher-

Pérez, S. et al. 2017 reported about PDMS microbeads being infused with tris(4,7-diphenyl-1,10 

phenanthroline) ruthenium(II) dichloride, an oxygen-sensitive metal complex, which was either deposited 

around the spheroids or alternatively the cells were seeded around the sensor beads. The microbeads 

allowed for the detection of oxygen levels in a time- and cell mass-dependent manner by phase fluorimetry. 

Additionally, different oxygen levels depending on the spheroid formation technique were observed. 

Spheroids having been formed via the hanging drop method exhibited oxygen levels similar to the 

atmospheric oxygen level while spheroids cultivated in microwells showed lower oxygen levels.  

Another widely used technique for the 3D visualization of different tissues e.g. areas of hypoxic tissue after 

previous addition of [18F]-labeled tracers (Dubois, L. et al. 2011; Lee, S. et al. 2007), is the positron emission 

tomography (PET). PET is an imaging technique for the three-dimensional detection of targeted, positron-

emitting radioisotope-labeled tracers which are intravenously injected and distributed across the body. The 

radioactive decay leads to the formation of positron-electron pairs producing two photons being emitted in 

opposite directions. The detection of the two photons is achieved by opposing pairs of detectors yielding 

three-dimensional images of the tracer distribution in the corresponding tissue (Del Guerra, A. et al. 2016). 

The drawback of PET is a limited spatial resolution of around 4 – 6 mm with a relatively low temporal 

resolution of 1 s – 10 min (Nestle, U. et al. 2009). The PET technology was also reported to be suitable for pH 

investigations of the acidic environment of prostate cancer. Vāvere, A. et al. 2009 described the application 

of pH low insertion peptides, that predominantly insert into the lipid bilayer of tumor cells as an α-helix and 

are labeled with [64Cu], allowing for the investigation of acidic environments with the drawback that 

physiological pH could cause inaccurate results. 

Luminophore-based sensing is not only a reliable method with respect to the detection of oxygen tensions 

but can also be deployed in pH sensing to measure extra- and intracellular pH values. The intracellular pH 

value is a highly important parameter closely associated with cell behavior and vitality as well as for the 

understanding of physiological and pathological processes. A multitude of luminophores was reported 

offering a broad variety of sensitivities regarding pH ranges, photophysical properties, cell permeability, 

photobleaching and quantum yield. The most applied and highly promising fluorophores are reported to be 

BCECF-AM (2´,7´-bis(2-carboxyethyl)-5-(and-6)-carboxyfluoresceine, acetoxymethyl ester) and SNARF-1 

(Seminaphtharhodafluorescein 5-(and-6)-carboxylic acid acetoxymethyl ester). The two dyes can be used for 

the detection of near-neutral intracellular pH conditions (Han, J. et al. 2010). Fluorescein and its derivates 

are reported to rapidly leak from the cellular cytosol compared to HPTS (8-Hydroxypyrene-1,3,6-trisulfonic 

acid) which is trapped inside the cells after injection. This entrapment after injecting HPTS into the cell 

simultaneously is the major drawback due to the highly invasive character (Han, J. et al. 2010). So far, other 

organic fluorophores exhibit poor photostability and low quantum yield. Nevertheless, TPE-Cy 

(tetraphenylethene-cyanine) is reported to be highly biocompatible and show good cell-permeability (Chen, 
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S. et al. 2013). Also, studies have been carried out with multiple probes carrying pH-sensitive dyes like: 

(i) phospholipid-coated particles with covalently attached fluorescein (pH-sensitive) and tetramethyl-

rhodamine (pH-insensitive) dyes (McNamara, K. P. et al. 2001), (ii) carbon dots made from citric acid and 

basic fuchsin showing a linear pH-dependent ratiometric signal after incorporation into HeLa cells 

(Shangguan, J. et al. 2016), (iii) nanoscale metal-organic frameworks with covalently conjugated FITC 

(fluorescein isothiocyanate) for real-time intracellular pH sensing (He, C. et al. 2014) and (iv) water-soluble 

cationic but cell-permeable porphyrin derivates allowing for intracellular pH investigations (Liu, Y. et al. 

2015). 

Fluorescence detection is also used in combination with optical micro fibers for measuring extracellular pH 

levels close to biological samples. Yang, Q. et al. 2015 introduced a fiber-optic micro pH-sensor with a tip 

diameter of around 70 µm being coated with a thin film of an organically modified silicate-based aerogel 

including the covalently bound pH-sensitive dye BCECF already discussed before. The microfibers show a high 

spatial resolution and a linear response to pH values ranging from six to eight. Similar studies were performed 

with optical fibers with a tip diameter of 1 mm where the tip is modified with bromocresol purple being 

immobilized by sol-gel dip-coating making sensitive pH sensing possible in a range of 5.3 to 8.7 (Deng, S. et 

al. 2017).  

A simultaneous, fluorescence-based detection of changes in oxygen concentrations and pH levels in the 

mircroenvironment of cells is offered by Agilent Technologies, Inc., with their Seahorse XF analyzer as 

depicted in Fig. 1.6. A disposable sensor cartridge is equipped with two fluorophores embedded in a polymer-

based sensor unit, one being sensitive for oxygen and the other one for pH. The sensor unit is placed 200 µm 

above adherent cells and the detected fluorescence is automatically translated into corresponding oxygen 

consumption rates (OCR) and extracellular acidification rates (EACR) by the respective software in real-time.  

 

 

 

 

Fig. 1.6 Schematic of the Seahorse XF analyzer by Agilent Technologies, Inc., for the simultaneous detection of oxygen 
concentrations and pH via the detection of analyte-specific fluorescence emission in the cellular microenvironment. 
Adapted from www.agilent.com. 
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Magnetic resonance-based measurement techniques 

The physical phenomenon of magnetic resonance is the fundamental process of the powerful spectroscopic 

tools electron paramagnetic resonance (EPR) as well as nuclear magnetic resonance spectroscopy (NMR) and 

the medical application thereof which is called magnetic resonance imaging (MRI). EPR is based on the 

interaction of paramagnetic probe molecules with paramagnetic oxygen resulting in changes of the linewidth 

of the recorded EPR spectrum (Lurie, D. et al. 2005). Langan, L. et al. 2016 used the EPR oximetry for direct 

measurements of oxygen gradients in spheroids. Cell aggregates encasing small lithium phthalocyanine (LiPc) 

paramagnetic probe particles (average size of (11.20 ± 1.02) µm) were drawn into a glass capillary and sealed 

air bubble-free. The changes in the oxygen level were investigated based on the EPR measurement yielding 

the oxygen consumption rate of the spheroids. It was reported that the oxygen consumption of spheroids is 

not showing a linear dependence on the oxygen amount below a concentration of 100 µM possibly due to 

the formation of oxygen diffusion gradients within the tissue. In addition to LiPc probes, nitroxides can also 

be used as paramagnetic probes. Ongoing refinements and further development of the nitroxide-based 

probes have shown a significantly improved resolution, reconstruction and spectral response to oxygen 

tensions within in vitro and in vivo tissue (Weaver, J. et al. 2016).  

Magnetic resonance imaging (MRI) or magnetic resonance spectroscopy (MRS) are based on the detection 

of the tissue-dependent relaxation of hydrogen atoms [1H] after the application of a strong external magnetic 

field which induces different transitions of nuclear spin states of 1H causing detectable radiofrequency 

radiations. The recorded relative pixel intensities depend on proton densities as well as on tissue-specific 

relaxation times (Khooa, V. et al. 1997). The in vivo-targeted investigation of oxygen tensions or pH conditions 

is mostly done by using exogenous perfluorinated carbon compounds [19F], while the detection of 

endogenous signals from 1H, 31P and 23Na is also used (Gillies, R. et al. 2005). Crayton, S. et al. 2011 developed 

pH-responsive superparamagnetic iron oxide nanoparticles with a conjugated glycol chitosan polymer on its 

surface being metabolically directed since they show increased accumulation tendencies in acidic tumor 

environments. The MRI technique can also be used for oxygen sensing, mapping of hypoxia-revealing tissue, 

lactate concentration determination and many other metabolic parameters. Nevertheless PET, EPR and MRI 

are cost-intensive techniques being mostly used in clinical research for in vivo investigations of large tissue 

areas.  

The fundamental microphysiometric investigations with the dynamic activity of the energy metabolism and 

its respective key parameters are crucial for a better understanding of how life works. The broad variety of 

approaches for oxygen and pH sensing are – in parts – well-established but also contain some drawbacks. 

Oxygen-sensing electrodes and electrochemical methods generally come with the disadvantage of being 

oxygen-consuming and thereby causing inaccurate detection of oxygen levels. Additionally, Clark-type 

electrodes exhibit a weak oxygen sensitivity at low concentrations with a limited spatial resolution. Optical 
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or image-based methods are often performed using certain labels, luminophores or designed nanoparticles 

which are claimed to be non-invasive. However, a cellular recognition and interaction of these labels with 

the cell’s metabolism cannot totally be ruled out and could consequently lead to a misinterpretation of any 

measured cellular response. Therefore, the development of novel oxygen- and pH-sensing setups which are 

biocompatible, non-invasive, cost-effective, durable and at the same time offer a high lateral and temporal 

resolution, is still part of an ongoing research topic and this thesis aims to contibute to that resarch.  
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 OBJECTIVES 
 

The cell microphysiometry not only provides information about the state of vitality and metabolic activity of 

the cells but is also an important factor to distinguish normal from cancerous cells. Reversed pH gradients, 

altered respiratory chains as well as different proliferation and migration behavior between normal and 

cancerous cells shall be compared as a function of extracellular pH.  

Experimental techniques to conduct these studies are supposed to be non-invasive with the possibility of 

real-time monitoring in a label-free manner giving access to cellular responses with a good temporal and 

spatial resolution. A major objective of this thesis is to characterize different cell lines with respect to 

potentially specific pH-dependent phenotypes using, among others, oxygen consumption as well as toxicity 

as indicator.  

To study cellular respiration, oxygen-sensitive sensor foils should be used. The sensor foils present the 

advantage of being reusable and biocompatible with easy cellular attachment while a ratiometric readout 

approach overcomes drawbacks like photobleaching or background fluorescence.  

To validate the experimental studies, the oxygen-sensitive sensor foil shall be characterized regarding its 

sensitivity range as well as temporal and spatial resolution abilities. With regard to the sensor foil sensitivity, 

it should be examined whether varying respiratory activities can be detected using different cell lines since 

the individual organs in a body are also exposed to specific oxygen tensions. As this measurement setup 

enables a high spatial resolution, it should be tested whether different cell lines can be monitored 

simultaneously while being attached to one piece of sensor foil. Also, the different metabolic zones known 

to exist within cultured tissues should be mimicked by the inhibition of oxygen diffusion from the supernatant 

medium similar to multiple cell layers acting as barrier. Furthermore, different metabolic activities of the 

three-dimensional tissue models using spheroids as a well-behaved model system should be analyzed and 

visualized with the help of oxygen-sensitive sensor foil. These investigations could reveal interesting insights 

into oxygen diffusion processes within the tissue and could allow for the detection of different respiratory 

activities in the individual zones within a 3D tissue due to possibly emerging horizontal oxygen gradients. 

Consequently, the development of a detection device to assess oxygen gradients could help to provide an 

estimation of oxygen diffusion rates above adherent cells. The last aspect to be considered when looking at 

oxygen diffusions close to adherent cells is hidden in the sensor foil matrix itself. It should be examined to 

what extent the sensor foil thickness influences the changes in oxygen concentrations detected by the sensor 

readout. The multitude of investigations is supposed to provide a comprehensive picture of the oxygen-

related diffusion processes around cultivated cells.  



  

 

22 Objectives 

The focus of the second chapter should be placed on the reversed pH gradient of cancer cells in contrast to 

normal cells. In this chapter, various cell phenotypes of normal cells as well as the ones of cancer cells shall 

be characterized with respect to their pH dependencies. Three different non-invasive techniques should be 

implemented to yield and compare information about adhesion processes, proliferation rates, migration 

rates and micromotion as well as respiratory activities under the influence of altered extracellular pH 

conditions. The primary objective in this chapter is to investigate if normal cells can be discriminated from 

cancerous on the basis of their pH-dependent phenotypic behavior.  

In this thesis, experimental protocols should also be established to perform cytotoxicity investigations of two 

substances – bisphenol A and glyphosate - which have recently been fervently discussed in literature and 

media. Bisphenol A and glyphosate are both said to have cancerogenic and tumor-promoting effects by 

affecting cell cycle regulations (Marc, J. et al. 2004). The goal is to be able to determine toxic concentrations 

of the two toxins and to observe possibly distinct effects for different cell lines. There are many, however 

also controversial, publications addressing this issue and the results of this thesis could complement this field 

of research and shed additional light on the toxic influences on living organisms.  
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 MATERIALS AND METHODS 

3.1 CELL CULTURE TECHNIQUES 
 

All cell culture-related work was performed under a laminar airflow cabinet (Thermo Fisher Scientific Inc.) to 

minimize the risk of contaminations. All consumables were either autoclaved (Systec GmbH) or purchased in 

disposable sterile packages. The cells were exposed only to sterile media and solutions. All buffers and 

reagents were sterilized either by autoclaving or by passing through a sterile filter (TPP Techno Plastic 

Products AG). Before cell contact, all media, buffer or analyte solutions were prewarmed to 37 °C in a water 

bath (Julabo GmbH). The cells were grown on the bottom of polystyrene (PS) culture flasks (Sarstedt AG & 

Co. KG) with a growth area of 25 cm2 and a supernatant volume of 4 mL or a growth area of 75 cm2 and 10 mL 

supernatant culture medium (Sigma-Aldrich). To provide an optimal growth environment, the cells were 

cultivated in an incubator (Thermo Fisher Scientific Inc.) at 37 °C in an atmosphere of 5 % CO2 and 95 % 

relative humidity. The supernatant cell culture medium was routinely exchanged every three to four days 

and also one day before the experiment.  

 

3.1.1 CULTIVATION OF ADHERENT MAMMALIAN CELL LINES 
 

In this work a total of nine different cell lines has been used which will be described in detail in the following. 

All of the cell lines are adherent mammalian cell lines growing in spread monolayers and require slightly 

different compositions of their culture medium (see Tab. 3.1). 

A549 cells are human lung adenocarcinoma type II alveolar epithelial cells. The cell line was initiated in 1972 

by Giard, D. J. et al. 1973 by the explantation of a lung adenocarcinoma. A549 cells grow in well-spread 

monolayers with a uniform distribution and a regular epithelial morphology. The monolayers are made from 

cuboidal and polygonal-structured cells which are closely packed (Croce, M. V. et al. 1999). The A549 cell line 

was kindly provided by Prof. Dr. Heilmann, chair of the Department of Pharmaceutical Biology at the 

University of Regensburg. 

Human dermal microvascular endothelial cell (HDMEC) were isolated from human foreskin and kindly 

provided by the University Hospital Regensburg. They grow in monolayers with a cylindrical classic 

cobblestone morphology (Blair R. J. et al. 1997). As the cells are derived from a finite cell line, they could only 

be subcultured between four to seven times. 

Madin-Darby canine kidney (MDCK) cells are epithelial kidney cells isolated from the distal tubule of the 

nephron of an adult cocker spaniel 1958 by Madin and Darby (Valentich, J. D. et al. 1981). Two sublines of 
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the parent strain have been used in this thesis: MDCK I and II cells and were derived from early and later 

passages, respectively. They can be distinguished by morphological characteristics and due to their 

transepithelial resistance (Zimmer, G. et al. 1997). MDCK I cells form very strong tight junctions with a 

transepithelial resistance of around 4 kΩ·cm2 in contrast to 70 Ω·cm2 exhibited by the more moderately tight 

monolayers formed by MDCK II cells (Richardson, J. et al. 1981). MDCK cells display a cuboidal cobblestone-

like morphology, but MDCK I and MDCK II cells differ strongly with respect to their size and apical microvilli 

distribution (Richardson, J. et al. 1981). Confluent MDCK II monolayers show domes or blisters due to fluid 

being pumped from apical to the basolateral side of the cells leading to locally detached cells with intact cell-

cell contacts (Cereijido, M. et al. 1981). 

Normal rat kidney (NRK‐52E) cells were first described in 1978 as an epithelial‐like cell type with a flat 

polygonal shape (DeLarco, J. E. et al. 1978). They have been derived from rattus norvegicus. NRK cells grow 

in a perfect cobblestone morphology and were purchased from the Deutsche Sammlung von 

Mikrooganismen und Zellkulturen (DSMZ).  

The human skin melanoma cell line SK-MEL-28 was isolated from a 51-year-old man suffering from a 

malignant melanoma in 1976 (Carey, T. E. et al. 1976). The cells form adherent, epithelial-like monolayers 

with polygonal-shaped cell bodies. A cell line derived from an oral squamous cell carcinoma (UPCI-SCC-111, 

SpiCa) was established using a biopsy sample of a 69-year-old Caucasian woman collected between 1992 and 

1997 at the University of Pittsburgh (Martin, C. L. et al. 2008, White, J. S. et al. 2007). SpiCa cells form well-

spread adherent monolayers. Both of the described cancer cell lines were purchased from the DSMZ. 

U373 MG cells are human astrocytoma cells derived from a malignant brain tumor displaying glial 

morphology and forming a polygonal morphology with moderately dense cytoplasm (Lee, C.-M. et al. 1989; 

Bigner, D. D. et al. 1981). The cell line was kindly provided by Prof. Buschauer from the Department of 

Pharmaceutical & Medicinal Chemistry at the University of Regensburg.  

The MCF-7 (Michigan Cancer Foundation-7) cell line was derived from a human breast carcinoma and shows 

adherent cells with polygonal epithelioid morphology (Abe, M. et al. 1984) which were kindly provided by 

Prof. Göpferich from the Department of Pharmaceutical Technology at the University of Regensburg. U373 

MG and MCF-7 cells were only used to grow three-dimensional tissue models.  
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Tab. 3.1 Compositions of cell culture medium for all cell lines used in this thesis. 

Cell line Culture medium FCS /  
% (v/v) 

Penicillin/streptomycin 

/ µgmL-1 

L-Glutamine 
/ mM 

Additional 
supplements 

A549 Dulbecco’s Modified Eagle’s 
Medium (DMEM) (50 %) 

3.7 gL-1 NaHCO3 

4.5 gL-1 D-Glucose 
Nutrient Mixture F-12 Ham 
Medium (50 %) 

5  100 1  

HDMEC Endothelial Cell Growth 
Medium MV 

5 100   

MCF-7 Minimum Essential Medium 
Eagle (MEM-Eagle) 

2.2 gL-1 NaHCO3 

1 gL-1 D‐Glucose 

10 100 2 1 mM 
Pyruvate 

MDCK 
I / II 

Minimum Essential Medium 
Eagle (MEM-Eagle) 

2.2 gL-1 NaHCO3 

1 gL-1 D‐Glucose 

5 100 4  

NRK-
52E 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

3.7 gL-1 NaHCO3 

4.5 gL-1 D‐Glucose 

5 100 2  

SK-
MEL-28 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

3.7 gL-1 NaHCO3 

4.5 gL-1 D‐Glucose 

10 100 2  

SpiCa Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

3.7 gL-1 NaHCO3 

4.5 gL-1 D‐Glucose 

20 100 2 1x non-
essential 
amino acids 

U373 
MG 

Minimum Essential Medium 
Eagle (MEM-Eagle) 

2.2 gL-1 NaHCO3 

1 gL-1 D‐Glucose 

5 100 2  

 

3.1.2  SUBCULTIVATION 
 

Once a week the cells were subcultured to provide them with enough proliferation space on the cultivation 

substrate. The different cell lines require slight adaptions in their subcultivation protocols. Tab. 3.2 describes 

the individual steps for the respective cell line.  
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Tab. 3.2 Overview of the subcultivation protocols for the individual cell lines.  

Cell line  Washing 
with PBS-- 

Addition 
of EDTA/ 
PBS-- 

Incubation 
with EDTA/ 
PBS-- (37 °C) 

Addition of 
trypsin/ 
PBS-- 

Incubation 
with trypsin/ 
PBS-- (37 °C) 

Medium for 
enzyme 
inactivation 

Centrifu-
gation (RT) 

A549 2x - - 1 mL 
0.05 % (w/v) 

10 min 10 mL 10 min, 
110 x g 

HDMEC 2x - - 1 mL 
0.05 % (w/v) 

2 min 10 mL 5 min, 
200 x g 

MCF-7 2x - - 1 mL 
0.25 % (w/v) 

3 min 10 mL 5 min, 
110 x g 

MDCK I 2x 4 mL  
1 mM 

10 min 1 mL 
0.25 % (w/v) 

10 min 10 mL 10 min, 
110 x g 

MDCK II 2x 4 mL  
1 mM 

10 min 1 mL 
0.05 % (w/v) 

10 min 10 mL 10 min, 
110 x g 

NRK 52E 2x 4 mL  
1 mM 

10 min 1 mL 
0.05 % (w/v) 

10 min 10 mL 10 min, 
110 x g 

SK-MEL-28 2x - - 1 mL 
0.05 % (w/v) 

3-5 min 5 mL 5 min, 
200 x g 

SpiCa 2x - - 1 mL 
0.05 % (w/v) 

3-5 min 5 mL 5 min, 
200 x g 

U373 MG 1x - - 1 mL 
0.05 % (w/v) 

3 min - 10 min, 
110 x g 

 

The initial aspiration of the culture medium was followed by washing with PBS-- (phosphate-buffered saline, 

without Ca2+- und Mg2+ ions, 4 mL, Tab. 3.4, Sigma-Aldrich) to remove dead cells and medium residues. A 

subsequent detachment of the cells from each other was achieved by a cell line-dependent incubation step 

with EDTA (ethylenediaminetetraacetate, 1 mM in PBS--, 4 mL, 10 min, 37 °C, 5 % CO2, Sigma-Aldrich) due to 

the complexation of bivalent cations in solution which are essential for the formation of cell junctions. The 

exchange against a trypsin solution (1 mL, 0.05 – 0.25 % (w/v) in PBS--, 5 – 10 min, 37 °C, 5 % CO2, Sigma-

Aldrich) led to a complete detachment of the cells from the surface. Trypsin is a protease, digesting proteins 

involved in cell-cell and cell-matrix adhesion. To prevent further enzymatic cell digestion, culture medium 

(5 – 10 mL) was added to the cell suspension followed by a centrifugation step (5 – 10 min, 110 – 200 x g, RT, 

Thermo Fisher Scientific Inc.). After centrifugation, the cells were resuspended in fresh culture medium 

(4 mL) and seeded into new culture flasks in a dilution of 1:20 with respect to the growth area.  

For reproducible cell inoculation on different substrates, the cell number was determined with the help of a 

Bürker counting chamber (Paul Marienfeld GmbH & Co. KG). Cells were either seeded to yield a confluent 

2x

0 
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monolayer or subconfluently with a lower cell density. As the cellular appearance differs in size and shape, 

every cell line was seeded in an appropriate cell density which is listed in Tab. 3.3. 

Tab. 3.3 Cell line-specific seeding densities. 

Cell line Confluent monolayer 
-adhesion/migration/RTC measurements- 

Subconfluent layer 
-proliferation measurements- 

A549 32·104 cells ·cm-2 2·104 cells ·cm-2 

HDMEC 5·104 cells ·cm-2  

MDCK I & II 25·104 cells ·cm-2  

NRK 25·104 cells ·cm-2 

2·104 cells ·cm-2 SK-MEL-28 10·104 cells ·cm-2 

SpiCa 20·104 cells ·cm-2 

 

After cell seeding in culture medium, a standard pre-experiment protocol was carried out to ensure 

reproducible conditions. Therefore, 24 h after seeding, the cell culture medium was exchanged to provide 

sufficient nutrient supply for the cells and to remove dead cells. After another 24 h, the cells were prepared 

for the individual experiments. During the standard pre-experiment protocol, culture substrates were 

incubated in a standard cell culture incubator (37 °C, 5 % CO2 and 95 % humidified atmosphere).  

 

3.1.3  CULTIVATION OF SPHEROIDS 
 

For the formation of three-dimensional spheroids, the liquid overlay technique was used (Metzger, W. et al. 

2011). This technique is based on the cell inoculation on non-adhesive substrates. The cells start to build cell-

cell contacts resulting in a spherically shaped structure, the so-called spheroids. To create non-adhesive 

substrates for the generation of spheroids, a 96-well plate (Sarstedt AG & Co. KG) was coated with a solution 

of 1.5 % (w/v) agarose (Sigma-Aldrich) in serum-free culture medium (50 µL / well), wherefore the agarose 

solution was previously heated in a microwave. After the plates had cooled down to 37 °C leading to a 

solidification of the agarose solution, the cells could be seeded. After the detachment of the cells from the 

culture flasks and subsequent counting, the cell suspension was diluted to 1·105 cells·mL-1 with culture 

medium additionally supplemented with HEPES ((4-(2-hydroxyethyl)‐1‐piperazineethane‐sulfonic acid, 

20 mM, Carl Roth GmbH). HEPES is required to maintain a physiological pH value during the shaking process 

(Edmund Bühler GmbH) in the absence of CO2 atmosphere. The cells were then seeded in different cell 

numbers per well into the respective wells (200 µL / well) of the pre-coated well plate in order to generate 
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different spheroid sizes. The plate was shaken on an orbital shaker inside an incubator (37 °C, 0 % CO2) for 

4 h at 120 rpm and 50 rpm overnight to additionally prevent the adhesion to the non-adhesive agarose 

surface and to promote the formation of cell-cell contacts instead.  

 

3.1.4  CRYOPRESERVATION 
 

The long-term storage of mammalian cells is possible by cryopreservation in a liquid nitrogen tank (Jutta Ohst 

german-cryo GmbH). When the cells reached confluency in the culture flasks, they were detached from the 

substrate according to the subcultivation protocol (see chapter 3.1.2). After the centrifugation step, the cells 

were resuspended in 1.5 – 1.8 mL cryopreservation medium per T-25 cell culture flask and subsequently 

transferred into 2-mL cryovials (Sigma-Aldrich). The cryo medium composition was chosen as recommended 

by the DSMZ. All media were supplemented with 10 % (v/v) DMSO (dimethyl sulfoxide) to prevent 

crystallization because the formation of crystals could harm the cell membranes. The cryovials were evenly 

cooled down to -80 °C via an isopropanol-filled CryoBoxTM (Nalgene®) overnight and placed into the liquid 

nitrogen tank the day after.  

In order to thaw and reactivate the cells, the cryovials were moved from the liquid nitrogen tank to a normal 

freezer set to -20 °C for 1 – 2 h. After a quick thawing step of the still frozen cell suspension, the cells were 

transferred to a 50-mL centrifugation tube and after the dropwise addition of pre-warmed cell culture 

medium (15 mL), the cells were centrifugated, resuspended and seeded to standard cell culture flasks 

according the subcultivation protocol for the respective cell line (see Tab. 3.2). 24 h after thawing, the cell 

culture medium was exchanged (4 mL) to remove dead cells as well as DMSO residues. Approximately two 

weeks after thawing, with regular splitting once a week, the cells were ready for first experiments. 

  

3.1.5  BUFFER AND SOLUTION COMPOSITIONS 
 

All media, buffers and prepared solutions were stored at 4 °C and pre-warmed to 37 °C before cell contact. 

The final dilutions of different toxins as well as pH-adjusted solutions were sterilized by sterile filtration.  

The toxicity of Bisphenol A (BPA, Sigma-Aldrich) was investigated using NRK cells as an in vitro model. A stock 

solution (20 mM) was prepared by diluting the respective amount of BPA (228.28 gmol-1) in ethanol (Merck). 

For the measurements, concentrations of 200 µM, 100 µM, 80 µM, 60 µM and 30 µM BPA in Leibovitz (L-15, 

Sigma-Aldrich) medium were prepared and L-15 medium supplemented with 0.5 % (v/v) ethanol served as 

control.  
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In a comparative toxicity study between the commercially available herbicide Roundup® (Monsanto Agrar 

GmbH) and the active ingredient glyphosate (Sigma-Aldrich) in its pure form, every experiment was 

performed using glyphosate and Roundup® in the same concentrations with respect to molecular 

concentration of glyphosate. Stock solutions (40 mM) were created for glyphosate (169.07 gmol-1) and 

Roundup® (360 gL-1 glyphosate concentration) by dissolving and diluting the required mass and volume in 

L-15 medium, respectively. The glyphosate solution yielded a pH value of approximately 2.4 and a pH value 

of 5.8 was measured for the Roundup® stock solution. For some experiments, the solutions were adjusted to 

a physiological pH value of 7.4. The pH adjustment was done to be able to discriminate between the 

contribution of the acidic environment on the one hand and the effect of the herbicide itself on the other 

hand to the overall cell response. Since glyphosate is known to adhere to plastic surfaces, the stock solutions 

were stored in glass containers and dilutions were only prepared directly before application. 

 

Tab. 3.4 Compositions of all media, buffers and solutions applied in cell experiments. 

Buffer & Solution name  Composition  

Cysteine/NaCl 10 mM cysteine supplemented with 150 mM NaCl in ddH2O 

Leibovitz medium (L-15) w/o phenol red  
supplemented with 1 % (v/v) P/S (100 µg·mL-1) 
1 % (v/v) FCS for experiments with SK-MEL-28 & SpiCa cells 

L-15 with pH 5.5, 6.0, 6.4, 6.5 L‐15, pH-adjusted with 1 M/0.1 M NaH2PO4 

L-15 with pH 7.0, 7.2 L‐15, pH-adjusted with 0.1 M NaH2PO4 

L-15 with pH 7.4, 7.5 L‐15, pH-adjusted with 0.1 M NaH2PO4 / 0.1 M K3PO4 

L-15 with pH 7.8, 8.0 L‐15, pH-adjusted with 1 M/0.1 M K3PO4 

PBS-- 140 mM NaCl  
2.7 mM KCl  
8.1 mM Na2HPO4  
1.5 mM KH2PO4 

EDTA/PBS-- PBS‐‐ with 1 mM EDTA 

PBS++ PBS‐‐ with 0.9 mM Ca2+ and 0.5 mM Mg2+  

PBS++/Glucose PBS++ with 1 g·L-1 D‐glucose 

Trypsin/PBS-- PBS‐‐ with 0.05 / 0.25 % (w/v) trypsin and 1 mM EDTA  
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Phenotypic analysis of cells being exposed to different pH were performed using L-15 medium adjusted to 

distinct pH values (Tab. 3.4). Leibovitz medium is pH-buffered by basic amino acids and phosphate buffers 

like tribasic potassium phosphate (K3PO4, 60 mgL-1, Sigma-Aldrich) and monobasic sodium phosphate 

(NaH2PO4, 190 mgL-1, Sigma-Aldrich). Due to the absence of the bicarbonate buffer system, L-15 is a 

designated culture medium in a CO2-free environment. In the experiments using SK-MEL-28 and SpiCa cells, 

L-15 was additionally supplemented with 1 % (v/v) FCS to enhance metabolic activity and to ensure sufficient 

nutrient supply.  
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3.2 MICROSCOPIC TECHNIQUES 

3.2.1  PHASE CONTRAST MICROSCOPY 
 

Phase contrast microscopy provides the visualization of living and unstained microscopic structures. 

Microscopically small structures like any other medium other than vacuum interact with light waves and 

cause changes in the amplitude and phase of the electromagnetic radiation. Variations in the amplitude are 

perceived as brightness differences by photographic equipment and the human eye, whereas the 

corresponding phase shift is unnoticeable without additional arrangements. The technique of making the 

information from the phase shift available was originally described by Frits Zernike in 1932 and he was 

awarded the Nobel Prize in 1953 (Zernike, F. et al. 1942). The basic idea is the conversion of the phase shift, 

resulting from slightly different refractive indices of the specimen, into differences in the light intensity. In 

order to achieve the difference in light intensity, the illuminating light is first guided through a ring-shaped 

condenser annulus before a condenser focuses the light on the sample. A part of this illuminating light is 

scattered and consequently phase-shifted by the specimen while the background light is made up by the 

unscattered part of the light. The objective collects the scattered light as well as the background light and 

directs the light waves to a phase plate. The phase plate selectively shifts the phase of the background light 

by -90° (negative phase contrast) or +90° (positive phase contrast) to interfere either constructively or 

destructively with the background light. Biological samples normally shift the phase of the light by -90° due 

to the thickness of the sample and differences in the refractive indices between the sample and the medium. 

Thus, the sample appears bright before a dark background when the background light is also shifted by -90° 

because the scattered and the background light constructively interfere with each other. However, if the 

background light is phase-shifted by +90°, the phases are separated by 180° and the sample appears dark 

before a brighter background due to destructive interference. 

Phase contrast images were taken with the Nikon Diaphot microscope equipped with three different 

magnification objectives (4x (PLAN, 4x / 0.13), 10x (E 10x / 0.25) and 20x (DL 20x, 0.4) as well as an attached 

digital camera (Nikon D5000).  

 

3.2.2 24-CHANNEL OPTICAL MICROSCOPY 
 

Microscopy-based investigations of the different cellular phenotypes following extracellular pH changes were 

performed using the zenCell owl (innoME GmbH). It is a 24-channel microscope (see Fig. 3.1) designed for 

cell experiments inside a cell culture incubator (37 °C, 0 % CO2). Each individual field of view (1.2 mm x 

0.9 mm) offers a resolution of 2592 x 1944 pixels per well. The instrument is connected to a computer for 
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experimental control and data acquisition with the corresponding software provided by innoME GmbH. The 

software determines the number of attached and dead cells in real-time as well as the overall cell coverage 

within the field of view on the substrate surface. This technique allows for an undisturbed observation of 

proliferation and migration events, as the cell culture plate does not need to be moved from the incubator 

to the stage of a standard phase contrast microscope.  

 

 

Cell proliferation and migration were documented using the zenCell owl. The cells were seeded either in a 

low seeding density or seeded to yield a confluent monolayer (see Tab. 3.3) for the investigation of 

proliferation rates and migration behaviour, respectively. The culture medium was exchanged 24 h after 

seeding and another 24 h later, the cells were washed twice with the respective pH-adjusted L-15 medium 

(+ 1 % P/S, + 1 % FCS for experiments with SK-MEL-28 and SpiCa cells, pH values 6.4, 7.2, 7.4 and 7.8). After 

the addition of the pH-adjusted L-15 medium (2 mL / well), the measurement was started with a monitoring 

period of 24 h and images were recorded every 30 min. In migration assays, the cells were wounded using a 

physical scratch prior to the washing steps meaning that the cells were mechanically removed with a pipette 

tip (pipette tip for a maximum pipetting volume of 200 µL) to create a cell-free area in the field of view of the 

zenCell owl. The corresponding software determined the degree of cell coverage for every recorded image. 

The changes in cell coverage determined by the software were plotted as function of time and the slope was 

determined for the approximately linear part until 100 % cell coverage was reached. The individual slopes 

were averaged and expressed with the respective standard error of mean taking the Gaussian propagation 

of uncertainty into account.  

 

 

Fig. 3.1 Picture of the zenCell owl with an inserted 24-well plate taken from www.zencellowl.com. Illumination units 
are located in the upper part of the device and the objectives are incorporated directly beneath each well of a 24-well-
plate. 

http://www.zencellowl.com/
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3.2.3  CONFOCAL LASER SCANNING MICROSCOPY (CLSM) 
 

A confocal laser scanning microscope (CLSM) was used to image fluorescently labelled biological specimen. 

This technique provides a resolution of around 300 nm to make cellular structures visible. In contrast to 

conventional fluorescence microscopes, the CLSM technique is able to scan the sample with a very focused 

illumination. In addition, there are two optically conjugated pinholes integrated in the optical path. The first 

one is located in the illumination path between the light source and the dichroic mirror and the other pinhole 

is located in the observation path between the dichroic mirror and the detector. Monochromatic laser light 

passes the first pinhole, gets reflected by a dichroic mirror and is subsequently focused on the sample by the 

objective. The emitted red-shifted fluorescence is collected by the objective, passes the dichroic mirror 

(which filters scattered incident light) as well as the second pinhole and is finally collected by a 

photomultiplier tube. The second pinhole excludes fluorescence originating from axial positions other than 

the focal plane. This allows for an optical sectioning of the sample with very detailed visualization of biological 

structures due to little background fluorescence. Apart from the two-dimensional optical recordings, it is 

possible to create 3D images by collecting several optical sections at different vertical positions of the sample.  

In this work the confocal microscope Eclipse 90i was used with a C1 scanning unit. The microscope is equipped 

with three different excitation light sources (lasers) and three different detector units to record the emitted 

fluorescence. To adjust the magnification and resolution to the individual sample, there are three objectives 

with the different numerical apertures (NA) to choose from (see Tab. 3.5). 

Tab. 3.5 Technical data of the confocal laser scanning microscope.  

Laser / power Detector unit Objective / magnification / NA Pinhole size / diameter 

408 nm / < 500 mW 450/35 nm BP (blue) PLAN / 10x / 0.25 Pinhole S / 30 µm 

488 nm / < 50 mW 515/30 nm BP (green) PLAN / 20x / 0.40 Pinhole M / 60 µm 

543 nm / < 5 mW 650 nm LP (red) NIR Apo / 60x / 1.0 / water Pinhole L / 100 µm 

 

3.2.4  CYTOCHEMICAL STAINING  

3.2.4.1  LIVE/DEAD STAINING  
 

A widely used staining method to distinguish between living and dead cells is a simultaneous labeling with 

calcein acetoxymethyl ester (CaAM, Invitrogen) and ethidium homodimer (EtHD-1, Biotrend Chemikalien 

GmbH). CaAM is a membrane-permeable non-fluorescent molecule, which after cleavage of the ester bonds 

by intracellular esterases, is turned into the fluorescing calcein (Liminga, G. et al. 1995). Since CaAM is cell 
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membrane-permeable, it can freely diffuse into living and dead cells alike but due to the necessary active 

enzymes, it can only be hydrolyzed to calcein in living cells exhibiting bright green fluorescence. 

Simultaneously, the non-membrane-permeable EtHD-1 is only able to enter dead cells due to the loss of their 

membrane integrity. The intercalation of the dye between the base pairs of the DNA increases the red 

fluorescence of EtHD-1 significantly due to the changed environment and the inhibition of quenching 

processes of the emitted fluorescence by solvent molecules like water. The complex is very stable, highly 

fluorescent and exhibits a ratio of one homodimer molecule to four or five base pairs (Glazer, A. N. et al. 

1990). The staining principles are depicted in Fig. 3.2. 

 

The live/dead staining was performed after the treatment with glyphosate and Roundup® as well as for the 

visualization of spheroids growing on oxygen-sensitive sensor foils. The dyes were stored in DMSO stock 

solutions at -20 °C in concentrations of 1 mM and 2 mM for CaAM and EtHD-1 and were diluted to final 

concentrations of 2 µM and 4 µM in PBS++, respectively. The cells were washed twice with PBS++ before the 

staining solutions were added and incubated for 45 min (37 °C, 5 % CO2, darkness). After the staining process, 

the cells were kept in PBS++ buffer and the fluorescence was examined using a confocal laser scanning 

microscope (Nikon Eclipse 90i). CaAM was excited at 488 nm and the fluorescence recorded with a 

515/30 nm bandpass filter and EtHD-1 was excited at 543 nm and the emitted fluorescence signal recorded 

with a 650 nm longpass detector. 

Fig. 3.2 Schematic illustration of the live/dead staining with CaAM and EtHD-1. CaAM can freely diffuse across the cell 
membranes and emit bright green fluorescence after the cleavage of the ester bonds by esterase enzymes in living cells. 
EtHD-1 is only able to diffuse into dead cells and emit bright red fluorescence after the intercalation between base pairs 
of the DNA located in the nucleus of the cells.  
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3.2.4.2  CYTOSKELETON AND CELL NUCLEUS STAINING 
 

To visualize the cytoskeleton as well as the nucleus of the cells, tetramethylrhodamine isothiocyanate-

labeled phalloidin (TRITC phalloidin, Sigma-Aldrich) and 4′,6-Diamidino-2-phenylindole (DAPI) were used. 

Phalloidin is a bicyclic heptapeptide from the poisonous mushroom Amanita phalloides (Lynen, F. et al. 1938) 

which binds to the filamentous actin of the cytoskeleton. The binding to the actin filaments prevents filament 

depolymerization and shifts the equilibrium from actin monomers to actin filaments (Dancker, P. et al. 1975) 

making it possible to visualize the actin filaments in fixated cells. Since phalloidin itself is not fluorescing, it is 

labeled with the fluorophore rhodamine which is exhibiting bright red fluorescence.  

DAPI can freely enter the cell through the lysed cell membranes in fixated cells. The DNA-specific probe forms 

fluorescent complexes by intercalation into AT-rich sequences of the DNA located in the cell nucleus emitting 

bright blue fluorescence (Kapuscinski, J. et al. 1995) as depicted in Fig. 3.3. 

 

The cytoskeleton/nucleus staining was performed after the treatment of confluent cell monolayers with 

glyphosate and Roundup®. Stainings have also been performed on spheroids growing on sensor foils. The 

respective cell sample was washed twice with PBS++ and subsequently fixated using PFA (paraformaldehyde, 

4 % (w/v), 10 min, RT). The cells were washed twice before Triton X-100 dissolved in PBS++ was added to the 

Fig. 3.3 Schematic illustration of the staining process of the cytoskeleton with TRITC phalloidin and of the cell nucleus 
with the help of the DNA-specific dye DAPI. Phalloidin binds to the filamentous actin of the cytoskeleton and the 
attached TRITC dye emits red fluorescence after excitation. To visualize the nucleus of the cells, DAPI is added after 
fixation. The DNA-specific probe enters the permeabilized membrane and intercalates into the DNA, leading to the 
emission of blue fluorescence after excitation.  
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cells (0.5 % (v/v), 10 min) to permeabilize the cell membranes for the subsequent addition of TRITC phalloidin 

(3 µgmL-1 in PBS++, 40 min, 37 °C, 5 % CO2). The cell nuclei were then stained by adding the DAPI solution 

(10 ngmL-1 in PBS++, 2 min, RT). After two minutes, the staining solution was removed. CLSM images of the 

stained cells were taken with a 60x immersion objective and PBS++ as immersion medium. TRITC-phalloidin 

was excited at 543 nm and the emission fluorescence was recorded with a 650 nm long pass detector. The 

nucleus-staining dye DAPI was excited at 408 nm and the emitted fluorescence detected with a 

450/35 nm bandpass detector.  
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3.3 IMPEDANCE SPECTROSCOPY 

3.3.1 ELECTRIC CELL-SUBSTRATE IMPEDANCE SENSING (ECISTM) 
 

Electric cell-substrate impedance sensing is a non-invasive, label-free and real-time technique with high 

throughput and time resolution for in vitro investigations of changes in the cell morphology and cell dynamic.  

This method was first described in 1984 by Ivar Giaever and Charles R. Keese and is based on the frequency-

dependent measurement of the alternating current resistance (impedance) which can then, at a selected 

frequency, be plotted against time. The measurement setup consists of a small working electrode and a 

significantly larger counter electrode, both being thin planar goldfilm electrodes which are electrically 

connected by the bulk medium (see Fig. 3.4) and showing a smooth surface cells can be cultivated on. Due 

to the inverse proportionality of the impedance to the electrode area, the small working electrode 

contributes the most to the overall impedance, outweighing the resistance of the counter electrode and the 

bulk medium. The cultivated cells adhering to the gold surface behave like dielectric particles due to the 

insulating properties of their plasma membrane resulting in significantly increasing impedance with 

increasing cell-coverage of the working electrode. The total impedance of the cell-covered electrode can be 

condensed to a simplified three-parameter equivalent circuit where all three elements are connected in 

series representing the integrated impedance from the bulk resistance (Rbulk), the resistive and capacitive 

properties of the cell layer (ZCL) and the influence of the electrode-electrolyte interface (CPE – constant phase 

element). As the measured impedance is strongly dependent on the three-dimensional structure of the cells, 

the impedance (ZCL) can be broken down to three major pathways of the current contributing to the overall 

cell signal. Thus, changes in the cellular morphology lead to altered current pathways: beneath the cells, 

through the cell-cell contacts or directly through the cytoplasm of the cells which together are mirrored by 

increasing or decreasing impedance values. Since these pathways are strongly frequency-dependent, the 

current in the low to medium frequency range (f < 10 kHz) will predominantly flow through the narrow cleft 

underneath the cells (represented by the parameter α in the ECISTM model) and pass the cell layer via 

paracellular pathways (the resistance of the cell-cell contacts is taken into account in the parameter Rb of the 

ECISTM model). At higher frequencies (f > 10 kHz) the AC current primarily takes the transcellular route 

leading directly through the cellular membranes and the cytosol (the capacitive properties of the cell 

membranes are represented in the parameter Cm). The three major pathways of the current with the 

corresponding ECISTM parameters are illustrated in Fig. 3.4.  

https://www.dict.cc/englisch-deutsch/proportionality.html
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3.3.2 ARRAY TYPES & EXPERIMENTAL SETUP  
 

In this work all ECISTM-based experiments were performed using commercially available ECISTM electrode 

arrays purchased from Applied BioPhysics. Three different electrode layouts were selected for the 

investigations of the different phenotypes of the cells. All arrays contain eight measurement chambers 

(8-well) with a growth area of 0.75 cm2. The arrays are generally equipped with one counter electrode (CE) 

in the center of the array which reaches in every well. A photopolymer defines different numbers of 250-µm 

working electrodes (WE) in each well. In the case of only one WE (8W1E, Fig. 3.5 A) and ten WE (8W10E, 

Fig. 3.5 B), the CE is significantly larger than the cumulative area of the working electrode(s). The 8W10E+ 

array forms an exception because the sizes and numbers of the working and counter electrodes are equal 

(Fig. 3.5 C). The working electrodes (WE) from each well can then be measured sequentially against the 

counter electrode (CE). An 8-well ECISTM array is schematically illustrated in Fig. 3.5.  

Fig. 3.4 Schematic of the working principle of ECISTM. It illustrates the general layout revealing the working and the 
counter electrode being electrically connected by the supernatant medium. On the left-hand side, the equivalent circuit 
is shown with the overall impedance consisting of three individual elements connected in series: the contribution of the 
electrode-electrolyte interface (CPE constant phase element), the impedance of the cell monolayer (ZCL) and the 
resistance of the electrolyte solution (Rbulk). On the right-hand side, an illustration of the three pathways of the current 
contributing to ZCL is shown: the transcellular pathway at f > 10 kHz directly through the cell body (Cm) as well as the 
paracellular pathways of the current at f < 10 kHz through the cell-cell contacts (Rb) and through the cell-substrate 
contacts beneath the cells (α). 
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The area of 0.049 mm2 for one circular working electrode (see Tab. 3.6) is significantly smaller compared to 

the area of the counter electrode which amounts to 0.15 cm2 on 8W1E arrays. The ECISTM technique reveals 

a remarkable sensitivity since the size ratio between WE and CE in the case of 8W1E arrays as well as the WE 

diameter of only 250 µm allows for the observation of only 50 – 100 cells. Increasing numbers of working 

electrodes and therefore a larger active electrode area for 8W10E and 8W10E+ arrays, respectively, enable 

the detection of an increasing number of cells but is simultaneously accompanied by a decreasing sensitivity. 

8W1E arrays were used for migration and micromotion measurements in order to be able to create a small, 

defined wound in the cell layer for migration experiments and to gain highly time-resolved and sensitive 

conditions for micromotion measurements by only recording the impedance of one working electrode. To 

monitor cell attachment and spreading as well as cytotoxicity studies, 8W10E arrays with ten working 

electrodes per well were used to obtain an average signal of a higher number of cells. Using arrays with 

multiple working electrodes, the impedance values are integrated over all working electrodes in one well 

(see Tab. 3.6). An even further increased electrode area is exhibited by 8W10E+ arrays which are especially 

designed for proliferation measurements showing two sets of 20 circular working electrodes with 250 µm in 

diameter located on interdigitated fingers. 

Tab. 3.6 Technical data for the individual ECISTM arrays showing different electrode layouts.  

Electrode layout Working electrodes per well Electrode area Detectable number of cells 

8W1E 1 0.049 mm2 50 – 100 

8W10E 10 0.49 mm2 500 – 1000 

8W10E+ 40 1.96 mm2 2000 – 4000 

Fig. 3.5 Illustration of the electrode layouts applied in this thesis. (A) 8W1E arrays exhibiting one small working electrode 
used for migration and micromotion monitoring. (B) 8W10E equipped with 10 small working electrodes per well, 
designed for the measurement of adhesion processes and cytotoxic effects on cells. (C) 8W10E+ arrays with 
interdigitating electrode fingers where each electrode finger contains five working electrodes. The 8W10E+ electrodes 
were applied to perform proliferation studies. The schematically illustrated array is equipped with the central counter 
electrode reaching in every well and the different electrode layouts are depicted in detail in A – C (working electrode 
on the left-hand side and part of the counter electrode on the right-hand side). Pictures from the electrode layouts were 
adapted from www.biophysics.com/cultureware.php. 
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The electrode arrays were contacted in an array holder from Applied BioPhysics via small gold pins in a cell 

culture incubator (37 °C, 0 % CO2, humidified atmosphere). Fig. 3.6 shows the relay between the array holder 

and the impedance analyzer which enables the switching between the individual electrode combinations. 

The relay and the impedance analyzer are controlled by the microcontroller which is connected to a 

computer.  

 

All ECISTM-based measurements were recorded in an MFT mode (time-dependent impedance measured at 

multiple frequencies) with a simultaneous recording of eleven frequencies in a range between 62.5 Hz and 

64 kHz. The ECISTM software was used to control the data acquisition during the measurement and data 

evaluation was done afterwards with OriginPro. All time courses of the ECISTM measurements were plotted 

at the respective sensitive frequency. Therefore, the impedance (IZI) or the capacitance (C) spectrum (IZI, C 

plotted against the frequency) of the cell-covered electrode was divided by that of the same cell-free 

electrode. The resulting normalized IZI was again plotted against the frequency yielding a gaussian-like peak 

which revealed the sensitive frequency as the maximum. In the case of the normalized capacitance, a 

sigmoidal curve with higher values at low frequencies and lower values at high frequencies was obtained. 

The sensitive frequency for the normalized capacitance thus could be determined by choosing the minimum 

value. These cell line-dependent sensitive frequencies were used for data evaluation. 

 

3.3.3 PREPARATION FOR CELL EXPERIMENTS  
 

The commercially available ECISTM electrode arrays were first exposed to an argon plasma for 30 s to 

hydrophilize and sterilize the electrode surfaces. Following the addition of a cysteine/NaCl solution (200 µL / 

well, see Tab. 3.4) the arrays were placed into the array holder and connected to the ECISTM instrument. The 

cysteine solution supplemented with NaCl as electrolyte was used as conductive buffer during the application 

of electrical pulses to remove residues of the fabrication process. The applied pulse parameters strongly 

depend on the different electrode layouts (see Tab. 3.7). The cysteine forms a self-assembled amino acid 

layer due to the adsorption of the thiol groups to the gold surface (Lee, J. M. et al. 2007). The amino acid 

Fig. 3.6 ECISTM measurement setup. A computer is connected to the microcontroller which controls relay and impedance 
analyzer. The relay is furthermore connected to the array holder where ECISTM arrays are contacted. The relay switches 
between the individual electrode combinations. 



  

 

42 Materials and Methods 

layer hydrophilizes the surface which promotes cellular adhesion since the ECM proteins are able to adhere 

to the surface without denaturation. Without pulsing the electrodes prior to initial use, the residues lead to 

higher cell-free impedance values and thus lower measurement sensitivities. After washing with double-

distilled H2O and drying overnight, a substrate coating with fibronectin (FN) was done if necessary. Therefore, 

a droplet (30 µL) of a fibronectin solution (20 µg∙mL-1 in ddH2O) was placed directly on the working electrode. 

After incubation (1 h, RT) and two washing steps with culture medium, the cells could be inoculated. The 

coating procedure was performed before all adhesion experiments and for all experiments using SpiCa and 

SK-MEL-28 cells due to more reproducible and more sensitive impedance signals after coating. 

Tab. 3.7 List of the pulse parameters and coating protocols for the different array types. 

Array type  Pulse parameters Coating Assay type 

8W1E 2400 µA, 32 kHz, 30 s FN (20 µg∙mL-1), 1 h, RT* Migration & Micromotion 

8W10E 1000 µA, 1500 Hz, 30 s FN (20 µg∙mL-1), 1 h, RT Adhesion 

8W10E+ 1000 µA, 800 Hz, 30 s FN (20 µg∙mL-1), 1 h, RT* Proliferation 

(*) coating protocol only used for experiments carried out with SK-MEL-28 and SpiCa cells. 

 

Cell seeding was done immediately after subcultivation (see chapter 3.1.2) using the respective cell density 

in culture medium (400 µL / well) according to Tab. 3.3. 24 h after seeding, the cell culture medium was 

exchanged (400 µL / well) to ensure sufficient nutrient supply for the cells. 48 h after cell inoculation, the 

wells were rinsed twice with L-15 medium and after the addition of the pH-adjusted or toxin-supplemented 

L-15 medium, the experiment was started. The recording of a baseline signal in L-15 medium was substituted 

by the parallel measurement of an L-15 control over the entire course of the measurement. L-15 medium 

was supplemented with 1 % P/S for all experiments and additionally with 1 % FCS for the experiments 

performed with SpiCa and SK-MEL-28 cells. The experimental procedure only differed for the adhesion assays 

as can be seen in chapter 3.3.4.1. All ECISTM measurements were conducted in a standard cell culture 

incubator at 37 °C, 0 % CO2 and humidified atmosphere. 

 

3.3.4 IMPEDANCE-BASED SENSING OF CELLULAR PHENOTYPES 
 

The ECISTM technique offers the possibility of investigating different cell phenotypes. Each assay addresses a 

cellular developmental stage during the in vitro lifetime of cells, each stage entailing different metabolic 

requirements for the cells. 
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Fig. 3.7 schematically shows the lifetime of cells in vitro, starting directly after the subcultivation. The first 

step after detachment, subcultivation and reseeding is the sedimentation to the bottom of a substrate with 

subsequent attachment or adhesion followed by spreading of the cells. This phenotype can be observed best 

with 8W10E arrays (Fig. 3.7 I) using ECISTM. After the attachment, the cells start to proliferate which can be 

monitored using 8W10E+ arrays (Fig. 3.7 II). Confluent cell monolayers are studied with respect to: (i) cellular 

micromotions (Fig. 3.7 III), (ii) the migration behavior after generating a cell-free area by the application of 

electrical pulses to the cells on the electrode (Fig. 3.7 IV) or (iii) the respiratory activity via oxygen-specific 

sensor foils and an imaging-based readout technique (Fig. 3.7 V).  

 

3.3.4.1  MONITORING THE KINETICS OF CELL SPREADING 
 

The monitoring of the attachment and spreading of mammalian cells on suitable substrates provides 

information about complex processes like spreading kinetics with high relevance to various physiological and 

pathological processes (Hynes, R. O. et al. 1992). The resuspended cells were inoculated in the desired cell 

density on the arrays and the initial sedimentation towards the goldfilm electrodes as well as the subsequent 

adhesion and spreading can be observed with a decrease of the capacitance or an increase in the impedance 

(Lukic, S. and Wegener, J. et al. 2015). ECISTM offers an experimental method to investigate cell-substrate 

interaction in a quantitative, real-time manner with a very high temporal resolution (Wegener, J. et al. 2000). 

To achieve complete attachment of the cells, the working electrodes were pre-coated with the protein 

fibronectin (FN). This extracellular matrix protein is recognized by integrin receptors and thereby accelerates 

cell attachment to the electrode surface. The recognition of integrins was first described in 1984 (Hynes, R. 

O. et al. 1992; Pierschbacher, M. D. et al. 1984). 

Fig. 3.7 Schematic lifetime of cells after the subcultivation with the different developmental phenotypes, starting with 
adhesion and spreading (I), followed by cell division and proliferation (II). Upon reaching a confluent monolayer, the 
cellular micromotion (III) and the migration behavior (IV) can be detected via ECISTM and the respiratory activity (V) can 
be monitored using an image-based oxygen-sensing readout technique.  
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After the initial pre-coating of the gold electrodes with fibronectin, the arrays were washed several times 

and finally the wells were filled with pH-adjusted L-15 medium (200 µL / well) and the arrays placed into the 

array holder which was connected to the ECISTM instrument. The cells were subcultivated as described in 

chapter 3.1.2 but instead of normal cell seeding, the cells were again transferred into centrifugation tubes 

using a defined volume of cell suspension to achieve the necessary cell number. After the second 

centrifugation step and the aspiration of the culture medium, the cells were resuspended in L-15 medium 

with the respective pHe (extracellular pH) and afterwards inoculated directly into the wells (200 µL cell 

suspension per well yielding a total volume of 400 µL / well). Subsequent cell sedimentation, attachment and 

spreading were observed via changes in the capacitance signal. The capacitance is directly proportional to 

the area of the working electrode (C = ɛ0·ɛr·A·d-1 with ɛ0 being the vacuum permittivity, ɛr the relative 

permittivity, A the area of the working electrode and d the thickness of the dielectric layer on the electrode 

including coating and cells). As the relative permittivity changes due to the presence of the cells, the 

capacitance reflects the degree of cell coverage on top of the electrode. The total capacitance of the cell-

covered electrode can be calculated by the reciprocal addition of the individual capacitive elements (the bare 

electrode and the cell layer on top) connected in series (1/Ccell-covered electrode = 1/Cbare electrode + 1/Ccell layer). The 

reciprocal addition leads to a decrease in capacitance with cell coverage. The monitoring of the capacitance 

signal at high frequencies reflects the cell coverage even more precisely as the current pathway at 

frequencies ≥ 10 kHz predominantly leads across the cellular membranes and directly through the cytoplasm 

of the cells. Consequently, low capacitance signals at these frequencies are an indication for adherent cell 

monolayers.  

 

3.3.4.2  MONITORING THE KINETICS OF CELL PROLIFERATION  
 

The proliferation rate of the cells is a characteristic phenotype to draw conclusions about the doubling time. 

In contrast to migration assays (see chapter 3.3.4.3) where the focus lies on cell motility and the spreading 

ability of the cells, the monitoring of proliferation is well-suited to get an estimate of the velocity of cell 

growth and division. In contrast to all other assay types, the cells were seeded in a subconfluent density in 

the proliferation studies. The continuing cell proliferation and growth is indicated by a continuous decrease 

of the capacitance signal.  

The subcultivation (see chapter 3.1.2) and seeding procedure for ECISTM arrays was described previously. 48 h 

after cell inoculation and several washing steps of the adherent cells on top of 8W10E+ electrodes to remove 

cell culture medium residues, the measurement medium (L-15) adjusted to the respective pHe (400 µL/well, 

pHe 6.4, 7.2, 7.4 and 7.8) was added and the proliferation was recorded. 
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3.3.4.3 MONITORING THE WOUND HEALING BEHAVIOR 

 
The migration behavior of different cell lines under various extracellular conditions was investigated using an 

automated, ECISTM-based wound healing assay provided by Applied BioPhysics. The cells were grown to 

confluence onto 8W1E arrays, yielding a complete cell coverage of working and counter electrode in each 

well. The application of lethal electrical pulses for several seconds in a microampere-range led to cell death 

and subsequent detachment of the cells growing directly on the working electrodes. The cells in the periphery 

of the working electrode were not affected by the pulse and started to repopulate the cell-free area of the 

artificially created wound in the dimensions of the circular working electrode (5·10-4 cm2) (Keese, C. R. et al. 

2004). The electrical wounding provoked a sharp decrease in the impedance to values of the cell-free 

electrode. Due to the migration of the still vital cells surrounding the working electrode, the impedance 

values increased again and reached values obtained before the pulse application as soon as a confluent 

monolayer was re-established. From the time courses, information about the ability of the cells to migrate 

and the rate of the wound healing behaviour can be deduced (Lukic, S. and Wegener, J. et al. 2015). 

In this thesis, the wound healing technique was used to investigate the migration phenotype for several cell 

lines under various extracellular pHe as well as under the influence of toxins. In the pH studies, three different 

cancerous cell lines (A549, SK-MEL-28 and SpiCa) were examined in contrast to “normal” cells represented 

by the NRK cell line. Four different extracellular pHe (6.4, 7.2, 7.4 and 7.8, see Tab. 3.4) were applied during 

the migration experiments. The cells were cultivated in 8W1E arrays according to the protocol mentioned in 

chapter 3.3.3 and were wounded 24 h after the start of the measurement with an electrical pulse (30 s, 

2400 µA, 32 kHz for 8W1E arrays). The 24 h recording time prior to the pulse application was taken to create 

a constant baseline signal and to provide enough time for the cells to adapt their metabolism to the pH-

adjusted medium or to toxic substances added to their environment. After the wounding, the impedance 

signal was recorded for at least 80 h. The migration protocol for the SK-MEL-28 cells deviated from that of 

the other cell lines regarding the time point of wounding. The cells were wounded as soon as 3 h after the 

start of the measurement corresponding to approximately 5.5 h after cell inoculation. The premature 

wounding is due to their insusceptibility to the applied current pulse which becomes more pronounced with 

increasing adhesion and spreading time resulting in less complete wounding efficiency.  

 

3.3.4.4  MONITORING THE CELLULAR MOTILITY BY MICROMOTION MEASUREMENTS 
 

Living cell monolayers are highly dynamic systems. The cells do not only migrate into open spaces after cell 

wounding (compare chapter 3.3.4.3) but they constantly show fluctuations and motility even in a confluent 

monolayer. These motions reflect the metabolic activity of the cells and are provoked by changes of the 
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cytoskeleton. Cell motility is crucial for tissue formation in in vivo systems, wound healing in organisms, 

immune responses and the development of the early embryo (Giaever, I. et al. 1991). Other studies reported 

a correlation between metastatic behaviour of cancer cells and their motility (Partin, A. W. et al. 1988). The 

actin cytoskeleton is important for the regulation of the dynamic behavior due to assembling and 

disassembling of actin filaments as a response to different signals (Lambrechts, A. et al. 2004). As ECISTM 

provides a time resolution in the range of milliseconds and is sensitive to changes of the cell morphology, it 

is perfectly suited to monitor cellular micromotions which was first described in 1984 (Giaever, I. et al. 1984).  

For the monitoring of the cellular micromotion, the cells were seeded to confluence according to the protocol 

in chapter 3.3.3. 24 h after the addition of L-15 medium with the respective pHe, the impedance was recorded 

in the rapid-time-collection (RTC) mode with a resolution of five data points per second, at a frequency of 

4 kHz over a period of time of 10 minutes. The time-resolved impedance signal can be converted into the 

variance, which offers the possibility to compare the cell’s movement under different extracellular pHe (pH 

6.4, 7.2, 7.4 and 7.8). Therefore, the impedance signal was divided into constant time segments, each 

32 seconds in length. The impedance values of each segment were fitted by linear regression. The individually 

determined trendlines from each segment were used to subtract the fitted value at each data point from the 

corresponding measured one which led to a fluctuation curve around the zero line. Squaring the standard 

deviation of these fluctuations yielded the variance for every segment. The individual variance values were 

averaged to a mean variance which could be used to compare the cellular micromotion.  

Every experiment was performed using the four pHe in duplicates. Initially, the variance values for the cells 

being exposed to a physiological pHe of 7.4 were averaged. The variances of all the other wells were 

normalized with respect to the calculated mean variance value of the physiological pHe. Thereafter, all 

normalized variances of the same pHe from all performed experiments were averaged and the respective 

standard error of mean was calculated.   
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3.4 RATIOMETRIC OPTICAL OXYGEN SENSING 

3.4.1 PRINCIPLE OF RATIOMETRIC OPTICAL SENSING  
 

Reliable measurements of oxygen concentrations are of high interest as this parameter is crucial for all living 

organisms. The detection of changes in the oxygen concentration in the microenvironment of cells was 

performed using a sensor foil with a ratiometric signal readout. This technique is based on two dyes which 

are embedded in a matrix material with one dye being oxygen-sensitive and one reference dye being 

independent of the presence of oxygen concentrations (see Fig. 3.8). The sensitivity or dependency on 

oxygen levels relies on changing luminescence intensities with differing analyte concentration.  

 

The intensity ratio of both dyes generally can be determined either by recording two images with different 

excitation wavelengths but the same emission wavelength (Hulth, S. et al. 2002) or with two different 

emission wavelengths after excitation with the same wavelength (Song, A. et al. 1997). This technique offers 

advantages as for example not being as susceptible to variations in the background signal, reflections or 

inhomogeneous distribution of the luminophores in contrast to pure intensity measurements (Larsen, M. et 

al. 2011). Prerequisites of this technique are (i) that the maxima of the two luminophore emission spectra 

are sufficiently separated, (ii) high photostability of the dyes, (iii) minimal cytotoxicity and (iv) linear or 

sigmoidal relationships between the analyte concentration and the luminescence intensity, allowing for a 

precise and quantitative determination of the oxygen concentration (Wang, X.-D. et al. 2008, Wang, X.-H. et 

al. 2012, Chu, C.-S. et al. 2015). 

 

Fig. 3.8 Schematic illustration of the ratiometric optical oxygen-sensing principle. In the experiments conducted in this 
thesis, mammalian cells were grown directly on top of the sensor foil. The supernatant medium is oxygen-saturated on 
the left-hand side and the oxygen concentration is decreasing towards the right-hand side being measured by the 
ratiometric luminescence signal of the oxygen-sensitive dye (red) and the reference dye (green) located in an oxygen-
permeable matrix. A yellow sensor foil color-codes the calculated ratio at 100 % dissolved O2 after conversion into false 
color images (see chapter 3.4.4). When cells respirate the available oxygen, this is observable by changes of the 
luminophore intensity ratio and color-coded by a dark blue sensor foil color (0 % O2).  

 

 

 

 



  

 

48 Materials and Methods 

The dependency of the luminescence intensity on the oxygen concentration is based on collision quenching. 

These quenching processes occur between dissolved oxygen molecules and the excited luminophores with 

the luminescence intensity decreasing with increasing quencher concentration (Xiong, X. et al. 2006). The 

quenching process can be described by the Stern-Volmer equation:  

𝐼0

𝐼
= 1 +  𝐾𝑆𝑉[𝑄]           [3.1] 

I0 and I are the detected luminescence intensity at 0 % oxygen and at the present partial oxygen pressure, 

respectively; [Q] is the oxygen concentration and KSV the Stern-Volmer quenching constant (Fujiwara, Y. et 

al. 2003). The luminescence quenching can be detected via a decrease in luminescence intensity or with 

regard to the lifetime when measuring the decay time of the luminescence (Demas, J. N. et al. 1999). In this 

thesis both measurements techniques were applied (see chapter 3.4.2).  

Luminescence can occur in the form of fluorescence as well as phosphorescence after excitation. The 

Jablonski diagram (see Fig. 3.9) illustrates the electronic states involved in the excitation and emission 

processes. Fluorescence and phosphorescence are photon emission events due to molecular relaxations 

from electronically excited states. Each electronic state is divided into several sublevels representing 

different vibrational modes. Light with a certain wavelength excites a molecule in the electronic ground state 

(S0) and the lowest vibrational level to a certain vibrational level in an electronically excited state (S1) due to 

the absorption of photons (Geddes, C. D. et al. 2002). After the excitation, the molecule gets relaxed to the 

lowest vibrational level in the respective excited state due to vibrational relaxation called internal conversion 

on the time scale of femtoseconds to picoseconds, leading to the Stokes shift. This Stokes shift is responsible 

for the red-shifted emission wavelength of fluorescent photons compared to the excitation wavelength. 

Fluorescence is observed as the molecule eventually falls back to the electronic ground state with a 

fluorescence lifetime of nanoseconds. Fluorophores in excited states can also be relaxed by collisional 

quenching where the energy is transferred to the quencher molecule (due to external conversion) leading to 

a nonfluorescent relaxation to the electronic ground state of the fluorophore (So, P. et al. 2002). 

Instead of directly emitted fluorescence, intersystem crossing processes can occur. Intersystem crossing is 

the molecular relaxation from a singlet excited state (S1) to an energetically lower triplet excited state (T1). 

The spin-orbit coupling, responsible for intersystem crossing, describes the reversion of the spin of the 

electron and thus the change of the multiplicity. Since the relaxation from T1 to S0 requires another spin 

conversion, phosphorescence lifetime lasts for microseconds to seconds and displays a significantly larger 

Stokes shift (So, P. et al. 2002). The increased phosphorescence lifetime leads to an increased possibility of 

collision quenching processes. Generally, quenching occurs by the transfer of energy from the excited 

luminophore to the quencher (Callis, P. R. et al. 2014).  
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In this case, the collisional quencher molecule is dissolved oxygen. During the energy transfer, the oxygen 

molecule itself undergoes an electronic conversion. The paramagnetic oxygen molecule in its triplet ground 

state (3Σg
-) can take over the energy from an electronically excited luminophore in the excited triplet state, 

resulting in a ground state donor luminophore and an electronically excited singlet state oxygen molecule 

(Kawaoka, K. et al. 1967). There are two singlet states of the oxygen molecule: the first excited state 

(1Δg) and the second excited state (1Σg
+). A luminescence-free relaxation of the oxygen molecule from the 

excited singlet states to the triplet ground state then occurs due to collision events with solvent molecules 

like H2O (Schweitzer, C. et al. 2003). The oxygen collision quenching leads to an oxygen concentration-

dependent decrease of the phosphorescence intensity and lifetime and can thus be used to determine 

unknown O2 concentrations.  

One prominent candidate for oxygen sensing is the probe platinum(II)-5,10,15,20-tetrakis-(2,3,4,5,6-

pentafluorophenyl)porphyrin (Pt-TPFPP). The emitted red luminescence of Pt-TPFPP decreases with rising 

oxygen partial pressure due to its ability as dynamic luminescence quencher (Dissertation Dr. Lorenz Fischer). 

The combination of the oxygen-sensitive probe with a reference fluorophore diphenylanthracene (DPA, 

λem = 440 nm) allowed for a ratiometric luminescence readout of the two dyes with an RGB technique using 

one 405-nm excitation wavelength (Meier, R. J. et al. 2011). 

 

Fig. 3.9 The Jablonski diagram depicts the different electronic states involved in fluorescence and phosphorescence 
emission. After the initial photon absorption, the luminophore is raised to the excited electronic state (S1). Internal 
conversion leads to electronic relaxation to the vibrational ground state in S1. The conversion back to S0 can occur via 
fluorescence emission or due to external conversion, meaning the energy is transferred to quencher molecules. 
Intersystem crossing explains the electronic relaxation from a singlet excited state to a triplet excited state (T1). After 
an internal conversion within T1, the decay to S0 can happen by emission of phosphorescence or by luminescence-free 
quenching events initiated by oxygen molecules which will be excited from the triplet ground state to its first or second 
excited singlet-state. The Jablonski diagram was adapted from So, P. et al. 2002. 
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3.4.2 MEASUREMENT SETUP TO MONITOR OXYGEN CONCENTRATIONS  
 

The measurement of the oxygen concentration in the environment of adherent cells was performed using 

two different systems. On the one hand, the VisiSens TD and on the other hand, the SensorDish Reader® 

(SDR®) were used to investigate cellular respiration following different extracellular changes and to compare 

the results. The VisiSens TD is based on the ratiometric method (see chapter 3.4.1) whereas the SDR® system 

relies on the measurement of the decay time of the fluorescence lifetime. Both systems were developed by 

and purchased from PreSens GmbH. The VisiSens TD can be used in two different modifications with different 

spatial resolutions (see chapter 3.4.2.1) allowing for the examination of adherent cell monolayers as well as 

3D tissues like spheroids with respect to oxygen changes due to the metabolic activity of the cells. For these 

investigations, commercially available sensor foils were provided by PreSens GmbH.  

The oxygen-sensitive sensor foil consists of three different layers: the support layer, the sensor layer and the 

isolation layer. The support layer, composed of polyester, is transparent and oxygen-impermeable. The 

oxygen-sensitive sensor layer contains the oxygen-sensitive dye as well as the reference dye and exhibits a 

thickness of 6 µm – 8 µm. The silicon-based isolation layer in a thickness of 20 µm – 50 µm is permeable for 

dissolved oxygen and suitable for the protection from ambient light. The isolation layer was removed for all 

measurements in order to achieve a better attachment of the cells to the sensor layer. The oxygen sensor 

foil reveals an overall thickness of 150 µm – 190 µm for all three layers. The sensor foil was glued into normal 

cell culture dishes either by a self-adhesive layer or using silicon glue and were afterwards stored in the dark.  

 

3.4.2.1 RATIOMETRIC OXYGEN SENSING  
 

The VisiSens TD system was used for all image-based oxygen measurements with different cell lines and 

models. It was manufactured and provided by PreSens GmbH. Fig. 3.10 depicts the VisiSens TD consisting of 

a camera containing a charge-coupled device (CCD) progressive camera chip with a 12-bit ADC (analog to 

digital converter). The tube is equipped with a sample holder, an excitation light source (LED) and several 

filters to block interfering light. This tube offers a 2x magnification lens, a field of view of 2064 x 1540 µm2 

(1292 x 946 pixels) and a focus adjustment ring. The microscopic ratiometric imaging kit was used for the 

investigation of three-dimensional tissue samples due to the very high lateral resolution (Fig. 3.10 A).  

Since the tube is removable, it can be substituted by a second height-adjustable aluminum tube equipped 

with 16 circularly arranged LEDs (Fig. 3.10 B). Half of the LEDs are necessary for the excitation of the oxygen-

sensitive dyes and the other eight LEDs are needed for the pH sensing. This measurement setup exhibits a 

variable field of view between 4 x 3 cm2 and 8 x 6 cm2 with an image resolution of 1292 x 964 pixels allowing 
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for a parallel detection of multiple petri dishes. Both systems were set up in an incubator at 37 °C and 0 % CO2 

and connected to a computer with the VisiSensTM AnalytiCal 1 software for data acquisition and evaluation. 

Images were taken every 10 min with an exposure time of 750 – 1000 ms during the time course of 24 h.  

 

 

 

3.4.2.2 OXYGEN SENSING ON THE BASIS OF FLUORESCENCE DECAY TIME DETECTION 
 

The SensorDish Reader® (SDR®) is a 24-channel reader for the non-invasive and real-time monitoring of the 

oxygen consumption of adherent cells and was also purchased from PreSens GmbH. Each well contains one 

oxygen-sensitive sensor spot and the measurement was done with the corresponding SensorDish Reader® 

(see Fig. 3.11). The SDR® is necessary for fluorophore excitation as well as emission detection and the whole 

setup was installed in an incubator at 37 °C and 0 % CO2 and connected to a computer with the corresponding 

software. In contrast to the ratiometric readout technique of the VisiSens TD, the SDR® measures the air 

saturation, where 100 % air saturation is equal to 20 % oxygen saturation in solution and an oxygen partial 

pressure of 149.3 torr which is the unit commonly displayed by the VisiSens TD. 

Fig. 3.10 Schematic illustration of the VisiSens TD system used for oxygen sensing. (A) VisiSens TD with a microscopic 
tube for the investigation of 3D tissue connected to a computer with the corresponding software. (B) VisiSens TD with 
a height-adjustable tube providing a larger field of view used for measurements with different types of monolayers, 
connected to a computer for data acquisition and evaluation. The picture was adapted from the dissertation of Dr. 
Carina Schmittlein (University of Regensburg, 2018). 
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The measurement principle of the SDR® relies on the detection of fluorescence lifetime and, in contrast to 

the VisiSens TD, it is not based on ratiometric intensity readout techniques. Nevertheless, the oxygen 

sensitivity results from quenching processes due to oxygen molecules leading to an increasing fluorescence 

lifetime with decreasing oxygen concentration. Like the ratiometric methods, the determination of the decay 

time is independent of fluctuations in the light intensity. 

Cells being inoculated into the wells containing the oxygen-sensitive spot grow around the sensor spot which 

is different from imaging where the cells are growing directly on top of the sensor foil. This different setup 

leads to deviating values of the oxygen concentration due to different geometrical constraints of diffusion. 

For the SDR® measurement setup to yield meaningful results, the cells growing in proximity to the oxygen-

sensitive spot in the SDR® system need to consume the available oxygen in their environment faster than 

additional dissolved oxygen can diffuse from the surrounding medium to the sensor spot. If the oxygen 

consumption is not fast enough, only a steady-state system is established in which the oxygen consumption 

is merely compensated by the diffusion of fresh oxygen from the supernatant medium. 

 

3.4.3 CELL PREPARATION FOR OPTICAL SENSING  
 

The oxygen sensor foil was provided by PreSens Precision Sensing GmbH. The foil (oxygen sensor foil SF-

RPSu4) was either self-adhesive or fixed with silicon glue onto the bottom of standard cell culture petri dishes 

(d = 3.5 cm, growth area 9.6 cm2) with subsequent drying for at least 24 h. This attachment step was 

performed very carefully with the help of tweezers to avoid scratching the sensor surface. The prepared petri 

dishes with the immobilized sensor foils were stored at room temperature and protected from light. The 

oxygen-sensitive sensor foil was additionally equipped with an optical isolation layer which was removed 

directly before the experiment. Prior to cell inoculation, the sensor foils were cleaned in an argon plasma for 

Fig. 3.11 (A) Picture of the SensorDish Reader® with 24 LEDs for the excitation of either oxygen-sensitive dyes or pH-
sensitive dyes incorporated in the sensor spot in each well. (B) During the measurement, the 24-well plate with the 
sensor spots in each well needs to be placed on top of the reader purchased from PreSens GmbH.  
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1 min to hydrophilize and sterilize them. After washing twice with cell culture medium, the cells were seeded 

to confluence (see Tab. 3.3) in standard cell culture medium (2 mL). 24 h after cell inoculation, the medium 

was exchanged (2 mL). 48 h after seeding, the cells were washed twice with the respective measurement 

medium (L-15 either adjusted to different pH values or supplemented with toxins) to remove residues of 

phenol red from the cell culture medium. In order to avoid the diffusion of ambient oxygen into the 

measurement chamber, the petri dishes were filled air bubble-free with the respective medium (9.6 mL) and 

were sealed airtight. For that purpose, the inner perimeter of the lid of the petri dish was lined with Blu-

Tack® allowing for tight attachment to the bottom part. A small hole made in the lid offers the possibility to 

completely fill the petri dish using a syringe. The hole was also sealed with a small piece of Blu-Tack®.  

For the detection of changes in the oxygen concentration surrounding spheroids, a small glass ring was glued 

around the sensor foil. The glass ring ensured the attachment of the spheroid on top of the sensor foil.  

During the measurement, the petri dishes were placed on top of the VisiSens TD (see Fig. 3.10) for a total 

measurement time of 24 h, with 10 min pauses in between the individual recordings.  

 

3.4.4 CALIBRATION OF THE OXYGEN-SENSITIVE SENSOR FOIL 
 

Since different batches of the sensor foil may contain a slightly varying amount of dyes, it was necessary to 

calibrate every sensor foil individually.  

The calibration of the oxygen-sensitive sensor foil was done via a two-point calibration at 37 °C and 0 % CO2. 

Differently treated L-15 medium yielded normoxic and hypoxic calibration solutions. To meet normoxic 

conditions (149.3 torr), L-15 medium was warmed to 37 °C and after the addition to the oxygen-sensitive foil, 

a snapshot was taken to record the luminescence signal. The second calibration point was done by using the 

hypoxic solution (0 torr), generated by the addition of 10 gL-1 sodium sulfite (Na2SO3) to L-15 medium. 

Sodium sulfite reacts with oxygen in a redox reaction to form sodium sulfate (Na2SO4) (Fujie, K. et al. 1994). 

Oxygen reduction leads to a strong decrease of dissolved oxygen in solution enabling the calibration. After 

incubation with the hypoxic solution, the signal was recorded by taking a second snapshot. The two recorded 

snapshots were used to create a linear calibration curve by determining the respective ratios within the 

region of interest (ROI). With the linear regression, the red/green ratios of the measurement images can be 

converted into false color images. Accordingly, the false color images depict the spatial distribution of the 

available oxygen partial pressure (pO2). To be able to plot changes of the partial oxygen pressure as a function 

of time, the false color images were used to determine pO2 by the Z-profile function (see Fig. 3.12) of the 

VisiSensVS software (Version 1.0.1.49 from PreSens Precision Sensing GmbH 2018). This software function 

calculates the averaged pO2 with the corresponding standard error for the respective ROI for every image 
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taken during one measurement. Data evaluation was done with OriginPro software and image processing for 

the examination of oxygen gradients beneath spheroids was done using the software ImageJ.  

 

 

3.4.5 CALCULATION OF THE APPARENT OXYGEN CONSUMPTION RATE  
 

The measured changes of the partial oxygen pressure due to the respiration of the cells and the resulting 

conversion of oxygen to CO2 was plotted as a function of time. Commonly, there was an initial increase in the 

oxygen partial pressure to be observed due to temperature effects. After the first hour of the measurement, 

the oxygen concentration decreased at specific rates. A linear regression of the time interval from 1 h – 4 h 

yielded the apparent oxygen consumption rate (AOCR) representing the change of oxygen as function of time. 

 

               𝑝𝑂2(𝑡) = 𝐴𝑂𝐶𝑅 · 𝑡 + 𝐵                 [3.2] 

 

In equation 3.2, B is the y-intercept of the linear regression and AOCR represents the slope in [torr·h-1]. For 

further evaluation, AOCR values were used to calculate the oxygen consumption rates (OCR) on a single cell 

Fig. 3.12 Proprietary software for the oxygen sensor foil calibration. (Left) Software tool for the calibration of the 
oxygen-sensitive sensor foil prior to experiments. (I) Live preview of the sensor foil at 100 % and 0 % present oxygen. 
(II) False color images, indicating the measured fluorescence ratio. (III) False color images after the calibration with 
100 % oxygen yielding a yellowish color while dark blue represents the condition with 0 % present oxygen.  
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level. Therefore, the oxygen partial pressure unit torr was translated into a molar oxygen concentration since 

149.3 torr are equal to 210.43 µmol∙L-1 at atmospheric pressure (1013 hPa) and 37 °C. Division by the 

respective cell number (cell seeding density multiplied with the growth area) and by the volume of the 

supernatant medium (9.6 mL in the case of petri dishes) as well as the expression of the time unit in seconds 

yielded the OCR values [amol·s-1·cell-1]. This conversion of the AOCR into OCR values was only valid for 

experiments in which complete oxygen depletion could be detected within the course of the measurement. 

 

As the measurements using the SDR® instrument were performed in an open system, it was necessary to 

convert the AOCR into the oxygen consumption rate, to be able to compare the results with measurements 

performed in closed systems. For this calculation, the following equation was used as described by 

Mamchaoui, K. et al. 2000: 

 

𝑂𝐶𝑅 =  
−𝐷 ·𝑆 · 𝛼 [𝑝𝑂2(ℎ)− 𝑝𝑂2(0)]

ℎ
                 [3.3] 

 

D is the diffusion coefficient of dissolved oxygen at 37 °C in water (3.3·10-5 cm2·s-1), S represents the cell-

covered area of the substrate (1.9 cm2 in each well of a 24-well plate), α is the solubility coefficient of oxygen 

(0.94 µmol·cm-3·atm-1 at 37 °C), pO2(h) constitutes the partial oxygen pressure at the cell layer, pO2(0) the 

oxygen partial pressure at the medium surface and h is the height of the supernatant medium. 
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3.5 MONITORING THE INTRACELLULAR PHI VALUE 

3.5.1 WORKING PRINCIPLE OF INTRACELLULAR PHI SENSING 
 

One of the main objectives of this work was the detection of the commonly reported inverse pH gradient 

over the cell membrane of cancer cells in contrast to normal ones. Furthermore, the measurement of the 

intracellular pHi in response to changes in the extracellular pHe would complement the investigations of 

phenotypic behavior of different cell lines at different extracellular pHe.  

2´,7´-bis-(2-carboxyethyl)-5(6)´-carboxyfluorescein acetoxymethyl (BCECF-AM) was used to examine the 

intracellular pHi. The uncharged and nonfluorescent BCECF-AM ester can rapidly diffuse through the cell 

membrane into the cytosol, and once the ester bonds are cleaved by esterases inside the cytosol, it is trapped 

inside the cell in the form of a charged and green-fluorescing dye (Ozkan, P. et al. 2002).  

 

After the staining with the BCECF dye, the pH-dependent fluorescence can be detected using excitation at 

ʎex = 485 nm and simultaneous emission detection at two wavelengths (ʎem = 535 nm and 612 nm). The pHi 

can be estimated according to the fluorescence emission ratio at 535 nm/612 nm (Perez-Sala, D. et al. 1995), 

which gradually increases as a function of pHi (Franck, P. et al. 1996). Since the pHi values are calculated with 

the help of the measured fluorescence intensities, it was necessary to create a calibration curve beforehand. 

The use of the K+/Na+ ion carrier (ionophore) nigericin ensures a pH adaption of the pHi to the externally 

adjusted extracellular pHe environment. Nigericin is a monocarboxylic acid antibiotic which is isolated from 

Streptomyces and transports monovalent cations across membranes (Sutko, J. L. et al. 1977). The exchange 

of protons, in turn, enables the equilibration of the pHi to various pHe (5.5, 6, 6.4, 7.2, 7.4, 7.8 and 8). 

The fluorescence ratios plotted against the respective pHe, revealed a linear correlation (eq. 3.4) used as a 

calibration curve.   

Fig. 3.13 Schematic illustration of the working principle of the pH-sensitive probe BCECF-AM. The probe can freely 
diffuse across the cell membrane in the form of the uncharged ester molecule. The esterases inside the cell then 
hydrolyze the ester bonds. The enzymatic cleavage of the acetoxymethyl ester groups leads to the entrapment of the 
green-fluorescing dye BCECF inside the cytosol. The fluorescence intensity of BCECF is highly pH-dependent. 
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𝜆𝑒𝑚,   535 𝑛𝑚

𝜆𝑒𝑚,   612 𝑛𝑚
= 𝐴 · 𝑝𝐻𝑒 + 𝐵              [3.4] 

In equation 3.4, (λem, 535 nm / λem, 612 nm) indicates the ratio of the fluorescence intensities, A the slope of the 

linear regression and B the y-axis intercept. Using this equation, the measured fluorescence emission ratio 

following cell stimulation with differing extracellular pHe but without the addition of nigericin, could be used 

to determine the respective pHi (eq. 3.5):  

     𝑝𝐻𝑖 =

𝜆𝑒𝑚,   535 𝑛𝑚
𝜆𝑒𝑚,   612 𝑛𝑚

 − 𝐵

𝐴
                [3.5] 

 

3.5.2 STAINING PROTOCOL FOR THE PH-SENSITIVE DYE 
 

A stock solution of BCECF-AM (10 mM) in dimethyl sulfoxide (DMSO) was prepared and diluted 1:1000 in 

PBS++ (10 µM) for the measurement. The cells were seeded to confluence (see Tab. 3.3) into 96-well plates 

48 h before the measurement, with a medium exchange after 24 h. After rinsing the cells twice with PBS++, 

they were stained with BCECF-AM via incubation with the dye (50 µL / well, 10 µM in PBS++, 10 min, 37 °C, 

5 % CO2, darkness). After the incubation, the cells were rinsed again and subsequently incubated with L-15 

medium adjusted to various pHe (5.5, 6, 6.4, 7, 7.4, 7.8 and 8, supplemented with 1 % P/S and 1 % FCS, 15 min, 

RT, darkness) with and without additionally added nigericin (10 µM). Every condition was measured in 

quadruplicate in three individual experiments for each cell line. The fluorescence intensity was measured 

upon excitation at the wavelength of 485 nm and the emitted fluorescence was monitored simultaneously 

at 535 nm and 612 nm (dual band pass filter) with the help of a Tecan reader.  
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3.6 CYTOTOXICITY STUDY OF BISPHENOL A 
 

Bisphenol A (4,4'-(propane-2,2-diyl)diphenol, BPA) is obtained by the 

reaction of two phenol molecules with one acetone molecule and was 

developed in the 1890s. The global demand is expected to reach 

approximately 9.6 million tons in 2020 (GrandViewResearch). It is used as 

a precursor for polycarbonate and epoxy resin production. It can also be 

found in adhesives, powder paints, protective window glazing, building 

materials, lenses, thermal paper and several synthetic materials, e.g. baby bottles (Staples, C. A. et al. 1998). 

The unwanted release of BPA from plastics occurs during handling and heating processes and should 

especially be taken into account during food production and storage. In the 1930s, BPA was reported to be 

an estrogen-mimic leading to disorders of the female reproductive system in rats (Dodds, E.C et al. 1936). 

Since then, reports of BPA affecting human health increased significantly. BPA is known to be an endocrine 

disruptor, it binds to estrogen receptors producing estrogenic effects (Viñas, R. et al. 2012) but can also act 

as an antiestrogen by blocking the estrogenic response (Richter, C. A. et al. 2007). BPA affects several organs 

and can interrupt the developing central nervous system and the immune system (Wetherill, Y. B. et al. 2007). 

BPA is furthermore discussed to cause fertility problems, reduced sperm quality, breast cancer, miscarriages 

and promotes metabolic diseases like diabetes, oxidative stress, inflammations and many more (Rochester, 

J. R. et al. 2013). BPA has become so ubiquitous, it was found in the urine of almost all tested adults and 

children (Braun, J. M. et al. 2011), as well as in fetal plasma and placental tissue (Schönfelder, G. et al. 2002).  

 

The public discussion about BPA so far has not shown signs of abatement and the substance can still be 

detected in many products. The cytotoxic concentration of BPA, as reported throughout the literature, is 

broad and rather inconsistent which led to a cytotoxicity study with respect to cellular respiration within the 

scope of this thesis. The effects on several cellular phenotypes were investigated by Maria Zinkl and Saphia 

Assam (2019 at the University of Regensburg under the supervision of Prof. Dr. Joachim Wegener). 

Complementary studies were performed by monitoring the respiratory activity during BPA exposure within 

this thesis. Two different measurement techniques were applied to validate the results: on the one hand, the 

respiratory activity was measured using the SensorDish Reader®, and on the other hand, investigations were 

performed with the help of the VisiSens TD (see chapter 3.4.2).  

 

The experimental procedure was similar in both cases. NRK cells were seeded to confluence (see Tab. 3.3) 

into petri dishes with integrated oxygen-sensitive sensor foil or into 24-well plates containing an oxygen-

Fig. 3.14 Molecular structure of 
BPA. 
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sensitive sensor spot. After the standard pre-experiment protocol, the cells were rinsed twice and after 

addition of the respective BPA solution (see chapter 3.1.5) in L-15 medium, the measurement was started. 

Prior to the measurement, the petri dishes were filled air bubble-free and sealed airtight. Data was collected 

for a time period of 24 h with a time resolution of 10 min. All experiments were done in triplicate. 
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3.7 MONITORING THE BIOLOGICAL IMPACT OF GLYPHOSATE ON ANIMAL CELLS 
 

Glyphosate (N-(phosphonomethyl)glycine) is the active ingredient in the 

herbicide Roundup®, which is commercially available since 1974. There are 

several publications which reported about toxic effects on mammalian 

cells (Gasnier, C. et al. 2009). Due to the increasing number of lawsuits 

being filed against the Roundup® producer Monsanto, which is a subsidiary 

of Bayer since 2018, the toxicity and potentially cancerogenic properties of 

Roundup® are highly discussed issues.  

Glyphosate is applied in herbicides because it inhibits the 5-enolpyruvoyl-shikimate-3-phosphate synthase 

(EPSPS) which is part of the shikimate pathway in plants and most microorganisms (Zabalza, A. et al. 2017). 

The structural similarity of glyphosate to phosphoenolpyruvate, the natural substrate of EPSPS, leads to 

inhibition of the synthase. This inhibition in turn prevents the biosynthesis of the aromatic amino acids 

phenylalanine, tyrosine and tryptophan, resulting in the death of the plant. Cultivated plants can be 

genetically engineered to be glyphosate-resistant, while the growth of unwanted plants or weeds is 

irreversibly inhibited (Arregui, M. C. et al. 2004). For the commercially available formulation Roundup®, 

glyphosate is transferred to its ionic form with isopropylamine as counter ion to improve the water solubility. 

Glyphosate is reported to act as endocrine disruptor leading to changes in protein synthesis, altering the 

metabolism, provoking morphological and neurological changes as well as disfunctions of the immune system 

and many more (Daruich, J. et al. 2001; Walsh, L. P. et al. 2000). It is also discussed to accelerate hormone-

dependent cancers like breast and prostate cancer (Thongprakaisang, S. et al. 2013). 

The aim was to perform a comprehensive toxicity study comparing the herbicide formulation Roundup® and 

its active ingredient glyphosate in the pure form. Analyzing the effect of those two toxins on eukaryotic cells 

was supposed to yield information on whether glyphosate itself or the total composition of the chemicals 

used in Roundup® reveals higher toxicity. 

 

3.7.1 CELL VIABILITY ASSAY  
 

PrestoBlueTM is a resazurin-based, membrane-permeable reagent for the quantification of the cell viability 

after exposure to toxic substances. Resazurin is a non-fluorescent blue dye which can be irreversibly reduced 

to the pink-fluorescent resorufin by NADH/H+-dependent dehydrogenases in the cytosol of the cells. NADH 

is formed in many metabolic reactions in the cells and thus it can be used to reduce resazurin to resorufin 

Fig. 3.15 Molecular structure of the 
herbicide glyphosate. 



 

 

Materials and Methods 61 

(Lall, N. et al. 2013). Therefore, a high intensity of the measured fluorescence signal can be quantitatively 

interpreted as a normal metabolic activity of the cells and thus no influence of toxic substances on the cells. 

For the PrestoBlueTM assay, NRK, A549 and MDCK II cells were seeded to confluence on 96-well plates with a 

growth area of 0.31 cm2 (200 µL / well) and medium was exchanged 24 h after seeding. 48 h after seeding, 

the culture medium was replaced with L-15 medium (200 µL / well) as negative control and Roundup® or 

glyphosate equivalent to following concentrations of the active ingredient glyphosate: 40 mM, 20 mM, 

10 mM, 8 mM, 5 mM, 2 mM, 1 mM, 0.5 mM, 0.2 mM and 0.1 mM. Since the commercially available mixture 

Roundup® as well as the dissolved pure glyphosate revealed strongly acidic pH values of around 5.8 and 2.4, 

respectively, experiments were not only performed using the acidic solutions but for reasons of comparison, 

solution with a neutrally adjusted pH were also prepared. Therefore, the stock solutions were adjusted to a 

pH value of 7.4 using K3PO4 and NaH2PO4. 

After an incubation period of 24 h (37 °C, 0 % CO2), the glyphosate solutions were replaced with the 

PrestoBlueTM solution (100 µL / well, 1:10 dilution in PBS++ supplemented with 1 gL-1 glucose). A positive 

control was created by using the PrestoBlueTM solution mixed with Triton-X-100 (0.05 % v/v). The colorimetric 

change due to the reduction of resazurin to the fluorescing resorufin was spectrometrically detected with a 

Tecan Reader (λex. = 532 nm, λem. = 600 nm) after a previous incubation period of 1 h (37 °C, 0 % CO2). 

The measured fluorescence intensities were corrected by the background fluorescence (Iblank) and then used 

to calculate the cytotoxicity index (CI) for each concentration of glyphosate and Roundup® using the following 

formula: 

CI = (1 − 
corr.  fluorescence intensity Isample

corr.  fluorescence intensity Inegative control
) ∙ 100                      [3.6] 

 

The fluorescence intensity Isample refers to the averaged intensity for a given concentration of the cytotoxins 

and the fluorescence intensity Inegative control represents the averaged intensity of the negative control. To 

determine the standard deviation of CI for each concentration, equation 3.7 was used: 

SD = (
SDblank

Iblank
+ 

SDsample+SDblank

Isample−Iblank
) ⋅ CI    [3.7] 

 

Iblank describes the averaged fluorescence intensity of the blank sample and Isample refers to the average 

fluorescence intensity for each concentration of glyphosate or Roundup®. SDblank and SDsample represent the 

standard deviations of the averaged blank samples and the individual concentrations of the toxins, 

respectively.  
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3.7.2 IMPEDANCE-BASED PHENOTYPIC ASSAYS  
 

The ECISTM technique was used to investigate the toxic effect of glyphosate and Roundup® on NRK cells. The 

phenotypes proliferation, migration and micromotion under the influence of different concentrations of 

glyphosate within the commercial Roundup® formulation or as pure substance were examined. The 

experiments were prepared as described in chapter 3.3.3. NRK cells were seeded either in a low cell density 

(2104 cellscm-2) for proliferation monitoring or seeded to confluence (25104 cellscm-2) for migration assays, 

cellular micromotions and for the acute toxicity experiments. The cells were provided with fresh culture 

medium 24 h after seeding and after 48 h, the cell culture medium was replaced with L-15 medium and data 

was collected for 3 h. Following the baseline recording, L-15 medium was replaced with the respective 

concentration of Roundup® or glyphosate. For the examination of the three phenotypes proliferation, 

migration and micromotions of the cells, three different concentrations (5 mM, 1 mM, 0.2 mM) were used 

in duplicates as well as two controls without the addition of any toxin. In the migration experiments, the cells 

were wounded after having been exposed 24 h to the respective herbicide concentration by the application 

of an electrical pulse. The repopulation of the cell-free electrode, which could be followed by an increasing 

impedance value, could be observed in a concentration-dependent manner (see chapter 3.3.4.3). Since cell 

layers are dynamic systems, highly time-resolved impedance data (micromotion measurements) were used 

to unveil information about the motility of the cells covering the working electrode. This investigation was 

performed 24 h after the addition of the respective toxin concentration at the frequency of 4 kHz with five 

readings per second for a total of 10 min. In addition to the three phenotypic experiments and to 

complement the viability investigation via PrestoBlueTM, ECISTM-based acute toxicity experiments were 

performed. The protocol differed only in the concentration with respect to the described proliferation, 

migration and micromotion experiments. After baseline recording for 3 h, glyphosate and Roundup® were 

applied to the wells of the ECISTM arrays in concentrations of 40 mM, 20 mM, 10 mM, 5 mM, 2 mM, 1 mM, 

0.2 mM and a toxin-free control. The cellular response to the respective glyphosate or Roundup® solutions 

were recorded for at least 68 h. 

 

3.7.3 MONITORING OF THE RESPIRATORY ACTIVITY 
 

The consumption of oxygen provides quantitative information about the cellular respiration and 

consequently the metabolic activity of the cells. In these experiments, the cells were grown to confluence in 

petri dishes (9.6 cm2) containing a piece of self-adhesive oxygen-sensitive sensor foil. With the help of the 

VisiSens TD changes in the partial oxygen pressure in the microenvironment of the cell layer could be 

measured. 24 h after cell inoculation, the cell culture medium (2 mL) was exchanged and after another 24 h, 
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the cell culture medium was replaced with different dilutions (9.6 mL) of glyphosate and Roundup® in L-15 

(10 mM, 2 mM, 0.2 mM and 0 mM). To prevent the diffusion of atmospheric oxygen into the solutions which 

would distort the results, the petri dishes were hermetically sealed and filled air bubble-free using Blu-Tack®. 

Each measurement was conducted in a cell incubator (37 °C, 0 % CO2) over a period of 24 h with the camera 

taking pictures every 10 min. Every condition was examined in triplicate. 

 

3.7.4 POST-EXPOSURE CELL STAINING  
 

After the treatment described in chapter 3.7.3, some kind of cellular fixation on the substrates could be 

observed. To further investigate these observations, CaAM/EtHD-1 and TRITC phalloidin/DAPI stainings were 

performed to distinguish between living and dead cells as well as to highlight the cytoskeleton and the nuclei, 

respectively. Detailed staining protocols can be found in chapter 3.2.4. 

The cells were inoculated in Lab-Tek® 8-well chamber arrays which were glued onto glass slides using silicon 

grease. 24 h after seeding, the cell culture medium was exchanged and after another 24 h, it was replaced 

by glyphosate and Roundup® dissolved in L-15 medium yielding the same final concentration of glyphosate 

in the mixture and as pure substance (40 mM, 20 mM, 1 mM and 0 mM). The cells were incubated for 24 h 

(37 °C, 0 % CO2) with the different glyphosate and Roundup® concentrations before the staining was 

performed. In a control experiment, cells were equally incubated in L-15 medium but without glyphosate 

being added. The cell staining was performed according to chapter 3.2.4. 
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 IMAGE-BASED SENSING OF OXYGEN CONCENTRATIONS AND 

DIFFUSION PROCESSES 
 

Oxygen is essential for almost all living organisms. From an evolutionary standpoint, oxygen marks the 

beginning of life and simultaneously it is the final electron acceptor during the oxidative phosphorylation on 

the molecular level. Energy is being converted in the mitochondrial respiration from reduced carbon to 

energy-rich phosphates in adenosine triphosphate (ATP) which serves as the universal energy currency in all 

forms of life (Semenza, G. et al. 2012). The fundamental role of oxygen explains the importance of being able 

to sense oxygen concentrations in proximity to cellular systems. The sensor foil-based system provided by 

PreSens GmbH allows for the detection of changes in oxygen levels due to the respiratory activity of cells.  

 

4.1 RESPIRATORY ACTIVITY OF DIFFERENT CELL LINES  

4.1.1 EXPERIMENTS WITH CELL MONOLAYERS (2D) 
 

The monitoring of cellular respiration was performed 48 h after seeding, with the cells being covered by L-15 

medium. For the experiments, standard cell culture petri dishes (A = 9.6 cm2) were used, filled air bubble-

free and sealed airtight. The petri dish growth area was divided into four equally large parts with the help of 

PDMS spacers to be able to observe the respiration of four different cell lines (MDCK I & II, NRK and 

SK-MEL-28) simultaneously within one measurement.  

Fig. 4.1 A shows phase contrast images of the cell monolayers (MDCK I & II, NRK, SK-MEL-28), taken right 

after the 24-h measurement. Fig. 4.1 B illustrates the calibrated false color images of the sensor foil after 0 h, 

3 h, 6 h and 12 h with bright yellow meaning 100 % dissolved oxygen and black representing the state of 0 % 

dissolved oxygen. A cross can be observed due to the PDMS spacer glued on top of the oxygen sensor foil in 

order to separate the growth area of the respective cells. 3 h into the measurement, it could be seen that 

MDCK II and SK-MEL-28 cells consumed the available oxygen slightly faster than MDCK I and NRK cells as 

indicated by the blue areas in the upper left and lower right quadrant of the image. With more time passing 

by, the cells converted more of the available oxygen, eventually resulting in 0 torr oxygen partial pressure as 

indicated by the false color image after 12 h showing nearly completely black quadrants. Only beneath the 

PDMS spacer some oxygen was left as can be seen by the blue-colored cross in the false color image after 

12 h.  
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Calibrated false color images were taken every 10 min and the oxygen partial pressure (pO2) was calculated 

from each picture. The pO2 values were plotted as a function of time and fitted linearly between 1 h and 4 h. 

The linear regression revealed the apparent oxygen consumption rate (AOCR) for each individual cell line. 

This technique was also used in further investigations with additional cell lines and the AOCR values for all 

tested cell lines are summarized in Fig. 4.2 A.  

 
Fig. 4.2 (A) Apparent oxygen consumption rates (AOCRs) for all monitored cell lines. The AOCRs were determined by 
linear regression from 1 h to 4 h of the time-dependent pO2 values. (B) Oxygen consumption rates (OCRs) for the direct 
comparison of the respiratory activity on a single cell level (compare chapter 3.4.5) Experiments were performed at 
37 °C and 0 % CO2. 

Fig. 4.1 Parallel image-based detection of the time-dependent oxygen depletion due to cellular respiration of 
MDCK I & II, NRK and SK-MEL-28 cells. (A) Phase contrast images taken after 24 h of measurement time. (B) Calibrated 
false color images of the sensor foil from the beginning of the experiment, after 3 h, 6 h and 12 h of recording with 
bright yellow indicating 149.3 torr pO2 and black showing a 0 torr pO2 level. The experiments were performed in a 
standard cell culture incubator at 37 °C and 0 % CO2. Scale bar depicts 150 µm (A) and 2 mm (B). 
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The four cell lines revealed AOCR values of around (20.3 ± 0.3) torr·h-1, (20.8 ± 0.3) torr·h-1, (27 ± 1) torr·h-1 

and (27.4 ± 0.6) torr·h-1 for NRK, MDCK I & II, and SK-MEL-28 cells, respectively. MDCK II and SK-MEL-28 cells 

displayed the highest respiration rates, which was also optically observable due to the color changes of the 

calibrated false color images. Compared to that, the A549 cell line, which was monitored separately, yielded 

AOCR values of (51 ± 11) torr·h-1 which was the highest AOCR value observed in this thesis. However, since 

the cell lines were all seeded in different cell densities due to their individual cell sizes, AOCRs were converted 

into oxygen consumption rates (OCR) expressing the amount of oxygen being consumed by only one cell per 

second (see Chap. 3.4.5). This conversion led to OCR values of (107 ± 2) amol·s-1·cell-1 for SK-MEL-28 cells 

trailed by (62 ± 13) amol·s-1·cell-1 for A549 cells. The two epithelial skin cancer types SK-MEL-28 and SpiCa 

cells ((19 ± 2) amol·s-1·cell-1) revealed the highest and the lowest consumption rates comparing all cell lines 

under test. NRK, HDMEC and MDCK I & II exhibited OCRs of approximately 20 amol·s-1·cell-1, 28 amol·s-1·cell-1 

and 33 & 42 amol·s-1·cell-1, respectively. 

 

4.1.2 EXPERIMENTS WITH 3D-TISSUE MODELS 
 

Cell culture is a useful tool for in vitro investigations and hence for initial drug screenings, toxicity studies and 

fundamental cell research. Since cells cultured in monolayers behave differently from cells growing in in vivo 

tissue, the formation of three-dimensional tissue models can bridge the gap between 2D cell culture and lab 

animals as 3D equivalent. Cells growing in cultured networks constitute models that are more complex and 

react differently than cells growing on planar substrates due to altered nutrient and oxygen supply, changed 

waste disposal and higher amounts of cell-cell contacts leading to adapted cell-cell communication. Since 

spheroids are not vascularized, different zones within one spheroid have been found. The cells growing in 

the outer spheres have easy access to nutrients and dissolved oxygen but this supply is decreasing towards 

the spheroid’s core. The aim was to be able to investigate the respiratory activity of cells growing in three 

dimensions.  

The spheroids were placed on top of the oxygen-sensitive sensor foil and were allowed to attach to the 

surface for 24 h. The attachment of the spheroid led to the formation of a cell monolayer around the spheroid 

on the sensor foil which grew with time. This attachment allowed for the investigation of the respiratory 

activity in a cross section of the spheroid. Fig. 4.3 illustrates spheroids growing on top of the sensor foil. The 

spheroids were either live/dead- or DAPI-stained (Fig. 4.3 A & C, compare chapter 3.2.4) and Fig. 4.3 shows 

photographs in different magnifications of the spheroid sitting on the sensor foil surface within a petri dish.  
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The sensor foil-based sensing of the respiration of spheroids revealed oxygen gradients beneath the tissue. 

The images were evaluated either from line profiles across the entire spheroid or by plotting changes of the 

pO2 within three different regions of interest (ROI) as a function of time. One ROI was located in the center 

beneath the spheroid, the second in the periphery of the spheroid and the last one next to the spheroid. The 

profile evaluation was done using ImageJ with profile dimensions of 850 x 12 pixels. Fig. 4.4 displays the two 

different evaluation methods. 

 

Within this thesis, three different cell lines were used to form spheroids to be investigated. The spheroids 

were placed on top of the sensor foil 7 days after formation (see chapter 3.1.3) and were allowed to attach 

for 24 h before the cell culture medium was exchanged for L-15 medium and the recording was started. The 

Fig. 4.3 Images of spheroids growing on top of oxygen-sensitive sensor foils. (A) 3D CLSM image of an SK-MEL-28 
spheroid after live/dead staining and (B) a picture showing the spheroid on top of the oxygen-sensitive sensor foil in a 
standard petri dish with an enlargement below. (C) Upper row: CLSM image of an MCF-7 spheroid after DAPI staining 
with the focal plane at the top of the spheroid and in the lower row, the focal plane was located directly above the 
sensor foil. 

 

Fig. 4.4 Schematic illustration of data evaluation following image-based oxygen sensing beneath spheroids (indicated 
by the dotted line). (A) Profile evaluation in an area of 850 x 12 pixels in size with a pixel resolution of 1.6 µm. (B) Region 
of interest (ROI) evaluation with three different ROIs in the field of view: one ROI was located centrally beneath the 
spheroid growing on top of the sensor foil, one ROI in the spheroid´s periphery (rim) and one next to the spheroid.  
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images were calibrated and used to evaluate profile plots 1 h, 6 h, 12 h and 24 h after measurement start 

(see Fig. 4.5). The profile data was afterwards smoothed according to the Savitzky Golay method by fitting 

successive sub-sets of 20 data points by the method of linear least squares. The profiles seemed to be strongly 

dependent on the cell line and the tissue structure of the spheroid. The dotted lines mark the area directly 

beneath the spheroid growing on the sensor foil.  

 

The SK-MEL-28 spheroid was 500 µm in size and the corresponding profile plot hinted at a W-shaped form 

showing no significant changes with time as can be seen in Fig. 4.5 A. Next to the spheroid, a slight decrease 

in pO2 from around 130 torr to 100 torr and 160 torr to 125 torr could be observed on the left-hand and the 

right-hand side, respectively. The oxygen concentration centrally beneath the spheroid was constantly found 

to be between 0 torr and 10 torr and oxygen values steadily increased with increasing distance from the 

spheroid center. Fig. 4.5 B shows the U373 spheroid, only 300 µm in size, which led to steeper profiles with 

time. 1 h after the start of the measurement, the oxygen partial pressure right below the spheroid was 

determined to be 73 torr, followed by a continuing decrease from 15 torr after 6 h over 7 torr after 12 h to a 

final value of 0 torr pO2 after 24 h. The oxygen concentration which was very low directly below the core of 

the spheroid increased with a steep oxygen concentration gradient towards the spheroid’s edge. Directly 

adjacent to the spheroid, a decrease in pO2 from 175 torr to 150 torr was detected. The third spheroid 

consisting of MCF-7 cells (see Fig. 4.5 C), 500 µm in size, showed a significant decrease in the oxygen 

concentration with time. Beneath the spheroids core, O2 was completely consumed within 12 h of recording, 

and a strong oxygen depletion next to the spheroid from initially 150 torr to 80 torr, 30 torr and then 10 torr 

after 24 h was observed. The oxygen profiles also reflected the microscopically observed characteristics of 

the individual spheroids: SK-MEL-28 cells tended to grow into bigger spheroids which seemed to be rather 

soft since the structure was mostly eliptical when growing on a surface (compare Fig. 4.3). U373 spheroids 

Fig. 4.5 Image-based detections of spatial oxygen-profiles due to the respiratory activity of spheroids growing on 
oxygen-sensitive sensor foils. The images were calibrated, and profile plots were evaluated with data smoothing 
according to the Savitzky Golay method over 20 data points. Experiments were performed using L-15 medium. (A) Time-
dependent profile plots obtained from the measurement of an SK-MEL-28 spheroid. (B) Examination of the respiration 
of a 7-day-old U373 spheroid and (C) of a 7-day-old MCF-7 spheroid. Experiments were performed in a cell culture 
incubator at 37 °C and 0 % CO2. 
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formed very tight and nearly perfectly round-shaped spheres which possibly led to the V-shaped profiles. 

MCF-7 spheroids tended to form a monolayer around the sphere which could also have been responsible for 

the fast oxygen depletion next to the spheroid. 

The second method for data evaluation using different ROIs is shown in Fig. 4.6. The quantification of the 

respiration of SK-MEL-28 spheroids showed initial pO2 values of (162 ± 28) torr next to the spheroid, 

(54 ± 13) torr in the periphery of the spheroid and (9 ± 5) torr at the center beneath the 3D tissue model. 

Directly at the center beneath the spheroid, the oxygen partial pressure was constantly showing low values 

of (9 ± 5) torr during the measurement. Next to the spheroid, only 23 torr of dissolved oxygen were 

respirated within the time span of 24 h, with pO2 only slightly decreasing to (133 ± 30) torr. A linear 

regression between 1 h and 4 h of the time-resolved pO2 values yielded AOCRs for the different regions of 

interest. If the cells next to the spheroid were taken as the reference, the cells in the periphery of the spheroid 

exhibited AOCRs which were 12 % lower and the AOCRs for the cells located in the core of the spheroid even 

decreased by 95 %. However, it must be taken into account that oxygen was already almost depleted right in 

the beginning.  

 

Changes in the oxygen partial pressure revealed by U373 spheroids were quite similar (see Fig. 4.6 B). Next 

to the spheroid, the initial pO2 value of (86 ± 18) torr increased up to (152 ± 27) torr after 2.3 h, followed by 

a decrease to (124 ± 23) torr after 24 h. In the outer layer of the spheroid, the pO2 decreased from 

(79 ± 15) torr (0.6 h) to (41 ± 15) torr after 24 h. The cells consumed (8.0 ± 0.6) torr·h-1 of dissolved oxygen in 

the time interval between 1 h and 4 h of the measurement. Centrally beneath the spheroid, the initial oxygen 

level of (70 ± 13) torr decreased to a final oxygen partial pressure of (6 ± 8) torr with a corresponding 

consumption rate of (14.6 ± 0.3) torr·h-1 between 1 h and 4 h of recording. Fig. 4.6 C illustrates the ROI 

evaluation of the experiment with an MCF-7 spheroid. After 24 h of measurement time, the available oxygen 

Fig. 4.6 Sensor foil-based and time-dependent sensing of the respiratory activity of spheroids evaluating three different 
regions of interest (ROIs): one situated next to the spheroid, one located under the outer layers of the tissue and one 
ROI placed centrally beneath the spheroid. Experiments were performed using L-15 medium. (A) 7-day-old SK-MEL-28 
spheroid, (B) 7-day-old U373 spheroid and (C) 7-day-old MCF-7 spheroid. Black and white lines show the linear 
regression which was used for the AOCR determination. Experiments were performed in a cell culture incubator at 37 °C 
and 0 % CO2. 
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was completely consumed; the consumption took place even in areas next to the spheroid due to cell 

monolayer formation around the attached spheroid. The initial pO2 levels of (14 ± 11) torr, (54 ± 18) torr and 

(145 ± 38) torr after 1 h were followed by a steady decrease to values of (3 ± 8) torr, (2 ± 8) torr and 

(6 ± 12) torr for the ROI at the spheroid center, located in the periphery and next to the spheroid, 

respectively. The calculation of the respective AOCR values resulted in a 42 % and 90 % decrease of the 

respiration rates going from the vicinity of the spheroid to the periphery and the core. Tab. 4.1 summarizes 

the individual AOCR values.  

Tab. 4.1 Summary of the apparent oxygen consumption rates (AOCR) determined by linear regression of time-resolved 
changes in the partial oxygen pressure beneath spheroids generated from different cell lines (compare Fig. 4.6). 

 SK-MEL-28 spheroid U373 spheroid MCF-7 spheroid 

AOCR / torr·h-1 

Next to the spheroid 4.1 ± 0.2 - 15.8 ± 0.1 

Spheroid periphery (rim) 3.6 ± 0.2 8.0 ± 0.6 9.1 ± 0.4 

Spheroid center 0.2 ± 0.1 14.6 ± 0.3 1.6 ± 0.1 

 

During the experiments, it became apparent that the results were strongly depending on the size and shape 

of the spheroid. The shape of the spheroids varied between spherically shaped ones, spheroids assuming 

ellipsoidal as well as club-shaped forms. The attachment speed also depended on the surface of the 

spheroids: while convex parts attached very fast, the attachment of concave areas was significantly slower 

due to sterical reasons leading to differing profile plots. MCF-7 and SK-MEL-28 cells were used to create 

spheroids in different sizes, and these differently sized spheroids were used to monitore the impact of the 

size on the profiles. Fig. 4.7 shows images of four MCF-7 spheroids (S1-S4) in increasing size with the 

corresponding false color images of the sensor foil at the beginning of the measurement as well as after 24 h 

and 48 h. The initial diameter of the spheroids increased from 410 µm (S1), over 465 µm (S2) and 500 µm 

(S3) to 540 µm for the last spheroid (S4). The spheroid size was determined from the area of the spheroid 

seen on the images. The sensor foil beneath S1 exhibited a small scratch, which was used by the spheroid to 

attach. In the image of S3, the edge of the outgrowing cell monolayer can be seen, indicated by the small 

white arrowhead. The false color images mirror the available oxygen concentration in a color-coded manner. 

Light yellow corresponds to an oxygen partial pressure of 149.3 torr (100 % dissolved oxygen) and the darker 

the color (going from yellow over orange and red to blue and black), the lower is the oxygen concentration, 

eventually reaching 0 torr of the oxygen partial pressure (black color).  
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Profile plots were evaluated using the calibrated images at three different time points (see Fig. 4.8). The 

oxygen partial pressure beneath every spheroid decreased with time. The time needed for the decrease is 

strongly dependent on the size and attachment of the spheroid. The largest spheroid S4 achieved an oxygen 

depletion of an initial 130 torr to 60 torr next to the spheroid and 75 torr in the beginning centrally beneath 

the spheroid to 3 torr in the end. The smallest spheroid S1 with 410 nm in size exhibited an irregular dip in 

pO2 values at a distance of around 0.4 mm in the ROI of the profile. The dip emerged due to the scratch on 

top of the sensor foil, as shown in Fig. 4.7. The oxygen consumption beneath S1 was expected to be smallest 

but within the last 24 h of measurement time, the pO2 values of S2 and S3 increased by 24 torr and 2 torr, 

while pO2 values beneath S1 stayed constant. The images of S3 in Fig. 4.7 suggested that the spheroid was 

not entirely attached to the sensor foil and only an elliptical part had adhered, possibly leading to the 

increased oxygen concentration beneath the tissue. The oxygen consumption of S4, showing a diameter of 

540 µm in the beginning which grew to 610 µm within 48 h, revealed a possibly characteristic pO2 profile 

underneath the spheroid. The oxygen concentration was found to be 6 torr in a distance of 0.35 mm followed 

by a slight increase to 8 torr at 0.4 mm and a subsequent decrease in the oxygen partial pressure to 3 torr in 

a distance of 0.45 mm. It was also noticable that the pO2 values decreased the most next to S4 in comparison 

to S1-S3. The depicted spheroid diameters in Fig. 4.8 were determined from the area of the spheroids seen 

Fig. 4.7 Images of four MCF-7 spheroids (S1-S4) in increasing sizes from 410 µm (S1), 465 µm (S2), 500 µm (S3) and 
540 µm (S4) each with the corresponding false color images of the sensor foil at the beginning of the measurement as 
well as after 24 h and 48 h. The light-yellow color mirrors 149.3 torr of pO2 while black areas correspond to 0 torr pO2. 
Experiments were performed at 37 °C, 0 % CO2 in L-15 medium. Scale bar depicts 250 µm.  
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on the images. The outgrowing cell monolayers were not taken into account. The slightly increased diameters 

could be due to cell proliferation in the three dimensional tissue or due to a slow flattening of the initially 

spherical structure of the spheroid. 

 

SK-MEL-28 spheroids were observed to be very soft and as a consequence, the attachment on solid surfaces 

was followed by a fast collapse of the spherically shaped structure resulting in disk-like morphologies. This 

observation could possibly explain the fast depletion of oxygen beneath SK-MEL-28 cells due to the firmly 

attached spheroids and thus the hindered diffusion of dissolved oxygen from the supernatant medium. 

Fig. 4.9 shows profile plots of three SK-MEL-28 spheroids in different sizes.  

 

 

Fig. 4.8 Image-based detection of the oxygen distribution in a spatial profile beneath MCF-7 spheroids in four different 
diameters grown to oxygen-sensitive sensor foils (A) directly after the start of the measurement, (B) after 24 h and (C) 
after 48 h of recording. Images were calibrated and profile plots evaluated after data smoothing according to the 
Savitzky Golay method with 20 data points. Experiments were performed in a cell culture incubator at 37 °C and 0 % 
CO2 using L-15 medium.  

Fig. 4.9 Image-based detection of the oxygen distribution in a spatial profile beneath SK-MEL-28 spheroids with three 
different diameters attached to oxygen-sensitive sensor foils. (A) Directly after the measurement start, (B) after 24 h 
and (C) after 48 h of recording. Images were calibrated and profile plots were evaluated with data smoothing according 
to the Savitzky Golay method with 20 data points. Experiments were performed in a cell culture incubator at 37 °C and 
0 % CO2 using L-15 medium. 
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The spheroid S2, initially 490 µm in size, first revealed a V-shaped profile which broadened over time resulting 

in a similar pO2 profile compared to S1 and S3 with 0 torr oxygen concentration available centrally beneath 

the spheroid. Oxygen concentrations increased when moving away from the core of the spheroid to pO2 

values between 50 torr and 70 torr after 48 h. S1 and S3 caused initially similar oxygen distributions with a 

strong decrease of pO2 in the pheriphery of the spheroids from 120 torr to approximately 50 torr within 48 h. 

After 48 h, the oxygen respiration of the cells pertaining to spheroid S1 led to a characterisitic oxygen profile 

which was also observed in investigations with MCF-7 spheroids: directly beneath the center of the spheroid, 

pO2 values slightly increased while the oxygen concentration was around 0 torr at little distance from the 

center resulting in a W-shaped pO2 profile.  

For further quantification of the oxygen distribution profiles, the area above the curve (AAC) was calculated 

by determining the AUC from which the integrated area with an upper integration limit of y = 140 torr was 

substracted and the absolute values are given in Tab. 4.2 for the two cell lines under test. Increasing AACs 

indicate increasing oxygen depletion beneath the spheroid. The AACs increased in all cases over the course 

of the measurement, indicating a nearly linear time-dependent oxygen depletion. The AACs of the four MCF-7 

spheroids (S1-S4) increased on average (210 ± 48) % with respect to the integrated area at the beginning of 

the measurement. The AACs determined for the SK-MEL-28 spheroids S1 and S3 increased by around 31 % 

while S2 led to a 143-% increase of the AAC within 48 h. 

Tab. 4.2 Summarized areas above the curve (AACs) which were calculated by subtracting the area with an integration 
limit of y = 140 torr from the AUCs of the spatial oxygen distributions. Absolute values are given and the raw data for 
the determination of the AACs are the oxygen profile plots of MCF-7 and SK-MEL-28 spheroids in Fig. 4.8 and Fig. 4.9. 

t / h 

MCF-7 SK-MEL-28 

S1 S2 S3 S4 S1 S2 S3 

AAC / torr∙mm 

0 14.1 16.3 14.9 24.5 102.1 53.4 105.4 

24 35.6 43.1 37.4 52.3 117.1  70.4 106.3  

48 53.2 40.2 43.9 79.4 135.9  129.5 136.4 

 

The averaging of multiple measurements is quite challenging since the spheroids differ in size and shape and 

averaging process would lead to the loss of details in the profile plot evaluation. All in all, the experiments 

showed that oxygen depletion beneath 3D tissues was highly dependent on the cell type and therefore on 

the tissue structure which influenced the contact area to the oxygen-sensitive sensor foil and consequently 

had an impact on the resulting oxygen profiles.
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4.2 INFLUENCE OF THE SENSOR FOIL THICKNESS 
 

The sensor foil-based technique offers the possibility of measuring changes in oxygen levels directly beneath 

the cells, allowing for the detection of small changes in the respiratory activity of the cells due to the 

proximity to the sensor foil. The oxygen molecules are required to be in direct contact to the oxygen-sensitive 

dyes located in the sensor foil matrix implying that the matrix exhibits a oxygen-permeable structure. This 

led to the assumption that the thickness of the sensor foil correlates with the rate of the decrease of the 

oxygen partial pressure. Since thin sensor foils contain lower oxygen amounts in their matrix compared to 

thicker ones, the state of hypoxia should be reached faster with thinner sensor foils assuming constant 

cellular oxygen consumption. Consequently, a thicker sensor foil matrix should lead to a slower oxygen 

consumption rate even though the respiration is constant, which is due to the larger volume of dissolved 

oxygen beneath the cells being accessible for their respiration. 

For the investigation of the influence of the senor foil thickness, three different oxygen-sensitive sensor foils 

with increasing thickness were examined. The standard sensor foil with a thickness of 6 µm – 8 µm 

(Fig. 4.10 A) was tested in comparison to a twofold thickness sensor foil (12 µm – 16 µm, Fig. 4.10 B) and a 

fourfold thickness sensor foil with 24 µm – 32 µm in height (Fig. 4.10 C). The foils were kindly produced and 

provided by PreSens GmbH. The NRK cells were seeded to confluence onto the sensor foils and after the 

standard pre-experiment protocol, the culture medium was replaced with L-15 medium. After airtight sealing, 

the recording was started for 24 h. Fig. 4.10 schematically shows the tested sensor foil thicknesses with the 

confluent cell monolayer on top and the airtight sealing of the petri dishes.  

 

Following the experiments, the sensor foils were calibrated according to the described protocol 

(chapter 3.4.4). A linear regression of the curves in the time interval from 1 h to 4 h of the measurements 

yielded the AOCRs. The consumption rate decreased from (18.3 ± 0.1) torr·h-1 over (16.4 ± 0.6) torr·h-1 to 

(15.0 ± 0.7) torr·h-1 with increasing sensor foil thickness. The AOCR values were used to calculate the oxygen 

consumption rate for every thickness. With the standard sensor foil, consumption rates of 

Fig. 4.10 Schematical illustration of the study of how the sensor foil thickness influences the rate of the pO2 decrease  
when the cellular respiration of NRK cells is monitored. (A) Depiction of the standard oxygen-sensitive sensor foil 
6 µm – 8 µm in height, (B) sensor foil with twofold thickness (12 µm – 16 µm) and (C) sensor foil in fourfold thickness 
(24 µm – 32 µm). All sensor foils have been covered with adherently growing cells.  
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(28.7 ± 0.2) amol·s-1 were obtained per cell which decreased to (26 ± 1) amol·s-1·cell-1 by doubling the sensor 

foil thickness. The fourfold thickness revealed an OCR value of (24 ± 1) amol·s-1·cell-1. All AOCR and OCR values 

are summarized in Tab. 4.3. 

Tab. 4.3 Summary of the apparent oxygen consumption rates (AOCR) obtained by linear regression and the 
corresponding calculated oxygen consumption rate (OCR) on a single cell level for the three tested sensor foil 
thicknesses. Mean ± SEM, n = 3. 

Sensor foil thickness Sensor foil thickness / µm AOCR / torr·h-1 OCR / amol·s-1·cell-1 

1x 6 – 8  18.3 ± 0.1 28.8 ± 0.2 

2x 12 – 16 16.4 ± 0.6 26 ± 1 

4x 24 – 32 15.0 ± 0.7 24 ± 1 
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4.3 DETECTION OF HORIZONTAL OXYGEN GRADIENTS 
 

In the previous chapter, the influence of the sensor foil thickness was investigated. Since oxygen molecules 

can freely enter the cell via diffusion across the cellular membrane, cells can incorporate oxygen via the apical 

membrane as well as via the basolateral membrane. To mimic an irreversible inhibition of the oxygen uptake 

from the apical membrane side, a small circularly shaped cover slip was placed on top of the cells (see 

Fig. 4.11). This experiment also served to mimic the situation of a spheroid being attached to the sensor foil 

where the oxygen supply for cells growing in deeper layers are highly restricted due to multiple cell layers on 

top. 

 

The experimental procedure was done according to the standard pre-experiment protocol. After the addition 

of L-15 medium, the cover slip was placed on top of the cell monolayer, the petri dishes were filled air bubble-

free and sealed airtight and data acquisition was performed during 24 h. The images were calibrated, and 

several ROIs were selected to follow the time-dependent, lateral pO2 gradient. The ROIs were selected as 

illustrated in Fig. 4.11 C, from the center of the cover slip to the corner of the image, where the cells were 

uncovered and were provided free access to the available oxygen in the supernatant L-15 medium. 

The calibrated false color images of the measurement are shown in Fig. 4.12. The four images represent 

oxygen concentrations directly after the start of the measurement and after 3 h, 6 h and 9 h of data 

acquisition. Bright, yellow-colored areas correspond to 149.3 torr oxygen partial pressure whereas dark, 

blue/black areas illustrate low oxygen levels of 0 torr pO2. After 3 h of measurement time, an oxygen gradient 

could be observed radiating out from the center of the cover slip (lower right-hand side) to the opposite 

corner of the image. 3 h later, the gradient was still present, however hardly any oxygen was left underneath 

the cover slip. The uncovered cells needed around 12 h to completely consume the initially available oxygen. 

Fig. 4.11 Schematic illustration of the respiratory activity investigation carried out with NRK cells after the inhibition of 
oxygen diffusion from the apical (upper) side via cover slip coverage. (A) Side view of the measurement setup with cells 
growing on top of the sensor foil, covered with a cover slip on the right-hand side. (B) Schematic top view of the 
measurement setup with a cover slip covering a part of the cell monolayer. (C) Selected ROIs for the evaluation of the 
time-dependent, lateral pO2 gradient.  
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In Fig. 4.13 A and B, the pO2 values from two individual experiments are plotted against the time, each with 

the same nine selected regions of interest. The time courses for ROIs 1 – 4 revealed a sharp decrease of the 

oxygen partial pressure within the first 1 h – 2.5 h in both cases. The pO2 values gained from ROI 5, a region 

where the cells are still covered by the glass cover slip, decreased constantly while the pO2 values for ROIs 

6 – 9 also decreased, but with a slower rate. The cells next to the cover slip (ROIs 6 – 9) needed around 12 h 

to completely consume the initially available oxygen (see Fig. 4.13 B).  

 

The standard data evaluation consists of a linear regression of the time courses within the time interval of 

1 h – 4 h. Since the cells beneath the cover slip consumed the dissolved oxygen rapidly, the first derivatives 

of the time courses were calculated and the maximal values of the first derivative within the first 1.5 h yielded 

the AOCRmax values. Fig. 4.13 C depicts the averaged AOCR values from the two measurements for the nine 

Fig. 4.12 Calibrated false color images of the investigation of the respiratory activity of NRK cells partly covered with a 
glass cover slip to inhibit the oxygen diffusion from the apical side. Pictures were taken directly after the measurement 
start and after 3 h, 6 h and 9 h of recording. The dotted line indicates the edge of the glass cover slip covering the cells 
in the lower right part of the images. Bright yellow represents 149.3 torr of oxygen partial pressure whereas dark 
blue/black represents hypoxic states. The experiments were performed in a standard cell culture incubator at 37 °C and 
0 % CO2. 

Fig. 4.13 Image-based monitoring of the partial oxygen pressure as a function of time beneath NRK cells which were 
partly covered by a glass cover slip. (A, B) Two individual experiments depicting pO2 values from nine regions of interest 
(ROIs) as a function of time, with a zoom-in of the first 5 h of the first experiment. (C) Calculated mean apparent oxygen 
consumption rates (AOCRmax) for each of the nine ROIs from the two experiments: increasing ROI number meaning 
increasing distance from the center of the cover slip and thus free access to dissolved oxygen in the L-15 medium. 
E (error) depicts the spread of the two averaged data points from the two individual data sets. The experiments were 
performed in a standard cell culture incubator at 37 °C and 0 % CO2. 
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ROIs. ROIs 1 – 5, representing the area of the cell monolayer which was covered by the glass cover slip, 

revealed decreasing oxygen consumption rates from (134 ± 17) torr·h-1 (ROI 1) to (48 ± 2) torr·h-1 (ROI 5) with 

increasing distance from the center of the cover slip. The regions next to the cover slip (ROI 6-9) exhibited 

nearly constant averaged consumption rates of (34 ± 2) torr·h-1
 or (54 ± 3) amol·s-1·cell-1 (see Tab. 4.4). Linear 

regression in the time interval from 1 h – 4 h for the same ROIs (6-9) yielded significantly smaller 

consumption rates of approximately 16 torr h-1. 

Tab. 4.4 summarizes all AOCRs determined via the first derivative (AOCRmax) as well as by linear regression of 

the time-resolved detected oxygen partial pressure. ROIs 6 – 9 were fitted linearly in the standard time 

interval from 1 h – 4 h while ROIs 1 – 5, located beneath the cover slip, were fitted linearly between 0.33 h 

and 0.66 h (AOCRlinearFit). The time intervals were chosen since the oxygen partial pressure was initially low 

beneath the cover slip and was therefore consumed rapidly compared to the area next to it. Next to the 

cover slip, the oxygen partial pressure first increased, caused by temperature effects, which was then 

followed by decreasing values due to the respiratory activity of the cells.  

Tab. 4.4 Summarized apparent oxygen consumption rates (AOCRs) either determined by the first derivative (AOCRmax) 
or by linear regression between 0.33 h – 0.66 h (ROI 1-5, beneath cover slip) and 1 h – 4 h (ROI 6-9, next to cover slip) 
(AOCRlinearFit) with the corresponding calculated oxygen consumption rates (OCRs) (compare chapter 3.4.5). Mean ± E, 
n = 2 (E (error) depicts the spread of the two averaged data points from the two individual data sets). 

ROI AOCRmax / torr·h-1 AOCRlinearFit / torr·h-1 OCRmax / amol·s-1
 ·cell-1 OCRlinearFit / amol·s-1

 ·cell-1 

1 134 ± 17 130 ± 13 209 ± 27 203 ± 20 

2 117 ± 4 117 ± 4 188 ± 6 188 ± 6 

3 100 ± 15 100 ± 15 157 ± 23 157 ± 23 

4 78 ± 16 78 ± 16 122 ± 26 122 ± 26 

5 48 ± 2 14 ± 2 74 ± 3 22 ± 4 

6 32 ± 12 15 ± 2 50 ± 18 23 ± 3 

7 36 ± 8 16 ± 2 56 ± 12 25 ± 3 

8 36 ± 6 16 ± 2 56 ± 9 25 ± 3 

9 34 ± 3 16 ± 2 53 ± 5 25 ± 3 

 

Since the ROI evaluation determines the time-dependent oxygen partial pressure at a defined position for a 

temporal resolution, the false color images were also used to determine oxygen gradients via profile plot 

evaluation to yield a spatial resolution. The profile plot evaluation was performed using ImageJ. Due to the 

diagonally oriented gradient, a profile line of only one pixel in width was chosen. Since the sensor foils and 

the embedded luminophores are not distributed equally, some pixel errors occurred and slight fluctuations 

could be observed within the profile plot. To even out pixel fluctuations, the profile plots were smoothed by 

a sliding average of 50 points, while 1136 pixels were determined in total. Fig. 4.14 shows the averaged 

oxygen partial pressure profiles at different time points during the experiments. The values on the x-axis 
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indicate the distance from the center of the cover slip (d = 0.0 mm) to the uncovered area; a distance of 

1.8 mm corresponds to the upper left corner of the images in Fig. 4.12 while the dashed line indicates the 

edge of the glass slip. Even the first image taken of the sensor foils revealed slightly smaller pO2 levels of 

around 120 torr beneath the cover slip in comparison to around 140 torr next to it. After 3 h of recording, a 

drastic decrease of the pO2 to 0 torr could be observed in the center of the cover slip at d = 0.0 mm, and the 

oxygen partial pressure decreased to 100 torr next to the cover. With time passing, a constant decrease of 

the oxygen levels next to the cover glass was detected resulting in no gradient between covered and 

uncovered cell areas. After 12 h of data collection, pO2 levels were equal over the whole field of view, yielding 

a homogenous 0 torr oxygen partial pressure after 24 h.  

 

The experiments showed that the blocking of the oxygen diffusion by a cover slip was highly efficient and 

that the cells centrally below the cover slip only needed up to 3 h to completely consume all of the oxygen 

which was initially available in the sensor foil matrix and the microenvironment of the cells. The profile plot 

evaluation confirmed that covered cells but which were located closer to the edge of the cover slip had access 

to more oxygen via diffusion processes across a distance of 200 µm and that the oxygen partial pressure 

decreased to similar values across the entire field of view after approximately 12 h. 

  

Fig. 4.14 Profile plot evaluation of the sensor foil images upon recording the respiratory activity after blocking oxygen 
diffusion from the apical side by a glass cover slip on top of adherent and confluent NRK cells (compare Fig. 4.12 and 
Fig. 4.13). Profile plots were evaluated using Image J and subsequently averaged. Distance on the x-axis describes the 
length of the profile and thus the way from the center of the cover slip (d = 0 mm) to the uncovered cells (d = 1.8 mm). 
The dashed line indicates the rim of the cover slip. E (error) depicts the spread of the two averaged data points from 
the two individual data sets. 
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4.4 VISUALIZATION OF VERTICAL OXYGEN GRADIENTS ABOVE ADHERENT CELLS 
 

The sensing of the respiratory activity of cells growing on sensor materials is strongly dependent on the 

available oxygen in the supernatant medium on the apical membrane side. Cells seeded on the bottom of 

measurement wells consume oxygen, hence an oxygen gradient will be established and intensified over time. 

The vertical O2 concentration gradient (VOG) from the medium surface towards the cells growing on the 

bottom was measured using specific sensors: the Multiwell Insert Optical Sensor (MIOS) which is a triangular-

shaped prism with a right angle between the triangle arms. The MIOS is serving as an optical light guide 

element and exhibits one plane parallel to the medium surface forming the readout plane and one plane 

oriented orthogonally to the well bottom and dipping into the cell culture medium (compare Fig. 4.15). The 

hypotenuse lateral face of the light guide element provides an inclined plane which is coated with the oxygen-

sensitive sensor foil. The small triangles can be incorporated into a MIOS holder, which simultaneously serves 

as lid for a standard multiwell plate, positioning the MIOS elements above the cell layer in each well. Fig. 4.15 

shows an image of a standard 24-well plate with the corresponding lid equipped with 24 MIOS elements.  

 

The schematic illustrations sketch the working principle. For measurements, the VisiSens TD was focused on 

the horizontal leg of the MIOS sensor that is aligned parallel with the medium surface. That way, the 

excitation light is propagated through the light guide element to the oxygen-sensitive sensor foil and excites 

the luminophores. The emitted luminescence signal is projected back to the readout plane. This technique 

allows for a horizontal readout of the vertical oxygen gradient formed in the culture medium. The MIOS 

sensors were developed by Daniela Obermaier (PreSens GmbH) and kindly provided by PreSens GmbH.  

In this thesis, NRK cells were seeded on the bottom of 24-well plates in two different seeding densities 

(8·104 cells·cm-2, 25·104 cells·cm-2). The culture medium was exchanged 24 h after cell inoculation and 

Fig. 4.15 Sensing of the vertical oxygen gradient - formed in cell culture medium above adherent NRK cells cultivated on 
the bottom of a 24-well plate - with the help of Multiwell Insert Optical Sensor (MIOS) elements. The MIOS triangles 
were integrated into the lid of a 24-well plate and suspended in the cell culture medium after the closing of the plate. 
The MIOS elements are optically transparent prism light guide elements; one leg is horizontal and facing the camera 
and one leg is vertically oriented and the sloped hypotenuse is coated with the oxygen-sensitive sensor foil. The MIOS 
sensors allow for a horizontal readout of the vertical O2 gradient by signal projection through the light guide element.  
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replaced by L-15 medium after 48 h. Data was then collected for 24 h in a standard cell culture incubator at 

37 °C and 0 % CO2. The recorded images were calibrated according to the protocol (see chapter 3.4.4) and 

profile plot evaluation was performed using ImageJ with profiles in the dimensions of 150 x 6 pixels. 

Fig. 4.16 illustrates the 2D imaging data, false color-coded, and the corresponding profile plots at different 

time points of the measurements yielding the vertical oxygen gradient with low oxygen concentrations near 

the bottom and higher oxygen concentrations close to the top of the well.  

In order to test the sensitivity of the MIOS system responding to different oxygen conditions and to quantify 

the diffusion rate of oxygen from the medium, two different cell densities were applied. Subconfluently 

seeded cells were examined in Fig. 4.16 A, whereas confluent cell monolayers were monitored in Fig. 4.16 B.  

 

The left side of the profile plots mirrors the oxygen concentration close to the adherently growing cells and 

the right-hand side of the plots corresponds to areas close to the surface of the supernatant medium. The 

partial oxygen pressure was plotted for different time points during the measurement. In the beginning of 

the measurement, subconfluently seeded NRK cells revealed approximately constant oxygen partial pressure 

values of around 120 torr with respect to the distance from the cell layer. After 12 h of recording, a decrease 

of pO2 to around 80 torr close to the cells could be observed with constantly increasing oxygen values up to 

Fig. 4.16 Profile plot evaluation of vertical oxygen gradients in L-15 medium above adherent NRK cells at different time 
points. Recorded, false color-coded images of the horizontally projected sensor foil signal after 1 h and 12 h are shown 
on the top. The profile plots show the oxygen partial pressure as a function of distance from the cells. In the false color 
images, areas of high oxygen concentration are color coded yellow and areas of low oxygen concentrations are black. 
(A) Cells were seeded in a density of 8·104 cells·cm-2 and (B) 25·104 cells·cm-2. The depicted measurements were done 
twice with E (error) signifying the spread of the two averaged data points from the two individual data sets. Experiments 
were performed in a standard cell culture incubator at 37 °C and 0 % CO2. 
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120 torr in a distance of 6 mm from the cells. Within the distance of 10 mm to 18 mm from the cells, a 

constant oxygen partial pressure was observed which remained the same during the entire measurement. 

This unchanging oxygen concentration could be due to oxygen diffusion from ambient air into the culture 

medium. 

In contrast to the slight change in oxygen levels within the supernatant medium elicited by subconfluent cell 

numbers, a confluent cell layer led to a rapidly established oxygen concentration gradient in the medium. 

Even directly after the beginning of the recording, a difference between 80 torr directly above the cells and 

110 torr in a distance of 10 mm from the cells was detected. The oxygen partial pressure in a distance 

between 11 mm – 18 mm from the cells was approximately constant during the whole measurement. The 

shorter the distance from the cells, the more the oxygen partial pressure decreased, but at all times an 

increasing distance from the cells was accompanied by steady and almost linearly increasing O2 

concentrations reaching a constant 110 torr in a distance of 11 mm. After 12 h, a final pO2 value of 

approximately 45 torr was detected close to the cells.  

The linear regression of the profile plots between 0 mm and 11 mm exhibited an oxygen decrease per 

millimeter distance of (2.9 ± 0.1) torr·mm-1 in the beginning which increased to (5.1 ± 0.1) torr·mm-1 after 

12 h of measurement time at 25 · 104 cells cm-2. This corresponds to a difference of 7.2 µmol·L-1 in the oxygen 

concentration within 1 mm of medium fluid. The cells inoculated in a lower cell density started with a slope 

of (0.9 ± 0.1) torr·mm-1 and ended at (3.4 ± 0.2) torr·mm-1 after 12 h.  

 

Fig. 4.17 3D surface colormap of the detection of vertical oxygen gradients in L-15 medium above adherent NRK cells 
on the bottom of the well. The ordinate shows the oxygen partial pressure values plotted as a function of the distance 
from the cells, as well as in a time-dependent way. (A) Sensing of the vertical oxygen gradient above cells seeded in 
lower cell density (8·104 cells·cm-2) and (B) cells were inoculated to yield a confluent monolayer (25·104 cells·cm-2). 
Depicted experiments have been performed twice at 37 °C and 0 % CO2. 
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The 3D surface colormap (Fig. 4.17) demonstrates the emerging vertical oxygen gradient in the medium 

above adherent cells in a time- and spatially resolved way. The ordinate represents oxygen partial pressure 

values, plotted against the distance from the cells on the x-axis and the time on the y-axis inverted. This 

illustration shows the time-resolved emergence of O2 gradients as profile plots represent only single time 

points. Differences in the occurring gradients due to differing cell numbers are emphasized meaning higher 

numbers of oxygen consumers entailed increased VOGs. Nevertheless, the oxygen concentration at the 

medium surface - the air-liquid interface - remained constant in both cases.  
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4.5 DISCUSSION 
 

Monitoring of the cell-specific respiratory activity of cell monolayers  

The non-invasive, label-free and real-time sensing of the respiratory activity of cell monolayers via the sensor 

foil-based technique was performed using different cell lines. The time-resolved pO2 curves were fitted 

linearly in the time interval between 1 h and 4 h resulting in AOCR values. Since the individual cell types differ 

in size and thus the number of cells per area required to yield confluent monolayers is varying, the AOCR was 

converted into oxygen consumption rates per cell.  

The two skin cancer cell lines yielded the highest and lowest consumption rates. SK-MEL-28 respirated 

(107 ± 2) amol·s-1·cell-1 while SpiCa cells converted only (19 ± 2) amol·s-1·cell-1. The high consumption rates 

which were determined for SK-MEL-28, were found in literature to be even higher of around 120 pmol·min-1 

as detected for a seeded cell number of 10.000 cells with the help of the Seahorse technique (see Fig. 1.6) 

which corresponds to 200 amol·s-1·cell-1 (Plitzko, B. et al. 2018). The oxygen consumption rates found for 

kidney and HDMEC cells ranged between 28 amol·s-1·cell-1 and 42 amol·s-1·cell-1. Guarino, R. D. et al. 2004 

reported about OCRs of 1.25 fmol·min-1·cell-1 for MDCK II cells, which corresponds to 20 amol·s-1·cell-1 and 

consequently is in good accordance with the determined range from (32.6 ± 0.5) - (42 ± 2) amol·s-1·cell-1 

within this thesis. Tab. 4.5 summarizes the determined OCR values and the ones described in literature.  

Tab. 4.5 Summary of oxygen consumption rates (OCR) for different tested cell lines in comparison to values reported in 
literature. OCR values were calculated from AOCR data by linear regression of the time-resolved oxygen partial pressure 
values (compare chapter 3.4.5). 

Cell line  
OCR /           

amol·s-1·cell-1 
Literature OCR / amol·s-1·cell-1 Method 

A 549 62 ± 13 

33 (Gardner, P. R. et al. 1994) 
Gilson oxygraph with Clark electrode in cell 
suspension 

55 (Ahmad, S. et al. 2001) 
Clark-style polarographic O2 electrode in cell 
suspension 

89 (Molter, T. W. et al. 2008) 
Fluorescence quenching of embedded 
platinum phosphor in the vicinity of adherent 
single cells in a closed system 

MDCK II 32.6 ± 0.5, 42 ± 2 20 (Guarino, R. D. et al. 2004) 
Fluorescence detection of an embedded 
ruthenium-based fluorophore beneath a cell 
suspension in an open system 

NRK 31.8 ± 0.5 20-40 (Ruggiero, C. et al. 2014) Seahorse XF24 with adherent cells 

SK-MEL-28 107 ± 2 200 (Plitzko, B. et al. 2018) Seahorse XF24 with adherent cells 

 

NRK cells are a typical model cell line in this thesis and were used to investigate multiple parameters and 

influences on the metabolic activity. Since the experiments require control conditions to be able to validate 

the impact of the experimental modulators, several investigations of the respiratory activity of NRK cells 
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under the influence of normal L-15 medium were done for reasons of comparison. Tab. 4.6 summarizes the 

apparent oxygen consumption rates of NRK cells in L-15 medium. The consumption rates ranged from 

20.3 torr·h-1 to 15.1 torr·h-1. The AOCR value which was obtained from the MIOS experiments constitutes an 

exception as the oxygen decrease was measured in the supernatant medium instead of directly beneath the 

adherent cells. Changes in the pO2 were determined in an ROI at the tip of the MIOS element and plotted as 

a function of time. Individual experiments were always performed using the same cryo batch and consecutive 

subcultivation events to avoid changing respiratory activity due to ageing of cells. Although OCR values from 

different experiments are in good accordance with each other, the aforementioned reasons could account 

for the slightly different consumption rates yielded by the different experiments. Nevertheless, the detection 

of the respiratory activity in general was very reproducible with small error margins. 

Tab. 4.6 Summarized apparent oxygen consumption rates (AOCRs) and the corresponding oxygen consumption 
rates (OCRs) of NRK cells under L-15 medium obtained via linear regression of the time-resolved oxygen partial 
pressure. Consumption rates were determined according to the protocol described in chapter 3.4.5. 

Experiment (chapter 
number) 

Details Cell line 
AOCR / 

torr·h-1 
OCR / amol·s-1·cell-1

 

Cell-specific respiration 
(chapter 4.1) 

 

NRK 
 

20.3 ± 0.3 31.8 ± 0.5 

Sensor foil thickness 
(chapter 4.2) 

Normal sensor foil thickness (1x) 18.3 ± 0.1 28.7 ± 0.2 

Cover slip experiments 
(chapter 4.3) 

ROI 9 (cells next to the cover slip) 16 ± 2 24 ± 1 

MIOS experiments 
(chapter 4.4) 

ROI at the tip of the MIOS element 6 ± 3 15 ± 7 

pH studies (chapter 5.5.1)  15.1 ± 0.1 23.6 ± 0.2 

 

Monitoring of the cell-specific respiratory activity of 3D cell tissue  

The investigations of the respiratory activity of three-dimensional tissue models were done with spheroids 

in different sizes and from three different cell lines. The respiratory activity is highly dependent on the cell 

line due to their origin and function within a living organism as was observed in chapter 4.1.1 and has already 

been discussed. Moreover, the cell number used to create a spheroid influences the packing density and 

spheroid size and thus affects cellular respiration and consequently the generation of oxygen gradients and 

metabolic zones within spherical tissue.  

The attachment of spheroids on the sensor foils led to the formation of adherent, hemispherical structures, 

allowing for an estimation of oxygen tensions in a cross section of the spheroid. The three examined spheroid 

types revealed slightly different oxygen profiles and consequently different rates of oxygen depletion within 

the individual zones of the tissue. The observed profiles are best described as W-, V- and U-shaped beneath 

SK-MEL-28, U373 and MCF-7 spheroids, respectively. MCF-7 spheroids exhibited the largest area with a 

significant oxygen depletion with time. These findings were in accordance with the performed ROI 
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evaluations showing nearly 0 torr pO2 centrally beneath the spheroids in all cases, while the rate of the 

oxygen partial pressure decrease in the periphery and next to the spheroid were strongly depending on the 

respective tissue. MCF-7 spheroids showed a higher tendency to form cell monolayers around the spherically 

shaped part meaning that the cells from the outer layers adhered to the sensor foil surface around the 

sphere. This outgrowing monolayer could also have caused the rapid oxygen depletion next to the spheroid 

observed in Fig. 4.5. The cell lines chosen for spheroid generation all represent cancer tissue and nonetheless, 

differences could be detected. As already mentioned earlier, the respiratory activity is strongly dependent 

on the cell type and its origin and differences between normal and cancer tissue should be even more 

pronounced. Spheroids are reported to decrease cellular packing density with increasing spheroid size in 

order to facilitate transport of oxygen and nutrients (Murphy, K. et al. 2017) what could possibly cause 

drastically changed oxygen concentration profiles.  

The comparison of spheroids from lung cells of a Chinese hamster (V-79 cells) and mouse epithelial breast 

cancer cells (EMT6 cells) also showed significant differences in respiratory rates. V-79 spheroids are reported 

to reveal a sigmoidally shaped decrease of the oxygen consumption with an increasing diameter 

accompanied by a decreased uptake of O2 and glucose (Freyer, J. et al. 1984). Similar experiments, carried 

out with EMT6 spheroids in a sealed system using a Clark-type electrode setup, showed a linear dependency 

between the oxygen consumption and the spheroid diameter (Freyer, J. et al. 1985) indicating that these two 

cell lines also exhibit highly different oxygen gradients toward the center of the spheroid. Similar to these 

results, the calculated AACs, which were plotted against the diameter of the spheroids, revealed nearly linear 

dependencies between the oxygen depletion and the spheroid size (compare Fig. 4.18 B) in the case of the 

SK-MEL-28 spheroids. The correlation between the area above the oxygen concentration profile and the 

tissue diameter was different in the case of MCF-7 spheroids. The AAC increased faster within the first 24 h 

of measurement time and slightly slowed down in the following 24 h, except for the spheroid S1, for which 

the increase in AAC was more pronounced from 24 – 48 h. The differences in the correlation between the 

respiration activity and the spheroid size for the two cell lines confirmed that the respiration was strongly 

cell type-dependent. The time-dependent change of the AAC (see Fig. 4.18 A) exhibited a nearly linear 

increase in the oxygen depletion beneath the spheroids for all sizes under test. However, it is striking that 

the AAC for the SK-MEL-28 spheroids were drastically larger compared to the ones for the MCF-7 spheroids. 

The different AAC values could hint at the influence of tissue integrity or structure on the detected oxygen 

gradients or respiration activity. The SK-MEL-28 spheroids seemed to be very soft as the spherical structure 

at the beginning of the measurement rapidly changed to a disk-like shape. Thus, the oxygen concentration 

rapidly decreased in a larger area due to inhibited oxygen diffusion which, in turn, resulted in larger AAC 

values. 
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Additionally, an eightfold decrease in O2 uptake and a twofold increase in glucose consumption with 

increasing diameter could be detected in EMT6 spheroids (breast cancer tissue) in contrast to lower 

consumption rates of both O2 and glucose by V-79 spheroids (normal tissue) (Freyer, J. et al. 1984; Freyer, J. 

et al. 1985). This specific behavior allows for the discrimination between normal and cancer tissue due to 

significantly accelerated aerobic glycolysis. Hence, the consumption of glucose and the production of lactate 

is generally elevated in tumor cells and is furthermore reported to be two- to threefold higher in three-

dimensional tissue compared to cell monolayers (Khaitan, D. et al. 2006). Hypoxia in certain tissues also 

induces an inhibition of the mitochondrial electron transport chain causing increased formation of reactive 

oxygen species (ROS). These ROS stabilize the HIF-1α leading to an enhanced shift from OXPHOS to anaerobic 

glycolysis (Warburg effect) (Chandel, N. et al. 2000). This in turn entails decreased oxygen consumption rates 

at low amounts of accessible dissolved oxygen causing different metabolic zones within a spheroid.  

The second parameter being examined in this thesis was the effect of spheroid size on emerging oxygen 

gradients in a cross section of the tissue. Differently sized SK-MEL-28 spheroids and the 610-nm-sized MCF-7 

spheroid exhibited quite similar time-dependent changes of the oxygen profile resulting in a W-shaped 

oxygen concentration profile. Most notable was the observation of an increased partial oxygen pressure 

centrally beneath the core of the spheroid. This observation could confirm different metabolic zones. Since 

O2 and nutrient availabilities decrease towards the spheroid core and are accompanied by increasing 

amounts of metabolic waste, this could contribute to the three areas consisting of the hypoxic/necrotic core, 

the middle layer of quiescent cells and the outer layer of proliferating cells (Hirschhaeuser, F. et al. 2010; 

Nath, S. et al. 2016). Since oxygen consumption in the central necrotic tissue is ceased, available oxygen or 

unconverted molecules could cause a slight increase of pO2. Mueller-Klieser, W. et al. 1986 could observe an 

increase in central pO2 values (in the core of the spheroid) with increasing spheroid diameter and with 

Fig. 4.18 Calculated areas above the curves (AAC) of the profile plot evaluation of different sized MCF-7 and SK-MEL-28 
spheroids plotted as function of time (A) and against the respective spheroid diameter (B). Raw data can be seen in 
Fig. 4.8 and Fig. 4.9 and AACs are summarized in Tab. 4.2. 
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increasing glucose concentration in the supernatant medium by microelectrode detection. This correlation 

is in agreement with the mathematically and experimentally determined correlation of spheroid diameter 

and the size of necrotic areas. The necrotic core of WiDr spheroids (human colon adenocarcinoma cells) grew 

70 % after a 116 % size increase of a spheroid diameter from 600 µm to 1300 µm while the thickness of the 

viable spheroid periphery decreased from 280 µm to 175 µm (Groebe, K. et al. 1991; Groebe, K. et al. 1996). 

HepG2 spheroids were reported to reveal a positive hypoxic area of 30 % after an initial cell density of 

1·105 / chip which increased to 80 % following a tenfold higher initial cell density (Anada, T. et al. 2012). The 

necrotic cross section in EMT6 spheroids increased from 1 % to 38 % for diameters of 468 µm and 1347 µm 

(Freyer, J. et al. 1985). It was also reported that spheroids exhibiting hypoxia and necrosis seem to reveal a 

similar gene expression profile like in vivo grown tumors and were more resistant to anti-proliferative drugs 

(Däster, S. et al. 2017). The emergence of hypoxia and necrosis are discussed to play a key role in tumor 

progression, resistance to radiation and cancer treatments, metastasis and angiogenesis and is consequently 

an important aspect of tumor physiology and for the examination of efficient treatment strategies (Santini, 

M. et al. 1999; Tatum, J. et al. 2006).  

The studies in this thesis investigating the respiratory activity of three-dimensional tissue models could show 

that this cellular phenotype is highly dependent on the cell line as well as on the architecture of the tissue 

meaning whether the cells form very compact and densely packed spheroids or rather soft structures. 

Especially in the case of the MCF-7 spheroids, the oxygen profiles seemed to be depending on the spheroid 

size. Furthermore, SK-MEL-28 and large MCF-7 spheroids led to the formation of W-shaped profiles probably 

indicating the different, biologically relevant zones within the tissue. For future investigations it would be 

interesting to compare spheroids offering a size difference of at least 100 µm in diameter and in a wider 

range in order to obtain a better correlation between the oxygen profiles and the spheroid size. 

 

Detection of the influence of the sensor foil thickness 

Changing extracellular measurement conditions like altered sensor foil thickness normally should not 

influence the metabolic activity of the cells and hence the oxygen consumption rate should stay constant. 

The comparison of single cell oxygen consumption rates could be misleading but allows for a comparison with 

other investigations. Changes of the sensor foil thickness led to different oxygen contents inside the sensor 

foil matrix being accessible for the cells. The thicker the sensor foil, the more oxygen can be stored inside the 

foil matrix and the longer it takes for the cells to respirate the oxygen completely, reaching the hypoxic state 

which is detectable via luminescence signal ratios. Doubling the sensor foil thickness increased the 

basolateral medium volume from 1.6 – 2.1 pL to 3.2 – 4.2 pL beneath a single cell. The volume was calculated 

based on typical NRK cell dimensions with a radius of 9.2 µm (used to calculate the area of a single cell), an 

average height of the subcellular cleft of 73.3 nm (PhD Thesis Björn Reiss) and a standard sensor foil thickness 
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of 6 – 8 µm (both used to calculate the overall height). When aqueous media with physiological salinity is 

equilibrated in the incubator atmosphere, the oxygen mass concentration in the medium is 6.40 mg·L-1 which 

corresponds to a concentration of 199.90 µmol·L-1 of dissolved oxygen, and consequently 0.32 – 0.43 fmol of 

oxygen is dissolved in the basolateral compartment (subcellular cleft plus sensor foil in which an equal 

amount of oxygen is dissolved with respect to the supernatant medium) beneath each cell. Taking the OCR 

of around 28 amol·s-1·cell-1 into account, an oxygen consumption time of only 11.5 s – 15.3 s can be calculated 

– the time needed for one cell to respirate the oxygen dissolved in the basolateral compartment completely. 

The same calculations for the apical compartment above one cell (the single supernatant medium column) 

yielded a complete consumption time of 5.3 h for the dissolved oxygen in the supernatant L-15 medium. 

Doubling and quadrupling the sensor foil thickness led to theoretical consumption times of 23 s – 30.6 s and 

46 s – 61.2 s being responsible for decreased oxygen consumption rates due to the longer presence of free 

oxygen and a possibly even higher oxygen back diffusion across the polymer which can quench luminescence 

and consequently lead to higher detected oxygen concentrations. Results showed 10 % decreased AOCR 

values between standard and twofold thickness of the sensor foils and again a 10 % decrease between 

twofold and fourfold thickness of the sensor foils, although respiratory activity is assumed to be constant. 

The calculated consumption time of around 5.3 h for the oxygen from the supernatant medium was observed 

to be 15 h and hence much larger. This effect could also be caused when the oxygen consumption rates are 

higher than the diffusion rates of the dissolved oxygen, which becomes the rate-determining factor. The 

oxygen conditions change from a normoxic state to a hypoxic state with time. Under hypoxic conditions, cells 

respond in three ways: (i) cells start to inhibit proliferation to keep the number of O2-consuming cells 

constant, (ii) the rate of oxidative phosphorylation is decreased with a simultaneously increased glycolysis 

rate and (iii) the production of angiogenic factors is accelerated (Semenza, G. et al. 2013). Cells are able to 

adapt to changing oxygen levels due to the HIF-1 transcription factor. HIF-1 stimulates glycolysis and actively 

represses mitochondrial respiration (Papandreou, I. et al. 2006). The decrease in cellular respiration 

accompanied by decreasing dissolved oxygen is responsible for the longer measured oxygen consumption 

time compared to the pre-calculated respiration time. In addition, the AOCR values have been determined 

in the beginning due to a linear regression between 1 h – 4 h of recording; in the chosen time interval 

however, normoxic oxygen levels were present, resulting in higher mitochondrial respiration.  

All in all, the predicted decrease in OCR values with increasing sensor foil thickness could be confirmed by 

the performed experiments but it is important to keep in mind that only the oxygen accessibility beneath the 

cells was increased while cellular respiration was assumed to be constant.  
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Detection of horizontal oxygen concentration gradients with cover slips  

The two measurements performed in this thesis differ due to a distinct feature. Experiment 1 (left-hand side, 

Fig. 4.13) shows a sharp increase in the pO2 levels pertaining to ROIs 1 – 5 after 11 h. This increase is caused 

by a ruptured air bubble, which was trapped between the cell layer and the cover slip. The exact same 

placement of the cover slip was difficult to reproduce since the distance to the cells could not be measured 

or adjusted. Slightly differing distances led to varying rates of the decrease in the oxygen partial pressure. 

Nevertheless, the experiments demonstrated the influence of the accessible oxygen from the apical 

membrane side. Since the oxygen dissolved in the medium beneath the cells was respirated within seconds, 

the cells consumed the oxygen offered from the apical membrane side until a hypoxic zone was created close 

to the cell monolayer due to the cover slip-blocked oxygen diffusion from the medium surface. Cells covered 

by the glass cover slip on average respirated (134 ± 17) torr·h-1, which seemed to be a drastically increased 

consumption rate compared to (16 ± 2) torr·h-1 respirated by uncovered cells with free access to dissolved 

oxygen. Similar to the already discussed influences of the sensor foil thickness, the respiratory activity was 

not directly influenced by the cover glass. However, the oxygen diffusion was blocked by the cover glass and 

consequently the access to O2 was restricted for the cells. After the formation of hypoxic zones, the cellular 

metabolism adapted its energy production to the extracellular low oxygen level presumably by shifting from 

the mitochondrial respiration to glycolysis (Semenza, G. et al. 2013; Papandreou, I. et al. 2006) which entailed 

decreasing OCR values. In literature there are several reports about microfluidic devices being able to create 

horizontal oxygen tension gradients above a certain cell culture area within the microfluidic channels. For 

instance, the cell culture area was confined by PDMS-patterned microchannels on both sides. Through the 

microchannels, oxygen-scavenging and oxygen-producing solutions could be passed through. The oxygen 

scavengers in question were pyrogallol and NaOH and the oxygen-generating substances were H2O2 and 

NaOCl. Generated oxygen could freely enter the cell culture area by diffusion through the PDMS barrier and 

was bound in the opposing microchannel leading to a linear oxygen gradient above the cells. Chen, Y.-A. et 

al. 2011 and Chang, C.-W. et al. 2014 used the described microfluidic device to investigate cell viability under 

different oxygen tensions and reported about slightly elevated cell viability of A549 caused by hypoxic 

conditions ([O2] ≤ 0,5 %) but drastically decreased cell viability under increasing oxygen tension up to 

hyperoxia conditions ([O2] ≥ 30 %). In Chen’s work, oxygen concentrations were determined with 

fluorescence imaging using an oxygen-sensitive dye and cell viability was investigated by live/dead staining. 

This study demonstrates the importance of being able to sense oxygen tensions and gradients above cultured 

cells, since the adjustment of culture conditions is highly important and should be as natural as possible to 

ensure optimal culture conditions for the cells as they are used as living sensors.  

Apart from the two-dimensional approach, the experiments were also performed to study multicellular 

spheroids growing on top of the sensor foil. Multiple layers of cells reduce the diffusion of oxygen, resulting 

in horizontal oxygen concentration gradients with decreasing pO2 values in direction of the spheroid´s core. 
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Different gradient profiles are discussed to yield information about the different layers of the spheroid and 

indicate an occurring necrosis. A parabolic profile represents small spheroids lacking a necrotic core while a 

steep decrease in pO2 levels towards the spheroids core with a central plateau seems to be characteristic for 

large spheroids with central necrosis (Mueller-Klieser, W. et al. 1984).  

 

Sensing of vertical oxygen concentration gradients above adherent cells  

The vertical oxygen concentration gradient (VOG) occurs due to the consumption of dissolved oxygen by cells 

adhering on the bottom of the well and the insufficiently fast oxygen diffusion along the gradient from the 

liquid surface to the well bottom. Furthermore, oxygen ingress from the ambient air into the medium at the 

liquid-air interface is also not fast enough to compensate the consumption at the bottom. The investigations 

detected oxygen levels close to in vitro living cells. It is widely assumed that cells are exposed to normoxic 

conditions, with the normal mass concentration of dissolved oxygen in medium being 6.4 mg·L-1 or 

199.9 µmol·L-1. The VOG studies showed that different oxygenation levels emerged and changed in the 

individual liquid layers in a distance- and time-dependent manner. Pettersen, E. et al. 2005 reported about 

the investigation of the vertical and pericellular oxygen depletion above adherent human breast cancer T-47D 

cells by using an O2 Clark-type microsensor held by a micromanipulator. Normally, cultured cells experiencing 

normoxic conditions reached low oxygen conditions or hypoxia in their local microenvironment after around 

12 h of measurement time. The comparison of different cell seeding densities showed that the degree of 

oxygen depletion is strongly dependent on the number of oxygen consumers. The initially seeded cell 

densities of 8·104 cells·cm-2 and 25·104 cells·cm-2 were exposed to 80 torr and 45 torr after 12 h, respectively, 

corresponding to a VOG of 4.8 µmol·L-1 and 7.2 µmol·L-1 between the liquid-air interface and a position 1 mm 

above the adherent NKR cells. Pettersen, E. et al. 2005 reported about an oxygen gradient between 50 torr 

and 128 torr within 1.6 mm of supernatant liquid layer with an oxygen consumption of 146 fmol·h-1·cell-1 

(= 40.5 amol·s-1·cell-1). Looking at the very tip of the light guide element, apparent oxygen consumption rates 

of (2.3 ± 0.4) torr·h-1 or (12 ± 2) amol·s-1·cell-1 were found for 8·104 cells·cm-2 and (7 ± 4) torr·h-1 or 

(11.6 ± 7.2) amol·s-1·cell-1 for the experiments performed with 25·104 cells·cm-2. The determination of the 

AOCRs was done by linear regression of the oxygen partial pressure in the time interval between 2 h – 5 h 

and for the calculation of the OCRs, the initial cell number and growth area (1.9 cm2) as well as the 

supernatant medium volume (2 mL) was taken into account. The single cell consumption rates proved to be 

very similar, even if proliferation should have occurred when cells had been seeded subconfluently. 

Proliferation or growth rates are reported to decrease with increased cell density, while cell division in 

confluent layers led to detachment in parts during cell division and slightly inhibited reattachment of 

daughter cells because of already confluent substrate surfaces (Shields, R. et al. 1977; Tremel, A. et al. 2009). 

Moreover, there are studies about significantly lower proliferation rates of near-confluent cells compared to 
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subconfluent cells, while both cells layers were exposed to hyperoxic medium conditions. It was also reported 

that oxidant injury increases necrosis and apoptosis in near-confluent cell layers of MCDK II cells (Jyonouchi, 

H. et al. 1997, Jamnongwong et al. 2010). These reasons for inhibited proliferation could cause relatively 

stable cell numbers in the discussed experiments and could consequently explain the similar results of 

comparable single cell respiratory activities and an emerging, cell number-dependent vertical oxygen 

gradient in the medium above adherent cells.  

The influence of hypoxia on the proliferation rate is strongly dependent on the cell type, similar to dissolved 

oxygen being available in different amounts for individual tissue types. Naureckas, E. T. et al. 1995 reported 

higher proliferation rates of airway smooth muscle cells from hyperoxia-exposed rats, while hypoxia on the 

other hand induced constant proliferation rates in lung alveolar epithelial cells (Clement, A. et al. 1992). 

 

The determined VOG of 7.2 µmol·L-1·mm-1 can only be constant if there is an equilibrium established between 

the oxygen consumption by the cells and the oxygen ingress at the liquid-air interface. The Stokes-Einstein 

equation explains the diffusion rate of small molecules under consideration of Fick´s law of diffusion in 

combination with the Brownian movement of colloidal particles (Edward, J. T. et al. 1970) and allows to 

determine the diffusion coefficient of oxygen in water at 37 °C resulting in D = 2.18 · 10-9 m2·s-1. To get an 

estimate of the time needed for oxygen to diffuse a certain distance in water, the random walk model for 

three dimensions was applied (L2 = 6·D·t, while L is the length or displacement of the diffusive molecule, D 

depicts the diffusion coefficient and t is the time) (Karlsson, G. E. et al. 2004). As the equation already 

demonstrates, there is no linear correlation between the molecule displacement and the corresponding time. 

Using the diffusion coefficient for oxygen at 37 °C and a time interval of one second yields a diffusion distance 

of 11.4 µm. Since the vertical oxygen gradient was determined per millimeter, the random walk model 

yielded a diffusion time of 76.5 seconds for one millimeter of liquid layer in all directions. The use of the MIOS 

elements allows for the determination of oxygen concentrations in a height range of up to 18 mm above 

adherent cells, which according to the random walk model, translates to around 413 min (6.9 h) of diffusion 

time for one oxygen molecule from the medium surface to the cell monolayer. However, this rough 

estimation of diffusion time does not take into account that the flux (the number of diffusing molecules per 

time interval and area) is influenced by existing concentration gradients. Thus, oxygen flux is faster for high 

concentration differences and slower for steady oxygen gradients as defined by Fick´s law. Dissolved oxygen 

in water normally is in an equilibrium with the oxygen in the atmosphere according to Henry´s law (Holley, 

E. R. et al. 1977). The MIOS elements were attached to the lid of the 24-well plate. The specially aligned lid is 

additionally equipped with small grooves, fitting the rim of each well for tight adjustment of the lid and 

consequently of the light guide elements. On the upside, evaporation of the medium during the 

measurement was prevented but, on the downside, the tight closing slightly hindered the diffusion of 
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ambient oxygen to the medium surface. This way, the hindered diffusion of ambient oxygen led to slightly 

decreased oxygen partial pressures of 130 torr – 140 torr at the medium surface. The partial pressures are 

equivalent to oxygen values of 18.2 – 19.6 % or 87 – 93 % air saturation instead of the ambient 21 % oxygen 

and 100 % air saturation. The hindered oxygen ingress as well as decreasing oxygen concentrations resulted 

in an overall decreased oxygen content, consequently causing smaller oxygen diffusion rates.  

Oppegard, S. et al. 2013 described a device for the establishment of oxygen gradients in 3D constructs. The 

device consists of two microchannels which are covered by gas-permeable membranes and enclose an 

agarose construct.  

The agarose is equipped with an oxygen-sensing platinum (II) octaethylporphine ketone (PtOEPK) on its 

vertical side, allowing to measure oxygen gradients within the agarose. The agarose offers the possibility of 

seeding cells in three dimensions while the microchannels were designed for gas transport of varying oxygen 

concentrations. This approach could offer the possibility to detect oxygen gradients within three-dimensional 

tissue models while the performance of the MIOS elements in a purely aqueous environment was validated 

and their easy handling and high throughput is another advantage. Additionally, reproducible oxygenation 

during cell culture could lead to more reliable experiments since oxygen tensions directly affect energy 

metabolism. The advantage of the MIOS elements lies in the possibility of facile size and dimension 

modifications, offering the possibility of using these elements within cell culture devices of various 

geometries. 

 

  

Fig. 4.19 Schematic of the device described by Oppegard, S. et al. 2013 for the observation of oxygen gradients in 3D 
constructs. The agarose layer containing seeded cells is sandwiched by two microchannels (with 21 % and 0 % oxygen) 
connected via gas-permeable membranes. The vertical side of the agarose is additionally equipped with a PtOEPK 
oxygen-sensing layer and the emitted fluorescence is detectable via a fluorescence microscope. Adapted from 
Oppegard, S. et al. 2013. 
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4.6 OUTLOOK  
 

The sensor foil-based monitoring of the respiratory activity of mammalian cells offers the possibility of a very 

broad variety of assays and applications. The non-invasive and real-time detection of changes in the oxygen 

partial pressure yielded highly detailed results, allowing to draw conclusions about special dependencies or 

changes in metabolic rates. Within this thesis, the image-based system was used to discriminate between 

different cell types and the same cell type either grown as a monolayer or in more complex cellular structures. 

The variation of the sensor foil thickness, the inhibition of oxygen diffusion to the sensor foil and initial 

investigations with respect to emerging vertical oxygen gradients yielded information about different 

diffusion processes being important for a better understanding of dissolved and accessible oxygen for 

mammalian cells. The MIOS elements furthermore could be a useful tool to refine experimental setups and 

cell culture conditions could be monitored and adjusted to specific cellular needs. Different cell culture 

vessels exhibit slightly different geometries leading to varying oxygen ingress and therefore emerging vertical 

oxygen gradients can be significantly different. These variations can be easily examined and refined by the 

MIOS light guide elements.  

Since reliable monitoring systems for the detection of three-dimensional tissue models keep getting more 

important in current research, further development of the system could simplify and improve the 

performance of experiments. The oxygen-sensitive sensor foil so far is intransparent and hence unsuited for 

phase-contrast microscopy. Additionally, one problem that arose during the experiments carried out with 

spheroids, was the time-consuming positioning of the petri dish to place the spheroids in the field of view of 

the camera. Clear, transparent sensor foils would facilitate the observation of the cells’ vitality and degree of 

attachment within cellular monolayers as well as in the case of spheroids, it would make the localization a 

lot easier. Another adverse aspect of this techniques relies in the detection of only one specimen. A higher 

throughput would enable a simultaneous observation of multiple spheroids leading to statistically more 

reliable results. Higher throughput could possibly be achieved by moveable stages coupled to programmable 

stepping motors, since the high resolution should be maintained. The combination of transparent sensor foils 

and higher throughput would furthermore allow for the investigations of: (i) cellular adhesion, proliferation 

and migration, (ii) the degree of spheroid attachment and spreading and (iii) cellular vitality and morphology 

with a simultaneous detection of cellular respiration.   
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 MONITORING OF THE PH-DEPENDENCY OF CELLULAR PHENOTYPES 
 

This study relies on the monitoring of several cellular phenotypes under different extracellular pH values 

(pHe) as the key factor. The main goal was to analyze how cells react to variations in the pHe of their 

extracellular environment and how cells adapt their intracellular pH (pHi) to changes in the extracellular pHe. 

These studies were done using two different human skin cancer cell lines (SK-MEL-28 and SpiCa), a human 

lung cancer cell line (A549) and NRK cells served as a model for non-cancerous cells being exposed to different 

pHe. The original idea was to investigate one acidic, one alkaline and one neutral pH-adjusted buffer. For 

control reasons, pure L-15 was tested in the first experiments. After a few examinations, it turned out that 

L-15, a system which is only phosphate-buffered and therefore lacks any pH-buffering capacity in the 

presence of CO2, became increasingly acidic with an increasingly large gas phase above the medium in the 

storage container. It was therefore decided to always adjust the control medium to a pH of 7.4. Consequently, 

the cellular responses to the pHe of 6.4, 7.2, 7.4 and 7.8 were examined.  

 

5.1 PH-DEPENDENCY OF ADHESION PROCESSES  

 

The adhesion process was examined using the ECISTM technique. Following the enzymatic detachment from 

the growth surface, the cells were counted and divided into four centrifugation tubes. Each tube contained 

sufficient cells to yield a confluent cell monolayer after inoculation into 8W10E arrays. After the 

centrifugation, the cells were resuspended in L-15 medium adjusted to four different pHe (6.4, 7.2, 7.4, 7.8) 

and inoculated into the wells in a real-time manner.  

The previous detachment by trypsin lead to spherically shaped cell bodies which sedimented to the bottom 

of the respective substrate after inoculation. Beginning with cell sedimentation and the formation of cell-

substrate contacts, the adhesion process with subsequent spreading and the formation of cell-cell contacts 

was followed, resulting in adherent and confluent monolayers. Fig. 5.1 depicts the adhesion of SK-MEL-28 

and A549 cells to demonstrate the different steps of the process and to illustrate the cellular shape changes 

during the process via microscopic images. The phase contrast images highlight the initially round shape of 

the cells which disappeared due to morphological changes during the adhesion process. SK-MEL-28 cells 

needed around half an hour for the attachment of the first few cells. Already 1 h after cell inoculation, most 

of the cells had attached to the substrate surface exhibiting a cobblestone-like morphology, which later 
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turned into the characteristic polygonal shape of adherent cells. A549 needed around 1 – 2 h for the adhesion 

of the first cells and the typical cobblestone morphology can be seen after 24 h.  

The ECISTM-based observations of the adhesion were done by recording the capacitance signal at high 

frequencies (≥ 10 kHz) due to the direct proportionality to the degree of cell coverage (see chapter 3.3.4.1). 

The capacitance signals were normalized with respect to the starting capacitance value (C0) and the individual 

experiments were averaged with n = 3 (12) meaning three individual experiments were performed in 

quadruplicate. 

At first it was examined whether a precoating of the working electrode accelerated the adhesion process. 

Fig. 5.2 depicts the capacitance time courses during the adhesion of NRK cells with and without fibronectin-

precoated (FN) electrodes. The neutral and alkaline extracellular pHe did not differ much in their time-

dependent capacitance signals. The first drop in capacitance occurred due to the sedimentation of the cells 

with subsequent adhesion and spreading. The cells exposed to an acidic environment however, revealed 

drastically retarded and incomplete adhesion characteristics as can be seen in the slowly decreasing 

capacitance, yielding normalized values of 0.57 and 0.4 for uncoated and FN-coated electrodes, respectively. 

In contrast to FN-coated electrodes, the uncoated substrates provoked slower adhesion processes yielding 

constant normalized capacitance values of 0.13 – 0.15 after 20 h of recording for a pHe of 7.2, 7.4 and 7.8. 

The coated ones exhibited a sharp drop of the capacitance signal up to 4 h followed by a moderate decrease 

of the capacitance until 12 h when constant capacitance values of (0.14 ± 0.08) were reached for the pHe 7.2, 

7.4 and 7.8. The error bars indicate that the cell reaction following an exposition to acidic L-15 medium was 

most heterogeneous, while the adhesion processes under physiological or alkaline environments were highly 

reproducible. Nevertheless, due to the accelerated cellular adhesion on the precoated electrodes, the 

precoating process was performed for all following experiments. 

Fig. 5.1 Microscopy-based detection of the adhesion process of SK-MEL-28 and A549 cells with 10∙104 cells∙cm-2 and 
32∙104 cells∙cm-2 followed for 4 h and 24 h, respectively. Adhesion was monitored with L-15 as supernatant at a pHe of 
7.4, a temperature of 37 °C and 0 % CO2.The spherically shaped, detached cells start to form cell-substrate and later 
cell-cell contacts resulting in well-spread and adherent cell monolayers. Images were taken with the Nikon Diaphot 
microscope equipped with a Nikon digital camera using a 10x magnification. Scale bar depicts 150 µm. 
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The time courses of capacitance were used to calculate the AUC in the full time range between 0 h – 25 h 

and in order to determine the maximal slope (the fastest spreading rate) within the first 2 h of the 

experiment, the first derivative was calculated. A comparison of the data is shown in Fig. 5.3. The comparison 

was performed to check if the determination of the AUC or the slope of the curves contained more 

information about the adhesion process and to decide which protocol was suited best for following 

experiments.  

The AUC indicates the rate of the adhesion process; low AUC values correlate with accelerated cellular 

adhesion. Integration of the capacitance time courses of the cells being exposed to an acidic environment 

resulted in AUCs of (18 ± 3) h and (13 ± 2) h without and with a previous coating step of the electrodes, 

respectively. A physiological and alkaline pH-adjusted medium revealed AUCs fluctuating between 

(7.1 ± 0.7) h at pHe 7.4 and (7.7 ± 0.8) h at pHe 7.2 in the case of the uncoated electrodes, while FN-coating 

led to faster adhesion since the AUC values were smaller and ranged between (5.5 ± 0.2) h at pHe 7.2 and 

(5.8 ± 0.3) h at pHe 7.8. These AUCs indicate a decrease of 22 % – 29 %. In contrast to the AUC values, the 

spreading rates rise for accelerated adhesion and spreading. The spreading rates revealed by the cells which 

were exposed to an acidic extracellular environment were relatively similar with (-7 ± 1) nF·h-1 and 

(-8 ± 4) nF·h-1 while physiological and alkaline buffers led to spreading rates of around -17 nF·h-1 

and -13 nF·h-1 for FN-coated and uncoated substrates, respectively.  

Fig. 5.2 Normalized capacitance signal of the ECISTM-based monitoring of the pH-dependent adhesion process of NRK 
cells on 8W10E arrays. (A) Adhesion process on uncoated and (B) on fibronectin-precoated working electrodes. Rate of 
the decrease of the capacitance signal, indicating the adhesion speed of the cells, is higher using precoated electrodes. 
Experiments were performed in at least two individual experiments in quadruplicate for each condition in a standard 
cell culture incubator at 37 °C and 0 % CO2. Capacitance was normalized with respect to the value at t = 0 h. Averaged 
capacitance values of NRK cells at t = 0 h: pHe 6.4: (57 ± 9) nF, pHe 7.2: (57 ± 11) nF, pHe 7.4: (57 ± 12) nF, pHe 7.8: 
(59 ± 13) nF and NRK cells with previous FN coating: pHe 6.4: (53 ± 2) nF, pHe 7.2: (53 ± 2) nF, pHe 7.4: (52 ± 2) nF, pHe 
7.8: (51 ± 3) nF. 
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The observed trends of the pH-dependent adhesion of NRK cells were similar for both evaluation methods. 

Since the adhesion profiles of SK-MEL-28 and A549 cells were more complex as they revealed more then one 

slope, the AUC evaluation was chosen for the quantification of the pH-dependent adhesion of SK-MEL-28, 

SpiCa and A549 cells. Fig. 5.4 shows the pH-dependent adhesion behavior of the aforementioned cell lines, 

while the experimental protocol was similar to the adhesion investigations with NRK cells. Once again, 8W10E 

arrays were precoated with fibronectin to accelerate the adhesion process due to the recognition of the 

extracellular matrix molecules by the cells. The pH-adjusted L-15 media were additionally supplemented with 

1 % FCS for the experiments performed with the SK-MEL-28 and the SpiCa cells as these cell types were 

cultured with higher FCS concentrations of 10 % and 20 %, respectively, in contrast to only 5 % FCS content 

in the culture medium of NRK and A549 cells (compare Tab. 3.1).  

The SK-MEL-28 cell seeding process triggered an instant and drastic decrease of the capacitance, reaching a 

minimum after 1 h which already indicated a slight pH-dependency (see Fig. 5.4 A). The extracellular pHe of 

7.8 and 7.4 led to a drop in capacitance to around 0.6, while a pHe of 7.2 and 6.4 revealed a less pronounced 

decrease to capacitance values of 0.65 and 0.69 after around 1 h. Following the initial dip, the capacitance 

values increased again up to 0.80 - 0.83 in normalized capacitance values with a subsequent decrease of all 

physiological and alkaline buffers, except for the cells being exposed to acidic L-15 medium which kept 

increasing. After 63 h of measurement time, the final normalized capacitance values resulted in (0.85 ± 0.03), 

(0.78 ± 0.03), (0.72 ± 0.02) and (0.68 ± 0.02) in the order of increasing extracellular pHe.  

Fig. 5.3 Evaluation of the capacitance time courses (Fig. 5.2) from the examination of the adhesion processes of NRK 
cells in a pH-dependent manner. (A) Integration of the time courses in the time interval between 0 h and 25 h yielding 
the area under the curve (AUC) with an integration limit of y = 0 for bare and fibronectin-coated (FN) gold working 
electrodes of 8W10E arrays. Low AUC values correlate with fast adhesion. (B) Determination of the maximal spreading 
rate according to the maximum value of the first derivative determined within the first 2 h of the measurements. At 
least two independent experiments were performed. The experiments were conducted in a standard cell culture 
incubator at 37 °C and 0 % CO2. 
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In the case of SpiCa cells, the time-dependent capacitance values were quite similar to the time courses 

obtained for NRK cells (compare Fig. 5.2 and Fig. 5.4 B). Cell inoculation sparked a sharp decrease of the 

normalized capacitance within the first three hours, followed by a much slower and steadily decreasing 

capacitance resulting in normalized capacitance values of (0.64 ± 0.06), (0.22 ± 0.01), (0.23 ± 0.01) and 

(0.23 ± 0.01) in the order of increasing pHe. Final capacitance values as well as the profile of the time courses 

Fig. 5.4 Monitoring of the pH-dependent adhesion of three different cell lines in pH-adjusted L-15 medium on 
fibronectin-coated 8W10E ECISTM arrays. (A) Adhesion behavior of SK-MEL-28 cells: normalized capacitance values are 
plotted as a function of time (left-hand side) and using a logarithmical scale of the x-axis on the right-hand side. (B) 
Monitoring of the SpiCa adhesion process under different extracellular pHe and (C) pH-dependent adhesion monitoring 
using A549 cells. The capacitance is directly proportional to the degree of cell coverage and decreases with increasing 
coverage. Capacitance values were normalized with respect to the first value after the addition of L-15 medium which 
had previously been adjusted to four pHe. Every cell line was examined in three individual experiments, each in 
duplicate. Data is shown as Mean ± SEM. Averaged initial capacitance values for SK-MEL-28 cells: pHe 6.4: (50.9 ± 0.4) nF, 
pHe 7.2: (49.1 ± 0.3) nF, pHe 7.4: (52 ± 1) nF, pHe 7.8: (49.6 ± 0.8) nF; SpiCa cells: pHe 6.4: (49 ± 1) nF, pHe 7.2: (50 ± 2) nF, 
pHe 7.4: (48.1 ± 0.8) nF, pHe 7.8: (49.0 ± 0.8) nF and A549 cells: pHe 6.4: (35 ± 2) nF, pHe 7.2: (28 ± 1) nF, pHe 7.4: 
(26 ± 1) nF, pHe 7.8: (25 ± 1) nF. Experiments were performed at T = 37 °C and 0 % CO2. 
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were identical under a pHe of 7.2, 7.4 and 7.8 whereas cell adhesion in the acidic environment yielded a 

significantly less pronounced capacitance decrease.  

The adhesion profile of A549 cells showed, similar to the SK-MEL-28 cells, a two-phasic decrease of the 

capacitance, reaching a minimum after 2 h (Fig. 5.4 C). Again, the adhesion process did not seem to be 

significantly different under the influence of an extracellular pHe of 7.2, 7.4 and 7.8. Similar to the other cell 

lines under test, the adhesion process under acidic conditions was only partially inhibited or slowed down. 

The pHe of 6.4 led to a final capacitance value of (0.64 ± 0.03) after 60 h whereas the cells adhering under 

more alkaline environments reached an average capacitance value of (0.47 ± 0.02).  

For further data analysis, the time courses of normalized capacitance were used to determine the area under 

the curve (AUC). Since the adhesion process for different cell types requires varying amounts of time, time 

intervals for the area integration were chosen accordingly. The area was integrated in a time interval 

between 0 h and 25 h for NRK and SpiCa cells, while the interval was expanded to an integration time of 50 h 

for A549 and SK-MEL-28 cells. Fig. 5.5 illustrates AUCs for the four cell lines under test as change in per cent 

with respect to the area of the control experiments in which cells were exposed to an extracellular pHe of 7.4 

and Tab. 5.1 summarizes the absolute calculated areas.  

 

 

 

 

Fig. 5.5 Area under the curve (AUC) values normalized with respect to the calculated AUC of the ECISTM-based detected 
adhesion processes of the cells exposed to an extracellular pHe

 of 7.4 (see Fig. 5.2 and Fig. 5.4). Higher bars indicate 
decreasing adhesion of the cells. Experiments were performed at T = 37 °C and 0 % CO2. 

 



 

 

Monitoring of the pH-Dependency of Cellular Phenotypes 103 

Tab. 5.1 Summary of the calculated area under the curve (AUC) from the ECISTM-based detections of pH-dependent 
adhesion and spreading processes of four different cell lines (see Fig. 5.2, Fig. 5.4). Increasing AUCs indicate limited 
adhesion because increasing cell attachment is accompanied by decreasing capacitance values. Mean ± SEM, n = 3 (6). 

pHe 
A549 NRK SK-MEL-28 SpiCa 

AUC / h 

6.4 36.5 ± 0.8 18 ± 3 / 13 ± 3 (FN) 52 ± 2 16 ± 1 

7.2 33 ± 2 7.7 ± 0.8 / 5.5 ± 0.2 (FN) 50 ± 2 8.0 ± 0.5 

7.4 33 ± 2 7.1 ± 0.7 / 5.6 ± 0.1 (FN) 48 ± 1 7.6 ± 0.3 

7.8 33 ± 3 7.4 ± 0.8 / 5.8 ± 0.3 (FN) 57 ± 2 7.6 ± 0.4 

 

All cell lines under test have in common that their adhesion and spreading behavior seemed neither to be 

disturbed, inhibited nor drastically accelerated by exposure to an extracellular pHe of 7.2 and 7.8. AUCs were 

quite similar to the ones obtained for a pHe of 7.4. An acidic environment, however, led to significantly 

different adhesion rates. NRK and SpiCa cells seemed to be the cell types affected the most by an acidic pHe. 

AUCs increased by 154 % (132 % after FN precoating) and 111 % compared to the control experiment under 

the physiological pHe of 7.4 for NRK and SpiCa cells, respectively. The increasing area resulted due to a less 

steep decrease in the normalized capacitance values, implying an impaired adhesion. A549 and SK-MEL-28 

cells revealed only 11 % and 8 % smaller areas, respectively, in the presence of the acidic pHe of 6.4.
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5.2 PH-DEPENDENCY OF PROLIFERATION RATES  

 

The examination of the cellular proliferation focuses on the pH-dependent rate of cell division. The cells were 

inoculated in subconfluent cell seeding densities into 8W10E+ arrays and 24-well plates. After the standard 

pre-experiment protocol, the cells were exposed to four different pH-adjusted L-15 solutions and the 

proliferation was observed by recording the capacitance and also via image-based microscopy using the 

24-channel microscope zenCell owl.  

The use of the zenCell owl, however, revealed one disadvantage. The software calculates the cell-covered 

area in the field of view, but the automatic recognition oftentimes was not precise enough, leading to 

incomplete cell coverage values although the cell monolayer was already confluent. The recognition accuracy 

was strongly cell line-dependent which is possibly due to differences in the contrast of the cell bodies. The 

process of subconfluent cell seeding sometimes entailed slightly inhomogeneous cell distributions resulting 

in areas with more and areas with fewer adherent cells. The initially inhomogeneous cell distribution in the 

field of view led to a varying cell coverage in the beginning of the measurements and thwarted the calculation 

of mean values for multiple experiments.  

 

Fig. 5.6 depicts one experiment observing the pH-dependent proliferation of SK-MEL-28 cells during a time 

course of 48 h. In the measurement, initial cell coverage values between 35 % and 45 % could be seen. The 

cells exposed to an acidic environment were able to increase the cell coverage from around 44 % to 50 % 

Fig. 5.6 Image-based detection of proliferation events of SK-MEL-28 cells with the 24-channel microscopic device zenCell 
owl. Cells were inoculated in subconfluent seeding density with 2∙104 cells∙cm-2 48 h prior to the experiment with a 
medium exchange 24 h after seeding. (A) Time-dependent degree of cell coverage in the field of view with cells being 
exposed to L-15 medium adjusted to four different extracellular pHe. Exemplary data is shown for one experiment 
performed in triplicate for each condition. (B) Linear regressions of the time-resolved changes in cell coverage from 
three individual experiments and an elevenfold determination of each condition in total with the corresponding 
standard error of mean. All experiments were carried out at 37 °C and 0 % CO2. 
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within 24 h, however, a subsequent decrease of the cell coverage was observed, resulting in (47 ± 4) % after 

48 h of recording. The cells in contact with higher pHe values of 7.2, 7.4 and 7.8 were able to increase the cell 

coverage by 30 %, 33 % and 33 % ending up at 68 %, 75 % and 69 % cell coverage, respectively.  

The time-resolved cell coverage curves were fitted linearly yielding the proliferation rate. All experimental 

data was evaluated this way before averaging (see Fig. 5.6 B). Steeper slopes indicate a higher proliferation 

rate and thus faster cell division. The proliferation rate increased with increasing pHe from (0.23 ± 0.07) %·h-1 

over (0.57 ± 0.1) %·h-1 and up to (0.64 ± 0.1) %·h-1 at a pHe of 7.4. Increasing the pHe even further to 7.8, 

representing alkaline extracellular conditions, led to a proliferation rate of (0.53 ± 0.1) %·h-1.  

 

The image-based investigations of proliferation events were also performed using NRK, SpiCa and A549 cells. 

Every cell line was subjected to the four pHe-adjusted L-15 media during proliferation in at least three 

independent experiments. All individually performed experiments can be seen in the supplementary 

information in Fig. 11.1 – Fig. 11.4. Fig. 5.7 summarizes the averaged pH-dependent proliferation rates for all 

of the four cell lines under test. A549 cells exhibited the most notable pH-dependency due to steadily 

increasing proliferation rates with increasing pHe. Likewise, NRK and SpiCa cells showed a pH-dependent cell 

division but with the difference that the proliferation rates were equal for the cells being exposed to the two 

lowest pHe and to the two highest pHe in the case of NRK and SpiCa cells, respectively. As already discussed 

in Fig. 5.6, SK-MEL-28 cells revealed a slightly different pH-dependency. Cell division became faster with 

increasing pHe up to a value of 7.4 but further increasing the pHe led to a decreased proliferation rate. Tab. 5.2 

summarizes all proliferation rates obtained from the investigations of the four cell lines and Fig. 5.7 depicts 

the proliferation rates with respect to the rate of the cells exposed to a pHe of 7.4. 

 

Fig. 5.7 Summary of proliferation rates normalized with respect to the results of the cells exposed to pHe 7.4 from the 
image-based monitoring of the pH-dependent proliferation of four different cell lines (NRK cells – purple, Spica cells – 
grey, A549 cells – cyan and SK-MEL-28 cells – green) (compare Fig. 5.6, Fig. 11.1-11.4). Every cell line was tested in three 
independent experiments in triplicate for each condition. Higher bars indicate increasing proliferation and are depicted 
with the corresponding standard error. Experiments were performed at T = 37 °C and 0 % CO2. Mean ± SE, n = 3 (9). 
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Tab. 5.2 Summary of the calculated and averaged proliferation rates from the image-based investigations of pH-
dependent proliferation of four different cell lines. Listed values are graphically depicted in Fig. 5.7 and Fig. 11.1-11.4. 
Increasing rates indicate faster proliferation. Mean ± SE, n = 3 (9).  

pHe  
NRK SpiCa A549 SK-MEL-28 

Proliferation rate / %·h-1 ± SE 

6.4 0.11 ± 0.08 0.07 ± 0.01 0.3 ± 0.1 0.23 ± 0.07 

7.2 0.11 ± 0.07 0.23 ± 0.03 0.46 ± 0.08 0.6 ± 0.1 

7.4 0.2 ± 0.2 0.30 ± 0.04 0.48 ± 0.06 0.6 ± 0.1 

7.8 0.3 ± 0.2 0.30 ± 0.04 0.60 ± 0.09 0.5 ± 0.1 

 

 

The pH-dependent proliferation was additionally analyzed using the ECISTM technique as an independent 

experimental approach. For the ECISTM investigations, cells were also inoculated in subconfluent seeding 

densities onto 8W10E+ arrays. Following the standard pre-experiment protocol, the cells were exposed to 

L-15 medium adjusted to the same four pHe values 48 h after cell seeding and the capacitance was recorded. 

Within this thesis, the cell proliferation of SK-MEL-28 and SpiCa cells was monitored. Proliferation of NRK and 

A549 cells was already monitored during the master’s thesis (see chapter 5.6). Fig. 5.8 shows the recorded 

capacitance signal as a function of time at the most sensitive AC frequency of 32 kHz for both cell lines under 

the exposure to four different pHe. Data represents the average time course of normalized capacitance for 

three individual experiments. Before averaging, the capacitance was normalized with respect to the first 

value after the start of the measurement. 

The recording of the capacitance values of the SK-MEL-28 proliferation was started 48 h after cells had been 

seeded in a subconfluent amount. After the incubation with the different pHe solutions at t = 0 h, the signal 

started to increase for the first 20 h to values of (1.12 ± 0.04), (1.10 ± 0.02), (1.12 ± 0.02) and (1.08 ± 0.02) in 

the order of increasing pHe, and were followed by a decrease in normalized capacitance by 0.02, 0.07, 0.09 

and 0.10 resulting in final capacitance values of (1.10 ± 0.03), (1.03 ± 0.02), (1.03 ± 0.01) and (0.98 ± 0.01). 

The total capacitance decrease after the initial increase implied that the cell division of SK-MEL-28 cells 

seemed to be at least partly dependent on the extracellular pHe.  

The SpiCa cells revealed quite similar proliferation rates under the influence of extracellular pHe conditions 

of 7.2, 7.4 and 7.8. The corresponding capacitance time courses decreased in a similar way and reached a 

final normalized capacitance of around 0.41 after 90 h of measurement time. In contrast to these steadily 

decreasing capacitance signals, cells which were exposed to an acidic environment exhibited a constant 

increase of the capacitance and revealed final normalized capacitance values of (1.08 ± 0.03).  
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The capacitance curves of every measurement were integrated to yield the AUC. Using the investigations 

with SK-MEL-28 cells, the AUC was determined in a time interval from 0 h to 45 h with an integration limit of 

0.9 on the y-axis, while capacitance time courses revealed by SpiCa cells were integrated in an interval from 

0 h to 90 h without an integration limit on the y-axis. AUCs were averaged for the same conditions and can 

be seen in Tab. 5.3. The smaller the area, the higher the proliferation rate due to the direct proportionality 

of the capacitance decrease to the degree of cell coverage on the working electrode. The calculated values 

already reflect a pH-dependency of the proliferation. Compared to a pHe of 7.4, SK-MEL-28 cells showed a 

slightly elevated proliferation by 8 % and 19 % for pHe values of 7.2 and 7.8, respectively. The acidic pHe of 

6.4 led to an inhibition of the proliferation events due to a 7 % increase of the calculated AUC values.  

The rate of cell division of SpiCa cells seemed to be insignificantly different for pHe values of 7.2, 7.4 and 7.8 

while the acidic environment led to a, by 73 %, drastically increased area with respect to a pHe of 7.4. The 

AUCs for NRK cells steadily decreased with incresing pHe meaning an increase in the proliferation rates. A549, 

in contrast, exhibited quite similar AUCs of (62 ± 1) h and (59 ± 1) h for a pHe of 6.4 and 7.8, respectively, but 

an increased area after exposure to a pHe of 7.2. The increased area indicated a partly inhibited proliferation 

of A549 cells after exposure to an extracellular pHe of 7.2. 

 

Fig. 5.8 ECISTM-based monitoring of pH-dependent proliferation for two different cell lines which were seeded in 
subconfluent cell densities with 2∙104 cells∙cm-2 onto 8W10E+ arrays 48 h prior to the experiment. Proliferation of (A) 
SK-MEL-28 cells and (B) SpiCa cells exposed to L-15 medium adjusted to four different extracellular pHe (+ 1 % FCS). 
Decreasing capacitance results from increasing cell coverage of the working electrodes. The averaged capacitance 
values were gained from three individual experiments, in which every pHe condition was measured twice. Capacitance 
was normalized with respect to the first data point at t = 0 h after the pH-adjusted L-15 media were added. Averaged 
values are shown with the respective standard error of mean, while some error bars were omitted for clarity reasons. 
Capacitance was normalized to the value at t = 0 h. Averaged capacitance values before normalization at t = 0 h of 
SK-MEL-28 cells were: pHe 6.4: (39.6 ± 0.8) nF, pHe 7.2: (38 ± 2) nF, pHe 7.4: (40 ± 2) nF, pHe 7.8: (39 ± 1) nF; of SpiCa 
cells: pHe 6.4: (41 ± 6) nF, pHe 7.2: (42 ± 4) nF, pHe 7.4: (44 ± 5) nF, pHe 7.8: (40 ± 5) nF. Experiments were performed at 
T = 37 °C and 0 % CO2. 
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Tab. 5.3 Summarized area under the curve (AUC) of four cell lines being exposed to different extracellular pHe in L-15 
medium while the proliferation was observed via ECISTM. Time courses of capacitance were integrated from 0 h – 45 h 
with an integration limit of 0.9 on the y-axis for SK-MEL-28 cells, from 0 h – 70 h for NRK* cells and from 0 h – 90 h for 
SpiCa and A549* cells without a y-axis integration limit. Decreasing areas indicate faster proliferation. Mean ± SEM, 
n = 3 (6). 

pHe  
SpiCa SK-MEL-28 NRK* A549* 

AUC ± SEM / h 

6.4 88 ± 2 9 ± 2 69 ± 1  62 ± 1 

7.2 52 ± 4 8 ± 1 51 ± 3 71 ± 2 

7.4 50.6 ± 0.4 8.5 ± 0.7   

7.8 52 ± 3 6.9 ± 0.8 47 ± 2 59 ± 1 

* Experiments were performed during my master’s thesis at the University of Regensburg in 2016. 
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5.3 PH-DEPENDENCY OF WOUND HEALING BEHAVIOR  

 

The migration of cells represents a phenotype which is highly cell-specific and dependent on extracellular 

conditions. To be able to investigate the cellular wound healing behavior, cells need to be grown to a 

confluent monolayer and a wound or cell-free area needs to be artificially created. To create such cell-free 

areas, different techniques were used in this thesis. On the one hand, there is the scratch assay in which cells 

are mechanically removed with the help of a pipet tip to create a linear cell-free area; on the other hand, 

short electrical pulses can be applied (a function integrated in the ECISTM technique), by which the cell 

membrane is permeabilized, resulting in cell death and hence creating a circular cell-free area in the 

dimensions of the working electrode.  

The scratch assay was used in combination with the 24-channel microscopic zenCell owl device. The cells 

were grown to confluent monolayers and 48 h after seeding, including a medium exchange after 24 h, the 

cells were mechanically removed by scratching a pipet tip over the well bottom surface. After the wounding, 

mechanically removed as well as dead cells were washed away and the measurement was started 

subsequent to the addition of L-15 medium adjusted to four different pHe. The scratch created a linear wound 

or cell-free area which was repopulated by the surrounding vital cells over time. Since the wounding was 

done manually, the wounds slightly differed in size and shape and consequently in the initial degree of cell 

coverage. The repopulation was then followed by an increasing degree of cell coverage in the field of view.  

Fig. 5.9 displays microscopic images of the pH-dependent migration of SK-MEL-28 cells 1 h, 6 h, 12 h and 24 h 

after wounding. The black lines outline the borders of the initial wound size while the white lines highlight 

the advancing borders of the cell layer migrating into the cell-free area. The extracellular conditions of pHe 

6.4 and 7.2 led to an incomplete wound closure after 24 h, while further increased extracellular pHe enhanced 

the wound closure rate of SK-MEL-28 cells. The cell-free area visibly decreased if one compares the images 

taken after 12 h of measurement time with the initially taken ones. At a pHe of 6.4, only little migrational 

activity was observed while under the influence of a more physiological or alkaline environment after 12 h, 

there was only a very small cell-free area left. Images of the investigations of pH-dependent migration of 

A549, NRK and SpiCa cells can be seen in the supplementary part (Fig. 11.5 – Fig. 11.7). The time-resolved 

changes in cell coverage of the individual experiments of all cell lines are summarized in the supplementary 

part in Fig. 11.8 – Fig. 11.11. 
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The corresponding change of the cell coverage as a function of time following the pH-dependent migration 

of SK-MEL-28 cells is shown in Fig. 5.10. The starting values, representing the initial wound sizes, differed 

between cell coverage values of (54 ± 3) % for pHe 7.2 and (66 ± 3) % for pHe 7.8. The cells exposed to an 

alkaline environment needed 17 h to close the created wound completely. With increasing acidity, the wound 

closure turned out to be increasingly incomplete resulting in (99 ± 1) %, (90 ± 6) % and (71 ± 2) % cell 

coverage under a pHe of 7.4, 7.2 and 6.4 after 24 h. As the different starting values could be misleading, the 

time courses were fitted linearly from the very beginning to the point 100 % cell coverage was reached 

(Fig. 5.10, pHe 7.8). The corresponding time interval was used to fit all data sets linearly even though 100 % 

of cell coverage was not reached in the other cases. Repopulation of the cell-free areas was determined in 

three independent investigations with an at least sevenfold determination in total. Results were averaged 

and are depicted in Fig. 5.10 B. The migration rate rose from (1.1 ± 0.3) %·h-1, over (1.8 ± 0.3) %·h-1 to 

(2.2 ± 0.2) %·h-1 in the order of increasing pHe from 6.4 to 7.4. The most alkaline extracellular milieu caused 

a decrease in the migration rate to (2.0 ± 0.3) %·h-1. Tab. 5.4 lists all migration rates for the four cell lines 

(A549, SpiCa, SK-MEL-28 and NRK cells) under the four different pHe. 

Fig. 5.9 Microscopic images with digital phase contrast of the pH-dependent migration of intially confluent SK-MEL-28 
cells 1 h, 6 h, 12 h and 24 h after wounding. Migration was observed with L-15 as supernatant medium adjusted to four 
pHe (6.4, 7.2, 7.4 and 7.8) at 37 °C and 0 % CO2. Black lines mark the borders of the original cell-free area of the wound 
at t = 0 h. White lines highlight the progressing border of the cell layer closing the cell-free area. Scale bar depicts 
250 µm. 
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Tab. 5.4 Summary of the averaged migration rates from the microscopy-based investigation of pH-dependent migration 
of four different cell lines (compare Fig. 5.10, Fig. 11.5-11.11). Higher rates indicate increasing migration rates. 
Mean ± SE, n ≥ 3 (≥ 7). 

pHe  
A549 SpiCa SK-MEL-28 NRK 

Migration rate / %·h-1 ± SE 

6.4 0.26 ± 0.06 0.19 ± 0.03 1.1 ± 0.3 0.7 ± 0.1 

7.2 0.44 ± 0.07 0.55 ± 0.04 1.8 ± 0.3 1.6 ± 0.2 

7.4 0.44 ± 0.06 0.62 ± 0.04 2.2 ± 0.2 1.9 ± 0.2 

7.8 0.37 ± 0.07 0.62 ± 0.06 2.0 ± 0.3 2.8 ± 0.2 

 

The most notable differences in the migration rates were observed for NRK and SK-MEL-28 cells while the 

strictest pH-dependency of the migration behavior was observed for NRK and SpiCa cells. The migration rate 

grew from (0.7 ± 0.1) %·h-1 to (2.8 ± 0.2) %·h-1 for NRK cells and from (0.19 ± 0.03) %·h-1 to (0.62 ± 0.06) %·h-1 

for SpiCa cells with increasing pHe from 6.4 to 7.8. 

The wound healing behavior of A549 and SK-MEL-28 cells, in contrast, seemed to be disturbed under the 

influence of an acidic as well as an alkaline environment. Their migration rates increased from 

(0.26 ± 0.06) %·h-1 to (0.44 ± 0.06) %·h-1 and from (1.1 ± 0.3) %·h-1 to (2.2 ± 0.2) %·h-1 for a pHe from 6.4 to 7.4 

in the case of A549 and SK-MEL-28 cells, respectively. The increase was then followed by a decline to 

migration velocities of (0.37 ± 0.07) %·h-1 and (2.0 ± 0.3) %·h-1 for the most alkaline extracellular milieu. 

Fig. 5.10 Image-based monitoring of the migration behavior of SK-MEL-28 cells using the 24-channel microscopic device 
zenCell owl. (A) The degree of cell coverage in the field of view is plotted against the time following the migration of 
cells being exposed to L-15 adjusted to four different extracellular pHe. One exemplary experiment in triplicate is shown 
with the corresponding linear regression (depicted in purple) in the time interval from t = 0 h until a cell coverage of 
100 % was reached for one condition. Increasing cell coverage is caused by progressing wound closure. (B) Determined 
linear regression values (migration rates) for the time-dependent changes in cell coverage. Four individual experiments 
with an at least sevenfold determination of each condition in total were averaged and are depicted with the 
corresponding standard error of mean. All experiments were carried out in a standard cell culture incubator at 37 °C 
and 0 % CO2. 
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Fig. 5.11 depicts the migration rates which were normalized with respect to the physiological pHe of 7.4 and, 

in the case of NRK cells, led to an almost linear pH-dependency within the pHe range. 

 

 

The second wounding technique relied on the application of electrical pulses resulting in cell death of the 

ones grown on top of the working electrodes of 8W1E ECISTM arrays (see chapter 3.3.4.3). This technique was 

used to monitor the pH-dependent wound healing behavior of SK-MEL-28 and SpiCa cells. The protocol 

between the two cell lines differed with respect to the time point of the pulse application. SK-MEL-28 cells 

were wounded 7 h after the addition of L-15 medium which was previously adjusted to the respective pHe 

(compare chapter 3.3.4.3), while SpiCa cells had 24 h to adapt their metabolism to the pHe values in 

accordance with the protocol from the master’s thesis in which NRK and A549 cells have already been tested 

(2016, Lisa Sauer under the supervision of Prof. Dr. Joachim Wegener, University of Regensburg).  

Fig. 5.12 A compiles the time-dependent impedance magnitudes at the most sensitive frequencies of 32 kHz 

and 16 kHz recorded for confluent SK-MEL-28 and SpiCa cell layers under the influence of four different 

extracellular pHe. Data represents the mean time course of at least three individual experiments where the 

impedance magnitude was normalized with respect to the last impedance value before the wounding 

occurred. Following the wounding, the impedance signal dropped to IZI values of the cell-free electrode 

followed by a recovery of the impedance magnitude after a cell line- and pH-dependent lag phase. SK-MEL-28 

cells revealed slightly fluctuating impedance values prior to wounding, which in turn led to different 

Fig. 5.11 Summarized migration rates which were normalized with respect to the results gained for the cells exposed to 
a physiological pHe of 7.4 (compare Fig. 5.10, Fig. 11.5-11.11). Data was obtained from the image-based detection of 
the pH-dependent migration of four different cell lines exposed to four pHe. Every cell line was tested in at least three 
independent experiments and a sevenfold determination of every condition in total. Higher bars indicate faster 
migration. Bars are depicted with the corresponding standard error. Experiments were performed at 37 °C and 0 % CO2 

with pH-adjusted L-15 medium as supernatant. 
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normalized IZI values for the cell-free conditions of (0.69 ± 0.04), (0.59 ± 0.04), (0.58 ± 0.05) and (0.76 ± 0.03) 

after the pulse application in the order of increasing pHe. After 50 h of data recording, the acidic environment 

led to minimally different impedance values of (0.71 ± 0.04) while the most alkaline condition caused the 

highest change in normalized impedance to a final value of (1.1 ± 0.1) which is similar to the IZI value of the 

cell-covered electrode. Thus, at a pHe of 7.8, a complete wound closure was observed due to cellular 

migration of the surrounding vital cells reclaiming the area of the wound. The cells exposed to pHe of 7.2 and 

7.4 exhibited very similar normalized impedance time courses, reaching a final normalized impedance value 

of around 0.84 which signifies incomplete wound closure after 50 h of measurement time.  

 

In contrast to the SK-MEL-28 cells, the SpiCa cells displayed a significantly faster migration behavior according 

to the ECISTM technique (Fig. 5.12 B). After the application of the pulse, the impedance reproducibly dropped 

to normalized impedance values of 0.3 - representing impedance values of the cell-free electrodes - followed 

by a rapid recovery of the impedance to pre-wounding values in the case of physiological and alkaline 

environments. A complete wound closure was achieved 16 h after pulse application as indicated by the 

impedance recovery. The acidic medium however, led to a delayed and generally weaker increase of the 

Fig. 5.12 ECISTM-based analysis of the pH-dependent migration at the most sensitive frequency of two different cell lines 
grown to confluence on 8W1E arrays. The sharp drop in impedance is caused by the application of an electrical 
wounding pulse (32 kHz, 2400 µA for 30 s) inducing irreversible membrane permeabilization resulting in cell death. The 
subsequent increase in impedance occurred due to the migration of still vital cells from the periphery of the electrode 
into the cell-free area. (A) Migration of SK-MEL-28 cells exposed to four different extracellular pHe in L-15 medium 
(supplemented with 1 % FCS) recorded for a time period of 50 h. (B) Time-resolved impedance magnitude of SpiCa cells 
during the pH-dependent wound healing in L-15 medium (supplemented with 1 % FCS). The depicted averaged 
impedance values were gained from three and four independent experiments in which every pHe condition was 
measured twice and data is given with the respective standard error of mean. Some error bars were omitted for clarity 
reasons. Impedance was normalized to the IZI value before wounding (tSK-MEL-28 = 7 h, tSpiCa = 24 h, compare chapter 
3.3.4.3). Averaged impedance values prior to the wounding were: SK-MEL-28 cells: pH 6.4: (2.3 ± 0.2) kΩ, pH 7.2: 
(3.1 ± 0.5) kΩ, pH 7.4: (2.8 ± 0.5) kΩ, pH 7.8: (2.4 ± 0.5) kΩ and SpiCa cells: pH 6.4: (9.0 ± 1.2) kΩ, pH 7.2: (9.4 ± 1.2) kΩ, 
pH 7.4: (9.2 ± 1.8) kΩ, pH 7.8: (9.3 ± 1.4) kΩ. T = 37 °C, 0 % CO2. 
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impedance resulting in normalized IZI values of (0.6 ± 0.1), suggesting only partial wound closure due to 

inhibited migration events. 

The individually recorded, time-resolved impedance curves were used to determine the AUC. The calculated 

AUCs constitute a way of transforming an entire time course into one single integrating parameter for an 

easier comparison. Fig. 5.13 shows the AUCs which were normalized with respect to the cellular response of 

cells being exposed to a pHe of 7.4. In the case of the SK-MEL-28 cells, the AUC values showed a similar 

migration behavior at a pHe of 7.4 and 6.4, while the migration rate was increased by around 7 % for a pHe of 

7.2 and even by 62 % for a pHe of 7.8 with respect to the physiological pHe.  

The SpiCa cells being exposed to different extracellular pHe displayed only minor differences of around 5 % 

for pHe ≥ 7.2 with an averaged area of around 54 h, but a significantly decreased AUC of (31 ± 10) h for the 

cells being exposed to a pHe of 6.4. At this pHe, the averaged area was 44 % smaller than the area obtained 

for a pHe of 7.4. NRK and A549 cells also revealed quite similar AUCs for pHe ≥ 7.2 with minor fluctuations of 

around 5 % while an acidic environment lowered the averaged area from approximately 11 h and 78 h to 

(9 ± 1) h and (57 ± 3) h, respectively. Tab. 5.5 summarizes all absolute AUCs for all four cell lines from the 

observation of their pH-dependent migration behavior. 

 

 

 

 

 

Fig. 5.13 Summarized area under the curve (AUC) for the ECISTM-based migration assays (compare Fig. 5.12). Data was 
normalized with respect to the signal of cells being exposed to a physiological pHe of 7.4. Results for A549 and NRK cells 
were obtained during my master’s thesis at the University of Regensburg in 2016 (*). Higher bars indicate faster 
migration and are depicted with the corresponding standard error of mean. Experiments were performed at 37 °C and 
0 % CO2. 
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Tab. 5.5 Summarized area under the curve (AUC) values for the ECISTM-based monitoring of the migration of SpiCa, 
SK-MEL-28, NRK* and A549* cells which were exposed to L-15 medium previously adjusted to different extracellular 
pHe (compare Fig. 5.12). Time courses of impedance were integrated from 7 h – 50 h with a y-axis integration limit of 
0.5 for SK-MEL-28 cells and from 24 h – 90 h with no y-axis integration limit for SpiCa cells (compare chapter 3.3.4.3). A 
higher AUC value indicates a faster migration. Mean ± SEM, n ≥ 3 (≥ 6). 

pHe  
SpiCa SK-MEL-28 NRK* A549* 

AUC / h 

6.4 31 ± 10 13 ± 2 9 ± 1 57 ± 3 

7.2 52 ± 6 14 ± 3 10.5 ± 0.7 77 ± 9 

7.4 55 ± 10 13 ± 2 10.9 ± 0.9 75 ± 2 

7.8 54 ± 8 21 ± 2 11.5 ± 0.4 81 ± 3 

* Experiments were performed during my master’s thesis at the University of Regensburg in 2016. 
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5.4 PH-DEPENDENCY OF CELLULAR MICROMOTION  

 

The cellular micromotion of confluent cell monolayers allows to draw conclusions about the viability of the 

cells. The rapid time collection (RTC) mode of the ECISTM technique offers the possibility to quantify these 

cellular micromotions. Cells were grown to confluence on 8W1E arrays and after the standard pre-experiment 

protocol and a 24-h incubation with L-15 medium adjusted to four different pHe, the cellular micromotions 

were monitored for 10 min with five samples per second. 

The calculated variance values (see chapter 3.3.4.4) were normalized with respect to the variance displayed 

by cells which were exposed to a pHe of 7.4. The variance was afterwards averaged and is depicted with the 

corresponding standard error in Fig. 5.14.  

 

The cellular micromotions of the cell lines in question - SpiCa, SK-MEL-28, NRK and A549 - were very different 

following the treatment with an acidic L-15 medium. Cellular micromotion was nearly completely suppressed 

in SpiCa cells showing (0.1 ± 0.4) normalized variance values in contrast to drastically elevated movements 

by A549 cells with a norm. variance value of (2.5 ± 4). The cellular movement in the case of NRK and A549 

cells seemed to be only weakly pH-dependent for the normal cells but much more pronounced for the lung 

cancer cells. While the NRK micromotion and hence the variance only weakly increased from 1.0 to (1.3 ± 0.5) 

under increasing pHe up to 7.8, A549 showed an inverted dependency according to decreasing cellular 

Fig. 5.14 Detection of the cellular micromotion by recording the impedance magnitude at 4 kHz in a time resolution of 
five samples per second. From the impedance magnitude, the variance was calculated and normalized with respect to 
a pHe of 7.4. Subsequently, the data for each distinct pHe and the respective cell line was averaged. Extracellular pHe 
was adjusted in L-15 medium. Higher variance indicates increased cellular micromotion. The experiments were 
performed at 37 °C and 0 % CO2. Mean ± SE, n ≥ 2 (see Tab. 5.6). 



 

 

Monitoring of the pH-Dependency of Cellular Phenotypes 117 

movements displayed in decreasing variance values from (2.5 ± 4) to (0.9 ± 0.6) under pHe from 6.4 to 7.8. 

The cellular movement of SpiCa cells entailed increasing variance values from (0.1 ± 0.4) to (1 ± 0.1) under 

increasing pHe from 6.4 to 7.4 followed by a slight decrease in the normalized variance to (0.9 ± 0.1) under 

alkaline conditions (pHe 7.8). Cellular micromotion exhibited by SK-MEL-28 cells was slightly more active 

under extracellular pHe conditions of 7.2 and 7.8 as mirrored by variance values of (1.5 ± 1) and (1.1 ± 0.2), 

respectively. An acidic environment, on the contrary, decreased cellular movement to variance values of 

(0.4 ± 0.2) with respect to physiological conditions at a pHe of 7.4 at (1.0 ± 0.4). Tab. 5.6 summarizes all 

normalized and averaged variance values.  

Tab. 5.6 Normalized variance values of the magnitude of impedance at 4 kHz which was recorded in the ECISTM-based 
micromotion measurement to monitor cellular movement of various cell lines under the influence of L-15 medium 
adjusted to four different extracellular pHe. Cells were grown to confluence on 8W1E arrays 48 h prior to the 
experiments and after a 24-h incubation period with the pH-adjusted L-15 solution, micromotion was monitored at 
37 °C and 0 % CO2. 

pHe  
SpiCa 

Mean ± SE, n = 2 (≥ 3) 
SK-MEL-28 

Mean ± SE, n = 2 (4) 
NRK 

Mean ± SE, n = 5 (10) 
A549 

Mean ± SE, n = 5 (≥ 9) 

6.4 0.1 ± 0.4 0.4 ± 0 .1 1.0 ± 0.3 2.5 ± 4 

7.2 0.7 ± 0.2 1.5 ± 1 1.0 ± 0.3 1.2 ± 0.6 

7.4 1.0 ± 0.1 1.0 ± 0.4 1.0 ± 0.2 1.0 ± 0.2 

7.8 0.9 ± 0.1 1.1 ± 0.2 1.3 ± 0.5 0.9 ± 0.6 
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5.5 PH-DEPENDENCY OF THE RESPIRATORY ACTIVITY  

5.5.1 EXPERIMENTS WITH 2D CELL MONOLAYERS  
 

The pH-dependent cellular respiration was investigated using NRK, A549, SK-MEL-28 and SpiCa cells. The cells 

were grown to confluence on top of the oxygen-sensitive sensor foil. After the standard pre-experiment 

protocol, the cell culture medium was exchanged for L-15 medium adjusted to four different pHe, the petri 

dishes were filled completely, sealed airtight and the measurement was started. Since all the previous 

protocols for the studies of pH-dependencies included 24 h of preincubation with the pH-adjusted solutions, 

the cellular respiration in this chapter was investigated with and without preincubation. Fig. 5.15 shows the 

averaged time-dependent changes of the oxygen partial pressure for both assays.  

 

The oxygen partial pressure increased within the first hour to values of around 150 torr, caused by 

temperature effects due to the inevitable cooling of the sample during the preparation of the petri dishes. 

The ensuing decrease was dependent on the cellular respiration and the rate of oxygen consumption. The 

cells exposed to the most alkaline pHe needed around 12 h to consume the available oxygen completely. 

Decreasing pHe led to extended time periods of 13.5 h, 17 h and 21 h until 0 % oxygen concentration levels 

were reached. A preincubation with the respective pH-adjusted L-15 medium for 24 h was almost 

indistinguishable from the respiration of NRK cells without preincubation. Alkaline and physiological 

conditions caused a complete oxygen consumption within 14.5 h and the process was completed within 20 h 

in the case of the cells in an acidic environment. To be able to adequately compare the time-resolved changes 

in pO2, the curves were fitted linearly in the time interval between 1 h and 4 h resulting in the apparent 

Fig. 5.15 Sensing of the pH-dependent respiration of confluent NRK cells. Changes in oxygen partial pressure are plotted 
as a function of time. (A) Start of measurement directly after the medium was exchanged against L-15 medium adjusted 
to four pHe values. (B) 24-h preincubation (p.i.) with pH-adjusted L-15 medium before the measurement was started. 
Experiments were performed at T = 37 °C and 0 % CO2. 
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oxygen consumption rate (AOCR). The AOCR values confirmed the increased cellular respiration from 

(13 ± 1) torr·h-1 to (20 ± 3) torr·h-1 under increasing pHe values and verified that measurements with and 

without a preincubation led to similar oxygen consumption rates (see Tab. 5.7). 

Tab. 5.7 Summary of the apparent oxygen consumption rates (AOCRs) obtained from the linear regression of the pO2 
time courses (compare Fig. 5.15) as well as calculated oxygen consumption rates (OCRs) (compare chapter 3.4.5). NRK 
cells were exposed to L-15 medium which was previously adjusted to four different pHe. Mean ± SEM, n ≥ 2. 

pHe  
NRK NRK (24-h preincubation) 

AOCR / torr·h-1 OCR / amol·s-1·cell-1 AOCR / torr·h-1 OCR / amol·s-1·cell-1 

6.4 13 ± 1 21 ± 2 12.8 ± 0.9 20 ± 1 

7.2 14.3 ± 0.7 22 ± 1   

7.4 15 ± 1 24 ± 1 15.1 ± 0.6 24 ± 1 

7.8 20 ± 3 32 ± 5 23 ± 3 35 ± 4 

 

One aim was to compare cellular phenotypes of healthy and cancerous cell lines under the influence of 

different pHe values. Therefore, the pH-dependent respiratory activity of A549, SK-MEL-28 and SpiCa cells 

was also investigated. The confluent cell lines in general required different amounts of time to respirate the 

available oxygen (A549 around 4.5 h, SK-MEL-28 approx. 8 h and SpiCa as long as 20 h, compare Fig. 5.16).  

 

A549 and SpiCa cells revealed similar pH-dependent trends. Their respiratory activity generally increased 

with rising pHe but showed similar consumption rates under the influence of pHe of 7.2 and 7.4 of around 

63 amol·s-1·cell-1 (A549 cells) and 19.5 amol·s-1·cell-1 (SpiCa cells). In contrast to A549 and SpiCa cells, 

SK-MEL-28 cells showed quite similar respiratory activities when exposed to pHe values of 6.4 and 7.2 with 

(101 ± 8) amol·s-1·cell-1 and (99 ± 23) amol·s-1·cell-1, but also showed increasing respiration under the highest 

pHe of (128 ± 18) amol·s-1·cell-1. Tab. 5.8 summarizes the corresponding AOCR and OCR values. 

Fig. 5.16 Sensing of the pH-dependent respiration of (A) A549, (B) SK-MEL-28 and (C) SpiCa cells via the measurement 
of changes in the oxygen partial pressure (pO2) which were plotted against the time. Data recording was started directly 
after the cell culture medium was exchanged against L-15 medium adjusted to four pHe. Every cell line was investigated 
in three independent experiments in a standard cell culture incubator at 37 °C and 0 % CO2. 
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Tab. 5.8 Summary of the apparent oxygen consumption rates (AOCRs) from the linear regression of the pO2 time courses 
(compare Fig. 5.16) and the corresponding oxygen consumption rates (OCRs) (compare chapter 3.4.5) of A549, 
SK-MEL-28 and SpiCa cells exposed to four different pHe. Mean ± SEM, n = 3. 

pHe  

A549 SK-MEL-28 SpiCa 

AOCR / torr·h-1 
OCR / 

amol·s-1·cell-1 
AOCR / torr·h-1 

OCR / 

amol·s-1·cell-1 
AOCR / torr·h-1 

OCR / 

amol·s-1·cell-1 

6.4 36 ± 3 44 ± 4 26 ± 2 101 ± 8 7 ± 2 13 ± 5 

7.2 52 ± 13 63 ± 16 25 ± 6 99 ± 23 10 ± 1 20 ± 2 

7.4 51 ± 11 63 ± 13 30 ± 4 117 ± 15 9.8 ± 0.9 19 ± 2 

7.8 79 ± 24 97 ± 29 32 ± 5 127 ± 18 13 ± 2 25 ± 5 

 

5.5.2  EXPERIMENTS WITH 3D TISSUE MODELS 
 

Three-dimensional tissue models reveal a higher structural complexity than 2D monolayers and therefore 

show a more realistic response to stimulations, reflecting in vivo tissue better. Since in cultured tissues no 

blood vessels or capillaries are formed, nutrient and oxygen supply decreases towards the core of the 

spheroid. Within this study, the respiratory activity of SK-MEL-28 cells either grown as cell monolayers (see 

chapter 5.5.1) or as spheroids was investigated. On the one hand, the spheroid´s respiration was monitored 

during spheroid adhesion directly after the placement on the sensor foil (see Fig. 5.17 A) and on the other 

hand, the spheroids were allowed to attach to the oxygen-sensitive sensor foil during 24 h in cell culture 

medium (see Fig. 5.17 B). After the addition of L-15 medium adjusted to four different pHe values, the petri 

dishes were filled completely and sealed airtight. The corresponding sensor foil images can be seen in the 

first column of Fig. 5.17 A and B. The images were calibrated, translated into false color images (columns two 

and three) and were used to evaluate profile plots with subsequent data smoothing over 20 points according 

to the Savitzky Golay method. The oxygen partial pressure of the spheroids depicted in Fig. 5.17 A were 

measured directly after spheroid inoculation using the VisiSens TD system with excitation and emission 

readout from above, whereas the spheroids in Fig. 5.17 B were illuminated by LEDs from below. The 

differently positioned LEDs are the reason for the different aspects of the images in the first columns. The 

spheroids in (A) were clearly visible in contrast to the spheroids in (B) which were illuminated and recorded 

from below meaning only changing fluorescence signals due to differing oxygen concentrations close to the 

sensor foil could be observed. Directly after placing the spheroid on the sensor foil and starting the 

measurement in (A), small air bubbles were observed to emerge at the sensor foil surface, which disappeared 

with time, explaining the air bubble-free images after a previous 24-h preincubation for spheroid adhesion 

(Fig. 5.17 B, columns one and two). Another difference, which can be attributed to the different attachment 

periods for the spheroids, was observed directly after the start of the measurement since the formed oxygen 

concentration gradients were more pronounced after a previous 24-h attachment process in Fig. 5.17 B 

(second column). The darkening of the false color images from light yellow to dark blue corresponds to 
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decreasing oxygen partial pressure from 100 torr to 0 torr of oxygen which cannot be observed in the second 

column of (A). In the beginning, the spheroids in Fig. 5.17 A and B on average were (470 ± 25) µm and 

(460 ± 56) µm in diameter, respectively. However, the false color images after 24 h of recording suggested 

that the spheroids in (A) were significantly smaller than the spheroids in (B). Interestingly, the images in 

Fig. 5.17 A after 24 h of measurement time were quite similar compared to the images of Fig. 5.17 B directly 

after the start of the recording. This led to the conclusion that prolonged incubation times for cellular 

attachment cause a stronger connection between the spheroid and the sensor foil. A larger contact area 

between the spheroid and the sensor foil causes a more semi-spherical structure and therefore a more 

representative cross section of the spheroid’s core. 

 

Another important aspect of the investigation was the pH-dependency of the respiratory activity within the 

different metabolic zones inside the spheroid (see Fig. 1.4). The images show that the spheroids exposed to 

an acidic environment respirated less oxygen compared to the spheroids under more physiological or even 

alkaline conditions. Evidence for the slower oxygen consumption is given by the weaker color changes during 

the course of 24 h for the spheroids exposed to pHe of 6.4 (Fig. 5.17, first row). The respiration of the 

spheroids, which were exposed to more physiological and alkaline pH-adjusted buffer solutions, seemed not 

Fig. 5.17 Sensor foil-based monitoring of the pH-dependent respiratory activity of eight SK-MEL-28 spheroids exposed 
to four different extracellular pHe conditions. The first columns of (A) and (B) show optical photographs of the sensor 
foil and in columns two and three, the corresponding calibrated false color images after 0 h and 24 h of recording time 
are shown. (A) SK-MEL-28 spheroids measured during the adhesion process directly after placement on the oxygen-
sensitive sensor foil with illumination from above. The images of the spheroids being exposed to pHe of 6.4 to 7.4 
revealed small air bubbles emerging at the sensor foil surface, which vanished after 24 h of recording. (B) SK-MEL-28 
spheroids were allowed to attach to the sensor foil surface for 24 h prior to the experiment. The sensor foil was 
illuminated, and the fluorescence signal detected from below the petri dish. The false color images show a color change 
from light yellow to dark blue representing oxygen concentrations from 100 torr in the beginning to 0 torr in the end. 
The experiments were performed at 37 °C and 0 % CO2 under L-15 medium adjusted to the respective pHe. 
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to be as strongly affected compared to the acidic environment. In all cases, the oxygen concentration 

decreased with time, as can be seen in the larger and simultaneously darker parts of the false color areas 

reflecting the spheroids.  

The recorded and calibrated images were used to extract profile plots (800 x 12 pixels in size) to be able to 

plot emerging oxygen gradients in a cross section of the spheroids. Fig. 5.18 depicts the pO2 profile cross 

sections of the SK-MEL-28 spheroids after 1 h, 6 h and 24 h of recording in a pH-dependent manner.  

 

The spheroids’ respiration in Fig. 5.18 A was monitored directly after inoculation on the sensor foil whereas 

the spheroids in Fig. 5.18 B, similar to the images in Fig. 5.17, were allowed to attach to the sensor foil for 

24 h before the start of the experiment. The major difference between (A) and (B) was the profile shape and 

the degree of the recorded oxygen depletion with time. The spheroids in (A) disclosed a V-shaped oxygen 

concentration profile. In the case of the spheroids exposed to physiological and more alkaline conditions, an 

oxygen concentration of around 45 torr was detected centrally beneath the spheroids which almost halved 

to around 25 torr after the full 24 h of measurement. In contrast to that, the spheroids treated with an acidic 

Fig. 5.18 Sensor foil-based sensing of spatial, pH-dependent oxygen profiles of eight SK-MEL-28 spheroids exposed to 
four different extracellular pHe conditions. Images were calibrated and used to determine the oxygen distributions in a 
cross section of the spheroid via profile plot evaluation. (A) SK-MEL-28 spheroids investigated directly after spheroid 
inoculation on the oxygen-sensitive sensor foil and thus they were monitored during the adhesion process. (B) 
SK-MEL-28 spheroids which were allowed to attach to the sensor foil during 24 h prior to the experiment. The pO2 was 
calculated from the images depicted in Fig. 5.17 and plotted against the profile length. The experiments were performed 
at 37 °C and 0 % CO2 using L-15 medium adjusted to the respective pHe. 
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medium consumed only around 5 torr of dissolved oxygen due to the decrease of 69 torr to 64 torr within 

24 h.  

In contrast to the V-shaped profiles, the spheroids which were allowed to attach for 24 h (Fig. 5.18 B), rather 

displayed U-shaped or weakly W-shaped profiles. Directly after the start of the measurement, the profiles of 

all four spheroids looked identical with an O2 concentration of around 120 torr next to the spheroid and 

minimal pO2 values of around 0 torr of oxygen under the spheroid’s core. With time, the oxygen partial 

pressure next to the spheroids slowly decreased to levels of around 110 torr, while a slight recovery of the 

oxygen concentration centrally beneath the spheroid, in a distance of the profile of 0.65 mm, was observed 

from initially 0.6 torr to 7 torr after 24 h. Furthermore, a pH-dependency was observed as the spheroid 

exposed to a pHe of 7.8 displayed the broadest profile with minimal oxygen values in a distance between 

0.5 mm and 0.8 mm. With decreasing pHe, the area of hypoxic conditions also got smaller, resulting in a pO2 

level of 40 torr oxygen concentration as the minimal pO2 value shown by the spheroid which was exposed to 

an acidic environment at a pHe of 6.4. For further data evaluation, the area above the curve (AAC) with an 

upper integration limit of y = 150 torr on the y-axis was calculated. Tab. 5.9 summarizes all AACs showing one 

similarity and one difference between the spheroids which were monitored during their adhesion to the 

sensor foil and spheroids which had already adhered to the sensor foil. The similarity was observed for the 

spheroids exposed to a pHe of 7.2. In both cases, the increase in the AAC values from 1 – 24 h was highest at 

around 33 torr∙mm and 27 torr∙mm for the adhering one and the already attached spheroid, respectively. 

This large difference in the AAC values indicates a very active respiration of the spheroids. The main 

difference was observed for the spheroids exposed to an acidic environment. The spheroid still adhering to 

the sensor foil (see Tab. 5.9 A) seemed to actively respirate the still available oxygen according to the 

increasing AAC while the already attached one appeared to be inhibited in its respirational activity according 

to the decreasing AAC. 

Tab. 5.9 Calculated area above the curve (AAC) of the pH-dependent profile plots of the SK-MEL-28 spheroids (see 
Fig. 5.18). AAC values were determined with an upper integration limit of y = 150 torr. In (A), the AACs of the spheroids 
monitored during the adhesion to the sensor foil are summarized and in (B), the AACs are given for the spheroids which 
had attached to the sensor foil prior to the experiment. 

 
t / h 

AAC / torr∙mm 

pHe 6.4 pHe 7.2 pHe 7.4 pHe 7.8 

A 1  10.7 46.7 39.9 36.4 

6  22.6 59.6 45.9 51.4 

24  37.4 79.8 56.7 61.2 

B 1  90.2 63.7 82.1 103.4 

6  47.7 74.8 98.4 114.5 

24  59.5 90.4 105.6 119.0 
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The results have shown that the given attachment time of the spheroid as well as spheroid shape and surface 

character are important parameters influencing the oxygen concentration gradient being formed beneath 

spheroids. In order to generate reliable and reproducible results, it is highly important to closely determine 

the size and shape of spheroids prior to the experiments.  
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5.6 ADAPTION OF THE INTRACELLULAR PHI TO CHANGES IN THE EXTRACELLULAR PHE  
 

The previous chapters demonstrated the influence of altered extracellular pHe on different cellular 

phenotypes. Since the extracellular and intracellular compartments are not functioning independent from 

each other and are connected via transmembrane channels and selective ion carriers, it was investigated 

how the intracellular pHi changes according to altered extracellular conditions. Therefore, the cells were 

stained with the pH-sensitive dye BCECF-AM revealing a pKa of ~ 6.98 (compare chapter 3.5). The pKa of an 

acid indicates the specific pH value at which the acidic form and the corresponding base are present in equal 

amounts. Thus, pH values higher than the pKa cause increasing deprotonation and pH values lower than the 

pKa value lead to increasing protonation of the respective acid. After the staining and the subsequent 

incubation with pH-adjusted L-15 medium, the fluorescence was either detected via the CLSM or using a 

microplate reader (Tecan reader). The CLSM technique was performed with excitation at two different 

wavelengths (λex. = 408 nm and λex. = 488 nm) and the emission was detected at λem. = 515/30 nm. Fig. 5.19 

shows images of NRK cells stained with BCECF-AM after having been exposed to a pHe of 5.5 and 8.0 while 

the dyes were excited at wavelengths of 408 nm and 488 nm. 488 nm is the wavelength at which the 

corresponding emission is strongly pH-dependent, while the emission intensity after an excitation at 408 nm 

is used as reference signal. The emission intensities following the 408-nm excitation were identical within 

the error range for all cells, no matter if they were treated with acidic or alkaline media. In contrast to equal 

intensities of the reference emissions, the emission intensities after the 488-nm excitation increased 

significantly by at least 40 % with rising pHe from 5.5 to 8, indicating equally rising intracellular pHi. For the 

calculation of the pHi from the images, a linear correlation of the calibration data was performed (see 

Fig. 11.12) as was described in detail in chapter 3.5.1.  

 

 

Fig. 5.19 CLSM images of NRK cells after staining with the pH-sensitive dye BCECF-AM (10 µM in PBS++). Confluent NRK 
cells were either exposed to L-15 medium adjusted to an acidic or an alkaline pHe. Emission intensity after the 408-nm 
excitation was used as reference fluorescence intensity while the emission intensity after the 488-nm excitation was 
strongly pH-dependent. Calculated ratios were used to determine intracellular pHi following a calibration using nigericin 
(10 µM in pH-adjusted L-15 medium) to align the pHi with the pHe. Images were taken using a 60x magnification and 
pinhole size M. 
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Since the dye is highly susceptible to temperature changes and showed strong photobleaching, the 

intracellular pHi values were determined using 96-well plates and the Tecan reader for fluorescence readout. 

The readout was done with a single wavelength excitation (λex. = 485 nm) and a dual emission detection 

(λem. = 535 nm and λem. = 612 nm) because of more reliable results. The experiment was done with A549, NRK, 

SK-MEL-28 and SpiCa cells after the treatment with L-15 medium adjusted to seven pHe. Fig. 5.20 illustrates 

the calculated and averaged pHi plotted against the corresponding pHe. The dotted line is the angle bisector 

and both axes are equally scaled meaning a 100 % pHi equilibration with the extracellular pHe for data points 

located on the dotted line. 

 

The intracellular pHi revealed by A549 cells were constantly 0.4 to 0.6 pH units higher than the experimentally 

set pHe; only the extracellular increase in pHe from 7.8 to 8 caused no detectable change in pHi. NRK cells, 

the non-cancerous cell line model, adapted their intracellular pHi levels more and more to the given 

extracellular conditions with increasing pHe. The difference in pH units between pHe and pHi shrank from 0.7 

over 0.5 to 0.41 and further lessened from 0.26 over 0.16 to 0.07 with rising pHe until finally a complete 

adaption of the pHi to the pHe occurred at pH 8.0 for NRK cells. The difference between pHe and pHi exhibited 

by the SK-MEL-28 cells increased from 0.33 over 0.41 to 0.8 with increasing pHe from 5.5 to 6.4. The final 

increase of the pHe from 7.2 to 8.0 eventually caused a state of equilibrium between pHe and pHi with 

decreasing differences of 0.54, 0.5, 0.11 and 0.1. SpiCa cells constantly managed to keep their intracellular 

pHi around 0.5 units higher than the extracellular level, at least in a pHe range from 5.5 to 7.4. The highest 

pHe values 7.8 and 8.0 only led to slightly elevated pHi values of (8.01 ± 0.04) and (8.09 ± 0.03), respectively. 

Tab. 5.10 summarizes all pHi values.  

Fig. 5.20 Detection of changes in the intracellular pHi, which were caused by the addition of L-15 medium adjusted to 
different extracellular pHe, via the pH-sensitive dye BCECF-AM (10 µM in PBS++). pHi values were determined according 
to the linear equation yielded by the calibration of BCECF-AM inside the cells under the presence of nigericin (10 µM in 
pH-adjusted L-15 medium) (see Fig. 11.12). The experiments were performed in three independent experiments in 
quadruplicate on confluent cell monolayers at T = 37 °C, 0 % CO2. 
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Tab. 5.10 Summary of the determined intracellular pHi after changes in the extracellular pHe. Calculation was performed 
with the help of a calibration curve and fluorescence signal ratios after staining of confluent cell layers with BCECF-AM 
(compare Fig. 5.20). Mean ± SEM, n = 3 (12).  

pHe  
Calculated pHi  

A549 NRK SK-MEL-28 SpiCa 

5.5 5.90 ± 0.03 6.2 ± 0.1 5.88 ± 0.01 6.0 ± 0.1 

6.0 6.44 ± 0.04 6.5 ± 0.1 6.41 ± 0.05 6.5 ± 0.1 

6.4 6.96 ± 0.08 6.91 ± 0.02 7.2 ± 0.3 7.04 ± 0.06 

7.2 7.80 ± 0.06 7.46 ± 0.01 7.74 ± 0.08 7.74 ± 0.02 

7.4 7.89 ± 0.01 7.56 ± 0.03 7.9 ± 0.1 7.93 ± 0.04 

7.8 8.31 ± 0.07 7.87 ± 0.05 7.91 ± 0.09 8.01 ± 0.04 

8.0 8.31 ± 0.02 8.00 ± 0.06 8.1 ± 0.2 8.09 ± 0.03 
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5.7 DISCUSSION  
 

Comparison of pH-dependencies of different phenotypes and cell lines  

The investigation of the impact of altered pHe on different cellular phenotypes as well as the comparison 

between normal and tumor cells were based on the reported inverse pH gradients over the cell membranes 

and hence a fundamental difference in the metabolic microenvironment. Solid tumors often have to cope 

with insufficient vascular networks and long diffusion distances leading to a reduced oxygen transport 

capacity (Höckel, M. et al. 2001). The restricted oxygen supply and the resulting intrinsic changes of the 

metabolism, called Warburg effect, entail a shift of the aerobic energy metabolism to glycolysis with the 

subsequent anaerobic energy generation via lactic acid prodution (Vander Heiden, M. G. et al. 2009). The 

boosted formation of lactic acid after glycolysis leads to an extracellular acidosis of tumor cells ending in a 

pHe ≥ 6 (for squamous cell carcinomas on average between 6.15 and 7.4) while non-cancerous cells exhibit a 

pHe between 7.0 and 7.4 (Vaupel, P. et al. 1989). The analysis of the pH-dependent cellular behavior was 

done using three different techniques: impedance spectroscopy using ECISTM and two optical methods, which 

were the microscopic examination of proliferation and migration events as well as the sensor foil-based 

determination of the respiratory activity of the cells. Since the data from the individual techniques were 

evaluated according to different parameters - the AUC in the ECISTM measurements, the slopes of the change 

in cell coverage plotted against the time in the microscopic observations via the zenCell owl and the 

respiration rate in the sensor foil-based experiments - the results were normalized with respect to the cell 

response after exposure to a pHe of 7.4. All results are shown with the corresponding standard error taking 

the Gaussian error propagation into consideration. Fig. 5.21 and Tab. 5.11 summarize the studies monitoring 

the impact of altered extracellular pHe on the four cell lines under test. For an assessment of the overall pHe 

dependency of the individual cell lines, the results from all phenotypic assays were averaged for each pHe, 

except for the results gained from the micromotion experiments because high pH-independent fluctuations 

were observed. The averaged values were plotted against the respective pHe with a subsequent linear 

regression for the four cell lines. The linear regression showed the change in cell response or phenotypic 

activity as a function of one pH unit [pH-1]. A549 and SK-MEL-28 cells revealed the smallest pH-dependent 

change of the phenotypic activity with (0.1 ± 0.1) pH-1 and (0.25 ± 0.01) pH-1, respectively. The change of 

phenotypic activity of NRK and SpiCa cells on average was similar at (0.4 ± 0.1) pH-1. Consequently, according 

to the lower pH-dependent changes, A549 and SK-MEL-28 cells were not as strongly affected by changing 

pHe values as NRK and SpiCa cells.  
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Tab. 5.11 Summarized results of the pH-dependent phenotypic activities of four cell lines depicted in Fig. 5.21. Results 
were normalized with respect to the cell response upon exposure to a pHe of 7.4. 

Cell line  Assay type 
pHe 6.4 pHe 7.2 pHe 7.4 pHe 7.8 

Phenotypic activity 

NRK 

Adhesion ECISTM 0.4 ± 0.1 0.9 ± 0.2 1.0 ± 0.1 0.9 ± 0.2 

Proliferation Optical  1 ± 1 1 ± 1 1 ± 1 2 ± 3 

Migration Optical  0.4 ± 0.1 0.9 ± 0.2 1.0 ± 0.1 1.5 ± 0.3 

Migration ECISTM * 0.8 ± 0.2* 0.9 ± 0.1* 1.0 ± 0.1* 1.1 ± 0.1* 

Micromotion 1.0 ± 0.3 0.9 ± 0.3 1.0 ± 0.2 1.3 ± 0.5 

Respiration 0.89 ± 0.02 0.94 ± 0.02 1.00 ± 0.01 1.34 ± 0.03 

A549 

Adhesion ECISTM 0.90 ± 0.08 1.0 ± 0.1 1.00 ± 0.07  1.0 ± 0.2 

Proliferation Optical  0.5 ± 0.3 1.0 ± 0.3 1.0 ± 0.1 1.3 ± 0.4 

Migration Optical  0.6 ± 0.2 1.0 ± 0.3 1.0 ± 0.2 0.8 ± 0.3 

Migration ECISTM * 0.76 ± 0.06* 1.03 ± 0.07* 1.0 ± 0.03* 1.08 ± 0.07* 

Fig. 5.21 Summarized results from the pH-dependent phenotypes of four cell lines. Investigated phenotypes included 
cellular adhesion followed by ECISTM (Adh. ECIS), cellular proliferation monitored microscopically via the zenCell owl 
(Prol. Opt.) or impedimetrically using ECISTM (Prol. ECIS), cellular migration via zenCell owl (Mig. Opt.) or ECISTM (Mig. 
ECIS), cellular micromotion measurements via ECISTM and the cellular respiration according to sensor foil-based 
experiments (Respiration). (*) signifies results gained during the master’s thesis which were included for reasons of 
comparison. Results from the individual experiments were normalized with respect to the cell response under the 
physiological pHe of 7.4. Mean values are depicted with the corresponding standard error by taking the Gaussian error 
propagation into account. 
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Micromotion 3 ± 4 1.2 ± 0.6  1.0 ± 0.2 0.9 ± 0.6 

Respiration 0.7 ± 0.2 1.0 ± 0.5 1.0 ± 0.2 1.5 ± 0.8 

SK-MEL-28 

Adhesion ECISTM 0.92 ± 0.06 0.96 ± 0.06 1.0 ± 0.2 1.03 ± 0.08 

Proliferation Optical  0.4 ± 0.2 0.9 ± 0.4 1.00 ± 0.02 0.8 ± 0.3 

Proliferation ECISTM 0.9 ± 0.2 1.1 ± 0.3 1.0 ± 0.1 1.2 ± 0.3 

Migration Optical  0.5 ± 0.2 0.8 ± 0.2 1.00 ± 0.03 0.9 ± 0.2 

Migration ECISTM  1.0 ± 0.3 1.1 ± 0.4 1.0 ± 0.3 1.6 ± 0.4 

Micromotion 0.4 ± 0.1 1.5 ± 1 1.0 ± 0.4 1.1 ± 0.2 

Respiration 0.9 ± 0.2 0.9 ± 0.3 1.0 ± 0.1 1.1 ± 0.3 

SpiCa 

Adhesion ECISTM 0.44 ± 0.05 0.89 ± 0.09 1.00 ± 0.04 0.93 ± 0.09 

Proliferation Optical  0.23 ± 0.08 0.8 ± 0.2 1.0 ± 0.1 1.0 ± 0.2 

Proliferation ECISTM 0.58 ± 0.02 0.97 ± 0.08 1.00 ± 0.01 0.98 ± 0.07 

Migration Optical  0.31 ± 0.06 0.9 ± 0.1 1.00 ± 0.07 1.0 ± 0.2 

Migration ECISTM 0.6 ± 0.3 1.0 ± 0.3 1.0 ± 0.2 1.0 ± 0.3 

Micromotion 0.05 ± 0.06 0.7 ± 0.2 1.0 ± 0.1 0.9 ± 0.1 

Respiration 0.7 ± 0.3 1.0 ± 0.2 1.0 ± 0.1 1.3 ± 0.4 

* Experiments were performed during my master’s thesis at the University of Regensburg in 2016. 

 

The pH-dependent proliferation and migration was studied using an optical and an impedance-based 

technique in order to validate results and their reproducibility. The optical technique with the integrated 

automatic calculation of the degree of cell coverage exhibited the disadvantage that the correctness of cell 

recognition differed for the individual cell lines. On the other hand, the impedance-based investigation 

showed different sensitivities for the individual cell lines and particularly low sensitivity for experiments 

carried out with SK-MEL-28 cells. Normally, the shape of the impedance spectrum of a cell-covered electrode 

provides first insights into the cell-characteristic parameters Rb, Cm and α (see chapter 3.3.1) representing 

the resistance of the cell-cell contacts, the specific capacitance of the cell membrane and the resistance of 

the cell-electrode junction (Reiss, B. et al. 2015). However, the frequency-dependent impedance magnitude 

of the cell-covered electrode in the case of SK-MEL-28 cells indicated extremely low Rb and α values causing 

the low sensitivity. A conventional extraction of the ECISTM parameters from the impedance spectra was not 

possible due to insufficient data points in the spectrum and little difference between the spectra of the cell-

free and the cell-covered electrode. In literature, SK-MEL-28 cells are discussed to have few and loose cell-

cell connections (Lee, J. et al. 2016) explaining the low Rb value, as the degradation of tight junctions 

facilitates the invasion properties of cancer cells to distant tissue or organs (Martin, T. A. et al. 2009). The 

resistance of cell-substrate contacts (visible in the slope of the cell-related resistive contribution in the 

impedance magnitude spectrum) is closely associated with the shape, size and morphology of the cells as 

well as with the extracellular space between basal membrane and electrode surface (Arndt, S. et al. 2004). 
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SK-MEL-28 cells display a highly irregular longitudinal morphology (see Fig. 5.22) which could be the reason 

for the low α values. Fig. 5.22 shows SK-MEL-28 cells in different developmental stages. Starting with an 

image of a single cell (A), the state of subconfluently grown SK-MEL-28 cells is shown in (B) followed by a 

confluent cell monolayer in (C). The photograph (C) shows the irregular morphology in contrast to NRK cells 

(Fig. 5.22 D) which are highly regular and exhibiting a cobblestone-like morphology.  

 

The third cell-specific parameter Cm could also not be clearly determined from the raw data due to the fact 

that the multiple frequency per time (MFT) measurements were done in a frequency range between 62.5 Hz 

and 64 kHz. For an estimation of Cm however, higher frequencies would have been necessary as no cell-

related dispersion could be observed within this frequency range and the difference between the spectrum 

of the cell-free and the one of the cell-covered electrode was minimal. Generally, the value of the membrane 

capacitance is strongly dependent on the membrane surface. Values close to 1 µFcm-² signify a smooth 

membrane surfaces while higher values indicate invaginated or folded topologies e.g. due to microvilli on the 

apical membrane side (Reiss, B. et al. 2015). Mulhall, H. J. et al. 2011 reported about stronger membrane 

folding and thus increasing Cm values going from normal cells over dysplastic to malignant cells or with 

disease progression. However, due to the limited data at high frequencies, the Cm values could not be clearly 

determined: whether the membrane capacitance is high, which is typical for cancer cells, or low, which the 

missing cell dispersion in the impedance magnitude spectrum suggests, still needs to be investigated. The 

weak cell-cell contacts as well as equally weak cell-substrate contacts and hence a larger distance to the gold 

electrodes led to an unnaturally low ECISTM sensitivity for SK-MEL-28 cells. Thus, the investigations of pH-

induced morphological changes were impeded, causing the minimal time-dependent signal changes during 

the adhesion, proliferation and migration measurements. Since proliferation and migration was 

complementarily monitored via a microscopic technique and SK-MEL-28 cells displayed a high contrast, the 

zenCell owl experiments may contain more reliable results due to well-performing automatic cell recognition 

and hence a reliable calculation of cell coverage values.  

Within this thesis, two different skin cancer cell lines were compared with respect to their pH-dependent 

behavior. The metastatic potential of melanoma tumor cells, which only weakly respond to cancer therapies 

(Miller, A. J. et al. 2006), is discussed to be greater compared to non-melanoma skin cancers like squamous 

Fig. 5.22 Exemplary microscopic images of SK-MEL-28 cells. (A) at single cell level, (B) in a subconfluent cell layer and 
(C) as a confluent cell monolayer in comparison to (D) a confluent NRK cell monolayer. Images were taken using the 
Nikon Diaphot microscope equipped with a digital camera in a 20x (A, B) and 10x magnification (C, D). Scale bar depicts 
100 µm.  
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cell carcinoma (e.g. SpiCa cells). Şuteu, O. et al. 2017 reported about net survival rates for patients suffering 

from cutaneous melanoma of 64 % and 75 % for male and female patients, respectively, while squamous cell 

carcinoma patients had a survival rate of 86 % and 100 %. The cases were diagnosed between 2006 – 2010 

with a 5-year net survival rate. This statistic does not discriminate between cases with and without diagnosed 

tumor spreading. Kim, H.-Y. et al. 2017 found a by 17 % drastically decreased survival rate after tumor 

spreading, compared to 98 % survival without metastases. Weak cell-cell contacts favor the release of single 

cells into the blood stream and hence the possibility of adhering to distant tissue. This cell-characteristic 

behavior in combination with generally pH-independent phenotypes could lead to the aggressive formation 

of metastases of melanoma tumor cells like SK-MEL-28. Overall, SK-MEL-28 cells were not strongly inhibited 

or affected in their phenotypic behavior being exposed to differing extracellular pHe. The most pronounced 

effect was detected using the ECISTM technique, but as already mentioned, the results need to be interpreted 

cautiously due to the unsuitable cellular properties for the impedance-based detection on thin gold film 

electrodes. 

 

Investigation of the influence of differing pHe on adhesion processes  

The adhesion characteristics of mammalian cells are highly dependent on the cell line, on cell sizes 

determining the speed of the sedimentation process as well as on the velocity of the formation of the 

extracellular matrix (ECM) which the cells can adhere to. Fibronectin (FN) was used to accelerate cellular 

adhesion by coating the electrode with the large protein as FN contains multiple binding sites enabling the 

recognition and specific binding of integrins located in the cell membrane to FN and hence to the surface 

(Xiao, C. et al. 2003). Accelerated adhesion was also observed after re-using ECISTM arrays due to ECM 

residues from the cells previously having grown on top of the electrodes. As FN led to a reproducibly fast 

adhesion process, the FN coating was performed as a standard procedure to create constant conditions prior 

to each experiment. 

Whenever multicellular living organisms suffer from a solid tumor, adhesion can occur when single cells leave 

their tumor environment, circulate the bloodstream, and reach another tissue part. This normal scenario 

involves several changes in pH. The leaving of the initial tumor and the subsequent adhesion at the site of 

normal tissue is accompanied by an increase in pH due to the acidic environment of the tumor and a more 

physiological pH surrounding normal tissue. Riemann, A. et al. 2019 reported about increased adhesion of 

AT1 cells (rat prostate carcinoma) when first being primed in an acidic environment and afterwards, the 

adhesion at a normal pH was measured impedimetrically in comparison to the adhesion behavior of non-

cancerous NRK and MDCK cells. Nevertheless, this accelerated adherence was not uniform for all of the 

tested tumor cells. The effect of extracellular acidosis on already adherent cells led to significantly decreased 

adherence of tumor cells (Riemann, A. et al. 2019) what could also be observed within this thesis. The 



 

 

Monitoring of the pH-Dependency of Cellular Phenotypes 133 

adhesion protocol mimics the situation of individual cells circulating in the blood stream with the subsequent 

adhesion to distant tissue under a different pHe. Acidic environments represent the adhesion to a distant 

tumor tissue, what was strongly inhibited in NRK and SpiCa cell experiments as represented by 153 % and 

112 % higher AUC values. Apart from the observation of inhibited adhesion under acidic conditions, the effect 

under different extracellular pHe was not significant for the four tested cell lines.  

The recorded ECISTM-based adhesion profile after inoculation of SK-MEL-28 cells differs in comparison to the 

adhesion profiles of the other cell lines. The first sharp decrease in the capacitance signal was attributed to 

the sedimentation of the spherical SK-MEL-28 cells. Since the cell bodies are larger than in the case of the 

other cell types, sedimentation is a faster process. Following the sedimentation up to 1 h of recording, cells 

start to form integrin-mediated cell-substrate contacts due to cellular recognition of fibronectin being 

immobilized on the gold surface. The previously discussed presumably long distance between the basal 

membrane and the substrate surface in combination with the irregular shape of the cells could cause low 

values for α. In the time course of capacitance, a subsequent counter-intuitive re-increase in capacitance 

could be observed which can possibly explained by the cells minimizing the contact area to the substrate 

surface. This process could expand the basolateral space and consequently decrease the resistance for the 

electrical current to flow. In addition to the unconventional adhesion profile, the second decrease in the 

capacitance signal after 30 h can probably be associated with first proliferation events by the cells. In general, 

the total change of the capacitance during the entire time course was very small. 

In contrast to the temporarily increasing capacitance signals detected for SK-MEL-28 cells, NRK, A549 and 

SpiCa cells showed a continuous decrease in the normalized capacitance signal, since the initial adhesion and 

spreading, as well as the formation of cell-substrate and cell-cell contacts increased the electrical resistance 

more and more until a confluent monolayer was reached.  

 

Investigation of the influence of altering pHe on proliferation events  

Cellular alkalinization is reported to induce increased cell proliferation by stimulating the synthesis of 

proteins, DNA and RNA resulting in very dense and disorganized cell masses with weak vascularization 

(Madhus, I. et al. 1988; Koliakos, G. et al. 2008). The inverse pH gradient or inside-out pH gradient of solid 

tumors is generated by multiple ion transporters like NHE1, V-ATPases, monocarboxylate transporters, 

(bi)carbonate co(transporters) and many more which are located in the cell membrane. The Na+/H+ 

exchanger NHE1 replaces extracellular Na+ ions with intracellular H+ ions across the membrane in order to 

regulate pHi homeostasis, cell volume and cellular proliferation (Cardone, R. et al. 2005). Normally, NHE1 is 

activated when the pHi drops below a certain threshold level but is always switched on in tumor cells leading 

to increased intracellular pHi (Stock, C. et al. 2005) and consequently to increased cell cycle progression, to 
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substrate and serum-independent growth as well as to in vivo tumor growth (Hagag, N. et al. 1987; Reshkin, 

S. et al. 2000). The NHE1 exchanger therefore is only activated in normal cells when the intracellular pHi is 

lowered below a certain threshold to prevent further acidosis. This additional mechanism that non-cancerous 

cells can rely on, could be one piece of the puzzle of explaining why NRK cells (normal cells) are not as strongly 

affected in their proliferation under the influence of an acidic environment as cancer cell lines (a 27-% 

decrease in comparison to lower rates or reduced cellular responses by 46 %, 64 % and around 77 % obtained 

for A549, SK-MEL-28 and SpiCa cells, respectively). Furthermore, the acidic strength should be compensated 

by the alkaline extracellular environment produced by the cells themselves. In the case of cancer cells, the 

NHE1 antiporter is constantly activated and an already acidic extracellular environment is further decreased 

due to the addition of an acidic culture medium. This could cause an even faster dysregulation of the inverse 

pH gradient and thus an acidification of the normally alkaline pHi value which could explain the drastically 

decreased proliferation of A549, SK-MEL-28 and SpiCa cells. Following this train of thought, an extracellular 

alkalinization should be counteracted by the acidic cellular microenvironment of tumor cells. Nevertheless, 

the unnatural lack of H+ ions could cause an even more pronounced alkaline intracellular pHi in order to 

restore the normal, inverse pH gradient. As tumor cells are already used to alkaline pHi, the very similar 

proliferation rates after exposure to pHe of 7.2, 7.4 and 7.8 could be explained. In contrast to tumor cells, 

normal cells exhibit slightly acidic pHi and an increase in the extracellular pHe conditions of normal cells could 

result in an increase of the pHi, possibly causing the 103 % accelerated proliferation in the case of NRK cells. 

Maintaining alkaline pHi as it is done by tumor cells, seemed to work also for normal cells when they were 

forced to increase intracellular pHi levels following extracellular pHe changes due to the dependency of pHi 

and pHe.  

 

Investigation of the influence of altered pHe on migration behavior  

The investigations of the pH-dependent cellular migratory activity were performed using two techniques. On 

the one hand, the impedance-based ECISTM technique where cells were wounded by the application of 

electrical pulses and on the other hand, a scratch assay where cells were mechanically removed and cellular 

migration was microscopically observed. The electrically generated wounds were circularly shaped due to 

the geometry of the working electrode, displaying very defined borders with a high reproducibility. The 

scratch assay led to linear but differently sized wounds revealing uneven and fringed borders. Another 

difference was the cell-vacant state of the wounding area because following the scratch assay, the wound 

was cell-free, whereas cell body residues in parts remained on the gold surface after the electrical wounding. 

A live/dead staining performed by Stolwijk, J. et al. 2020 illustrated the remains of dead cells after electrical 

wounding. One could expect that the remaining parts of the cell bodies would lead to a reduction of the 

migration speed as the surrounding, vital cells need to move aside the cell residues. But contrary to these 
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expectations, the phenotypic activity was higher in almost all cases of the ECISTM-detected migration when 

compared to the optical observations for the same extracellular conditions.But it is important to keep in mind 

that AUC and migration rates were the basis for the calculation of the phenotypic activities. For a direct 

comparison, a closer look at direct migration velocities would have been necessary. 

As already discussed, the SK-MEL-28 melanoma cells were not the perfect cell model for the ECISTM 

investigation and the electrical wounding was also difficult, which is why the wounding was done already 7 h 

after cell inoculation. The presumably large distance between the electrode surface and the basal membrane 

could have prevented effective membrane permeabilization and hence cellular wounding. Moreover, the 

application of an electrical fence (an ECISTM feature), which should have prevented cellular adhesion on the 

working electrodes as well as barrier assays using PDMS spacers which equally should have kept the working 

electrode cell-free, did not function when SK-MEL-28 cells were used. Therefore, data which was collected 

with ECISTM will not be discussed in detail in the following. 

The tumor cell lines (A549, SK-MEL-28 and SpiCa) showed a collectively increasing cellular migration with 

elevated pHe up to 7.4 followed by a slight decrease in their migration rates at even higher pHe. In contrast, 

the normal cells (NRK) exhibited a strong pH-dependent wound healing behavior across the full investigated 

pHe range from 6.4 to 7.8 in the form of increasing migration rates and increasing phenotypic activity from 

(0.4 ± 0.1) (Optical) / (0.8 ± 0.2)* (ECISTM) to (1.5 ± 0.3) (Optical) / (1.1 ± 0.1)* (ECISTM) under decreasing 

extracellular proton concentration (see Tab. 5.11). As previously mentioned, the NHE1 antiporter plays a 

crucial role with respect to pH-dependent cellular responses. Stüwe, L. et al. 2007 could show that 

NHE1-deficient cells or wild type human melanoma cells (MV3) in which the NHE1 was blocked, were not 

able to respond to altered extracellular pHe highlighting the importance of the ion exchanger and its effects 

on adhesion, migration and cellular morphology. The wild type human melanoma cell line MV3 was reported 

to show maximal migratory speed at a pHe of 7.0 and seemed to branch out the most in a pHe range from 6.6 

to 6.8 (Stüwe, L. et al. 2007). Stock, C. et al. 2005 reported about a pH-dependent strength of the integrin-

matrix interaction being the strongest between pHe 6.6 to 6.8 which is discussed to hinder the release of 

focal contacts. Migration-polarized cells are moreover reported to generate differences in the proton 

concentrations on their membrane surface. This pH gradient across the entire cell membrane emerges due 

to a lower pHe near the leading edge of the cell and a higher pH close to the rear end. Thus, the pH decreases 

in the direction of the movement (Stock, C. et al. 2007). This gradient is reported to disappear below a pHe 

of 6.0 and remains intact up to alkaline pHe of 7.3 – 7.5. It is commonly known and was also shown within 

this thesis, that extracellular acidification introduces intracellular acidosis. The combination of firmly 

attached cells with strong cell-matrix contacts, the loss of pH gradients over their cell membrane along the 

movement direction and rising intracellular acidosis with increasing proton concentrations could cause the 

inhibition of migratory events of mammalian cells. The experiments conducted within this thesis made it 

difficult to clearly distinguish between normal and cancer cells due to heterogenic responses of the tumor 
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cell lines. Nevertheless, the degree of inhibition of cell migration under exposure of an acidic environment 

was strongly dependent on the cell line. The most pronounced inhibitory effect of an acidic environment was 

observable using SpiCa cells which gave the weakest phenotypic activity of (0.31 ± 0.06) (Optical) / 

(0.6 ± 0.3) (ECISTM) in comparison to (0.5 ± 0.2) (Optical) / (1.0 ± 0.3) (ECISTM) and (0.6 ± 0.2) (Optical) / 

(0.76 ± 0.06)* (ECISTM) revealed by SK-MEL-28 and A549 cells, respectively, (see Tab. 5.11).  

An alkalinization of the extracellular environment and hence an intracellular rise in pHi leads to an increased 

expression and activation of several proteins inside the cell. Alkaline pHi values are reported to promote the 

activation of e.g. ADF/cofilin and gelsolin proteins, regulating the actin polymerization at the cell periphery 

and consequently the membrane protrusion (Maciver, S. K. et al. 1998; Bernstein, B. W. et al. 2000). The 

enhanced actin polymerization could be one possible explanation for the high migratory activity of NRK cells 

being exposed to an alkaline environment since this cell type normally exhibits a slightly acidic intracellular 

milieu. On the contrary, tumor cells are naturally used to a permanently activated NHE1; if their equilibrium 

is imbalanced due the influence of alkaline environments, NHE1 activity decreases and could slow down 

adhesion and migration as only a distinct equilibrium and appropriate environment allows the interactions 

of integrins and ECM (Stock, C. et al. 2006). 

All in all, a direct comparison of the collected data with results discussed in literature is quite complicated 

due to different assay formats, substrates for cell adhesion, buffer compositions, measurement techniques 

as well as data acquisition and evaluation since the cellular response is very sensitive and susceptible to 

experimental conditions.  

 

Investigation of the influence of altered pHe on cellular micromotion  

A directed cellular movement is a very complex process depending on a coordinated activity of the 

cytoskeleton, the membrane and adhesion events. Directed cellular movement can be divided into four 

steps: (i) forward-directed movement of the membrane (protrusion), (ii) adhesion to generate movement 

along the substrate, (iii) movement of nucleus and cell body (traction) and (iv) de-adhesion and tail retraction 

at the rear end of the moving cell (Mitchison, T. J. et al. 1996). In a confluent cell monolayer without cell-free 

areas, cells can’t move laterally but they are still moving in place. In 1984, Giaever and Keese noticed 

fluctuations in the impedance signal which could be significantly reduced by the addition of cytochalasin B, 

which causes cell immobilization due to interference with the polymerization of actin filaments (Giaever, I. 

et al. 1984). They attributed these irregular fluctuations with the movement of viable cells in a confluent 

monolayer. As already discussed, changing extracellular pHe can lead to altered intracellular pHi levels 

influencing protein activation and expression which is also important for polymerization and 

depolymerization of the actin cytoskeleton. There are many more factors affecting cellular micromotions. 
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The detections of pH-dependent cellular micromotions were expected to confirm that cellular micromotion 

decreases or increases with rising or falling proton concentrations. However, the results within their error 

margins did not unveil clear pH-dependencies with the exception of the SpiCa cell results. Their cellular 

micromotion revealed reliable results even under consideration of the respective errors. The cells being 

exposed to a pHe of 7.4 showed the highest phenotypic activity in the micromotion experiments of (1.0 ± 0.1) 

which decreased under more alkaline conditions to (0.9 ± 0.1) and under extracellular acidification to as little 

as (0.05 ± 0.06) (pHe 6.4) (see Tab. 5.11). This characteristic pH-dependency was also observed in the ECISTM-

based proliferation investigations and confirmed by all migration examinations with SpiCa cells. 

Cellular motility speed is reported to range between 8 µm·h-1 and 40 µm·h-1 for single cells adherent on planar 

substrates, depending on cell type, substrate surface and buffer composition (Bryce, N. S. et al. 2005; Park, 

S. et al. 2005). Taking into account that micromotion measurements offer a time resolution of five samples 

per second, one cell could theoretically have moved a distance of 0.4 nm – 2 nm in between two recordings, 

but cellular movement within a confluent monolayer is considered to be drastically decreased as was 

discussed previously. The resulting fluctuations in the impedance signal of a confluent monolayer are merely 

caused by the cellular motion in place and can be quantified by the micromotion experiments. However, the 

pH environment-induced changes in cellular micromotions were not pronounced enough compared with 

natural fluctuations in the cell signal. More drastic changes of the cell-specific impedance signal due to 

irreversible cell damage under the influence of toxins yielded more reliable results.  

 

Investigation of the influence of altering pHe on the respiratory activity of cell monolayers and 3D tissue 

Respiration is an indispensable process for aerobic organisms to produce energy to be stored in form of 

adenosine triphosphate (ATP). There are two basic metabolic pathways: (i) aerobic respiration via glycolysis, 

oxidative decarboxylation of pyruvate, the generation of reduction equivalents NADH/H+ in the tricarboxylic 

acid cycle (citric acid cycle) and eventually the reduction of O2 in the oxidative phosphorylation (OXPHOS), 

altogether converting one initial sugar molecule in a series of reactions into 32 ATP molecules and (ii) 

anaerobic glycolysis converting glucose in the cytosol in a series of reactions to pyruvate and later to lactate 

to generate two ATP molecules. Normal cells revert to the anaerobic glycolysis only under hypoxic conditions, 

whereas cancer cells generally shift their respiration towards an increased lactate production even at 

normoxic oxygen levels, which is called the Warburg effect or aerobic glycolysis (Kim, J. et al. 2006; Liberti, 

M. V. et al. 2016).  

The investigations of pH-dependent respiratory activities revealed quite similar results for all four tested cell 

lines. A generally increased respiration rate with rising pHe values was observed. The fastest oxygen 

consumption rate was detected for NRK cells exposed to alkaline conditions provoking a 34 % enhanced 
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respiration compared to physiological consumption rates. A549, SK-MEL-28 and SpiCa cells also showed 

elevated oxygen consumption rates with phenotypic activites of (1.5 ± 0.8), (1.1 ± 0.3) and (1.3 ± 0.4), 

respectively, when compared to respiration rates at a physiological pHe of 7.4, while in parts, corresponding 

errors indicate heterogeneous cell responses. An extracellular acidosis caused a slight inhibition or slowed 

down cellular respiration as indicated by shrinking phenotypic activities of (0.7 ± 0.1), (0.9 ± 0.2), (0.7 ± 0.3) 

and (0.89 ± 0.02) for A549, SK-MEL-28, SpiCa and NRK cells, respectively, (see Tab. 5.11). 

The investigations carried out with three-dimensional tissue models yielded two important results: (i) the 

detection of the respiratory activity is strongly dependent on the attachment time prior to the experiment 

and (ii) the examined pH-dependency in general was observed to be quite similar to the one of cell 

monolayers with the exception of emerging oxygen gradients beneath the spheroids. Longer attachment 

times allow for single cells to escape the spherical cell conglomerate and adhere to the substrate surface. 

This phenomenon permits the outgrowing of cells from the outer shell to create a radially growing cell 

monolayer around the spheroid. Stronger adhesion and monolayer formation restrict the free diffusion of 

dissolved oxygen into the subcellular compartment between the sensor foil surface and the basolateral 

membrane, leading to a more complete oxygen depletion with time. The emerging characteristic profiles 

have already been discussed in chapter 4.5. Since the cellular metabolism is strongly dependent on its 

environment, it is not surprising that cells grown either in a monolayer or as a spherical tissue, react similar 

to certain extracellular stimuli, e.g. altered pHe. In contrast to cell monolayers, an acidic pHe caused 

respiratory inhibition of the cells in the outer shell of the spheroid due to the direct contact with the 

supernatant medium which led to even worse conditions for the cells located towards the core of the 

spheroid. As nutrient and oxygen supply decreases from the outer layer to the center, this vital supply is even 

more restricted when cells located in the periphery are affected by e.g. altered pHe. This process was 

observed due to characteristic and more pronounced oxygen concentration profiles for spheroids being 

exposed to alkaline conditions, while spheroids under the influence of acidic environments were not able to 

consume the dissolved oxygen as completely as the ones in contact with physiological or alkaline pHe levels.  

There are several possible mechanisms discussed in literature that could cause the adaption of the cellular 

oxygen respiration to changing extracellular and hence intracellular pHi conditions. Wan, J. et al. 2019 

determined the maximal respiration rates, hyperpolarization of the mitochondrial membrane, increased 

production of reactive oxygen species and ultimately cellular apoptosis of cells exposed to certain stress 

conditions. Rajpurohit, R. et al. 2002 investigated pH-dependencies of bovine nucleus pulposus cells and 

found falling glycolysis rates in the presence of low oxygen and glucose concentrations and at low pH 

conditions. Follow-up studies revealed oxygen consumption rates of only 32 % at a pHe of 6.2 compared to 

those at 7.4 due to a rising glycolytic rate under increasing pH (Bibby, S. R. et al. 2005). Nevertheless, other 

studies observed increasing lactate and ATP production following an extracellular acidification of SK-MEL-28 

cells, indicating equally an enhanced glycolysis as well as OXPHOS. This hyperactive hybrid metabolism is 
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usually linked to senescent cells, however, the higher mitochondrial membrane potential normally seen in 

senescent cells was not observed (Noguchi, F. et al. 2017). The respiratory sensitivity seems to be strongly 

dependent on the cell line since Ippolito, J. E. et al. 2016 could show slightly different responses to altered 

pH using neuroendocrine prostate cancer cells (PNEC). The PNEC cells were observed to show increased 

glycolysis and lactate production with increasing pHe while at the same time, the OCR remained 

approximately constant. Thus, the energy was primarily derived from OXPHOS at lower pHe and from 

glycolysis with subsequent lactate production at higher pHe values. Schwerdt, G. et al. 2003 reported about 

a substantially increased amount of lactate from 2.1 µmol/mg protein at a pHe of 6.6 to 29.2 µmol/mg protein 

at a pHe of 7.6. The extracellular alkalinization consequently led to accelerated lactate formation as a 

counterbalancing mechanism in order to restore an acidic extracellular microenvironment and hence the 

inverse pH gradient over the cell membrane as normally revealed by cancer cells. This could be a possible 

explanation for the slightly enhanced respiratory activity detected for all four cell lines in this thesis. 

Interestingly, according to mitochondrial stainings performed by Ippolito, J. E. et al. 2016, mitochondria at 

pH 6.5 were diffusely distributed in contrast to mitochondria aggregation at pH 8.5 while the oxygen 

consumption rate was constant. In addition to pH-dependent morphological changes and unwavering OCR, 

extracellular acidification seemed to cause a shift of the cellular metabolism to OXPHOS while under alkaline 

extracellular conditions, the cells could derive their energy from OXPHOS and glycolysis alike and an 

enhanced mitochondrial potential was observed.  

 

Investigation of the influence of different pHe on the intracellular pHi  

There was one main goal to be achieved in this chapter: the detection of the intracellular pHi after changes 

in the extracellular environment. The data for the detection of the intracellular pHi in correlation to the 

extracellularly adjusted pHe allows for the validation of the pH gradient over the cellular membrane, although 

it is important to keep in mind that the extracellularly adjusted pHe is not necessarily equal to the pH in the 

microenvironment of the cells. Fig. 5.23 shows the difference between the extracellular pHe and the detected 

intracellular pHi (∆ pH = pHi - pHe), indicating a pH-gradient between the intracellular conditions and the 

extracellular pH-adjusted environment. NRK cells seemed to reveal slightly more acidic intracellular pHi 

values in a pHe range between 7.2 and 7.8, compared to the three cancer cell lines. The cancerous cells 

appeared to adjust their intracellular conditions a little more in the alkaline direction compared to the 

adjusted extracellular pHe environment. The pH gradient, meaning the difference between pHi and pHe, as 

exhibited by NRK cells, decreased from (0.70 ± 0.01) over (0.51 ± 0.01) to (0.07 ± 4∙10-4) with increasing pHe 

from 5.5 over 6.4 to 7.8. SK-MEL-28 and SpiCa cells, in contrast, revealed increasing pH gradients from 

(0.38 ± 6∙10-4) to (0.8 ± 0.03) and from (0.5 ± 0.01) to (0.64 ± 0.01), respectively, with rising pHe from 5.5 to 

6.4, which decreased at a pHe of 8 to final pH differences of around 0.1 and 0.09. A549 cells exhibited an 
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increasing pH gradient between a pHe of 5.5 to 7.2 from around 0.4 to 0.6 with a subsquent decrease to a pH 

difference of 0.3. Within this thesis, A549 cells revealed a pHi of 7.89 ± 0.01 after incubation with L-15 

medium adjusted to a pHe of 7.4, which is in agreement with Tanaka, N. et al. 2019.  

 

Despite these details in the pH differences, pHi values generally increased with rising pHe. Stüwe, L. et al. 

2007 reported about similar observations, albeit performed with a different cell line: modified human 

melanoma cells MV3. In the publication, intracellular pHi, detected via the use of BCECF, was demonstrated 

not to differ from the extracellular pHe after 3 h of incubation and adaption time in an NHE1-deficient 

population, highlighting the crucial importance of NHE1 and the proton carrier ability. Within this thesis, the 

cells were incubated for 10 – 15 min with the respective pH-adjusted L-15 medium before the intracellular 

pHi was measured. Longer incubation times could possibly lead to a further equilibration of the pH levels in 

the intra- and extracellular compartments.   

Fig. 5.23 pH gradient depicted as the pH difference between the detected intracellular pHi and the pH-adjusted 
environment (∆ pH = pHi - pHe) (compare Fig. 5.20, Tab. 5.10). The higher the pH difference, the more alkaline the pH i 
was compared to the pHe. Experiments were performed in three individual measurements, each in quadruplicate (Mean 
± SEM, n = 3 (12)) at 37 °C and 0 % CO2 with L-15 adjusted to different pHe values and the pHi was determined using the 
pH-sensitive dye BCECF. 
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5.8 OUTLOOK  
 

The dysregulation of pH, differing between normal and cancer cells, is a well-known and quite familiar 

phenomenon (White, K. A. et al. 2017). Nevertheless, the pH-dependent behavior is not excessively discussed 

in literature. A more extensive characterization of the pH-dependency of cellular phenotypes could offer a 

more specifically targeted and sophisticated treatment of individual cancers. In combination with the 

knowledge of the working principles of important ion carries and transport systems, as well as pH-sensing 

units within the cells causing expression of special proteins and signaling molecules, it could possibly improve 

the understanding of characteristic cancer behavior.  

The performed assays yielded an, on average, cell line-specific pH-dependency over the variety of assays. But 

it is important to acknowledge that not every cell line was perfectly suited for every assay. SK-MEL-28 cells 

turned out to be rather unsuited for ECISTM-based investigations. Since there are studies indicating better cell 

adhesion to gelatin or collagen pre-coated surfaces, a surface treatment with these molecules could possibly 

enhance the impedimetric readout of SK-MEL-28 cells (Patel, D. et al. 2016; Xia, Y. et al. 2019). Cell-cell 

contacts are furthermore highly important for the building of spherical tissue models. The pH-dependent 

respiratory activity seemed to depend on cell packing density and tissue integrity. Supplementary 

investigations with respect to the strength of the cell-cell contacts to the overall structure of the spheroid 

could help to clarify the relation between metastatic activity (cells leaving the original tumor) and the 

formation of different biological zones within the spheroid.  

The already discussed pH-dependent release of cytochrome c into the cytoplasm is discussed in literature to 

introduce apoptosis due to the activation of different caspases leading to the orchestration of biochemically 

induced cell death (Green, D. R. et al. 1998; Zou, H. et al. 1999). It is also reported that the initiation of 

apoptosis is accompanied by a more pronounced OXPHOS activity (Sergeeva, T. F. et al. 2017). The described 

protocol within this thesis for the investigation of the pH-dependent respiratory activity would be a reliable 

measurement setup for the examination to what extent a further increased pHe would cause even more 

pronounced oxygen consumption rates, before a certain threshold is crossed and the alkaline pHe causes 

drastically decreased OCRs due to induced apoptosis and consequently cell death. 

For further and more detailed sensing of different pH gradients a closer look at the pH in the direct 

microenvironment of the cells is necessary. For these experiments, the planar pH-sensitive sensor foils, also 

produced by PreSens GmbH, could offer a great potential and a wide application range for investigations of 

pH changes in the microenvironment of living cells. All in all, as fundamental and essential as pH values are, 

in the field of pH sensing in cancerous tissues as well as pH-dependent cellular responses and metabolic 

reactions, many mechanisms are still unknown and need to be further investigated as reproducible pH 

sensing could be promising for the development of pH-targeted treatment and therapy strategies.   
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 CYTOTOXICITY STUDY WITH BISPHENOL A 

6.1 INFLUENCE ON THE RESPIRATORY ACTIVITY  
 

The investigation of the cytotoxic effect of Bisphenol A (BPA) on the respiration of adherent NRK cells was 

performed using oxygen-sensitive sensor foils and sensor spots with the VisiSens TD and the SDR® reader, 

respectively. In both cases, NRK cells were grown to confluence on the respective substrate. The culture 

medium had been exchanged 24 h after cell seeding and after 48 h, the cells were incubated with different 

concentrations of BPA and the respiratory activity was observed along the BPA exposure. 

 

6.1.1 IMAGE-BASED SENSING OF OXYGEN CONSUMPTION OF CELLS ON TOP OF THE SENSOR FOIL 
 

The changes of the partial oxygen pressure (pO2) were recorded for 21 h. The fluorescence intensity ratio of 

the oxygen-sensitive dye and the reference dye were translated into the respective partial oxygen pressure 

via a calibration of the sensor foil after the measurements and were plotted as a function of time. As the 

oxygen partial pressure exhibits a strong temperature dependence and the system inevitably cooled down 

during the preparation process before the measurement, the starting temperature was lower than 37 °C 

resulting in the first peak at 1 h in all measured time courses depicted in Fig. 6.1 A.  

 

 

Fig. 6.1 (A) Decrease of the partial oxygen pressure underneath confluent NRK cells as a function of time under the 
influence of different Bisphenol A (BPA) concentrations detected with the VisiSens TD via oxygen-sensitive sensor foils. 
For control conditions, L-15 medium was supplemented with 0.5 % (v/v) ethanol which was equal to the solvent amount 
of the most concentrated BPA solution (200 µM). (B) Phase contrast images taken after the measurement. Scale bar 
depicts 100 µm. All measurements were performed in triplicate at 37 °C and 0 % CO2. 
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Thereafter, a decrease in pO2 could be observed due to the oxygen consumption of the cells. As control 

experiment, cells were treated with L-15 supplemented with 0.5 % (v/v) ethanol - the solvent of BPA and the 

concentration corresponds to the amount of solvent in the most concentrated BPA solution (200 µM) - to 

keep conditions constant and to be able to rule out influences of the solvent. The oxygen consumption 

decreased with increasing BPA concentration, except for the cells treated with the control solution resulting 

in (10 ± 5) torr after 21 h. The cells incubated with 30 µM and 60 µM of BPA were able to consume the 

available oxygen completely within 20 h, which was apparent from the drop of pO2 to around 0 torr (see 

Fig. 6.1 A). Further increasing the BPA content led to correspondingly augmented partial oxygen pressures 

after the measurement. The treatment with 80 µM resulted in a remaining (50 ± 15) torr of the partial oxygen 

pressure and a pO2 of around 57 torr and 125 torr was detected for 100 µM and 200 µM of BPA. Microscopic 

images of the cell monolayers after the experiment confirmed the results. The cells in contact to an 

extracellular BPA concentration of 30 µM and 100 µM still showed characteristic cobblestone morphology 

and exhibited a complete and adherent cell monolayer. Cells incubated with 200 µM BPA in contrast, 

displayed an altered morphology. At this concentration, the cells had the appearance of fixated and dried 

cell samples (Fig. 6.1 B). 

A linear regression of the time courses between 1 h and 4 h yielded the apparent oxygen consumption rate 

(AOCR). The AOCR was then converted into the oxygen consumption rate to be able to compare results with 

the VisiSens TD and the SDR® system (compare chapter 3.4.5). The AOCR of (8.3 ± 0.1) torr·h-1 yielded by the 

control experiments was exceeded by around 9 % and 3 % for the cells treated with 30 µM and 60 µM of 

BPA, respectively. As previously described, further increasing BPA concentrations led to decreasing oxygen 

consumption by the cells. In the presence of an extracellular concentration of 80 µM and 100 µM, the AOCR 

values were quite similar at (7.0 ± 0.6) torr·h-1 and (7.1 ± 0.4) torr·h-1, respectively. The highest concentration 

of BPA provoked the biggest change in the AOCR resulting in a small consumption rate of (0.6 ± 0.3) torr·h-1. 

All calculated AOCRs and the corresponding OCRs are listed in Tab. 6.1. 

Tab. 6.1 Summary of the calculated apparent oxygen consumption rates (AOCR) under BPA influence as well as the 
corresponding oxygen consumption rates (OCR). Values in brackets are depicted for the sake of completeness since the 
the calculation of OCRs was difficult if oxygen depletion was not complete (see chapter 3.4.5). Experiments were 
performed at 37 °C and 0 % CO2. Mean ± SEM, n = 3, see Fig. 6.1. 

 

 

c (BPA) / µM AOCR ± SEM / torr·h-1 OCR ± SEM / amol·s-1·cell-1 

Control (0.5 % (v/v) EtOH) 8.3 ± 0.1 (13.1 ± 0.2) 

30 9.1 ± 0.5 14.2 ± 0.9 

60 8.6 ± 0.7 14 ± 1 

80 7.0 ± 0.6 (11 ± 1) 

100 7.1 ± 0.9 (11 ± 2) 

200 0.6 ± 0.3 (1.0 ± 0.5) 
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The calculated AOCR values were plotted against the respective BPA concentration, allowing to fit the data 

points with a 4-parameter logistic fit function. The dose-response curve revealed an EC50 value of 

(159 ± 235) µM. The half maximal effective concentration (EC50) describes the concentration of a toxin where 

50 % of the maximum toxicity can be observed.  

 

6.1.2 SENSING OF OXYGEN CONSUMPTION OF CELLS IN PROXIMITY TO THE SENSOR SPOT 
 

The SensorDish Reader® (SDR®) was used as complementary technique for the monitoring of cytotoxic effects 

of BPA on adherent cells. In contrast to the measurements with the VisiSens TD, the decay time of the 

fluorescence lifetime of oxygen-sensitives dyes was used to examine the cellular respiratory activity in the 

presence of extracellular BPA. The cells were seeded to confluence in 24-well plates and grew around the 

sensor spot which was immobilized in the center of the wells. After the standard pre-experiment protocol 

several BPA concentrations were added, the air saturation was measured and afterwards plotted as a 

function of time. Fig. 6.2 shows the time courses of the air saturation.  

 

After an initial sharp drop of the air saturation due to temperature effects, a strict concentration dependency 

could be observed. The initially low air saturation values occurred (i) due to the ongoing respiration of the 

cells which had been seeded 48 h prior to the experiment and (ii) because of the time which was needed for 

the preparation of the experiment during which the cells already consumed part of the available oxygen. The 

Fig. 6.2 SensorDish Reader® experiments: (A) Time-dependent changes in the air saturation being influenced by the 
respiratory activity of adherent NRK cells exposed to varying BPA concentrations. Measurements were performed 
within open systems in 24-well plates. For control conditions, L-15 medium was supplemented with 0.5 % (v/v) ethanol 
which was equal to the solvent amount of the most concentrated BPA solution (200 µM). Areas highlighted in grey 
indicate time intervals where air saturation values were averaged for further data evaluation. (B) Phase contrast 
images taken after the experiment. The experiments were performed at 37 °C and 0 % CO2. 
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control cells incubated with L-15 medium (+ 0.5 % (v/v) EtOH) and the cells under the influence of 30 µM BPA 

steadily respirated the available oxygen until they reached a minimal air saturation of around 63 % to 65 % 

after 15 h. Concentrations of 60 µM, 80 µM and 100 µM led to a small initial increase in the air saturation 

before they reached nearly constant values of 73 % and 76 % for 80 µM and 100 µM, respectively. The cells 

exposed to 60 µM BPA consumed the oxygen, after a previous increase, to a minimum value of 65 % after 

20 h of recording time. The most concentrated solution of 200 µM provoked a decrease in the air saturation 

to 66 % after 6.5 h, followed by a saturation curve increase resulting in 91.3 % air saturation after the 

measurement (Fig. 6.2 A). Phase contrast images taken after the experiment show the morphology of the 

cells after the treatment as well as the state of the cell monolayer (Fig. 6.2 B). In the upper left corner, a part 

of the sensor spot can be seen. The morphology of the cells treated with 200 µM BPA changed the most as 

the cells lost their monolayer integrity and looked similar to the one observed after the experiments with the 

VisiSens TD as described in chapter 6.1.1. 

 

The main difference between the oxygen-sensitive sensor foils and sensor spots was not only the underlying 

measurement technique, but the sensor foils were only applied within closed systems while the sensor spots 

were used in open 24-well plates. Instead of calculating the slope of the time courses, averaged air saturation 

values were determined at two different time points. The first time interval was chosen due to the first 

steady-state moment under the exposition of 80 µM, 100 µM and 200 µM BPA between 6.5 h and 9 h. The 

highest concentration first led to a decrease of the air saturation before 6.5 h, caused by the respiration of 

the cells, with a subsequent and significant increase after 9 h resulting in 90 % air saturation after 45 h. 

Evaluating the air saturation values within this first 2.5-h interval by determining the average with a 

subsequent conversion into OCR values, offered the possibility of a direct comparison with the VisiSens TD 

experiments. The data conversion was done with the help of the Mamchaoui equation (see chapter 3.4.5). 

The control cells yielded an OCR of (16.9 ± 0.1) amol·s-1·cell-1 (VisiSens TD: (13.1 ± 0.2) amol·s-1·cell-1) which 

was used as a reference. The lowest BPA concentration of 30 µM displayed a slight increase to 

(17.4 ± 0.2) amol·s-1·cell-1. The oxygen consumption rates decreased to around (12.5 ± 0.1) amol·s-1·cell-1 for 

the highest concentration of 200 µM BPA. A dose-response curve of the values yielded an EC50 value of 

(76 ± 5) µM BPA. 

Considering that the cells were growing not on top of but next to the sensor spot, which causes delayed 

changes of oxygen conditions due to diffusion processes, and that additional diffusion processes take place 

at the liquid-gas interface because of the open measurement setup, a second time interval was chosen at 

the end of the experiments. Prerequisites for the second interval were constant long-term signal values, 

indicating a state of equilibrium had been reached between 40.5 h and 43 h. The control wells as well as the 

two lowest BPA concentrations showed nearly similar values of 15.8, 16.6 and 16.2 amol·s-1·cell-1, 
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corresponding to a difference of only 5 %. At a concentration of 80 µM, one cell consumed (14.8 ± 0.1) amol 

of oxygen per second, decreasing to (13.8 ± 0.1) amol per cell and second under an extracellular 

concentration of 100 µM BPA. 200 µM BPA led to an oxygen consumption rate of only 36 % meaning 

(5.66 ± 0.03) amol·s-1·cell-1. Plotting these values as a function of concentration and fitting via a 4-parameter 

logistic fit function yielded an EC50 value of (149 ± 64) µM BPA. Tab. 6.2 lists the averaged air saturation values 

as well as all calculated OCRs for both time intervals.  

Tab. 6.2 Summary of the averaged air saturation values obtained by the investigation of the respiratory activity of 
confluent NRK cells being exposed to different concentrations of BPA (see Fig. 6.2). Air saturation values were converted 
into the corresponding oxygen consumption rates (OCR) according to the Mamchaoui equation (compare chapter 3.4.5). 
Experiments were performed at 37 °C and 0 % CO2. Mean ± SEM, n = 4. 

CBPA / µM 
Mean Air saturation ± SEM 

/ % 

OCR ± SEM / 

amol·s-1·cell-1 

Mean Air saturation ± SEM 
/ % 

OCR ± SEM / 

amol·s-1·cell-1 

 6.5 h – 9 h 40.5 h – 43 h 

Control (0.5 % (v/v) 
EtOH) 

66.2 ± 0.6 16.9 ± 0.1 68.5 ± 0.4 15.8 ± 0.1 

30 64.9 ± 0.6 17.4 ± 0.2 66.8 ± 0.4 16.6 ± 0.1 

60 68.8 ± 0.5 15.7 ± 0.1 67.6 ± 0.4 16.2 ± 0.1 

80 71.4 ± 0.5 14.5 ± 0.1 70.8 ± 0.4 14.8 ± 0.1 

100 73.2 ± 0.4 13.7 ± 0.1 72.9 ± 0.4 13.8 ± 0.1 

200 75.9 ± 0.6 12.5 ± 0.1 91.3 ± 0.5 5.66 ± 0.03 
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6.2 DISCUSSION  
 

At first glance, the results which were obtained with the ratiometric technique and the SDR® system were 

quite similar. The slightly lower consumption rates detected by the VisiSens TD could be due to the direct 

attachment of the cells on top of the sensor foil and the fact that the measurement was performed in a closed 

system with a limited supply of oxygen. As discussed previously, cells are able to adapt their metabolism to 

different levels of oxygen supply and, as in the case of the VisiSens TD measurement, no oxygen ingress from 

the ambient air was possible, the cells might have actively reduced their oxygen consumption. In contrast to 

the VisiSens TD measurement, the SDR® setup is an open-system approach where a constant oxygen ingress 

from the gas phase into the supernatant medium can occur. This in turn means that the cells at any time 

have access to more oxygen than the cells in the VisiSens TD setup and can therefore consume higher 

amounts of oxygen which would explain the higher OCR values. 

Moreover, lower consumption rates of the control cells compared to 30 µM BPA were noticeable. In the 

control experiment, L-15 medium was supplemented with 0.5 % (v/v) ethanol in order to keep the amount 

of the solvent identical to the highest BPA concentration, meaning the amount of ethanol decreased with 

decreasing concentrations of BPA. Consequently, L-15 medium prepared for control experiments contained 

160 mM ethanol, similar to the 200 µM BPA solution, which corresponds to an almost sevenfold higher 

ethanol content compared to the 30 µM BPA solution. Ethanol is known to alter biophysical properties of 

biomembranes and proteins and affects many biochemical processes in living cells (Cui, S.-J. et al. 1997). 

Studies about the effect of ethanol on different cell lines (human lymphocytes, gastric mucosa cells and colon 

mucosa cells) showed a slightly decreased cell viability at low concentrations between 60 mM and 120 mM 

ethanol, which was determined via the trypan blue exclusion method (Blasiak, J. et al. 2000). Even a 10 – 20 % 

reduction of the cell number in the presence of an ethanol concentration of around 20 mM was reported in 

the case of PC12 cells (Pantazis, N. et al. 1992). A second possible explanation for higher OCR values at low 

BPA concentrations in comparison to the control cells could be a phenomenon called hormesis. Hormesis is 

an adaptive response to low concentrations of toxins leading to an enhanced metabolism. It is a modest over-

compensation due to the disruption of homeostasis with a subsequent adaptive reestablishment until a state 

of equilibrium is reached again (Calabrese, E. J. et al. 2002). Either the influence of ethanol or the 

phenomenon of hormesis could have led to lower OCRs of the control cells and to the higher oxygen 

consumption under the influence of 30 µM BPA.  

Significant differences exist when the lowest and the highest concentration of BPA are compared. The 

200 µM BPA solution caused cell death in both assay types. The pO2 levels, determined via the image-based 

system, revealed nearly constant signals at 125 torr. The measurements performed with the SDR® initially 

showed a strong respiratory activity, but subsequently steeply increasing oxygen levels up to 92 % air 
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saturation. Such high oxygen concentrations allowed to conclude that no further respiration took place due 

to induced cell death.  

The resulting EC50 values of (159 ± 235) µM (VisiSens TD) and (76 ± 5) µM or (149 ± 64) µM (SDR® 

measurement at different time points) for BPA are listed in Fig. 6.3 B with the respective dose response 

curves shown in Fig. 6.3 A. The SDR® examinations revealed two different EC50 values, depending on the 

incubation time. Short-term investigations of up to 9 h exhibited an EC50 value of around 76 µM to achieve 

the half-maximal toxic effect while 73 µM of additional BPA content was needed to cause sufficient damage 

to the cells during long-term measurements of up to 43 h. Literature reports about a variety of EC50 values 

which depend on the target cell line, the incubation time as well as the detection method. EC50 values range 

from nanomolar concentrations e.g. 410 nM during the proliferation of MCF-7 cells (Stroheker, T. et al. 2004) 

to around 2.5 mM for CHO cells (Stiefel, F. et al. 2016). Alexander, H. C. et al. 1988 found EC50 values of 

10 mg·L-1 (44 µM) and 1 mg·L-1 (4.4 µM) for Daphnia magna (water flea) and algae, respectively. Mørck, T. J. 

et al. 2010 reported about values between 100 µM – 125 µM after a 24-h incubation time with BPA, 

examined with BeWo cells (human choriocarcinoma cell line) using the alamarBlueTM cell viability assay. The 

resulting EC50 values of (159 ± 235) µM and (149 ± 64) µM BPA from this thesis concur quite well with the 

ones reported in literature.  

 

 
Fig. 6.3 Calculated oxygen consumption rates (OCR) plotted in the form of dose-response curves. (A) Dose-response 
curves for the two chosen time intervals of the SDR® reader and for the VisiSens TD measurement, each fitted with a 
4-parameter logistic fit. (B) Summarized parameters extracted from the logistic fit and the resulting EC50 values (x0) 
measured with the VisiSens TD or the SDR® reader. 
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6.3 OUTLOOK  
 

The toxic effect of BPA is still a highly discussed topic since it is still allowed to use the compound in selected 

products under differing statutory provisions around the world. The studies within this thesis showed a 

toxicity on normal rat kidney cells which is not to be neglected. However, the performed studies could be 

further refined with respect to the following aspects: (i) constant concentrations of ethanol in the different 

BPA concentrations to be able to rule out effects of changing ethanol concentrations on the cells, (ii) the 

application of additional concentrations between 100 µM and 200 µM BPA in order to be able to determine 

the EC50 value more precisely, (iii) performing described assays using human cell lines derived from the liver 

or digestive tract and (iv) replacement of PS Lab-TekTM chambers with buffer reservoirs made of glass to avoid 

unspecific plastic binding of BPA in order to ensure constant BPA concentrations for the cells. Nevertheless, 

the performed studies in combination with ECISTM-based investigations (performed by Maria Zinkl and Saphia 

Azzam) allowed for an estimation of the toxicity of BPA in a very reliable manner.  
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 PROFILING THE BIOLOGICAL IMPACT OF GLYPHOSATE ON ANIMAL 

CELLS 

7.1 ACUTE TOXICITY OF GLYPHOSATE 
 

The examination of the acute toxicity of glyphosate in the form of the pure substance and as part of a 

commercial formulation were performed using three different techniques. Firstly, the influence of glyphosate 

solutions on the cell viability was tested via PrestoBlueTM assays. These glyphosate solutions were tested 

either with previous adjustment to a physiological pH of 7.4 or were used as untreated solution with pH 

values of 2.4 and 5.8 for pure glyphosate and as ingredient in the Roundup® formulation, respectively. 

Secondly, the acute toxicity and the influence of the herbicide on the cellular phenotypes proliferation, 

migration and cellular micromotion was analyzed using ECISTM. The last technique was the monitoring of the 

respiratory activity of the cells under glyphosate exposure. 

 

7.1.1 CELL VIABILITY ASSAY FOR ACUTE TOXICITY EXAMINATIONS 
 

In the PrestoBlueTM assays, three different cell lines were grown to confluence in 96-well plates and after a 

24-h incubation time with the different glyphosate/Roundup® concentrations, followed by an incubation of 

1 h with the PrestoBlueTM reagent, the respective fluorescence intensities were recorded. According to the 

fluorescence intensities, the cytotoxicity indices (CI) were calculated (see chapter 3.7.1) and plotted against 

the respective concentration resulting in a dose-response curve. A 4-parameter logistic fit of the data points 

yielded the EC50 values. Fig. 7.1 shows the CI values for the three cell lines in contact to glyphosate and 

Roundup® either in the form of the pH-adjusted or the untreated solution.  

An abrupt increase in the toxicity can be observed for the acidic solutions in a concentration range between 

1 mM and 5 mM glyphosate in comparison to the pH-adjusted solutions showing a smoother increase of the 

CI values. The treatment with 5 mM glyphosate (pure substance at pH 2.4 and commercial formulation at 

pH 5.8) led to a CI of 100 % for all three cell lines. Only the measurements performed with the MDCK II cells 

exhibited differences between the pure substance and the formulation in their acidic form. The pure 

substance showed a CI of (24 ± 3) % up to (45 ± 1) % in the sub-EC50 concentration range between 0.2 mM 

and 2 mM while Roundup® led to a CI of only (16.2 ± 0.9) % and (24 ± 2) %, respectively. For the pH-adjusted 

solutions, a sigmoidally increasing CI could be observed for increasing concentrations as well as pronounced 

differences between the formulation and the pure substance. Thus, pH-adjusted glyphosate concentrations 

in the pure form below 10 mM yielded CIs between 15 % and 25 %. A high concentration of 20 mM led to CI 
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values of (55 ± 9) %, (75 ± 14) % and (40 ± 7) % for NRK, MDCK II and A549 cells, respectively, culminating in 

values of around 80 %, 100 % and 60 % for 40 mM of the pure glyphosate. Roundup® at a pH of 7.4 already 

reached 100 % toxicity at 20 mM in the case of NRK cells, and even 10 mM and 8 mM were enough to cause 

100 % cytotoxicity indices for MDCK II and A549 cells, respectively. 

 

An evaluated logistic fit of the data points revealed the individual EC50 values. The EC50 value describes the 

amount of a toxic substance leading to the half-maximal effect and thus, cell death of 50 % of the total cell 

population. Tab. 7.1 summarizes the EC50 values for the three cell lines under the four tested conditions.  

Tab. 7.1 EC50 values determined for glyphosate (pure substance) and Roundup® (herbicide formulation) by cell viability 
tests carried out with three different confluent cell lines. The values in brackets were also obtained by a logistic fit, 
however, the goodness of fit was imperfect and EC50 values were estimated with the help of the dotted fits (compare 
Fig. 7.1). 

Cell line 
Glyphosate Roundup® 

pH 2.4 pH 7.4 pH 5.8 pH 7.4 

 EC50 / mM 

NRK 1.99 ± 0.02 19 ± 8 (2.0 ± 0.5) 3.0 ± 0.2 

A549 2.6 ± 0.7 (40 ± 10) (3.0 ± 0.5) (4 ± 1) 

MDCK II (2.2 ± 0.5) 18 ± 2 2.8 ± 0.3 5.4 ± 0.7 

 

Since the logistic fit was not suited for all data sets (dotted dose-response curves in Fig. 7.1), some EC50 values 

are depicted with the corresponding estimated error values. These values were not calculated by the fit 

function, but only estimated and are given for the sake of completeness. The EC50 values measured after the 

treatment of the cells with the natural solutions (pH 2.4 and pH 5.8) vacillate between (1.99 ± 0.02) mM 

Fig. 7.1 Calculated cytotoxicity indices (CI) (obtained from the PrestoBlueTM assay) plotted against the respective 
herbicide concentration and fitted with the help of a logistic fit function (y = A1+(A1-A2)/(1+(x/x0)^p). CI was calculated 
on the basis of the background-corrected fluorescence of the negative control (see Chap. 3.7.1). The dose-response 
curves are color-coded: (black) pH-adjusted glyphosate, (red) pH-adjusted glyphosate as active ingredient in Roundup®, 
(grey) pure glyphosate dissolved in L-15 (pH 2.4) and (orange) commercially available Roundup® containing glyphosate, 
diluted with L-15 (pH 5.8) (data sets showing dotted dose-response curves had to be manually fitted as they were not 
ideally suited for the fit function). Experiments were conducted with NRK cells (A), MDCK II cells (B) and A549 cells (C) 
48 h after cell seeding and following a 24-h herbicide exposure in two independent experiments each conducted as 
quadruplicate in a standard cell culture incubator (T = 37 °C, 0 % CO2). 



  

 

154 Profiling the Biological Impact of Glyphosate on Animal Cells 

(NRK, glyphosate) and (2.8 ± 0.3) mM (MDCK II, Roundup®). The pH-adjusted pure glyphosate solutions 

showed the highest and therefore least toxic EC50 value of approximately 19 mM for the three cell lines while 

the EC50 values of the pH-adjusted Roundup® solutions differed slightly between the cell lines. The half-

maximal effect was achieved at (3 ± 0.2) mM Roundup® for NRK cells and (5.4 ± 0.7) mM Roundup® for 

MDCK II cells.  

 

7.1.2 IMPEDANCE-BASED SENSING OF THE ACUTE TOXICITY 
 

To be able to confirm the results of the PrestoBlue® assay, ECISTM-based acute toxicity examinations were 

performed. NRK cells were grown to confluence in 8W10E arrays and the impedance signal was recorded 

directly after the addition of the respective glyphosate solutions which were previously pH-adjusted to 

physiological conditions of 7.4. The applied concentrations were always calculated with respect to the 

concentration of the molecule glyphosate, either as pure substance or as part of the formulation in 

Roundup®. The addition of the different solutions led to morphological changes of the cell body due to the 

toxin, resulting in changing impedance values. A decreasing impedance signifies a fading membrane integrity 

and metabolic activity resulting in cell death. Fig. 7.2 displays the time-dependent impedance magnitude of 

a confluent NRK cell layer observed at an AC frequency of 16 kHz which was recorded for different 

concentrations of glyphosate. Data represents the mean of three individual experiments while the 

impedance magnitude was normalized to the first IZI value after toxin addition.  

 
Fig. 7.2 ECIS®-based detection of the acute toxicity of glyphosate on confluent NRK cells grown on 8W10E arrays. (A) 
Recorded impedance magnitude as a function of time to examine the influence of pure glyphosate (pH 7.4) on the cells. 
(B) Time courses of impedance after the addition of glyphosate contained in Roundup® (pH 7.4). Experiments were 
performed in three individual experiments in a cell incubator (37 °C, 0 % CO2). Impedance values were normalized with 
respect to the first value after toxin addition. The initial impedance magnitude of all wells was (1.53 ± 0.08) kΩ. 
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20 mM and 40 mM of pure glyphosate as well as concentrations higher than 2 mM of glyphosate in the 

formulation almost immediately induced cell death due to the drop of the normalized impedance to values 

of around 0.2. The pure glyphosate in a concentration of 10 mM led to a lower IZI value of 0.68 with a 

subsequent recovery of the impedance to the level of control values of around 0.9. Concentrations between 

5 mM and 0.2 mM revealed time courses similar to the control experiments. Right after the start, a small 

increase in impedance could be observed due to turbulences in the medium following the addition, but then, 

constant impedance values of around 0.9 have been recorded. The addition of the three lowest 

concentrations of glyphosate in the herbicide Roundup® led to slightly increasing IZI values resulting in 

(0.98 ± 0.03), (1.03 ± 0.04) and (1.16 ± 0.07) for 0.2 mM, 1 mM and 2 mM, respectively, while the control 

showed a nearly constant impedance signal of (0.94 ± 0.05).  

The time courses of impedance from Fig. 7.2 were used to calculate the AUC. For this calculation, the area 

under each curve of the independent experiments (n = 3) was determined in a time interval of 24 h with a 

baseline at y = 0 and subsequently averaged for each concentration. The AUC values were plotted as a dose-

response curve and a 4-parameter logistic fit revealed the EC50 values for the ECISTM-based detection of the 

toxic effect of glyphosate on NRK cells. The pure substance caused the half-maximal effect in a concentration 

of (13.8 ± 0.6) mM, whereas only (4.0 ± 0.7) mM of glyphosate as part of the Roundup® formulation was 

needed to produce a similar effect on the cell viability. Fig. 7.3 A shows the two dose-response curves, each 

with the respective logistic fit, and the table in (B) summarizes the parameters of the fit functions.  

 

 

 

Fig. 7.3 (A) The calculated area under the curve (AUC) was plotted against the respective herbicide concentration and 
evaluated via a logistic fit function (dose-response curve). AUC values were obtained by integrating the impedance 
magnitudes at 16 kHz within the first 24 h of the ECISTM-based acute toxicity monitoring (compare Fig. 7.2) carried out 
with confluent NRK cells exposed to different concentrations of either pure glyphosate (black) or the glyphosate-
containing formulation Roundup® (red). (B) Parameters of the logistic fit function, EC50 values are represented by the 
parameter x0. 
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7.2 COMPARISON OF CELLULAR PHENOTYPES UNDER THE INFLUENCE OF GLYPHOSATE 

7.2.1 INFLUENCE ON PROLIFERATION RATES 
 

The proliferation rate of cells growing on planar gold electrodes can be observed via decreasing 

capacitance (C) values in ECISTM measurements when the electrode was initially seeded with a well-defined 

but subconfluent number of cells (2∙104 cells∙cm-2). Since the capacitance change is directly proportional to 

the cell coverage of the working electrode, constantly low capacitance values are due to an established 

confluent monolayer after the subconfluent seeding on 8W10E+ arrays (see chapter 3.3.4.2). After the 

standard pre-experiment protocol and the addition of three different concentrations of glyphosate, the 

capacitance was recorded. These experiments were also carried out applying glyphosate in two forms, as 

pure substance and as an ingredient in the herbicide formulation Roundup®, while given concentrations were 

always calculated with respect to the glyphosate content. 

Fig. 7.4 shows the normalized capacitance as a function of time. The capacitance was normalized with respect 

to the capacitance value at t = 0 h corresponding to the addition of the herbicides (48 h after cell seeding).  

 

After 23 h, a transient increase in the capacitance could be observed which was again followed by a 

decreasing capacitance due to cell division. Glyphosate in the pure form did not seem to affect proliferation 

much, and the magnitude of the error bars suggested that there were no significant differences. The NRK 

Fig. 7.4 ECISTM-based proliferation monitoring of subconfluent NRK cells (2∙104 cells∙cm-2) grown on 8W10E+ arrays. 
Experiments were started 48 h after seeding and with the addition of the herbicide (t = 0 h) with a medium exchange  
24 h prior to the addition. (A) Proliferation events under the influence of three different concentrations of glyphosate 
as pure substance. (B) Examination of cellular proliferation in contact to the herbicide Roundup® containing glyphosate 
as active ingredient. Capacitance values were normalized with respect to the first value after toxin addition. The initial 
averaged capacitance of all wells was (23 ± 6) nF. Experiments were performed in two individual experiments in which 
every condition was tested twice in a standard cell incubator (37 °C, 0 % CO2). 
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cells incubated only with L-15 as a control, displayed normalized capacitance values of (0.39 ± 0.07) after 60 h 

of recording. The capacitance values under toxin influence were slightly higher at (0.9 ± 0.5), (0.6 ± 0.3) and 

(0.6 ± 0.2) with increasing glyphosate concentration from 0.2 mM over 1 mM to 5 mM. In contrast to the 

effects of pure glyphosate, the glyphosate-containing Roundup® formulation led to significant changes in the 

normalized capacitance. The recorded capacitance under the influence of 0.2 mM Roundup® was quite 

similar to the control conditions, whereas the capacitance strongly increased for 1 mM und 5 mM of 

glyphosate included in the herbicide. 1 mM led to a capacitance increase to final values of (1.23 ± 0.5) after 

60 h with an initial increase after 5 h. The error bars indicate a highly heterogeneous cellular response 

following the exposure with 1 mM Roundup®. 5 mM induced an even stronger effect on the cells, as the 

capacitance increased significantly directly after addition and eventually resulted in (1.85 ± 0.01) after 60 h 

of measurement time.  

The normalized and time-resolved capacitance was used to determine the area under the curve (AUC). The 

time courses were integrated within the first 24 h and 60 h of recording without an integration limit (y = 0). 

Tab. 7.2 shows the calculated AUCs from the examination of the proliferation rates under the influence of 

glyphosate. 

Tab. 7.2 Calculated area under the curve (AUC) of the proliferation experiments with subconfluent NRK cells 
(2∙104 cells∙cm-2) on 8W10E+ ECISTM arrays. AUC was integrated within the time intervals of 0 h – 24 h and 0 h – 60 h of 
the normalized capacitance (32 kHz) (compare Fig. 7.4). AUC values were additionally plotted against the respective 
herbicide concentration to obtain EC50 values via a logistic fit (EC50 values were manually estimated for imperfect fits). 
Experiments were performed at 37 °C and 0 % CO2 in two independent experiments and in quadruplicate in total, 
Mean ± SEM, n = 2 (4). 

 AUC (0 h – 24 h) / h AUC (0 h – 60 h) / h 

c / mM Glyphosate Roundup® Glyphosate Roundup® 

L-15 18 ± 3 35 ± 7 

0.2 19 ± 4 17 ± 1 50 ± 18 37 ± 2 

1 17 ± 3 27 ± 10 36 ± 9 70 ± 29 

5 18 ± 3 41 ± 2 40 ± 9 106 ± 4 

EC50 / mM - ~ 1.5 ~ 3.7 ~ 1 

 

The bigger the AUC, the more incomplete the proliferation, as proliferation events led to a decreasing 

capacitance signal and in turn to smaller AUC values. The AUCs in the 60-h time interval for different 

concentrations of glyphosate were relatively similar at (36 ± 2.4) h, only 0.2 mM revealed a slightly higher 

AUC of (50 ± 18) h. Increasing Roundup® concentrations, in contrast, entailed increasing AUC values. Pure 

L-15 showed an AUC of (35 ± 7) h as reference, which was increased to (37 ± 2) h, (70 ± 29) h and (106 ± 4) h 

under increasing concentrations of glyphosate included in Roundup®. The increasing AUC indicated 

decreasing proliferation activity of the NRK cells and the highest values were even correlated with immediate 

cell death and detachment of the cell bodies. The integration time of 24 h led to quite similar results. AUC 
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values were constant when determined for the cells being exposed to pure glyphosate while higher herbicide 

concentrations in the formulation exhibited larger AUC values. The AUCs were additionally used to determine 

an EC50 value via a logistic fit function. Since the data sets were not perfectly suited for the fitting, the dose-

response curves were used to estimate EC50 values (compare Tab. 7.2). 

 

7.2.2 INFLUENCE ON MIGRATION BEHAVIOR 
 

The velocity of mammalian cell migration is a direct indicator with respect to their vitality and thus their 

metabolic activity. ECISTM offers the possibility to create reproducible wounds in the cell monolayer in the 

geometry of the working electrode by the application of electrical pulses which cause a permeabilization of 

the cellular membrane and consequently cell death. With time, the cell-free working electrode is repopulated 

by the surrounding, vital cells. This repopulation can be observed by increasing impedance values, and the 

time needed to again reach pre-wounding impedance values is an indicator for possible toxic effects of a 

substance in question (see chapter 3.3.4.3). In this experiment, NRK cells were seeded to confluence in 8W1E 

arrays, the culture medium was exchanged after 24 h and another 24 h later, the cells were incubated with 

different concentrations of glyphosate either as pure substance or as active ingredient in the herbicide 

formulation Roundup®. Following a 24-h incubation time, the cellular membranes of the cells growing 

directly on top of the working electrode were irreversibly permeabilized by electrical pulses.  

 

Fig. 7.5 compiles the time-dependent impedance magnitudes at an AC frequency of 16 kHz recorded for 

confluent NRK cell layers which were wounded in the presence of different concentrations of glyphosate. 

Data represents the mean of three individual experiments while every condition was tested twice.  

The magnitude of impedance was normalized with respect to the impedance value directly after the 

wounding process due to differing impedance values prior to the pulse application. The differing impedance 

magnitudes before the wounding resulted from already drastically harmed cells after exposure to 5 mM 

glyphosate in Roundup®. Immediately after wounding and membrane permeabilization at t = 0.5 h, the 

impedance dropped to values of a cell-free electrode as the cell bodies no longer restricted the current flow. 

The recorded impedance values under the influence of three different concentrations of pure glyphosate, 

dissolved in L-15 medium, did not show significant differences to the control curve within the range of the 

error bars. Only 5 mM glyphosate revealed slightly higher normalized impedance magnitudes of (2.9 ± 0.1) 

compared to (2.6 ± 0.2) shown by the control curve after 20 h of measurement time. Nevertheless, the 

overall migration profile and velocity as can be seen in the slope of the curves were quite similar. In contrast 

to the pure substance, a strong concentration dependency of the migratory behavior for the cells under the 
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influence of glyphosate in Roundup® was observed. The impedance values of the cells treated with 5 mM 

glyphosate in Roundup® were very low already before wounding and remained unchanged to yield final 

values of (0.97 ± 0.02) after 22 h. Decreasing the glyphosate content to 1 mM and 0.2 mM gradually 

increased the impedance magnitude. Nevertheless, final normalized IZI values after 22 h were (1.7 ± 0.3) and 

(2.4 ± 0.3) which was still significantly lower than the control. In the case of Roundup®, drastically reduced 

migration velocities and incomplete wound closure were observed for higher concentrations of Roundup® 

(see. Fig. 7.5 B). 

 

The time-dependent impedance magnitudes were used to calculate the AUC by integration from 1 h to 22 h 

with an integration limit of the y-axis of y = 0.9. The AUC values were plotted against the respective 

glyphosate concentration and can be seen in Fig. 7.6. The pure glyphosate in rising concentrations led to 

slightly increasing AUC values compared to the AUC calculated for the control conditions with (20 ± 2) h. 

Experiments performed with the formulation Roundup® exhibited a strong concentration dependency. 

Increasing concentrations of glyphosate led to decreasing AUC values. The area decreased from (15 ± 4) h 

over (8 ± 3) h to (1.6 ± 0.3) h for 0.2 mM, 1 mM and 5 mM glyphosate in Roundup®, respectively.  

Fig. 7.5 ECISTM-based detection of the wound healing behavior of NRK cells grown to confluence on 8W1E arrays. The 
impedance drop was caused by the application of an electrical wounding pulse (32 kHz, 2400 µA for 30s) inducing 
irreversible membrane permeabilization resulting in cell death. The subsequent increase in impedance occurred due to 
the migration of still vital cells from the periphery into the wound. (A) Wound healing behavior under the influence of 
glyphosate as pure substance. (B) Migration rate depending on glyphosate concentrations in Roundup®. Experiments 
were performed in three individual experiments in which each condition was tested twice. Impedance values were 
normalized to the first value after wounding, initial impedance magnitude values were: L-15 (2.8 ± 0.5) kΩ, Glyphosate: 
0.2 mM: (2.7 ± 0.07) kΩ, 1 mM: (2.7 ± 0.1) kΩ, 5 mM: (2.6 ± 0.1) kΩ, Roundup®: 0.2 mM: (2.8 ± 0.05) kΩ, 1 mM: 
(2.6 ± 0.07) kΩ, 5 mM: (2.1 ± 0.08) kΩ. Experiments were performed in a standard cell culture incubator at T = 37 °C and 
0 % CO2. 
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7.2.3 INFLUENCE ON CELLULAR MICROMOTION  
 

Cells and even cell monolayers are very motile systems. ECISTM offers the possibility of measurements to 

quantify cellular micromotion. Thanks to the very high resolution of this measurement mode with five 

samples per second, it is possible to quantify the motility of the cells due to the calculation of the variance 

from the measured impedance magnitude at 16 kHz (see chapter 3.3.4.4).  

 

The micromotion was examined for a confluent monolayer of NRK and MDCK II cells in 8W1E arrays. 24 h 

after the addition of the different glyphosate solutions, RTC data was recorded for 10 min per well. The 

variance values were normalized to the variance of the control wells. Higher variances can occur following 

extracellular changes and drastically decreased variance values indicate cell death. Fig. 7.7 depicts the 

variance values of NRK and MDCK II cells after 24 h of incubation with either glyphosate or the commercially 

available herbicide Roundup®. 

At first glance, no strict concentration dependencies were observed. Glyphosate as pure substance generally 

increased the micromotion of both cell lines, only concentrations higher than 10 mM led to undetectable 

cellular movements in the case of MDCK II cells. A sharp drop in the variance values was observed for 

Roundup® concentrations higher than 1 mM and 5 mM for NRK and MDCK II cells, respectively. MDCK II cells 

treated with a concentration of 5 mM glyphosate in Roundup® revealed a variance of only (91 ± 90) % 

compared to the control conditions, although the errors bars indicate that the cellular response was very 

heterogeneous which could be due to the proximity to the EC50 value which was determined in cytotoxicity 

Fig. 7.6 Calculated area under the curve (AUC) of the migration experiments with confluent NRK cells (25∙104 cells∙cm-2) 
exposed to glyphosate as pure substance or as active ingredient in the formulation Roundup® on 8W1E ECISTM arrays. 
AUC values were calculated within the time interval of 1 h – 22 h from the normalized impedance (16 kHz) (compare 
Fig. 7.5) with a 24-h incubation time with the respective herbicide prior to wounding. Experiments were performed at 
37 °C and 0 % CO2 in three independent experiments. 
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assays. Concentrations between 0.2 mM and 2 mM Roundup® on MDCK II cells led to fluctuating variance 

values and there was no significant trend to be observed within the margin of error.  

 

 

 

 

Fig. 7.7 Calculated variance values of confluent NRK and MDCK II cells after exposure to pure glyphosate and 
commercially available Roundup®, normalized with respect to the variance of the control experiments with L-15 as 
supernatant. The variance was determined via ECISTM-based micromotion measurements and further evaluation of the 
recorded impedance at 16 kHz. Variance values of (A) NRK cells and (B) MDCK II cells after a 24-h glyphosate and 
Roundup® exposure. E (error) describes the spread of the two averaged data points from the two individual data sets. 
Experiments were performed in a standard cell incubator at T = 37 °C and 0 % CO2. 



  

 

162 Profiling the Biological Impact of Glyphosate on Animal Cells 

7.3 RESPIRATORY ACTIVITY UNDER GLYPHOSATE EXPOSURE 
 

The monitoring of the respiratory activity of NRK cells was performed using the VisiSens TD system in 

combination with oxygen-sensitive sensor foils. The cells were grown on top of the sensor foil and 48 h after 

seeding, the cells were treated with different concentrations of glyphosate either as pure substance or as 

part of the herbicide Roundup®. All glyphosate-containing solutions were adjusted to a pH of 7.4 prior to cell 

exposure. After filling and airtight sealing of the petri dishes, the recording was started and images of the 

sensor foil were taken every 10 min for a time course of 24 h. The fluorescence intensities were translated 

into false color images directly after calibration. The evaluation of the false color images revealed the oxygen 

partial pressure for each picture and thus, the pO2 could be plotted as a function of time.  

Fig. 7.8 shows the decrease of the partial oxygen pressure as a function of time due to the respiratory activity 

of NRK cells in direct contact to glyphosate or Roundup® in the supernatant medium. 

 

The cells incubated only with L-15 medium, which served as control experiment, were able to respirate the 

available oxygen within 8.5 h, resulting in 0 torr of oxygen partial pressure. 0.2 mM and 10 mM glyphosate 

as pure substance led to a complete oxygen depletion in 17.6 h, whereas 2 mM glyphosate induced a slightly 

delayed decrease in pO2 resulting in (5 ± 5) torr after 23 h. In contrast to the pure substance, the experiments 

performed with the herbicide formulation Roundup® exhibited a strong concentration-dependent decrease 

of the pO2. L-15 medium and 0.2 mM glyphosate in Roundup® led to a complete oxygen consumption within 

8.5 h and 17.5 h, respectively. The decrease of the oxygen partial pressure under the influence of 2 mM and 

Fig. 7.8 Time-dependent sensor foil-based monitoring of the respiratory activity of confluent NRK cells being exposed 
to (A) glyphosate as pure substance and (B) glyphosate as part of the herbicide Roundup® in different concentrations 
with L-15 representing control conditions. Addition of the herbicide was done 48 h after cell seeding at t = 0 h. 
Experiments were performed in triplicate at 37 °C and 0 % CO2. 
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10 mM Roundup®, however, was drastically slowed down yielding a pO2 of only (84 ± 40) torr and 

(135.7 ± 0.8) torr after 23 h, respectively. 

A linear regression of the time courses between 1 h and 4 h allowed for the calculation of the AOCR. The cells 

incubated only with L-15 medium were able to consume (23 ± 2) torr·h-1 of the available oxygen. The different 

concentrations of pure glyphosate only led to a fluctuation of the AOCR values between (19 ± 4) torr·h-1 

(0.2 mM glyphosate) and (14 ± 1) torr·h-1 (2 mM glyphosate). In contrast to the pure substance, decreasing 

glyphosate concentrations in Roundup® from 10 mM over 2 mM to 0.2 mM correlate with rising AOCRs of 

(2.4 ± 0.9) torr·h-1, over (7.4 ± 0.9) torr·h-1 up to (17 ± 2) torr·h-1. Tab. 7.3 summarizes the AOCRs and oxygen 

consumption rates (OCRs) for the experiments shown in Fig. 7.8. 

Tab. 7.3 Summary of the calculated apparent oxygen consumption rates (AOCRs) from the detection of the glyphosate-
dependent respiration of confluent NRK cells via an image-based detection using an oxygen-sensitive sensor foil 
(compare Fig. 7.8). AOCRs were used to determine oxygen consumption rates (OCRs). Values in brackets are depicted 
for the sake of completeness since the calculation of OCRs was difficult if the oxygen depletion was not complete (see 
chapter 3.4.5). 

 AOCR ± SE / 

torr·h-1 

OCR ± SE / 

amol·s-1·cell-1 

AOCR ± SE / 

torr·h-1 

OCR ± SE / 

amol·s-1·cell-1 

 Glyphosate Roundup® 

L-15 23 ± 2 35 ± 3 23 ± 2 35 ± 3 

0.2 mM 19 ± 4 29 ± 6 17 ± 2 27 ± 3 

2 mM 14 ± 1 22 ± 2 7.4 ± 0.9 (12 ± 2) 

10 mM 17 ± 1 27 ± 2 2.4 ± 0.9 (4 ± 1) 



  

 

164 Profiling the Biological Impact of Glyphosate on Animal Cells 

7.4 POST-EXPOSURE CELL STAINING  

 

In the aforementioned measurements, 24-h incubations with high concentrations of Roundup® led to a 

phenomenon normally observed for fixated NRK cells. Although the ECISTM signal indicated cell death, an 

intact monolayer exhibiting the normal cobblestone morphology was optically observable after the 

measurements. In order to image the cell viability as well as to visualize the integrity of the cytoskeleton, cell 

stainings were performed after a previous 24-h incubation with 40 mM, 20 mM and 1 mM of glyphosate as 

pure substance and as active ingredient in the herbicide formulation Roundup®. For reasons of comparison 

and control, cells were also incubated only with L-15 medium. Cell viability was investigated by live/dead 

staining and the cell cytoskeleton was labeled with TRITC-phalloidin in combination with nuclei staining by 

DAPI (see chapter 3.2.4). 

 

Fig. 7.9 shows the CLSM images of (A) NRK cells having been treated with pure glyphosate and (B) NRK cells 

after incubation with Roundup®. Following L-15 preincubation, the cells revealed the characteristic 

cobblestone morphology and only green fluorescence was detected after live/dead staining, indicating good 

cell viability. The staining of the cytoskeleton furthermore confirmed the cobblestone-like, regular and 

equally distributed morphology according to the emitted red fluorescence and the blue-fluorescent nuclei 

were quite similar in shape and size. 1 mM of glyphosate in Roundup® as well as 20 mM of the pure substance 

yielded results similar to the control experiments with the only difference that a few dead cells were 

observed after the exposure to the substances. Higher concentrations led to more drastic effects on the cell 

monolayer. 40 mM of the pure glyphosate irreversibly debilitated the cells ending in almost complete cellular 

detachment and cell death. In contrast to these observations, 40 mM as well as 20 mM of the glyphosate-

containing formulation caused complete cell death as indicated by the lack of green fluorescence and the 

sole red fluorescence detected after live/dead staining. Nevertheless, the DAPI and phalloidin staining 

depicted an apparently intact cell monolayer. The cytoskeleton staining showed a strong red fluorescence 

which was especially concentrated in the areas of the cell-cell contacts. Regarding the patches of blue 

fluorescence, differences in size were observed. The highest concentration led to a significantly decreased 

size of the nuclei compared to the images of the DAPI staining taken after the incubation with 20 mM 

glyphosate in the Roundup® formulation.  
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Fig. 7.9 NRK cell staining to examine the state of viability (Live/Dead), the integrity of the cytoskeleton (Phalloidin) and 
to locate the cell nuclei (DAPI). Living cells exhibit green fluorescence while dead cells are indicated by red emitted 
fluorescence due to intercalation processes of EtHD into the DNA. (A) Cell staining after the 24-h exposure to glyphosate 
as pure substance and (B) after the 24-h incubation with different glyphosate concentrations contained in the herbicide 
formulation Roundup®. CLSM images were taken with the 60x immersion objective and pinhole M. 
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7.5 DISCUSSION 
 

The three different cell lines used in the study of the biological impact of glyphosate were chosen to represent 

human and animal cells which are both naturally exposed to the herbicide, as well as to represent the 

different incorporation ways of glyphosate. A549 are human lung adenocarcinoma cells and were chosen to 

investigate the toxicity on human cells as well as to mimic the inhalative uptake of glyphosate and its 

influence on lung cells. NRK and MDCK II cells are kidney cells derived from rat and dog, representing animal 

cells and at the same time cells which play an important role during blood filtration and the excretion of 

metabolic waste and toxins into the urine. There are studies reporting that the gastrointestinal tract of 

humans absorbs about 20 % of the glyphosate which was incorporated with the food, while 80 % are excreted 

in the feces. In contrast to humans, rats are suggested to excrete nearly all of the glyphosate rapidly and 

unchanged with the urine (McGuire, M. K. et al. 2016) which proves the suitability of kidney cells.  

The herbicide formulation is always a mixture of an active ingredient with supplemented adjuvants, with 

glyphosate being the active ingredient. Although the adjuvants are said to be inert diluents, many side effects 

are already known. Adjuvants are often used as permeabilizing agents, stabilizers, surfactants, emulsifiers, 

solvents and many more. In these studies, Roundup® LB plus was used. Since the exact formulation is not 

officially declared, it is difficult to discuss effects and possible impacts of special adjuvants. Literature reports 

about a 16 % content of an unknown surfactant (Wagner, N. et al. 2013). Benachour, N. et al. 2009 and 

Mesnage, R. et al. 2013 have conducted studies on the composition of glyphosate-based herbicides and could 

show that the commercial formulations are significantly more toxic than the active ingredient glyphosate 

alone. Richard, S. et al. 2005 reported about a twice as much reduced cell viability after the treatment with 

Roundup® compared to glyphosate, with the effect being more pronounced with increasing incubation time. 

All in all, glyphosate is a highly controversial topic where one side is convinced that the use of glyphosate is 

harmless and the other side sees glyphosate responsible for the development of non-Hodgkin lymphomas 

and even in literature the authors sometimes do not even declare their formulation under investigation 

which makes it hard to compare experiments.  

 

Detection of the acute toxicity of glyphosate  

The quantification of the acute toxicity of glyphosate in the two aforementioned forms revealed clear and 

reproducible results. The PrestoBlue® assays performed with the pH-adjusted and the acidic glyphosate 

solutions showed a drastically higher toxicity for the pure glyphosate (EC50 = (1.99 ± 0.02) mM, NRK cells) 

which was dissolved in L-15 medium and revealed a pH value of around 2.4, while the pH-adjusted solutions 

exhibited an EC50 value of around 19 mM. Comparing the EC50 values after incubation with Roundup®, 
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concentrations ranged from (3.0 ± 0.2) mM (NRK cells) to (5.4 ± 0.7) mM (MDCK II cells) for the pH-adjusted 

solutions, while the naturally acidic solutions revealed an EC50 value of around 2 mM for all tested cell lines. 

In general, an acidic pH is reported to inhibit melanosome transport and to lead to altered microtubule and 

actin morphology, whereas the acidic Roundup® solution is reported to disassemble microtubule and actin 

filaments. Under physiological pH, the effect of Roundup® as well as the lipophilicity of pure glyphosate and 

thus the diffusion into the cytoplasm seems to be lower (Hedberg, D. et al. 2010), thereby confirming the 

observed decreasing toxicity of glyphosate with increasing pH. Hedberg, D. et al. 2010 used melanophores 

and fibroblasts from African clawed frog and cytoskeleton investigations were performed 24 h after 

incubation with glyphosate or Roundup® via immunostainings and phalloidin staining. 

 

The EC50 values obtained by the PrestoBlueTM and ECISTM-based toxicity monitorings were in a similar 

concentration range and are in accordance with the ones found in literature. Tab. 7.4 gives an overview of 

selected EC50 values from literature which, in parts, were determined with an MTT cell viability test (similar 

to the PrestoBlueTM assay) and cover a broad spectrum of different cell lines. EC50 values determined within 

this work are also included for a direct comparison. 

The half-maximal effects range from concentrations of 1.86 mM to 38 mM which is in good accordance with 

the values of 1.9 mM to 19 mM which were obtained during the studies within this work. The generally higher 

toxicity of glyphosate as a component of the herbicide formulation Roundup® in comparison to the pure 

substance is also confirmed in literature according to the corresponding EC50 values (Benachour, N. et al. 

2007). 

Tab. 7.4 Overview of different EC50 values yielded within this thesis in comparison to half-maximal toxic concentrations 
discussed in literature for pure glyphosate and the herbicide formulation (Roundup®). 

Cell type  EC50 value  Assay type  Literature  

Raji  
(Burkitt´s Lymphoma cells, human) 

5-10 mM / 0.8-1.6 mg·mL-1 

MTT cell 
viability test 
(24 h 
incubation 
with 
glyphosate 
or 

Roundup®) 

Townsend, M. 
et al. 2017 

DIMF  
(fin cell line from Oriental Weather 
Loach Misgurnus anguillicaudatus)  

1.86 mM / 0.32 mg·mL-1  
Qin, Y. et al. 
2017 

HaCaT 
(human epithelial keratinocyte 
cells) 

21 mM / 3.6 mg·mL-1 
Elie-Caille, C. et 
al. 2010 

JEG3  
(human choriocarcinoma-derived 
placental cells) 

~ 38 mM / ~ 6.4 mg·mL-1  
~ 26 mM / ~4.4 mg·mL-1 (Roundup®) Benachour, N. 

et al. 2007 
293 cells  
(human embryonic kidney cells) 

~ 36 mM / ~ 6.1 mg·mL-1 
~ 18 mM / ~ 3.0 mg·mL-1 (Roundup®) 

MC3T3-E1  
(osteoblastic cell line) 

20.6 mM / 3.5 mg·mL-1 
Adhesion 
inhibition  

Székács, I. et al. 
2018 

NRK 
13.8 ± 0.6 mM / ~ 2.4 mg·mL-1 

4 ± 0.7 mM / ~ 0.7 mg·mL-1 (Roundup®) 

ECISTM acute 

toxicity 
studies 

 



  

 

168 Profiling the Biological Impact of Glyphosate on Animal Cells 

NRK 
 

19 ± 8 mM / ~ 3.2 mg·mL-1 

3.0 ± 0.2 mM / ~ 0.5 mg·mL-1 (Roundup®) 

PrestoBlueTM  
A549 
 

~ 20 mM / ~ 3.4 mg·mL-1 

~ 4.3 mM / ~ 0.7 mg·mL-1 (Roundup®) 

MDCK II 
18 ± 2 mM / ~ 3.0 mg·mL-1 

5.4 ± 0.7 mM / ~ 0.9 mg·mL-1 (Roundup®) 

 

ECISTM-based monitoring of cellular phenotypes under the influence of glyphosate  

After the initial attachment and spreading, living cells start to proliferate due to cell division. Cell division 

encompasses different developmental stages, beginning with a partial delamination followed by asymmetric 

morphological changes within the meta-, ana- and telophase (Wodarz, A. et al. 2005). Additionally, a 

hyperpolarization of the cell membrane can be detected during the cell division process (Kintzios, S. et al. 

2006). The average cell division cycle is around 23 h in length as was for instance investigated for L1210 

lymphoblast cells (Sandler, O. et al. 2015). This typical cell division cycle as well as the changes in morphology 

and membrane potential can lead to slightly different capacitance values occuring 23 h after the performed 

proliferation experiments. Thus, an ensuing slight capacitance increase can occur during cell division 

processes of living cells.  

The incubation with 1 mM and 5 mM of glyphosate forming part of the herbicide formulation almost directly 

led to a strong increase in the capacitance signal with subsequently constant values. The increased 

capacitance indicated immediate cell death and thus the detachment of the cell bodies from the electrode 

surface, resulting in a drastically decreased resistance for the electrical current.  

An overall comparison of all tested cellular phenotypes alleges a weakening sensitivity to glyphosate with 

progressing developmental stage when the subcultivation is taken as starting point. Proliferation rates as an 

early developmental stage were completely inhibited under concentrations of 1 mM and 5 mM glyphosate 

in Roundup®. Migration behavior on the other hand is a later developmental stage and is only suppressed 

after incubation with 5 mM of glyphosate in Roundup®, whereas decreasing concentrations correlate with 

faster migration behavior. The micromotion of the cells was not significantly impaired until a concentration 

of 5 mM glyphosate in Roundup® was added. In this case, smaller concentrations even trigged more cellular 

movement and no concentration-dependent behavior could be detected.  

For comparison reasons, the cellular phenotypic activities were calculated and plotted against the respective 

herbicide concentration (see Fig. 7.10). The activities were normalized with respect to the experimental 

results from the cells being only exposed to L-15. Thus, the results under varying herbicide concentrations 

were divided by the ones from the cells under control conditions for every assay. Only proliferation 

experiments form an exception because the decreasing AUCs from the capacitance time courses correlate 
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with increasing cell proliferation in contrast to the other assays were increasing values always indicate 

increasing phenotypic activity. Therefore, results from the proliferation observations were calculated in a 

reciprocal way, so that the AUC of the cells being exposed to L-15 were divided by AUCs after herbicide 

exposure. Phenotypic activity values > 1 indicate increased cellular activity in comparison to the cells not 

being exposed to herbicides and values < 1 show an inhibited cellular activity under the respective herbicide 

concentration. All assays conducted in this thesis generally showed a higher toxicity for the glyphosate 

formulation compared to the same concentrations of the pure substance. The proliferation and respiration 

of NRK cells seemed to be inhibited under the influence of pure glyphosate as well as under Roundup® 

exposure. In contrast to these negatively influenced phenotypes, the detected cellular migration was 

increased with increasing glyphosate concentrations on the one hand and decreased with increasing 

Roundup® content on the other hand. Micromotion experiments largely revealed increased cellular activity, 

only 5 mM of the glyphosate formulation led to instant cell death. Tab. 7.5 summarizes all phenotypic cell 

responses in a concentration-dependent manner. 

 

 

Fig. 7.10 Summarized phenotypic activity of NRK cells exposed to glyphosate either as pure substance (A) or as part of 
the commercial herbicide Roundup® (B). Phenotypic activity was calculated by division of the experimental result under 
toxin exposure by the results of the control conditions and vice versa only in the case of the proliferation assays. 
Mean ± SEM, n ≥ 2. T = 37 °C, 0 % CO2. 
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Tab. 7.5 Summarized phenotypic activities of the NRK cells exposed to glyphosate either as pure substance or as part of 
the herbicide formulation Roundup®. Activity values were normalized with respect to the control experiments where 
cells were exposed only to L-15 medium and data from the proliferation assays was normalized in a reciprocal way. 
Mean ± SEM, n ≥ 2. 

c / 
mM 

Proliferation Migration Micromotion Respiration 

 Glyphosate Roundup® Glyphosate Roundup® Glyphosate Roundup® Glyphosate Roundup® 

 Phenotypic activity 

0 1.0 ± 0.2 1.0 ± 0.2 1. 0 ± 0.1 1.0 ± 0.1 1.0 ± 0.2 1 ± 0.2 1.0 ± 0.1 1.0 ± 0.1 

0.2 0.7 ± 0.4 0.9 ± 0.2 0.9 ± 0.3 0.7 ± 0.2 2.2 ± 0.7 1.7 ± 1.2 0.8 ± 0.2 0.7 ± 0.1 

1 1.0 ± 0.4 0.5 ± 0.3 1.1 ± 0.3 0.4 ± 0.2 1.6 ± 0.7 1.5 ± 1.0   

2       0.60 ± 0.09 0.32 ± 0.07 

5 0.9 ± 0.4 0.33 ± 0.07 1.3 ± 0.2 0.08 ± 0.02 1.7 ± 0.8 0.009 ± 0.005  

10       0.7 ± 0.1 0.10 ± 0.05 

 

Pure glyphosate solutions generally led to a similar phenotypic cell response with respect to the control 

experiments. Solely concentrations of the pure glyphosate higher than 10 mM induced cell death according 

to the drastically decreased micromotion signal of MDCK II cells. The reasons for the impact of glyphosate on 

mammalian cells are manifold. Gene regulation, the inhibition or acceleration of protein expression as well 

as several effects on different cellular receptors are discussed. Gasnier, C. et al. 2009 discussed the disruptive 

effect of glyphosate on estrogen receptors and on the aromatase activity. Altered gene expressions are 

discussed to be related with tumor formation, tumor growth and the initiation of cellular apoptosis. Altered 

levels of CXCL12 (chemokine ligand 12), EGR1 (early growth response 1) and HIF-1 (hypoxia inducible factor 1) 

are associated with altered microvascular endothelial cell replication, cellular migration, the formation of 

microtubular networks and potentially showed an impact on apoptosis in MCF-7 cells (Hokanson, R. et al. 

2007). CXCL12 is essential for the regulation of cardiac and neuronal development, stem cell motility, 

apoptosis and tumorigenesis (Burns, J. M. et al. 2006), whereas EGR1 is necessary for differentiation and 

mitogenesis (Gashler, A. et al. 1995) and HIF-1 for hypoxia sensing (Semenza, G. L. et al. 2001). It is even 

discussed that glyphosate impacts or disorders neuronal migration in the brain possibly causing autism-like 

neuron structures in the in-utero fetus (Beecham, J. E. et al. 2016). It is also discussed in literature that low 

cytotoxicity can induce a mobilization of the cytoskeleton as a defense mechanism towards multiple kind of 

stressors (Magin, T. M. et al. 2007) which is a possible explanation for the higher cell micromotion signals 

observed for low concentrations of glyphosate in the cellular motility measurements.  
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Sensor foil-based sensing of cellular respiration under the influence of glyphosate and post-exposure 

stainings 

The observation of the respiratory activity of the cells revealed sensitivities similar to the migration 

investigations for glyphosate as part of Roundup®; however, sensitivity for the pure glyphosate solution was 

elevated in comparison. The three examined pure glyphosate concentrations resulted in slightly inhibited 

respiration rates, whereas glyphosate (Roundup®) showed significantly lower respiration rates with 

increasing concentration. As an alternative method, a succinate dehydrogenase activity assay can indirectly 

reflect the cellular respiration due to the integrity of mitochondrial dehydrogenase enzymes. Mesnage, R. et 

al. 2013 could also show higher respiration inhibition for the commercial glyphosate formulation than for the 

active ingredient glyphosate itself in JEG3, HEK293 and HepG2 cells.  

As already mentioned, after the acute toxicity experiments it could be observed that cells treated with high 

concentrations of glyphosate in Roundup® seemed to display intact monolayer structures, whereas the 

detected impedance signal indicated cell death. Cell stainings after a 24-h herbicide incubation confirmed 

these observations. Cells treated with 40 mM and 20 mM of glyphosate (Roundup®) were dead according to 

the live/dead staining and the lack of green fluorescence, but the cytoskeleton as well as the nuclei could still 

clearly be detected. Most notable were the smaller sizes of the nuclei in comparison to DAPI-stained nuclei 

of healthy cells. Ahlbom, E. et al. 2001 also detected smoothly rounded nuclei in untreated cells while 

exposure to hydrogen peroxide, the tested toxin in the publication, led to apoptosis accompanied by 

shrunken and intensely fluorescent nuclei. In contrast to that, the pure glyphosate either only slightly 

influenced the cellular vitality by causing a few dead cells and otherwise leaving the cytoskeleton intact with 

normally sized nuclei or irreversibly harmed the cells leading to cell death and subsequent detachment. There 

are two different forms of cell death known: cell apoptosis or “programmed cell death” where the nucleus 

shrink and necrosis, which is characterized by cell swelling and loss of plasma membrane integrity 

(Rosenbaum, D. M. et al. 1994). Apoptosis is an ATP-consuming intrinsic suicide mechanism that is regulated 

by many signaling pathways whereas necrosis is a passive form of cell death initiated by toxin influence or 

cellular damages (Edinger, A. L. et al. 2004). Farkas, E. et al. 2018 reported about apoptotic cell death after 

the exposure to Roundup® and glyphosate which he evaluated using a caspase 3/7 cell viability test. 

Consequently, the shrinking cell nucleus as well as the remaining cell structure indicate apoptosis of the cells 

under the influence of glyphosate.  

Even if cell-fixating properties were mostly observed after the exposure to Roundup®, pure glyphosate is 

discussed to reveal similar effects in literature. The observed fixated cell structures could occur due to 

glyphosate promoting cation-chelating efficiency what could in turn trigger effects on cell adhesion and 

cytoskeleton morphology as well as localization thereof (Gourlay, C. W. et al. 2005, Hedberg, D. et al. 2010). 

Heu, C. et al. 2012 investigated cell stiffness after glyphosate contact using atomic force microscopy and 
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measurements of the young modulus. After glyphosate treatment, there was a fourfold increase in cell 

stiffness of HaCaT cells to be observed and AFM examinations revealed a flattened membrane with altered 

distributions of native protrusions in comparison to the untreated cells, confirming the results of this work.  
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7.6 OUTLOOK 
 

The performed glyphosate study allowed for an estimation of the biological impact on mammalian cells. The 

herbicide formulation and the active ingredient glyphosate itself in the pure form exhibited highly acidic pH 

values leading to an approximately 2.5-fold and tenfold increased toxic effect, respectively.  

Nevertheless, glyphosate in all the different available herbicide formulations is still discussed to be 

cancerogenic. Based on these preliminary studies, long-term experiments would be interesting. The long-

term cultivation of mammalian cells under the influence of non-cytotoxic glyphosate concentrations could 

reveal information about the effect on cells under the permanent influence of the herbicide. Additionally, 

one could perform investigations of the respective phenotypes under the influence of different pH values 

applied at different time points during toxin cultivation. Since a tumor invasion should cause a change in the 

transmembrane pH gradient, different cellular responses to extracellular pH changes should occur if normal 

cells turn to cancer cells. Such a study could, on the one hand, confirm cancer-inducing effects on cells and 

on the other hand, it could yield interesting information about changes of the cellular behavior when cells 

are permanently exposed to glyphosate. Possible mutations could be investigated, and it could possibly 

provide insights into pH-dependencies.  
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 SUMMARY 
 

This thesis was focused on monitoring two essential parameters of life in cell and tissue culture: oxygen and 

pH. Oxygen tension and pH are two fundamental indicators for metabolic activity and they allow 

discriminating between normal and cancerous tissue. The parameters were analyzed on the one hand by 

using analyte-sensitive, planar sensor foils detecting changes in the microenvironment of cells and on the 

other hand by applying different extracellular pH values to see how cells reacted in different developmental 

stages or phenotypes. Four different cell lines were analyzed: (i) NRK cells representing normal cells, (ii) A549 

cells which are human lung cancer cells and (iii) SK-MEL-28 and SpiCa cells which are two human skin cancer 

subtypes.  

Initial methodological investigations demonstrated the high spatial resolution of the oxygen-sensitive sensor 

foils. The experiments yielded highly cell line-dependent respiratory activities and oxygen consumption rates. 

Furthermore, the underlying ratiometric readout technique enabled investigations with multiple cell lines 

simultaneously growing on top of the same sensor foil and even the oxygen distribution beneath three-

dimensional tissue models became assessable. The experiments confirmed a highly expected cell line-specific 

oxygen uptake and consumption reflecting that different tissue types in the body are also exposed to 

different oxygen tensions. Experiments carried out with pre-cultured spheroids showed differences in the 

emerging oxygen gradients beneath the tissue depending on: (i) previous adhesion and cultivation times, (ii) 

structural properties of the spheroid meaning whether it was densely packed of exhibited a softer, formable 

structure and (iii) the individual cell line. 

Emerging gradients as well as the underlying cell-specific oxygen consumption rates were dependent on the 

sensor foil thickness. The thicker the sensor foil, the more dissolved oxygen was present within the foil and 

consumption rates appeared to be lower. However, one has to keep in mind that only the available oxygen 

within the foil was changed while the respiratory activity of the cells remained the same. Since horizontally 

emerging oxygen gradients beneath three-dimensional tissue models were demonstrated to show 

characteristical U-, W- or V-shaped profiles, the question arose if vertical oxygen gradients also exhibit 

characteristic profiles.  

This question was addressed by using triangular glass prisms, with one leg of the prism being covered with 

the oxygen-sensitive sensor foil. The prisms were suspended in the supernatant medium above adherent cell 

monolayers. The device allowed for the mapping of vertical oxygen gradients which revealed emerging 

oxygen concentration gradients depending on the number of metabolically active cells on the surface, the 

height of the culture medium and the geometry of the respective cell culture vessel.  
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Besides the detection of oxygen concentrations beneath cells as an indicator of their respiration, the pH as 

the second key parameter was systematically varied in the supernatant medium and several cellular 

phenotypes were analyzed as a function of pH. 

All in all, highly cell line-specific pH-dependent cell phenotypes were observed. Averaged phenotypic 

activities yielded increasing pH-dependencies from changes of around (0.1 ± 0.1) pH-1 revealed by A549 over 

(0.25 ± 0.01) pH-1 by SK-MEL-28 cells to around (0.4 ± 0.1) pH-1 changed phenotypic activity per pH unit by 

NRK and SpiCa cells. Additionally, SpiCa cells were inhibited the most in their response under exposure to 

acidic pH conditions while NRK cells exhibited the most accelerated cell behavior under more alkaline 

extracellular pH values. Overall, a stronger inhibition of phenotypic behavior was observed for all the cell 

lines under extracellular acidification than alkaline milieus could increase the phenotypic activity. On the 

contrary, alkaline conditions even led to a slightly lower cellular response in the case of the cancerous cells. 

To complete the picture, the intracellular pHi was detected as a function of well-defined extracellular pHe 

conditions. Intracellular pHi, analyzed with the help of the dye BCECF, was found to be 0.1 to 0.7 pH units 

higher compared to the extracellularly adjusted condition for all extracellular pHe values and every cell line. 

The more alkaline the extracellular environment was, the more aligned were the pHi and the pHe value. The 

studies of this thesis highlight how important a detailed cell characterization is to understand cellular 

responses to certain stimulations in order to be able to revert to this knowledge in the development of 

targeted drug design for therapeutics and diagnostics.  

The last two chapters describe how the experimental techniques to monitor oxygen consumption and 

phenotypic behavior have been applied in toxicity studies. On the one hand, the respiratory activity was 

investigated under the influence of bisphenol A, a popular but toxic additive to many polymers, while on the 

other hand, an even wider range of cell phenotypes were analyzed following an exposition to glyphosate. 

The influence of BPA on the respiration activity of NRK cells yielded EC50 values between (149 ± 64) µM 

((76 ± 5) µM for the time intervall between 6.5 – 9 h of BPA exposure) and (159 ± 235) µM for the sensor spot 

(SDR®) and sensor foil (VisiSens TD) based experiments, respectively.  

The influence of glyphosate on the cellular respiration of NRK cells was monitored using the oxygen-sensitive 

sensor foil. The experiments showed a concentration-independent, slightly inhibited respiration under the 

exposure to pure glyphosate and a strictly concentration-dependent signal under the influence of glyphosate 

in the Roundup® formulation with a significantly slower respiration at high concentrations. Complementarily 

performed studies monitoring the acute toxicity on NRK cells yielded EC50 values between (13.8 ± 0.6) mM 

(glyphosate) and (4.0 ± 0.7) mM (Roundup®) detected via ECISTM and EC50 values between (19 ± 8) mM 

(glyphosate) and (3.0 ± 0.2) mM (Roundup®) performed via a PrestoBlueTM cell viability assay. The obtained 

EC50 values were also confirmed by ECISTM-based investigations of the migration and micromotion 

behavior under the influence of the toxin.  
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 ZUSAMMENFASSUNG 
 

Das zentrale Thema dieser Arbeit war die Untersuchung der beiden essenziellen Metabolite Sauerstoff und 

pH-Wert, die sowohl über metabolische Funktionen und Aktivitäten bestimmen, als auch die Möglichkeit 

bieten, zwischen gesundem Gewebe und krebsartigen Zellverbänden zu unterscheiden. Die Substanzen 

wurden dahin gehend untersucht, dass einerseits Änderungen in der direkten Umgebung der Zellen mittels 

analytsensitiven and ebenflächigen Sensorfolien analysiert wurden und andererseits wurden verschiedene 

extrazelluläre pH Werte verwendet, um Zellreaktionen während verschiedener Entwicklungsstadien oder 

Phänotypen zu beobachten. Dabei wurden vier verschiedene Zelllinien untersucht: (i) NRK Zellen als 

Modelzelllinie für gesunde Zellen, (ii) A549 Lungenkrebszellen und (iii) SK-MEL-28 und SpiCa Zellen, welche 

zwei verschiedene Hautkrebszelllinien darstellen. 

Anfängliche methodische Untersuchungen konnten die hohe Ortsauflösung der sauerstoffsensitiven 

Sensorfolie zeigen, die zur Bestimmung der Sauerstoffverbrauchsraten eingesetzt wurden. Die Experimente 

ergaben zudem sehr zelllinienspezifische Atmungsaktivitäten und Veratmungsraten. Die ratiometrische 

Ausleseweise ermöglichte die gleichzeitige Untersuchung von mehreren Zelllinien, welche adhärent auf einer 

Sensorfolie wuchsen, und auch die Visualisierung von Sauerstoffgradienten unterhalb von 

dreidimensionalem Gewebe war möglich. Eine erwartete zellspezifische Aufnahme und Umwandlung von 

Sauerstoff konnte bestätigt werden, da die verschiedenen Gewebearten in lebenden Organismen ebenfalls 

variierenden Sauerstoffkonzentrationen ausgesetzt sind. Experimente, welche mit zuvor kultivierten 

Sphäroiden durchgeführt wurden, konnten Unterschiede in den unterhalb des Gewebes auftretenden 

Sauerstoffgradienten belegen. Diese Sauerstoffgradienten waren abhängig von (i) der vorangegangenen 

Adhäsions- und Kulturdauer, (ii) den strukturellen Eigenschaften der Sphäroide, also ob sie von dicht 

gepackter oder von eher weicher, formbarer Struktur waren und (iii) der jeweiligen Zelllinie selbst. 

Die Sauerstoff-Gradienten als auch die daraus berechneten, zellspezifischen apparenten Sauerstoff-

verbrauchsraten, zeigten eine Abhängigkeit von der Sensorfoliendicke. Je dicker die Sensorfolie gewählt 

wurde, umso mehr gelöster Sauerstoff befand sich in der Folie, was zu scheinbar sinkenden Verbrauchsraten 

führte. Jedoch ist es wichtig zu beachten, dass lediglich die verfügbare Sauerstoffkonzentration im 

Folienmaterial verändert wurde, während die Atmungsaktivität der Zellen unverändert blieb. Nachdem 

horizontal auftretende Sauerstoffgradienten unterhalb von dreidimensionalem Gewebe charakteristische U-, 

W- oder V-förmige Profile aufwiesen, stellte sich die Frage, ob vertikale Sauerstoffgradienten ebenfalls 

charakteristische Profile aufweisen würden. 

Für die Beantwortung dieser Fragestellung wurden dreieckige Glasprismen verwendet, bei denen eine Seite 

mit der sauerstoffsensitiven Folie versehen wurde. Diese Prismen wurden dann im überstehenden Medium 

Zusammenfassung 
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oberhalb der adhärenten Zellschicht platziert. Diese Anordnung erlaubte die Visualisierung vertikaler 

Sauerstoffgradienten und in der Folge die Schlussfolgerung, dass auftretende Sauerstoffkonzentrations-

gradienten von der Zellanzahl auf der Wachstumsfläche, der Höhe der überstehenden Flüssigkeitssäule und 

der Geometrie der Zellkulturgefäße abhängig waren. 

Neben der Detektion der durch Zellatmung verursachten Sauerstoffkonzentrationsänderung unterhalb der 

Zellen, wurde auch der zweite Parameter – der pH-Wert im Medium – systematisch variiert und verschiedene 

Zellverhalten als Funktion des pH-Wertes überwacht. 

Insgesamt konnte eine zelltypspezifische pH-Abhängigkeit beobachtet werden. Zusammengefasste und 

gemittelte Zellantworten in Form der phänotypischen Aktivität ergaben steigende pH-Abhängigkeiten mit 

Änderungen von etwa (0.1 ± 0.1) pH-1 im Falle der A549, über (0.25 ± 0.01) pH-1 bei SK-MEL-28 Zellen bis hin 

zu (0.4 ± 0.1) veränderter phänotypischer Aktivität pro pH Einheit bei den NRK und SpiCa Zellen. Zudem war 

das Verhalten der SpiCa Zellen unter dem Einfluss saurer Medien überdurchschnittlich eingeschränkt, 

wohingegen das Verhalten der NRK Zellen am deutlichsten unter basischen extrazellulären pH Werten 

gesteigert wurde. Im Allgemeinen wurde bei einer extrazellulären Ansäuerung das phänotypische Verhalten 

stärker inhibiert, als es unter basischen extrazellulären Bedingungen erhöht wurde. Ganz im Gegenteil 

führten basische Bedingungen, verglichen mit einem physiologischen pH Wert, sogar zu leicht niedrigeren 

Zellantworten bei den Krebszellen. 

Zur Vervollständigung der Studie wurde der intrazelluläre pH-Wert in Abhängigkeit von äußeren 

Inkubationslösungen mit systematisch variiertem pH-Wert untersucht. Der vorliegende, intrazelluläre pH-

Wert wurde mittels dem Farbstoff BCECF untersucht und ergab für alle extrazellulären pH-Werte und im Falle 

jeder Zelllinie einen um 0.1 bis 0.7 pH Einheiten höheren pHi-Wert im Vergleich zu dem extrazellulär 

eingestellten pHe-Wert. Je alkalischer das extrazelluläre Medium war, desto mehr glichen sich pHi- und pHe-

Werte aneinander an. Letztlich zeigen die durchgeführten Studien, wie wichtig eine detaillierte 

Zellcharakterisierung im Hinblick auf das Verständnis von zellulären Antworten auf bestimmte Reize ist. 

Dieses Wissen kann für die Entwicklung zielgerichteter Medikamente sowohl für die Therapie als auch für die 

Diagnose von großem Nutzen sein. 

In den letzten beiden Kapiteln wurde beschrieben, wie die experimentellen Techniken zur Untersuchung des 

Sauerstoffverbrauches und des phänotypischen Verhaltens genutzt werden können, um umfangreiche 

Toxizitätsstudien durchzuführen. Zum einen wurde die Atmungsaktivität unter Einfluss des Toxins 

Bisphenol A untersucht und zum anderen wurden sämtliche Phänotypen nach der Behandlung mit Glyphosat 

beobachtet. Die Atmungsaktivitäten der NRK Zellen unter dem Einfluss von BPA ergaben EC50-Werte von 

(149 ± 64) µM mit Hilfe der Technik des Sensorspots (SDR®) ((76 ± 5) µM unter BPA Einfluss für das 

Zeitintervall von 6.5 – 9 h) und (159 ± 235) µM wurden mit Hilfe der Sensorfolie (VisiSens TD) bestimmt. 

Zusammenfassung 
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Der Einfluss von Glyphosat auf die zelluläre Atmung von NRK Zellen wurde mittels der sauerstoffsensitiven 

Sensorfolie untersucht. Die Experimente zeigten eine konzentrationsunabhängige, leicht inhibierte Atmung 

der Zellen unter dem Einfluss von reinem Glyphosat und in Gegenwart des Mittels Roundup® eine streng 

konzentrationsabhängige Atmungsaktivität der Zellen, welche bei hohen Konzentrationen stark inhibiert war. 

Ergänzende Studien zur Untersuchung der akuten Toxizität auf NRK Zellen ergaben EC50 Werte zwischen 

(13.8 ± 0.6) mM (Glyphosat) und (4.0 ± 0.7) mM (Roundup®) basierend auf den ECISTM Experimenten und 

EC50 Werte zwischen (19 ± 8) mM (Glyphosat) and (3.0 ± 0.2) mM (Roundup®) anhand der PrestoBlueTM 

Viabilitätsassays. Diese EC50-Werte konnten durch ECISTM-gestützte Messungen des Migrations- und 

Mikrobewegungsverhaltens unter dem Einfluss des Giftstoffes bestätigt werden.  
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 APPENDIX 

11.1 SUPPLEMENTARY INFORMATION 

 
Fig. 11.1 Image-based detection of pH-dependent proliferation of A549 cells performed with the 24-channel 
microscopic device zenCell owl. (A-D) Time-dependent change of cell coverage from individual experiments of pH-
dependent proliferation. Proliferation was observed under the influence of L-15 medium adjusted to four different pH 
values. (E) Calculated change of cell coverage per hour of the four individual experiments, yielded by a linear regression 
of the time-resolved cell coverage. Each condition of the four individual experiments was performed in triplicate (n = 4 
(12)). T = 37 °C and 0 % CO2. 
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Fig. 11.2 Image-based detection of pH-dependent proliferation of NRK cells performed with the 24-channel microscopic 
device zenCell owl. (A-C) Time-dependent change of cell coverage from individual experiments of pH-dependent 
proliferation. Proliferation was observed under the influence of L-15 medium adjusted to four different pH values. (D) 
Calculated change of cell coverage per hour of the three individual experiments, yielded by linear regression of the 
time-resolved cell coverage. Each condition in the three individual experiments was performed at least twice (n = 3 (8)). 
T = 37 °C and 0 % CO2. 

 

Fig. 11.3 Image-based detection of pH-dependent proliferation of SpiCa cells performed with the 24-channel 
microscopic device zenCell owl. (A-C) Time-dependent change of cell coverage from individual experiments of pH-
dependent proliferation. Proliferation was observed under the influence of L-15 medium adjusted to four different pH 
values. (D) Calculated change of cell coverage per hour of the three individual experiments, yielded by linear regression 
of the time-resolved cell coverage. Each condition in the three individual experiments was performed in triplicate (n = 3 
(9)). T = 37 °C and 0 % CO2. 
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Fig. 11.4 Image-based investigation of pH-dependent proliferation of SK-MEL-28 cells performed with the 24-
channel microscopic device zenCell owl. (A-D) Time-dependent change of cell coverage from individual 
experiments of pH-dependent proliferation. Proliferation was observed under the influence of L-15 medium 
adjusted to four different pH values. (E) Calculated change of cell coverage per hour of the four individual 
experiments, yielded by linear regression of the time-resolved cell coverage. Each condition in the four individual 

experiments was performed at least twice (n = 4 (11)). T = 37 °C and 0 % CO2. 
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Fig. 11.5 Microscopic images with digital phase contrast of the investigation of pH-dependent migration of A549 cells 
1 h, 6 h, 12 h and 24 h after wounding. Black lines outline the borders of the cell-free area of the initial wound. White 
lines sketch the migrating cell borders into the cell-free area. Scale bar depicts 250 µm. 

Fig. 11.6 Microscopic images with digital phase contrast of the investigation of pH-dependent migration of NRK cells 
1 h, 6 h, 12 h and 24 h after wounding. Black lines outline the borders of the cell-free area of the initial wound. White 
lines sketch the migrating cell borders into the cell-free area. Scale bar depicts 250 µm. 
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Fig. 11.7 Microscopic images with digital phase contrast of the investigation of pH-dependent migration of SpiCa cells 
1 h, 6 h, 12 h and 24 h after wounding. Black lines outline the borders of the cell-free area of the initial wound. White 
lines sketch the migrating cell borders into the cell-free area. Scale bar depicts 250 µm. 

Fig. 11.8 Image-based investigation of pH-dependent migration of A549 cells performed with the 24-channel 
microscopic device zenCell owl. (A-C) Time-dependent cell coverage from individual experiments of pH-dependent 
migration after scratch assay wounding. Migration was observed under the influence of L-15 adjusted to four different 
pH values. (D) Calculated migration rate (cell coverage per hour) of the three individual experiments, according to a 
linear regression of the time-resolved cell coverage until reaching 100 % cell coverage. T = 37 °C and 0 % CO2. 
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Fig. 11.10 Image-based investigation of pH-dependent migration of SpiCa cells performed with the 24-channel 
microscopic device zenCell owl. (A-C) Time-dependent cell coverage from individual experiments of pH-dependent 
migration after scratch assay wounding. Migration was observed under the influence of L-15 adjusted to four different 
pH values. (D) Calculated migration rate (cell coverage per hour) of the three individual experiments, according to a 
linear regression of the time-resolved cell coverage until reaching 100 % cell coverage. T = 37 °C and 0 % CO2. 

Fig. 11.9 Image-based investigation of pH-dependent migration of NRK cells performed with the 24-channel microscopic 
device zenCell owl. (A-C) Time-dependent cell coverage from individual experiments of pH-dependent migration after 
scratch assay wounding. Migration was observed under the influence of L-15 adjusted to four different pH values. (D) 
Calculated migration rate (cell coverage per hour) of the three individual experiments, according to a linear regression 
of the time-resolved cell coverage until reaching 100 % cell coverage. T = 37 °C and 0 % CO2. 
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Fig. 11.11 Image-based detection of pH-dependent migration of SK-MEL-28 cells performed with the 24-channel 
microscopic device zenCell owl. (A-C) Time-dependent cell coverage from individual experiments of pH-dependent 
migration after scratch assay wounding. Migration was observed under the influence of L-15 adjusted to four different 
pH values. (D) Calculated migration rate (cell coverage per hour) of the four individual experiments, according to a linear 
regression of the time-resolved cell coverage until reaching 100 % cell coverage. T = 37 °C and 0 % CO2. 
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Fig. 11.12 Fluorescence signal calibration of the pH-sensitive dye BCECF for intracellular measurements. NRK cells were 
exposed to L-15 medium adjusted to increasing pHe and supplemented with nigericin to ensure an equilibrium of the 
pH conditions between extracellular and intracellular compartments. Detected fluorescence signals were plotted 
against the respective pHe value and fitted linearly. The linear fitting equation was subsequently used to determine the 
pHi values. 
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11.2 LIST OF ABBREVIATIONS 
 

A  

A Area  

AAC Area above the curve 

AC Alternating current 
amol Atto (10-18) mol (amount of substance) 
AOCR  Apparent oxygen consumption rate 
Ar Argon 
ATP Adenosine triphosphate 
AUC Area under the curve 
  

B  

β Mass concentration 
BCECF-AM 2´,7´-bis(2-carboxylethyl)-5(6)´-carboxylfluorescein acetoxymethylester 
BPA Bisphenol A 
  

C  

C Capacitance 
c Concentration 
°C Degree Celsius 
CaAM Calcein acetoxymethylester 
CE Counter electrode 
CERM Chip sensing embryo respiration monitoring 
CCD Charge-coupled device 
CLSM Confocal laser scanning microscope 
CO2 Carbon dioxide 
  

D  

d Diameter 
DAPI 4′,6-Diamidino-2-phenylindole 

DC Direct current 
ddH2O Double-distilled water 
DMEM Dulbecco’s modified eagle medium 
DMSO Dimethyl sulfoxide 
DSMZ Deutsche Sammlung von Mikrooganismen und Zellkulturen 
  

E  

ECISTM Electric cell-substrate impedance sensing 

ECM Extracellular matrix 
EDTA Ethylenediaminetetraacetic acid 
EPR Electron paramagnetic resonance 
EPSPS 5-enolpyruvoyl-shikimate-3-phosphate synthase 
ESR Electron spin resonance 
EtHD Ethidium homodimer 
  

F  

f Frequency 
FCS Fetal calf serum 
Fig. Figure 
  

G  

g Gram 
Glc D-Glucose 
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H  

h Height 
HEPES 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid 
Hz Hertz 
  

L  

L Liter 
L-15  Leibovitz medium 
LED Light emitting diode 
  

M  

Mal Malonoben 
MDCK I & II Madin-Darby canine kidney strain I & II 
MFT Multi-frequency/time 
min Minute 
MIOS  Multiwell insert optical sensor 
MW Molecular weight 
MRI / MRS Magnetic resonance imaging / Magnetic resonance spectroscopy 
  

N  

NADH/H+ Nicotinamide adenine dinucleotide 
Na2SO3 Sodium sulfite 
nF Nano (10-9) farad 
norm.  Normalized 
NRK Normal rat kidney 
  

O  

O2 Oxygen 
OC Oxygen concentration 
OCR Oxygen consumption rate 
  

P  

PBS-- Phosphate-buffered saline (without Ca2+ and Mg2+) 
PBS++ Phosphate-buffered saline (with Ca2+ and Mg2+) 
PDMS Polydimethylsiloxane 
PFA Paraformaldehyde 
pHe Extracellular pH value 
pHi Intracellular pH value 
pHme pH microenvironment 
PLL Poly-L-Lysine 
pO2 Oxygen partial pressure 
PS Polystyrene 
  

R  

R Resistance 
ROI Region of interest 
rpm Revolutions per minute 
RT Room temperature 
RTC  Rapid time collection measurement  
  

S  

s Second 

SDR® SensorDish Reader® 

SECM Scanning electrochemical microscopy  
SEM Standard error of mean 
SK-MEL-28 Human skin melanoma cell line 
SpiCa Human squamous cell carcinoma  
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T  

t Time 
Tab. Table 
TRITC Tetramethylrhodamine isothiocyanate 

  

V  

V Variance 
VOG Vertical oxygen gradient 
  
W  
WE Working electrode 
  

Z  

Z Impedance 
  

Prefix Abbreviations   

k-, c-, m-, µ-, n-, p-, f-, a- Kilo- (103), centi- (10-2), milli- (10-3), micro- (10-6), nano- (10-9), pico- (10-12), femto- (10-15), 
atto- (10-18)  

  

Other Abbreviations  

8W1E ECISTM array with 8 wells, each with a single circular working electrode 

  
8W10E ECISTM array with 8 wells and 10 circular working electrodes per well 

  
8W10E+ ECISTM array with 8 wells each with interdigitated electrodes  

 

  



  

 

210 Appendix 

11.3 MATERIALS AND INSTRUMENTATIONS 
 

A  

Agarose Sigma-Aldrich, St. Louis, USA 
Alexa Fluor 488 phalloidin Invitrogen, Darmstadt, Germany 
Argon Plasma Cleaner PDC 32G-2 Harrick Plasma, Ithaka, USA 
Autoclave DX-45 Systec, Wettenberg, Germany 
  

B  

BCECF-AM Sigma-Aldrich, St. Louis, USA  
Blu-Tack® Bostik Ltd., Stafford, UK 
BPA Sigma-Aldrich, St. Louis, USA  
Bunsen Burner for Cell Culture IBS Tecnomara GmbH, Fernwald, Germany 
Bürker Hemocytometer Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany 
  

C  

Calcein AM Invitrogen, Darmstadt, Germany 
Carbolfuchsin Sigma-Aldrich, St. Louis, USA 
Cell Culture Flasks (25 cm², 75 cm2) Sarstedt, Nümbrecht, Germany 
Cell Culture Incubator Thermo Fisher Scientific Inc., München, Germany 
Cell Culture Medium (DMEM) Sigma-Aldrich, St. Louis, USA 
Cell Culture Petridishes (r = 4.5 cm) Sarstedt, Nümbrecht, Germany 
Cell Culture Plate 24, 96 Well Sarstedt, Nümbrecht, Germany 
Centrifuge Heraeus Multifuge 1 S-R for Cell  Thermo Fisher Scientific Inc., München, Germany 
Centrifuge Tubes (15 ml, 50 ml) Greiner Bio-One, Kremsmünster, Austria 
Cryovial TPP® Sigma-Aldrich, St. Louis, USA  
  

D  

DMSO Carl Roth GmbH, Karlsruhe, Germany 
DAPI Sigma-Aldrich, St. Louis, USA 
  

E  

ECISTM Impedance Analyzer Applied BioPhysics Inc., Troy, USA 

EDTA Sigma-Aldrich, St. Louis, USA 

ECISTM Arrays  Applied BioPhysics Inc., Troy, USA 

EtHD-1 Biotrend Chemikalien GmbH, Köln, Germany 
Ethanol Merck, Darmstadt, Germany 
  

F  

FCS Sigma-Aldrich, St. Louis, USA 
Fibronectin from human plasma Sigma-Aldrich, St. Louis, USA 
  

G  

D-Glucose Merck, Darmstadt, Germany 
L-Glutamine Biochrom KG, Berlin, Germany 
Glyphosate  Sigma-Aldrich, St. Louis, USA 
  

H  

HEPES Carl Roth GmbH, Karlsruhe, Germany 
  

I  

Impedance Analyzer SI 1260 Solartron, Farnborough, UK 
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L  

Laminar Air Flow Work Bench HERAsafe® Thermo Fisher Scientific Inc., München, Germany 
Latex Gloves VWR, Pennsylvania, USA 
Leibovitz Medium Sigma-Aldrich, St. Louis, USA 
Liquid Nitrogen Tank GC-BR2150 M Germany-Cryo GmbH, Jüchen, Germany 
  

M  

Microplate Reader “TECAN GENios” Tecan Group, Männedorf, Swiss 
Microscope Lens EC Epiplan-Neofluar 5x Zeiss, Jena, Germany 
Microscope Nikon Diaphot & Nikon Eclipse 90i Nikon Instruments Europe, Amstelveen, Netherlands 
Microscope Nikon SMZ 1500 C-DSD230 CMO Nikon Instruments Europe, Amstelveen, Netherlands 
  

N  

Nalgene® CryoBox™ Sigma-Aldrich, St. Louis, USA 
Nigericin Sigma-Aldrich, St. Louis, USA 
  

O  

Orbital Shaker KM-2 AKKU Edmund Bühler GmbH, Hechingen, Germany 
Oxygen Sensor Foil SF-RPSu4 PreSens GmbH, Regensburg, Germany 
  

P  

Parafilm® Pechiney Plastic Packaging, Chicago, USA 
Paraformaldehyde Sigma-Aldrich, St. Louis, USA 
PBS--/PBS++ Sigma-Aldrich, St. Louis, USA 
Penicillin/Streptomycin Sigma-Aldrich, St. Louis, USA 
Petri dishes  Sarstedt, Nümbrecht, Germany 
pH Meter Hanna Instruments, Rhode Island, USA 
pH Sensor Foil HP5R PreSens GmbH, Regensburg, Germany 
Pipettes (10 µl, 200 µl, 100 µl) Brand GmbH, Wertheim, Germany 
Pipette Tips (10 µl, 200 µl, 1000 µl) Sarstedt, Nümbrecht, Germany 
Polyglutamic acid sodium salt  Sigma-Aldrich, St. Louis, USA 
Poly-L-lysine solution Sigma-Aldrich, St. Louis, USA 
PrestoBlueTM Life technologie, USA 

  

R  

Roundup® Monsanto Agrar GmbH, Germany 

  

S  

Sensor Dish Reader®  PreSens GmbH, Regensburg, Germany 
Silicon Glue Aquadicht PROBAU Bauhaus, Regensburg, Germany 
Silicone Glue Type SG-1 PreSens GmbH, Regensburg, Germany 
Sodium dihydrogen phosphate Sigma-Aldrich, St. Louis, USA 
Sodium sulfite Merck, Darmstadt, Germany 
Sterile filter (pore diameter 0.2 µm) TPP (Techno Plastic Products AG), Trasadingen, Swiss 
Syringe (disposable) (5 mL, 10 mL, 20 mL) Becton Dickinson, Franklin Lakes, USA 
Syringe canula  Becton Dickinson, Franklin Lakes, USA 
  

T  

Triton-X-100 Sigma-Aldrich, St. Louis, USA 
TRITC-phalloidin Sigma-Aldrich, St. Louis, USA 
Trypsin 0.05 % (w/v), 0.25 % (w/v) Sigma-Aldrich, St. Louis, USA 
  

V  

VisiSens TD PreSens GmbH, Regensburg, Germany  
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W  

Waterbath TW12 Julabo GmbH, Seelbach, Germany 
Weighting Instrument Mettler-Toledo, Columbus, USA 
  

Z  

zenCell Owl innoME GmbH, Espelkamp, Germany 
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