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Abstract

Water is a precious good which in good quality we need essentially to survive. In this work a
novel method for the detection of bioactive pollutants in aqueous media will be presented. It
is based on a sensor system, which uses mammalian cells, RLC-18 (rat liver cells) or MCF-7
(breast cancer cell line) as the detection layer for harmful substances. With these mammalian
cells as the sensing layer a metabolically active sensor interface will become available reflecting
the physiology of living organisms. In this work the cell layer is cultured on a multi-electrode
silicon chip and the response of the cells to toxic substances is monitored by recording morpho-
logical changes, oxygen consumption, as well as the acidification properties of the cells.

Until now there is no easy-to-use system that can detect the overall toxicity of a water sam-
ple. Analytical chemistry can be used to detect chemical substances at very low levels, down to
few picograms. However, only substances known to be harmful will be analyzed in dedicated
protocols. New, unknown chemicals or derivatives can be present unnoticed. For this work, four
known organic pollutants were chosen as model substances to test the sensitivity and reliability
of the developed system: 2-Aminoanthracene (2-AA), a heterocyclic amine used in dyes, drugs,
inks and plastics; chlorpyrifos, an organophosphate insecticide; 3,3‘,5,5‘-Tetrabromobisphenol
A (TBBPA), a flame retardant; and 4-methylbenzylidene camphor (4-MBC), an ultraviolet fil-
ter. RLC-18 cells were exposed to these chemicals in single and combinatorial measurements.
These measurements revealed, which physiological parameters were targeted, and at which
time point during treatment the toxic effect occurred. Cotreatment with various combinations
showed how the chemicals interacted with each other either by reinforcing their toxicity or mit-
igating it. Moreover, also cell promoting effects of certain substances could be detected using
this system. Proliferating effects could indicate hormonal activities of the pollution. In this
context, the focus was on compounds mimicking the effect of estrogen, which can be detected
using MCF-7 cells as the detection layer since this cell line expresses the estrogen receptor and
shows hormone dependent growth.

Due to the different options for the interaction of pollutions, a more dedicated analysis was
required. In order to predict the presence of a pollutant in a sample, even in the presence of
another compound that could suppress the expected physiological effect, an algorithm using
functional data analysis was designed and an analytical protocol including analysis software
was developed.

A major problem was the maintenance of the cell layer, to make it suitable for application
in the field. For this a gelatinous medium was developed to protect the cells against impacts,
dehydration and temperature variations during storage and transportation. This gel medium
permitted the storage of cell loaded chips at 4◦C for up to one week. Moreover, it could be
demonstrated that, with some optimization, this system can be used to analyze natural water
samples from different sources.

Taken together, the cell-based detection system developed in this work could be used for
the detection of pollutants with acute toxicity and other biological activity. With this work, it
could be shown that a future cell based sensor system should be an ideal toxicity monitor, to
continuously record, in “real time”, the quality of inshore waters as a reliable toxicity meter.



Zusammenfassung

Wasser ist ein kostbares Gut, welches wir in guter qualität zum überleben brauchen. In die-
ser Arbeit wird ein Sensorsystem zur Erkennung bioaktiver Schadstoffe in wässrigen Medien
vorgestellt. Dieses System basiert auf Säugerzellen, RLC-18 (Leberzellen aus der Rate) oder
MCF-7 (humane Brustkrebszellen), die als Detektorschicht zur Erkennung von Gefahrenstoffen
dienen. Der metabolisch aktive Sensor stellt die Schnittstelle zu der Zellulären Detektorschicht
dar und spiegelt die Physiologie lebender Organismen wider. Diese Schicht lebender Zellen
wird auf der Oberfläche eines Silizium-Chips kultiviert, dessen Elektroden Veränderungen in
der Morphologie, Atmung und Ansäuerung der Zellen misst.

Bis jetzt gibt es kein einfach zu bedienendes System, welches die allgemeine Toxizität
einer Wasserprobe analysiert. Analytische Chemie kann verwendet werden um Substanzen
im Picogramm-Bereich zu detektieren. Neuartige Substanzen oder Derivate herkömmlicher
oder neuartiger Substanzen bleiben somit unerkannt. Für diese Arbeit wurden vier organi-
sche Substanzen ausgewählt, um die Sensitivität und Zuverlässigkeit des Systems zu ermit-
teln: 2-Aminoanthracen (2-AA), ein heterozyklisches Amin welches in Farben, Tinte und Pla-
stik vorkommt; Chlorpyrifos, ein Insektizid aus der Gruppe der Organophosphate; 3,3‘,5,5‘-
Tetrabromobisphenol A (TBBPA), ein Flammschutzmittel; und 4-methylbenzyliden Campher
(4-MBC), ein Filter gegen UV-Strahlung. RLC-18 Zellen wurden diesen Chemikalien in Einzel-
und Kombinationsmessungen ausgesetzt. Die Messungen zeigten welche physiologischen Pa-
rameter angegriffen sowie der Zeitpunnkt des Wirkungseintritts. Die Kombinationsmessungen
zeigten, wie die Substanzen miteinander interagieren und den Effekt auf den Zellmetabolismus
entweder verstärken oder hemmen können. Der Wachstumsfördernde Effekt mancher Substan-
zen, wie Hormone, kann durch dieses Systems ebenso detektiert werden. In diesem Zusammen-
hang wurden MCF-7 Zellen als Detektorschicht verwendet um Östrogenähnliche Substanzen
zu erkennen, da diese den Östrogenrezeptor exprimieren.

Um ein Gefahrstoff erkennen zu können, welches den physiologischen Effekt eines zwei-
ten Stoffes tarnt wurde ein Algorithmus basierend auf funktionaler Datenanalyse programmiert.

Eine große Herausforderung stellte die Aufrechterhaltung der Zellschicht dar um diese in
einen Einsatzort zur verwenden. Ein gelartiges Medium wurde entwickelt um die Zellen gegen
Stöße, Austrocknung und Temperaturschwankungen während des transports zu schützen. Dar-
über hinaus ermöglicht dieses Gel auch die Lagerung eines mit Zellen bewachsenen Chips bis
zu einer Woche bei 4◦C. Als letztes wurde das System dahingehend optimiert, dass Wasser-
proben ohne Extraktion oder Aufkonzentrierung der darin vorhandenen Substanzen gemessen
werden können.

Das hier entwickelte und vorgestellte System könnte zur Erkennung biologisch aktiven Ge-
fahrstoffen mit akuter toxizität verwendet werden. Diese Arbeit zeigt das in der Zukunft ein
Zellbasiertes Sensorsystem zur Überwachung der Wasserqualität in Echtzeit verwendet werden
könnte.



Chapter 1

Introduction

1.1 Environment

Industrial chemicals, pharmaceutical drugs, personal care products, pesticides, herbicides and

chemical additives have in common that their production is increasing continuously because

we human need them more and more. But at the same time all these anthropogenic substances

challenge the environment and some of them may represent an ecological and/or human-health

risk. One of the main concerns is that these compounds end up in soil, ground and inshore

waters like pointed out in Science, vol. 295, pg. 2209, 22 March 2002. Humans may come in

contact with these chemicals directly or via the food chain as described in Ritter et al. (2002)

and Eltzov and Marks (2011). Some contaminants can be localized in their source and thus may

controllable at the local level. Others can be found in remote areas far away from their source

of origin and travel long distances through long-range transport (Evans et al., 2005). These

organic pollutants retain their toxicity and still degradate after several decades. Special effort is

being put on reducing circulating organic pollutants. So does the United Nations Environmental

Programme (UNEP) on a global scale, the Water Framework Directive (WFD) in the European

Union and the U.S. Environmental Protection Agency (EPA) within the boundaries of the United

States.

Even if certain water quality parameters, like oxygen deficiency or phosphate concentration,

have ameliorated over the last decades in the European Union (Fuerhacker, 2009), there are

contaminants, mainly organic pollutants, whose short and/or long-term consequences are yet

not completely known and remain still to be elucidated (Eltzov and Marks, 2011).

More over, it is conceivable the existence and presence of new chemicals or still unknown

1



1.1 Environment

degration products thereof which remain yet undetectable for conventional analytical methods.

Conventional analytical methods are a prime reason for having lunched this PhD thesis. An-

alytical methods are good if not fantastic, precise, sensitiv and reliable. In fact, the accuracy

how the German Goverment takes care about the inshore waters within its frontiers is remark-

able and worth to venerate in the following sentences.

In regular time intervals, maximal once per month, workers from the State Office for Environ-

ment, for example the bavarian, take water probes from a river, lake, water treatment plant,

groundwater etc (see figure 1.1 A). Temperature, pH value and turbidity of the water are deter-

mined on site1. For a detailled and precise determination of its costitution the water sample is

taken to an analytical laboratory. The samples must first be prepared for an analysis, relevant

compounds are extracted from the sample, cleaned up and enriched. Then they can be quanti-

fied using gaschromatograhy or liquidchromatography. An inorganic (see figure 1.1 A), organic

(see figure 1.1 B) and biological (see figure 1.1 C) analysis is performed2.

The biological analysis ensures that the biotop is not altered, the organisms behave in a healthy

manner and the concentration and variety of plancton remains constant.

A

B C D

Figure 1.1: How the quality of water is monitoed nowadays. A water probe is taken from with
a scoop (A), after storage, cleaning up, sample enrichment an analytical inorganic (B), organic
(C) and biological (D)analysis is performed to determine the composition of the sample and
detect and quantify possible pollutants present in the probe.

1Source: Bavarian State Office for Environmen, http://www.lfu.bayern.de/wasser/gewaesserqualitaet_seen/
untersuchungsprogramme/index.htm (Jun. 26, 2014)

2Source: Bavarian State Office for Environmen, http://www.lfu.bayern.de/analytik_stoffe/index.htm (Jun. 26,
2014)
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1.2 Biological-based detection systems

In this way the governmental monitoring program tries to cover all possible sources of pol-

lutions ranging from metalls to organic species like pesticides, synthetic materials, detergents

and solvents.

But more than 100,000 different chemical are produced in the European Union3, stored,

used and disposed of. There are several thousands of kilometers of rivers, thousands of lakes,

billions of cubic meters water in Europe. Even if all States have a good running water quality

monitoring program, covering the detection of every single substance is a huge challange.

The question is, if it is possible, not to replace conventional analytical methods and strate-

gies, but to improve them, and to back up them. The scope is to get information about immi-

nent danger faster. If a sudden threat happens it is better to react instantly. For this purpose,

biological-based sensors are promising tools.

1.2 Biological-based detection systems

The International Union of Pure and Applied Chemistry (IUPAC) defines a biosensor as a de-

vice that transforms biological or biochemical information into an analytically usefull signal

(Thévenot et al., 2001). The structure of a biosensor may be divided in the biological detection

layer, and a transducer (see figure 1.2 for an schematic diagram). The analytes bind to the bio-

logical detection layer. This binding evokes a biological alteration of the sensing layer causing

Analytes
Detection layer

Transducer

Data 
processing

Display

Biosensor

time

sig
na

l

time

sig
na

l

Figure 1.2: Schematic overview of the components of a biosensor. The analytes bind to the
biological detection layer causing its alteration. The biological signal is relaid to the transducer
which converts it to a electronical read-out ready to be processed. The ongoing measurement
can be followed in real time.

3Source: Bavarian State Office for Environmen, http://www.lfu.bayern.de/analytik_stoffe/analytik_org_stoffe_
leistungsspektrum/index.htm (Jun. 26, 2014)
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1.2 Biological-based detection systems

a physical or chemical response which is transfered to the transducer (Eltzov and Marks, 2011).

The transducer interpretes this chemical or physical signal and converts it into a read-out which

can be processed by a data analysis software (Ronkainen et al., 2010). Finally, the events taking

place on the biosensor are displayed in a comprehensible manner on a screen.

There are actually a variety of biosensors being developed and proven for functionality and

efficacy. The classification of them takes place on the basis of the nature of the used detection

layer and the method used to transduce the biological signal into an electrical read-out.

The following scheme depicts the most widely used detection layers and transducers:

Biosensor



Biological detection layer



Eukaryotic cells
Bacteria
Yeast
Antibodies (natural or engneered)
Nucleic acids
Enzymes

Transducer



Electrochemical


Amperometry
Impedance
Conductometry
Potentiometry

Mechanical
Luminescence
Acoustic

In the next two subsections all these possibilities are going to be explained and defined briefly .

1.2.1 Biological recognition element

The biological recognition element is the layer directly interacting with the target analyte(s).

The choice of this layer will determines the selectivity of the sensor and up to a certain point

the choice of the transducer since not all biological signals can be relaid, read and interpreted

by all transducer technologies. Whole-cells as well as molecules can be used as the detection

layer. Bacteria and yeast have gained in importance in the last decade. Mainly because they

allow easily and efficiently the transfection of a reporter gene encoding luciferase or green fluo-

rescence protein (GFP) (Burbaum and Sigal, 1997; Scheirer, 1997; Su et al., 2011). Technically

speaking, the sensing element is the regulatory protein or the promoter sequence. This sequence
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1.2 Biological-based detection systems

accounts for the selectiveness of the assay (Ramanathan et al., 1998; Eltzov and Marks, 2010).

Only the contaminants able to activate the regulatory protein(s) which in turn activate the re-

porter genes will be detected.

The third and last possibility of a whole-cell biosensor is the use of eukaryotic cells, specially

mammalian cell lines (Alborzinia et al., 2011). The advantage of biosensors using mammalian

cells over those using bacteria or yeasts is that their response to toxic compounds may resemble

more the one of humans. More over, only by using this living component it is possible to obtain

functional information (Bousse, 1996).

Another possibility instead of using whole-cells is the usage of biomolecules. Enzymes for

instance have been used for the detection of glucose (in this specific case the glucose oxidase)

(Clark and Lyons, 1962). This biosensor from 1962 represents the first in history and the emerg-

ing of a new technology. But the use of other enzymes like tyrosinase has enabled the detection

of environmental pollutants like diuron and atrazine (Anh et al., 2004), also pathogens in food

and methamphetamine in human urine could be detected using enzymes as the sensing layer of

a biosensor (Yagiuda et al., 1996).

A high selectivety is accomplished by using antibodies against a specific antigen. The affin-

ity constant of the binding between an antibody and an antigen is of the order of 106 (Eggins,

2002). This high affinity and selectivity has made it feasible to detect analytes in the concentra-

tion range of just a few pM (Senveli and Tigli, 2013). The drawback of using antibodies as the

biological recognition element in a biosensor is the fact that the synthesis of an antibody against

a certain antigen is fairly difficult, time-consuming and costly (Subramanian, 2004).

Nucleic acid layers are another featured biological recognition element. Here, 20–40 basepair

single-stranded DNA segments are immobilized on the sensor surface. These segments have the

ability to selectively bind the target DNA (Bartlett, 2008). One way to visualize the binding of

the target segment is to use a redox activ label. The immobilized segment is by design shorter

than the target strand. This leaves a segment where a short DNA probe containing an electroac-

tive species can bind. Amperometry (see section below 1.2.2) enables the measurement of the

current due to the oxidation of the label (Takenaka et al., 2000).

After the analyte has been bound or detected by the biological recognition layer, the biolog-

ical has to be converted into a signal that can be interpreted and analyzed. This job is performed

by a transducer.
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1.2.2 Transducers

The trasducer converts the biological signal relayed by the biological sensing layer to a more

or less interpretable read-out (more or less because usually a correct interpration is enabled not

before a downstream data processing system analyzes the data). There are several possibilities

to convert the biological signal to an electrical read-out.

For whole-cell-based sensors an amperometric transducer monitors the changes in current gen-

erated by an electrochemical oxidation or reduction of an electroactive species like oxygen. The

redox reaction and the subsequent current results from the maintainance of a constant potential

at the working electrode with respect to a reference electrode (Ronkainen et al., 2010). This

technique enables for example the monitoring of oxygen comsumption.

Electrical impedance spectroscopy measures charge transfer processes ocurring at electrode-

electrolyte interface and thus characterizes the dielectric properties of a biological system (La-

garde and Jaffrezic-Renault, 2011). A cell consists, very simplified, of a nucleous, a conducting

cytoplasm and a thin insulating cell membrane. If the cells are exposed to an electric field the

cell behaves due to the cell membrane as an insulating object. The electric fiel is prevented to

penetrate the cell (Sun et al., 2010). The electrical impedance reflects the disruption of an elec-

tric field by an intact cell membrane. Therefore this transducer enables to track micromotion,

cell attachment and spreading, cell concentration and growth and apoptosis (Giaever and Keese,

1993; Xiao and Luong, 2003; Hong et al., 2011).

Conductometry measures changes in the electrical conductivity of a solution while its compo-

sition is changing in the course of the time due to a chemical reaction (Ronkainen et al., 2010).

The sensing layer is often composed of enzymes whose charged products alter drastically the

conductivity of the solution (Muhammad-Tahir and Alocilja, 2003).

A potentiometric transduction detects the difference of potential between the electrode where

the cells are immobilized and a reference electrode while a negligible current is flowing be-

tween them (Lagarde and Jaffrezic-Renault, 2011). The classical glass pH-electrode works in

this manner as well as Ca2+, Na+ and Cl− detectors (Eggins, 2002).

Mechanical sensing uses in essence biomolecules immobilized on a candilever. In case of a

static candilever the binding of the target analyte to the biomolecule causes it to bend. A sec-

ond modality is a resonant device where the binding produces an alteration in the deflection

frequency of the candilever (Senveli and Tigli, 2013). The bending or resonance characteristics

are the read-out of these biosensors. This principle is mainly used for molecule-based sensors.
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Since bioluminescens have come on the scene of biosensors, it has been widely used for water

monitoring purposes. Mainly light-producing bacteria have been engineered using recombi-

nant DNA (Kim and Gu, 2003). This method takes advantage of the specific gene activation

of certain contaminats. A DNA segment encoding for example luciferase or green fluorescense

protein is placed downstream of the target promotor. The binding of an analyte to a extra- or

intracellular receptor will activate the corresponding molecular pathway leading to the trascrip-

tion of a light producing protein (Bhattacharyya et al., 2005; Eltzov and Marks, 2011). This

lightemission is detectected and evaluated.

Typical acoustic sensing consists in an immobilized receptor molecule layer. Acoustic waves

are propagated through the solid substrate of the sensor. If a molecular recognition and binding

to the target analyte happens, a shift in the resonance frequency will occur (Saitakis and Gizeli,

2012). This transducer technology has been also used to study eukaryotic cell attachment and

spreading. Also morphological changes due to cytoskeleton impairment or cell to cell contact

variations after drug application has been studied (Marxer et al., 2003; Braunhut et al., 2005).

1.3 Bringing water quality monitoring and biosensors together

This introductory chapter was opened arguing how and why conventional analytical methods

for water quality monitoring could be improved (section 1.1). Next up, we presented, defined

and explained what a biosensor is. Now it is time to bring this two issues together rounding out

the motivation of this thesis.

As referred before, new chemicals and materials are beeing synthesized with more and less bio-

degradable intermediates. This evolution in synthetic materials should be accompanied by an

evolution in detection systems.

Novel and skilful chemical, physical and biological detection systems for environmental mon-

itoring (Ho et al., 2005; Lieberzeit and Dickert, 2007, 2009; Jimenez-Jorquera C, 2010) try

already to counteract this global request. This multiselective approaches detect a variety of

chemicals whether in gases or in a aqueous phase. But selectivity means that they are limited to

only a certain amount of substances.

This study was carried out using a technology switching from selective and single substance

detection towards over all toxicity detection systems. This could enable rapid quality assess-

ment of inshore waters as complex matrices and specify the toxic effects for living organism
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which get in contact with these media. The physiological parameters of the cellular detection

layer –metabolism, mitochondrial integrity and cell-morphology– are the electrical read-out of

this system and indicate the point of action of the pollutant or the mixture of pollutants present

in the sample.

First tests have been run using this system with samples containing heavy metals like Ni2+ and

Cu2+ showing the potential of this technology for the discrimination of a clear and polluted

sample (Kubisch et al., 2012a). Now it is time to extend the spectrum of detectable substances

and improve the system towards a water applicability.

1.4 Model pollutants

In Europe the Water Framework Directive defines a number of biological, chemical and physical

parameters that should be part of broad range monitoring programs with a focus on 33 priority

chemical substances. Two of the listed priority substances were also chosen for this work: 2-

Aminoanthracene, a polyaromatic hydrocarbon and derivative of anthracene, and chlorpyrifos,

a pestizide.

The flame retardant 3,3‘,5,5‘-Tetrabromobisphenol A (TBBPA) was also tested as it is a wide

used chemical and meanwhile present in many products of our daily life.

The fourth substance, also an organic one, is 4-methylbenzylidene camphor (4-MBC). It is a

UV-filter and due to the intense public dicussion about its toxicity it was also taken into account

in this study.

1.4.1 2-Aminoanthracene (2-AA)

2-Aminoanthracene is a heterocyclic amine synthesized for a variety of industrial purposes like

dyes, drugs, inks, plastics and agricultural chemicals (Boudreau et al., 2006). It can also be

produced naturally and unintended during the frying of meat and burning of tobacco. This

occurs mainly by nitration of a polycyclic aromatic hydrocarbons (PAHs). Therefore other

combustion processes ocurring in vehicles, aircrafts, industries or wood burnings are as well

sources to produce 2-AA (Baker et al., 2001).

Due to the easy exposure of human to 2-AA and in general to many other heterocyclic amines,

these chemicals have become of public interest. The World Health Organization describes in an

official document, Environmental Health Criteria 229 written by J. Kielhorn among others, in
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detail their sources of exposure, environmental consequences and effects on laboratory animals

and humans (WHO, 1998).

Ambient air monitoring in selected urban environments around the world like St. Louis,

Missouri, USA; Tokio, Japan; Florence, Italy; Copenhagen, Denmark; Bayreuth, Germany;

Damascus, Syria has revealed the presence of heterocyclic amines. Also in the amazon forest

near biomass burning were particles of heterocyclic amine detected (WHO, 1998).

Although the presence of these chemicals seem to be ubiquitous present in ambient air their

presence in water has fortunately not become so critical. 2-AA and in general all heterocyclic

amines are insoluble in water, therefore transportation along long distances or filtration into the

groundwater is less likely (WHO, 1998).

The concern and worry about 2-AA and probably the main reason why this chemical is in-

cluded in the European Water Framework Directive is because it is well known to act as potent

carcinogen in animal models and to cause mutations at multiple sites (Carrière et al., 1992;

Windmill et al., 1997; Gato et al., 2012). 2-AA itself is not the carcinogenic agent. As well as

nearly all other known polycyclic amines, 2-AA requires metabolic activation by cytochrome

P450 (CYP) enzymes to more reactive metabolites in order to exhibit carcinogenicity (Shimada

and Fujii-Kuriyama, 2004). It has been shown that CYP1A2 converts heterocyclic amines to

N-hydroxylated metabolites that are subsequently modified by phase II enzymes, such as acetyl-

transferase and sulfotransferase, to ultimate carcinogens (Shimada and Fujii-Kuriyama, 2004;

Jemnitz et al., 2004).

Unfortunately only few studies report about the toxicity arising from 2-AA behind mutagenicity

and carcinogenicity. Boudreau et al. (2006) show necrotic changes in cells of the pancreas after

chronic dietary exposure of rats to 2-AA as well as diabetic-like symptoms. Intraperitoneal

injection of 2-AA (5 mg per week during up to 9 weeks) led to reversible serum enzyme lev-

els including alkaline phosphatase, total protein, albumin, and globulin. More over irreversible

histologic liver changes were observed, hepatocyte hypertrophy and biliary hyperplasia (Baker

et al., 2001).

The here presented biosensor and detection system allows to figure out more precise details

about the point of action since the morphology, respiration and metabolism are monitored in

real time while the chemical is applied to the cells.
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1.4.2 Chlorpyrifos

Chlorpyrifos is an organophosphate insecticide used in the European Union mainly in vineyards

(European Food Safety Authority 2011). It was included in Annex I to Directive

91/414/EEC on 1 July 2006 by Commission Directive 2005/72/EC. Its approval was only pro-

visionally with an expiration date scheduled first until the 30th of June 2016 and prolonged re-

cently until the 31th of January of the year 2018 (Commission Implementing Regularion (EU)

No 762/2013).

The use of chlorpyrifos and in general of organophosphate pesticides is controversial since

risk assessment studies point to imminent health risk for humans and animals and cannot ex-

clude a potential damage of this substances if present in the environment (European Food Safety Au-

thority 2011 and U.S. Environmental Protection Agency 2000, 2011).

The primary mechanism of action of chlorpyrifos is the inhibition of the acetylcholinesterase

(AChE) in target tissues by its oxon metabolite (Eaton et al., 2008). The Neurotransmitter

acetylcholine is degradated by extracellular AChE. Inhibition of AChE leads in consequens to

an accumulation of ACh in the presynaptic space and thus to an over-stimulation of muscarinic

and nicotinic receptors (Nicholls et al., 251; Costa, 2006). Acute poisoning with chlorpyrifos

leads therefore to the “cholinergic syndrom” which is characterized by sweating, salivation and

gastrointestinal motility, diarrhea, profound bronchial secretion, bronchoconstriction, miosis,

tremors and muscular twitching (Hsieh et al., 2001).

The toxicity of chlorpyrifos needs, as well as the one from 2-AA, the bioactivation of a member

of the cytochrome P450 superfamily to a more potent AChE inhibitor, chlorpyrifos-oxon. This

reaction consists in an oxidative desulfuration by the CYP2B6 which take mostly place in the

liver (Tang et al., 2001; Foxenberg et al., 2011; Khokhar and Tyndale, 2012).

The cholinergic syndrome follows an acute intoxication of chlorpyrifos (Jokanovic̀ and Kosanovic̀,

2010) but the main discussion of the use of chlorpyrifos are the neurodevelopmental effects that

may cause this pesticide. It has been shown that neurodevelopmental disorders are caused bel-

low AChE-inhibition threshold and therefore for the most part asymptomatic (Slotkin, 2004).

Several studies in humans, animal models and cell culture have shown that prenatal exposure to

chlorpyrifos alters the proper development of the central nervous system. This disorders con-

cern cognitive development, perceptual reasoning and intellectual development (Engel et al.,

2011; Bouchard et al., 2011). Higher prenatal exposure to Chlorpyrifos declined the intelli-

gence quotient in 7 years old children, on average, by 1.4% and Working Memory Index scores

10



1.4 Model pollutants

by 2.8% (Rauh et al., 2011). This could be accounted by structural changes in the developing

human brain as reported in Rauh et al. (2012) and by deficits in the number of neurons and/or

glia cells (Garcia et al., 2005; Roy et al., 2005; Mauro and Zhang, 2007). The molecular mecha-

nism how chlorpyrifos acts is yet not complete understood and still to be elucidated but a recent

study has shown, that chlorpyrifos targets genes regulating the cell cycle and apoptosis in the

developing brain (Slotkin and Seidler, 2012).

All this facts make chlorpyrifos an interesting substance to account for in the present study.

Pesticides are by definition in direct contact with the environment. Rainfall flushes them into

circumjacent rivers and lakes and transport them many kilometers from their originals source

away. They can filtrate into the soil and reach in this manner the groundwater (Eltzov and

Marks, 2011).

1.4.3 3,3‘,5,5‘-Tetrabromobisphenol A (TBBPA)

Many articles and objects we use in our daily life, like clothing, furniture, electronics, computers

and vehicles, are composed of polymers. Given that most of them are petroleum based they are

inflammable. In oder to fulfill fire safety regulations and hence minimize the risk of a fire, flame

retardants are added during the manufacturing and production process of textiles, plastics, wood

and paper (Alaee et al., 2003). Flame retardants are materials added or applied to a material to

increase the fire resistance of that product (WHO, 1995).

The World Health Organization (WHO) lists approximately 75 chemicals which are used as

flame redardants (WHO, 1997). Flame retardants can be inorganic compounds like antimony

oxide (Sb2O3) as well as organic compounds compounds. The latter group can be divided into

organihalogen compounds, organophosphate esters and nitrogen containing chemicals which

are less common (WHO, 1997, 1998).

In this study we will dwell on a particular chemical within the group of organihalogen

compounds, tetrabromobisphenol A (TBBPA). Currently, it is the most heavily produced flame

retardant in the world (Betts, 2013) with an annual worldwide market demand of more than

120.000 tons (de Wit et al., 2010). Its primary use is in printed electronic circuit boards but it

is an additive in several other polymers. The relevance of TBBPA relies not only in its huge

industrial usage but rather on the fact that TBBPA and its metabolites are released into the en-

vironment and can be found in the air, soil and in sediments (Birnbaum and Staskal, 2004).
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Similar as chlorpyrifos, TBBPA is categorized as a persistent organic pollutant that does not

degradate for several years. More over it bioaccumulates and was found in fish liver and human

tissues and breast milk (Shen et al., 2012; Meijer et al., 2014).

Toxicological studies of TBBPA reveal adverse effects consisting in the impairment of the

central and peripheral nervous system and disruption of thyroid homeostasis (Hendriks et al.,

2012; Meijer et al., 2014). The developing brain is the major affected by its exposure. Dinge-

mans et al. (2011) reviews structural and functional alterations in the brains of animals exposed

to polybrominated diphenyl ethers like TBBPA. Changes in the expression of genes and pro-

teins involved in synapse and axon formation, neuronal morphology, cell migration, synaptic

plasticity, ion channels, and vesicular neurotransmitter release have been documented. More

over, TBBPA has been shown to induce oxidative stress by the formation of reactive oxygen

species (ROS) (Reistad et al., 2005, 2007).

A last concern is the endocrine disrupting property of TBBPA. The flame retardant competes

with 17β -estradiol for binding to the sulfotransferase. This enzyme adds a sulfate molecule

to a estradiol molecule getting it ready to eliminate it from the body. This leads to raising

levels of estradiol in the body (Betts, 2013). On top of this Samuelsen et al. (2001) reports

the competitive binding of brominated analogs of bisphenol A to the estrogen receptor using

MCF-7 cells. The potential of binding the estrogen receptor decreased with increasing bromo-

substitutions. The potential of inducing cell growth is therefore higher for bisphenol-A than for

TBBPA but still present.

1.4.4 4-methylbenzylidene camphor (4-MBC)

Camphor is a natural product derived from the wood of the camphor laurel (Cinnamomum

camphora L.) tree. It is commercially available and its usage comprises medical and aromatic

purposes as well as a flavouring ingredient in food (Chen et al., 2013). It is also used for

the home treatment of colds in the form of inhalands or camphorated oil (Jochen and Theis,

1995) and as a topical analgesic in liniments and balms (Xu et al., 2005). Dietary exposure

to camphor arises from the consumption of foods flavoured by using either herbs (e.g. basil,

coriander, marjoram, rosemary, sage), their essential oils or the chemically defined flavouring

substance d-camphor. The available data on toxicity of camphor are limited. Sporadic cases of

seizures have been reported in children after acute ingestional, inhalatory or dermal exposure
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(Khine et al. (2009)). The symptoms comprises convulsion, lethargy, ataxia, nausea, vomiting

and coma (Zuccarini, 2009; Manoguerra et al., 2006). The US Food and Drug Administration

(FDA) settled the maximal permited concentration for over-the-counter products containinng

camphor to 11% (FDA, 1983) and the European Food Safety Authority (EFSA) suggests that

the maximum levels should be set to 2 mg/Kg bodyweight on a single day over all age groups

to ensure human helthiness after dietary exposure (Aguilar et al., 2008).

One of its derivatives is 4-methylbenzylidene camphor that is used in the cosmetic industry

for its ability to protect the skin against Ultraviolet (UV) light, specifically UV B. Some of its

tradenames include Eusolex 6300 from the company Merck KGaA and Parsol 5000 from DSM.

The incresing production of UV absorbers for cosmetic and technical porposes has led to the

presence of this chemicals in the environment. 4-MBC was found in surface waters (Balmer

et al., 2005), particulary in the effluents of sewage treatment plants (Plagellat et al., 2006). Since

UV filters are not only used for cosmetic reasons but also as UV stabilizers in plastics, cloth-

ing, curtains and food (Kawamura et al., 2003), we humans are in constantly contact wiht this

substances in our daily life. Janjua et al. (2004) has shown that the sunscreens benzophenone-

3, octyl-methoxycinnamate and 4-methylbenzylidene camphor are absorbed through the skin,

show a systemic level in the plasma and their metabolites can be detected in urine after whole-

body topical application in humans. This UV filters used in sunscreens and specially 4-MBC

are under suspicion of having endocrine activity and therefore to alter the physiological levels

of the reproductive hormones follicle-stimulating hormone (FSH), luteinizing hormone (LH),

testosterone and estradiol. Several studies have shown that 4-MBC unfolds estrogenic activity

(Schlumpf et al., 2001, 004a, 2004; Klammer et al., 2005; Kunz et al., 2006) and displays also

an anti-androgenic effect (Ma et al., 2003; Schreurs et al., 2005). More over interference of

4-MBC with the thyroid axis was observed in vitro (Schlumpf et al., 2004) and in vivo (Maerkel

et al., 2007).

4-MBC is only approved in Europe and due to the ongoing risk concerns the Danish En-

vironmental Protection Agency recommends not to use 4-MBC for children younger than 12.

The Danish authorities requested in 2001 the European Commission for a safety evaluation of

the UV filter 4-MBC. In particular they expressed their concern on the calculation of a margin

of safety when used by children due to its potential effects on the thyroid gland. More over
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based upon the publication of Schlumpf et al. (2001), in which the potential estrogenic effect of

4-MBC was studied, the European Commission’s Scientific Committee on Cosmetic Products

and Non-Food Products (SCCNFP) considered a safety evaluation under investigation by M.

Schlumpf and representatives from industry (including Merck KGaA). The Committee drew

the conclusion that the allowed UV filters in sunscreen products in the European Union have no

estrogenic effect that could harm human health (European-Union, 2001).

Concerning thyroid axis alterarion or interferance, the SCCNFP concluded in the year 2004

that the available data in rat analysis is difficult to interpret. Nevertheless the results suggest

an interference of 4-MBC in thyroid hormone metabolism reasoned by increased TSH in com-

bination with elevated levels of triiodthytonin and tetraiodthyronin (T3,T4), enlarged thyroids

and thyroid proliferation. The committee stated that “the current use of 4-Methylbenzylidene

camphor in sunscreen products poses a reason for concern” (European-Union, 2004) but was

also of the opinion that a safe use of a maximum concentration of 4% 4-MBC in sunscreens

cannot be established (European-Union, 2006).

1.5 Detection of estrogen acting xenobiotics

Xenobiotics are chemical substances present within an organism but not naturally ocurring or

synthesized by it and therefore not supposed to be there (de Bolster, 1997). Environmental pol-

lutants are also potential xenobiotics since they can enter the human organism through the food

chain, inhalation, or through the skin (Eltzov and Marks, 2011).

Some of these xenobiotics have the ability to activate cellular pathways mimicking endoge-

nous molecules. The activation of these pathways out of time or in excess can lead finally to

health implications. The proper functioning of the endocrine system is particulary sensitive to

xenobiotics. Some of them are able to alter or disrupt the pathways of reproductive hormones

like FSH, LH, androgen and estrogen (Jeffries et al., 2011; Banerjee et al., 2013) as well as those

from the hypothalamic–pituitary–thyroid axis, thyrotropin-releasing hormone (TRH), thyroid-

stimulating hormone (TSH), triiodothyronine (T3) and thyroxine (T4) (Schlumpf et al., 2004;

Maerkel et al., 2007; Leung et al., 2013).

In section 1.4.3 and 1.4.4 it was mentioned that TBBPA and 4-MBC have been shown to
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bind the estrogen receptor acting as an agonist. Estrogen regulates a variety of cell functions

including proliferation, differentiation, adhesion, migration, cell-cell interaction, and apoptosis

(Edwards, 2005; Banerjee et al., 2013).

High estrogen levels in serunm are associated with a 2-2.5% greater risk of breast cancer devel-

opment and 60-70% of breast cancers expressing the estrogen receptor are estrogen signaling

driven (Caldon, 2014).

Since the body does not differenciate between endogenous estrogen and a chemical that “is

only acting as estrogen”, all these estrogen-like xenobiotics represent a health risk and potential

carcinogenic substances. The here beeing presented biosensor, opens the possibility to detect

those whose physiological alterations lead to a faster or uncontrollable cell proliferation. A

higher respiration rate and a higher metabolic rate is expected if cells are growing faster on

the chip. More over, a higher covering of the chip surface while cells are proliferating will

change the impedance measured by the IDES electrode. In section 3 we will deliberate if a

faster proliferation can be appreciated with a biosensor after application of 17β -estradiol and

some chemicals under suspicion of having estrogen-like activity.

1.6 The logistical challange: preservation and transport of a

biosensor

The interaction between the analyte and the detection layer is of course a fundamental topic

during the development of a biosensor. The biological layer must be sensitive enough to detect

the target analytes and one has to take care that the biological signal produced after the binding

or interaction is converted in a reasonable read-out.

At a practical level there are other concerns to consider. For example, a client, owing and

using a detection system, but without a cell culture laboratory in his background, has to receive

per mail a chip loaded with (living) cells. More over the customer has to be able to store the chip

if its usage is not immediate without owning a laboratory equipment. One storage possibility

would be a 4◦C refrigerator.
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All in one, the cells must be encapsulated in a medium or substance which shields impacts,

provides them with enough nutrients and protects them from fluctuations of the temperature and

dehydration.

1.6.1 Preservation and protection of cells from temperature fluctuations

Nowadays cell preservation and transportation is performed mainly at subzero temperatures us-

ing cryoprotective substances. Cryopreservation is the use of very low temperatures to preserve

structurally intact living cells and tissues (Pegg, 2007). The most commonly used cryoprotec-

tive substances are glycerol and DMSO (Pegg, 1976). In this way, cells can be transported and

conserved at -90◦C in cell culture medium supplemented e.g. with 10% bovine serum and 10%

DMSO. Cryoprotective substances have the ability to reduce the amount of intra- and extracel-

lular ice formed just by increasing the concentration of solutes in the system (Pegg, 2002). The

risk of cellular damage arises first from the toxicity of the cryoprotective substance and second,

from the tradeoff between intracellular freezing and the concentration of solutes (Armitage,

1987; Pegg, 2007).

Cryopreservation is a complex but very good understood process. It has an established position

in medicine as well as in biology for the conservation of cells and some tissues. Nevertheless

for our purpose it is insufficient since:

1. the target tissue is a two dimensional monolayer and not a suspension,

2. there is no warranty for subzero temperatures and far less for -90◦C in the target place,

3. the silicium based sensor chip will break at very low temperatures,

4. we can not run the risk that cells die after the freezing/thawing procedure,

5. the cell-loaded chip is going to be placed in the measuring system without pretreatment.

This means that we need to avoid the use of toxic preservation substances in order to

ensure healthy and reliable physiological parameters.

This requirements imply that there is a need for a procedure that allows to keep a cellular mono-

layer alife and maintain its full functional capacity at temperatures ranging between 4◦C and

25◦C. The nutritive and biochemical environment has to be ensured. Mechanical load needs

also to be overcome since shipping or transportation is a matter of stress for the cells. The
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monolayer is not allowed to slide over the surface of the chip or detach from its surface.

For all these reasons cryopreservation and vitrification are not the right choice. The latter pro-

cess denotes the process of cooling down tissues or cultured cells or whole organs to subzero

temperatures without phase change (Han and Bischof, 2004; Bagchi et al., 2008). Vitrification

aboids ice formation which is why this procedure claims to be gentlier for the cells as described

in Fahy et al. (2009).

The task was to look for hypothermic preservation without a freezing/thawing procedure. In

hypothermic preservation, the cellular metabolism within a tissue is reduced due to storage

temperatures ranging between 4 and 10◦C (Han and Bischof, 2004). In fact it is possible to

maintain cells at these low temperatures. In the early eighties James H. Southard, Folkert O.

Belzer and collegues were working on a cold-storage solution – the University of Wisconsin

(UW) Solution – that was thought to improve preservation of the liver and pancreas (Belzer and

Southard, 1980; Belzer et al., 1983). At that point of time, these organs countenanced only a

preservation for 4 to 8 hours. This time constrain seriously limited the distance from which

organs could be procured to the place they needed to be transplanted. The result was a three day

successfull preservation of dog pancreas (Wahlberg et al., 1987) and kidney (Ploeg et al., 1988)

and a two day dog liver (Jamieson et al., 1988) preservation. A possible reason for the success-

fully results of UW solution is the usage of lactobionic acid and raffinose, a trisaccharide, to

suppress hypothermically induced cell swelling (Southard and Belzer, 1995). But this is not the

only reason, also the presence of adenosine in a concentration of 5 mmol/L (Ono et al., 1995)

contributes substantially to the improved preservation. In fact, most organs loose 95% of its

initial amount of ATP (Southard and Belzer, 1995) and the values of adenosine diphosphate and

adenosine monophosphate decreased to approximately 25% of original values by 24 hours in

cultured human cardyomyocytes (Fremes et al., 1991c). Without doubt a supply of this nucleo-

side is a welcome clue for the organ preservation industry, leading in the above mentioned case

of human cardyomyocytes to a stable morphology and a near to perfect β -adrenergic response

(Fremes et al., 1991c).

To conclude we state that organ preservation techniques has been improved to supply demand

and cultured cells can be also stored for a at least 2 days at 4◦C (Fremes et al., 1991a,b).

So we now know that it is posible to keep cells at 4◦C. But what about higher temperatures? Gar-

cía et al. (2008) showed that cultured human articular chondrocytes could be stored at roomtem-

perature (in their case 18◦C-24◦C) for up to 30 days. They found out that cell viability ranged
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between 91% and 100% after 15 days (using HAM-12 medium, results turned out to be not so

satisfying using DMEM with this cellline) and between 6% and 95% after 30 days.

This means that cells can survive temperature variations within a wide intervall. It is only a

matter of the right medium that feeds and protects them.

1.6.2 Packaging for transportation

Not only the question of the right medium to overcome temperature fluctuations and allow stor-

age at 4◦C needs to be circumvent. Also the packaging for transportation and the question of a

substance that protects the cells from mechanical stress remains open.

A colloidal or gelatinous substance could be promising for this intention. A fibrin-based

gel matrix has been used as carrier for hepatocytes in culture (Bruns et al., 2005). In this man-

ner cells could be transplanted into the liver in an animal models. There is a trend towards

encapsulating cells in a three dimensional hydrogel for tissue engineering applications. The

used gels provide an environment similar as the one experienced in vivo and may allow intact

physiological function of the cells (Hunt and Grover, 2010). The use of encapsulated cells or

tissue in a sponge-like material evolved from the idea of developing man-made organs or tis-

sues. Partilary, the use of patient’s own cells is a revolutionary strategy for organ regeneration

and wound healing. Cells are isolated from a small biopsy from the patient, cultured ex vivo

and injected back to the patient (Marler et al., 1998). A variety of tissues like arteries, skin,

cartilage, bone, ligament, and tendon are engineered in this manner (for an exemplary paper see

Service (2000)). During this procedure, cells are incorporated in a three dimensional polymer

scaffold. This scaffold acts as a extracellular matrix, deliver the cells to the appropriate tissue

or organ and provides space for the formation of new tissue (Lee and Mooney, 2001).

Critical is the choice of the polymer beeing used since it has to mimic the extracellular matrix

and be biocompatible.

This tissue engineering procedure was adapted to immobilize and protect the cellular mono-

layer of the biosensor used here. Actually, hydrogels from natural polymers as well as from

synthetic polymers are used for tissue engineering. The latter ones comprise polyacrylic acid

and its derivatives, polyethylene oxide and its copolymers, polyvinyl alcohol, polyphosphazene,
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polypeptides (Lee and Mooney, 2001). The most frequently used natural polymers are agarose,

alginate, chitosan, collagen, fibrin, gelatin and hyalauronic acid. Among all these biopolymers

we focused on alginate, fibrin and gelatin since these have been tested with hepatocytes before

(Hunt and Grover, 2010). Due to proteolytic enzymes, fibrin can degradate rapidly in the pres-

ence of mammalian cells (Ye et al., 2000). So does alginate, even if its mechanical properties

can be controlled and tailored by the molecular weight of the polymer, amount of cross-linking

species and concentration of cross-linking cations like Ca2+ (Hunt et al., 2010).

Due to the fast degradation of alginate and fibrin, gelatin was used as the protecting medium.

Gelatin is formed from the hydrolysation of collagen. It solves in aquous media at 60◦C and it

gels when it cools down to roomtemperature (Young et al., 2005). The solidification temperature

depends on the concentration of gelatin used. Lower concentrations need lower temperatures to

solidify. That means, that it is possible to tailor the solidification state of the gel by regulating

the concentration of gelatin used. A solid state below 25◦ and a liquid state above 30◦C is

desired because the measuring system runs at 37◦C. Therefore, a cell-loaded chip stored at 4◦C

could be taken out of the refrigerator and placed without pretreatment into the system. The

inherently temperature of the system would melt the gelatine and replace it by the running

medium of the system or a water probe.

1.7 The aim

The aim of the current thesis is to drive this technology step by step towards a real application

as a monitoring system for the quality of fresh water.

First, the sensitivity of the system will be evaluated by testing it with four organic model

substances with industrial and environmental relevance. Then and in order to ascertain the con-

taminant present in the sample, a self-designed software based on functional data analysis is

going to be presented. Also the physiological read-out provided by the system is going to be

used to identify the nature of the compound. This will be relevant for compounds promoting

proliferation.

If the goal in a near future is to bring this technology or method close to an application, there
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are some challenges which must be faced. The difficulties to deliver a chip loaded with living

cells had to be overcomed and maybe the most important challenge is the fact that pure water

kills cells due to the difference of osmolarity between the intracellular and the extracellular

medium and the lack of nutrients. This means that the system had to be adapted in a way that a

clean and crystal water probe did not kill the cells.
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Chapter 2

Experimental

2.1 Materials

2.1.1 Chemicals and reagents

2-Aminoanthracene, C14H11N Sigma Aldrich (Steinheim, Germany) #A38800
Alexa Fluorr 488 donkey anti-
rabbit

Life Technologies (Darmstadt, Germany) #A-21222

Anti-Estrogen Receptor α Anti-
body, rabbit monoclonal

Merck Millipore (Darmstadt, Germany) #04-227

Bovine Serum Albumin (BSA) Sigma Aldrich (Steinheim, Germany) #A2153
Chlorpyrifos, C9H11Cl3NO3PS Sigma Aldrich (Steinheim, Germany) #45395
Clearmount Mounting Solution Life Technologies (Darmstadt, Germany) #00-8110
4’,6-diamidino-2-phenylindole
(DAPI)

Life Technologies (Darmstadt, Germany) #D1306

Dimethyl sulfoxide, C2H6OS Sigma Aldrich (Steinheim, Germany) #D8418
D-(+)-Glucose, C6H12O6 Sigma Aldrich (Steinheim, Germany) #G8270
4-Methylbenzylidene-camphor,
C18H22O

Sigma Aldrich (Steinheim, Germany) #78551

Nickel(II) chloride, NiCl2 Sigma Aldrich (Steinheim, Germany) #339350
Paraformaldehyde, HO(CH2O)nH Sigma Aldrich (Steinheim, Germany) #158127
Sodium hydroxide, NaOH Sigma Aldrich (Steinheim, Germany) #5881
3,3’,5,5’-Tetrabromobisphenol-A,
(CH3)2C[C6H2(Br)2OH]2

Sigma Aldrich (Steinheim, Germany) #330396

Triton X-100, C14H22O(C2H4O)n Sigma Aldrich (Steinheim, Germany) #93443
Water (HPLC grade), H2O Sigma Aldrich (Steinheim, Germany) #34877

Table 2.1: List of chemicals and reagents used
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2.1.2 Nutrient media and buffers

Dulbecco’s MEM (DMEM) Biochrom (Berlin, Germany) #FG 1445
DMEM w/o phenol red Biochrom (Berlin, Germany) #F 0475
DMEM powder Biochrom (Berlin, Germany) #T 041-01
Fetal bovine serum (FBS) Biochrom (Berlin, Germany) #S 0615
FBS hormon-free Biochrom (Berlin, Germany) #S3113
Phosphate buffered saline (PBS) Biochrom (Berlin, Germany) #L 1825
Penicillin/Streptomycin BioWhittaker (Heidelberg, Germany) #12001-350
Trypsin/EDTA Biochrom (Berlin, Germany) #L 2163
L-Glutamine Biochrom (Berlin, Germany) #K 0282
Hepes BioWhittaker (Heidelberg, Germany) #CC-5024

Table 2.2: List of Nutrient Media and buffers

2.1.3 Cytotoxicity assay

Cell Proliferation Kit I (MTT) Roche (Mannheim, Germany)
Calcein AM Cell Viability As-
say

Biotium (Hayward, USA)

Table 2.3: List of cytotoxicity assays

2.1.4 Devices

Centrifuge Heraus Multifuge 1S-R Thermo Scientific (Schwerte, Germany)
Laminar flow hood Hera Safe Thermo Scientific (Schwerte, Germany
Photometer FLUOstarOPTIMA BMG Labtechnology (Offenburg, Germany)
Incubator CO2 Air-Jacket Incubator NuAire (Plymouth, USA)
Light microscope Axiovert 40 CFL Zeiss (Wetzlar, Germany)
Cell-sensor system AS 2500 Bionas (Rostock, Germany)

Table 2.4: List of devices
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2.2 Methods

2.2 Methods

2.2.1 Cell culture

Four different cell lines were tested and used: RLC-18, rat embryonal liver cells (figure 2.1

a); MCF-7, human breast adenocarcinoma (figure 2.1 b); BenMen, human benign meningioma

cells (figure 2.1 c); 8-MG-BA, human glioma cells (figure 2.1 d).

All cells were purchased from DSMZ (German Collection of Microorganisms and Cell Lines,

Braunschweig, Germany) and grown at 37◦C in 5% CO2 in a humidified atmosphere. Cells were

cultivated in DMEM, supplemented with 10% FBS, 100 units/mL penicillin and 100 µg/mL

streptomycin.

Beyond that, MCF-7 were cultivated with hormone free medium if used for experiments

concerning the estrogen-like activity of a compound. For this, the regular DMEM was replaced

by DMEM without phenolred and supplemented with 10% hormon free FBS, 100 units/mL

penicillin and 100 µg/mL streptomycin 3 passages prior to perform the experiment .

a b

c d

Figure 2.1: Cell lines tested or used as the detection layer, a) RLC-18, b) MCF-7, c) BenMen,
d) 8-MG-BA.

To conclude which cell line is the most adequate all cell lines where tested for sensitivity

and reliability twice with the following compounds: NiCl2, 2-AA, chlorpyrifos, TBBPA and

4-MBC. The cell line had to be sensitive againts the compound and show the same result every

time tested. More over a cell line had to be reliable after having past a freezing/thawing proce-

dure.

RLC-18 turned out to be the most promissing cell line as the detection layer for our cell-based

sensor system. Therefore all further experiments were performed with this cell line. More
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over, MCF-7 was also used since it possesses the estrogen receptor needed to detect and attest

estrogenic activity.

2.2.2 Storage and conservation

The storage of all all cell lines was achieved by suspending a centrifuged pellet in freshly mixed

cryostorage medium (80% DMEM; 10% FCS and 10% DMSO) and stored at -80◦C. If cells

were required, frozen cells were thawed, washed twice with nutrient medium and cultivated as

described above.

2.2.3 The cell based sensor system

The cell based sensor system used here is the 2500 Analyzing System developed by Bionas

GmbH (see figure 2.2). The system houses 6 biomodules and each of them holds a metabolic

chip for measuring the impedance as well as the changes in oxygen concentration (respiration

rate) and the pH (acidification rate) over the time. The sensor chip will be explained more in

detail in the next section.

Reference electrode

Read-out

Perfuson head









Heater

Peristaltic pump

Biomodules

Incubation chamber

Autosampler



Media reservoir

Figure 2.2: 2500 Analyzing System by Bionas GmbH

The whole setup is covered with an incubation hood and constantly heated at 37◦C. The

system is equipped with an autosampler for automatic medium or probe supply and operates

in a stop/go modus (Ceriotti et al., 2007). During the go phase, a perfusion head pumps fresh

medium over the cells on the sensor chip. After 3 min, the pump stops for 3 min. Due to the
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metabolic activity of the cells the pH value of the medium decreases as well as the oxygen

concentration. The acidification and respiration rates are calculated from the slope of the pH

value and oxygen concentration which decreased over the time. Specifications of the sensor

system are listed in table 2.5.

Parameter Description

Chip radius 4.75 mm
Growth area 70.88 mm2

Chip volume ≈122 µL
Test volume between sensor sur-
face and perfusion head

≈5.85 µL

Flow-through height between
sensor surface and perfusion
head

83 µm

Number of electrodes 1 IDES, 2 Clark, 5 ISFET
Reference electrode Ag/AGgCl
Frequency 10 kHz
Clark electrode Palladium
ISFET gate Silicon nitride (Si3N4)
Passivation Silicon Oxide (SiO2)
Flow rate 56 µL/min
Media osmolarity 270-340 mOsmol/Kg
Incubation temperature 37◦C
Tube material polyetheretherketon (PEEK)
Tube diameter 0.9-1.02 mm

ISFET

    A

ISFET

    C

ISFET

    B

ISFET

    D

Clark

ISFET

    E

IDES

TD

6.0 mm

Table 2.5: Specifications of the Bionas 2500 Analyzing System. Picture of the housing of the
chip (upper picture) and detail view of the surface of the chip (bottom)

2.2.4 The sensor chip

Three types of electrodes cover the surface of the chip beneath the cells. They allow the mea-

surement of the physiological parameters and thus the viability status of the cells.

In this section the functioning of the electrodes is going to be explained as well as how the cells

are seeded on the chip surface.

The electrodes

Interdigitated electrode structures (IDES, figure 2.3) measure the cellular impedance. The cell

membrane is a strong insulator. If a current is applied they will disable the current flow in a

passive way and the impedance will decrease (Ehret et al., 1998). For the detection of the oxy-
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IDES

ISFET

Clark type electrode

Figure 2.3: Microscopical image of a cell-based sensor chip. Interdigitated electrodes (IDES)
measure the impedance under and across the cell layer. This provides information about the
strength of attachment to the surface and thus about the morphological integrity. Clark-type
electrodes measure oxygen consumption and ion-sensitive field effect transistors (ISFET) detect
pH changes in the extracellular medium, i.e. metabolic activity. In total one ID electrode, five
Clark electrodes and five ISFET electrodes cover the surface of the physiological sensor.

gen consumption two of the in total five integrated Clark-type electrodes (figure 2.3) are used

(Ceriotti et al., 2007). The measurement of the O2 concentration is based on an amperometric

transduction. A constant potential is applied on a Pt based working electrode which leads to

the reduction of oxygen. The resulting current is directly correlated to the consumption rate of

the electroactive species O2 (Thévenot et al., 2001; Holenya et al., 2014). Five ion-sensitive

field-effect transistors (ISFETs, figure 2.3) measure the pH value of the extracellular medium.

In this potentiometric measurement a drain current is maintaned at a constant value. This leads

to a potential difference which varies with change in activity of the sensed ion species, in this

case H3O+ (Thévenot et al., 2001; Covington, 1994).

Recording of cell impedance, extracellular acidification rate and respiration rate provides all

information about morphological status and metabollic activity of the cellular layer. Cellular

metabolism is in touch with the production and excretion of acid waste products like lactate

and CO2 and the consumption of oxygen. Oxygen consumption reflects almost exclusively

mitochondrial activity, while cellular acidification is the result of oxidative and non-oxidative

pathways (Wolf et al., 1998).

Cultivation on the metabolic Chip

The same growth conditions were used for the cultivation of cells on the sensor chip (SC 1000

Metabolic Chip) as for cell culturing. Cells were kept in Dulbecco’s modified Eagle medium

supplemented with penicillin/streptomycin and 10% FBS. Approximately 1,75·105 cells were
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seeded on the chip in 400 µL and incubated over night at 37◦C in 5% CO2 and 95% humidity

until confluency was reached. The sensor chips with cells were then transferred to the Bionas

2500 Analyzing System.

2.2.5 Measurements with the cell based-sensor system

Experimental protocol

A pump system exchanges medium in 3 min cycles (3 min pump-go− 3 min pump-stop) with a

flow rate of 56 µL/min. During the stop periods the parameters were measured and updated after

each measuring cycle each 10 seconds. The running medium (RM) consisting in DMEM was

weakly buffered (1 mM Hepes) during the analysis with reduced FBS (1%) and supplemented

with penicillin/streptomycin.

Unless stated otherwise, the measurements were perfomed according to the following protocol:

a) 5h equilibration time in order to let the cells adapt to the system and get stable physiological

signals, b) 10h exposure to polluted samples in different concentrations, c) 7h recovering time

with running medium to determine if effects are lasting or transient and d) removing of cells by

addition of 0.2% Triton X-100 in running medium. This last step is necessary to obtain a basic

signal without living cells on the sensor surface as a negative control.

Baseline measurement

A 0.2% solution of the detergent Triton-X 100 was pumped at the end of each experiment over

the cells. This lead to the removal of the cells from the surface, either by destruction of the

membrane or by detachment of the cells. The recorded data represent the sensor chip baseline

(0% value) without cell adhesion, respiration, or metabolism.

Chip recovery

At the end of each experiment, the fluidic system was flushed for 10 min and a flow rate of 700

µ/L min with sterile water and 10 min with 70% ethanol (flow rate: 700 µL/min). With this

step the residual medium was removed from the tubing system avoiding contaminations.

The chips were cleaned separately with a rubber scrubber using distilled water and 70% ethanol.

Chips were checked under the microscope to ensure that the surface was clean and no signs of

corrosion were present.
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Data analysis

The analysis of the recorded data was performed with the data analysis software “ORIGIN

8.5” (OriginLab Corp., Northampton, USA)and “EXCEL” (Microsoft Inc., Redmond, USA).

2.2.6 Cell viability assays

MTT prolliferation assay

Cell viability after exposure to organic pollutants was compared to the results of the presented

sensor system by measuring the reduction of the tetrazolium dye MTT [3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide] by mitochondrial succinate dehydrogenase (Mosmann,

1983). The MTT cell proliferation assay kit I (Roche Diagnostics, Mannheim, Germany) was

used following manufacturer’s instructions. Approximately 5000 RLC-18 cells were seeded

into each well of a 96-well plate (Greiner, Frickenhausen, Germany) and incubated over night

to allow attachement to de plate surface. The medium was replaced with the test solutions,

resulting in a volume of 100 µL per well. Negative controls (DMEM with and without 1%

DMSO) were also included in every experiment. After 12 h incubation, 10 µL MTT solution

was added to each well to get a final concentration of 0.5 mg/ml. After 4 h 100 µL solubi-

lization buffer were added to each well until the formazan salts were dissolved. Finally, the

absorption was measured at 595 nm (test wavelength) and 640 nm (reference wavelength) using

a FLUOstar microplate reader (BMG Labtechnologies, Offenburg, Germany).

Calcein AM cell viability assay

Calcein AM is membrane-permeant fluorescent cell marker. After beeing introduced to the cells

calcein AM is hydrolyzed intracellularly by endogenous esterase into the green fluorescent dye

calcein. Due to its negative charge calcein is retained in the cytoplasm of healthy cells (Wang

et al., 1993).

Cells were seeded into a 96 well plate and incubated over night to allow attachement to de

plate surface. The medium was replaced with the test solutions, resulting in a volume of 100µL

per well. Negative controls (DMEM with and without 1% DMSO) were also included in every

experiment. After incubation with the test compound the medium was aspirated and washed

three times with PBS. 100 µL 2 µM Calcein AM was added to each well and incubated for
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30-60 min. The fluorescence was measured using a FLUOstar microplate reader (excitation

wavelenght 485 nm and emission wavelength 530 nm).

Immunohistochemistry againts the α-estrogen receptor (αER)

Aproximatelly 100.000 cells were plated into each well of 8 well chamber slides (Nalgene Nunc

International, Rochester USA, cat. # 177402). Each well holds a volume of 200-500 µL.

The medium was removed and cells were washed 3 times with PBS and fixed for 6 min in

4% paraformaldehyde. Cells were permeabilized and blocked for 2h at room temperature (RT)

with 5% BSA and 0.3% TX in PBS. Afterwards the first antibody (Anti-Estrogen Receptor

α Antibody, rabbit monoclonal) was added in a PBS solution containing 1% bovine serum

albumin (BSA) and 0.3% TX. Cells were incubated over night at 4◦C and then washed 3 times

with PBS. The secondary antibody was added (Alexa Fluorr 488 donkey anti-rabbit, 5µg/mL

in PBS) and incubated for 2h at room temperature. Cells were washed 3 times with PBS and

nuclei were counterstained with DAPI (5 min, room temperature, 1:5000 in PBS).

Slides were covered with mounting media (Clearmount Mounting Solution) and coversliped.

2.2.7 Functional data analysis, prediction of a chemical pollutant in a

sample

A statistical signal evaluation method was developed in order to predict the presence of a certain

pollutant in an unknown sample. This method was designed for the case that only one contam-

inant is present but especially for those cases where a mixture of compounds is present in the

sample.

The signals from the cell chips were analyzed with a functional generalized linear model (FGLM)

for scalar responses, including a functional covariate and using basis expansions and maximiza-

tion of the log-likelihood to estimate the model. This method is described in deteil in Fuchs et al.

(2015).

The responses yi (with i = 1, . . .N, number of measurements per signal) are assumed to be

conditionally mutually independent and to follow a Bernoulli distribution of one trial and prob-

abilities πi. η1−13 is the linear predictor and takes into account the parameters/electrode types

included in the function. It is possible to analyze only one parameter/electrode type (η1−η3,

data not shown), a combination of two parameters/electrode types (η4−η12), or a combination
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of all 3 parameters/electrode types (η13).

yi ∼ B(1,πi), (2.1)

with πi =
exp(ηi)

1+exp(ηi)
,

linear predictor ηi ∈ {η4
i ,η

5
i ,η

6
i ,η

7
i ,η

8
i ,η

9
i ,η

10
i ,η11

i ,η12
i ,η13

i },

η4 = β0 +
∫

xis f etξis f etds+
∫

xidesξidesdt

η5 = β0 +
∫

xis f etxidesβ1dsdt,

η6 = β0 +
∫

xis f etξis f etds+
∫

xidesξidesdt +
∫

xis f etxidesβ1dsdt,

η7 = β0 +
∫

xis f etξis f etds+
∫

xclarkξclarkdz,

η8 = β0 +
∫

xis f etxclarkβ2dsdz,

η9 = β0 +
∫

xis f etξis f etds+
∫

xclarkξclarkdz+
∫

xis f etxclarkβ2dsdz,

η10 = β0 +
∫

xidesξidesdt +
∫

xclarkξclarkdz,

η11 = β0 +
∫

xidesxclarkβ3dtdz,

η12 = β0 +
∫

xidesξidesdt +
∫

xclarkξclarkdz+
∫

xidesxclarkβ3dtdz,

η13 = β0 +
∫

xis f etξis f etds+
∫

xidesξidesdt +
∫

xclarkξclarkdz

β0 is the intercept term, and xides, xis f et and xclark are functional covariates, in our case the

three signal types IDES, FET or CLARK. The data is, as usual, only available on a grid of

equidistant measurement points. To account for this in the presented functional model the in-

tegrals are approximated by Riemann sums. The covariate functions as well as the coefficient

functions (ξides, ξis f et , ξclark and β1, β2, β3) are approximated by a tensor product of B-spline

basis. The coefficient functions characterize the correlation between our response yi and our

signals. They have to be estimated. The term β (s, t) represents the functional covariate interac-

tion term. This term incorporates possible information from the signals of two electrodes into

the model. By this, signals that seem to be not or only slightly correlated to the response yi

when taken into account singly might show an increased correlation if they are combined with

a second signal type.
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Chapter 3

Results

3.1 Toxicity measurements using a cell-based sensor system

3.1.1 Single measurements

In order to evaluate the sensitivity of the cellular detection layer and to gain insight into the

mode of action of the above mentioned organic pollutants, the response of the physiological pa-

rameters, respiration and metabolic activity, and morphology was analyzed. The IDES electrode

reflects the morphological status of the cells living on the surface of the chip and its changes.

But not only the steadiness of the cytoskeleton, i.e. morphological change and adhesion prop-

erties, is read out, also cell to cell contacts as well as cell-matrix interactions are monitored.

Before the pollutant was applied to the medium a 5h adaptation time ensured the aclimati-

sation of the cells to the new environment. After the application, a recovering time of 7h was

programmed in order to observe if damage is lasting or temporary. All compounds were solved

in DMSO since they are water insoluble. Even if DMSO a wi DMSO is a widely used sol-

vent. Nevertheless there are other possibilities of industrial relevance and naturally occuring.

Appendix A show some of them and the repercussion to the cell layer.

Exposure of Chlorpyrifos to RLC-18 cells

Figure 3.1 A, B and C show the time dependent course of the physiological parameters of RLC-

18 cells after the application of Chlorpyrifos in four different concentrations. All three param-

eters collapse immediately as soon as high concentrations, 500 µM and 1000 µM, of pesticide
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Figure 3.1: Impact of Chlorpyrifos on RLC-18 cells after 10h exposure time (shaded area)
measured in Bionas Analyzing System followed by a recovering phase of 7h (white area). Cells
were allowed to adapt to the system prior to exposure for 5h (white area). A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate.The results are
reported as mean of three independent experiments.

are present. The fast decrease of the cell impedance down to 10% to 20% means the loss of

attachment of the cellular layer to the chip surface and this in turn means cell death. The lowest

concentration used (10 µM) is overcome by the cells since no difference with the control can be

observed. 100 µM Chlorpyrifos leads to a decrease in the respiration rate while the extracellu-

lar acidification rate increases and reaches a maximum after 10h measurement. Thereafter the

acidification rate decreases and nearly recovers completely during the recovering phase. This

opposing trends suggest an impairment in the respiration without causing a complete damage to

the mitochondrial activity. The drop down in the ATP production is compensated by an increase

in the glycolysis. This leads to an increased lactate production with the subsequent increased

acidification rate.
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3.1 Toxicity measurements using a cell-based sensor system

Exposure of TBBPA to RLC-18 cells

Figure 3.2 shows the physiological response of RLC-18 cells againts the flame retardant TBBPA.

Cells are susceptible even to the lowest concentration of TBBPA used, 10 µM. The acidifica-

tion rate increases up to 120% and the respiration rate decreases slightly (figure 3.2 B & C).

Neither damage caused by TBBPA in this concentration is lasting. As soon as fresh medium

is pumped during the recovering phase both parameters recuperate and attach to the course of

the adaptation phase. The morphology of the cells remains constant during the application of

10 µM TBBPA as well as the controls (figure 3.2 A). Concentrations higher than 100 µM drive

the cells to a complete physiological rest. The toxic effect for the cell layer is too high and all

three parameters break down to 10%, which means cell death. Nevertheless, the velocity of this

break down is concentration dependent. This can be better seen by observing the measured cell

impedance (figure 3.2 A). The damage caused by 1.000 µM TBBPA is almost inmediately, 100
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Figure 3.2: Impact of TBBPA on RLC-18 cells after 10h exposure time (shaded area) measured
in Bionas Analyzing System followed by a recovering phase of 7h (white area). Cells were
allowed to adapt to the system prior to exposure for 5h (white area). A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate. The results are
reported as mean of three independent experiments.
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3.1 Toxicity measurements using a cell-based sensor system

µM need more time until the effect is as strong as with 1.000 µM and the time course after 500

µM lies in between.

Exposure of 4-MBC to RLC-18 cells

The UV filter 4-MBC is present in a variety of products from our daily use. Reason enought

to analyze which consequences would be expectable if this chemical would enter the organism.

In fact this substance is less toxic than the ones we studied before. 10 µM 4-MBC are per-

fectly overcome by the cells. All parameters behave as the controls (figure 3.3), meaning that

there is no toxicity appeciable and no reason for concern. 100 µM produces just little damage,

nevertheless the toxic effect caused is lasting. Figure 3.3 C shows the respiration rate of the

cellular layer. The addition of 100 µM 4-MBC leads to a decrease in the respiration rate of

10%. This slight decrease should not be ignored because the damage caused to the respiration

chain persists after the compound has left the fluidic flow of the system. Concentrations higher
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Figure 3.3: Impact of 4-MBC on RLC-18 cells after 10h exposure time (shaded area) measured
in Bionas Analyzing System followed by a recovering phase of 7h (white area). Cells were
allowed to adapt to the system prior to exposure for 5h (white area). A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate. The results are
reported as mean of three independent experiments.
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3.1 Toxicity measurements using a cell-based sensor system

than 100 µM lead to a fast decrease in all parameters, meaning that this concentrations (500

µM and 1.000 µM) result in an irreparable damage and in consequence in cell death.

Exposure of 2-AA to RLC-18 cells

2-AA was chosen as a model substance representing the family of nitro-polycyclic aromatic

hydrocarbons. This chemical is present in dyes, drugs, inks, plastics and agricultural chemi-

cals (see chapter 1). Over the long term 2-AA is known to be a potential carcinogen causing

mutations in eukaryotic as well as in prokariotyc cells. Figure 3.4 shows the toxicity of this

organic compound in the short-term. The effect of 2-AA on the cellular layer is concentration

dependent. Again, the lowest concentration (10 µM) remains nearly undetectable. Cells can

handle this very low concentration without suffering any physiological alteration. Higher con-

centrations lead clearly to a visible impairment. The morphology changes as can be seen by

the drop of the measured impedance (figure 3.4 A). This means that either cell to cell contacts
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Figure 3.4: Impact of 2-AA on RLC-18 cells after 10h exposure time (shaded area) measured
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3.1 Toxicity measurements using a cell-based sensor system

are ceased or the cytoskeleton contracts leading to a round shaped cell form. The acidification

rate increases if 100 µM or 500 µM 2-AA is present in the sample but it recovers completely

after exposure has ceased (figure 3.4 A). 1.000 µM cause a short increase in the acidification

rate but afterwards the metabolic rate diminishes. The slope of the respiration rate flattens after

application of 100 µM and falls constantly if higher concentrations are present. Previously, it

was discussed that the loss of ATP synthesis by the respiration chain can be compensated by a

higher glycolysis. Also feasible in this case is that the cells try to fight againts the compound

by activation carriers or acelerating the activity of metabolizing enzymes. All this appropriate

measures would also lead to an increased extracellular acidification rate. Regardless of the rea-

son, an alteration of a physiological parameters means that the cells are beeing hampered by the

substance, what in turn means that the compound is bioactiv.
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3.1 Toxicity measurements using a cell-based sensor system

3.1.2 Cell viability measured by an end-point assay, prove of concept

The metabolic sensor system together with its electronical read-out provides a comprehensive

evaluation of the cytotoxicity of a given chemical. Nowadays many assays are on the market

and are used to determine the cellular chemosensitivity of a compound. There are several en-

zyme release assays (lactate dehydrogenase release assay, glucose-6-phosphate dehydrogenase

release assay, glyceraldehyde-3-phosphate dehydrogenase release assay), cell viability assays

(trypan blue and alamar blue assay, sulforhodamine B assay), cell survival assays (neutral red

uptake assay, MTT assay, ATP assay), cell death assays (detection of caspases, membrane alter-

ations, DNS fragmentation) (for a review see Sumantran (2011)). Each one analyzes the status

of the cells by depicting a certain physiological or cellular process.

The MTT assay was chosen here for the comparison with the above presented multipara-

metric physiological sensor system. It is one of the most common and widely used end-point

assays since it is easy, sensitive and rapid. It determines cell survival/cell viability by measuring

mitochondrial activity (Scudiero et al. (1988)). A tetrazolium salt is reduced in the presence of

an electron-coupling agent. This agent, NAD(P)H, is won through glycolysis and the cleaveage

is performed by the succinate-reductase from the respiratory chain of the mitochondria1 (Mos-

mann (1983); van Meerloo et al. (2011)).

Figure 3.5 shows the impact of chlorpyrifos, TBBPA, 4-MBC and 2-AA to RLC-18 after

12h incubation measured by MTT. After the application of chlorpyrifos a toxic effect is first

observed at 100 µM. The viability decreases to 60% which is in line to the decrease in the

respiration rate measured by the biosensor system (figure 3.1 C). Higher concentrations cause

cell death and 10 µM remain undetectable. In this case the toxicity is not high enough to cause

acute damage in the respiration chain.

The flame retardant TBBPA provokes a dramatic increase in the cell viability in a concentration

of 100 µM and a decrease with concentrations higher than 500 µM. The increase to 180% com-

pared to the control could mean an induction in the proliferation of the cells. But more likely

this is due to an increased metabolism in order to degrade TBBPA. Without success, as could be

seen in figure 3.2, section 3.1.1. Probably this is the biggest disadvantage of end-point assays.

1Roche Applied Science, http://www.roche-applied-science.com/shop/products/cell-proliferation-kit-i-mtt-
#tab-3
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Figure 3.5: Cell viability of RLC-18 cells determined by MTT assay after compound exposure
in different concentrations for 12h. Panel A: chlorpyrifos; Panel B: TBBPA; Panel C: 4-MBC;
Panel D: 2-AA. The control containing 1% DMSO was set to 100%. The results are reported as
mean ± SD of three independent experiments.

There is no time scale to determine when a compound unfolds its toxicity and how the cell be-

haves or counteracts the effect, there is no information about pharmacokinetics available. More

over the MTT assay can not differenciate between cytotoxicity and cytostatic drugs (Sumantran

(2011)). Therefore, if cell viability decreases compared to the control it is either due to a toxic

effect or because the substance inhibits cell division. Latter effect does not inherently mean

toxicity.

A decrease in cell viability is observed after the application of 500 µM and 1.000 µM

TBBPA, underlining the cell-based sensor measurements. Panel C in figure 3.5 describes the

impact on RLC-18 after incubation with the UV-B filter 4-MBC. A high toxicity is observed if

concentrations are higher than 100 µM. Cell viability goes down to 20% after incubation with

100 µM and to 0% with higher concentrations. In this case the assay is even more sensitive

than the measurements performed with the cell sensor.

To round out the picture, 2-AA shows an concentration independent decrease in cell viabil-
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3.1 Toxicity measurements using a cell-based sensor system

ity down to 60% (figure 3.5 D). Remarkably this occurs for all concentrations, from 10 µM to

1.000 µM. If we claim that the MTT assay mirrors the integrity of the respiration chain, the

damage caused here is independent of the amount of this chemical.

In the last two sections the impact of four model pollutants on RLC-18 cells was analyzed.

They were applied into the fluidic system of the multiparametric physiological sensor system

in different concentrations. The cellular detection layer is able to react to the presence of this

chemicals in the medium. Moreover, the physiological response and the damage caused to the

cells is, in general, concentration dependent. This results were also compared with a well es-

tablished end-point assay. In general, the performed MTT assays were in line with the results

obtained with the cell-based sensor. Merely TBBPA differed from the expectation, beeing con-

siderably much less sensitiv than the multiparametric sensor. 10 µM passed unnoticed through

the 96 well plate wells and 100 µM TBBPA increased cell viability whereas the physiological

parameters showed a doubtless toxic response which led to cell death after 3h.

There are, and this must not vanish into oblivion, huge differences in the experimental se-

tups. An MTT assay is performed in 96 well plates and these are not connected to a fluidic

system. This could reduce the toxic impairement since no “fresh” medium is supplied. During

the time of the exposure the compound could be consumed by the cell. In this way the expected

toxicity of the compound may be reduced. More over, the lack of a time scale makes it im-

posible to track the behavior of the cells. It is conceivable that cells recover after having been

treated with a compound. If the MTT reagent is applied at this time point no toxicity would be

perceptible.

A three parametric sensor coupled to a fluidic system with a data acquisition in real time

has, in fact, advantages. The aim in the next section is to go one step further and figure out how

the cells or more precisely the sensor behaves if a combination of the above studied chemicals

becomes in contact to the cell layer.

3.1.3 Simultaneous detection of organic pollutants

It is rare that pollutants are present as single compound in a sample. Therefore it is crucial to

elucidate how this cell-based system behaves if pollutants are present as a mixture. In this case,
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3.1 Toxicity measurements using a cell-based sensor system

not only the damage caused is crucial but also if the interaction between both compounds leads

to a strengthen or additive effect or if the presence of one compound is able to outweigh or

mitigate the effect of the second one.

The graphs shown in section 3.1.1 suggest a senstitivity threshold of the system for these

chemicals ranging between 10 µM and 100 µM. 100 µM is the concentration which led to a

clearly visible signal without driving most of the cells to death. 10 µM represents the beginning

of a toxic effect in the case of TBBPA (figure 3.2) but not for the rest. Therefore the concentra-

tions chosen for the coexposure of two compounds to RLC-18 cellls are a combination of these

two concentrations. Table 3.1 gives an overview of the protocol used.

Figure 3.6 shows the combinatorial measurement of chlorpyrifos and TBBPA. 100 µM of

both compounds lead to inmidiate cell death. The cell impedance, acidification rate as well

as the respiration rate break down to 0-5%. In figure 3.2, section 3.1.1 the effect of 100 µM

TBBPA showed as well a fast decrease in all physiological parameters. Instead, 100 µM Chlor-

pyrifos (figure 3.1) led to a clear singal but not to cell death. It is obvious here that a very toxic

concentration of one compound outweighs the effect of the second one. 10 µM of both chemi-

cals show no alteration in the cell integrity (cell impedance, figure 3.6 A) but lead to an increase

in the acidification rate in the same magnitude as in the case of TBBPA alone. The respiration

rate is not altered in the combinatorial measurement which represents a mismatch compared to

the single measurements, TBBPA causes an slight but noticeable decrease. Similarly, the toxic

effect of 100 µM Chlorpyrifos is attenuated if 10 µM TBBPA is also present in the sample.

A decrease in the cell impedance is present in the combinatorial treatment, also a decreased

respiration rate with the subsequent increased acidification rate. But all this effects are not as

pronounced as in the case where 100 µM Chlorpyrifos was present as single compound. In the

Compound combination Chlorpyrifos & TBBPA
4-MBC & TBBPA

Concentration 10 µM 10 µM
100 µM 100 µM
10 µM 100 µM

100 µM 10 µM

Table 3.1: Overview over the pollutant pairs and the employed concentrations
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Figure 3.6: Impact of Chlorpyrifos and TBBPA on RLC-18 cells after 10h exposure time
(shaded area) measured in Bionas Analyzing System followed by a recovering phase of 7h
(white area). Cells were allowed to adapt to the system prior to exposure for 5h (white area).
A) Standardized cell impedance, B) Standardized acidification rate, C) Standardized respiration
rate. The results are reported as mean of three independent experiments.

combination the increase in the acidification rate reaches 130% instead of 150% and the slope

of the acidification curve during the recovering phase is steeper as in Figure 3.1 C. This means

that the cells are able to recover faster from the chemical exposure if 10 µM TBBPA is also

present in the sample. No mitigation effect is observed if 10 µM Chlorpyrifos are combined

with 100 µM TBBPA. To the contrary, the effect of TBBPA predominates and all curves follow

the same course as in the case of 100 µM TBBPA alone.

The second coexposure studied was the combination of the UV-filter 4-MBC with TBBPA.

The measurement corresponding to this experiment is shown in figure 3.7. After exposing the

cells to 10 µM 4-MBC and 10 µM TBBPA all physiological parameters decrease slightly down

to 70-80%. The cells survive this exposure but the effect is lasting since the effect endures and

the parameters do not reach 100% again after the recovering phase has finished.
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Figure 3.7: Impact of 4-MBC and TBBPA on RLC-18 cells after 10h exposure time (shaded
area) measured in Bionas Analyzing System followed by a recovering phase of 7h (white area).
Cells were allowed to adapt to the system prior to exposure for 5h (white area). A) Standardized
cell impedance, B) Standardized acidification rate, C) Standardized respiration rate. The results
were reported as mean of three independent experiments.

100 µM 4-MBC and 100 µM TBBPA lead to a fast cell death and a physiological break

down similar to the one observed in figure 3.2, where TBBPA was applied as a single com-

pound. In terms of a toxicological effect, the combination of these two compounds in different

concentrations is more interesting. After the application of 10 µM 4-MBC and 100 µM TBBPA

the cell impedance and the acidification rate decline to 40% and the respiration rate to 50-60%

(figure 3.7). This is exactly in between of the values obtained after the single application of

4-MBC (figure 3.3) and TBBPA (figure 3.2). 100 µM TBBPA led to a break down in all phys-

iological parameters to 0-10%, which means cell death and 10 µM 4-MBC did not affect the

cells. 4-MBC passed unnoticed through the system. If these chemicals appear together, the

cells are hampered but still alive. Pressumably the main effect is caused by TBBPA since this

chemical in this concentration provokes rapid cell death. But the 10 µM 4-MBC are crucial for

the cell survival, it mitigates the effect of TBBPA.
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3.1 Toxicity measurements using a cell-based sensor system

Figure 3.7 shows also the consequence of 100 µM 4-MBC and 10 µM TBBPA. During

the whole exposure the morphological status remains intact. This is reflected by the standard-

ized cell impedance, which stays constant at 100%. The acidification rate increases slightly

during the application and reaches 110%. This is in line with the decrease of the respiration

rate (figure 3.7 C). The loss of ATP synthesis from the respiration chain is overcome by an

increased glycolysis. This higher metabolic rate leads to the production of more waste products

like lactate which acidify the extracellular medium. The decreased respiration rate is not vis-

ible as a systemic breakdown. Rather, it is appreciable as a slight decay in the slope of the curve.

If this combinatorial exposure is compared to the single treatments of 4-MBC (figure 3.3)

and TBBPA (figure 3.2), it is possible to summarize the coexposure as a mitigation of the over

all toxicity. 100 µM 4-MBC alone decreased the cell impedance by 10 to 15%. Also the respira-

tion drifted from its original course. The cellular layer was very susceptible to 10 µM TBBPA,

the acidification rate increased to 120% and the respiration rate decreased significantly com-

pared to the controls. All these effects are now attenuated if both compounds are presented to

the cells. There is no morphological impairment to account for, the acidification rate increases

by 10 but not by 20% and the respiration rate is only little affected.

As well as it was performed for the single measurements, the impact of the combined chem-

icals was analyzed also under the conditions of an MTT assays. This is going to be shown in

the next section.

3.1.4 Coexposure of organic pollutants to RLC-18 cells analyzed by MTT

A mixture of Chlorpyrifos with TBBPA and 4-MBC with TBBPA in the same concentrations as

in the analysis with the cell chip was added to the cells. The viability of the cells was then evalu-

ated by MTT. Panel A in figure 3.8 shows the impact on RLC-18 cells after having been treated

with Chlorpyrifos and TBBPA. No significant damage, compared to the control, is perceivable

after the incubation with 10 µM Chlorpyrifos/10 µM TBBPA and 100 µM Chlorpyrifos/10

µM TBBPA. The incubation of compounds in the highest concentration (100 µM) leads to the

death of the cells, whereas the combination 10 µM Chlorpyrifos/100 µM TBBPA increases cell

viability up to 140%.
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Figure 3.8: Cell viability of RLC-18 cells determined by MTT assay after compound coexpo-
sure in different concentrations for 12h. Panel A: chlorpyrifos and TBBPA; Panel B: 4-MBC
and BBPA. The control containing 1% DMSO was set to 100%. The results were reported as
mean ± SD of three independent experiments.

There is a wide discrepancy between these data, obtained with MTT, and those acquired

with the cell-based sensor system (3.6 in section 3.1.3). Only the combination with the highest

concentration (100 µM Chlorpyrifos and 100 µM TBBPA) correlates with the data obtained

with the metabolic chip. Sumantran (2011) assigns the outcome from the MTT assay with the

integrity of the respiration chain. Thereore, if the sensor data show an impairment in the respira-

tion rate, this damage should also be visible after having performed a MTT-assay. Nevertheless

the damage caused by Chlorpyrifos and TBBPA (see figure 3.6) could not be reproduced by the

MTT-assay.

A simular picture is obtained after having conducted the MTT assay with 4-MBC & TBBPA

in combination. Similar in the sense that the result obtained with the MTT assay dissent from

the data acquired with the cell-based sensor. The MTT assay (figure 3.8 B) reveals a perfect

handling of these chemicals by the cells. The measured absorbtion for the combination 10 µM

4-MBC/10 µM TBBPA resides in the same range as the control after standardization of data.

For all other combination cells even account for a viability improvement. 10 µM 4-MBC/100

µM TBBPA leads to an increase in viability up to 140% and 100 µM 4-MBC/100 µMTBBPA

as well as 100 µM 4-MBC/10 µM TBBPA do not alter cellular healthiness.

In contrast, the data acquired by the chip (figure 3.7) show an alteration in all combinations per-

formed since the physiological status of the cells was influenced by these chemicals (figure 3.7).

It is conceivable, that the sensitivity of this assay does not allow small changes in cell
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viability. More over, and probably more important is the fact that these two methods, a cell-

based sensor and an end-point assays, are too distinct to make a valid comparison. There are

several differences between these two techniques which should be kept in mind while comparing

the data obtained from these experiments. Box 1 gives an overview about these differences.

The MTT assay is a well established enp-point assay to determine the toxicity of
a substance. It was used in this study as a benchmark for the developed cell-based
detection system. Before and after the performance of the assay several facts arose
concerning the different setting of these two techniques. These differences are going to
be explained here and should kept in mid while evaluating MTT data or comparing these
with cell-chip data.

• The cell based system accounts for a time-scale in real time. This narrows the gab
between pharmacokinetics and pharmacodynamics, explaining when a compound
unfolds its toxicity and how the cellular layer behaves and/or tries to counteract
the cytotoxic effect produced.

• The lack of a time scale in the MTT assay makes it imposible to track the behavior
of the cells. It is conceivable that cells recover after having been treated with the
compound. If the MTT reagent is applied at this time point no toxicity would be
perceptible.

• The MTT assay cannot differenciate between cytotoxicity and cytostatic
drugs (Sumantran (2011)). Therefore, if cell viability decreases compared to the
control it is either due to a toxic effect or because the substance inhibits cell divi-
sion. Latter effect does not inherently mean toxicity.

• A fluidic system is coupled to the sensor. “Fresh” medium is supplied during the
whole measurement, making the depletion of the compound due to metabolization
impossible.

Box 1: MTT & cell-based sensor
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3.2 Prediction of chemicals in the sample, functional data

analysis

It was shown that the used detection layer has the ability to notice the physiological damage

caused by chlorpyrifos and TBBPA. The effect of these organic pollutants, if present simultane-

ously, is not merely additive. As shown in Figure 3.6 one chemical can overbalance the effect

of the sencond one. Even more precarious for a valid risk assessment is the observation that

one compound can mitigate the effect of the other one, which does not a priori mean that the

sample is less dangerous. This fact makes it impossible to trace back the physiological response

to a concrete compound. It is therefore of great interest to be able to decrypt the data collected

by the cell-based sensor, in order to determine if the observed curve progression is due to one

substance or if a second one is masking the effect of the first one. In this section a functional

generalized linear model is being presented, which allows to determine if a certain pollutant is

present in the sample or not.

In the functional binomial model used, the response yi was classified into two classes, “0” if

the pollutant is not present and “1” if it is present (Fuchs et al., 2015). Using this principle, five

models where calculated, which are listed in Table 3.2. The first column defines the name of the

model, the second the substances that have been taken into account in the response, this means

the target compound which is wished to be ascertained.

Model Substances
I Undefinded pollutant
II Chlorpyrifos as single pollutant
III TBBPA as single pollutant
IV 4-MBC as single pollutant
V Chlorpyrifos single and in mixed

samples with TBBPA
VI TBBPA single and in mixed samples

with Chlorpyrifos
VII 4-MBC single and in mixed samples

with TBBPA
VIII TBBPA single and in mixed samples

with 4-MBC

Table 3.2: List of models.
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Several versions of the functional generalized model were tested. Each of them include the

data of different combinations of electrodes. Section 2 described the buildup of the model in

detail and in this section the accuracy of this models will be presented. It is important to bear in

mind or at least remenber the versions of the model that had been designed. Box 2 recapitulates

all the versions and summarizes the most important facts surrounding the functional generalized

model (GFM).

yi ∼ B(1,πi), (3.1)

with πi =
exp(ηi)

1+exp(ηi)
,

linear predictor ηi ∈ {η4
i ,η

5
i ,η

6
i ,η

7
i ,η

8
i ,η

9
i ,η

10
i ,η11

i ,η12
i ,η13

i },
η4 = β0 +

∫
xis f etξis f etds+

∫
xidesξidesdt, acidification rate and cell impedance

η5 = β0 +
∫∫

xis f etxidesβ1dsdt, interaction between acidification rate and cell impedance
η6 = β0 +

∫
xis f etξis f etds +

∫
xidesξidesdt +

∫∫
xis f etxidesβ1dsdt, acidification rate, cell

impedance and their interaction
η7 = β0 +

∫
xis f etξis f etds+

∫
xclarkξclarkdz, acidification rate and respiration rate

η8 = β0+
∫∫

xis f etxclarkβ2dsdz, interaction between acidification rate and respiration rate
η9 = β0 +

∫
xis f etξis f etds+

∫
xclarkξclarkdz+

∫∫
xis f etxclarkβ2dsdz, acidification rate, res-

piration rate and their interaction
η10 = β0 +

∫
xidesξidesdt +

∫
xclarkξclarkdz, cell impedance and respiration rate

η11 = β0 +
∫∫

xidesxclarkβ3dtdz, interaction between cell impedance and respiration rate
η12 = β0 +

∫
xidesξidesdt +

∫
xclarkξclarkdz+

∫∫
xidesxclarkβ3dtdz, cell impedance, respira-

tion rate and their interaction
η13 = β0 +

∫
xis f etξis f etds +

∫
xidesξidesdt +

∫
xclarkξclarkdz, acidification rate, cell

impedance and respiration rate

Box 2: FGM and its versions

3.2.1 Identification of a polluted sample

The obligatory basis for the recognition of a certain substance in the sample is first, to make

sure that the designed model is able to differenciate between a clean sample and a polluted

one. No matter which pollutant is present in the sample, model I (figure 3.9) accounts for the

detection of a chemical in a sample. To evaluate the goodness of a model the model quality

R2 and the misclassification rates (MCR) of the data set were taken into account. R2 describes

how well data points fit a statistical model and the missclassification rate describes how many

samples were classed erroneously. It is possible to analyze only one parameter/electrode type

(η1−η3), a combination of two parameters/electrode types (η4−η12), or a combination of all
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Figure 3.9: Prediction of an undefined pollutant in a sample, model quality and validation.The
boxplots show 25 random draws out of the full data set. A) adjusted R2 of the model, B)
misclassification rates of the validation data sets. The means and the medians are depicted as
red and green dots respectively

3 parameters/electrode types (η13).

In this section all the model versions where at least the data sets of two electrodes are

included in the functionals generalized model will be presented, these are η4−η13. The dif-

ference between these versions relies in the type and amount of electrodes taken into account

for the model. η5, η8 and η11 represent the interaction term. It is the double integral of the

product of two different electrode signals. This term describes how the signals of two electrodes

behave relativ to each other. It accounts for the synchronous increase or decrease of the signals

or for opposed trends, like the decrease of the respiration rate by simultaneous increase of the

acidification rate. This term will become crucial for the identification of a certain pollutant in a

sample.

The most basic scenario will be considered first, the identification of a polluted sample

regardeless the chemical contaminating it. The results for this model are shown in figure 3.9.

The statistical model suits perfectly its purpose. For nearly all electrode combinations (η),

the adjusted R2 is close to 1 and the missclassification rates are in the range of 0.1 and 0.19.

This means that only 10%-19% of the samples containing a pollutant are not recognized as

contaminated.

A R2 of 0.6 is considered as a good fit for a model. All model variants have a R2 6 0.6 but there

are slightly differences between the different η . The best results are archived with η10-η13. In

this case the information obtained from the IDES and clark electrodes are particulary relevant
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for the detection of a polluted sample.

3.2.2 Identification of a concrete chemical in a polluted sample

Samples containing different concentrations2 of the pesticide chlorpyrifos, the flame retardant

TBBPA or the UV-filter 4-MBC were measured by the cell-based system. Afterwards, the ob-

tained data were analyzed with the functional model in the expectation that the system would

be able to ascertain the nature of the substance present in the sample or verify the good quality

in case that the sample was unpolluted.

Figure 3.10 A & B shows the result for the detection of chlorpyrifos (model II). The high

values for the adjusted R2 mean that the signals obtained during the measurements are very

specific and characteristic providing the basis for a reliable model. The computational model

can identify this substance with few false classifications, as reflected by the very low values of

the misclassification rates (Figure 3.10 B). It starts to be important which electrode signal are

taken into account. In general all versions (η) are characterised by a R2
ad j > 0.6. Nevertheless,

η7, which incorporates the signals from the IDES and the ISFET electrodes is not sufficient for

a promissing fit. The interaction term (η8) in contrast renders a nearly perfect fit. This show the

importance of the interaction term. Without incorporating another signal type, the interaction

term improves the fit and the reliability of the model.

If TBBPA is set as the target compound (model III), the results are even more remarkable.

Figure 3.10 C shows the adjusted R2 for all model variants. The R2
ad j is close to 1 for all model

variants and in accord with this model quality, the missclassification rates are in the range of

0.1. This means that independently of the used electrode data, the algorithm detects easily the

presence of TBBPA in a sample. Presumablyl this is because the impact on RLC-18 cells of

TBBPA reflect a very characteristic alteration of the physiological parameters (see Figure 3.2),

i.e. time dependence of the response and manner.

A missclassification rate between 0.19 and 0.2 characterizes the determination of the UV-

screen 4-MBC (model IV, figure 3.10 F). Meaning that at least 80% of the 4-MBC containing

samples are recognized. The model quality, figure 3.10 E, reflected by the R2
ad j however oscil-

2The concentrations used correspond to those presented in section 3.1.1: 10µM, 100µM, 500µM and 1.000µM.
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Figure 3.10: Panel A & B: Prediction of chlorpyrifos as single pollutant in a sample, model
quality and validation. Panel C & D: Prediction of TBBPA as single pollutant in a sample,
model quality and validation. Panel E & F: Prediction of 4-MBC as single pollutant in a sample,
model quality and validation. The boxplots show 25 random draws out of the full data set. The
left column shows the adjusted R2 of the model, the right the misclassification rates of the
validation data sets. The means and the medians are depicted as red and green dots respectively

lates between 0 (η8) and 0.1 (η12). The low values for the R2
ad j can be explained by the low

toxicity of this chemical. In firgure 3.3 the response of the physiological parameters to 4-MBC

were shown. Most of the concentrations used, show a curve progression close to the control.

Therefore it is very difficult for the functional generalized model to fit the acquired data from

the electrodes to an optimal model.
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3.2.3 Identification of a concrete chemical in mixed samples

The biggest challenge for the statistical model is the recognition of a compound if this is present

together with a second one. In model V (figure 3.11 A & B) the samples can contain no pollutant

at all, only chlorpyrifos or a mixture of chlorpyrifos and TBBPA each in different concentra-

tions. The response of the functional generalized model, that means the target compound, is still

chlorpyrifos. The best model quality, R2
ad j, is achieved if the signals from the ISFET and IDES

electrodes are considered together with the interaction term (η6), likewise the signals from the

ISFET and Clark electrodes plus the interaction term (η9).

In moldel VI (figure 3.11 C & D) TBBPA is set as the response, so the target for the sta-

tistical model is the flame retardant in samples that can contain just this pollutant, a mixture

of TBBPA with chlorpyrifos or nothing at all. As well as for the detection of chlorpyrifos in

mixed samples, the choice of the adequate signal combination is a prerequisite for a high model
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Figure 3.11: Panel A & B: Prediction of chlorpyrifos in samples mixed with TBBPA, model
quality and validation. Panel C & D: Prediction of TBBPA in samples mixed with chlorpyrifos,
model quality and validation. The boxplots show 25 random draws out of the full data set.
The left column shows the adjusted R2 of the model, the right the misclassification rates of the
validation data sets. The means and the medians are depicted as red and green dots respectively.
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quality, R2
ad j, and a low missclassification rate, MCR. The best results are achieved with the

model versions η6 and η9: R2
η6 = 0.79 & MCRη6 = 0.19 and R2

η9 = 0.95 & MCRη9 = 0.17

(mean values, •).

In the case of chlorpyrifos and TBBPA, the algorithm fullfils the expectations making it pos-

sible to detect these chemicals not only in single samples (figure 3.10) but also if they are present

together as shown in this section. The high quality of latter detection is probably ascribed to

a very characteristic impact of these two compounds to the physiology of RLC-18 cells. The

most promissing model versions, η6 and η9, include the interactions term
∫∫

xis f etxidesβ1dsdt

and
∫∫

xis f etxclarkβ2dsdz respectively. In figure 3.6 the data acquired by the system after coexpo-

sure of chlorpyrifos and TBBPA to RLC-18 cells were show. The signals of the IDES electrode

and the ISFET electrodes as well as those from the Clark and ISFET electrodes are opposed,

the decrease in one parameter is counteracted by an increase in the other one. The interaction

accounts for this, since it implicates the product of both signals. Therefore the algorithm is so

powerfull in these two model versions.

The next two model versions focus on the recognition of the UV-screen 4-MBC and TBBPA

if both can simultaneously be present in a polluted sample. The achieved results for model VII

are represented in panels A & B in figure 3.12. The model quality R2
ad j reaches a maximal value

of 0.5 for version η8, which represents the interaction term
∫∫

xis f etxclarkβ2dsdz. The R2
ad j of

all other model versions remain below 0.5 and he missclassification rates range between 0.2 and

0.3. This is in accordance with the result presented in figure 3.10 panel E & F, where 4-MBC

was present as a single compound. The difficulties to recognize 4-MBC rely probably on the

low acute toxicity of this chemical. This leads to moderate changes in the physiological param-

eters of the detection layer.

Figure 3.12 C & D show the reverse case. The target compound in model VIII is TBBPA

and it shall be recognized in samples with this chemical only and in those ones containing also

4-MBC. The fingerprint of TBBPA is a very characteristic one, therefore the fit features higher

R2
ad j than in model VII. An R2

ad j > 0.6 is achieved with the model versions η5, η6, η7 und

η13. Moreover a perfect fit is obtained with η8, the version where only the interaction term

with IDES and ISFET singals ate taken ino account. Missclassification rates of around 0.2 for
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Figure 3.12: Panel A & B: Prediction of 4-MBC in samples mixed with TBBPA, model quality
and validation. Panel C & D: Prediction of TBBPA in samples mixed with 4-MBC, model
quality and validation. The boxplots show 25 random draws out of the full data set. The left
column shows the adjusted R2 of the model, the right the misclassification rates of the validation
data sets. The means and the medians are depicted as red and green dots respectively.

all versions round off the picture of this model.

The consistent further development of a system capable of detecting changes in cell via-

bility by toxic pollutants is the regognition of the agent causing the pollution. The presented

statistical model could represent the first step into this direction. The algorithm recognizes the

alterations caused by a certain chemical after having been implemented with these signals and

determines in this manner which chemical is present in a sample. The more data replications

the systems gains the more accurate and precise the predigtion is.

One reason for the hard recognition of 4-MBC in single and coexposed samples was proba-

bly, as already annotated, its low toxity. But another reason could be minor or middle deviations

from the signals of different measurements used to “teach” the model. We are confident that

more measurements would improve the recognition capabilities of the algorithm. Higher R2
ad j
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and less scattering of the box plots (see figure 3.10 E & F and 3.11 A & B) would be the desired

result.

The incorporation of the interaction term
∫∫

xsignal1xsignal2βdsdz proved advantageous to the

aim of this system. Model versions implementing this term showed, in general, a higher perfor-

mance. Among these, η6 and η9 were the most favourable. In fact, they distinguished itself by

an higher R2
ad j than model version η13 = β0 +

∫
xis f etξis f etds+

∫
xidesξidesdt +

∫
xclarkξclarkdz,

which includes data from all three electrodes.
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3.3 Proliferation promoting chemicals

Clean and safe water is in our society taken for granted. And in fact we are privileged, when

we open our tap we can be sure that the outcoming water is drinkable and the majority of in-

shore waters within the boundaries of the European Union are, at least, of acceptable quality.

Nevertheless the risk of a sudden threat is always present, as happened in November 1, 1986.

A storehouse at Schweizerhalle, an industrial area next to Basel, Schwitzerland burned down.

More than thousend tons of chemical were destroid and introduced into the atmosphere and into

the River Rhine. The runoff of fire fighting water contributed also to this, leading to an even

more dramatic contamination. River water, soil and ground water were affected (Giger, 2009).

This biotop needed more than one decade to recover. This is an extrem example of an environ-

mental crisis that happened overnight. Another, more recently occurred, was the burning and

sinking of the oilplatform Deepwater Horizon in the Gulf of Mexico. 200 million gallons (750

million liters) of oil were released to the environment stricking the atlantic sea and the adjacent

coasts, like the one from Louisiana.3

One accident, one disaster, thousand instantly killed animals. A suddenly happened contam-

ination is not the only problem, in fact a big one, but not the only one. There is a long-term

matter of concern, as serious as the acute poisonning. We know that “chemicals not naturally

belonging to or originating from a particular organism or an ecosystem” are called xenobiotics

(Offermanns and Rosenthal, 2008). Industrial residues, pesticides, cosmetic products and many

drugs are typical xenobiotics. Some of them have the ability to mimic endogenous ligands,

activating hence their molecular pathways and causing, in some cases several damage to the

organism since this activation is out of time.

The estrogen receptor (ER) is a common target receptor of xenobiotics. This is a matter of

concern because:

1. The risk of breast cancer is increased by at least a twofold if serum levels of estrogen are

increased (Yager and Davidson, 2006).

2. The risk of breast cancer is increased in postmanopausal women if high levels of estrogen

are present in their breasts (Thomas et al., 1997).

3Source: National Geographic, http://news.nationalgeographic.com/news/2014/04/140408-gulf-oil-spill-
animals-anniversary-science-deepwater-horizon-science/ (23/06/2014).
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In terms of environmental concern this means that a substance acting like estrogen could cause

a similar damage as high levels of estrogen. This is, the promotion of growth and prolifera-

tion and supression of apoptosis via activation of target genes directly or in cooperation with

co-activator proteins or transactivation of growth receptors to boost receptor tyrosine kinase

signaling (Caldon, 2014).

In this section it will be considered if the sensor system is able to detect proliferation due to

estrogen signalling. The detection layer was switched from RLC-18 cells to MCF-7 cells, a

human breast cancer cell line. The reason for this was the need of the ocurrence of the estrogen

receptor (ER) to bind estrogen or an estrogen-like chemical.

First the presence of the ERα was ensured. Second, the amount of cells on the chip and the

used culture medium was customized for this purpose. These arrangements were made to en-

able proliferation and its possible visualization. Finally, measurements exposing the detection

layer to 17β -estradiol and to estrogen-like chemicals were performed.

3.3.1 Presence of the ERα in MCF-7 cells

The first step towards detecting proliferation is to make sure that the right receptor is expressend

by the detection layer, the MCF-7 cells.

Estrogen signals through ERα and ERβ . Here, only ERα will be taken into account since pro-

liferation promoting pathways and the risk of cancer arises mainly from the pathway activated

by this receptor (Musgrove and Sutherland, 2009; Edwards, 2005).

Figure 3.13 shows an antibody staininig against the intracellular ERα . The green fluorescence

emitted by Alexa Fluorr 488 (figure 3.13 A) reveals the expression and presence of the target

receptor. The Dapi staining (figure 3.13 B) together with the merging of boths photos (fig-

ure 3.13 C) shows the intracellular localization of ERα .

A B C

Figure 3.13: Presence of the estrogen receptor (α-ER) in MCF-7 cells. A) Immunohistochem-
istry againts the α-ER (green), B) DAPI staining (blue), C) Merged picture of A and B.
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A B

Figure 3.14: Presence of the estrogen receptor (α-ER) in RLC-18 cells. A) Immunohistochem-
istry againts the α-ER (green), B) DAPI staining (blue).

The switching from RLC-18 to MCF-7 makes sense as can be seen in figure 3.14. The non-

existence of the α-ER in RLC-18 cells (figure 3.14 A) would have made it impossible to figure

out if accelerated growth can be detected by an increased cell impedance of a higher respiration

of acidification rate.

3.3.2 Cell seeding for a proliferation analysis

Cells were cultivated in hormone free conditions before seeded on the chips. Moreover, and to

ensure that no hormones or estrogen acting compound could impede the proper realization of

this experiment cells were only used after having completed the third passage in hormone free

and phenolred free medium (since this pH indicator is suppossed to have estrogen-like charac-

ter).

A cell density of about 70-80% was seeded on the biochips. A 100% confluency on the chip

was not desired. Figure 3.15 shows how cells were seeded on the chip for a conventional

measurement to determine the acute toxicity of a compound (figure 3.15 A) and for a prolif-

A B

Figure 3.15: Comparison of the cell confluency between a chip ready to test the impact of a
chemical and a proliferation analysis. A) A 100% concluency if cells are seeded to analyze the
effect of a toxic compound, B) 70-80% confluency for cells seeded for a proliferation analysis.
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eration analysis (figure 3.15 B). There should be enough space on the chip to allow growth on

it. Very important was the free space on the IDES electrode. This electrode measures the cell

impedance, the strongness of the attachment of the cells on the chip’s surface. If the entire

electrode is not covered from the beginning on but show a fast proliferating behaviour, the stan-

dardized cell impedance is expected to increase. Also the physiological parameters acidification

and respiration rate could start to raise.

3.3.3 Proliferation analysis of MCF-7 cells after exposure to estrogen (17β -

estradiol)

In order to figure out if the sensor is able to detect an effect on the proliferation, MCF-7 cells

were exposed to 17β -estradiol.

The next two graphs will show one measurement were MCF-7 cells were exposed to estro-

gen, more precisely 17β -estradiol, for 3 days and a second one where the cells were exposed

for a longer time period, 6 days. Figure 3.16 shows the first measurement. The detection layer

was exposed to 17β -estradiol for 3 days. The cell impedance is presumably the most relevant

electrode to sense growth. This electrode is not covered completely by cells. Should a substance

stimulate their proliferation the cells would cover little by little its surface featuring, in the best

case, a sigmoidal growth curve. Figure 3.16 A shows the standard cell impedance. In fact, after

about 17 hours of exposure (24 hours measurement due to the preceded 7 hours adaptation time)

10 nM 17β -estradiol seem to boost proliferation. A fast steep increase in the cell impedance

can be observed. After 53 hours of exposure (60 hours meausurement) the curve flattens giving

rise to a sigmoidal growth curve. More over this graph shows also a concentration dependent

toxicity of 17β -estradiol for higher concentrations. 100 nM result in a decrease of the cell

impedance after 30 hours measurement. The highest two concetrations (1.000 nM and 10.000

nM) lead to a decrease as soon as 17β -estradiol gets in contact with the cell layer. This is

consonant with the panels reflecting the acidification and respiration rate (figure 3.16 B and C

respectively). Cells stop their metabolic activity. 100 nM is the concentration between prolifer-

ation stimulation and toxic behaviour. The cell viability ist perturbed since the cell attachment

is weakened. Nevertheless the acidification rate follows the level of the control (figure 3.16 B)

and the respiration rate (figure 3.16 C) increases after 54 hours of measurement.
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Figure 3.16: Detection of a proliferation promoting substance using MCF-7 as the sensitive
layer. 17β -estradiol was exposed for 72 hours (3 days, shaded area). The exposure time was
preceded by and adaptation phase of 7 hours and a recovering of 5 hours (white area). A)
Standardized cell impedance, B) Standardized acidification rate, C) Standardized respiration
rate.

This measurement has shown that a faster proliferation becomes visible after about 17 hours

of 17β -estradiol application. If the exposure time is prolonged from 3 days to 6 days a similar

time schedule should also be observed. Moreover this could also elucidade if the signals remain

constant after 3 days or if changes in cell viability happen, not only for 10 nM 17β -estradiol

but also for all other, specially 100 nM. This concentration seemed not to provoke the death of

the cells after 3 days but it could be possible that a longer time period leads to irreversible cell

damage.

Figure 3.17 shows this measurement over 156 hours. The first 7 hours comprise the usual

adaptation time were cells acclimate to the system and the last 5 were reserved for a recovering

time for the case that a damage caused is reversible. 10 nM 17β -estradiol stimulates growth,

again after 17 hours exposure (24 hours measurement). The standardized cell impedance raises

as depicted in figure 3.17. A growth that remains constant over several days and only slows
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down after about 125 hours exposure (132 hours measurement). The maximal standardized cell

impedance achived here is 200% (see figure 3.17 A) whereas the maximum in figure 3.16 was

280%. This is due to the more complicated seeding of the cells. A confluency of 70-80% cannot

be perfectly be achieved. And the variations from one seeding to another will be reflected in the

cell impedance. The values of the y-axis should be interpreted as relative changes caused by a

compound after exposure to the detection layer.

The acidification and respiration rates after exposure to 10 nM 17β -estradiol (figure 3.16 B and

C) follow the same trend as the control. This means that even if cell growth is acelerated, the

cell concentration is not as high as cellular waste products could harm the cells.

The fate of the cells after exposure to the highest concentrations, 1.000 nM and 10.000 nM,

is still the same as in figure 3.16. The cells perish by the toxicity of 17β -estradiol if present in

these high concentration. 100 nM provokes the loose of attachment of the cells to the surface
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Figure 3.17: Detection of a proliferation promoting substance using MCF-7 as the sensitive
layer. 17β -Estradiol was exposed for 144 hours (6 days, shaded area). The exposure time
was preceded by and adaptation phase of 7 hours and a recovering of 5 hours (white area). A)
Standardized cell impedance, B) Standardized acidification rate, C) Standardized respiration
rate.
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after application (figure 3.16 A). Nevertheless the acidification and respiration rates (figure 3.16

B and C) remain constant for severel days but finally tend to fall. So, this concentrations is pres-

sumably harmfull if applied for too long time.

The observations obtained from the lasts experiments allow to state that this biosensor per-

mits the detection and visualization of cell proliferation. The IDES electrode makes this pos-

sible, the electrode that measures the strength of cell attachment to the surface. While cells

proliferate faster due to a chemical, in this case 17β -Estradiol, the empty spaces on the chip’s

surface diminish leading to a rise in the standardized cell impedance.

Once this could be clarified the next step is to test if the effect of a estrogen-like acting chemi-

cal can also be detected. The next section will show the results obtained after exposing MCF-7

cells to TBBPA.

3.3.4 Proliferation analysis of MCF-7 cells after exposure to TBBPA

As described in section 1.4.3 TBBPA is suspected of promoting proliferation via binding to the

α-estrogen receptor. To figure out if this chemical has endocrine disrupting properties MCF-7

cells were cultivated under hormon free conditions and then exposed to TBBPA. In the case of

a proliferating effect of TBBPA the standardized cell impedance should follow a trend similar

to the one observed after the exposure of 10 nM 17β -estradiol (figure 3.16). The potential pro-

liferative effect of TBBPA was analized by exposing the cells to TBBPA for 66 hours while

recording the physiological parameters with the cell-based sensor system. These results were

compared with an end-point assay, the calcein test. Cell viability is ascertained by the hydroliza-

tion of the fluorescence dye calcein in healthy cells.

Figure 3.18 shows the reaction of the cell attachment, metabolism and respiration of MCF-7

when TBBPA is added to the medium. 10 µM TBBPA does not evoke any notable alteration on

the physiology on the cells. Compared to the control, the respiration rate (3.18 C) is decreased.

The synthesis of ATP is beeing compensated by an increased glycolysis as can be seen by the

increased acidification rate (3.18 B). A concentration dependent decrease in all parameters can

be observed for higher concentrations, which lead to the death of the cellular detection layer.

This results deny the assumption of TBBPA as an endocrine disrupting chemical. Or more pre-

cisely, in the case of endocrine disrupting properties the toxicity of this substance predominates.
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Figure 3.18: Detection of a proliferation promoting substance using MCF-7 as the sensitive
layer. TBBPA was exposed for 66 hours (shaded area). The exposure time was preceded by
and adaptation phase of 7 hours and a recovering of 5 hours (white area). A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate.

An estrogen sensitive detection layer like MCF-7 will suffer the harm of this chemical in the

same way as a cell line without the α-ER, like RLC-18 (see figure 3.2 for the effect of TBBPA

on RLC-18 cells).

To compare the results shown above MCF-7 cells were cultured on a 96 well plate in a

hormone-free manner and exposed for 60h to TBBPA. The concentrations used were the same

as in the experiment performed with the biosensor: 10 µM, 100 µM, 500 µM, and 1.000 µM.

Figure 3.19 A shows the measurement of the fluorescence intensity after performing the calcein

assay. The bar diagramm is consistent with the results obtained with the biosensor in figure 3.18.

500 µM and 1,000 µM of TBBPA lead to cell death whereas 10 µM does not affect cell vi-

ability. The consistency with 100 µM is not so clear. The same problems as with the MTT

assay appear here. The lack of a time resolution in an end-point assay makes it imposible to

know when the compound unfolds its effect. Moreover it is possible that after some time the

whole amount of compound is metabolized by the cells so that the solution is no longer toxic.
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Figure 3.19: Cell viability of MCF-7 cells determined by calcein assay after exposure to TBBPA
in different concentrations for 66h. Panel A: measurement of the fluorescense intensity. The
results are reported as mean ± SD of three independent experiments. Panel B-F: morphology
of the cells after compound exposure.

In the calcein test 100 µM TBBPA do nearly not harm the cells. There is a tendency towards

a decrease in cell viability, as shown in figure 3.19 A. Nevertheless it is already known from

figure 3.18 that cells die after exposure to 100 µM TBBPA.

In this section the detection layer was exposed to different pollutants, alone and in combi-

nation. A software was developed to ascertain the composition of the contaminated by the aid

of the data acquired from the measurements. And finally the application of this biosensor was
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3.3 Proliferation promoting chemicals

expanded from the dection of a pollutant to the detection of endocrine disrupting chemicals.

There are now some issues to overcome in order to bring this system closer to an application:

the measurement of fresh water and how the transportation of a cell loaded chip can be done.

The next section will attend these two issues.
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3.4 Overcoming challenges

The idea of this undertaking is that cell based sensor technology allows in a near future water

quality assessment on site and in real time: one chip, one waterflow, a continuous signal. At the

moment, however, this idea remains visionary and admittedly, presumpuous and pretentious.

Nevertheless such a technique features so many advantages that merely the attempt is worth-

while. As described in section 1.6 the idea faces technical, biological and logistical challenges:

1. Cell-loaded chips have to be transported from the manufacturer to the customer.

2. A customer has to be able to store the cell-loaded chips for a certain time period without

owning a laboratory equipment.

3. Pure water “kills” cells.

The next section will deal with the first two points, presenting an efficient and secure way to

transport and store a cell-loaded chip and section 3.4.2 will show how it is possible to analyze

a water probe without harming the cellular detection layer.

3.4.1 Preservation and transport of cell-loaded chips

A monolayer growing on the surface of the chip needs to survive the postal delivery at roomtem-

perature. After having arrived to its place of destination it is not guarantied that the chip will be

placed immediately into the system. Therefore, it should be possible that the chip can be stored

at 4◦C until the customer intends to use it. This means that the cells must be encapsulated in a

medium or substance which shields impacts, provides them with enough nutrients and protects

them from temperature fluctuations or dehydration.

In order to define a suitable medium porcine gelatine was solved in DMEM in different

concentrations and checked for the viscous properties at different temperatures. 4◦C represents

the storage and preservation temperature, 25◦C is room temperature representing thus transport

temperature. Finally, 37◦C: temperature at which the measurement systems works, gelatin is

supposed to be in a liquid state under this condition since the fluidic system has to be able to

suck the preservation substance out of the chip and replace it by running medium or a water

sample. Table 3.3 shows the state of the gelatin depending on the temperature and the concen-

tration. A too low concentrated preservation mixture leads to a nearly no existend solidification,
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State
concentration at 4◦C 25◦C 37◦C

0.2% liquid liquid liquid
0.5% liquid liquid liquid
1% solid viscous liquid

1.5% solid solid liquid
2% solid solid viscous

Table 3.3: State of gelatin/DMEM mixture dependent on the temperature

not even at 4◦C. The gelatin remains in a liquid state in the temperature range between 4◦C and

25◦C. This was observed with the two lowest concentrations, 0.2% and 0.5%. Higher gelatin

concentrations though, gained our attention. Specially 1% and 1.5% were of interest. With

1% it is possible to notice the temperature and concentration dependent physical phase of the

gelantin.The lowest temperature (4◦C) causes the solidification of the gelatin/DMEM solution

upon the celllayer. The highest, 37◦C, provokes the melting of the gelatin. At 25◦C the solution

remains in a viscous state. This represents a right step towards the goal but yet not the end of

the road. 1.5% remains solid at 25◦C, making this concentrations particulary attractive since

the lower and the upper edge of the set temperature limits keep the gelatin in the desired state,

solid and liquid respectively. The highest concentration, 2% has also to be kept in mind as a

solid state is also ensured at 4◦C and 25◦C. Nevertheless at 37◦C, system temperature, it is not

as liquid as a 1.5% concentration. The viscosity has to be kept in sight during the first minutes

of a measurement since it is not guaranteed that the fluidic system is strong enough to pump it

out from the chip and replace the gelatin with running medium.

After this preparing experiment the first measurement was run after having stored the cell-

chip for 1 day at 4◦C in the mentioned gelatin concentrations. Figure 3.20 shows the physio-

logical parameters of the cells after been stored for 1 day at 4◦C. Different concentrations of

gelatin were used to preserve and store the cells after having been seeeded onto the chip. A

measurement time of 24 hours was scheduled in order to analyze the physiological parameters

of the biological detection layer and to figure out if the cells were able to withstand the exposure

to a gelatin/DMEM preservation solution and the low temperature. Constant physiological pa-

rameters can be observed for all concentrations of gelatin during the whole measurement. The

cell impedace (figure 3.20 A) is from beginning on at 100% which means a perfect attachment
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to the chip surface and a healthy morphological status of the cells. The acidification and respi-

ration rates (figure 3.20 B and C respectively) remain constant at or close to 100% suggesting

a well functioning cellular metabolism. All in all the measurement reveal that cells survive the

24 hours at 4◦C and that gelatin has no toxic effect on the cells. The 2% concentrated gelatin

solution was sucked at 37◦C by the pump without plugging the tubes of the fluidic system. Nev-

ertheless, after removing the chips from the refrigerator, the chips loaded with 2% gelatin had

to be incubated for 5-10 minutes at 37◦C in order to ensure the melted status of the preservation

solution. A 1.5% solution was in this sense more worthwhile since the melting procedure took

place almost immediately.

The positive result and the affirmatory viability of the cellular detection layer after 1 preser-

vation day led to the enlargement of the amount of storage days at 4◦C. Figure 3.21 shows

the physiological parameters, cell impedance, acidification and respiration rates after a strorage

time of 3 days. There is one striking observation straight away. The cells need more time to
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Figure 3.20: Representative measurement of the physiological viability of RLC-18 cells af-
ter 1 day storage at 4◦C encased by gelatin in different concentrations. A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate.
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settle down and recover its full physiological function. Usually, cells need about 3 to 4 hours to

adapt to the system. This means to deal with an atmosphere low in CO2 and a different medium

as the cell culture medium (DMEM). After 4 days of preservation the cells need between 8 and

9 hours to reach 100% viability. The reason for this is that low temperatures slow down the

metabolic activity of the cells (Pegg, 1976). So, the enlarged time to reach 100% is, in first line

due to the longer recovering time needed to reactivate and retrieve the metabolic activity due to

the low storage temperatures. After this adaptation time, signals remain constant over time.

The cells of all chips with different gelatin concentrations not only survived a 3 day long

storage at 4◦C but also recover it full metabolic fuction suggesting that they would be ready to

detect pollutants in a contaminated water sample.

None of the used gelatin concentrations impaired or harmed the cells. Moreover, in both stor-

age experiments, 1 day and 3 days storage (figure 3.20 and figure 3.21 respectively) a control

was run in parallel with the gelatin preserved chips. The control was defined here as a chip
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Figure 3.21: Representative measurement of the physiological viability of RLC-18 cells after
3 days storage at 4◦C encased by gelatin in different concentrations. A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate.
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containing cells kept in DMEM, i.e. a chip loaded in the standard way as described in sec-

tion 2.2.4. The only difference relied therein that this control chip was kept together with the

test chips at 4◦C. Interestingly, the cells on these control chips behaved in a similar manner as

those kept in gelatin; featuring physiological paths close to all other cellular monolayers con-

taining the gelatin based preservation substance. This suggests that the gelatin will mainly be

advantageous for delaying the dry out of the cells since a refrigerator represents a low humidity

environment is and to protect the detection layer against impacts.

Since all gelatin concentrations achieved positiv results the decision of which gelatin to

choose for a delivery per mail was taken based upon the charcteristics described in table 3.3. A

1.5% concentrated gelatin/DMEM solution seems to be the means of choice to prevent dehy-

dration and impact protection. It solidifies fast at the desired temperature >25◦C and liquidifies

at system temperature, 37◦C. For these reasons the next experiment was performed using only

this gelatin concentrations.

The last two experiments showed that a two dimensional celllayer can be strored at 4◦C in

a conventional refrigerator at 4-10◦C by slowing down their metabolic activity but maintaining

them intact and enabling their complete recovery after a few hours at physiological temperature,

37◦C. The next step was to increase the storage time up to 1 week.

The curves in figure 3.22 show the physiological status of the cell layer after having stored

the cell-loaded chips at 4◦C for 7 days. After this storage, the chips were sent from Munich to

Heidelberg per mail. The delivery took around 24 hours in which grip of temperature control

and a careful handling were lost. Once in Heidelberg the chips were stored again at 4◦C for 3

days and afterwards the physiological parameters were measured.

Two chips were used to test this scenario. Figure 3.22 shows the results of this experiment.

A dramatic increase of the cell impedance (figure 3.22 A) is the first observation that one can

make. Either the long storage or the hits and impacts may detach the cells from the surface.

After 24 hours the cell impedance reached a plateau and remained constant. The respiration

rate (figure 3.22 C) kept constant from beginning on as well as the acidification rate (figure 3.22

B). Constant but with a slight downward drift. This can be due to the performed standardiza-
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Figure 3.22: Physiological viability of RLC-18 cells after having been stored for 7 days at 4◦C,
shipped from Munich to Heidelberg and stored for 3 days again at 4◦C. A) Standardized cell
impedance, B) Standardized acidification rate, C) Standardized respiration rate.

tion. One point is set to 100% and all remaining measurement points are calculated relative

to this one. This can cause a shift or a drift in the curve. Independently of the initial down-

ward drift, also the acidification rate stays constant after 24 hours of measurement. In general it

even does not matter if a rate goes up or down since the slope remains constant. In the case of

a contamination the regarding physiological parameter would break down or increase suddently.

In this section it was shown that a two dimensional cellular layer can be stored at low

temperatures and transported over long distances. One question remains open, how can cells

assess water quality if pure water is lethal for cells. This question will be the main subject in

the next section.
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3.4.2 Water kills cells, no longer

Environmental monitoring faces the challenge of measuring an increasing number of analytes at

ever-decreasing concentrations. Moreover new industrial processes, new materials to cope with

the actuall demand lead to an increasing number of chemical endproducts and intermediates.

This means that the amount of potential pollutants in our environment is increasing constantly.

Here relies the biggest advantage of whole-cell biosensors which outshines the drawbacks and

transforms them into challenges still to overcome.

Analytical chemistry allows the detection of substances down to picograms. But only those

components will be detected for which the person in charge is looking for. New chemicals or

derivatives may go unnoticed. But the cells in a biosensor will notice the presence of any toxic

compound in the water or whatever kind of aquatic medium. Nevertheless there is yet one fun-

damental open problem: pure water kills cells. Therefore this is one of the main challages by

developing a cell-based sensor for the detection of toxic chemicals in water samples.

The task is to find a way that permits cells to stay alife while a real water sample is bee-

ing perfused through the system. Several attempts were performed and in this chapter the one

that finally worked will be presented. The Appendix B offers one which looked promising since

Bohrn et al. (2010, 2011) used a similar way for the detection of gases with cell-based biosensor.

One of the main problem is the different osmolarity between the cytoplasma of the cells and

the water. Water represents a hypotonic solution compared to the inner cellular solution. This

means that water will flow into the cell, increasing its volume and evoking the rupture of its

membrane. Furthermore, cells need the presence of nutrients to survive.

All this led to the addition of DMEM in powder form to the water sample. This supply

should reduce the difference in osmolarity and at the same time provide the cells with sufficient

nutrients. The first experiment deals with the question if this way to adapt water to the cellular

conditions is worthwhile. For this purpose water which is for sure clean and uncontaminated,

deionized water from the laboratory and tap water, was used. The concept was then expanded

to rain water and afterwards to water from the river Isar. The next issue to be shown in this

section is the difference, if there is one, between the physiological reaction of the cells to a

test compound, in this case Ni2+, solved in tap water and in running medium (the preparation
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protocol of running medium is described in section 2.2.5). The last graphic, which will close

this section will be a long-term measurement. The sensor is supposed to run for at least one

week without interrumption.

Figure 3.23 shows the first measurement. Deionized water and tap water were treated with

DMEM in powder form and exposed to the cells growing on a chip. The control was, as always,

running medium. During the measurement two chips were exposed to deionized water and two

to tab water. The cell impedance (figure 3.23 A) remains constant and at 100% for all chips and

water types.

Concerning the acidification and respiration rate (B & C in figure 3.23) there is one striking

fact which stands out. The slope of the curves during the application of tab water is higher

than for deionized water. The acidification and respiration rates increase constantly. Probably a

result to the different composition of the water which contains more ions and presumably more

0 2 4 6 8 10 12 14 16 18 20 22 24 26
0

20

40

60

80

100

120
TX

 

 

st
an

da
rd

 c
el

l i
m

pe
da

nc
e 

[%
]

time [h]
0 2 4 6 8 10 12 14 16 18 20 22 24 26

0

20

40

60

80

100

120

140

160

180

200

time [h]

TX

 

 

st
an

da
rd

 a
ci

di
fic

at
io

n 
ra

te
 [%

]

0 2 4 6 8 10 12 14 16 18 20 22 24 26
0
20
40
60
80
100
120
140
160
180
200
220

time [h]

TX

 

 

st
an

da
rd

 re
sp

ira
tio

n 
ra

te
 [%

]

A B

C

CTRL

Deionized water (Siemens laboratory)

Tap water


Figure 3.23: RLC-18 cells as biological detection layer for water quality control: survival anal-
ysis. Exposure of deionized water and tab water treated with DMEM (powder) to RLC-18
loaded chips. Two chips were exposed to each water sample. Water samples were applied from
the beginning on to the cells. A) Standardized cell impedance, B) Standardized acidification
rate, C) Standardized respiration rate.
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oxygen than the treated deionized water or the commercialy obtained high purified water (basis

of running medium). It is an observation but basically not a matter of concern. The celllayer

survives. Futhermore the metabolic rates are active and during the whole measurement over

100%. The slope is constant, the curve is a line. This means that the system would notice if

a sudden pollutant would contaminate the water probe. A slope does not represent a problem,

only varying curve shapes. This would impede a proper interpretation of the viability status of

the cellular detection layer.

There is a quite simple and direct way to determine how tab water or water from another

source, so far clean, afects and alters cellular metabolism but not kills the cells. The chips are

exposed to tab and rain water after allowing an adaptation time with cell culture medium (run-

ning medium). The water samples are thus treated as a compound like in the experiments and

figures shown in section 3.1.1 and 3.1.3, where RLC-18 were exposed to organic compounds.

During the first 5 hours of the measurement cell culture medium is pumped through the system.

This is the medium in which the cells are used to grow, hence this medium will not alter the

metabolic properties of the cells. The medium is then replaced by tab and rain water. A dif-

ferent composition of these two water samples, for example in the concentrations of ions will

pressumably be reflected in at least one of the metabolic parameters of the cells.

The results of the attempt described here are shown in figure 3.24. For 10 hours the cellular

layer of two chips was exposed to tab and rain water. A variation in the strongness of the at-

tachment of the cells to the surface, reflected by the cell impedance (figure 3.24 A) is scarcely

discernible. There is only a very slight increase after the application of rain water. But only

the information provided by the cell impedance is too scarce to come to a conclusion. The

panel B and C show the acidification and the respiration rate. There is more information allo-

cated in here. First, as soon as the water probes passes through the fluidic system and comes

in contact with the cell layer the cells react with a huge deflection in these two parameters.

A deflection that was not observed in any experiments before. Only a physiological caused

signal variation was observed after the application of chlorpyrifos, TBBPA, 4-MBC or 2-AA

(figures 3.1, 3.2, 3.3 and 3.4) but not a shock like the ones observed here.

So, the cells notice a different composition of the water. The acidification and respiration

73



3.4 Overcoming challenges

0 2 4 6 8 10 12 14 16 18 20 22 24
0

20

40

60

80

100

120

time [h]

RM RM TXexposure

 

 

st
an

da
rd

 c
el

l i
m

pe
da

nc
e 

[%
]

0 2 4 6 8 10 12 14 16 18 20 22 24
0

20

40

60

80

100

120

140

160

180

200

time [h]

RM RM TXexposure

 

 

st
an

da
rd

 a
ci

di
fic

at
io

n 
ra

te
 [%

]

0 2 4 6 8 10 12 14 16 18 20 22 24
0

20

40

60

80

100

120

140

160

180

200

time [h]

RM RM TXexposure

 

 

st
an

da
rd

 re
sp

ira
tio

n 
ra

te
 [%

]

A B

C

CTRL

Tap water

Rain water




Figure 3.24: Impact of tap water and rain water on RLC-18 cells after 10h exposure time
(shaded area) measured in Bionas Analyzing System followed by a recovering phase of 7h
(white area). Cells were allowed to adapt to the system prior to exposure for 5h (white area).
Two chips were exposed to each water sample. A) Standardized cell impedance, B) Standard-
ized acidification rate, C) Standardized respiration rate.

rates go suddenly up and down but this effect endures only for a few minutes. It is just the con-

sequence of the first contact. The two chips exposed to tap water show a constant increase in the

acidification and respiration rates which lasts for the whole time of the exposure, an increase

similar to the one observed in figure 3.23. After the application has ceased the meatabolic pa-

rameters drop down to values close those measured during the apatation phase or leastwise stop

to increase and run parallel to the x-axis.

Rain water causes a similar effect as tap water. Merely one of the chips show, after an offset,

a decrease in the acidification rate. It is conceivalble that this is a chip dependet effect since

the respiration rates follow in both cases the same increasing course. More over, as pointed

out at the beginning of this characterization, there is in both chips a slight increase in the cell

impedance. This could also be a consequence of the ions present in the water, in this case in the

rain water sample. Cell adhesion proteins like integrins are Ca2+ dependent, a cation constantly
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3.4 Overcoming challenges

present in water. The decrease back to a 100% cell impedance after the rain water is replaced

by cell culture medium is one argument more reinforcing this possibility.

The next step was to take a probe from the river Isar in Munich. The Isar river displays a

waterquality of class II (marginally contaminated), beeing I the best class and V the worst, an

ecological desaster4. This water is thus clean, even if not perfect. For sure, it does not feature

drinking water quality. But the boundary to drinking water quality is not toxic water. There are

several miles of different water qualities nuances in between. We do not expect this water to be

harmful since it is allowed to swim in this river.
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Figure 3.25: Impact of water from the river Isar (Munich) on RLC-18 cells. Continuous line
represents a measurement where the river water was from the beginning on present in the fluidic
of the system. Dashed line represents a measurement where the water probe was added for 4
hours preceded by an adaptation phase of 5 hours and followed by a recovering phase of 5 hours.
A) Standardized cell impedance, B) Standardized acidification rate, C) Standardized respiration
rate.

But it is questionable if the cells survive this water since they lack the clearence mechanism
4Source: Federal Ministry for Environment, Nature Conservation, Building and Nuclear Safety,

http://www.bmub.bund.de/themen/wasser-abfall-boden/binnengewaesser/fluesse-und-seen/zustand-der-
oberflaechengewaesser/ (Jun. 6, 2014)
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of an organism. As previously indicated, a constant signal, is desired for the purpose of water

monitoring. Figure 3.25 combines the two concepts presented in the two above shown dia-

gramms in one graph. The detection layer was exposed on the one hand from the beginning on

with river water (continuous line) and on the other hand for 4 hours after allowing an adaptation

time of 5 hours (dashed line).

No or little change can be recognized in the cell impedance after the application of river

water as a compound (dashed line in figure 3.25 A). There is a slight decrease of about 2 to

3% during the 4 hours exposure time. The cells notice the difference in the composition of the

medium but there is no morphological damage ascertainable. This is underpinned by exposing

the cells during the whole measurement to the river water (continuous line in figure 3.25 A).

The cell impedance remains constant through the whole measurement, as well as the acidifi-

cation rate (continuous line in figure 3.25 B). Cells adapt to the given conditions of a different

water composition than the one of culture medium. A constant glycolysis is a sign for a healthy

status of the cells. Nevertheless the cells notice the presence of a different water composition

if it is given after an adaptation phase with culture medium (dashed line in figure 3.25 B). The

acidification rate increases up to 30% of the normal value. Also the respiration rate increases

(panel C), slightly during the exposure time but does not recover. If applied from the beginning

on, there is a constant increase (continuous line in figure 3.25 C).

Now, it would be interesting to know how the detection layer, the RLC-18 cells, reacts to

a harmfull chemical if it is present in tab water. This would represent or simulate a sudden

contamination. In figure 3.26 the impact on the physiological parameters of Ni2+ solved in tab

water (left column) and medium (right column) was compared. The used concentrations range

for the cell culture medium from 0.02 µg/mL to 200 µg/mL in strides of a decimal power. From

these measurements those concentrations which caused the biggest damage were depicted and

used for another measurement, this time with tab water. There is a lot of information contained

in this figure. RLC-18 cells act less sensitive if the Ni2+-ions are present in tab water.
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tap water containing Ni2+ running medium containing Ni2+
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Figure 3.26: Detection of Ni2+ in tap water using RLC-18 cells as the sensitive layer in com-
parison to cell culture medium. Left column represent the impact if Ni2+ is present in tab water,
right column if present in cell culture medium. The exposure time lasted for 5 hours (shaded
area) preceded and followed by an adaptation and recovering phase of 5 hours (white area).
A)B) Standardized cell impedance, C)D) Standardized acidification rate, E)F) Standardized
respiration rate.
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200 µg/mL Ni2+ provokes a clear impairment in the cellular physiology when present in

cell culture medium. The cell impedance (figure 3.26 B) decreases by 10% and the acidification

(figure 3.26 D) rate goes down to 20%. Despite this impact the acidification rate recovers com-

pletely after the sample containing Ni2+ is replaced by fresh medium. Also the respiration rate

decreases during the time of the exposure but does not recover (figure 3.26 F). The respiration

rate slows down to 80% where it stays constant.

The impact of 20 µg/mL is less harmful and only visible by a reduction of the acidification

rate by about 20%. Inferior concentrations seem not to harm the cells. Therefore these two con-

centrations, 20 and 200 µg/mL were used to analyze if the impact produced by Ni2+ is similar

if solved in tap water. 200 µg/mL Ni2+ present in tap water lead to a similar result than in cell

culture medium. Nevertheless the effect is less pronunced. The acidification rate drops down to

60% (figure 3.26 C, but not to 20%) and the impairement in the respiration chain is similar to

the one caused by Ni2+ in culture medium.

Unfortunately, the effect of 20 µg/mL cannot be noticed. All rates remain constant. It is

conceivable that the anions and cations present in tap water could attenuate the effect of the

target ion Ni2+. This effect has already been shown in section 3.1.3 and 3.2.3. Here the effect

of two organic pollutants present in a sample at the same time was investigated. It was shown

that if two pollutants are present at the same time in a sample, one can mitigate the toxicity of

the second one. For example 10µM TBBPA masked the effect of 100µM Camphor (figure 3.7).

One last experiment will close this section. Since the life expectancy of a biosensor is

problematic the next measurement was performed in order to determine if the biosensor survives

a measurement time of 1 week. A collected rain water probe was used for this experiment.

Figure 3.27 shows this measurement. There is a similarity with the 24 hours measurement

using tap water shown in figure 3.23. The only difference is that the increase in the acidification

and respiration rate (figure 3.27 B & C) is more prominent. This is due to the long time of the

measurement. Both parameters increase constantly, the respiration rate from beginning on and

the acidification rate after the second day. We know from the measurements already shown in

this section that the composition of this water promotes this acelerated physiology. But another

reason is here that the cells still proliferate. And more cells mean a higher metabolic rate.
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3.4 Overcoming challenges

Despite this, the parameters remain constant and a cell-chip can run and survive for at least one

week.
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Figure 3.27: Suitability of RLC-18 as the detection layer for a 1 week long (rain) water mea-
surement. A) Standardized cell impedance, B) Standardized acidification rate, C) Standardized
respiration rate.
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Chapter 4

Discussion

In this work the suitability of a cell-based sensor for the quality monitoring of aqueous media

and the detection of hazardous chemicals in water was evaluated. Cultured eucaryotic cells

react very sensitive to external influences with changes of their metabolism. The development

of a sensor system which uses eucaryotic cells in order to detect bioactive substances takes

advantage of this sensitivity.

4.1 Characteristics of a cell line to suit detection layer re-

quirements

The first step for the development of a cell-based biosensor is the choice of the right cell line.

The highest possible sensitivity encompassed by a high robustness are the most desired char-

acteristics to qualify as the detection layer for a biosensor. RLC-18 cells have shown to be an

adequate cell line since after performing several measurements with the same test substance

the electrical read-out shown by the physiological parameters cell impedance, acidification rate

and respiration rate showed the highest reproducibility. More over, since the usage of cultured

cells is finite in their passage and one stock can underlay several freeze and thaw processes it is

crucial that the physiological properties of the cell line remain constant. For instance the use of

HepG2 cells (human hepatocellular carcinoma) has been shown to be not appropriate for similar

applications (Stütz, 2008). The physiological response varied after freezing and thawing of the

cell line and from one passage to another.

Figure 4.1 shows the respiration rate of RLC-18 cells after having been exposed to 500 µM

chlorpyrifos. Each curve represents one measurement where different stocks of cells were used.
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Figure 4.1: Reliability of RLC-18 cells as the detection layer for the detection of pollutants
in aqueous media. In 3 independent measurements 500 µM chlorpyrifos were applied to the
detection layer for 10h. An adaptation time of 5h was preceded to the exposure and followed
by 7h recovering time. The panel shows the impact of chlorpyrifos on the respiration rate.

The figure shows that for all measurements the respiration collapses at the same time and the

decrease for all curves is simultaneous.

4.2 Solubility and Sensitivity

From the measurements performed with the four model compounds 2-Aminoanthracene (hete-

rocyclic amine), chlorpyrifos (organophosphate insecticide), 3,3‘,5,5‘-Tetrabromobisphenol A

(flame retardant) and 4-methylbenzylidene camphor (UV-B filter) we know that the detection

limits of this system ranges between 10 and 100 µM in single applications. Converted into

µg/L, this means that the cell layer is able to detect these chemicals starting from concen-

trations of 1000 µg/L onwards. Now, if we compare this detection limit with the allowed or

advised values within the boundaries of the European Union, we will see that there is a con-

siderable gap to bridge. The environmentally acceptable concentrations declared by the WHO

amount to 1 µg/L and the maximal permited concentration for organophosphate pesticides and

polyaromatic hydrocarbons in drinking water amounts to 0.1 µg/L (WHO, 2004).

Crucial for a toxicological effect of a chemical on the physiology of the cell is the binding

of this chemical to a receptor or its internalization into the cell. If a compound is hardly sol-

uble it will stay suspended in the aqueous phase or remain in the ground as a sediment. In its

report about polyaromatic hydrocarbons like 2-AA, the World Health Organization accounted

to this fact. First, because transportation remains local (section 1.4.1 and WHO (1998)) and
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4.2 Solubility and Sensitivity

second, because toxicity may be reduced. Table 4.1 shows the solubilities of the used organic

compounds in this PhD Thesis. They are all hardly soluble or insoluble. It is of course possi-

Chemical Solubility Reference

2-AA 0.073 mg/L WHO (1998)
Chlorpyrifos 1.05 mg/L European-Union (2005)
TBBPA 4.16 mg/L WHO (1995)
4-MBC apparently not soluble WHO (1998)

Table 4.1: Solubilities of 2-AA, Chlorpyrifos, TBBPA and 4-MBC in water.

ble to solve them in organic solvents like DMSO or Isopropanol but since the detection layer

is based on cells it is necessary to use solvent concentrations below toxic values, this means

a maximum of 2% DMSO. The consequence of this low solvent concentration is that not the

entire portion of chemical used is solved and in turn biological active. This may explain why

the detection limits of the here presented cell-based sensor are above those of standard methods

like chromatographic techniques (Jimenez-Jorquera C, 2010).

This consideration is reinforced by the fact that the detection limits using soluble compounds is

much lower. The German Water Framework Directive sets 0.02 µg/mL as the maximal allowed

concentration in drinking water and 0.2 µg/mL in the environment for Ni2+ (Kubisch et al.,

2012b). Figure 3.26 D in section 3.4.2 shows that the system is able to visualize an alteration of

the acidification rate after application of 0.2 µg/mL Ni2+. Since Ni2+ ions are soluble in water

it can be assumed that the whole amount applied is biologically active.

The statement is now that this system detects the biological active portion of the contaminant

in the medium. Bohrn et al. (2013) has shown this by comparing the physiological response of

V79 cells (Chinese hamster lung fibroblasts cells) after beeing exposed to Cr6+ and Cr3+. Cr6+

compounds have been shown to be 1000-fold more potent than Cr3+ compounds in inducing

cytotoxicity and mutagenesis in the same cell type (Biedermann and Landolph, 1990).

There sensitivity of the detection layer can be improved by varying the composition of the

used medium. In this study DMEM with 4.5 g/L glucose has been used. Stütz and Kubisch

(2010) reported that the substitution of glucose by galactose improves the vulnerability of the

cellular detection layer in certain cell lines. In a high glucose environment the ATP synthetized

by the glycolysis is sufficient for the cells. If this high glucose dissapears, energy production is
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4.3 Beyond acute toxicity of single exposure

carried out by the more energy producing citric acid cycle. This leads to a higher susceptivility

of cells agaist substances especially aiming at cellular respiration. Other factors like temperature

may also play a role in calibrating the sensitivity of the detection layer.

4.3 Beyond acute toxicity of single exposure

Cells used as the detection layer in a biosensor have the advantage that they will notice any

toxicity independently if there is one pollutant present in the sample or severals. In Eggins

(2002); Subramanian (2004); Senveli and Tigli (2013) antibodies have been used as the sensing

layer of a biosensor to bind chemicals. This allows the use of more than one antibody on the

chip surface and in this manner many antigens can be detected. Nevertheless this method is

constrained by the space on the chip since only a finit number of antibodies can be immobilized

and by the fact that the synthesis of antibodies is expensive and time consuming. More over it

is imposible to synthetize antibodies for all existing chemicals.

A cell-based sensor system allows the monitoring of the over all quality of a sample and

independently of how many chemicals are present in the sample. Combined measurements of

chlorpyrifos together with TBBPA and 4-MBC together with TBBPA have been shown in this

work. In most of the concentration pairs used the system shows the expected result of a rein-

forced toxicity due to the presence of two toxic chemical or at least that the system could show

that there is “something” toxic in the sample. But also the unexpected result of the mitigation of

the toxicity of one compound was observed. For example, the toxic effect of 100 µM Chlorpyri-

fos is attenuated if 10 µM TBBPA is also present in the sample. In this case not only the hard

solubility of the compounds may play a role. It is conceivable that transport mechanisms pump

actively one compound out of the cell. Most eukaryotic ABC transporters export hydrophobic

molecules from the cytoplasm (Locher, 2004) and this could lead to a decreased toxicity of the

contaminated sample.

Due to the bad solubility of apolar chemicals and cellular mechanisms diminishing toxic-

ity a functional generalized linear model was developed to predict and ascertain the chemical/s

present in the sample. The underlying data set is taken from the measurement and after a learn-

ing process the algorith can determine which chemical is present in the sample. This method
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has become increasingly important in the fields of health and biomedicine (Alborzinia et al.,

2013; Ullah and Finch, 2013; Goldsmith and Scheipl, 2014) since it allows to analyze, model

and predict most of the quasi-continuos data measured in various fields of research. For in-

stance, in biomedicine the growth pattern of a tumor can be estimated as well as the severity of

a desease (Sorensen et al., 2013). Even more recently, this method has been used to predict the

heat value of a fossil fuel and the concentration of paracetamol in an aqueous medium using a

biosensor (Fuchs et al., 2015).

Simultaneously to the detection of pollutants and the determination of their acute toxicity

there is an increasing interest in detecting the presence of substances that may cause deseases

in the long term. Among these, those that promote cell proliferation are of special interest since

they are used in a variety of applications and also present in the environment (Jeffries et al.,

2011; Schlumpf et al., 2001). The estrogen receptor is a main target of these chemicals and

therefore the application of this biosensor for the detection of proliferating chemicals was a ma-

jor task during this work. Under cell culture conditions 10 nM 17β -estradiol has been shown

to be the concentration leading to the highest expression of genes related with cell proliferation

(Wang et al., 2004). Using MCF-7 cells which carry the estrogen receptor α it was possible to

visualize how 17β -estradiol induce proliferation. Mainly the cell impedance allows the mea-

surement of cell growth. Devices like the Roche xCELLigence have shown to be suitable for

this applications. It consists on an electronic sensor analyzer carrying a 96-well plate. 80%

of the bottom of the wells is covered by gold electrode sensors which measure the attachment

of the cells to the surface (Bohrn et al., 2013). In this way a high resolution is ensured if

cells proliferate or spread upon the surface. In the case of the here used sensor chip (SC 1000

Metabolic Chip) only a small portion is covered by the relevant IDES electrode (see table 2.5

in section 2.2.2). The augmentation of the surface covered by this electrode would improve the

resolution of proliferation tests.

4.4 The long way towards an application

Besides the challanges of sensitivity and detection limits there are still some issues which have

to be addressed in order to make a biosensor suitable for a field application for water quality

monitoring. In this PhD two of them have been depicted out since they represent the most intu-
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itive.

The right packaging of the sensor could be developed by studying how the medical and

biotechnological field has managed to preserve and transport organs and tissues. The trend

towards encapsulating cells and tissues in sponge-like materials has been crucial in this sense

since they give shelter against mechanical stress and environmental fluctuations like tempera-

ture (Service, 2000; Hunt and Grover, 2010). A 1.5% concentrated solution of porcine gelatin

was finally the most suitable medium to preserve and store the cell-loaded chip. This allowed

us to store the chips in our lab in Munich at 4◦C for one week and deliver them to Heidelberg,

where they were stored again at 4◦C for 3 days. The cells showed complete viability after this

delivery and storage so that this technique can be used in the future for the transportation of a

ready-to-use biosensor to a customer.

The measurement of tap water and from the river Isar in Munich reinforced the possibilities

of this method to monitor the quality of water. The improvement done by solving DMEM in

powder form is time consuming but until now the only way to allow the cellular detection layer

to survive a water sample even if this is not contaminated.
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Chapter 5

Outlook

A biosensor is not supposed to replace standard analyzing methods like chromatography or

analytical chemistry but it could be used as a prescreen for toxic or bioactive substances in a

sample. The challenge faced by the biosensors community is to fulfill the increasing require-

ments of environmental legislation. Sensitivity, selectivity, fast responses and costs are the main

subjects. To assess this, the biological recognition element as well as the transducer have to be

considered. At the moment they suffer from a lower robustness than many solid state sensors

(Lagarde and Jaffrezic-Renault, 2011). This becomes crucial for outdoor applications where

the sensor is exposed to temperature fluctuations or mechanical impacts.

The presented system is optimized for cell lines with a growth optimum at 37◦C. Never-

theless, step by step, more and more complications are beeing overcome. In this study the

transportation, storage and compensation of the osmolarity differences between water and the

cytoplasma represented serious question to account for. The huge work beeing done on this

research field allows the rapid evolution of biosensors so that there is hope that soon one enters

the market to monitor the quality of fresh water.
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Appendix A

Using other solvents instead of DMSO

In the experiments shown in this PhD DMSO was used whenever a solvent was needed. DMSO

is an established solvent in the world of science and due to its low toxicity below concentra-

tions of 2%, the means of choice to carry out toxicity experiments. Nevertheless there were

other solvents which came into question, some of them because they are used in industry or be-

cause they are naturally ocurring. In both cases they could be present in fresh water and solving

contaminants, reinforcing thus their toxicity.

In this part of the appendix two of them will be presented since they could replace DMSO

in further studies.

A.1 Polyethylene glycol (PEG)

Polyethylene glycol (PEG) is a polyether used in industrial manufacturing as well as in biology

and medicine. It is present in skin creams and cosmetics, toothpastes, tattoos, etc... Depending

on the molecular weight it is liquid at room temperature or a low-melting solid.

PEG-400 (different numbers are given depending on the chain size and therefore the molec-

ular weight) was tested here because it is in a liquid state, it is strongly hydrophilic and has a

very low toxicity (Maes et al., 2012).

In section 3.1.3 the toxicity of a mixture of 4-MBC and TBBPA was shown (see figure 3.6).

The same measurements were performed using PEG-400 as a solvent instead of DMSO. Fig-
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Figure A.1: Effect of the solvent PEG on the detection layer compared to DMSO. RLC-18
cells were exposed for 10h (shaded area) to 4-MBC and TBBPA solved in DMSO or in PEG in
Bionas Analyzing System. The exposure was followed by a recovering phase of 7h (white area).
Cells were allowed to adapt to the system prior to exposure for 5h (white area). A) Standardized
cell impedance, B) Standardized acidification rate, C) Standardized respiration rate.

ure A.1 compares the results of two combinations with those obtained by using DMSO as a

solvent. In the graphs, same colors represent the same concentrations of compound, the solid

lines represent the samples where DMSO was used as a solvent and the dashed ones where PEG

was used. The match between the different solvents is for all pairs nearly perfect. This means

that PEG-400 could also be used as a solvent. More over, the wide applications of PEG makes

it possible that it finds its way into rivers or lakes solving chemicals which can enter the food

chain in this way.

A.2 Saponin

Saponins are amphipathic glycosides synthesized by various plant species. Due to this am-

phipatic character they are able to solve apolar chemicals in water building miscelles. The fact

that they are naturally occurring makes them particularly interesting because in this way pol-
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luntants can be solved and transported for long distances.

In fact saponins are detergents and therefore toxic for organisms. Their application as a

solvent might therefore be limited. Therefore it was tested if very low concentrations affect

the healthiness of the cells. Figure A.2 shows the results of exposing RLC-18 cells to different

concentration of saponin. All physiological parameters show the same devastating result. The

cells die as soon as they come in contact with saponin. The toxicity of saponin is as high as the

on of the detergent Triton-X. Even the lowest concentration tested, 0.01% leads to cell death.
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Figure A.2: Efect of the solvent saponin on RLC-18 cells. After an adaptation time of 5h (white
area), cells were exposed to saponin for 10h (shaded area) and afterwards allowed to recover.
A) Standardized cell impedance, B) Standardized acidification rate, C) Standardized respiration
rate.
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Appendix B

PBS to impede the toxic effect of water

One of the major problems by measuring water is that water represents a hypoosmotic envi-

ronment for a cell. One idea to solve this problem would have been the addition of PBS to the

water sample. At the same time, one has to keep in mind that the cells need the nutrients present

in cell culture medium to survive. The sample containing PBS was therefore added only for 10

minutes. More over, Ni2+ solved in PBS was used as test substance in order to elucidate if it

is possible to differentiate between the impact of nickel and the one of PBS alone. Figure B.1

shows the results corresponding to this experiment. The 2 grey dashed lines represent the 10

minutes where PBS or PBS with Ni2+ was added. In total the cells were exposed two times to

the sample. The problem of this idea arises from the fact that the peaks caused by PBS are very

similar the ones originated by PBS/Ni2+. Even if the amplitude of the peak in the acidification

rate is higher when Ni2+ is present (figure B.1 B) it is too easy to confound them. More over

the signal obtained from the cell impedance and the respiration rates (figure B.1 A and C) are

for both cases nearly the same.

For these reasons and from now on DMEM in powder form was diluted into the water

sample (as described in section 3.4.2) to ensure the viability of the detection layer .
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