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1. Introduction 

Food for humans and feed for animals are potential gateways for harmful chemicals 

into humans and animals, which is why risk assessment is a key instrument for the 

safety of food, feed, other consumer products, medicine for humans/animals and in 

other industrial/agricultural applications [1]. For this reason, the European Parliament, 

the public and the industry have stressed the need for better methods [2–5]. Although 

information on intentionally added substances is available, there is still a possibility that 

unintentionally added substances (NIAS) are present as contaminants in end-use 

products. These substances can be process contaminants, products of unknown 

chemical reactions and can also migrate from packaging materials into food. It is very 

difficult to address their health significance. [2,4,6] 

 

1.1. Genotoxin testing, genotoxicity and mutagenicity 

The European Food Safety Agency stated that information on genotoxicity is a key 

component in risk assessment of chemicals. It should be considered that there might 

be no threshold for some genotoxic chemicals, so no safe level can be established. 

Such chemicals are either not allowed for use or are not managed by the as low as 

reasonably achievable principle. It is therefore important to detect those genotoxins. A 

variety of methods and technologies to detect genotoxins or mutagens exists. [1] 

Testing chemicals directly on humans is not an option. Therefore, chemicals are tested 

on animals. In order to minimize animal suffering, the so so-called 3R rules have been 

introduced, which either refine the conditions for animals in animal testing, reduce the 

number of animal tests required or even lead to animal testing being replaced and thus 

avoided [7]. The Organization for Economic Co-operation and Development (OECD) 

published several guidelines for several assays that address genotoxicity and 



 

2 
 

mutagenicity. The Ames assay is used as a bacterial reversed mutation test and can 

detect mutations in the deoxyribonucleic acid (DNA) and serves as a replacement for 

animal experiments [8]. Another test is the hypoxanthine phosphorybosyl transferase 

test, which also refers to mutations, is based on mammalian cells and can also replace 

animal tests [9]. The micronucleus test based on mammalian cells is available for in 

vivo and for in vitro testing, the latter replacing animals and can detect structural and 

numerical chromosomal aberrations [10]. Testing for chromosomal aberrations is also 

possible with the chromosomal aberration test that follows OECD guideline 473. The 

tests uses mammalian cells and is used as an replacement for in vivo testing [11]. It is 

also possible to use a gene mutation test on unscheduled DNA synthesis in vitro. The 

test utilizes mammalian cells and detects gene damaging, DNA repair and replaces 

the  same test used as in vivo test if performed according to OECD guideline 482 [12]. 

 

1.2. SOS-Umu-C assay in microtiter plate format 

The SOS-Umu-C assay can detect genotoxins. It is based on the fusion of the umuC 

operon of Escherichia coli and the lacZ-gene. The umuC operon is induced by DNA 

damage caused by genotoxins. The lacZ gene is then induced as it is linked to the 

operon and leads to the production of a β-galactosidase, which can then convert a 

precursor of a chromophore i.e., ortho-nitrophenyl-β-galactoside (ONPG) into ortho-

nitrophenol which is the active chromophore. The chromophore can then be detected. 

[13] 

The assay procedure is standardized. Briefly, the Salmonella cells are exposed to 

different concentrations of the chemical to test, whereby the procedure also contains 

a positive control, a negative control and a blank. After an initial incubation the bacteria 

cells are transferred to fresh growth media and also diluted with this step. After a 

second incubation and if the umuC operon has been induced, the following generation 
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of the galactosidase is used to convert ONPG to the detectable chromophore which is 

then detected after cell lysis. Additionally, the optical density (OD) is measured at 660 

nm wavelength before and after the growth phase and also the OD at 420 nm after the 

ONPG incubation to calculate the induction ratio of the genotoxin response and to 

calculate the growth factor as a quality control in order to detect cytotoxicity. The 

detection of cytotoxicity falsifies a negative test result. [14] 

The assay provides high concordance with the Ames test [15,16], has the additional 

advantages of using only a single bacterial strain, using a chromogenic detection 

system for data collection, and the bacterial strain used (TA1535[pSK1002]) 

corresponds to ISO guidelines [14,17]. Although genotoxicity is not directly linked to 

cancer development in human cells, genotoxic effects of chemicals on the genome of 

bacteria have been correlated to mutagenicity and the generation of tumors in humans 

[18,19]. The bioassay has been well evaluated testing a variety of genotoxins over the 

past decades and is also known for usage in analysis of complex environmental 

samples i.e. for waste water analysis [13,14,20–22]. Other examples of the use of this 

bioassay are evaluations of photo-genotoxicity [23], aryl sulfonamide derivatives of 

(aryloxy)alkylamines [24], paper mill effluents [25], source water [26], fluoroquinolone 

antibiotics [27,28], drugs, disinfectants and other chemicals in hospital wastewaters 

[29], cyclophosphamide and degradation products [30] what shows the acceptance of 

the bioassay. 

 

1.3. Endocrine assays based on yeast 

In vitro assays for testing samples for endocrine disruptors are well known. The yeast 

androgen screen (YAS) and the yeast estrogen screen (YES) test for androgenic and 

estrogenic chemicals, respectively. In case of the androgen detecting bioassay, 

recombinant Saccharomyces cerevisiae cells are used that contain the DNA of a 
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human androgen receptor, which is then produced by the yeast cell accordingly and 

can be activated by androgens. The lacZ reporter gene is also part of the modification 

and responds to the activation of the receptor, resulting in the formation of β-

galactosidase. This enzyme can then convert e.g. 4-methylumbelliferyl-β-D-

galactopyranoside  into the active chromophore methylembellyferone [31] or 

fluorescein-di-β-D-galactopyranoside (FDG) [32] into the active chromophore 

fluorescein, which can then be measured. The estrogen detecting bioassay works 

analogously, but with an estrogen receptor.  [33–37]  

 

1.4. Thin-layer and high-performance thin-layer chromatography 

Thin-layer chromatography (TLC) is a technology to separate mixed substances 

utilizing a solid flat structure e.g., a glass or an aluminum plate, coated with a stationary 

phase that can consist out of silica gel, silica gel that is modified, aluminum oxide, 

cellulose, modified cellulose, etc. [38]. Mobile phases in TLC are not subject to the 

limitations of a detection system, which can be disturbed by solvent absorption, for 

example, if solvents absorb at the same wavelength as the analyte. Solvents can be 

removed by evaporation prior to detection to circumvent these limitations. The 

detection of analytes can be done by imaging via visible light, UV light of different 

wavelengths, fluorescence detection and also by luminescence detection [39]. 

Quantification can be done by video-densitometrical evaluation of the images [40,41], 

by the preparation of densitograms via scanning [42,43] or coupling to Direct Analysis 

in Real Time mass spectrometry [44] or mass spectrometry (MS) in general [45]. By 

coupling to high-resolution mass spectrometry (HRMS) [46,47] and to nuclear 

magnetic resonance spectroscopy [46,48,49] structure elucidation is possible. Better 

results in planar chromatography are obtained by using small particle sizes of the 

stationary phase (5-7 µm), thin layers and a narrow size distribution of the particles 
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what also shortens the time consumption for development [50]. Since the performance 

of those plates is better than that of TLC plates, the term high-performance thin-layer 

chromatography (HPTLC) was introduced. Furthermore, application devices, devices 

for development of plates, for derivatization of plate contents and for plate analyzation 

were developed [51]. It was shown that up to 46 samples can be applied to one plate 

which was then developed and analyzed. Since all samples went through the 

procedure at once, the calculated time needed for each sample was respectively low, 

what also applied to the costs of the analysis including materials and solvents [52]. The 

matrix robustness of HPTLC plates is high and it was shown that up to 1 mL of liquid 

can be applied per sample onto a plate in an area shape [53]. This also reduces the 

efforts needed for sample preparation [39]. Because the matrix remains on the plate 

during the analysis of the sample as well as the analytes of the sample it is not excluded 

from the investigations that follow. Those investigations can be chemical 

derivatizations or effect directed analysis (EDA). EDAs can contain investigations of 

biochemistry in term of enzymatic induced reactions and inhibition of enzymes or 

bioautographically tests investigating biologically active compounds [39]. 

 

1.5. Planar endocrine and genotoxicity assays 

HPTLC was used in detection of endocrine active substances [54]. The planar yeast 

estrogen screen (pYES) based on a wettable revered phase HPTLC plate and the 

same yeast cells as used in the YES assay was shown to detect estrogen-acting 

substances as sharp bands on the HPTLC plate what allowed for non-targeted analysis 

of compounds in complex mixtures [55]. Coupling the HPTLC to mass spectrometry 

allowed then substance identification [43,56]. Shortly after, the YAS assay was 

introduced to the planar format resulting in the pYAS bioassay creating the possibility 

of effect directed detection of androgens on the plate [57]. By applying the respective 
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agonist over the sample tracks in the form of strips, any anti-estrogens or anti-

androgens present became detectable, as these reduced the signal intensity of the 

agonists, which was detectable [58]. The planar yeast-based antagonist androgen 

screen (pYAAS) and the antagonist estrogen screen (pYAES) lagged the possibility to 

differentiate between true antagonist detection (fluorescence reduction by antagonist) 

and cytotoxicity (fluorescence reduction because of damaged yeast cells). This 

possibility was added by the use of resazurin, which is converted by the yeast cells 

into resorufin, which is a different color, the detection of which is thus a detection of 

living cells and its absence presence of cytotoxicity [59,60]. The simultaneous 

detection of agonists, antagonists and false positive antagonists was achieved with the 

planar yeast antagonist-verified estrogen screen (pYAVES) [60] and the planar 

antagonist-verified androgen screen (pYAVAS) [61] by spraying a strip consisting of 

the fluorescent end product of the substrate used next to the agonist strip already 

applied. If the fluorescence was reduced by a putative antagonist on this strip, the 

fluorescence reduction was also due to quenching on the agonist strip and not due to 

antagonism [60,61]. Planar endocrine bioassays were successfully applied to a broad 

variety of samples e.g. thermal paper [58], surface and waste water [62–66], seed oils 

[67], cannabis [68], plant extracts [69], spices and herbs [70] and also to packaging 

material chemicals [71] showing their applicability. 

Also, in the field of genotoxin detection, bioassays were tested on the HPTLC plate 

with promising results. Those bioassays were constructed as overlay assay (on a 

medicinal gauze, not direct on the HPTLC plate) [72], or utilized bioluminescence to 

detect genotoxins [17]. 
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1.6. Packaging Materials and their hazards 

Food packaging material or food contact material (FCM) can be made of many different 

materials. For example, these can be plastic (polymers), cellulose, peptides [73], 

metal, ceramic and others [74]. Among polymers, for example, polystyrene, 

polypropylene, polyvinyl chloride, polyethylene terephthalate and polyethylene are 

used as direct packaging materials [75]. It has become popular to use cellulose-based 

packaging material from bacterial production. In addition, there is often the possibility 

that the materials obtained from it are biodegradable. This also contributes to the fact 

that, in contrast to persistent materials, less waste is produced [75]. As a metal, 

aluminium is a material that is used directly as laminar packaging material in form of a 

foil or is coated with a polymer. There is also the possibility of using aluminum as a 

composite material together with other materials, especially when it comes to useability 

under high temperatures, while the packaging properties must be maintained [76]. 

Because the excellent properties of metal-based packaging materials have been and 

are being heavily advertised, metal is also being incorporated into packaging material 

plants in small-part format to eliminate weak points with pinpoint accuracy [77]. Seals 

made of metal are an example here [77]. At this small scale, but also in packaging 

where aluminum is used on a large scale, there are concerns about the migration of 

harmful substances such as bisphenol A, lead, cadmium, mercury, aluminum, iron, and 

nickel into the food [77]. Different foods require different packaging and because of the 

large number of possibilities, there are many different types of packaging, which often 

have different chemical modifications in order to adapt to the requirements [74]. 

Additives also contribute to the desired properties of the packaging materials. For 

materials from the polymer spectrum alone, many antioxidants, stabilizers, lubricants, 

antistatic chemicals and anti-blocking substances have been developed [78]. Also, 

combinations of these materials are well known and used. For example, many metal-
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based packages are provided with coatings to adapt their properties to the respective 

food that can be acidic, which is why the metal-based can is in need of protection 

against the acid. The food is then also protected from the loosening of the metal, 

provided that the coating has no damage [79]. 

Some of these chemicals have also endocrine disruptive properties, which was proven 

by bioassays that detected endocrine agonistic [80,81] or antagonistic [82] activity of 

those chemicals in FCMs. Proof that FCMs can lead to human exposure to those 

chemicals exists [83]. The chemicals were also identified in food [84]. Genotoxic 

substances can migrate from packaging materials into food as well what poses an 

additional threat to humans and animals [1–6]. 

 

1.7. Registration, Evaluation, Authorization and Restriction of Chemicals 

The Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) is 

a measure in the form of a regulation, provided by the European Union (EU), to protect 

human health and the environment from risks posed by chemicals. At the same time, 

the regulation is characterized by the fact that it is intended to increase the 

competitiveness of the EU chemical industry. It also proposes alternative methods for 

assessing the hazards of chemicals in order to reduce the number of animal tests. The 

regulation applies to all chemical substances and therefore also to chemicals of daily 

life and use. For this reason, it also affects most of the companies located in the EU. 

The regulation, which came into force on June 1, 2007, obliges companies to identify 

all risks associated with the substances they produce and to make these risks 

controllable. The companies must show how the respective substance can be used 

safely and, in addition, the users must be provided with sufficient risk management or 

information about the creation of such a management. [85] 
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Because authorities are authorized to restrict the use of a substance in case of 

unmanageable risks, the regulation leads in the long run to the replacement of the 

substance by a less problematic one or by several less problematic substances [85]. 

REACH regulates the recording and evaluation of properties of chemicals and their 

hazards. For this purpose, companies, which must also cooperate if they wish to 

register the same substance, must submit the data to the European Chemicals Agency, 

which then checks the data with regard to the requirements. The final evaluation of 

substances is then carried out by Scientific Committees of the European Chemicals 

Agency with the question of whether the risks of the substances can be controlled or 

not. [85] 

The before mentioned control mechanisms have direct effects on companies involved 

in chemical production. It must comply with the requirements imposed by REACH 

whether the chemicals are supplied in-house or to others,  which also applies to 

exports. In the other direction, the import of chemicals into the EU, the regulations of 

REACH also apply. Here, too, chemicals, but also furniture, clothing and plastic goods 

are regulated. This applies to imports of individual components and mixtures of 

substances. Even downstream users, even if they do not know in detail which 

chemicals they use, must meet the requirements of REACH. [85]  

There is a great deal of effort for the industry. As a starting point in order to comply 

with the registration obligations for chemicals, so-called standard data requirements 

must be satisfied. In addition to the determination of physicochemical properties, 

chemicals must be examined for their toxicological properties. [86] Special attention is 

paid to potential mutagenic properties of the chemicals. If the chemicals in question 

have to withstand testing according to the requirements of REACH [87], an in vitro 

micronucleus test is required. This must be performed according to OECD Test 

Guideline 487 [10] and must contain two positive control substances, one to check the 
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assay for its ability to detect clastogenicity and one to check the assay for its ability to 

detect aneugenicity [88]. In general, no matter which in vitro test shows a positive 

result, an in vivo test must follow, with a few exceptions, which must be justified in 

detail [88]. When it comes to genotoxicity, REACH can ask for genotoxicity testing if 

sufficient in vivo data is not available. In vivo testing is required, if in vitro testing 

revealed a genotoxic activity of the tested compound. This indicates that in vitro testing 

should be performed before in vivo testing is chosen as an option to perform as less 

animal related experiments as possible. [89] 

The REACH regulation addresses endocrine disruptors as well [89]. In addition, there 

is extensive guidance [90] on how to identify endocrine disruptors in the context of the 

placing of pesticides on the market [91] and the use of biocidal products [92], which 

highlights the importance and need for detection methods for genotoxins and also for 

endocrine disruptors. 

 

1.8. Edible fats and oils 

By the definition of the Bundesministerium für Ernährung und Landwirtschaft edible 

fats and oils are derived from the seeds, germs or fruits of plants, from fatty tissue and 

bones of slaughtered warm-blooded animals, intended for human consumption, or 

from fish or parts of fish. Edible fats and oils consist almost exclusively of the 

triglycerides of fatty acids and are practically anhydrous. They may contain small 

amounts of other substances from the starting material such as phospholipids, waxes, 

unsaponifiable components mono- and diacylglycerides and free fatty acids. [93] 

Fatts are esters of glycerol with of a big variety of fatty acids. Especially the fatty acids 

oleic acid, linoleic acid and linolenic acid are known and promoted to the general public 

as healthy. How an oil is to be named is strictly regulated and depends on its origin 

(e.g. plant, region) and also the content of each oil is important for labeling. [93] 
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Since years effects of olive oils affecting the wing tissue of drosophila flies are known, 

leading to deformations during the genesis of the wings [94]. The so-called wing spot 

test is used for the detection of genotoxicity and thus it is reasonable to assume, that 

genotoxicity is a valid cause of those deformations [94]. It was already known that 

epoxides are a source of genotoxicity [95]. Those epoxides can be created if double 

bounds between two Carbon atoms are oxidized by oxygen. Because some fatty acids 

(e.g. oleic,- linoleic and linolenic acid) contain such double bounds they might be a 

possible source of epoxides in oils [96] which did then explain the outcome of the wing 

test. 

Literature about the monitoring of genotoxic activity of heathy oils is not available 

simply because healthy oils are not monitored regarding their genotoxic behavior 

especially not when it comes to the epoxide content and its potentially dangerous 

effects. Technologies detecting the presence of epoxides in unsaturated carbon chains 

are known and also able to quantify the epoxide content of the samples. One utilized 

hydrogen bromide or comparable chemicals. This is problematical, because the 

identities of all epoxides present in the sample must be known before the evaluation 

begins. This is because the procedure works with reference materials that need to be 

chosen according to the epoxides present in the sample. Since, natural oils vary 

constantly in their composition of fatty acids content and perusing such an analytical 

approach is hard to do. Especially unknown food samples or oils generated out of 

different oils would mean a great effort. [97,98] 

Another assay detected epoxides using carbamates within a high-performance liquid 

chromatography approach, which came with the disadvantage of being susceptible to 

metal ions present in the test system, which can again happen if food samples are 

investigated [99]. It was also possible to utilize nuclear magnetic resonance 

spectroscopy, what came with the downside, that in case the genotoxin can be very 
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potent but very low in concentration and therefore the technology may not detect the 

substance, especially when the genotoxic substance is contained within a complex oil 

sample matrix containing thousands of other substances [100–102].  

The mentioned assays target only one substance class. But already at this point the 

efforts that have to be taken in order to detect this single substance class are quite big 

what is also true for further quantification steps. Since there are countless other 

substance classes potentially present in the healthy oils that can act genotoxic, the 

efforts that would have to be taken to detect every single genotoxin are too big to take. 

Since the direct approach is not an option to investigate all possible genotoxic 

compounds in oil samples, another approach should be adopted. If target-based 

analyses only work if the targets are known, but substances that are not expected are 

also to be included in the analyses, then a target-independent search is useful and can 

be carried out, for example, with the effect-directed analysis. This is also useful if it is 

possible to perform the analysis in the trace range at the same time. Genotoxin assays 

such as the Umu-C bioassay would be a conceivable approach here, also in 

combination with prior fractionation of the oil components. However, such a procedure 

can be very time-consuming because, although a genotoxic signal is detected in one 

of the fractions obtained after the first separation step, a mass spectrometric analysis 

that may then be carried out reveals that the substance is still a mixture. A new 

separation of the fractions under consideration would have to be carried out, whereby 

this separation step would possibly first have to be optimized in order to achieve 

sufficient separation. This would then be followed by the bioassay again. Even now, it 

would still not be certain that the genotoxin is present as a pure substance, so that the 

processes would have to be repeated again until the genotoxin was obtained as the 

sole substance and could be used for structural elucidation. [103,104]  
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2. Scope 

Genotoxins in general are a threat to human and animal health. For substances 

intentionally added to packaging materials, care can be taken to ensure that no 

genotoxins are at risk of coming into contact with food. However, because substances 

can be added accidentally at different times during the production of packaging 

materials or, and because these substances can be genotoxic and can be unknown, 

there is a need for an analytical method that can detect unknown chemicals with 

genotoxic properties without having to search specifically for substance classes. The 

same applies to substances that are formed during the storage of materials due to 

external influences such as temperature, solar radiation or others. Especially when 

using novel packaging materials, it cannot be assumed that all physicochemical 

interactions between packaging and food are known. The problematic substances can 

migrate into food due to longer storage times and thus reach humans and animals. 

Existing EDA methods showed problems when it comes to the detection of trace 

amounts of genotoxins and had also to cope with solvent or other effects raising the 

detection limits what should also be solved for the prevention of false negative results. 

The main scope of this work is to develop a HPTLC bioassay method based on the 

SOS-Umu-C microtiter bioassay that is capable of detecting unknown and known 

genotoxins while not being susceptible to false-negative results due to solvent or other 

effects. Also, the new bioassay should reach very low limits of biological detection 

(LOBDs). This will be accomplished by transferring the microtiter plate bioassay to an 

HPTLC plate. By using HPTLC, the genotoxins should be separated from the matrix 

they would normally be in if a microtiter plate bioassay was used. Whatever is in the 

matrix that normally would interfere with the assay’s response to a genotoxin, is then 

physically separated and cannot interfere anymore. To achieve this, it should first be 
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determined how best to transfer the Salmonella belonging to the bioassay to an HPTLC 

plate. Performance parameters such as LOBD, precision and others should be 

determined to evaluate functionality, with the bioassay on the plate already confronted 

with packaging material migrate, and any problems highlighted and resolved if 

possible. Also, the possibility of integrating liver metabolism and the associated risk of 

activation of otherwise harmless substances to potent genotoxins on the HPTLC plate 

should be investigated and demonstrated on several chemicals that are in need of 

metabolic activation to be genotoxic. 

The developed bioassay is to be applied to different packaging material migrates to 

demonstrate its capabilities. Also demonstrated is how a coupling of HPTLC to mass 

spectrometry can be used to identify a discovered genotoxin. In addition, the HPTLC 

bioassay is compared with the original SOS-Umu-C bioassay and the Ames-MPF 

bioassay by examining the same migrates using these two bioassays, as well as the 

genotoxin determined by HPTLC-MS coupling. 

Because healthy oils contain unsaturated fatty acid esters and unsaturated fatty acids 

are known to be a source of genotoxic epoxides, the newly developed assay is applied 

to healthy oils to check for their genotoxic potential and how it is generated by different 

storage conditions. 

Packaging materials can potentially contain endocrine disruptive chemicals, which is 

why the pYAAS/pYAES endocrine bioassays should be used to investigate packaging 

materials. Furthermore, the pYAAS bioassay cannot simultaneously detect cytotoxic 

compounds and therefore not discriminate between anti-androgen and cytotoxic 

signals, which is why a bioassay that solves this problem is developed within this work 

and applied to food packing material migrate.   
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3. Progress achieved 

3.1. Development of the HPTLC-SOS-Umu-C bioassay (Publication I) 

There is a great need in public, in politics and in the industry for new methods for the 

detection of genotoxins in FCMs [2–4] since those genotoxins can migrate into food 

[2,4,6]. The SOS-Umu-C microtiter plate bioassay [16] is often used in genotoxin 

testing and also for complex environmental samples [105]. Although, there were initial 

attempts to transfer the bioassay to an HPTLC plate, these were not followed up [106]. 

In this work, the assay was transferred to the HPTLC plate for genotoxin testing and 

applied to FCMs to avoids matrix influence and provide a low limit of biological 

detection in FCMs. The first step was to optimize the conditions for the assay to take 

place on an HPTLC plate. Furthermore, the fluorescent chromophore methyl-

umbelliferone was introduced into the assay format, which increased detection 

sensitivity over the common o-nitrophenol. The newly developed assay was verified by 

comparison of the new assay with the microtiter plate version of the assay and with the 

Ames assay, by utilizing the model genotoxin 4-nitroquinoline 1-oxide (4-NQO). The 

lowest effective concentration of the used genotoxin was 0.53 nM (20 pg/band) which 

was 176 times lower than in the microtiter plate version and between 60 and 151 times 

more sensitive than the Ames assay, depending on the strain. As a proof of principle, 

4-NQO-spiked FCM extracts and migrates prepared from differently coated tin cans 

were analyzed. Dose-response-curves of 4-NQO between 100 and 1500 pg/band were 

prepared. For each of five extract samples, one curve was prepared. The correlation 

coefficients over five different amounts were obtained between R = 0.987 and 0.997. 

The mean precision was 7% (%RSD ranged between 5–9%, n = technical 

replicates/plate). For one migrate sample the determined curve had a correlation 

coefficient of R = 0.992. This experiment was repeated five times (n = 5 biological 
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replicates, 5 plates on five days; n = 3 technical replicates/plate). The mean precision 

was 8%. The LOBD of the migrate was found to be 13 pg/band. Referred to the applied 

volume (200 µL) this was equal to 67 ng/L (0.35 nM). The LOBDs of the five extracts 

were between 32 and 71 ng/L (0.17–0.37 nM). In summary, the LOBD for 4-NQO over 

six extract/migrate samples was 17 pg/band (13–21 pg/band, 32–71 ng/L, 0.17–0,37 

nm). The relative standard deviation was 16 % (%RSD, n = 6 plates, n = 3 technical 

replicates). In terms of LOBD the newly developed assay is 12 times more sensitive 

and in terms of the lowest effective concentration 1250 times more sensitive than what 

can be found in literature [17]. The mean precision of the bioassay (tested via the 

migrate) was 5% (%RSD, n = 5 technical replicates, ranged 5–8%), whereas it was 7% 

(%RSD, ranged 5–8%) for the extracts. In addition, the newly developed bioassay was 

shown to completely avoid the influence of any matrix as well as the influence of 

solvents, which proved to be an advantage compared to the microtiter bioassays. 

To proof the specify of the RP-HPTLC-UV/Vis/FLD-SOS-Umu-C bioassay, 8 chemicals 

exhibiting different genotoxic mechanisms according to the Kirkland list of genotoxicity 

[107] were tested. All chemicals behaved as expected, thus proving the bioassays 

specificity (without metabolic activation). Additionally, resorufin β-D-galactopyranoside 

was successfully tested as an alternative substrate in case one of the analytes shows 

fluorescence in the fluorescence region of 4-methylumbelliferone. 

Based on the mentioned performance data it can be concluded that in this work it was 

achieved that in the future genotoxins in packaging materials can be detected in very 

small amounts and without the influence of interfering influences, which would 

represent an improvement of the evaluation possibilities of genotoxin exposure. 
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3.2. Introduction of on-surface metabolic activation to detect genotoxins in 

FCMs (Publication II) 

Metabolic activation is an important part of genotoxin bioassays. Parent (not genotoxic) 

substances can be converted into genotoxins by liver metabolism, so not utilizing 

metabolic activation can result in false negative results. To include metabolic 

activation, S9 liver enzymes and associated cofactors were added to the Salmonella 

solution. This also completed the bioassay described in Publication I into a full-fledged 

alternative with the advantages outlined below. In addition, the cell suspensions used 

were applied to the HPTLC plate either by needle application or piezoelectric spraying, 

what also reduced the volume of needed cell suspension. The cell suspension was 

optimized with respect to its added amount of S9 mix, cofactors and buffer saline. In 

order to check the metabolic activation, Aflatoxin B1 (AFB1) was selected as test 

substance, since it shows no activity without metabolic activation. When comparing the 

total concentration of 1%, 5%, and 10% of the added S9 mixture to the assay 

suspension, 10% resulted in the strongest response of the bioassay to AFB1, so this 

concentration was chosen as the best. To provide a basis for evaluation of the 

successful integration of metabolic activation, various genotoxins acting through 

different genotoxic mechanisms were tested with optimized metabolic activation. 4-

NQO as alkylant, AFB1 as adduct former requiring metabolic activation, mitomycin C 

(MMC) as inducer of DNA-DNA crosslinks and oxidative stress, and as alkylation 

reagent, methyl methanesulfonate (MMS) as potent clastogen, N-ethyl-nitrourea 

(ENU) as a potent gene mutation inducer, 7,12-dimethylbenzathracenes (DMBA), 

benzo(a)pyrene (B(a)P), 2-nitrofluorene (2-NF) and aminoanthracene (2-AA) as 

different DNA adduct formers all requiring metabolic activation. As negative controls, 

D-mannitol and melamine were chosen to support the display of the specificity of the 

assay. 
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Dose-response-curves were determined for all substances (D-mannitol and melamine 

showed no response as expected) and the correlations coefficients were all R > 0.99 

except the ones for 2-AA and MMS, which were R > 0.96. Three biological replicates 

were made (n = 3). In the presence of metabolic activation, the %RSD of AFB1 was 

12%, and of DMBA, ENU, 2-NF, 2-AA, and B(a)P, up to 20%. The %RSD was 23% for 

4-NQO, and due to diffusion, 38% for MMS. When metabolic activation was not used, 

the %RSD was 24%, 20%, and 18% for 4-NQO, DMBA, and ENU, respectively, and 

approximately 30% for the other compounds. The ICH guidelines recommend a %RSD 

≤ 20%. The results suggest that the overall assay performance suits the 

recommendations, except when it comes to MMS and MMC. This is probably due to 

diffusion of the chemicals on the plate and not due to the bioassay performance itself. 

Also, the LOBDs were determined with respect to the concentration the standards were 

applied from and ranged between 0.025 and 150 ng/L. Compared to the values 

obtained for an Ames assay (ranged between 35 and 2000000 ng/L) that was 

performed in parallel using the same substances, the HPTLC bioassay was between 

40 to 18750 times more sensitive. Compared to literature values, the assay was 1.2 to 

260 times more sensitive. 

Through the described introduction of metabolic activation to the planar bioassay 

format, it was achieved in this work that the HPTLC-UV/Vis/FLD-(S9-) SOS-Umu-C-

Vis/FLD bioassay has the potential to perform comprehensive analyses on packaging 

materials, as it has the functional scope of the ordinary SOS-Umu-C microtiter plate 

bioassay, but without being subject to negative effects from matrices and solvents. 
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3.3. Analysis of FCM migrates and identification of a genotoxin (Publication III) 

The previous two publications showed the performance of the newly developed 

HPTLC−UV/Vis/FLD−(S9−) SOS-Umu-C−Vis/FLD bioassay on standard substances. 

In this work, the assay was applied to complex FCM migrates of paper, coating and 

plastic. Also, piezoelectrical spraying was compared with syringe-dosage application 

of salmonella cell suspension and substrate. The bioassay was applied with and 

without metabolic activation. The migrates were investigated on the normal and on the 

reversed phase plate. Up to 14 bioactive bands were found representing 14 different 

genotoxins. Metabolic activation showed that some chemicals present in the migrates 

are disactivated partially in terms of genotoxicity. Also, black bands were recorded, 

probably remainings of the sample matrices, that were potentially cytotoxic. A fact 

supporting this hypothesis was that the original SOS-Umu-C microtiterplate assay, 

which was also used to test the same samples, showed a negative result for the same 

sample which was probably a false negative result due to cytotoxicity. The band 

contents were evaluated via heated electrospray or atmospheric pressure chemical 

ionization (HRMS). In the paper migrate, linolenic acid epoxides were found. The 

genotoxicity of the linolenic acid epoxides was confirmed via chromatography of 

linolenic acid that was exposed to air. Additionally, the results were confirmed by an 

investigation of the samples and the linolenic acid via Ames-MPFTM. This bioassay 

confirmed the findings. These results illustrated that the newly developed 

HPTLC−UV/Vis/FLD−(S9−) SOS-Umu-C−Vis/FLD bioassay is capable of preventing 

false negative results by separating the analytes from their matrix.  

 

3.4. Analysis of edible plant oils and fats for genotoxins (Publication IV) 

Lipids are susceptible to oxidation if they are exposed to air [96]. Epoxides can be 

formed by this oxidation and are a substance class that is known to be genotoxic [95]. 
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Publication III showed that the HPTLC−UV/Vis/FLD−(S9−) SOS-Umu-C−Vis/FLD 

bioassay can detect linolenic acid epoxides. This makes the bioassay an ideal tool to 

screen lipids that are the main components in oils for the genotoxic potential of 

epoxides that may be present in the oils. 33 healthy oils were investigated for their 

genotoxic potential. Up to eight different genotoxic compounds were found. Linolenic 

acid oxides were found to be one cause of genotoxicity in all samples by HRMS. 

Genotoxic degradation products were found when fresh oils were compared with oils 

stored open and sealed for one month. 

In addition, the metabolic activation procedure presented in Publication II was applied 

to oils and was found to deactivate most, but not all, genotoxins by metabolism. 

One conclusion from this is that without detoxification via the liver, e.g., with topical 

application of products containing oil, there is an increased genotoxic potential. 

Food, feed, dietary supplements, and cosmetics as sources of genotoxicity can now 

be identified on the same surface. Simply by combining separation, effect detection 

and optional simulated metabolism on the same surface. The costs per plate were only 

18 € without and 23 € with metabolic activation. For 17 samples/plate that made only 

2.5 € (1.1 € and 1.4 € respectively) per sample. The low price made the developed 

method a valuable tool for genotoxin testing in products containing high oil or fat 

amounts, also for routine measurements.  

In this work, it was achieved that edible oils and fats can be analyzed for genotoxins in 

a simple, time and cost saving manner. 

 

3.5. Development of a 6-fold multiplex bioassay (Publication V) 

The human endocrine system can be influenced by endocrine active substances. 

Prominent substance groups can interact with the human steroid receptor system and 

act like 17β-estradiol or testosterone or suppress the activity of these hormones [108–
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110]. These interactions can even lead to the development of cancer in the 

reproductive organs of rats and in the female breast [111–113]. Methods to detect 

estrogens, anti-estrogens, androgens, anti-androgens, as well as methods that detect 

false-positive responses and also a method that can detect cytotoxicity were 

developed. Hence, a 6-fold multiplex bioassay was developed to differentiate cytotoxin, 

anti-cytotoxin and false positive anti-cytotoxin, endocrine agonist, antagonist, and false 

positive antagonist to detect endocrine disruptors in complex matrices such as FCMs. 

First, the robustness of half maximum inhibitory concentration IC50, the limit of 

biological detection and dose-response curve of bisphenol A (BPA) was successfully 

demonstrated, using the pYAAS (2-fold) bioassay in two different laboratories utilizing 

two different application devices for substrate application. The test range was 10–490 

ng/band and the bioassay was performed for six biological replicates (n = 6). The mean 

IC50 was 155 ng/band (n = 6, 103–267 ng/band, robustness %RSD of 38%). In 

literature the comparable IC50 value of 139 ng/spot was reported by an anti-androgenic 

assay (not a multiplex assay) [59]. This showed that the 2-fold bioassay of this study 

(agonist and antagonist) provided comparable values, whereas a 1-fold anti-

androgenic bioassay provided only antagonistic information. The mean LOBD of BPA 

using the pYAAS assay was 21 ng/band (n = 6, 5–33 ng/band, robustness %RSD of 

50%). Literature data about the LOBD of BPA determined via an anti-androgen 

bioassay were not available. 

Then, the bioassay and the pYAES bioassay were applied to six differently coated tin 

cans. 19 potentially endocrine disrupting compounds with agonistic and antagonistic 

activity were found. With the addition of S9 enzymes and corresponding coenzymes, 

it was demonstrated that metabolism reduced the biological activity of all metabolic 

disruptors found in the migrates. By coupling of the HPTLC plate to HRMS molecule 

formulas were assigned to the compounds. For one biologically active band, several 
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molecular ions were found whose mass difference (neutral loss) )corresponded to the 

molecular formula of butylparaben, which would explain the biological activity [114].  

The antagonistic effects were observed mainly in the pYAAS assay, which is why a 

focus was placed here on the method development of a differentiation of true 

antagonistic effects and cytotoxic effects. In addition, this novel bioassay has been 

designed to provide a total of up to six different detections. An agonist strip applied 

along the sample tracks allowed the detection of antagonists, which could be detected 

together with the agonists, corresponding to the regular pYAAS bioassay (2-fold). The 

addition of resazurin to the yeast cell suspension allowed the detection of cytotoxic 

bands (3-fold). Also applied along the sample tracks were a cytotoxin stripe detecting 

anti-cytotoxins (4-fold) and two stripes containing the end-products of the respective  

enzyme-substrate reaction, which allowed for two false-positive detections (6-fold). 

The performance of the 6-fold multiplex bioassay was investigated by using it to 

determine dose-response curves of menadione (cytotoxin), flutamide (anti-androgen, 

antagonist), dihydrotestosterone (androgen, agonist), and quercetin (anti-cytotoxin). 

The respective values for menadione, flutamide and dihydrotestosterone were R2  

0.8431, 0.9197 and 0.9721. Considering the given assay complexity, the day-to-day 

variance of the yeast cell performance and the use of Degalan for fixation, these values 

are acceptable. Quercetin clearly showed anti-cytotoxic reactions, but the chemical 

was to polar to migrate in the polar phase and was too close to the start zone, which 

is why the dose-response curve was not determinable. The two false-positive detection 

stripes verified the responses of all tested chemicals. 

The newly developed 6-fold bioassay was then applied to a migrate which was already 

investigated using the pYAAS bioassay. The results of the pYAAS bioassay (anti-

androgenic activity) were confirmed, and furthermore, no cytotoxic reactions were 
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observed for the amounts of migrate tested, proving that the migrate indeed contains 

anti-androgenic substances. 

In this work it was archived, that all important data about a sample (dose dependence 

of 6 different applied volumes) can be collected with only one plate. The procedure 

took 6 h for 1 analysis per plate (only 1 h labor transfer time between steps and short 

manual interventions). The costs were about 24 Euro per plate and sample. Without 

this new 6-fold assay, the effort for the same amount of information would be 

incomparably greater (bioassay-guided fractionation, analytical separation, 6 different 

in vitro assays, re-analysis for HRMS recording). This would need much more material 

and time. Additionally, complicated comparative evaluations are spared using the new 

bioassay, because it provides all the needed information on one compact plate.  
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Summary 

Consumers, policy makers and industry need more powerful technologies for the 

detection of genotoxins and endocrine disruptors in complex matrices. Existing 

methods do not allow the analysis of unknown sample compositions or are based on 

effect-directed analysis with microorganisms, but this can give false negative results 

due to cytotoxicity or physico-chemical quenching effects and is not sensitive enough. 

For the first time, an HPTLC─(S9)-SOS-Umu-C bioassay was developed that also 

takes into account the metabolic activation of non-genotoxic substances. It was shown 

that the new bioassay has never reached detection limits. For packaging material 

migrates, HPTLC was shown to separate genotoxins from the cytotoxic matrix, making 

them detectable, which was not possible with the SOS-Umu-C microplate bioassay. 

Genotoxic linolenic acid epoxides were identified by coupling with HRMS. Analysis of 

several healthy vegetable oils for which the same fatty acid was shown to be a source 

of genotoxicity, among other genotoxins, showed that air exclusion can reduce 

genotoxin formation. The pYAES/pYAAS bioassays were used to detect endocrine 

disruptors in packaging material migrates. For detection enhancement, a 6-fold 

multiplex assay for simultaneous detection of agonists, antagonists, false positive 

antagonists, cytotoxins, anti-cytotoxins, and false positive anti-cytotoxins was 

developed and verified. A packaging agent migrate could be screened for endocrine 

disruptors and their disruptive properties could be verified in the same bioassay. The 

bioassays could also be used for risk assessment and authorization procedures under 

REACH and then improve product safety, as well as save time and costs.  
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Zusammenfassung 

Verbraucher, politische Entscheidungsträger und die Industrie brauchen 

leistungsstärkere Technologien zum Nachweis von Gentoxinen und endokrinen 

Disruptoren in komplexen Matrices. Bestehende Methoden erlauben nicht die Analyse 

unbekannter Probenzusammensetzungen oder basieren auf der wirkungsorientierten 

Analyse mit Mikroorganismen, die jedoch aufgrund von Zytotoxizität oder physikalisch-

chemischer Quencheffekte falsch negative Ergebnisse liefern kann und nicht 

empfindlich genug ist. Zum ersten Mal wurde ein HPTLC─(S9)-SOS-Umu-C-Bioassay 

entwickelt, der auch die metabolische Aktivierung von nicht gentoxischen Substanzen 

berücksichtigt. Gezeigt wurde, dass der neue Bioassay nie erreichte Detektionslimits 

hat. Für Verpackungsmittelmigrate wurde gezeigt, dass die HPTLC Genotoxine von 

der cytotoxischen Matrix trennt und somit nachweißbar macht, was mit dem SOS-

Umu-C-Mikrotiterplatten-Bioassay nicht gelang. Durch Kopplung mit HRMS wurden 

genotoxische Linolensäureepoxide identifiziert. Die Analyse verschiedener gesunder 

Pflanzenöle, für die dieselbe Fettsäure neben anderen Genotoxinen als Quelle von 

Genotoxizität nachgewiesen wurde, zeigte, dass Luftausschluss die Bildung von 

Genotoxinen verringern kann. Mit den pYAES/pYAAS Bioassays wurden endokrine 

Disruptoren in Verpackungsmittelmigraten nachgewiesen. Zur 

Detektionsverbesserung wurde ein 6-facher Multiplexassay zum gleichzeitigen 

Nachweis von Agonisten, Antagonisten, falsch positiven Antagonisten, Zytotoxinen, 

Antizytotoxinen und falsch positiven Antizytotoxinen entwickelt und verifiziert. Ein 

Verpackungsmittelmigrat konnte auf endokrine Disruptoren untersucht und deren 

disruptive Eigenschaften im selben Bioassay verifiziert werden. Die Bioassays könnten 

auch für Risikobewertung und Zulassungsverfahren unter REACH verwendet werden 

und dann Produktsicherheiten verbessern, was auch Zeit und Kosten sparen würde. 
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