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Abstract 

The contamination of drinking water with pharmaceuticals represents a severe health risk. In 

order to monitor the drinking water quality continuously and enable quick countermeasures 

in case of contamination, novel sensors are required as the currently used mass spectrometry-

based methods are time-consuming, expensive, not suitable for on-site testing due to their 

high equipment expenditure and require specially trained personnel. Here, immunoanalytical 

methods based on the binding of the analyte to highly selective antibodies can be helpful as 

they enable fast and cost-effective on-site analyses. In this context, this work describes the 

development of magnetic bead-based immunoassays (MBBAs) for the detection of two rele-

vant contaminants of drinking water: the nonsteroidal anti-inflammatory drug diclofenac 

(DCF) and the broad-spectrum antibiotic amoxicillin (AMX). In case of the latter, not only the 

parent drug is of interest in the risk assessment but also its hydrolysis products (HPs). In a 

comprehensive study, the influence of external factors and intrinsic properties of the water 

on the rate of hydrolysis was investigated. In that, a strong influence of the heavy metal ions 

copper and zinc was found in addition to a temperature- and irradiation-dependent formation 

and degradation of certain HPs. Furthermore, the obtained data allowed the elaboration of a 

new degradation pathway for AMX in the aquatic environment. As the hydrolysis of AMX fur-

ther impacts the recognition by the antibody, a strategy to analyze samples with unknown 

hydrolysis degree of AMX was established employing the enzyme β-lactamase in sample prep-

aration. For both analytes, the MBBAs enable the fast quantification with results obtained in 

less than one hour which represents a major improvement over conventional immunoassays 

like the enzyme-linked immunosorbent assay (ELISA). Compared to the respective ELISAs de-

veloped with the same antibodies, the MBBAs further exhibit improved analytical parameters 

such as a broader measurement range and lower limits of detection of 500 ng/L for DCF and 

1 µg/L for AMX, respectively. Due to the magnetic properties of the beads that serve as a plat-

form for the assays, they are suitable for the mobile and automated detection at the point-of-

care. An integrated diagnostic system was designed in which electrochemical detection with 

chronoamperometry on a self-produced microfluidic chip allows for further miniaturization of 

the system to enable monitoring of the drinking water quality online in water supply pipes at 

waterworks.
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Kurzzusammenfassung 

Die Kontamination von Trinkwasser mit Arzneimitteln stellt eine ernste Gesundheitsgefahr 

dar. Um die Trinkwasserqualität kontinuierlich überwachen und im Falle einer Verunreinigung 

zeitnah reagieren zu können, sind neuartige Sensoren erforderlich, da die bislang eingesetzten 

massenspektrometrischen Methoden zeitaufwendig, teuer, aufgrund ihres hohen Geräteauf-

wands nicht für Vor-Ort-Analysen geeignet sind und speziell geschultes Personal erfordern. 

Hier können immunanalytische Methoden, die auf der Bindung des Analyten an hochselektive 

Antikörper beruhen, hilfreich sein, da sie schnelle und kostengünstige Vor-Ort-Analysen er-

möglichen. Im Rahmen dieser Arbeit wurden daher magnetpartikelbasierte Immunoassays 

(MBBAs) für zwei relevante Kontaminanten des Trinkwassers entwickelt: das nicht-steroidale 

Antirheumatikum Diclofenac (DCF) und das Breitbandantibiotikum Amoxicillin (AMX). Bei letz-

terem erwiesen sich neben der Ausgangsverbindung auch dessen Hydrolyseprodukte (HPs) als 

relevant für die Gefährdungsbeurteilung. In einer umfassenden Studie wurde der Einfluss von 

externen Faktoren und intrinsischen Eigenschaften des Wassers auf die Hydrolysegeschwin-

digkeit untersucht. Dabei wurde ein starker Einfluss der Schwermetallionen Kupfer und Zink 

neben einer temperatur- und lichtabhängigen Bildung und Zersetzung bestimmter HPs fest-

gestellt. Darüber hinaus ermöglichten die gewonnenen Daten die Erarbeitung eines neuen 

Abbaupfades für AMX in der aquatischen Umwelt. Da die Hydrolyse von AMX auch Einfluss 

auf die Erkennung durch den Antikörper nimmt, wurde eine Strategie zur Analyse von Proben 

mit unbekanntem Hydrolysegrad von AMX unter Verwendung des Enzyms β-Lactamase in der 

Probenvorbereitung entwickelt. Für beide Analyten ermöglichen die MBBAs eine schnelle 

Quantifizierung mit Ergebnissen in weniger als einer Stunde, was eine wesentliche Verbesse-

rung gegenüber herkömmlichen Immunoassays wie dem Enzyme-linked Immunosorbent As-

say (ELISA) darstellt. Im Vergleich zu den entsprechenden ELISAs, die mit denselben Antikör-

pern entwickelt wurden, weisen die MBBAs zudem verbesserte analytische Parameter auf, 

wie einen breiteren Messbereich und niedrigere Nachweisgrenzen von 500 ng/L für DCF und 

1 µg/L für AMX. Aufgrund der magnetischen Eigenschaften der Partikel, die als Plattform für 

die Assays dienen, eignen sie sich für den mobilen und automatisierten Einsatz vor Ort. Ein 

integriertes Diagnosesystem, bei dem die elektrochemische Detektion mittels Chronoampe-

rometrie auf einem selbst hergestellten mikrofluidischen Chip eine weitere Miniaturisierung 

des Systems ermöglicht, wurde entworfen, um die Überwachung der Trinkwasserqualität on-

line in Wasserwerken zu ermöglichen. 
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1. Introduction 

Water provides the basis for life on earth and represents the most important staple product. 

With this, the general availability of and the access to safe and pure drinking water is emi-

nently important. However, by the year 2020, this was still not the case for 2.2 billion people 

in the world [1]. One reason for that lies in the insufficiency or lack of wastewater treatment 

as around 80 % of the global sewage is being discharged into the environment untreated [2]. 

Not only does this exert stress on the associated ecosystems but it also affects the drinking 

water quality and therefore jeopardizes human health. In this context, ca. 1.2 million deaths 

worldwide could be ascribed to unsafe drinking water in 2019 [3]. 

One major problem that may not be solved completely even with wastewater treatment, is 

the contamination of water with pharmaceuticals. Many active pharmaceutical ingredients 

(APIs) are persistent in such a way that they are not degraded sufficiently in wastewater treat-

ment plants (WWTPs) and subsequently discharged into surface waters with the WWTP efflu-

ent. Before that, they are introduced into the wastewater via excretion or (incorrect) disposal 

in private households or hospitals (Figure 1-1). In agriculture, the increasing use of medication 

and the precautionary administration of antibiotics are further of concern as the APIs can be 

introduced into soil via excretion or manure spreading. From there they could leach into 

groundwater or run-off into surface waters with rainfall (Figure 1-1) [4-5]. 

 

Figure 1-1: Introduction pathways of pharmaceuticals into the aquatic environment, simplified represen-
tation adapted from [4]. 
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Groundwater serves as the main source of drinking water in Germany with a share of 60 % [6], 

while in other countries rivers and lakes are more relevant in this regard [7]. Hence, in both 

cases their contamination is alarming. The share of specific agents in the overall exposure is 

mainly dependent on two factors: its frequency of use and its stability under WWTP and envi-

ronmental conditions. In this context, this works focusses on the frequently used analgesic 

diclofenac (DCF) and the broad-spectrum antibiotic amoxicillin (AMX). 

1.1. Relevance of the analytes as contaminants of drinking water 

1.1.1. Diclofenac 

Since its market introduction in the 1970s, the non-steroidal anti-inflammatory drug (NSAID) 

diclofenac (DCF) (Figure 1-2) has been used in the treatment of various rheumatic disorders 

due to its antiphlogistic and analgesic activity [8]. In this, DCF is found among the most fre-

quently prescribed NSAIDs worldwide with more than 10 million prescriptions in the USA in 

2012 for example [9]. In England, DCF represented the market leading NSAID at that time [10], 

while in other European nations such as the Scandinavian countries or Germany this spot was 

taken by Ibuprofen [11-12]. Nonetheless, DCF could be found at least among the top four 

NSAIDs in these countries. 

 

Figure 1-2: Structure formula of diclofenac. 

Following the frequent use, DCF is discharged into wastewater in high amounts, especially 

since the majority of the orally administered drug is excreted unchanged or metabolized via 

urine or feces, and DCF applied cutaneously (balms & gels) is washed away to more than 90 % 

[13-14]. As a consequence, DCF concentrations found in wastewater and WWTP influents lie 

in the range of single-digit µg/L in various countries [15]. The efficacy of DCF degradation in 

WWTPs can be determined by comparing its concentrations in the effluent with those in the 

influent. It ranges from 0 to 80 % depending on the plant with the median between 20 and 

40 % [14]. New processes [16-23], such as the quaternary wastewater treatment for adsorp-

tion of dissolved organic substances like DCF, as well as additional transformation steps using 
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advanced oxidation or irradiation, are the subject of current research and political debate. 

However, until these are applied comprehensively, the discharge of contaminated treated 

wastewater into receiving waters remains an issue. 

In running waters, the continual dilution leads to a steady decrease in concentration but nega-

tive effects of DCF are expected already at concentrations of 100 ng/L in freshwater and 

10 ng/L in saltwater, respectively. These values have been proposed by the European Com-

mission as legal limits and environmental quality standards [24]. In this context, DCF has also 

been added to the watchlist of priority substances for an EU-wide monitoring in the field of 

water policy in 2015 to gain more data on its distribution [25]. 

As it was found, the concentrations of DCF in surface waters range from high ng/L to low µg/L 

values which is well above the afore-mentioned limit values and therefore burdens the envi-

ronment [15]. Numerous investigations on different organisms revealed a significant ecotoxi-

cological potential of DCF. For example, a dramatic decrease in vulture populations in India 

and Pakistan could be ascribed to DCF residues in carcasses [26-27]. Specifically in the aquatic 

environment, negative effects on the lifespan of fish and mussels [28-31], the evolution of sea 

urchins [32], as well as disruptions in the cell cycle of green algae were found [33]. 

Through exchange processes between surface water and groundwater, DCF eventually finds 

its way into the most important source of drinking water as far as the surface water was not 

already used for this purpose. With mainly two-digit ng/L values, the concentrations of DCF in 

groundwater are still below those in surface waters [15]. Without suitable countermeasures 

however, a further increase can be expected in the future. For humans, the exposure to DCF 

over a longer period most notably favors cardiovascular diseases, such as cardiac infarction, 

hemorrhagic stroke, and atherosclerosis [34-35]. On this account, contamination of drinking 

water with DCF represents a relevant health risk which requires continuous surveillance. 

1.1.2. Amoxicillin 

The β-lactam antibiotic AMX (Figure 1-3) from the group of aminopenicillins is frequently used 

in the treatment and prevention of bacterial infections of the upper and lower respiratory 

tract, the gastrointestinal tract, the urinary tract, as well as the skin [36]. Due to its broad-

spectrum activity against various bacterial species where it inhibits the cell wall synthesis and 

therefore cell division [37], it is found among the most prevalently prescribed antibiotics with 

more than 25 million prescriptions in the USA in 2019, for instance [38]. At the same time, it 
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is featured in the Top 25 of all drugs in terms of prescriptions and comes second place accor-

ding to the number of patients [39]. Besides that, it is used on a large scale in livestock farming 

in order to prevent bacterial infections in animals [40]. 

 

Figure 1-3: Structure formula of amoxicillin. 

After administration, AMX is excreted mainly via urine (> 80 %) while the majority remains 

unchanged (50 – 70 %) [37,41]. Accordingly, concentrations of AMX in wastewater are rela-

tively high, with values in the high ng/L to low µg/L range found in WWTP influents [42-45]. 

The degradation of AMX in WWTPs generally proceeds comprehensively so that, if at all, only 

traces of AMX are found in WWTP effluents. 

Anyhow, AMX concentrations in surface waters lie in the range of three-figure ng/L values 

[43,46-48], which suggests that the source of contamination has to be found somewhere else, 

e.g., in agriculture and livestock farming (cf. Figure 1-1). Admittedly, the acute toxicity of AMX 

for water organisms is considered to be low [49], but not only may AMX in the environment 

have negative impacts on harmless and beneficial microorganisms like cyanobacteria or algae 

[42,50], but may also promote the evolution of antimicrobial resistance in pathogenic bacteria 

[51-53]. 

Antibiotic-resistant bacteria pose one of the biggest challenges for future health care. Nowa-

days, already 700,000 deaths per year are attributed to infections with resistant bacteria and 

it is expected that by the year 2050, without impactful countermeasures, this number will 

increase to 10 million deaths per year, generating costs of up to 100 billion USD [54-55]. Re-

garding AMX, two major resistance mechanisms are known: firstly, the expression of β-lacta-

mase enzymes which catalyze the hydrolytic ring opening of AMX and other penicillins, leading 

to their deactivation. This is already being accounted for by combining AMX with the β-lacta-

mase inhibitor clavulanic acid (Figure 1-4). Clavulanic acid is supposed to bind covalently at 

the active center of the β-lactamase, blocking it for the binding of AMX [41]. On the other 

hand, structural rearrangements of the penicillin-binding protein in the bacterial cell wall may 

hinder the binding of AMX and its analogs and prevent them from taking antibiotic action [40]. 



 Introduction  

5 
 

 

Figure 1-4: Structure formula of the -lactamase inhibitor clavulanic acid. 

The corresponding genes which are encoding these resistance mechanisms have been de-

tected not only in livestock feces and wastewater [56-57] but were also found in the aquatic 

environment representing another consequential threat for drinking water safety [58-59]. In 

this context, AMX may serve as a marker substance where surveillance of AMX or its metabo-

lites (see below) in drinking water allows to draw conclusions about the presence of resistant 

bacteria. Such monitoring is further demanded with the inclusion of AMX to the above-men-

tioned EU watchlist of priority substances in the context of the water framework directive in 

2018 [60]. 

Aside from the risk of antimicrobial resistance evolving due to the presence of the parent drug, 

further concerns arise from hydrolysis products (HPs) of AMX which do not show antibiotic 

activity but may still cause allergies upon continuous exposure [51]. However, these effects 

have not been investigated in detail, yet. 

 

Figure 1-5: Structure formulas and reaction pathways for the most relevant hydrolysis products of amoxi-
cillin. 

Previous studies that focused on the identification and structural elucidation of numerous HPs 

of AMX [61-65], suggest that the following main metabolites may be of higher relevance 
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(Figure 1-5): the primary HP amoxicilloic acid (AMX-A) which is formed upon hydrolytic clea-

vage of the β-lactam ring – i.e., the same reaction that is catalyzed by β-lactamases – which 

provides the basis for all further degradation processes; the decarboxylation product of 

AMX-A: amoxilloic acid (AMA); the product of intramolecular condensation of AMX-A: amoxi-

cillin diketopiperazine (AMX-P); and 3-(4-hydroxyphenyl)pyrazine-2-ol (HPP) which is consid-

ered a stable end-product of AMX hydrolysis. Some of these compounds, especially AMX-A 

and HPP, were already detected in wastewater, WWTP effluents, surface waters, and ground-

water rendering it sensible to contemplate them as potential contaminants of drinking water 

[63-64]. 

1.2. Immunoanalytical techniques in environmental analysis 

By default, the quantification of pharmaceutical compounds in environmental and particularly 

water samples is performed with chromatographic techniques ‒ depending on the analyte, 

either gas chromatography (GC) or liquid chromatography (LC) ‒ coupled to tandem mass 

spectrometry (MS/MS) for detection. With this, usually, the highest accuracy and precision 

can be achieved [25,60,66]. To minimize interferences by other sample components (matrix 

effects) and to enrich the analyte for better detectability, sample preparation via solid-phase 

extraction is often necessary [67-68]. After all, these methods are very time-consuming, 

costly, immobile due to the high equipment expenditure, and require specially trained per-

sonnel on top of that. In consequence of the high (organic) solvent consumption in LC or fre-

quently required derivatizations for GC, these methods are further considered as non-sustain-

able according to the principles of Green Chemistry [69]. 

In contrast to this, immunoanalytical methods, so-called immunoassays, enable a simple, fast, 

mobile, and cost-effective analysis [70]. They generally have lower demands on personnel 

(simple), enable high sample throughput by parallel analyses (fast), can be used on-site due 

to the lower instrumental extent (mobile), and require only small volumes of reagents and 

sample (cost-effective). Moreover, water is used as a nonhazardous solvent and energy con-

sumption of these methods is generally lower compared to GC- and LC-MS/MS which is why 

immunoassays can be considered as more sustainable in this regard. 
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1.2.1. Fundamentals 

Antibodies 

The most important prerequisite for immunoanalytics are antibodies that bind the analyte as 

selectively as possible [71]. Antibodies, also known as immunoglobulins (Ig), are globular pro-

teins which are produced by vertebrates for the purpose of immune defense. Among the dif-

ferent classes of antibodies that are known, mainly IgG antibodies are applied in immunoana-

lytics. These consist of two light and two heavy polypeptide chains that are linked covalently 

via disulfide bridges in the so-called hinge region (Figure 1-6a) [72]. The resulting structure is 

further divided into fragments that would be formed upon cleavage of the IgG molecule by 

the enzyme papain: the fragment crystallizable (Fc) and two fragments antigen-binding (Fab) 

[73]. The glycosylation of the Fc further enables recognition of the antibody by receptors and 

is therefore vital for the interaction with other components of the immune systems, e.g., other 

antibodies. 

 

Figure 1-6: a) Crystal structure of a mouse IgG2a antibody, protein database ID: 1IGT [74], representation 
adapted from [75]. The two heavy chains are depicted in blue, light chains are shown in green. Disulfide 
bridges are represented in yellow and glycosylation in orange. Fc (Fragment crystallizable) and Fab (Frag-
ment antigen-binding) represent the fragments which are formed upon cleavage of IgG by the enzyme 
papain. b) Simplified representation of IgG in Y-form used in this work, with additional labeling of the N- 
and C-termini of the single polypeptide chains. 

Fc and parts of the Fabs form the constant region that is equivalent for all antibodies of the 

same class. Structural differences responsible for the specialization for a certain target antigen 

occur only in the variable regions close to the N-termini of heavy and light chain. These anti-

gen-binding sites are referred to as paratope while the counterpart on the side of the antigen 

is called epitope. 
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Due to their structural shape, antibodies are commonly displayed simplified by the letter “Y”, 

as is done in this work as well (Figure 1-6b). 

Even though small molecules, such as the here considered analytes, may still be recognized 

and bound by antibodies, they do not act as immunogens, i.e., they do not cause an immune 

reaction. That is why, for antibody production, they have to be coupled to a carrier protein in 

advance. By this, the haptens (incomplete antigens) are converted into complete antigens (im-

munogens) against which antibodies can be produced. As carrier proteins, bovine and human 

serum protein (BSA, HSA), ovalbumin (OVA), the keyhole limpet hemocyanin (KLH) or apo-

transferrin (APO) have been established [76-78]. The coupling is usually achieved via amino or 

carboxyl groups by means of active ester synthesis, occasionally under incorporation of a 

spacer to improve the steric accessibility of the target structure by the antibody. These strat-

egies are shown exemplarily in Figure 1-7 for the two analytes DCF and AMX. The coupling 

efficiency and coupling ratio can be determined by matrix-assisted laser-desorption/ionization 

(MALDI) coupled to a time-of-flight (ToF)-MS by comparing the molecular masses of the pro-

tein before and after the coupling reaction. 

The so produced protein-hapten conjugate is injected subcutaneously into a host animal ana-

logously to a vaccination for several times over a certain period so that antibodies against the 

conjugate are produced. In the course of this, the immunogen is first bound by antigen-specific 

B lymphocytes, a subtype of white corpuscles, taken up by these and fragmented. The antigen 

fragments are then presented on the surface of the B lymphocytes inducing the binding of 

matching matured T cells. Upon binding, these T cells release regulatory proteins, so-called 

cytokines, which promote the proliferation and maturation of the respective B lymphocytes 

to antibody-producing plasma cells. 

The antibodies produced by these plasma cells are present in the serum, can be extracted with 

it and used in immunoanalytical applications after workup and optional purification. It should 

be noted that this polyclonal serum contains a mixture of different antibodies with varying 

affinity and selectivity which cannot be reproduced with exact compliance from one batch to 

another. 
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Figure 1-7: Strategies for the coupling of haptens to a carrier protein, here BSA, protein database ID 4J2V 
[79], representation according to RCSB PDB. a) Activation of the carboxyl group of DCF with N-hydroxy-
succinimide (NHS) and N,N‘-dicyclohexylcarbodiimide (DCC) for subsequent coupling to amino groups of 
the protein, e.g., lysin residues, without additional spacer. b) Activation of carboxyl groups of the protein 
(e.g., aspartate, glutamate) with NHS and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) for 
coupling to the amino group of the hapten AMX which incorporates a C4-spacer through previous coupling 
with γ-aminobutyric acid (GABA). (DCF and AMX vs. BSA not to scale) 

As an alternative to this, KÖHLER and MILSTEIN developed the hybridoma technology for the 

production of monoclonal antibodies (mAbs) [80]. Here, antibody-producing B lymphocytes 

are harvested from the immunized animal’s spleen and fused with degenerate, proliferating 

lymphocytes, so-called myeloma. The resulting hybridoma cells can be grown in cell culture 

and produce continually antibodies that can be withdrawn with the culture medium. Each one 

of these hybrid cell lines (clones) produces mAbs. In order to obtain antibodies that are di-

rected against the target antigen, cells are singularized and screened for those cell lines that 

produce the respective antibody. These cell lines can be cultured and thus ensure the arbitrary 

reproducibility of the antibody. 

Labels 

For immunoanalytical applications, most commonly a label is necessary to make the binding 

of the antibody to its antigen detectable. Originally, radioactive isotopes had been used for 

this purpose as it was pursued by YALOW and BERSON in their development of a 
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radioimmunoassay (RIA) for the determination of insulin [81]. Due to their delicate handling 

and the high instrumental expenditure for the detection of radioactivity, radio isotopes were 

soon superseded by enzymes as labels. This was first reported by ENGVALL and PERLMANN when 

developing an enzyme-linked immunosorbent assay (ELISA) to quantify IgG antibodies [82]. 

There, the enzyme converts an added substrate which can be detected and quantified on the 

basis of its properties either optically (photometrically, fluorometrically or chemiluminomet-

rically) or electrochemically (by amperometry, potentiometry or voltammetry). Alternatively, 

fluorophores and luminophores can be applied directly as labels. Depending on the mode of 

luminescence excitation by photons or chemical reaction, this is referred to as fluorescence 

immunoassay (FIA) or chemiluminescence immunoassay (CLIA), respectively [83-84]. 

In the course of this work, the enzyme horseradish peroxidase (HRP) is used as a label exclu-

sively. The advantages of HRP for analytical applications lie in its stability, low cost and variety 

of potential substrates at high conversion rates which makes it more versatile than the also 

frequently applied alkaline phosphatase (AP) [85]. The enzyme HRP is a monomeric glycopro-

tein with a polypeptide chain length of 308 amino acids and a molecular mass of around 

44 kDa. It is a member of the class of oxidoreductases and generally catalyzes the reduction 

of peroxides, in this particular case hydrogen peroxide. In its active center, the enzyme con-

tains a heme B group, the central iron ion of which is the binding site for the peroxide (Fig-

ure 1-8a). The added (co-)substrate, here 3,3‘,5,5‘-tetramethylbenzidine (TMB), acts as an 

electron donor for the reduction reaction and is oxidized to the respective diimine while hy-

drogen peroxide is reduced to water (Figure 1-8b). At acidic pH, the diimine can be quantified 

photometrically on the basis of its absorption at a wavelength of 450 nm following Lambert-

Beer’s law (Equation 1-1) [86]. 

 
𝐸𝜆 = −log10 (

𝐼

𝐼0
) = 𝜀𝜆 ∙ 𝑐 ∙ 𝑑 (Equation 1-1) 

According to that, the extinction 𝐸𝜆 (equals the absorbance of the solution at wavelength 𝜆 

under neglection of scattering and diffraction) is equal to the negative decadic logarithm of 

the intensity ratio of transmitted (𝐼) and incident light (𝐼0). At a given molar absorption coef-

ficient 𝜀𝜆 and defined layer thickness 𝑑, this is proportional to the concentration 𝑐 of the ab-

sorbing substance, i.e., the diimine of TMB. In immunoassays, the absorbance is usually re-

ferred to as optical density (O.D.). 
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Figure 1-8: a) Crystal structure of horseradish peroxidase C1A with formate ion coordinating. Protein da-
tabase ID: 1W4W [87], representation according to RCSB PDB. Color depiction in the active center: green 
– C, red – O, blue – N, brown – Fe. b) Simplified mechanism of hydrogen peroxide reduction at the iron core 
of HRP under oxidation of TMB. 

Alternatively, the diimine of TMB may also be quantified electrochemically by means of chro-

noamperometry at a sufficiently negative potential for the re-reduction to TMB [88-89]. 

For applications in a (competitive) immunoassay (see Assay formats), depending on the assay 

format, either the antibody or the analyte has to be labeled with HRP. Antibodies may be 

labeled with HRP via its glycosylation using the periodate method described by WILSON and 

NAKANE [90]. Here, hydroxyl groups of the carbohydrate are oxidized to aldehyde groups which 

can form imines with the antibody‘s amino groups. Upon reduction with sodium borohydride, 

these imines are converted to stable secondary amines [91]. The alternative approach re-

quires an HRP-labeled derivative of the analyte, a so-called tracer, which can be synthesized 

analogously to the coupling of small molecules to a protein by means of active ester synthesis 

(cf. Figure 1-7). 

Assay formats 

As implied above, there are different immunoassay formats which will be discussed briefly in 

the following section. Principally, immunoassays are divided into competitive and non-com-

petitive formats. Beyond that, a classification into homogeneous and heterogeneous assays is 

made. In homogeneous assays, all binding partners are present in the same phase, usually in 

aqueous solution which is why homogeneous assays are generally faster and do not require 
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washing steps. With this, however, they are often more prone to matrix effects and exhibit 

poorer limits of detection (LODs). An example for a homogeneous (competitive) assay is given 

with the fluorescence polarization immunoassay (FPIA) [92-93]. 

More frequently, heterogeneous assay formats are applied where one binding partner is im-

mobilized on a solid phase, e.g., the wall of a microtiter plate. The process of immobilization 

is also known as coating. While the equilibration between liquid and solid phase is generally 

slower and therefore requires longer incubation times, the advantage of heterogeneous as-

says lies in the possibility of washing away the sample matrix, therefore reducing matrix ef-

fects. A prominent example for a heterogenous assay is the afore-mentioned ELISA (see 

above). An ELISA can be performed both competitively and non-competitively. The non-com-

petitive variant is normally applied to detect and quantify complete antigens such as viruses, 

bacteria, antibodies, peptide hormones and DNA fragments [82,94-97]. 

 

Figure 1-9: Schematic course of non-competitive heterogeneous immunoassays for the example of BSA (cf. 
Figure 1-7) detection by means of ELISA. a) direct ELISA: the antigen is immobilized, an enzyme-labeled 
antibody binds and enables detection. b) indirect ELISA: the antigen is immobilized; a primary antibody 
binds the antigen, and an enzyme-labeled secondary antibody allows detection. c) sandwich ELISA: a cap-
ture antibody is immobilized and binds the added antigen; a primary antibody binds to another epitope of 
the antigen; binding is made detectable by addition of a labeled secondary antibody. 

The non-competitive ELISA can be divided into three subtypes: direct, indirect and sandwich 

(Figure 1-9). For both the direct and indirect ELISA, the antigen, e.g., a protein, is immobilized 

on the surface of the well-plate. The difference between both variants is that in the direct 

approach, the antigen-binding antibody directly carries the enzyme label while in the indirect 
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format an additional secondary antibody is used for that purpose. After each incubation step 

for the binding of the antibody to occur, a washing step is performed to remove unbound 

species. Accordingly, the direct format requires one incubation and washing step less and is 

therefore less time-consuming. On the other hand, a separately labeled antibody is needed 

for every single analyte in this case while in an indirect approach the same secondary antibody 

can be applied for multiple primary antibodies of the same species, e.g., mouse IgG. 

Contrarily, in a sandwich ELISA, an antibody is immobilized which will then bind the antigen in 

solution. The binding is detected with the aid of another antigen-binding antibody which is 

directed against a different epitope of the antigen. The detection is performed as described 

before by using a secondary labeled antibody or direct labeling of the primary antibody. 

As small molecules like DCF and AMX can neither be immobilized sufficiently reproducibly on 

the wall of a microtiter plate nor comprise more than one accessible epitope, it is necessary 

to apply competitive formats for their immunoanalytical quantification. In that, two different 

strategies are possible: directly competitive (dc-ELISA) with immobilized antibody the binding 

of which analyte and tracer (see above) compete for; or indirectly competitive (ic-ELISA) 

where a protein-hapten conjugate is immobilized which competes with the analyte for binding 

of the antibody from the solution (Figure 1-10). 

 

Figure 1-10: Schematic course of competitive assay formats for the example of an ELISA. a) directly com-
petitive (dc-ELISA): analyte (orange square) and tracer compete for binding to the immobilized antibody; 
unbound species are removed by subsequent washing; detection is enabled by the tracer’s enzyme label. 
b) indirectly competitive (ic-ELISA): the antibody either binds the analyte in solution (green triangle) or the 
immobilized hapten-protein conjugate; unbound antibody is removed by washing; detection is performed 
with a labeled secondary antibody. 

For optimal sensitivity, the concentrations of the single reagents (antibodies, tracer) have to 

be optimized. To further improve the LOD, a pre-incubation of antibody and analyte may be 

useful [98]. 
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1.2.2. Analytical parameters 

Due to the competitive character of the immunoassays, the signal intensity is indirectly pro-

portional to the analyte concentration as it is not caused by the analyte itself but by the la-

beled competitor, e.g., the tracer in dc-ELISA. Accordingly, at low analyte concentrations, 

mainly tracer is bound yielding a high signal intensity. With increasing analyte concentration, 

binding of the tracer is more and more blocked or inhibited so that at a high analyte concen-

tration the lowest signal intensity is observed. Overall, the curve shape is sigmoidal with a 

quasi-linear range in between, flattening towards the minimum and maximum to strive 

against an upper and lower asymptote (Figure 1-11). This curve shape can be described by the 

four-parameter logistic equation according to RODBARD (Equation 1-2) [99]. 

 

Figure 1-11: Exemplary sigmoidal calibration curve (red) of a dc-ELISA with schematic representation of 
the respective binding situation and highlighting the single parameters of the four-parameter logistic 
equation. 

 𝑦 =  
𝐴 − 𝐷

1 + (
𝑥
𝐶)

𝐵 + 𝐷 
(Equation 1-2) 

There, the parameters A and D represent the maximum and minimum absorbance value, re-

spectively, to which the curve strives asymptotically. The C value corresponds to the concen-

tration in the inflection point of the curve while the parameter B gives the slope at that point 

making it a measure for the assay’s sensitivity. Typical values after optimization for these four 

parameters comprise an A and B value (for mAbs) of around 1 whereas C and D values should 

be as low as possible. The C value correlates to some extent with the LOD of the assay and can 
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be adduced as a surrogate parameter to compare the analytical performance of different an-

tibodies and assay formats. 

For a more precise determination of the assay’s measurement range, i.e., the span between 

upper and lower LOD, the precision profile first described by EKINS can be used [100]. For that, 

the standard deviation s of several calibrator measurements and the first derivative of the 

four-parameter logistic function are used to calculate the relative error of concentration Δx as 

per (Equation 1-3). 

 
∆𝑥 =– 100 %

𝑠

𝐵(𝐷 − 𝐴)
[(

𝐶

𝑥
)

𝐵

+ 2 + (
𝑥

𝐶
)

𝐵

] (Equation 1-3) 

Based on the 3s criterion according to which the LOD of an analytical method is defined as the 

value (analyte concentration) the signal of which deviates from the blank by the triple of the 

standard deviation [101], in immunoassays the LOD can comparably be set at a relative error 

of concentration of 30 %. Additionally, the limit of quantification (LOQ) may be defined fol-

lowing the 10s criterion at a relative error of concentration of 10 % meaning that below this 

threshold, the quantitative determination of the analyte is possible with a sufficient precision 

[102]. 

 

Figure 1-12: Exemplary calibration curve (black line) derived from the analysis of a calibrator series (black 
squares) in multiplicate measurements with standard deviation (error bars = 1s), and respective precision 
profile (red line) fitted to the relative error of concentration (red squares). The area between upper and 
lower LOD (Δx ≤ 30 %) is marked in yellow, the range within upper and lower LOQ (Δx ≤ 10 %) is marked in 
green. 

Graphically, the precision profile is described by a parabola the minimum of which is slightly 

shifted to the right compared to the calibration curve’s inflection point (Figure 1-12). A suit-

able function to fit this curve shape was found in a polynomial function (Equation 1-4) with 

five parameters a, b, c, d, e that are being adjusted by the iterative method [103]. 
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𝑦 = 𝑎𝑥𝑏 + 𝑐 +

𝑑

𝑥𝑒
 (Equation 1-4) 

The necessary calibration of immunoassays is generally performed with calibrators prepared 

in pure water. However, the real samples to be analyzed often contain matrix components 

that affect the binding of antibody and analyte (or tracer) and can therefore lead to falsified 

measurement results. On the other hand, a calibration in the sample matrix is usually not fea-

sible since the analyte-free matrix is not available and a replication true to the original is not 

practicable on a lab scale. 

Sample properties, such as pH value, salinity, content of chaotropic ions (e.g., Ca2+) or humic 

acids may all influence binding of the analyte or tracer to the antibody and would cause lower 

signals in sample analyses leading inevitably to overestimations as lower signal intensities cor-

relate with higher analyte concentrations. These interferences may be minimized by the use 

of appropriate sample buffers which adjust the pH of samples and calibrators. By adding so-

dium chloride, the salinity is harmonized while chaotropic ions may be coordinated and there-

fore masked by chelating agents like ethylenediaminetetraacetate (EDTA) [104]. Furthermore, 

the impairment by humic acids could be minimized by the addition of BSA [105]. 

As antibodies are biomolecules, they are also susceptible towards denaturation by organic 

solvents. This drawback could only be circumvented by diluting the samples as far as the LOD 

of the assay gives point to this. Alternatively, the solvent may be evaporated, and the residue 

taken up in water, but this would render the sample preparation much more time-consuming. 

Besides, external parameters, such as temperature, may further influence the interaction of 

antibody and antigen where lower temperatures occasionally lead to improved LODs as shown 

previously [106-107]. Though, for a sufficiently low standard deviation of the signal intensity, 

the assay execution at room temperature (RT) is generally recommended to ensure a uniform 

temperature distribution [108]. 

Apart from these non-specific interferences, the specific interferences by cross-reactants have 

to be considered, particularly in immunoassays. These compounds that show structural simi-

larity to the analyte are recognized by the antibody as well and may therefore lead to false 

measurement results. This is why the cross-reactivity (CR) has to be evaluated for each anti-

body by recording calibrator series of every potential cross-reactant. In order to describe the 

CR of individual compounds numerically, the (molar) C value of the cross-reactant’s calibration 
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curve is set in correlation with the respective value of the target compound according to ABRA-

HAM as shown in (Equation 1-5) [109]. 

 
𝐶𝑅 =  

𝐶(𝐴𝑛𝑎𝑙𝑦𝑡𝑒)

𝐶(𝐶𝑟𝑜𝑠𝑠-𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡)
× 100 % (Equation 1-5) 

Thus, compounds with a CR > 100 % feature a lower C value and bind preferably to the anti-

body. This may be helpful if the analyte can be transformed into the cross-reactant quantita-

tively and could be detected with an improved LOD, consequently. Cross-reactants with a CR 

well below 100 % normally play a minor role as long as they are not present at distinctly higher 

concentrations in the samples to be analyzed. 

It has to be noted that the CR may further depend on the pH value. This effect may be used to 

minimize the influence of cross-reactants by adjusting the pH to a value where the CR is lower 

[110]. Moreover, if calibration curves are not shifted in parallel, i.e., they exhibit both diver-

ging C and B values, the CR may also depend on the concentration [103,111]. The calculation 

of CR by means of (Equation 1-5) can therefore only provide a rough estimation of an anti-

body’s selectivity. 

1.2.3. Applications 

In addition to applications in food analysis and clinical diagnostics, immunoanalytical methods 

have been widely used in environmental analysis especially in the determination of various 

contaminants in several water bodies. Plate-based assays like the ELISA are particularly suited 

for broad screenings in that regard thanks to their high sample throughput. 

So, for instance, temporal and spatial deviations in the concentration of the antiepileptic car-

bamazepine (CBZ) were elucidated in Berlin wastewater and surface waters [112]. In this con-

text, local concentration maxima indicate the discharge of treated wastewater as CBZ degra-

dation in WWTPs proceeds only partially. In a further approach, the antihistamine cetirizine 

was quantified as well in the water samples showing particularly seasonal deviations in asso-

ciation with the hay fever season [113]. 

Another marker substance that was quantified in screening studies, is caffeine (CAF). As CAF 

is degraded almost completely in WWTPs, its occurrence in surface waters portends discharge 

of untreated or insufficiently treated wastewater. This was investigated among others in sur-

face waters in Berlin [113], Portugal [114-115], as well as for the whole drainage area of the 
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river Danube which allowed evaluation of both the water quality and the efficacy of 

wastewater treatment in the riparian countries [116]. The same is applicable to the bile acids 

lithocholic acid and isolithocholic acid (ILA) which are considered as fecal markers. They are 

excreted as end-products of the cholesterol metabolism and are equally well degraded in 

WWTPs [115,117]. 

Likewise, endocrine disrupting chemicals (EDCs) are frequently in the focus of environmental 

screenings. These hormonally active agents can cause harmful mutations of the endocrine 

system already at low concentrations. Therefore, ELISAs have been developed for the deter-

mination of synthetic hormones, such as the ingredient of oral contraceptive pills, ethi-

nylestradiol (EE2), or its natural derivatives estradiol (E2) and estrone (E1) in different water 

samples [105,118]. 

Also, for the analytes DCF and AMX which are the subject of this work, ELISAs have already 

been reported with the manifold application areas and selected analytical parameters sum-

marized in Table 1-1. Based on different antibodies with diverging selectivity and affinity, 

these ELISAs have been applied in the analysis of wastewater, surface water, and drinking 

water as well as in the clinical diagnosis of NSAID allergies in case of DCF [119-122]. The herein 

used mAbs with the denominations 12G5 and F01G21, respectively, exhibited distinct appli-

cation-oriented benefits. While the clone 12G5 generally showed better LODs in the assay, the 

clone F01G21 proved to be more robust against matrix effects. 

Table 1-1: Summary of ELISAs from literature for the determination of DCF or AMX with indication of the 
antibody origin (if known, pAb - polyclonal antibody), analytical parameters (LOD and measurement 
range) as well as the tested application. 

Analyte Antibody LOD Measurement range Application area Reference 

DCF pAb (rabbit) 6 ng/L 20-400 ng/L drinking water, surface 

water, wastewater 

[119] 

DCF mAb 12G5 (mouse) 8 ng/L 11-180 ng/L surface water, 

wastewater 

[120] 

DCF mAb F01G21 

(mouse) 

2 µg/L 2-100 µg/L serum, surface water, 

wastewater 

[121-122] 

AMX pAb (rabbit) 10 µg/L 10-500 µg/L lung secretions [123] 

AMX mAbs (mouse) N/A N/A epitope mapping [124] 

AMX N/A (commercial 

kit) 

1 µg/L 1-10 µg/L blood plasma [125] 

AMX pAb (rabbit) 1 µg/L 1 µg/L-20 mg/L urine, milk, serum [126] 
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Until now, the use of AMX ELISAs was mainly restricted to clinical applications in the determi-

nation of the drug concentration in various body fluids or in the examination of allergies 

against AMX [123,125-126], while applications in environmental analysis have not been re-

ported yet (Table 1-1). The difficulty in the production of antibodies against AMX lies in its 

afore-mentioned susceptibility to hydrolysis (cf. section 1.1.2). Accordingly, it has to be en-

sured that neither during coupling of the hapten to its carrier protein nor during the subse-

quent immunization procedure in the host animal, hydrolysis of the β-lactam occurs. Other-

wise, antibodies will be produced against HPs of AMX instead of the target compound. This 

issue and its consequences for immunoanalytics were described for other penicillins before 

[127-128] but have not been considered carefully enough in the production of anti-AMX anti-

bodies so far [124]. 

Apart from the well-established and validated ELISA format, other assay formats have been 

developed recently that can help overcome the limitations of ELISA with relatively long analy-

sis duration and restricted mobility due to bulky instrumentation, such as microplate washers 

and readers. Considerably faster than the heterogeneous ELISA are homogeneous assays like 

FPIA where the time saving comes through omittable washing steps and shorter incubation 

times due to faster diffusion within the liquid phase. Thanks to the fluorescent label, no sub-

strate conversion as for enzymatic labels is necessary. With that, an FPIA for the quantification 

of DCF in wastewater samples yields results within 30 min which represents a distinguished 

improvement towards ELISA which normally requires 3-4 h of time (without coating of the 

microplate) [129]. On the other hand, the measurement range of this FPIA is markedly shifted 

towards higher concentrations compared to the respective ELISA using the same antibody 

(12G5) and hence shows a deteriorated LOD (2 µg/L vs. 8 ng/L). 

Another assay that could be executed quicker than the corresponding ELISA at a comparable 

measurement range was achieved with an Upconversion-linked immunosorbent assay (ULISA) 

also with the antibody 12G5 [130]. Here, DCF-coupled photon upconversion nanoparticles 

serve as a tracer and allow detection via their luminescence. Due to the omitted substrate 

conversion and the choice of a dc-format, the time of analysis could be reduced to 70 min. 

With the aid of particles, furthermore, the dependency of the assays from microtiter plates 

may be overcome by using the particle surface instead of the microplate wall for the immobi-

lization of one assay component (analyte or antibody). This was shown for instance by CARL et 
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al. in their development of a suspension array fluorescence immunoassay (SAFIA) for DCF and 

other analytes. There, the analyte molecules are immobilized on the surface of fluorescence 

intensity-encoded polystyrene-core/silica-shell particles [131-132]. In an ic-format, the ana-

lyte moieties on the particle surface compete with the analyte in solution for binding of the 

respective antibodies. For the quantification of particle-bound antibodies, incubation with a 

fluorescently labeled secondary antibody is performed afterwards. As the particles are in sus-

pension, incubation times are similarly reduced as for homogeneous assays because diffusion 

does not have to take place between the liquid phase and a fixed solid phase, i.e., the wall of 

the microplate, but proceeds towards the mobile particle surface. As it was demonstrated 

before, the diffusion-limited binding is established faster the smaller the particles are in dia-

meter [133]. Detection in SAFIA is performed by means of fluorescence intensity of the parti-

cle-bound antibodies in a flow cytometer which focalizes the particles and transfers them to 

the detection zone one by one. Thanks to the particles‘ fluorescence encoding, the parallel 

quantification of several analytes (multiplexing) is feasible as well. Since it can be distinguished 

between bound and unbound antibodies, there is further no washing step necessary so that 

in total a reasonable analysis duration of 45 min could be achieved. 

Short analysis times of immunoassays are especially of relevance for their use in point-of-care 

(PoC) and point-of-need (PoN) applications [134]. Here, PoC describes the application of diag-

nostic tests near the patient, e.g., in the detection of diseases with rapid tests as it was of 

relevance lately in the course of the COVID-19 pandemic. Also, in pregnancy and drug testing, 

such lateral flow immunoassays (LFIAs) are applied frequently where an antibody is bound to 

(nano)particles (e.g., gold or latex) which serve as a label at the same time when visualizing 

the binding at the test and control line [135-136]. Recently, LFIAs for the detection of medica-

ment residues in breast milk or for the release of the EDC bisphenol A from plastic materials 

have been developed as well [137-138]. The latter may already be ascribed to the PoN appli-

cations that are more relevant in environmental analysis as this term summarizes all methods 

suitable for on-site analysis without the need for a laboratory [134]. 

For PoN applications (as for PoC), the World Health Organization has defined the so-called 

ASSURED criteria originally for the diagnosis of diseases which are nonetheless applicable in 

the field of environmental analysis as well [139]. Accordingly, analytical methods should be 

affordable, sensitive, specific, user-friendly, rapid & robust, equipment-free, and deliverable 
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to the PoN. Occasionally, these criteria are extended by the elements real-time connectivity 

and ease & environmental friendliness summarized under the acronym REASSURED [140]. 

All these criteria can be met by so-called immunosensors. These are generally based on the 

same principles as immunoassays but in contrast to those, they allow a continuous and auto-

mated analysis which is why they are of high interest not only in process monitoring, food 

control, and clinical diagnostics but also in environmental analysis [141]. Numerous (immuno)-

sensors with varying detection mechanisms from electrochemical detection to chemilumines-

cence and surface plasmon resonance were already reported for the analytes DCF and AMX, 

as summarized in Table 1-2, and in some cases used for analytical purposes in the environment 

[142-150]. 

Table 1-2: Summary of selected (immuno-)sensors from literature developed for the determination of the 
analytes DCF or AMX with indication of the detection method as well as the achieved analytical perfor-
mance. 

Sensor platform Analyte Detection method LOD Reference 

Au-Pt nanoparticles/functionalized 

multi-walled carbon nanotubes/Au-

electrode 

DCF Differential pulse voltammetry 95 µg/L [142] 

Graphene oxide-coupled carbon ni-

tride-labeled antibody/multiwalled 

carbon nanotubes–Au nanoparticles 

nanocomposite 

DCF Electrochemiluminescence 1.7 ng/L [143] 

Au nanoparticles/glucose oxidase-la-

beled antibody 

DCF Surface plasmon resonance 1 ng/L [144] 

Silica-coated quartz chip DCF Piezoelectric quartz-crystal 

microbalance 

2.8 µg/L [145] 

Nanostructured gold-substrate DCF Surface plasmon resonance 1 µg/L [146] 

Electrografted glassy carbon elec-

trode 

DCF Square-wave voltammetry 6 pg/L [147] 

Poly(etherimide)-poly(3,4-ethylene 

dioxythiophene): poly(styrene sul-

fonate) functionalized graphene ox-

ide/CdSe@CdS quantum dots/gold 

nanorods 

DCF Electrochemiluminescence 330 pg/L [148] 

Carboxylic resin beads/HRP-labeled 

antibody 

DCF Chemiluminescence 50 ng/L [149] 

Thioglycolic acid capped VS2 quan-

tum dots/chitosan/indium tin oxide-

coated glass substrate 

AMX Differential pulse voltammetry 600 pg/L [150] 
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Regarding immunosensors, especially two trends appear promising: firstly, magnetic particles 

as a sensor platform and secondly, detection in a microfluidic system. Magnetic (micro-)parti-

cles enable the reversible immobilization that is for instance needed to perform washing 

steps. For incubation, the particles can be resuspended again in order to benefit from the 

accelerated diffusion to the particle surface, reducing the incubation time and therefore the 

analysis duration (see above). In their own right, such magnetic particle-based assays could 

provide an alternative to conventional plate-based assays like ELISA [151-157]. Additionally, 

they enable the implementation of the assays into an automated detection system in the 

proper sense of a sensor [158-163]. In this context, microfluidic systems play an important 

role as they reduce the required volumes for reagents as well as samples, minimizing costs in 

the process while keeping the sensor system small and thus mobile [164-165]. For detection 

in the light of miniaturization, particularly electrochemical methods appear suitable, as widely 

available screen-printed electrodes (SPEs) together with miniature potentiostats set the ideal 

basis for mobile applications that are compatible with microfluidic systems [166-171]. 
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2. Objective 

The aim of this work was to develop an integrated diagnostic system for drinking water supply 

in order to monitor the contamination with pharmaceutical substances continuously. This is 

of particular relevance as to date, the water quality surveillance in waterworks is mainly per-

formed by a time-consuming and inefficient workflow comprising sampling and subsequent 

laboratory analysis by means of LC-MS/MS. Acquisition and operation of the respective instru-

ments are expensive and require specially trained personnel. Furthermore, due to the time-

delayed analysis, it is not guaranteed that high contamination levels are recognized in time 

while the water is transported to the consumers.  

In accordance with the preliminary considerations in the previous section 1.2.3, an im-

munosensor based on highly selective and affine robust antibodies with magnetic particles as 

sensing platform and a microfluidic electrochemical detection unit could provide the desired 

integrated diagnosis system. In the future, this should enable the continuous and automated 

analysis of drinking water directly on the water supply pipe (Figure 2-1) allowing at least one 

measurement per hour. 

 

Figure 2-1: Schematic representation of the desired integrated diagnosis for online drinking water analysis 
based on a magnetic bead-based immunoassay with electrochemical detection in a microfluidic system. 

The integrated system should be modular, i.e., containing exchangeable compartments for 

each individual analyte so that selected contaminants can be monitored as needed and inter-

ferences between the single measurements can be minimized. A multiplexing is not targeted, 

however, the parallel analysis of multiple analytes in separate compartments is desired. As 

relevant exemplary analytes, the previously introduced compounds DCF and AMX (cf. sec-

tion 1.1) were selected. For these analytes, firstly immunoassays in the ELISA format should 

be developed in order to identify suitable antibodies and assay conditions. Based on the 
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findings, the assays should then be transferred to magnetic particle-based formats which al-

low the implementation into an automated system. The two strategies conceivable here, of 

either coupling the antibody or the analyte to the particle surface should be examined exem-

plarily and employed sensibly for potential application to other analytes in the future. 

For the miniaturization of the system, an electrochemical detection should be established be-

sides the optical technique by absorption measurement. In this regard, the quantification of 

the substrate TMB by chronoamperometry appeared feasible as it was performed previously 

[88-89]. To keep the sample volume and amount of immunoreagents as low as possible and 

therefore ensure cost-effectiveness, the detection should further be conducted in a microflu-

idic chip. A suitable chip architecture and fluidic system, allowing for fast, robust, and repro-

ducible measurements, should have priority in this context. 

This work is part of the project IDC-Water, co-funded by the Indo-German Science and Tech-

nology Centre (IGSTC) and Federal Ministry of Education and Research (BMBF), grant number 

FKZ 01DQ18003A. The project aims to develop an online monitoring system for drinking water 

quality in terms of specific pathogenic bacterial cells and DNA (developed by cooperation part-

ners in India) as well as pharmaceutical residues (this work). Eventually, the integrated diag-

nostic system should help to complement existing drinking water monitoring structures in de-

veloped countries, like Germany, and tackle the need for cheap and decentralized testing in 

public drinking water supply in developing countries or emerging economies, such as India. 
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3. Results and Discussion 

3.1. Enzyme-linked immunosorbent assay for diclofenac 

Several mAbs against DCF are available (see section 1.2.3). In order to find the antibody that 

is most suitable for the analysis of drinking water, some preliminary studies were conducted 

in the well-established ELISA format to evaluate the antibodies’ selectivity and robustness. 

Despite its higher affinity towards DCF, the already introduced mAb 12G5 was not considered 

here because of its higher cost which does not comply with the aim of cost-effectiveness for 

the final application. 

Instead, the previously presented mAb F01G21 and additionally the clones SK60-2E4 and 

SK60-1D10 (both from sifin diagnostics) were examined. Based on the strategies for hapten-

protein coupling developed by SCHMIDT [122], ic-ELISAs for the determination of DCF were op-

timized with different hapten-protein conjugates immobilized in a microtiter plate. Here, APO-

Ahx-DCF, BSA-Ahx-DCF – both with the spacer aminohexanoic acid (Ahx) – and BSA-DCF with-

out a spacer were used. It was found that the combination of the antibody F01G21 and the 

conjugate APO-Ahx-DCF results by far in the lowest C value in the four-parameter equation 

and consequently enables the lowest LOD (Table 3-1). Considerably low C values were also 

achieved with the conjugates BSA-Ahx-DCF and BSA-DCF in combination with this antibody. 

Contrarily, the other antibodies showed strong differences in the analytical performance de-

pending on the conjugate employed. The antibody SK60-2E4 yielded the lowest C value in 

combination with BSA-DCF which however exceeds that of the antibody F01G21 markedly. 

With the remaining conjugates, the resulting C values are even higher. The most dramatic 

differences were found for the antibody SK60-1D10 which did not show any binding to the 

conjugate BSA-DCF whereas the binding to BSA-Ahx-DCF was too strong to be inhibited by DCF 

in solution at concentrations up to 10 mg/L. This is displayed in Figure 3-1 showing the cali-

bration curves for each antibody in combination with the respective optimal conjugate. 

Table 3-1: Evaluation of the assay performance with different anti-DCF antibodies combined with various 
hapten-protein conjugates (Ahx – aminohexanoic acid, n. t. – not tested, n. b. – no binding, +/- are used to 
rate the C values of the respective calibration curve from low to high). 

Antibody\conjugate APO-Ahx-DCF BSA-Ahx-DCF BSA-DCF 

F01G21 +++ ++ ++ 

SK60-2E4 - - + 

SK60-1D10 n. t. -- n. b. 
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Figure 3-1: Calibration curves of optimized ic-ELISAs for the determination of DCF with different monoclo-
nal mouse anti-DCF antibodies and hapten-protein conjugates. C values of the calibration curves: F01G21 
with APO-Ahx-DCF – 3.8 µg/L; SK60-2E4 with BSA-DCF – 120 µg/L; SK60-1D10 with BSA-Ahx-DCF – 
3.2·103 µg/L. For normalization, the highest O.D. value for each calibrator series was set to 1 and the low-
est to 0 (F01G21 and SK60-2E4), or all values were divided by the maximum value (SK60-1D10). 

The robustness of the antibody F01G21 became apparent when recording calibration curves 

at different pH values. Here, the binding occurred reliably in the pH range from 8.5 to 4.5 so 

that reasonable calibration curves were obtained (Figure 3-2a). The C values of the respective 

curves vary only slightly and just at a low pH of 4.5 the curve shape is altered with a higher B 

value and therefore a smaller measurement range. On the other hand, the antibody SK60-2E4 

showed a moderate pH dependency of the C value: the C value tended to decrease with de-

creasing pH entailing that the lowest C value was achieved at pH 4.5 (Figure 3-2). Considering 

the pKa of DCF of 4.15 according to which a relevant amount of DCF is present in protonated 

form in the solution at pH 4.5, this could indicate that the clone SK60-2E4 has a higher affinity 

towards protonated DCF. However, due to the fact that at further decreased pH values no 

binding was observed, this hypothesis could not be verified conclusively. 

Nonetheless, the pH-optimized C value of SK60-2E4 still lies well above the respective value 

that could be achieved with F01G21 so that the latter appeared most suitable for further in-

vestigations in the course of this work. In the light of the final application in the analysis of 

drinking water, the legal values that were proposed by the German Federal Environment 

Agency (UBA) should be considered as well. There, a guide value of 1.75 µg/L and an action 

value of 20 µg/L are indicated [172]. From the selection of antibodies tested here, both these 

threshold values can only be registered with the clone F01G21 supporting the decision for its 

further employment. 
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Figure 3-2: ELISA calibration curves for the anti-DCF antibodies F01G21 (a) and SK60-2E4 (b) at different 
pH values. C values in µg/L: a) 5.3 (pH 8.5), 5.6 (pH 7.6), 3.9 (pH 6.5), 7.7 (pH 5.5), 5.3 (pH 4.5); b) 560 
(pH 8.5), 390 (pH 7.6), 980 (pH 6.5), 280 (pH 5.5), 110 (pH 4.5). For normalization, the highest O.D. value 
for each calibrator series was set to 1 and the lowest to 0. 

 

3.2. Enzyme-linked immunosorbent assay for amoxicillin 

Some of the data shown and discussed in this section have been published elsewhere [173]. 

3.2.1. Assay optimization 

An ic-ELISA for the quantification of AMX was developed with the commercially available mAb 

A1463 (US Biological). Another anti-AMX antibody that has been described in literature [124] 

was tested as well but did not show any binding to the employed hapten-protein conjugates 

under various conditions. In this case, commercially available BSA-AMX and HSA-AMX conju-

gates were used which generally showed equal analytical performance. 

 
Figure 3-3: Calibration curves in the ic-ELISA for the quantification of AMX at different pH values. The low-
est C value was obtained at pH 8.5 (63 µg/L) while values at lower pH were consistently higher (pH 7.6 – 
320 µg/L, pH 6.5 – 480 µg/L, pH 5.5 – 320 µg/L, pH 4.5 – 370 µg/L). For normalization, the highest O.D. 
value for each calibrator series was set to 1 and the lowest to 0. 
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Binding of the antibody to these conjugates was observed in the pH range from 8.5 to 4.5 but 

distinct differences are evident when comparing the respective calibration curves. Thus, the 

C value of the calibration curve obtained at pH 8.5 is markedly lower than those at lower pH 

values which are equally elevated (Figure 3-3). Accordingly, the antibody’s affinity towards 

AMX in solution appears to be higher at alkaline pH than in the neutral or acidic milieu. 

Moreover, during optimization of the ELISA, it became clear that the calibration curves were 

shifted successively to lower C values with increasing age of the AMX calibrator solutions. 

Since the calibrators were prepared in ultrapure water (MQ), this behavior suggests that hy-

drolysis of the β-lactam is involved. This would also explain the comparatively low C value at 

pH 8.5 which would likewise favor the hydrolysis of AMX. By recording a calibration curve with 

a dilution series in 0.1 M sodium hydroxide, the curve shape of aged calibrators could be re-

produced (Figure 3-4) so that hydrolysis can be regarded as causative for the shift of the cali-

bration curve. This shift reached its end point after two months of storage of the calibrators 

in water at 4 °C, and in 0.1 M NaOH after 18 h at 4 °C or 3 h at RT, respectively. 

 

Figure 3-4: Calibration curves of the ic-ELISA with differently treated calibrators: freshly prepared in MQ 
(AMX, fresh), aged in MQ for two months at 4 °C (AMX, aged), and hydrolyzed in 0.1 M NaOH for 24 h at 
4 °C (AMX, hydrolyzed). C values: AMX, fresh – 1.5·103 nM; AMX, aged – 52 nM; AMX, hydrolyzed – 38 nM. 
For normalization, the highest O.D. value for each calibrator series was set to 1 and the lowest to 0. 

From these results it could be deduced that hydrolysis of AMX yields a species that binds the 

antibody with higher affinity resulting in a calibration curve with a lower C value. In order to 

identify this species, a set of documented HPs of AMX (cf. Figure 1-5) were used as pure com-

pounds to prepare dilution series and determine the respective calibration curves. From all 

compounds tested, only the primary HP AMX-A gave a complete degradation curve in the ex-

amined concentration range (Figure 3-5). The C value of this curve even undercuts that of 
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hydrolyzed or aged AMX (cf. Figure 3-4) which indicates that AMX is not converted quantita-

tively to AMX-A by hydrolysis, or other HPs are formed which have a lower affinity towards 

the antibody A1463. For instance, the secondary HPs AMA and AMX-P which still exhibit a 

structural similarity to AMX, yield a slight inhibition at high concentrations (> 10 µM). The as-

sumed stable end-product of AMX hydrolysis, HPP [63-65], does not induce any inhibition of 

the antibody binding to the hapten-protein conjugate at concentrations up to 100 µM. 

 
Figure 3-5: Calibration curves of relevant AMX HPs in ic-ELISA. C values of the single compounds: AMX-A – 
7.5 nM, AMX-P – 29·103 nM, AMA – 45·103 nM, HPP – not reasonably assignable. For normalization, the 
highest O.D. value for each calibrator series was set to 1 and the lowest to 0 (AMX-A), or all values were 
divided by the maximum value (AMX-P, AMA, and HPP). 

When comparing the C values of AMX-A and AMX (unhydrolyzed) in the sense of a cross-reac-

tivity evaluation according to ABRAHAM (cf. (Equation 1-5)), this would result in a CR of about 

20,000 %, equivalent to a 200-fold increased affinity of the antibody towards AMX-A com-

pared to the actual target compound AMX. Therefore, it can be assumed that the antibody 

was not originally produced against AMX, but against AMX-A. Depending on the coupling strat-

egy that was used to link the hapten AMX to the carrier protein before immunization, the 

hydrolytic cleavage of the β-lactam may have occurred during the coupling reaction so that 

AMX-A was coupled to the carrier protein instead of AMX and caused the production of cor-

responding antibodies. The producer of the antibody was contacted and enquired for details 

on the immunogen synthesis but classified this information as proprietary. Anyhow, it is 

known that the coupling via active ester synthesis (cf. Figure 1-7) or other synthesis strategies 

usually requires alkaline pH in order to increase the nucleophilicity of the amino groups that 

are supposed to be coupled [124,127,174-175]. This increase of the pH value would favor the 

hydrolysis of AMX as well as other penicillins which represents a general problem in the pro-

duction of antibodies against this compound class. 
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3.2.2. Cross-reactivity 

The influence of hydrolysis on the shape and position of the calibration curve was further ob-

served when investigating the CR of other penicillins in the AMX-ELISA. Here, the structurally 

similar compounds ampicillin (AMP), penicillin G (PenG), penicillin V (PenV) and carbenicillin 

(CRB) (Figure 3-6) were tested. Compared to AMX, AMP does not contain the phenolic hy-

droxyl group while PenG additionally lacks the α-amino group. In CRB this amino group is re-

placed by a carboxyl group, whereas PenV incorporates an additional oxygen atom between 

the phenyl ring and the α-carbon atom. 

 

Figure 3-6: Structure formulas of potential cross-reactants with structural similarity to AMX. 

The respective calibration curves that were obtained for these cross-reactants both before 

and after hydrolysis show distinct differences. Following its high structural similarity, the curve 

of AMP resembles the trend of AMX with an equally high C value prior to hydrolysis that is 

decreased after hydrolysis to the same extent (Figure 3-7 & Table 3-2). The penicillins PenG 

and PenV behave similarly to each other indicating that the introduction of the additional oxy-

gen atom in PenV does not have any relevant influence on binding to the antibody. Both 

yielded congruent calibration curves before as well as after hydrolysis, the C values of which 

are significantly decreased compared to AMX and AMP. This implies that the α-amino group 

rather exerts an impeding influence on antibody binding than supporting it. Electrostatic ef-

fects may be identified as the reason for this. Following the assumption that the antibody was 

not raised against AMX but AMX-A, which incorporates an additional carboxyl group that 

would be deprotonated and therefore negatively charged under physiological conditions, an 

amino group would have the opposite effect becoming protonated and thus adding a positive 

partial charge to the molecule. As a consequence, the antibody’s binding affinity towards 

these compounds would be diminished. The behavior of CRB which contains an additional 
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carboxyl group already in the unhydrolyzed form, supports this hypothesis. CRB exhibits a 

markedly lower C value than all other penicillins tested even prior to hydrolysis. In this context, 

the carboxyl group’s exact position in the molecule may only play a subordinate role. On the 

other hand, the C value of CRB is only slightly decreased further upon hydrolysis, suggesting 

that the generation of another carboxyl group exerts an inferior supporting effect on antibody 

binding than the first carboxyl group. 

 

Figure 3-7: Calibration curves of cross-reactants compared to AMX before hydrolysis (a) and after hydroly-
sis (b). For normalization, the highest O.D. value for each calibrator series was set to 1, the lowest to 0. 

Table 3-2: Summary of C values and cross-reactivities of the single cross-reactants prior to and after hy-
drolysis. 

Cross-

reactant 

C value before 

hydrolysis 

CR before hydrolysis (related 

to AMX before hydrolysis) 

C value after 

hydrolysis 

CR after hydrolysis (related 

to AMX after hydrolysis) 

AMP 1.3·103 nM 110 % 36 nM 110 % 

PenG 700 nM 210 % 11 nM 340 % 

PenV 700 nM 210 % 12 nM 330 % 

CRB 11 nM 13000 % 3.8 nM 1000 % 

 

With this, diverging trends regarding the CR of the individual penicillins pre- and post-hydroly-

sis can be concluded (Table 3-2). While the CR of AMP remains fairly unchanged before and 

after hydrolysis, it increases noticeably for PenG and PenV after hydrolysis and is decreased 

dramatically for CRB upon hydrolysis. Nevertheless, the CR of CRB is still the highest of all 

investigated penicillins even after hydrolysis with 1000 % or in other words a 10-fold higher 

affinity of the antibody to hydrolyzed CRB than to hydrolyzed AMX. The increasing CR of PenG 
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and PenV following hydrolysis indicates that the formation of the respective open-ring form 

(penicilloic acid) proceeds with a higher yield, or that less by-products are formed. For in-

stance, they could not form the respective diketopiperazine (analogue to AMX-P) by intramo-

lecular condensation as this would require an α-amino group which they do not incorporate 

other than AMX and AMP. As it was shown, the diketopiperazine has a lower affinity towards 

the antibody which would decrease the CR again. 

3.2.3. Sample analysis 

With regard to real samples, these cross-reactants will only be of subordinate relevance since 

AMX is by far the most frequently applied penicillin antibiotic in human and veterinary medi-

cine and does therefore have the highest pertinence as environmental contaminant in this 

compound class [38-40]. In order to utilize the antibody A1463 for the quantification of AMX 

in water samples in the absence of an alternative and despite its higher affinity towards 

AMX-A, an analytical strategy was pursued in which calibrators and samples are hydrolyzed 

prior to analysis to benefit from the higher affinity and therefore reduced LOD by formation 

of AMX-A. The LOD of the assay was determined according to the precision profile (Figure 3-8) 

and amounts to 3 nmol/L (1 µg/L) at a relative error of concentration < 30 %. The upper limit 

of the measurement range is reached at a concentration of 7 µmol/L. 

 

Figure 3-8: Calibration curve (black) of the ic-ELISA for the determination of AMX and the precision profile 
(red) derived from it. 

Within this measurement range, the assay was validated with spiked tap water (TW) and min-

eral water (MW) samples. In that, mostly reasonable consensuses of spiked and determined 

concentration were found (Figure 3-9a, Table 6-1 & Table 6-2 in the annex). Merely, in sam-

ples of low AMX concentration or MW samples with high calcium content (MW3 and MW5), 

underestimations occurred which would lead to false negative results in those samples that 
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fulfill both these premises (P14 and P24). The mean recovery rate in the first measurement 

series was 75 % (median: 80 %) while this value decreased to 64 % (median: 71 %) in the sec-

ond measurement series with the same samples on the following day (Figure 3-9b). This sug-

gests that the samples which are subject to on-going hydrolysis of the contained AMX should 

be analyzed shortly after preparation to prevent falsified measurement results. Upon storage, 

the AMX in the samples could be degraded to HPs other than AMX-A which would then not 

be convertible to AMX-A anymore in the hydrolytic sample preparation. The consequence of 

this would be the underestimations as observed here which will carry more weight with in-

creasing storage time. 

 

Figure 3-9: a) Comparison of spiked and determined concentrations of AMX in water samples. b) Recovery 
rates in two series of measurement with the same samples (n = 24) on consecutive days (TW – tap water, 
MW – mineral water). 

Since the applied analytical strategy converts the AMX contained in the samples quantitatively 

to the HP AMX-A which could also be generated partially by hydrolysis on its own, another 

approach to clarify the original degree of hydrolysis of AMX in the samples was evolved. This 

degree of hydrolysis in the original sample may be determined by performing two analyses in 

the assay, one with the hydrolytic sample preparation step and one without, and comparing 

the two measured values afterwards. With that, clear differences were identified in the analy-

sis of TW on the one hand and MW on the other. While in the MW samples the concentrations 

determined without hydrolysis were throughout lower than those obtained with hydrolysis, 

the trend was completely inverse for TW samples (Table 3-3). This implies that in the MW 

samples the contained AMX was substantially unchanged (not hydrolyzed). Following the de-
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given concentration level which however would correlate with lower concentrations on the 

calibration curve, causing the observed underestimations in comparison with hydrolyzed 

AMX. The opposing trend in TW on the other hand suggests that AMX was already hydrolyzed 

in these samples prior to the hydrolytic sample preparation and analysis in the assay, indica-

ting differences in the hydrolysis rate of AMX in different types of water. This was henceforth 

investigated in more detail. 

Table 3-3: Comparison of AMX concentrations in water samples determined by means of ic-ELISA with and 
without preceding hydrolytic sample preparation (blank samples are marked with asterisks). 

Sample 
Concentration determined / (nmol/L) 

with hydrolysis </> without hydrolysis 

TW 

P1 220 < 330 

P2 16 < 28 

P3 610 < 1400 

P4 100 < 170 

MW1 

P5 11 > 0 

P6 100 > 2.8 

P7 300 > 13 

P8 190 > 6.3 

MW2 

P9* 0 = 0 

P10 26 > 0 

P11 420 > 10 

P12 130 > 2.7 

MW3 

P13 110 > 0 

P14 0 = 0 

P15 26 > 0 

P16 270 > 13 

MW4 

P17 920 > 31 

P18 33 > 0 

P19 5.1 > 0 

P20 170 > 5.6 

MW5 

P21* 0 = 0 

P22 210 > 4.4 

P23 41 > 0 

P24 0 < 2.8 

 

3.3. Hydrolysis of amoxicillin in different types of water  

The data shown and discussed in this section have been published elsewhere [176]. 

In order to investigate the hydrolytic behavior of AMX in water thoroughly and elucidate dif-

ferences regarding the rate of hydrolysis, the occurrence of distinct HPs as well as their stabi-

lity, different water types were sampled (Table 3-4), spiked with AMX at two concentration 

levels (10 and 100 µg/L), and subsequently stored under three different conditions: a) at 4 °C 

in the dark, b) at 20 °C in the dark and c) at 20 °C exposed to sunlight. Over a period of two 
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months, aliquots of these samples were taken regularly and analyzed by means of LC-MS/MS 

to monitor the concentration of AMX and the four most relevant HPs AMX-A, AMX-P, AMA, 

and HPP. 

Table 3-4: Summary of the investigated water types including details on sampling procedure, preparation, 
and properties. 

Sample Sampling day Sample description and handling Sampling site pH value 

Tap water (TW) 2021/10/25 From a water cooler BAM, building 8.05, 

foyer 

7.68 ± 0.01 

Mineral water 

(MW) 

2021/06/09 Bottled water, non-carbonated, 

Lichtenauer Pur, BBD 2021/08/31, 

stored at -20 °C until use 

- 8.03 ± 0.02 

Surface water 

(SW) 

2021/06/08 Teltowkanal (canal), filtered 

through 0.45 µm regenerated cellu-

lose filter, stored at -20 °C until use 

Ernst-Ruska-Ufer, 

12489 Berlin 

7.92 ± 0.01 

Ultrapure water 

(MQ) 

2021/10/25 From water purification system BAM building 8.05, 

room 395C 

7.00 ± 0.01 

 

3.3.1. Hydrolysis kinetics of amoxicillin 

In the course of this investigation, the assumption of a higher hydrolysis rate of AMX in TW 

could be confirmed. Within two days at 4 °C or one day at 20 °C – independent of irradiation 

by sunlight – AMX was converted completely from both starting concentrations tested (Fig-

ure 3-10a). The course of degradation is best described by an exponential curve with a very 

high slope. Already in the first analysis that was executed six hours after preparation of the 

samples, the signal intensity (peak area in the chromatogram) was decreased to 15 % com-

pared to a reference sample in MQ. Accordingly, the majority of AMX hydrolyzed within this 

time span in TW. 

In MW, AMX was traceable for up to seven days at 4 °C and at least two days at 20 °C which 

suggests a slower hydrolysis rate than in TW (Figure 3-10b). A possible influence of irradiation 

by sunlight appears negligible here as well. However, in MW a clear concentration dependency 

of the hydrolysis rate was evident. From a starting concentration of 10 µg/L, the exponential 

decay reached its endpoint already after one day under all tested storage conditions. This 

could indicate a catalyzed reaction the rate of which is limited by the concentration of the 
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catalyst. Accordingly, the catalyst concentration would have been higher in TW so that higher 

concentrations of AMX (100 µg/L) were converted quickly as well. A relevant influence of the 

pH value on the hydrolysis rate may be ruled out here since MW exhibited the highest pH of 

all investigated water samples and should therefore cause the highest rate of hydrolysis which 

was not the case. 

 

Figure 3-10: Degradation kinetics of AMX hydrolysis in different types of water monitored by LC-MS/MS: 
a) TW, b) MW, c) SW, d) MQ. Relative intensities correlate with peak areas in the chromatograms and 
were determined with reference to AMX in MQ at 4 °C. 

The hydrolysis of AMX in SW proceeded substantially slower and was more dependent on the 

temperature (Figure 3-10c). At 4 °C, small amounts of AMX (5-10 %) were still present at the 

end of the covered time span of eight weeks. At 20 °C, again independent of irradiation by 

sunlight, an exponential decay of the AMX concentration was observed, however with a dis-

tinctly gentler slope than for TW and MW. The strong temperature dependency of hydrolysis 

in SW points to a non-catalyzed reaction in this case. From that, a higher relevance of anti-

biotic contamination in SW than in TW or MW can be derived since a prolonged residence 

time of the parent compound in water may promote the evolution of antimicrobial resistance. 
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Following the observed temperature dependency of the hydrolysis, this can further be con-

sidered a seasonal problem with higher significance in cold weather conditions. 

In MQ (Figure 3-10d), AMX appeared to be relatively stable at 4 °C where no clear decay of 

the concentration was ascertained after eight weeks which is why this sample was considered 

as a reference for the remaining samples. Merely, at 20 °C a slow descent of the AMX concen-

tration was evident with at least 70 % of the original AMX still present after eight weeks. 

In order to determine the reason for these strongly diverging hydrolysis kinetics in different 

types of water, the blank water samples were analyzed by means of inductively coupled 

plasma (ICP)-MS since differences in the concentration of certain metal ions may have an im-

pact on the rate of hydrolysis [65]. In this context, it was reported previously that copper, zinc, 

nickel, and cobalt ions can catalyze the hydrolytic cleavage of the β-lactam ring and accelerate 

the reaction by a factor of up to 108 [177]. For most of the investigated metal ions (Al, V, Cr, 

Co, Ni, As, Rb, Mo, Ag, Cd, and Pb), the analysis revealed mass fractions of < 10 ppb likewise 

in all water samples (Figure 3-11). The earth alkaline metals strontium (320-550 ppb) and bar-

ium (52-85 ppb) were found in TW, MW and SW in equally high amounts which renders it 

improbable that these influence the rate of hydrolysis significantly. Iron and especially man-

ganese were present in SW in substantially higher mass fractions than in TW or MW. However, 

as long as these ions do not possess any inhibitory potential on the hydrolysis of AMX which 

has not been reported yet, they can be ruled out as the cause for the diverging degradation 

kinetics. 

Instead, the observed differences can be attributed to the content of copper and zinc ions. 

Both were present in TW at similarly high mass fractions of 138 ± 21 ppb and 148 ± 22 ppb, 

respectively, which explains the significantly faster hydrolytic degradation of AMX in this wa-

ter type considering the catalytic potential of these ions in the ring-opening reaction. As the 

investigated MW contained at least 15.8 ± 2.4 ppb copper which exerts the highest catalytic 

ability in β-lactam hydrolysis [177], but no zinc (< 1 ppb), small amounts of AMX (10 µg/L) were 

still hydrolyzed quickly in this water type but the complete degradation of higher AMX con-

centrations (> 100 µg/L) required longer reaction times as the concentration of the catalyst 

(Cu2+) is rate-determining here. As SW contained neither copper nor zinc in substantial 

amounts, the hydrolysis of AMX was not catalyzed here and was therefore more temperature-

dependent than it was in TW and MW. 
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Figure 3-11: Mass fractions of selected metal ions in the water samples (HQ – reference ultrapure water) 
quantified by ICP-MS. 

In conclusion, copper and zinc exhibit a high influence on the stability of AMX in aqueous so-

lution, especially at the low environmentally relevant concentrations that were investigated 

here. These findings may also give rise to new methods for water treatment. Accordingly, the 

risk of potential antimicrobial resistance evolution could be minimized through deactivation 

of AMX and other penicillins by contact to copper surfaces which would coincidentally have 

an antibacterial effect [178]. 

3.3.2. Occurrence and stability of hydrolysis products 

As a consequence of the varying hydrolysis rates of AMX in different water types, distinct dif-
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concentration in both cases (Figure 3-12c). Under additional irradiation by sunlight, the maxi-

mum relative intensity was reached earlier but with less than 20 %, it appears significantly 

lower compared to the samples stored under exclusion of sunlight. This indicates that AMX-A 

is more light-sensitive than AMX or irradiation-induced processes dominate the further degra-

dation pathway of AMX-A. The reference samples in MQ showed that a fraction of AMX was 

also converted to AMX-A here, even though to a much smaller extent (Figure 3-12d). Accord-

ingly, the maximum intensity was passed at less than 20 % at 20 °C, while at 4 °C less than 5 % 

of AMX was hydrolyzed to AMX-A. Furthermore, no evident decay in the AMX-A concentration 

was observed so that a sufficient stability of AMX-A under these conditions can be assumed. 

This is why, a sample of AMX-A in MQ at 4 °C was used as a calibrator to compare the signal 

intensities. 

 

Figure 3-12: Formation and degradation of AMX-A under different storage conditions in different types of 
water, monitored by LC-MS/MS: a) TW, b) MW, c) SW, d) MQ. Relative intensities were determined with 
reference to a standard solution of 100 µg/L AMX-A in MQ stored at 4 °C and were counted back to the 
initial concentration of AMX under consideration of the different molar masses. 
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Figure 3-13: Formation and degradation of AMX-P under different storage conditions in different types of 
water, monitored by LC-MS/MS: a) TW, b) MW, c) SW, d) MQ. Relative intensities were determined with 
reference to a standard solution of 100 µg/L AMX-P in MQ stored at 4 °C and were counted back to the 
initial concentration of AMX under consideration of the different molar masses. 
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reagents. Besides, in MQ a steady increase of the AMX-P concentration was found at 20 °C 

while at 4 °C almost no AMX-P was traceable (Figure 3-13d). 

 

Figure 3-14: Formation and degradation of AMA under different storage conditions in different types of 
water, monitored by LC-MS/MS: a) TW, b) MW, c) SW, d) MQ. Relative intensities were determined with 
reference to a standard solution of 100 µg/L AMA in MQ stored at 4 °C and were counted back to the initial 
concentration of AMX under consideration of the different molar masses. 
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and the subsequent rapid decay at 20 °C with irradiation point towards a high sensitivity of 

AMA towards (sun)light. Furthermore, at 20 °C in the dark, the contrary concentration de-

pendency compared to the AMX-P formation was found for the AMA yield. Here, at a higher 

starting concentration of 100 µg/L AMX, relatively more AMA was formed than from 10 µg/L. 

This indicates that under the conditions applied here, the reactions yielding AMA and AMX-P 

are in direct competition to each other. In MQ, the highest amounts of AMA were found at 

20 °C under exclusion of sunlight as well. However, the reaction rate appeared to be lower 

than in SW and in total less AMA was produced with a yield of under 2 % (Figure 3-14d). Like-

wise, under the influence of sunlight, significantly reduced concentrations of AMA were de-

tected which supports the assumption of its light sensitivity. Meanwhile, at 4 °C, practically no 

AMA was present over the entire time period covered in this study. 

The considered stable end-product of AMX hydrolysis, HPP, was detectable in most of the 

samples at high concentration levels, particularly upon longer storage time. In TW and MW, 

the formation proceeded rather fast at 20 °C and followed the course of a saturation curve 

(Figure 3-15a&b). Under additional irradiation by sunlight, the maximum was reached in less 

time in TW, potentially because the formation of certain UV-dependent precursors is favored. 

However, the subsequent continuous decrease in the HPP concentration suggests that HPP is 

not unreservedly stable under these conditions. Due to its extended π system, HPP may ab-

sorb UV light which could instigate further degradation processes. This decrease of the HPP 

concentration was not as obvious in MW as it was in TW, but still evident and could also be 

seen in SW (Figure 3-15c). Hence, the presumption of HPP being a stable end-product of AMX 

hydrolysis may be disproven at least under the influence of sunlight. Instead, the further UV-

induced degradation could lead ultimately to complete mineralization of AMX as previous 

studies with regard to photocatalysis suggest [179-180]. At 4 °C, the formation of HPP in TW 

and MW proceeded more slowly but eventually led to similar amounts as at 20 °C. Contrarily, 

in SW, distinct differences depending on the temperature could be recognized. At 4 °C, HPP 

was found only in traces, even after eight weeks. This is indicative of another hydrolytic step 

in the hydrolysis pathway from AMX to HPP that could be catalyzed by copper and zinc ions in 

TW and MW. In MQ (Figure 3-15d), HPP was found in smaller amounts even at 20 °C, while at 

4 °C nearly no HPP was detected. This could be related to the lower yield as early as in the first 

hydrolysis step converting AMX to AMX-A. 
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Figure 3-15: Formation and degradation of HPP under different storage conditions in different types of 
water, monitored by LC-MS/MS: a) TW, b) MW, c) SW, d) MQ. Relative intensities were determined with 
reference to a standard solution of 100 µg/L HPP in MQ stored at 4 °C and were counted back to the initial 
concentration of AMX under consideration of the different molar masses. 
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investigated time frame, AMX represented the main species here, before AMX-A took the 

leading role after approximately six weeks storage time. Deviant from the other samples, 

AMX-P was found as the third most abundant compound in SW, outranging HPP. In MQ, con-

trarily, AMX could be identified as the main species over the entire period of eight weeks dur-

ing which only a small portion was converted to AMX-A (Figure 3-16d). 

 

Figure 3-16: Product distribution during AMX hydrolysis at 4 °C starting from 100 µg/L AMX in a) TW, 
b) MW, c) SW, d) MQ. 
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the degradation of AMX and AMX-A while the share of AMX-P was only slightly elevated com-

pared to storage at 4 °C. The percentage of AMX converted to AMX-A in MQ was further ele-

vated at 20 °C but still AMX constituted the majority of the product mixture even after eight 

weeks. 

 

Figure 3-17: Product distribution during AMX hydrolysis at 20 °C under exclusion of sunlight starting from 
100 µg/L AMX in a) TW, b) MW, c) SW, d) MQ. 

The additional irradiation by sunlight caused no apparent differences in the product distribu-

tion in TW (Figure 3-18a) or MW (Figure 3-18b) apart from the already discussed potentially 

UV-induced degradation of HPP. In SW (Figure 3-18c), AMA was omitted as a relevant product 

while the total product elucidation rate was reduced to 20 % again, where AMX-P and HPP 

were the only products identified after eight weeks. For samples in MQ (Figure 3-18d), no 

evident differences regarding product distribution or AMX degradation could be recognized. 

The respective data for samples with a starting concentration of 10 µg/L AMX can be found in 

the annex (Figure 6-1 – Figure 6-3). 
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Figure 3-18: Product distribution during AMX hydrolysis at 20 °C under irradiation by sunlight starting from 
100 µg/L AMX in a) TW, b) MW, c) SW, d) MQ. 

From these data, it can be deduced that HPP does not represent a stable end-product of AMX 

hydrolysis under the influence of sunlight (UV light), but it is a main product in most of the 

water samples. Hitherto, it remained unclear via which pathway HPP is formed. Because the 

increase in HPP concentration was not accompanied by a decrease in the amount of AMX-P 

which appeared rather stable in SW, it may be ruled out as a precursor for HPP. This seemed 

to be conceivable since AMX-P features the same double ring structure as HPP and would only 

require aromatization of the diketopiperazine as well as cleavage of the thiazolidine ring for 

conversion to HPP. Instead, a mechanism analogous to that proposed recently by YAN et al. for 

the biotic degradation of AMX appears more probable here [181]. 

Accordingly, the formation of HPP proceeds via AMX-A which is cleaved hydrolytically into 

N-[amino(4-hydroxyphenyl)acetyl]glycine (1) and 2-hydroxy-5,5-dimethylthiazolidine-4-car-

boxylic acid (2) (Figure 3-19). This hydrolytic step could also be catalyzed by the copper and 

zinc ions in TW and MW similarly to the hydrolysis of AMX to AMX-A which would explain why 
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HPP was found in SW – where no catalysis could occur due to the lack of copper and zinc – 

only in traces at 4 °C but in higher yield at 20 °C. The same strong temperature-dependency 

of the hydrolytic cleavage was found for the conversion of AMX to AMX-A in this water type 

(cf. Figure 3-16c & Figure 3-17c). Following its instability, 2 will be subsequently transformed 

to 5,5-dimethyl-4,5-dihydrothiazole-4-carboxylic acid (3) by dehydration or via ring opening 

to penicillamine (5) which would dimerize to the corresponding disulfide (6). On the other 

side, 1 is converted to 3-(4-hydroxyphenyl)-2,5-diketopiperazine (4) by intramolecular con-

densation before 4 yields HPP via dehydration and aromatization of the diketopiperazine. 

 

Figure 3-19: Proposed degradation pathway of AMX to yield HPP with intermediate products and addi-
tional by-products including the respective sum formulas and exact molecule masses in atomic mass units 
(u) which are of relevance for the identification via MS. 

Evidence for this degradation pathway was found in the LC-MS/MS analysis of the water sam-

ples in TW and MW. The extracted ion chromatograms (XICs) recorded after short storage 

time show two additional peaks with the same mass transitions as HPP (m/z 189 -> 171 & 
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m/z 189 -> 120) at retention times of tR = 1.8 min und tR = 2.3 min (Figure 3-20). The respec-

tive peak areas decreased with ongoing storage time of the samples while the signal intensity 

of HPP increased. This indicates that the corresponding compounds are precursors of HPP. 

 

Figure 3-20: XIC of the sample 100 µg/L AMX in TW at 20 °C after 6 h. 

A full-scan MS analysis of a sample with 100 mg/L AMX in TW revealed that the mass spectrum 

of the chromatographic peak at tR = 2.3 min shows signals at m/z 207 as well as at m/z 225 

(Figure 3-21). The first could be attributed to the protonated molecular ion of 4 and the latter 

to [1+H]+. An additional, more intense signal in the spectrum at m/z 189 which refers to HPP 

suggests that this is the most stable species in the reaction sequence and is therefore formed 

in the gas phase within the mass spectrometer as well. 

 

Figure 3-21: Mass spectrum of the chromatographic peak at tR = 2.3 min with signals for HPP and the sup-
posed precursors 1 and 4. 
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Due to overlay with matrix signals (see Figure 3-23), the chromatogram peak at tR = 1.8 min 

could not be analyzed so that a final assignment of the individual peaks to compounds 1 and 

4 could not be accomplished. However, the intermediate formation of 1 and 4 on the hydroly-

sis path to HPP is further substantiated by the observed minima between the degradation of 

AMX-A and the increase in HPP concentration in TW and MW (cf. Figure 3-16 – Fig-

ure 3-18a&b, respectively). On top of that, an alternative degradation pathway supposed by 

ROBINSON-FUENTES et al. for the AMX analogue AMP via the intermediates penamaldic acid, 

maldic acid and penilloaldehyde may be ruled out here as no evidence for these intermediates 

was found [182]. The degradation pathway suggested here is further supported by another 

peak in the total ion chromatogram (TIC) at tR = 2.6 min with the corresponding mass spec-

trum featuring a prominent signal at m/z 297. This can be ascribed to the protonated molec-

ular ion of 6 so that the peaks in the TIC can be assigned as shown in Figure 3-23 where signals 

for AMX, AMX-A, HPP, 1, 4, and 6 could be identified. 

 

Figure 3-22: Mass spectrum of the TIC peak at tR = 2.6 min with the most intense signal for the protonated 
molecular ion of 6. 

As mentioned above, due to the maximum yield of 33 % AMX converted eventually to HPP, 

the formation of additional HPs has to be considered, particularly to explain the diverging 

whereabouts of the phenolic ring as a distinctive structure motif. Alternatively to the degra-

dation pathway described before, where the C-C bond next to the thiazolidine ring in AMX-A 

is broken, hydrolytic cleavage of the amide bond appears conceivable as well which would 

lead to 2-[amino(carboxy)methyl]-5,5-dimethyl-1,3-thiazolidine-4-carboxylic acid (7) and 



 Results and Discussion  

50 
 

amino-(4-hydroxyphenyl)acetic acid (8) (Figure 3-24). This path was already discussed in liter-

ature [64] but evidence for the formation of 7 or 8 was not found here either. 

 

Figure 3-23: TIC of the sample 100 mg/L AMX in TW at 20 °C with assignment of the peaks to known inter-
mediate products of AMX hydrolysis. 

 

Figure 3-24: Alternative degradation path starting at the stage of AMX-A, the amide bond of which is 
cleaved hydrolytically to yield 7 and 8. 

In conclusion, these findings – also supported by the results in section 3.2.3 – point to the 

following sampling and measurement strategy: Samples of TW and MW should be analyzed 

as soon as possible after sampling. This is especially important for immunoanalytical tech-

niques as the concentrations of AMX and the metabolite AMX-A will rapidly decrease. Since 

the latter is crucial for the immunoanalytical quantification due to its higher affinity towards 

the antibody, the following degradation via 1 and 4 to HPP would impede the analysis of the 

samples as HPP cannot be converted back to AMX-A by sample preparation. 

This further underlines the need for an integrated diagnostic system for drinking water supply 

which enables timely analysis of the drinking water regarding contamination with AMX or 

AMX-A which would also allow conclusions to be drawn about the presence of antimicrobial-

resistant bacteria. 
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3.4. Magnetic bead-based immunoassay for amoxicillin 

Some of the data shown and discussed in this section have been published elsewhere [183]. 

In order to develop such an integrated diagnostic system based on immunosensors, the 

above-described immunoassays in the ELISA format (sections 3.1 and 3.2) had to be trans-

ferred to a mobile platform. Here, magnetic microparticles (beads) appeared useful as they 

consist of a manipulable surface that allows the coupling of immunoreagents, and a super-

paramagnetic iron oxide core enabling reversible immobilization of the beads and therefore 

overcoming the necessity of a microplate with high-binding surface. Furthermore, the beads 

can be kept in suspension during incubation steps to benefit from the accelerated diffusion 

between solution and the mobile bead surface. For washing steps, the magnetic beads can be 

immobilized by an external magnetic field to remove non-specifically bound species with wash 

solution, thus reducing the background signal in subsequent detection. 

In general, as for the ELISA, two different formats are conceivable for the magnetic bead-

based assay (MBBA): an ic-MBBA with analyte molecules immobilized on the surface of the 

beads competing with the analyte in solution (sample) to bind the corresponding antibody – 

this format was chosen for the analyte DCF (see section 3.5) – or a dc-MBBA with the antibo-

dies immobilized on the bead surface to which either the analyte or a tracer as competitor will 

bind. In the light of the revealed hydrolysis issue of AMX, this approach seemed more effective 

as no coupling reaction for the immobilization of AMX on the bead surface was necessary 

during which hydrolysis of the β-lactam ring could occur. A respective AMX-HRP tracer (from 

Squarix) is commercially available so that the established detection with the substrate TMB 

could be conducted in a dc-MBBA using the previously employed anti-AMX mAb A1463 (cf. 

section 3.2). 

The necessary coupling of the antibody to the functionalized silica surface of the magnetic 

beads can be achieved either covalently or non-covalently. Strategies for covalent coupling 

use, for instance, glutaraldehyde to crosslink amino functions of the antibody with those on 

the bead surface, or beads with tosyl-activated surface which forms covalent bonds with the 

antibody’s amino functions as well [184]. Such covalently modified beads have the advantage 

that they can be prepared in large amounts and may be taken from this stock when needed. 

Since the bond is permanent, this kind of beads could generally be used more than once, pro-

vided that the antibody-bound molecules can be eluted without denaturing the antibody. Due 
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to potential carryover, a multiple usage of the beads did not appear feasible for the target 

application so that covalent coupling of the antibody to the beads was not necessary. Instead, 

the non-covalent coupling was achieved just before employing the beads in the assay. To this 

end, protein G-functionalized magnetic microparticles (Thermo Fisher Scientific) were used, 

the advantage of which lies in their highly affine and selective binding of IgG antibodies in the 

Fc region, allowing for an optimal orientation of the antibodies on the bead surface with maxi-

mum binding capacity. Different from the likewise frequently applied combination of strept-

avidin-coupled beads and a biotinylated antibody, no additional reaction step such as the bio-

tinylation of the antibody is necessary. Optionally, the antibody could be linked covalently to 

the protein G by additional crosslinking, preferably by pre-activation crosslinking to prevent 

the loss of binding capacity by unwanted crosslinks in the antigen binding domain [185]. How-

ever, since the beads and antibody are intended for single use, this was not pursued here. 

The development and optimization of the MBBA were performed in microtiter plates with 

non-binding surface to investigate different parameters and samples at the same time. In view 

of the final application in the immunosensor, the analysis could also be performed in any other 

closed cavity and in single measurements. After 30 min of incubation to load the protein G 

beads with the antibody A1463 and subsequent washing, they were pre-incubated with the 

sample (or a calibrator) to reduce the LOD. A pre-incubation time of 20 min in advance of 

20 min incubation with the tracer was found to be adequate to obtain a sufficiently low LOD 

on the one hand and a high maximum signal intensity on the other. After the subsequent in-

cubation with the tracer, the beads were washed thrice with washing buffer. The time needed 

to collect the beads quantitatively with the magnet was found to be 90 s. Following the last 

washing step, addition and conversion of the substrate TMB in the presence of hydrogen per-

oxide took place for 15 min with subsequent optical detection. The total duration for this as-

say, the single steps of which are represented in Figure 3-25, added up to less than 60 min 

which signifies a major improvement compared to the ELISA format. 

In order to save further time in the sample preparation, the use of the enzyme β-lactamase 

from Bacillus cereus to hydrolyze the AMX in samples and standards was tested. This enzyme, 

which is also responsible for the evolution of antimicrobial resistance against penicillin anti-

biotics, catalyzes the hydrolytic cleavage of the β-lactam as well. At a temperature of 37 °C, 

the highest enzyme activity was observed so that the hydrolysis of AMX could be accomplished 
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within 1 h instead of 3 h with 0.2 M sodium hydroxide at RT. Moreover, the dilution of the 

samples which was inevitable when using sodium hydroxide, could be circumvented by em-

ploying the enzyme. Therefore, the assay’s LOD should be further reduced. 

 

Figure 3-25: Flow chart and time schedule for the steps of the dc-MBBA for the determination of AMX. 
a) 20 min pre-incubation of the particle-bound antibody with the sample, b) incubation with added AMX-
HRP tracer, c) threefold washing to remove unbound tracer, 90 s to collect the beads with a magnet after 
each washing step, d) addition of the substrates TMB and hydrogen peroxide, reaction for 15 min, e) stop-
ping of the substrate conversion by addition of sulfuric acid, f) measurement of the optical density in a 
photometer while beads are separated from the solution using a magnet. 

Parallel to the dc-MBBA, a dc-ELISA for the quantification of AMX was developed by BOHM 

[186] to compare the analytical parameters of both formats. This dc-ELISA (for the process 

scheme cf. Figure 1-10a) also utilized the antibody A1463 as well as the AMX-HRP tracer em-

ployed in the dc-MBBA and allowed the quantification of AMX in water with an LOD of 7 µg/L 

and a maximum quantifiable concentration of 1.7 mg/L. Due to the above-mentioned optimi-

zations, the LOD could be reduced to 1 µg/L in the dc-MBBA which is equivalent to the LOD of 

the ic-ELISA (cf. section 3.2.3). In addition to the distinctly shorter analysis time, the MBBA 

therefore exhibits another advantage over the ELISA with the improved LOD which may be 

ascribed to the faster diffusion of AMX to the magnetic bead surface promoting the binding 

to the antibody at lower analyte concentrations. The upper limit of the measurement range 
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of the dc-MBBA (1.4 mg/L) is comparable to that of the dc-ELISA so that the MBBA enables 

measurements across an extraordinarily broad concentration range (Figure 3-26). 

 

Figure 3-26: Comparison of the calibration curves (black) and precision profiles (red) of the dc-MBBA (solid 
lines) and the dc-ELISA (dashed lines), and the resulting measurement ranges of the ELISA (yellow) and the 
MBBA (yellow + green). 

Within this measurement range, however, no sufficiently contaminated real samples were ex-

pected so that the validation of the assay was conducted with spiked samples in different 

types of water (MQ, TW, MW, SW). By that, acceptable recovery rates close to 100 % were 

found for samples in MQ, MW and SW (Figure 3-27 & Table 6-3 in the annex) yielding overall 

better consistency with the spiking values than the ELISA in both the ic- (cf. section 3.2.3) and 

the dc-format [186]. Of the 24 samples (six of each water type), the respective blank sample 

was identified correctly. In the remaining 20 spiked samples, the concentration of AMX was 

determined with a maximum deviation of 10 % for ten samples. In another four samples, the 

deviation was between 10 % and 30 %. Only in TW samples, strong overestimations occurred 

which could again be attributed to the higher hydrolysis rate of AMX in this water type (cf. 

section 3.3.1). The AMX-A produced by quick hydrolysis, with its higher affinity to the anti-

body, causes less tracer binding to the antibody which results in lower signal intensities. Be-

cause these lower O.D. values correlate with higher AMX concentrations on the calibration 

curve, the observed overestimations are the result. This effect is stronger the higher the initial 

AMX concentration in the samples was so that at the highest AMX starting concentration the 

highest overestimation was found with 405 % (see Table 6-3). Since the blank sample was cor-

rectly identified in TW as well, a matrix effect can be ruled out as the reason for these overes-

timations. 
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Figure 3-27: Recovery rates in the determination of AMX concentrations of spiked samples in different 
types of water with the dc-MBBA (n = 6). For correctly identified blank samples, a recovery rate of 100 % 
was set. 

In conclusion, the MBBA possesses distinct advantages over the ELISA with a greatly reduced 

time of analysis (1 h vs. 3 h, not accounting for the time-consuming coating of the microplate) 

as well as a broader measurement range in the case of AMX with an enhanced LOD and better 

recovery rates in the sample analysis. Moreover, the magnetic beads enable the intended im-

plementation of the assay into an integrated diagnostic system for a mobile and automated 

analysis of drinking water (see section 3.7). 

3.5. Magnetic bead-based immunoassay for diclofenac 

Some of the data shown and discussed in this section have been published elsewhere [187]. 

For the immunoanalytical determination of DCF, a dc-format as it was applied for AMX is not 

applicable. This was already attempted unsuccessfully in the past and could be confirmed in 

this work as well [122]. The main obstacle appears to be the lack of possibility to produce a 

functional tracer in the coupling of DCF to HRP with or without a spacer that would be bound 

by an anti-DCF antibody. It is assumed that this is interrelated with the characteristic of DCF 

acting as a substrate for HRP itself [23]. In this regard, it remains unclear if the coupling of an 

enzyme to its own substrate is possible at all and if so, what happens on the molecular stage 

during this process. 

3.5.1. Coupling of diclofenac to magnetic beads 

Consequently, an ic-format was chosen for the quantification of DCF by MBBA as for the re-

spective ELISA. Hence, the analyte had to be coupled to the surface of magnetic beads first. 

The available carboxyl group of DCF is suited for activation with NHS and DCC so that the 
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resulting active ester was used for the coupling to amino-functionalized magnetic microparti-

cles (BioMag® Plus). However, a subsequent binding test with beads that were reacted with 

DCF active ester revealed a high degree of non-specific binding (NSB) of the secondary sheep 

anti-mouse IgG antibody R1256HRP (OriGene) to these beads which was also observed with 

the untreated beads (Figure 3-28a). Thus, arguably, free amino functions on the bead surface 

were responsible for this NSB so that a strategy to block these groups had to be developed. 

By reaction with organic acid anhydrides like acetic anhydride and especially with the cyclic 

anhydrides succinic anhydride (SA) and glutaric anhydride (GA), the NSB of the secondary an-

tibody could be minimized. Beads that were coupled with DCF active ester in the presence of 

these anhydrides, still showed binding of the anti-DCF mAbs F01G21 and SK60-2E4 which was 

not impaired by the blocking reagents while beads that were only incubated with the anhy-

drides did not show any binding of the anti-DCF antibodies (Figure 3-28b). Therefore, it can be 

deduced that the binding occurred specifically to the DCF moieties on the bead surface. 

 
Figure 3-28: Binding of antibodies to differently treated amino-functionalized magnetic beads: a) binding 
of the secondary antibody R1256HRP to determine NSB, b) binding of the anti-DCF antibodies F01G21 and 
SK60-2E4 to examine the specific binding (SA – succinic anhydride, GA – glutaric anhydride). 

This coupling had to be performed in a one-pot reaction by simultaneous addition of DCF ac-

tive ester and anhydride as shown in the reaction scheme in Figure 3-29. The reaction with 

both components in succession led either to beads that showed high NSB if the reaction with 

DCF active ester was conducted first, or yielded beads that exhibited no binding of the anti-

bodies when conversion with the anhydride was executed first. This implies that only the spe-

cies added first participates in the reaction so that for the successful coupling of DCF and 

blocking of free amino functions, both reactants had to be added at the same time. 
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Figure 3-29: Reaction scheme for the coupling of DCF to amino-functionalized magnetic microparticles 
with concomitant blocking of free amino functions on the bead surface to reduce NSB. 

To compare both blocking reagents, the beads were incubated with a set of DCF calibrators, 

the mouse anti-DCF mAb F01G21 and an HRP-labeled anti-mouse IgG antibody to obtain cali-

bration curves. Here, beads that were blocked with GA yielded a slightly lower C value than 

beads blocked with SA (Figure 3-30a). Because GA was easier to handle due to its higher sta-

bility and solubility in ethanol, it was used in the further optimization of the coupling reaction. 

There it became evident that lower amounts of DCF active ester were beneficial for more re-

producible results regarding the maximum signal intensity in the assay. By using a high excess 

of anhydride, the C value of the respective calibration curve could be further decreased, re-

sulting in a lower LOD. Finally, 0.5 µmol DCF active ester and a 100-fold excess of 50 µmol GA 

per 100 µL bead suspension were determined as the optimal ratio yielding the lowest C value 

during calibration at an adequate signal-to-noise ratio. 

Furthermore, the additional blocking proved to be an effective possibility to tune the binding 

properties of the beads and therefore the analytical performance in the assay. In comparison 

with magnetic beads from another manufacturer (Dynabeads™ M-270 Amine) which did not 

require the blocking step and generally exhibited a lower background signal, the blocked 

Bio-Mag® Plus Amine beads yielded a significantly lower C value in the calibration (Fig-

ure 3-30b). Meanwhile, additional blocking of the Dynabeads resulted in complete inhibition 

of the binding of both anti-DCF antibodies to the bead surface. 
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Figure 3-30: Comparison of calibration curves obtained with DCF-coupled magnetic beads incubated with 
DCF calibrators, the anti-DCF mAb F01G21 and HRP-labeled secondary antibody: a) comparing both block-
ing reagents glutaric anhydride (GA) and succinic anhydride (SA), b) comparing different bead types and 
the influence of blocking. For normalization, the highest O.D. value for each calibrator series was set to 1 
and the lowest to 0. 

Besides, the introduction of a spacer between DCF and the bead surface was pursued as well 

in order to evaluate further potential of improvement in the immunoanalytical detection of 

DCF. For this purpose, Ahx, the amino group of which was protected with a tert-butyloxycar-

bonyl (Boc) protection group, was first converted to the respective active ester by reaction 

with NHS and DCC for the subsequent coupling with amino-functionalized magnetic beads in 

the presence of GA. After deprotection of the Boc group with trifluoroacetic acid (TFA), DCF 

active ester was added to yield DCF-Ahx-coupled magnetic beads. The corresponding reaction 

scheme can be found in the annex (Figure 6-4). 

However, when recording calibration curves with these beads, it became clear that they were 

not suitable for the quantification of DCF at low analyte concentrations since the C values 

were markedly higher compared to those obtained with beads without a spacer (see above). 

For the mAb F01G21, the C values obtained with beads incorporating the spacer and blocked 

with either GA or SA were increased by the factor 100 compared to beads without the spacer 

(Figure 3-31a). For the mAb SK60-2E4 in combination with DCF-Ahx beads, no complete inhi-

bition curve could be obtained in the concentration range up to 10 mg/L DCF (Figure 3-31b). 

Moreover, this antibody showed binding to beads that were coupled with Boc-Ahx only, 

meaning that no DCF was present on the bead surface, which is indicative of a poor selectivity 

of the antibody. This binding could be inhibited by high concentrations of DCF, but the C values 

were still too high to be advantageous in the quantification of DCF (Figure 3-31c). Conse-

quently, the immunoassay was set up with DCF-coupled beads that were blocked with GA. 
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Figure 3-31: Calibration curves in the ic-MBBA with magnetic beads incorporating an Ahx spacer (either 
blocked with glutaric anhydride – GA, or succinic anhydride –  SA) in combination with different anti-DCF 
antibodies: a) DCF-Ahx beads with mAb F01G21, b) DCF-Ahx beads with mAb SK60-2E4, c) Boc-Ahx beads 
with mAb SK60-2E4. For normalization, the highest O.D. value for each calibrator series was set to 1 and 
the lowest to 0 (a), or all values were divided by the maximum value (b & c). 

3.5.2. Development and optimization of the immunoassay 

First of all, the mAb F01G21, which appeared best suited for the quantification of DCF also by 

MBBA, was labeled with HRP for the following investigations. Due to the achieved mean coup-

ling ratio of 2.6 (HRP molecules per antibody) determined by UV/Vis absorption measurement, 

the sensitivity of the assay could be enhanced significantly so that smaller amounts of anti-

body are required to obtain high signal intensities making the assay more cost-effective. More-

over, this strategy allowed to further reduce the analysis time as the incubation with a secon-

dary antibody and the associated washing step were omittable. To further optimize the assay, 

the choice of an appropriate buffer for incubation of beads, antibody, and sample as well as 

the incubation time and the concentrations of the immunoreagents (magnetic beads and anti-

body) were investigated in detail. 
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As a result of the antibody’s robustness (cf. section 3.1), a change in pH or buffer composition 

did not lead to evident shifts of the calibration curve regarding the C value in the MBBA either. 

However, the range between maximum and minimum O.D. values in the optical readout of 

the assay (i.e., between low and high concentrations of DCF, respectively) was changed mark-

edly depending on the buffer that was used for incubation. The largest bandwidth among the 

examined buffers was obtained with a tris(hydroxymethyl)aminomethane (Tris)-based buffer 

containing EDTA at a pH value of 7.6 (Figure 3-32a). Phosphate-buffered saline (PBS) at pH 7.6 

and Tris-EDTA at pH 8.5 both yielded the lowest background signal intensity equally but at the 

same time gave the lowest maximum signal intensity. Thus, either a higher antibody concen-

tration or more magnetic beads would be required to obtain a higher signal intensity. For rea-

sons of cost-effectiveness, this was not considered, though. At a lower pH value of 6.5 in PBS, 

the highest background signal was observed while the maximum signal intensity was rather 

mediocre so that this buffer was not considered for application in the assay either. Conse-

quently, Tris-EDTA (pH 7.6) was chosen for the assay which is further beneficial for the analysis 

of water samples as the contained EDTA serves as a chelator for chaotropic ions such as Ca2+ 

and Mg2+ which are usually present in water. Thus, masking of these ions by complexation 

reduces their negative influence on the interaction between antibody and analyte. 

 

Figure 3-32: Influence of a) selected buffer compositions on the signal range between high and low analyte 
concentration, b) the incubation time of the antibody F01G21-HRP with the magnetic beads on the signal 
intensity distinguished between specific and non-specific binding. 

The incubation time of the beads with the antibody was optimized to the effect that a maxi-

mum O.D. of 1.0 ± 0.1 was achieved. This value was reached reproducibly after 20 min of in-

cubation and was accompanied by a reasonably low background signal from NSB (Fig-

ure 3-32b). Longer incubation times admittedly increased the maximum O.D. but also yielded 
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increased background signals so that an incubation time of 20 min appeared sensible in the 

interest of short analysis times as well. 

With an optimized antibody concentration of 9.3 µg/L and 150 µL of DCF-coupled magnetic 

bead suspension per microplate (equivalent to 1.5 µL per well), sufficiently high signal inten-

sities with reproducibly low C values of the calibration curve were obtained. Overall, the analy-

sis time of the ic-MBBA for the quantification of DCF, the process steps of which are shown in 

Figure 3-33, amounts to less than 45 min. On the one hand, this signifies a remarkable saving 

of analysis time compared to the respective ELISA (4 h without coating of the microplate) and 

furthermore allows an even shorter assay duration than the dc-MBBA developed for AMX (cf. 

section 3.4) as no pre-incubation is necessary here. 

 

Figure 3-33: Schematic sequence of the ic-MBBA for the determination of DCF including duration of each 
step: a) mixing of DCF-coupled magnetic beads with the sample, b) incubation with added HRP-labeled 
anti-DCF antibody F01G21, c) three-time washing to remove unbound antibody, 2 min are required in each 
washing step to collect the beads with a magnet, d) addition of substrates TMB and hydrogen peroxide 
followed by incubation for 15 min, e) stopping of the enzymatic conversion by adding sulfuric acid, f) meas-
urement of O.D. with a photometer. 

While the corresponding ELISA with the same antibody enabled detection of DCF within a 

measurement range of 3 – 150 µg/L [122], the precision profile (Figure 3-34) of the newly de-

veloped MBBA denotes a broader measurement range with both a decreased LOD of 500 ng/L 
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and an increased maximum quantifiable concentration of 250 µg/L so that a higher versatility 

of the assay on both ends of the concentration range was achieved. Consequently, the MBBA 

is not only suited for the quantification of DCF in wastewater with expectably higher concen-

trations but also in TW or SW samples where DCF concentrations are generally lower due to 

dilution effects. 

 

Figure 3-34: Comparison of calibration curves (black) and precision profiles (red) of the MBBA (solid lines) 
and the ELISA (dashed lines) as well as the resulting measurement ranges for the ELISA (yellow) and the 
MBBA (yellow + green). 

3.5.3. Analysis of water samples 

To validate the assay and demonstrate its versatility in the quantification of DCF in water, 

samples of six different water types were taken and analyzed as blank samples as well as after 

addition of a known amount of DCF to cover the whole measurement range of the assay. For 

this, samples of MQ, TW, MW, and SW were used as before, along with samples of groundwa-

ter (GW) and lab water (LW) which were spiked at three different concentration levels each 

so that in addition to the blank samples a total amount of 24 samples was available for analy-

sis. In a microtiter plate, these 24 samples could be analyzed simultaneously in triplicates 

which highlights the high sample throughput of this assay within the short analysis time of 

45 min. The measurement results were also verified by an established LC-MS/MS method for 

the quantification of DCF as contamination of the blank samples could not be ruled out. Here, 

a high consistency of the values determined by MBBA with the concentrations found in LC-

MS/MS analysis was observed (Figure 3-35a). Merely at elevated concentrations, higher devi-

ations from the reference value occurred but this effect could be counterbalanced by repli-

cated measurements with the MBBA so that on average the correlation of the values is re-

markable across the whole concentration range (Figure 3-35b). Throughout the repeated 
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analyses, no false-negative results were obtained meaning that contamination of the water 

samples with DCF could be detected reliably. At the lower end of the measurement range, 

however, a few false-positive results were observed occasionally. The data for the LC-MS/MS 

analysis as well as the single measurements by MBBA have been compiled in the annex (Ta-

ble 6-4 – Table 6-8). 

 

Figure 3-35: Correlation of DCF concentrations determined in the water samples by MBBA with reference 
values from LC-MS/MS analysis (n = 4) in a) a single measurement in triplicates (n = 3), and b) after four-
fold replication and averaging of the mean values (n = 4). Linear regression parameters: a) m = 0.98 ± 0.03, 
R2 = 0.976, b) m = 1.04 ± 0.02, R2 = 0.987. 

Notably, contamination of the SW blank sample (Teltowkanal) with approximately 500 ng/L 

could be detected by the MBBA and was confirmed in the LC-MS/MS analysis. In this context, 

the expected concentration value in each spiked SW sample was exceeded by this amount. 

Compared to previous investigations of the same water in the year 2016 where DCF concen-

trations of 1.9 and 2.1 µg/L were found [188], the value determined here appears significantly 

reduced. However, the DCF concentration will depend on the exact sampling site. For in-

stance, it is known that an inlet for treated wastewater from the WWTP Waßmannsdorf is 

located further downstream of the sampling site used in this work. Expectably, in that area, 

higher concentrations of DCF should be found which are subject to dilution in downstream 

and especially upriver direction. 

Furthermore, the statistical trueness of the MBBA was evaluated. For this purpose, recovery 

rates were determined in four distinct measurements (each in triplicate) with respect to the 

LC-MS/MS reference analysis. Here, mean recovery rates between 96 and 139 % and an over-

all mean recovery rate of 116 % were found (Figure 3-36a). Values higher than 100 % were 

mainly caused by overestimations in the region of lower concentrations. Regarding precision 
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of the measurement results, intra-assay coefficients of variation (CVs) in the four single analy-

ses as well as inter-assay CVs for the ensemble of these four measurements were calculated. 

For the variation within one assay, mean CVs between 13 and 25 % were found (Figure 3-36b), 

where higher relative variance was mainly found when the analyte concentration was low. 

The inter-assay variation, which is usually higher, reached a moderate level of 34 % here. In-

dividual false-positive values for blank samples led to increasing CVs in this case. 

 
Figure 3-36: a) Recovery rates (without blank samples, n = 19) of four distinct measurements in triplicates 
and mean recovery rate of these four measurements in the MBBA compared to LC-MS/MS reference analy-
sis. b) Intra-assay coefficients of variation (CVs) of the four single measurements in MBBA in triplicates 
(n = 3, m = 24) and inter-assay CVs of the mean values of these four measurements (n = 4, m = 24). 

After all, the determined accuracy and precision of the assay are in a range that is typical for 

most immunoassays so that the MBBA can be employed for a quick examination of manifold 

water samples regarding contamination with DCF. The strength of the method lies in the high 

sample throughput in short time when the assay is conducted in a microtiter plate yielding 

results much faster than the respective ELISA. Besides, this MBBA further enables implemen-

tation into an automated analyzer (see section 3.7). 

3.6. Electrochemical detection 

Prior to implementation into the integrated diagnostic system, the transition from optical to 

electrochemical detection of the substrate had to be established for the MBBA in order to 

allow continuing miniaturization of the final analyzer. From previous investigations by HÖFS, it 

is known that the TMB oxidized by the enzyme label HRP in an immunoassay can be quantified 

via re-reduction to the initial form by chronoamperometry in a flow cell equipped with an SPE 

consisting of a gold working electrode, platinum counter electrode and silver pseudo-refer-

ence electrode at pH 1, reproducibly over several measurement cycles [89]. 
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3.6.1. Microfluidic setup 

Because a sample volume of only 300 µL (substrate solution after stopping the oxidation with 

sulfuric acid) is generated in the MBBAs, it was necessary to reduce the inner volume of the 

flow cell compared to the method developed by HÖFS, in order to ensure detection with high 

signal intensities in sufficiently short measurement time. To that end, a microfluidic chip with 

a two-dimensional channel architecture (Figure 3-37a) was initially fabricated from the mate-

rial polydimethylsiloxane (PDMS) so that the complete electrode surface would be wetted by 

the substrate solution with a liquid layer thickness of 100 µm (Figure 3-37b). 

 

Figure 3-37: a) Layout of the 2D channel structure of the microfluidic chip which was used to produce a 
mold. Blue areas mark elevated structures that remain as channels in the PDMS chip with a depth of 
100 µm when casted onto the mold. White areas indicate depressions in the mold that will be filled with 
PDMS and remain as pillars preventing the collapse of the chamber. b) Complete chip with SPE where the 
electrode surface is spanned by the microfluidic chamber with an inlet on the left and an outlet on the right 
side to be connected to external tubing. 

For optimal flow control and preferably stable signals during the electrochemical measure-

ment, a system for pressure-driven flow control from Elveflow was used to inject the substrate 

solution(s) into the chip. This consisted of closed reservoirs containing the solution to be in-

jected which are pressurized by an external pressure source – here: compressed air – so that 

the liquids are pumped through the tubing system and the chip. A 12:1-way valve allowed 

sequential injection of different liquids (samples) while a 3-way bypass valve enabled quick 

flushing of the tubing with liquid to remove air in the system. By installing a microfluidic re-

sistance with smaller internal diameter, the flow rate could be adjusted precisely by altering 

the pressure and was further maintained automatically by setting a feedback loop between 

the flow rate sensor and the pressure controller. In the further course, a bubble trap ensured 

the exclusion of bubbles from the microfluidic chip which would interfere with the measure-

ment. The SPE was connected to a potentiostat (PalmSens Sensit Smart) which was interfaced 

with a control unit (laptop). To prevent interferences of the electrochemical measurement by 

electrostatic charge or electromagnetic waves, both the chip and potentiostat were placed in 
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an externally grounded Faraday cage. This setup is shown schematically in Figure 3-38. A pho-

tograph of the arrangement in the laboratory can be found in the annex (Figure 6-5). 

 

Figure 3-38: Schematic representation of the microfluidic setup for electrochemical measurements on an 
SPE. Legend: A – control unit, B – pressure source, C – pressure controller, D – reservoirs, E – 12:1-way 
valve, F – 3-way bypass valve, G – microfluidic resistance, H – flow rate sensor, I – bubble trap, J – Faraday 
cage, K – potentiostat, L – chip with SPE, M – waste reservoir. Green lines mark compressed air connec-
tions, blue lines fluidic tubing, and gray lines data connections. 

In preliminary trials, a maximum flow rate of only 50 µL/min was possible with the 2D chip 

shown above (cf. Figure 3-37b), before bubbles were formed in the chip because of increased 

friction and evaporation of the solvent. As a consequence, the detection would be highly time-

consuming with 5 min per sample with a volume of 250 µL. In the interest of short analysis 

times and reproducible measurements that are less susceptible to the formation of bubbles, 

an updated 3D chip architecture was developed. For this purpose, the inner structure of the 

chip was modelled first (Figure 3-39a) and then 3D printed from the copolymer acrylonitrile 

butadiene styrene (ABS) (Figure 3-39b). The solubility of the latter in organic solvents such as 

acetone enabled dissolution of the inner structure after casting and curing PDMS onto the ABS 

scaffold [189]. In the final chip, a chamber above the electrode surface and channels for inlet 

and outlet of the substrate solution remain (Figure 3-39c). The larger volume of the chamber 

should enable higher flow rates and subsequently shorter detection times while the vertical 

flow direction to the electrode surface and then outwards and upwards should facilitate the 

transport of any bubbles formed. With this chip employed in the microfluidic setup shown 

above, the electrochemical detection of the oxidized TMB substrate was exemplarily tested 

for the DCF-MBBA. 
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Figure 3-39: a) CAD model of the inner structure of the microfluidic chip, which was used to produce b) the 
3D printed ABS scaffold, merged from individual parts to be employed in the production of c) the microflui-
dic chip with a chamber imposed on the electrode surface and a channel structure for inlet and outlet of 
the substrate solution to be analyzed. 

3.6.2. Electrochemical measurements 

So far, the electrochemical detection of oxidized TMB by chronoamperometry was carried out 

at a potential of 300 mV or 100 mV vs. Ag/AgCl, respectively [88-89]. Regarding the cyclic volt-

ammogram of TMB, which shows a reversible redox process at pH 1 (Figure 3-40a), it is clear 

that both potentials are significantly lower than the reduction peak potential (Epc = 408 mV) 

and thus sufficiently negative for the diffusion-controlled (instead of reaction-controlled) re-

duction of oxidized TMB. However, as it turned out, the background signal of side reactions in 

the amperometric measurement – i.e., reduction of buffer components, e.g., hydrogen per-

oxide [89] – increased with increasing deviation of the applied potential from this peak poten-

tial (Figure 3-40b). 

 

Figure 3-40: Cyclic voltammogram of TMB at pH 1 at a scan rate of 0.1 V/s on a gold SPE (10 scans). Peak 
potentials: Epa = 469 mV; Epc = 408 mV. b) Background current as a function of the applied potential in 
chronoamperometry with 650 µM TMB in 143 mM potassium citrate buffer containing 2.5 mM H2O2, 
333 mM H2SO4, and 100 mM KCl. 
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Since this background current reduces the sensitivity of the detection method, the back-

ground signal should be as low as possible [190]. In this context, it was found that the back-

ground current at 330 mV vs. Ag/AgCl is significantly lower than at 300 mV while at the higher 

potential of 350 mV, it carries a positive sign indicating opposite oxidation processes. For this 

reason, TMB was quantified at a potential of 330 mV vs. Ag/AgCl in this work, as no effect of 

this potential change on the signal intensity of the Faradaic current for the reduction of oxi-

dized TMB was found. As a consequence, the net signal intensity – i.e., the difference of the 

Faradaic current and the background current – is higher at 330 mV vs. Ag/AgCl than at 300 mV, 

allowing quantification of TMB with higher sensitivity. 

As the reversible process of the reduction of oxidized TMB at the electrode surface is diffusion-

controlled at the potential of 330 mV vs. Ag/AgCl, the Faradaic current should depend on the 

flow rate Q in that the signal intensity should increase with increasing flow rate. A higher flow 

rate will also reduce the measurement time at a constant sample volume, which is desirable 

as well. The influence of the flow rate on the amperometric measurement was investigated 

using oxidized TMB substrate obtained in the MBBA for the determination of DCF with a blank 

sample for maximum signal intensity (optical detection: O.D. (450 nm - 620 nm) ≈ 1). This re-

vealed the expected increase of the signal intensity with increasing flow rate in the investi-

gated flow rate range of 100 – 600 µL/min (Figure 3-41a). However, at a flow rate of 

600 µL/min, the formation of bubbles again influenced the measurement and the signal shape 

even in the 3D chip, so that higher deviations occurred between the individual measurements. 

Against this background, a maximum flow rate of 500 µL/min appeared to be most reasonable 

in order to perform the detection with sufficient reproducibility at the highest possible signal 

intensity and thus optimum sensitivity. By plotting the peak currents against the flow rate 

(Figure 3-41b), the dependency of the current from the flow rate could be estimated with the 

available data. A proportionality of the current to Q3/4 or Q1/2 is reported in literature [191-

192]. Here, a negative square root function appears best suited to fit the data. Accordingly, 

the signal intensity (current) and therefore the sensitivity could be further enhanced theoret-

ically by increasing the flow rate. However, to prevent the formation of bubbles in the interest 

of a robust detection method, a flow rate of 500 µL/min was chosen for the analysis of sam-

ples. 
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Figure 3-41: Influence of the flow rate on the current during reduction of an oxidized TMB solution which 
yielded an O.D. (450 nm - 620 nm) of approximately 1.0. a) Time course of the current signal during alter-
nating injection of 250 µL oxidized TMB solution and buffer with reduced TMB in triplicate for each flow 
rate. b) Plot of the peak currents against the respective flow rate and curve fitting using a negative square 
root function. 

The reproducibility of the electrochemical detection was then evaluated by calibration with 

substrate solutions from the DCF-MBBA. In three successive measurements, each with eight 

TMB solutions from the DCF-MBBA oxidized to different degrees, reproducibly matching signal 

intensities were observed (Figure 3-42a). Subsequent plotting of the peak currents against the 

DCF concentration of the calibrators used in the assay showed that the calibration curves from 

electrochemical and optical detection are well equivalent to each other (Figure 3-42b) so that 

electrochemical detection can readily serve as an alternative to the optical detection mode. 

 

Figure 3-42: a) Time course of the current during successive injection of eight different substrate solutions 
from the DCF-MBBA with different DCF concentrations (U = 330 mV vs. Ag/AgCl, Q = 500 µL/min). b) Plot 
of the peak currents against the concentration of the DCF calibrators and comparison with the calibration 
curve obtained in optical detection showing high concordance. 
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In conclusion, the amperometric detection of the TMB substrate can be performed robustly 

and reproducibly in a microfluidic system with a 3D chip on a gold SPE. For each sample, a 

detection time of 30 s is needed so that for plate-based assays with many samples, the optical 

detection should still be preferred. However, for immunosensors, such as the integrated diag-

nostic system for drinking water monitoring envisaged here, where only one measurement 

per hour is to be performed, electrochemical detection poses a promising alternative, as it 

forms a space-saving and mobile detection unit with the microfluidic chip and a miniaturized 

potentiostat. 

3.7. Integrated diagnostic system 

Eventually, based on the MBBAs developed in sections 3.4 & 3.5 and the electrochemical de-

tection described in section 3.6, it was possible to develop a concept for an integrated diag-

nostic system that would allow the automated detection of pharmaceutical contaminants in 

drinking water supply. A respective prototype was already designed and manufactured (Indian 

Institute of Science). This prototype (Figure 3-43a) consists of a closed housing and contains a 

sampling module for taking water from the supply line, reservoirs for the various immunore-

agents (buffers, antibodies, tracer, substrate), plug-in modules in which the immunoassays for 

the determination of the individual analytes are performed (Figure 3-43b), and the electronic 

control of all functions including a thermostat to ensure a constant temperature for the analy-

sis. The quantification of the individual analytes is carried out in separate compartments in 

order to allow the individual analyses independently of one another, to avoid cross-contami-

nation of the immunoreagents and to exchange the modules individually if necessary. Due to 

the possibility of running several assays in parallel, this also represents a form of multiplexing 

without being affected by the loss of sensitivity or selectivity that sometimes occurs, since 

each analysis is performed separately. The integrated diagnostic system enables a high degree 

of automation, as the immunoanalytical detection is performed and evaluated under com-

puter control. Manual intervention is only necessary to refill the reagents (scheduled weekly) 

and for replacing defective immunoassay cartridges (if required). To maintain functionality, 

backup cartridges can be installed, i.e., multiple cartridges for the same analyte that will take 

over in the event of a defect. 



 Results and Discussion  

71 
 

 

Figure 3-43: a) Animation of the prototype with reservoirs for immunoreagents (center), electronic control 
unit (rear right) and plug-in modules for the individual immunoassays (rear left and front right). Not visible: 
sampling unit, located at the bottom of the housing. b) Single plug-in cartridge for the immunoanalytical 
determination of one analyte. 

Due to the different assay formats, distinct requirements are imposed on the layout and func-

tionality of the immunoassay cartridges for DCF and AMX (Figure 3-44). Common to both is a 

valve manifold, which provides the injection of the individual immunoreagents. In order to 

allow dosing of the small volume of magnetic bead suspension, the corresponding amount 

required for one analysis is contained in a blister. Several such blisters can be exchanged be-

tween analyses in a kind of turret system, so that refilling or replacement of empty blisters 

with the regular maintenance work is sufficient. The immunoassays are performed in a central 

mixing zone, which is continuously mixed by oscillating pump movements during incubation 

steps. In addition, a magnet is located in this zone, which is applied during the washing steps 

to separate the magnetic beads from the solution. After substrate conversion, which is also 

performed in the mixing zone, detection takes place in a microfluidic chip with an SPE as de-

scribed in section 3.6. The buffer solution is prepared via mixing channels to rinse the chip and 

determine the background signal prior to injection of the sample substrate solution. The flow 

is controlled in the same way as the injection of the individual reagents via the valves with the 

aid of a micropump. The accruing solutions are then collected in a waste container, which 

must also be emptied as part of the regular maintenance. 
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Figure 3-44: Schematic representation of the components of a cartridge for a) the ic-MBBA for the detec-
tion of DCF and b) the dc-MBBA for the determination of AMX. Abbreviations: SP – sample preparation, 
MB – magnetic beads, MZ – mixing zone, MC – microfluidic chip with SPE, P – pump, WD – waste dump. 
Blue lines indicate fluidic connections, the red coil represents a heating wire. Valve designation: a) V1 – 
assay buffer, V2 – water sample, V3 – antibody solution, V4 – wash buffer, V5 – citrate buffer, V6 – TMB 
solution, V7 – 30 % H2O2, V8 – 1 M H2SO4 with 0.3 M KCl, V9 – aeration, V10 – outlet; b) V1 – water sample, 

V2 – -lactamase solution, V3 – antibody solution, V4 – assay buffer, V5 – tracer solution, V6 – wash buffer, 
V7 – citrate buffer, V8 – TMB solution, V9 – 30 % H2O2, V10 – 1 M H2SO4 with 0.3 M KCl, V11 – aeration, 
V12 – outlet. 

Differences in the design and functionality of the distinct cartridges for the individual analytes 

occur primarily regarding the valve assignment and the single working steps. In the cartridge 

for DCF detection (Figure 3-44a), the magnetic bead suspension is first flushed into the mixing 

zone with the assay buffer, mixed with the water sample and the antibody solution and then 

incubated for 20 min. The magnet is applied afterwards to separate the magnetic particles 

and they are washed three times with wash buffer. For this purpose, shaking for 30 s in wash 

buffer followed by application of the magnet for 120 s to collect the magnetic beads is per-

formed. Subsequently, incubation with the freshly combined substrate solution, consisting of 

citrate buffer, hydrogen peroxide and TMB solution, takes place for 15 min before the magnet 

is applied again and the substrate conversion is stopped by adding sulfuric acid with potassium 

chloride (for the electrochemical measurement). This solution is then pumped through the 

microfluidic chip for detection and the net current signal is determined by a reference meas-

urement with the buffer consisting of substrate solution and the sulfuric acid/potassium 
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chloride solution, which is also freshly combined. The mixing zone and the microfluidic chip 

are then cleaned by subsequent rinsing with sulfuric acid and wash buffer so that the cartridge 

is ready for the next measurement. 

In the AMX cartridge (Figure 3-44b), an additional sample preparation module in which the 

water sample is first treated with β-lactamase for 1 h at 37 °C is required as a result of the 

necessary hydrolysis step (cf. sections 3.2 & 3.4). Simultaneously, the protein G-coupled mag-

netic beads can be incubated with the antibody for immobilization. Both these steps can also 

be performed during the analysis of the previous water sample, so that one measurement per 

hour is still feasible as planned. After sample preparation and loading of the magnetic beads 

with the antibody, both are flushed into the mixing zone and incubated with each other for 

20 min. The tracer solution is then injected into the mixing zone and incubated with the mag-

netic particles for another 20 min. Subsequently, the further steps for washing, substrate con-

version including electrochemical detection and final rinsing are carried out analogously to 

the procedure in the DCF cartridge as described above. 

The calibration of the immunosensor is executed daily by analyzing a blank sample or a sample 

with known concentration of the analytes below the LOD of the assays, respectively, as well 

as samples with analyte concentrations in the measurement range and above the highest 

quantifiable concentration values to determine the background signal. The corresponding 

data are set in relation to the signal of the real sample and may cause an alarm if a predefined 

limit value is exceeded so that immediate countermeasures can be taken to treat the water, 

e.g., by chlorination, ozonation or UV irradiation which would lead to degradation of the ana-

lytes [17,193-194]. The response time for initiating those countermeasures can be significantly 

reduced with this integrated diagnostic system compared to the conventional procedure of 

sampling and subsequent analysis in the laboratory, which is why the quality of the drinking 

water can be restored much faster. 
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4. Conclusions and Perspectives 

The magnetic bead-based immunoassays (MBBAs) developed in this work enable the rapid 

detection and quantification of two widely used pharmaceutical compounds, diclofenac (DCF) 

and amoxicillin (AMX), in water by recognition of the analytes with a set of selective anti-

bodies. These MBBAs offer significant advantages over the conventional ELISA format in the 

trace analysis of organic compounds. On the one hand, they allow a significantly shorter analy-

sis time of less than 45 min for DCF and less than 1 h for AMX (for 24 samples in triplicate), 

yielding results in less time than the reference method LC-MS/MS as well. In addition, broader 

measurement ranges with improved LODs (500 ng/L for DCF and 1 µg/L for AMX) compared 

to the corresponding ELISAs were obtained for both analytes in the MBBA. Thus, the MBBA 

could perspectively replace the ELISA as a standard method in immunoanalysis. Moreover, the 

MBBAs allow integration into an online diagnostic system for which a concept was developed 

in this work. This will eventually enable the continuous, automated monitoring of the drinking 

water quality regarding pharmaceutical contamination. 

The principle of MBBA can readily be transferred to other analytes and matrices such as 

wastewater, where a considerable time saving and possibly a better analytical performance 

than in the corresponding ELISA can be expected as well. Of the two formats established here 

(directly competitive – dc, and indirectly competitive – ic), the ic-format with analyte-coupled 

magnetic beads and an enzyme-labeled primary antibody should be preferred wherever pos-

sible, since further time savings are achieved compared to the dc-format due to the fact that 

no pre-incubation is required. Moreover, with a coupling density > 1 for the enzyme labeling 

of the antibody, measurements with higher sensitivity are possible. The developed method 

for coupling DCF to amino-functionalized magnetic particles and blocking free amino groups 

with glutaric anhydride can in principle be applied to all haptens that carry a carboxyl group. 

If the introduction of such a group is not possible, a reverse coupling strategy with carboxyl-

functionalized magnetic particles coupled to an amino group of the hapten after NHS activa-

tion is also conceivable. 

In some cases, a dc-format with antibody-coupled magnetic beads and a tracer may be more 

appropriate if – as in the case of AMX – reasons such as its susceptibility to hydrolysis oppose 

the coupling of the analyte to the surface of magnetic beads. The hydrolysis of AMX and its 

effects on the immunoanalytical determination were investigated extensively in this work. It 
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was found that the antibody utilized here has a higher affinity towards the hydrolysis product 

(HP) amoxicilloic acid (AMX-A) than to AMX itself. Consequently, samples and standards had 

to be hydrolyzed prior to analysis in the assay to achieve the lowest possible LOD. This neces-

sary hydrolysis step was optimized by employing the enzyme β-lactamase at 37 °C, so that 

sample preparation requires only 1 h and can also be performed in parallel with the previous 

analysis, which is why there are no drawbacks regarding the analysis time. 

The determined increase in affinity by hydrolysis was also observed for cross-reactants of AMX 

and may also apply to other antibodies obtained by the conventional method (cf. sec-

tion 1.2.1). In the future, recombinant methods for antibody production could play an im-

portant role in generating antibodies, antibody fragments or nanobodies that are truly di-

rected against AMX itself [195-196]. 

The hydrolysis of AMX in water was further investigated in this context, and large variations 

in the hydrolysis rate of AMX in different types of water were discovered. Accordingly, AMX 

hydrolyzes faster in tap water than in mineral water and there again faster than in surface 

water, while it is largely stable in ultrapure water. As expected, hydrolytic degradation is faster 

at 20 °C than at 4 °C, while exposure to sunlight has no clear effect on the rate of hydrolysis 

but does have an impact on the formation and stability of certain HPs. For instance, a lower 

stability under the influence of sunlight was found for the primary HP AMX-A as well as for the 

secondary HP amoxilloic acid. UV-induced degradation was also observed for 3-(4-hydroxy-

phenyl)pyrazine-2-ol (HPP), which was previously considered to be a stable end product of 

AMX hydrolysis. Furthermore, a new reaction pathway was proposed for the hydrolysis of 

AMX to HPP and additional intermediates were identified by LC-MS/MS for its verification. 

Therefore, this work provides a distinct contribution to understanding the behavior of AMX in 

the aquatic environment and to assessing the relevance of potentially harmful degradation 

products of AMX. Future work in this regard should, on the one hand, investigate the effects 

of these HPs on humans and the environment, as no detailed information is yet available in 

this regard. On the other hand, the identification and quantification of additional degradation 

products of AMX should be in the focus of further investigations, since it could be shown that 

only one third of the original AMX is degraded via the hydrolysis pathway identified here. Non-

target analysis using high-resolution mass spectrometry appears suitable for the identification 

and quantification of these compounds [197-198]. 
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In order to miniaturize the final immunosensor, electrochemical detection by chronoam-

perometry was further developed as an alternative to the optical detection by absorption 

measurements. By using a screen-printed electrode in a microfluidic chip with a 3D architec-

ture, and with the help of a system for pressure-driven flow control, a robust and reproducible 

detection method was achieved. With an analysis time of 30 s per sample, this step does fur-

ther not contribute inordinately to the total assay duration. 

Finally, a concept for the integration of the MBBAs into the immunosensor as well as for the 

general procedure of the automatic analysis was developed, which is based on the parallel 

detection of the analytes in separate compartments in order to achieve the best possible sen-

sitivity for the individual measurements, enabling multiplexing at the same time. The final (se-

rial) production of the diagnostic system as well as its deployment and validation in drinking 

water plants represent the next steps in establishing the system. Prospectively, the system 

can also be expanded to include additional detectable analytes in order to cover the entire 

range of potential contaminants of drinking water. Conceivable analytes would be, for exam-

ple, the antiepileptic carbamazepine, the antibiotic sulfamethoxazole, or the fecal markers 

caffeine and isolithocholic acid as well as hormones and endocrine disruptors such as estrone, 

estradiol, ethinylestradiol and bisphenol A. 

In the future, the integrated diagnostic system developed in this work can therefore ensure 

that drinking water remains the best-controlled staple product in developed countries, such 

as Germany, and can help providing access to clean and safe drinking water to a wider public 

in developing countries as well as emerging economies. 
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5. Experimental Section 

5.1. Enzyme-linked immunosorbent assay for diclofenac 

5.1.1. General equipment 

All ELISAs were performed in transparent 96-well flat (f)-bottom high-binding polystyrene mi-

croplates from Greiner Bio One (Frickenhausen, Germany). Wells were filled by use of Eppen-

dorf Research® pro multichannel pipettes and dilutions of components were prepared with 

Research® plus piston stroke pipettes from Eppendorf (Hamburg, Germany). For incubation, 

microplates were sealed with Parafilm® from Bemis (Neenah, WI, USA) and shaken on a Titra-

max 101 orbital shaker from Heidolph Instruments (Schwabach, Germany). Washing steps 

were performed on a Microplate Washer 405 LS from BioTek Instruments (Winooski, VT, USA) 

and absorbance measurements on a SpectraMax Plus 384 microplate reader from Molecular 

Devices (San José, CA, USA) controlled with the software SoftMax Pro 5.4. 

Ultrapure water (MQ) was taken from a Merck Millipore (Darmstadt, Germany) Milli Q Refer-

ence water purification system. Weighing was performed on a Sartorius (Göttingen, Germany) 

Research R180D-*D1 analytical balance. Measurements of pH values were carried out with a 

SevenEasy pH meter S20 from Mettler Toledo (Columbus, OH, USA). 

5.1.2. Chemicals and immunoreagents 

Buffer components were purchased from Sigma-Aldrich (Taufkirchen, Germany): sodium 

phosphate monobasic dihydrate, sodium phosphate dibasic dihydrate, sodium chloride, po-

tassium phosphate monobasic, potassium phosphate dibasic, potassium sorbate, sodium ci-

trate monobasic, sodium citrate tribasic dihydrate, citric acid, tetrabutylammonium borohy-

dride, ethylenediaminetetraacetic acid disodium salt dihydrate, and N,N-dimethylacetamide 

(DMA) anhydrous; Serva (Heidelberg, Germany): Tween® 20, and 3,3’,5,5’-tetramethylbenzi-

dine (TMB); Merck (Darmstadt, Germany): tris(hydroxymethyl)aminomethane, and hydro-

chloric acid 32 %; Fluka (Buchs, Switzerland): hydrogen peroxide solution 30 %; or J.T. Baker 

(Phillipsburg, NJ, USA): sodium hydroxide and sulfuric acid 93-98 %. 

Diclofenac sodium salt analytical standard was purchased from Sigma-Aldrich. Conjugates 

APO-Ahx-DCF and BSA-Ahx-DCF were produced as described elsewhere and BSA-DCF analo-

gously by coupling NHS-activated DCF to BSA [122,199]. Casein from bovine milk was pur-

chased from Sigma-Aldrich. The anti-DCF antibodies F01G21, SK60-2E4 and SK60-1D10 were 
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produced by fusion of mouse myeloma cells (AG8 [121] or SP2/0-AG14, respectively) and sple-

nocytes from BALB/c mice, and obtained from sifin diagnostics (Berlin, Germany). Secondary 

HRP-labeled anti-Mouse IgG antibody from sheep was purchased from Acris Antibodies (Her-

ford, Germany). 

5.1.3. Buffers 

All buffers were prepared in MQ and stored in amber glass bottles at RT unless stated other-

wise. The pH values were adjusted with 6 M hydrochloric acid or 5 M sodium hydroxide solu-

tion. 

• PBS, pH 7.6: 10 mM sodium phosphate monobasic dihydrate, 70 mM sodium phosphate 

dibasic dihydrate, 145 mM sodium chloride. 

• Washing buffer 60x, pH 7.6: 45 mM potassium phosphate monobasic, 375 mM potassium 

phosphate dibasic, 1.5 mM potassium sorbate, 3 % Tween 20. 

• Tris, pH 8.5: 10 mM tris(hydroxymethyl)aminomethane, 150 mM sodium chloride. 

• Phosphate buffer, pH 6.5, storage at 4 °C: 35.7 mM sodium phosphate dibasic dihydrate, 

64.3 mM sodium phosphate monobasic dihydrate. 

• Citrate-phosphate buffer, pH 5.5, storage at 4 °C: 102 mM sodium phosphate dibasic dihy-

drate, 50 mM citric acid. 

• Citrate buffer, pH 4.5, storage at 4 °C: 69.8 mM sodium citrate tribasic dihydrate, 30.2 mM 

citric acid. 

• Citrate buffer, pH 3.5, storage at 4 °C: 45.6 mM sodium citrate tribasic dihydrate, 54.4 mM 

citric acid. 

• Citrate buffer, pH 4.0, storage at 4 °C: 220 mM sodium citrate monobasic. 

• TMB stock solution in DMA, prepared under argon, storage at 4 °C: 8 mM tetrabutylammo-

nium borohydride, 40 mM TMB. 

5.1.4. Standards 

A stock solution of DCF-Na analytical standard in MQ with a mass concentration of approx. 

1 g/L was prepared gravimetrically by weighing both solid and the solvent. From this solution, 

serial dilutions in MQ were made volumetrically to prepare DCF standards in the concentra-

tion range from 10 mg/L to 0.1 ng/L. 
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5.1.5. Immunoassay procedure 

Each well of the 96-well microplate was coated with APO-Ahx-DCF (75 µg/L), BSA-Ahx-DCF 

(14 µg/L), or BSA-DCF (128 µg/L) in PBS, respectively, and incubated for 18 h at RT with shaking 

at 750 rpm. Afterwards the plate was washed three times with washing buffer (1:60 dilution 

of washing buffer 60x in MQ) and the wells were blocked with 0.1 % (w/v) casein in PBS 

(200 µL/well) for 1 h at 750 rpm and RT. After repeated washing, 150 µL/well standards and 

50 µL/well primary antibody (F01G21 100 µg/L; SK60-2E4 55 µg/L; SK60-1D10 55 µg/L) diluted 

in the buffer with the desired pH value (by default Tris pH 8.5) were added and incubated for 

1 h at 750 rpm and RT. Following another washing step, the plate was incubated with secon-

dary antibody (100 ng/L, 200 µL/well) for 1 h at 750 rpm at RT. After final washing, wells were 

filled with 200 µL/well of freshly prepared substrate solution (22 mL citrate buffer, 8.5 µL hy-

drogen peroxide solution, 550 µL TMB stock solution) and shaken for 25 min. The reaction was 

stopped by adding 1 M sulfuric acid (100 µL/well) and shaking for 1 min which resulted in color 

change of the solutions from blue to yellow. Optical density was read at RT at a wavelength of 

450 nm with reference at 620 nm. Data points were plotted in Origin® 2019 (OriginLab, North-

ampton, MA, USA), calibration curves were obtained by fitting a four-parameter logistic func-

tion to the measured data points. 

5.2. Enzyme-linked immunosorbent assay for amoxicillin 

5.2.1. General equipment 

All ELISAs were performed in transparent 96-well f-bottom high-binding polystyrene micro-

plates from Greiner Bio-One (Frickenhausen, Germany). Wells were filled by use of Eppendorf 

Research® pro multichannel pipettes and dilutions of components were made with Research® 

plus piston stroke pipettes from Eppendorf (Hamburg, Germany). For incubation, microplates 

were sealed with Parafilm® from Bemis (Neenah, WI, USA) and shaken on a Titramax 101 or-

bital shaker from Heidolph Instruments (Schwabach, Germany). Washing steps were per-

formed on a Microplate Washer 405 LS from BioTek Instruments (Winooski, VT, USA) and ab-

sorbance measurements on a SpectraMax Plus 384 microplate reader from Molecular Devices 

(San José, CA, USA) controlled with the software SoftMax Pro 5.4. 

MQ was taken from a Merck Millipore (Darmstadt, Germany) Milli Q Reference water purifi-

cation system. Weighing was performed on a Sartorius (Göttingen, Germany) Research 
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R180D-*D1 analytical balance. Measurements of pH values were carried out with a SevenEasy 

pH meter S20 from Mettler Toledo (Columbus, OH, USA). 

5.2.2. Chemicals and immunoreagents 

Penicillin compounds amoxicillin trihydrate, ampicillin trihydrate, penicillin G potassium salt 

and penicillin V potassium salt were purchased as VETRANAL analytical standards from Sigma-

Aldrich (Taufkirchen, Germany) or Riedel-de Haën (Seelze, Germany). Carbenicillin disodium 

salt was obtained from Serva (Heidelberg, Germany). 

Hydrolysis products AMX-A and AMX-P were synthesized according to literature procedures. 

Purity of the synthesis products was confirmed by elemental analysis, infrared (IR) spectros-

copy and HPLC-MS analysis. Elemental analysis was executed on a Euro EA 3000 CHNS ele-

mental analyzer from HEKAtech (Wegberg, Germany). IR spectra were recorded on a Bruker 

(Ettlingen, Germany) Equinox 55 with IR-microscope Scope II. HPLC-MS analyses were per-

formed on an API 2000 Linear Ion Trap Quadrupole LC-MS/MS mass spectrometer from AB 

Sciex Instruments (Darmstadt, Germany) with an Agilent (Waldbronn, Germany) 1200 liquid 

chromatograph equipped with a Kinetex® XB-C18 column (2.6 µm, 150 x 3 mm) with UHPLC 

C18, 3 mm column guard from Phenomenex (Aschaffenburg, Germany). 

AMX-A was synthesized as described by MUNRO et al. and recovered as the respective mono-

sodium salt monohydrate [200]. 

HPLC (H2O, 10 µL, 350 µL/min, 30 °C, 98 % MeCN, 2 % 10 mM NH4(HCOO) in H2O): tR = 7.4, 

8.3 min (two enantiomers). 

MS (ESI, 450 °C, 1200 V, pos.): m/z = 384.30 ([M+H]+, calc. 384.12), 367.29 ([M-NH2]+, calc. 

367.10), 340.40 ([M-CO2+H]+, calc. 340.13), 323.30 ([M-CO2-NH2]+, calc. 323.11), 189.22, 

160.12, 114.20, 100.22. 

Elemental analysis (C16H22N3O7SNa, M = 423.42 g/mol): 

 calc.:  C 45.39, H 5.24, N 9.92, S 7.57 % 

 found:  C 45.00, H 5.29, N 9.75, S 7.12 %. 

IR (CaF2): 𝜈 = 3497 (m), 3360 (s), 3273 (s), 3072 (m), 1687 (vs), 1605 (vs), 1521 (s), 1493 (m), 

1454 (m), 1388 (vs), 1286 (w), 1264 (m), 1248 (w), 1229 (w), 1212 (w), 1185 (w), 836 (m), 

762  cm-1 (s). 
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AMX-P was synthesized in analogy to the related ampicillin diketopiperazine as described by 

BUNDGAARD et al. [201]. 

HPLC (EtOH, 10 µL, 350 µL/min, 30 °C, 97.902 % MeCN, 1.998 % H2O, 0.1 % HCOOH: tR = 

11.4 min. 

MS (ESI, 450 °C, 1200 V, pos.): m/z = 366.21 ([M+H]+, calc. 366.11), 207.20, 160.16, 114.14; 

100.17. 

Elemental analysis (C16H19N3O5S, M = 365.40 g/mol): 

 calc.:  C 52.59, H 5.24, N 11.50, S 8.77 % 

 found:  C 52.35, H 5.27, N 11.25, S 8.74 %. 

IR (CaF2): 𝜈 = 3425 (s), 3184 (s), 2859 (s), 1736 (s), 1667 (vs), 1614 (m), 1599 (m), 1559 (w), 

1519 (m), 1451 (m), 1389 (w), 1372 (m), 1342 (w), 1302 (w), 1284 (m), 1272 (m), 1256 (m), 

1208 (m), 1193 (m), 1172 (m), 1157 (w), 1135 (m), 1107 (w), 1091 (w), 828 (s), 746 cm-1 (vs). 

Penilloic acids of amoxicillin (= AMA) were purchased from LGC Standards (Luckenwalde, Ger-

many) and 3-(4-hydroxyphenyl)pyrazine-2-ol (amoxicillin related compound F) was from 

Supelco (Bellefonte, PA, USA). 

Buffer components were purchased from Sigma-Aldrich (Taufkirchen, Germany): sodium 

phosphate monobasic dihydrate, sodium phosphate dibasic dihydrate, sodium chloride, po-

tassium phosphate monobasic, potassium phosphate dibasic, potassium sorbate, sodium ci-

trate monobasic, tetrabutylammonium borohydride, ethylenediaminetetraacetic acid diso-

dium salt dihydrate, and N,N-dimethylacetamide (DMA) anhydrous; Serva (Heidelberg, Ger-

many): Tween® 20, and 3,3’,5,5’-tetramethylbenzidine (TMB); Merck (Darmstadt, Germany): 

tris(hydroxymethyl)aminomethane, and hydrochloric acid 32 %; Fluka (Buchs, Switzerland): 

hydrogen peroxide solution 30 %; or J.T. Baker (Phillipsburg, NJ, USA): sodium hydroxide and 

sulfuric acid 93-98 %. 

Ethanol (absolute, p. a., ACS, Ph. Eur., USP, min. 99.9 %) was purchased from Th. Geyer (Ren-

ningen, Germany). 

Immunoassay reagents amoxycillin-HSA conjugate (AMX-HSA) and amoxycillin-BSA conjugate 

(AMX-BSA) were from Squarix Biotechnology (Marl, Germany). Casein sodium salt from bovine 

milk was purchased from Sigma-Aldrich (Taufkirchen, Germany). Monoclonal mouse anti-AMX 
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antibody A1463 (primary antibody, clone 1.BB.832, Lot: L11010709) was produced by US Bio-

logical (Salem, MA, USA). Polyclonal sheep anti-mouse IgG (H+L chain) antibody with HRP label 

(secondary antibody, R1256HRP) came from Acris Antibodies (Herford, Germany). 

5.2.3. Buffers 

All buffers were prepared in MQ and stored in amber glass bottles at RT unless stated other-

wise. The pH values were adjusted with 6 M hydrochloric acid or 5 M sodium hydroxide solu-

tion. 

• PBS, pH 7.6: 10 mM sodium phosphate monobasic dihydrate, 70 mM sodium phosphate 

dibasic dihydrate, 145 mM sodium chloride. 

• Washing buffer 60x, pH 7.6: 45 mM potassium phosphate monobasic, 375 mM potassium 

phosphate dibasic, 1.5 mM potassium sorbate, 3 % Tween® 20. 

• Tris, pH 8.5: 10 mM tris(hydroxymethyl)aminomethane, 150 mM sodium chloride. 

• Sample buffer, pH 7.6 or pH 8.5: 125 mM tris(hydroxymethyl)aminomethane, 187.5 mM 

sodium chloride, 13.375 mM ethylenediaminetetraacetic acid disodium salt dihydrate. 

• Citrate buffer, pH 4.0, storage at 4 °C: 220 mM sodium citrate monobasic. 

• TMB stock solution in DMA, storage at 4 °C under argon: 8 mM tetrabutylammonium bo-

rohydride, 40 mM TMB. 

5.2.4. Standards and samples 

For the preparation of standards (calibrators), stock solutions of each compound with a mass 

concentration of approximately 1 g/L were prepared gravimetrically by weighing the respec-

tive compound and amount of solvent. Solvents for these stock solutions were ethanol for 

AMX-P and HPP, or MQ for all other compounds. Standard solutions of each compound were 

prepared volumetrically by serial dilution of the respective stock solution in MQ. All standards 

and stock solutions were stored at 4 °C in amber glass vials. 

Spiked drinking water samples of AMX were prepared by further diluting a prediluted stock 

solution of amoxicillin trihydrate in MQ in the respective water sample (TW or bottled MW). 

TW was taken from a water cooler at BAM (foyer, building 8.05) and collected in a glass bottle. 

Non-carbonated MWs were purchased in plastic bottles and used directly for sample prepa-

ration. 
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Table 5-1: Water sample parameters with data for ionic constituents provided by the manufacturers and 
pH values determined with a pH electrode (n. d. – not determined). 

Sample pH 
Concentration of ionic constituents / (mg/L) 

Na+ K+ Mg2+ Ca2+ Cl- SO4
2- HCO3

- F- H2SiO3 

TW 7.95 38 4.9 10.7 108 55 117 250 n. d. n. d. 

MW1 7.83 4.4 0.7 5 57.2 6 n. d. 186 0.12 n. d. 

MW2 6.64 6.2 1.7 3.3 17 5.1 56.9 13.2 n. d. n. d. 

MW3 7.87 10.8 1.6 62.1 373 n. d. 900 266 n. d. 13.1 

MW4 7.07 6.8 1.5 3.1 16.2 5.2 55 8 n. d. n. d. 

MW5 6.65 71.5 9.2 92.2 235 241 499 333 n. d. n. d. 

 

For hydrolysis, standards and samples were mixed with 0.1 M sodium hydroxide solution (1:1) 

the day before analysis in the assay, i.e., the day of coating (see below), and stored at 4 °C 

until the next day. Samples for reference analysis without hydrolysis were diluted in MQ (1:2) 

prior to analysis. 

5.2.5. Immunoassay procedure 

Each well of a 96-well microplate was coated with AMX-HSA (or alternatively AMX-BSA) in PBS 

(47.619 ng/L, 200 µL/well) and incubated for 18 h at RT with shaking at 750 rpm. Afterwards 

the plate was washed three times with washing buffer (1:60 dilution of washing buffer 60x in 

MQ) and the cavities were blocked with 0.1 % (w/v) casein in PBS (200 µL/well) for 1 h at 

750 rpm and RT. After repeated washing, standards/samples (100 µL/well) and primary anti-

body (dilution 1:20,000 in Tris for preliminary and cross-reactivity studies, in sample buffer 

pH 7.6 for sample analysis or in sample buffer pH 8.5 for reference analysis without hydrolysis; 

100 µL/well) were added and incubated for 1 h at 750 rpm and RT. Following another washing 

step, the plate was incubated with secondary antibody (95.238 ng/L, 200 µL/well) for 1 h at 

750 rpm and RT. After final washing, cavities were filled with 200 µL/well of freshly prepared 

substrate solution (22 mL citrate buffer, 8.5 µL hydrogen peroxide solution, 550 µL TMB stock 

solution) and shaken for 10 min (preliminary and cross-reactivity studies) or 20 min (sample 

analysis, degree of hydrolysis) at 750 rpm for blue color development. The reaction was 

stopped by adding 1 M sulfuric acid (100 µL/well) and shaking for 1 min which resulted in color 

change of the solutions from blue to yellow. Optical density was read at RT at a wavelength of 

450 nm with reference at 620 nm. Data points were plotted in Origin® 2019 (OriginLab, North-

ampton, MA, USA), calibration curves were obtained by fitting a four-parameter logistic func-

tion to the measured data points. Sample concentrations were determined by using the 
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function “Find x from y” in Origin® using the calibration curve of hydrolyzed standards to find 

concentration values (x) of hydrolyzed and non-hydrolyzed samples from the respective O.D. 

values (y). Standards (8 per plate) and samples (24 per plate) were analyzed in triplicate with 

random distribution across the plate to reduce edge effects and trends across the microtiter 

plate. 

5.3. Hydrolysis of amoxicillin in different types of water 

5.3.1. General equipment 

MQ was taken from a Merck Millipore (Darmstadt, Germany) Milli-Q Reference water purifi-

cation system. Weighing was performed on a Sartorius (Göttingen, Germany) Cubis® Ad-

vanced MCA225S-2S00-I analytical balance. Measurement of pH values was performed with a 

SevenEasy pH meter S20 from Mettler Toledo (Columbus, OH, USA). 

5.3.2. Sample preparation and storage 

Water samples were taken and handled as specified in Table 3-4 (cf. section 3.3). 

An aliquot of each water sample was spiked with AMX-trihydrate (VETRANAL analytical stan-

dard, Sigma-Aldrich, Taufkirchen, Germany) taken from a 1 g/L stock solution in MQ diluted 

to a final spiking concentration in the water samples of 10 µg/L or 100 µg/L, respectively. Sam-

ples were then analyzed by LC-MS/MS. Afterwards, each spiked sample was split into thirds 

and subsequently stored under the following conditions: i) in amber glass vials in a refrigerator 

at 4 °C, ii) in amber glass vials at RT, or iii) in transparent glass vials in front of a southeast-

facing window at RT, respectively. After 1, 2, 4, 7, 10, 14, 21, 28, 42, and 56 days, 300 µL ali-

quots were taken and each analyzed by LC-MS/MS. 

5.3.3. LC-MS/MS analysis 

LC-MS/MS measurements were carried out on an Agilent 1260 LC system from Agilent Tech-

nologies (Waldbronn, Germany) equipped with a binary pump (G1312B), column oven 

(G1316A), autosampler (G1367E), and a diode array detector (G1315D) coupled to a Triple 

Quad 6500 Mass Spectrometer from AB Sciex Instruments (Darmstadt, Germany). A Kinetex® 

2.6 µm XB-C18 100 Å LC column (150 x 3 mm) from Phenomenex (Aschaffenburg, Germany) 

and a matching pre-column were used. 
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Each water sample was analyzed undiluted in duplicate with an injection volume of 50 µL and 

the column oven temperature set to 30 °C. At a flow rate of 350 µL/min, a binary gradient 

consisting of (A) ultrapure water and (B) acetonitrile (LC-MS grade, Biosolve, Valkenswaard, 

Netherlands), both containing ϕ = 0.1 % formic acid (Serva, Heidelberg, Germany) was used 

under the following conditions: 95 % A isocratic for 3 min; linear decrease to 0 % A within 

12 min; kept at 0 % A for 5 min; increase to 95 % A within 0.5 min; kept at 95 % A for 5 min. 

Electrospray ionization (ESI) was performed in positive mode at a source temperature of 

500 °C and an ion spray voltage of 5500 V. Gas pressures were applied as follows: curtain gas 

35 psi, nebulizer gas 62 psi, turbo gas 62 psi, collision gas 8 psi at an entrance potential of 10 V, 

a cell exit potential of 12 V, and a dwell time of 150 ms for each transition. The most sensitive 

MRM (multiple reaction monitoring) transition was used for quantification. Due to formation 

of isomers and identical m/z for the precursor ion as well as for the fragment ion for some of 

the transitions, chromatographic separation was achieved, and the retention time (tR) was 

considered for identification. These values are summarized in Table 5-2. 

Table 5-2: Chromatographic and mass spectrometric parameters for the identification and quantification 
of AMX and its HPs (CE – collision energy, DP – declustering potential). 

Analyte tR / min m/z precursor ion m/z fragment ion CE / V DP / V 

AMX 5.2 366 114 27 60 

AMX-A 3.6 & 4.2 340 189 27 100 

AMX-P 10.7 366 160 21 65 

AMA 5.2 & 7.3 340 189 27 100 

HPP 10.2 189 171 33 85 

 

For the identification and quantification of hydrolysis products, standard solutions of AMX, 

AMA (Penilloic acids of amoxicillin, LGC Standards, Luckenwalde, Germany), AMX-P (synthe-

sized according to literature procedure [201], cf. section 5.2.2), HPP (amoxicillin related com-

pound F, Supelco, Bellefonte, PA, USA) and AMX-A (synthesized according to literature proce-

dure [200], cf. section 5.2.2) at a concentration of 100 µg/L in MQ and an additional blank for 

MQ, TW, SW, and MW were used. Standard solutions were produced from stock solutions of 

AMX and each HP at a concentration of 1 g/L which were prepared gravimetrically in MQ for 

AMX, AMA, and AMX-A or ethanol (absolute, p. a., ACS, Ph. Eur., USP, min. 99.9 %, Th. Geyer, 

Renningen, Germany) for AMX-P and HPP in advance. Data acquisition and analysis were per-

formed using the software Analyst 1.7.1 and Sciex OS-Q 1.4.1.20719 from AB Sciex. 
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5.3.4. ICP-MS analysis 

Consumables were cleaned with diluted double-subboiled nitric acid (w = 3 %) prior to analy-

sis. Type I reagent-grade water (18.2 MΩ·cm) was obtained from a Milli-Q Integral water pu-

rification system (Merck Millipore, Darmstadt, Germany). Analytical reagent-grade nitric acid 

(w = 65 %, Merck Millipore) was purified by double subboiling using a DST-1000 subboiling 

distillation system (AHF Analysentechnik, Tübingen, Germany). 

Multi-elemental analyses of the water samples were performed using an inductively coupled 

plasma mass spectrometer, ICP-MS (ICAP-Q, Thermo Scientific, Bremen, Germany) coupled to 

an ESI SC-4 DX FAST autosampler (Elemental Scientific, Omaha, USA). The ICP-MS instrument 

was optimized in KED-mode with a helium gas flow of 5 mL/min in a daily routine using a tu-

ning solution (Thermo Scientific) to obtain maximum signal intensity while maintaining high 

stability and low oxide and double-charged rates. 

The multi-elemental quantification of the water samples was accomplished by external cali-

bration (9-point calibration ranging from 1 ppb to 150 ppb) with standards prepared gravi-

metrically from a multielement stock solution (Merck, ICP multielement standard VI, 30 ele-

ments in nitric acid, 10 – 1000 mg/L) including 10 ppb indium (prepared from an indium stock 

solution, Merck Millipore) as internal normalization standard. Data acquisition and analysis 

were performed using the software Qtegra™ (Thermo Scientific). Furthermore, the perfor-

mance of the multi-elemental analysis was monitored with an in-house quality control solu-

tion prepared in nitric acid (w = 2 %). 

The LOD and LOQ were calculated according to DIN ISO 11843-2 [101]. Total combined uncer-

tainties for multielement analysis were calculated using a simplified Kragten approach [202]. 

The water samples were filtered through 0.45 µm regenerated cellulose syringe filters 

(WICOM, Heppenheim, Germany) and acidified to w = 2 % using double-subboiled nitric acid 

(w = 65 %). ICP-MS measurements were performed directly without further dilution with the 

instrumental settings as specified in Table 5-3. 
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Table 5-3: Instrumental settings of the ICP-MS instrument used for quantification of metal ions in the water 
samples. 

Parameter ICAP-Q (Thermo Scientific) 

Sample introduction Spray chamber 

Nebulizer PFA – 100 µL (Elemental Scientific) 

Interface Ni skimmer + sampler 

Radio frequency power / W 1550 

Nebulizer gas flow / (L/min) 1.14 

Auxiliary gas flow / (L/min) 0.65 

Cell gas He 

Cell gas flow / (L/min) 5 

Isotopes 27Al, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 62Ni 63Cu, 65Cu, 66Zn, 67Zn, 75As, 85Rb, 88Sr, 
95Mo, 107Ag, 109Ag, 110Cd, 111Cd, 137Ba, 138Ba, 208Pb 

Dwell time / s 0.01 

Sweeps 10 

Runs 5 

 

5.4. Magnetic bead-based immunoassay for amoxicillin 

5.4.1. General equipment 

MQ was taken from a Merck Millipore (Darmstadt, Germany) Milli-Q Reference water purifi-

cation system. Weighing was performed on a Sartorius (Göttingen, Germany) Research 

R180D-*D1 or Cubis® Advanced MCA225S-2S00-I analytical balance. Adjustment of pH values 

was done with a SevenEasy pH meter S20 from Mettler Toledo (Columbus, OH, USA). 

Coupling of the antibody to the magnetic beads was performed in 2 mL centrifuge tubes from 

Eppendorf (Hamburg, Germany). Incubation was executed in a ThermoMixer® C from Eppen-

dorf. For washing of the antibody-coupled beads, a pot magnet (36 x 8 mm with 5.5 mm bore) 

from Maqna (Bräunlingen, Germany) was used. Sample preparation (hydrolysis) was per-

formed in deep-well plates with glass inserts from Hirschmann Laborgeräte (Eberstadt, Ger-

many) and incubation was conducted in a Shaking Incubator Orbital Model ZWYR-293 from 

Labwit Scientific (Burwood East, VIC, Australia). 

All assays were carried out in transparent 96-well f-bottom non-binding polystyrene micro-

plates from Corning (Corning, NY, USA). Wells were filled using Eppendorf Research® pro mul-

tichannel pipettes. Dilutions were prepared with Eppendorf Research® plus piston stroke pi-

pettes. Incubation was performed on a Titramax 101 orbital shaker from Heidolph Instruments 
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(Schwabach, Germany). For washing, a BioMag® 96-Well Plate Separator from Polysciences 

(Hirschberg an der Bergstraße, Germany) was used. Absorbance measurements were carried 

out on a SpectraMax® i3x microplate reader from Molecular Devices (San José, CA, USA) con-

trolled with the software SoftMax Pro 7.1. 

5.4.2. Buffers 

All buffers were prepared in MQ and stored in amber glass bottles at RT unless stated other-

wise. The pH values were adjusted using 6 M hydrochloric acid (Merck) or 5 M sodium hy-

droxide solution (J.T.Baker, Phillipsburg, NJ, USA). 

• PBS, pH 7.6: 10 mM sodium phosphate monobasic dihydrate (Sigma-Aldrich), 70 mM so-

dium phosphate dibasic dihydrate (Sigma-Aldrich), 145 mM sodium chloride (Sigma-Al-

drich). 

• Washing buffer, pH 7.6: 0.75 mM potassium phosphate monobasic (Sigma-Aldrich), 

6.25 mM potassium phosphate dibasic (Sigma-Aldrich), 0.025 mM potassium sorbate 

(Sigma-Aldrich), 0.05 % Tween® 20 (Serva, Heidelberg, Germany). 

• Assay buffer (Tris-EDTA), pH 8.5, storage at 4 °C: 125 mM tris(hydroxymethyl)amino-

methane (Merck), 187.5 mM sodium chloride, 13.375 mM ethylenediaminetetraacetic 

acid disodium salt dihydrate (Sigma-Aldrich). 

• Penicillinase buffer (Tris-HCl), pH 7.0, storage at 4 °C: 100 mM Tris, 0.1 % BSA (Sigma-Al-

drich). 

• Citrate buffer, pH 4.0, storage at 4 °C: 220 mM sodium citrate monobasic (Sigma-Aldrich). 

• TMB stock solution in DMA (Sigma-Aldrich), storage under argon at 4 °C: 8 mM tetrabu-

tylammonium borohydride (Sigma-Aldrich), 40 mM 3,3’,5,5’-tetramethylbenzidine 

(Serva). 

5.4.3. Immunoreagents 

Penicillinase from Bacillus cereus (1 kU, Sigma-Aldrich) was reconstituted in 1 mL of Tris-HCl, 

aliquoted and stored at -20 °C for long-term storage or at 4 °C for up to one month. Invitro-

gen™ Dynabeads™ Protein G came from Thermo Fisher Scientific Baltics (Vilnius, Lithuania). 

The anti-AMX antibody A1463 (clone 1.BB.832, Lot: L13031270) from US Biological (Salem, 

MA, USA) was aliquoted and stored at -20 °C for long-term storage or at 4 °C for up to one 

month. The AMX-HRP tracer (Lot: SQ18KO05105) produced by Squarix (Marl, Germany) was 
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reconstituted in a 1:1 mixture of PBS and glycerol (final concentration 0.5 mg/mL) and stored 

at -20 °C for long-term storage or at 4 °C for up to one month. 

5.4.4. Standards and samples 

Firstly, a stock solution of amoxicillin trihydrate VETRANAL analytical standard (Sigma-Aldrich) 

in MQ with a mass concentration of about 1 g/L was prepared gravimetrically. From this solu-

tion, serial dilutions in MQ were made volumetrically to prepare AMX standards in the con-

centration range from 10 mg/L to 10 ng/L. 

Spiked water samples were prepared by prediluting the stock solution in MQ and successive 

dilution in the respective sample to the desired concentration. Water samples were taken as 

specified in Table 5-4. 

Table 5-4: Details on water samples and sampling procedure. 

Sample Sampling day Description Sampling site 

MQ 2021/04/26 From water purification system BAM building 8.05, room 395C 

TW 2021/04/26 From water cooler BAM building 8.05, foyer 

SW 2021/04/26 Teltowkanal (canal) Ernst-Ruska-Ufer, 12489 Berlin 

MW 2021/04/26 Bottled water, non-carbonated, “Gut&Günstig 
natürliches Mineralwasser, still“ 

- 

 

Standards and samples were hydrolyzed prior to analysis in the assay by adding 1 % (v/v) of 

penicillinase taken from a 1:20-prediluted solution in Tris-HCl (final concentration: 0.5 U/mL) 

and incubating the mixture for 1 h at 37 °C and 200 rpm. 

5.4.5. Immunoassay procedure 

For one microplate, 60 µL of Protein G beads suspension was suspended in 180 µL PBS. Sub-

sequently, 3 µL of anti-AMX mAb A1463 was added, and the reaction mixture incubated for 

30 min at RT and 900 rpm. Afterwards, the beads were washed thrice with 240 µL washing 

buffer by applying a magnet to hold the beads and removing the supernatant by gentle pipet-

ting. After the final washing step, beads were resuspended in 500 µL Tris-EDTA (pH 8.5). From 

this suspension, 5 µL was added to each well of the 96-well plate where 50 µL/well of 

Tris-EDTA was pre-added. Following addition of the beads, 100 µL/well of standard or sample 

was added and pre-incubated for 20 min at RT and 900 rpm. Subsequently, 50 µL/well of 

AMX-HRP tracer in assay buffer was added, followed by incubation for another 20 min at RT 

and 900 rpm. To remove unbound tracer, washing was performed by placing the microplate 
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on a magnetic separator. After waiting for 90 s for the particles to separate from the suspen-

sion, the supernatant solution was carefully removed by gentle pipetting and replaced by 

200 µL of washing buffer. Subsequently, the plate was shaken for 30 s at 1050 rpm for com-

plete resuspension of the particles and the previous steps were repeated twice. 

Still on the magnetic separator, 200 µL/well of freshly prepared substrate solution, consisting 

of 22 mL citrate buffer, 8.5 µL hydrogen peroxide solution (30 %, Sigma-Aldrich), and 550 µL 

TMB stock solution, was added. Afterwards, the plate was shaken for 15 min at RT and 

900 rpm (1050 rpm for the first 30 s for resuspension of the beads). Blue color developed in 

wells with low concentration of AMX. 

Color development was stopped by placing the plate on the magnetic separator and adding 

100 µL/well of 1 M sulfuric acid (J.T.Baker) immediately. Color change from blue to yellow was 

observed. The plate was further shaken at RT and 750 rpm for 30 s while particles remained 

separated on one side of the respective well. 

Detection was performed by reading the optical density at RT at a wavelength of 450 nm with 

reference at 620 nm. For calibration, O.D. values were plotted against the concentration of 

standard solutions and a four-parameter logistic function was fitted to the data points using 

the software Origin® 2019 (OriginLab, Northampton, MA, USA). Concentrations of samples (24 

per plate, each analyzed in triplicate) were determined by using the function “Find x from y” 

in Origin® with the calibration curve of the standards (8 per plate in triplicate) to find concen-

tration values (x) of the samples from the respective O.D. values (y). 

5.5. Magnetic bead-based immunoassay for diclofenac 

5.5.1. General equipment 

MQ was taken from a Merck Millipore (Darmstadt, Germany) Milli-Q Reference water purifi-

cation system. Weighing was performed on a Sartorius (Göttingen, Germany) Research 

R180D-*D1 or Cubis® Advanced MCA225S-2S00-I analytical balance. Adjustment of pH values 

was done with a SevenEasy pH meter S20 from Mettler Toledo (Columbus, OH, USA). 

Bead preparation and all related reactions were performed in 2 mL centrifuge tubes from Ep-

pendorf (Hamburg, Germany). Shaking of reaction mixtures was executed in a Thermo-

Mixer® C from Eppendorf, and centrifugation was carried out using an Eppendorf Centrifuge 
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5417R. For washing, a BioMag® Multi-6 Microcentrifuge Tube Separator from Polysciences 

(Hirschberg an der Bergstraße, Germany) was used. 

All assays were carried out in transparent 96-well f-bottom non-binding polystyrene micro-

plates from Corning (Corning, NY, USA). Wells were filled using Eppendorf Research® pro mul-

tichannel pipettes. Dilutions were prepared with Eppendorf Research® plus piston stroke pi-

pettes. Incubation was performed on a Titramax 101 orbital shaker from Heidolph Instruments 

(Schwabach, Germany). For washing, a BioMag® 96-Well Plate Separator from Polysciences 

was used. Absorbance measurements were carried out on a SpectraMax® Plus 384 or Spec-

traMax® i3x microplate reader from Molecular Devices (San José, CA, USA) controlled with the 

software SoftMax Pro 5.4 or SoftMax Pro 7.1, respectively. 

5.5.2. Preparation of diclofenac-coupled beads 

NHS activation of DCF 

As reported before [131], diclofenac sodium salt (Sigma-Aldrich, Steinheim, Germany) was 

dissolved in dry N,N-dimethylformamide (DMF, Sigma-Aldrich) under argon atmosphere to a 

final concentration of 0.167 mol/L. Stock solutions of N-hydroxysuccinimide (NHS, Merck) and 

N,N’-dicyclohexylcarbodiimide (DCC, Sigma-Aldrich) of 0.5 mol/L each in DMF were prepared 

under argon. To the DCF solution, NHS solution (1.2 eq), a spatula tip of N,N’-disuccinimidyl 

carbonate (DSC, Sigma-Aldrich), and DCC solution (1.2 eq) were added in this particular order 

under argon. The resulting solution was shaken in the dark at RT and 750 rpm for 18 h. 

Afterwards, the mixture was centrifuged at 4 °C and 10,000 rpm for 10 min in order to sepa-

rate the solution from the precipitated dicyclohexylurea. The supernatant solution was used 

directly for coupling. 

Coupling to magnetic beads with blocking (BioMag® Plus) 

A suspension of 100 µL amino-functionalized magnetic microparticles (BioMag® Plus, Sigma-

Aldrich) in 500 µL abs. ethanol (Th. Geyer, Renningen, Germany) and 500 µL 0.1 M sodium 

bicarbonate (Sigma-Aldrich) was prepared. Consecutively, 100 µL of a solution of 0.5 mol/L 

glutaric anhydride (Merck) in absolute ethanol and 5 µL of the above-described DCF active 

ester solution were added. The resulting mixture was shaken at RT and 900 rpm for 20 h. 
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Thereafter, beads were washed once with MQ (1 mL) and thrice with abs. ethanol (1 mL) using 

a magnetic separator to hold the beads while removing the supernatant. Beads were then 

resuspended in abs. ethanol (1 mL) and stored at 4 °C until further use. 

Coupling to magnetic beads without blocking (Dynabeads™) 

A suspension of 200 µL Dynabeads™ M-270 Amine (Thermo Fisher Scientific Baltics, Vilnius, 

Lithuania) in 500 µL abs. EtOH and 500 µL 0.1 M sodium bicarbonate was prepared. Consecu-

tively, 10 µL of the above-described DCF active ester solution was added. All further steps 

were conducted analogously to the method described above.  

5.5.3. Preparation of Boc-Ahx beads & DCF-Ahx beads 

NHS activation of Boc-Ahx 

Analogously to DCF activation, a solution of Boc-Ahx (Sigma-Aldrich) in dry DMF (0.167 mol/L) 

was prepared under argon. Stock solutions of NHS and DCC of 0.5 mol/L each in DMF were 

prepared under argon. To the Boc-Ahx solution, NHS solution (1.2 eq), a spatula tip of DSC, 

and DCC solution (1.2 eq) were added in this particular order under argon. The resulting solu-

tion was shaken in the dark at RT and 750 rpm for 18 h. Afterwards, the mixture was centri-

fuged at 4 °C and 10,000 rpm for 10 min in order to separate the precipitated dicyclohexyl-

urea. The supernatant was used directly for coupling. 

Coupling to magnetic beads 

A suspension of amino-functionalized magnetic microparticles (100 µL) in abs. ethanol 

(500 µL) and 0.1 M sodium bicarbonate (500 µL) was prepared. Consecutively, 250 µmol of 

glutaric anhydride or succinic anhydride (Sigma-Aldrich) and 25 µL of the above-described 

Boc-Ahx active ester solution were added. The resulting mixture was shaken at RT and 

900 rpm for 20 h. Thereafter, beads were washed once with MQ (1 mL) and thrice with abs. 

ethanol (1 mL) using a magnetic separator to hold the beads while removing the supernatant. 

The Boc-Ahx beads were then resuspended in abs. ethanol (1 mL) and stored at 4 °C until fur-

ther use. 

Deprotection of Boc-Ahx beads 

Beads were separated from the suspension by applying a magnetic separator and the solvent 

was removed. Beads were resuspended in 1 mL trifluoroacetic acid (Sigma-Aldrich) and the 

resulting mixture was shaken for 30 min at RT and 750 rpm. Afterwards, beads were washed 
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once with 1 M sodium bicarbonate, once with MQ, and twice with abs. ethanol (1 mL each). 

Beads were then resuspended in abs. ethanol (1 mL) and used directly for coupling with DCF. 

Coupling with NHS-activated DCF 

To the suspension of deprotected Ahx beads, 25 µL of DCF-NHS ester solution (for preparation, 

cf. section 5.5.2) was added, and the resulting mixture shaken at RT and 900 rpm for 18 h. 

Afterwards, DCF-Ahx beads were washed once with MQ and thrice with abs. EtOH (1 mL each), 

then resuspended in abs. EtOH (1 ml) and stored at 4 °C until further use. 

5.5.4. Buffers 

All buffers were prepared in MQ and stored in amber glass bottles at RT unless stated other-

wise. The pH values were adjusted using 6 M hydrochloric acid (Merck) or 5 M sodium hydrox-

ide solution (J.T.Baker, Phillipsburg, NJ, USA). 

• PBS, pH 7.6: 10 mM sodium phosphate monobasic dihydrate (Sigma-Aldrich), 70 mM so-

dium phosphate dibasic dihydrate (Sigma-Aldrich), 145 mM sodium chloride (Sigma-Al-

drich). 

• Washing buffer, pH 7.6: 0.75 mM potassium phosphate monobasic (Sigma-Aldrich), 

6.25 mM potassium phosphate dibasic (Sigma-Aldrich), 0.025 mM potassium sorbate 

(Sigma-Aldrich), 0.05 % Tween® 20 (Serva, Heidelberg, Germany). 

• Assay buffer (Tris-EDTA), pH 7.6, storage at 4 °C: 125 mM tris(hydroxymethyl)amino-

methane (Merck), 187.5 mM sodium chloride, 13.375 mM ethylenediaminetetraacetic 

acid disodium salt dihydrate (Sigma-Aldrich). 

• Citrate buffer, pH 4.0, storage at 4 °C: 220 mM sodium citrate monobasic (Sigma-Aldrich). 

• TMB stock solution in dry DMA (Sigma-Aldrich), storage under argon at 4 °C: 8 mM tetra-

butylammonium borohydride (Sigma-Aldrich), 40 mM 3,3’,5,5’-tetramethylbenzidine 

(Serva). 

5.5.5. Immunoreagents 

Polyclonal sheep anti-mouse IgG (H+L chain) antibody with HRP label (secondary antibody, 

R1256HRP) was obtained from OriGene Technologies (Rockville, MD, USA). Mouse anti-DCF 

antibodies (isotype IgG1) F01G21 and SK60-2E4 were produced by fusion of mouse myeloma 

cells (AG8 [121] or SP2/0-AG14, respectively) and splenocytes from BALB/c mice. 
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The antibody F01G21 was further labeled with HRP using the periodate method as described 

by WILSON and NAKANE [90]. Required chemicals, sodium carbonate, sodium bicarbonate, and 

ammonium sulfate were from Carl Roth (Karlsruhe, Germany), sodium periodate and sodium 

cyanoborohydride from Sigma-Aldrich, ethylene glycol from Serva, and HRP from Roche (Ba-

sel, Switzerland). The antibody solution was concentrated to about 5 mg/mL in an Amicon® 

Stirred Cell Model 8010 (10 mL) equipped with an Ultrafiltration Disc (30 kDa) from Merck 

Millipore (Burlington, MA, USA). The labeling reaction was carried out in a glass vial equipped 

with a magnetic stirring bar. The labeled antibody was purified in PBS using PD-10 or PD Mini-

Trap desalting columns with Sephadex G-25 resins from GE Healthcare (Chicago, IL, USA). An-

tibody concentration (2.79 mg/mL) and coupling ratio (2.65) were determined by UV/Vis ab-

sorption measurements in UV cuvettes micro from Brand (Wertheim, Germany) with a Bio-

Mate 3 UV-Vis Spectrophotometer from Thermo Fisher Scientific (Waltham, MA, USA). The 

product was stabilized with 0.04 % thiomersal (Serva) and 2 % fetal bovine serum (Life Tech-

nologies, Carlsbad, CA, USA), and stored in aliquots at 4 °C for up to one month or at -20 °C 

for long term storage. 

5.5.6. Standards and samples 

Firstly, a stock solution of diclofenac sodium analytical standard (Sigma-Aldrich) in abs. etha-

nol with a mass concentration of approx. 1 g/L was prepared gravimetrically. From this solu-

tion, serial dilutions in MQ were made volumetrically to prepare DCF standards in the concen-

tration range from 10 mg/L to 1 ng/L. 

Spiked water samples were prepared by prediluting the stock solution of DCF-Na in MQ and 

successive dilution in the respective sample to the desired concentration. Water samples were 

taken and pretreated, if necessary, as specified in Table 5-5. 

Table 5-5: Details on water samples and sampling procedure. 

Sample Sampling day Sample description Sampling site 

MQ 2021/06/08 From water purification system BAM building 8.05, room 395C 

TW 2021/06/08 From water cooler BAM building 8.05, foyer 

MW 2021/06/09 Bottled water, non-carbonated, 
Lichtenauer Pur, BBD 2021/08/31 

- 

LW 2021/06/08 From laboratory water tap BAM building 8.05, room 394 

GW 2021/06/07 From water well delivered by an electric 
pump 

Groß-Kienitz, 15831 Blankenfelde-
Mahlow 

SW 2021/06/08 From Teltowkanal (canal), filtered through 
0.45 µm regenerated cellulose filter 

Ernst-Ruska-Ufer, 12489 Berlin 
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5.5.7. Immunoassay procedure 

For one 96-well plate, 150 µL of DCF-coupled beads suspension was mixed with 4.8 mL of as-

say buffer. 50 µL of the resulting suspension was added to each well of the microplate. To this, 

100 µL/well of DCF standard solution or sample was added. The HRP-labeled mouse anti-DCF 

antibody F01G21 was diluted in assay buffer to a concentration of 37.2 µg/L, and 50 µL of this 

solution was added to each well. Then, the resulting mixture was incubated at RT and 900 rpm 

for 20 min. 

To remove unbound antibody, washing was performed by placing the microplate on a mag-

netic separator. After waiting for 120 s for the particles to separate from the suspension, the 

supernatant solution was carefully removed by gentle pipetting and replaced by 200 µL of 

washing buffer. Subsequently, the plate was shaken for 30 s at 1050 rpm for complete resus-

pension of the particles and the previous steps were repeated twice. 

Still on the magnetic separator, 200 µL/well of freshly prepared substrate solution (22 mL ci-

trate buffer, 8.5 µL hydrogen peroxide solution (30 %, Sigma-Aldrich), and 550 µL TMB stock 

solution) was added. After the addition was completed, the plate was shaken for 15 min at RT 

and 900 rpm (1050 rpm for the first 30 s for resuspension of the beads). Blue color developed 

in wells with low concentration of DCF. 

Color development was stopped by placing the plate on the magnetic separator and adding 

100 µL/well of 1 M sulfuric acid (J.T.Baker) immediately. Color change from blue to yellow was 

observed. The plate was further shaken at RT and 750 rpm for 30 s while particles remained 

separated on one side of the respective well. 

Detection was performed by reading the optical density at RT at a wavelength of 450 nm with 

reference at 620 nm. For calibration, O.D. values were plotted against the concentration of 

standard solutions and a four-parameter logistic function was fitted to the data points using 

the software Origin® 2019 (OriginLab, Northampton, MA, USA). Concentrations of samples (24 

per plate, each analyzed in triplicate) were determined by using the function “Find x from y” 

in Origin® with the calibration curve of the standards (8 per plate in triplicate) to find concen-

tration values (x) of the samples from the respective O.D. values (y). 



 Experimental Section  

98 
 

5.5.8. LC-MS/MS analysis 

LC-MS/MS measurements were carried out on an Agilent 1260 LC system from Agilent Tech-

nologies (Waldbronn, Germany) equipped with a binary pump (G1312B), column oven 

(G1316A), autosampler (G1367E), and a diode array detector (G1315D) coupled to a Triple 

Quad 6500 Mass Spectrometer from AB Sciex Instruments (Darmstadt, Germany). A Kinetex® 

2.6 µm XB-C18 100 Å LC column (150 x 3 mm) from Phenomenex (Aschaffenburg, Germany) 

and a matching pre-column were used. 

Each water sample was analyzed undiluted in duplicate with an injection volume of 10 µL and 

the column oven temperature set to 55 °C. At a flow rate of 350 µL/min, a binary gradient 

consisting of (A) water and (B) methanol (LC-MS grade, Biosolve, Valkenswaard, Netherlands) 

both containing 10 mM ammonium acetate (Sigma-Aldrich) and 0.1 % (v/v) acetic acid (Fluka, 

Buchs, Switzerland) was used under the following conditions: 70 % A isocratic for 3 min; linear 

decrease to 5 % A within 9 min; kept at 5 % A for 6 min; increase to 70 % A within 0.5 min; 

kept at 70 % A for 6 min. 

ESI was performed in positive mode at a source temperature of 400 °C and an ion spray vol-

tage of 4500 V. Gas pressures were applied as follows: curtain gas 35 psi, nebulizer gas 62 psi, 

turbo gas 62 psi, collision gas 8 psi. At an entrance potential of 10 V, a declustering potential 

of 90 V, a cell exit potential of 15 V and a dwell time of 100 ms for each transition, the mass 

transitions m/z 296 → 250 and m/z 296 → 214 with a collision energy of 22 V (m/z 296 → 250), 

and 30 V (m/z 296 → 214) were used for quantification in selected reaction monitoring (SRM) 

mode. For calibration, DCF standard solutions of eight different concentrations in the range 

from 0.2 to 100 µg/L including one blank were used. 

Data acquisition and analysis were performed using the software Analyst 1.7.1 and Sciex OS-

Q 1.4.1.20719 from AB Sciex. 

5.6. Electrochemical detection 

5.6.1. Microfluidic chip fabrication 

The fabrication of microfluidic chips was conducted in cleanroom facilities of BAM, Adlershof 

branch, with the aid and guidance of Dr. Jérémy Bell. 
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2D chip architecture 

For the 2D chip, the channel structure was designed using the software LayoutEditor 

(juspertor, Unterhaching, Germany, Jürgen Thies; layouteditor.org) which was then used to 

produce a mold made of the photoresist SU-8 (Kayaku Advanced Materials, Westborough, 

MA, USA) on a 2-inch silicon wafer (Siegert, Aachen, Germany). The wafer was first rinsed with 

acetone and dried with compressed air before being cleaned in a plasma cleaner Zepto (Diener 

Electronic, Ebhausen, Germany) equipped with vacuum pump ScrollVac SC 5 D from Leybold 

(Cologne, Germany) at 0.6 mbar in air plasma for 2.5 min. The wafer was then heated to 200 °C 

for 2.5 min on a hot plate C-MAG HP 4 (IKA, Staufen, Germany) or precision hot plate PZ 28-2 

with temperature controller Type 2860 SR (Harry Gestigkeit, Düsseldorf, Germany) to ensure 

stability of the SU-8 resin. 

The resin SU-8 2100 (3 mL) was spin-coated onto the wafer using a spin-coater POLOS 

SPIN150i from SPS (Putten, Netherlands). The spinning speed was first ramped up to 500 rpm 

at an acceleration of 100 rpm/s and held for 5 s to spread the photoresist. Afterwards, to coat 

a layer of 100 µm thickness, the speed was ramped up to 3000 rpm at an acceleration of 

300 rpm/s and held for 30 s. 

The spin-coated photoresist was then soft-baked in a two-step process for 3 min at 65 min 

and subsequently 15 min at 95 °C on a hot plate. After that, the wafer was allowed to cool 

down to RT before it was placed in a Maskless Aligner MLA100 from Heidelberg Instruments 

(Heidelberg, Germany) where it was exposed to UV irradiation at a power of 330 mJ/cm2 with 

Defoc set to zero. Post exposure baking was then performed on a hot plate for 2 min at 65 °C 

followed by 14 min at 95 °C, before the wafer was allowed to cool to RT. 

To develop the cross-linked SU-8, the wafer was immersed in SU-8 photoresist developer 

(Kayaku Advanced Materials) for 15 min with vigorous stirring and further rinsed with the de-

veloper. Afterwards, the wafer was dried with compressed air. Eventually, the SU-8 mold was 

made permanent by hard baking in a Universal oven UN30 (Memmert, Schwabach, Germany) 

for 2 h at 180 °C. A second mold with a slot for the SPE was produced by glueing an SPE on 

another silicon wafer. 

For fabrication of the microfluidic chip, PDMS from Sylgard 184 Silicone Kit (Dow Corning, 

Midland, MI, USA) was mixed with the corresponding curing agent in a ratio of 10:1 and stirred 

in a beaker until the mixture became white with bubbles. The beaker was then placed in an 
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ultrasonic bath Sonorex Super RK 52 (Bandelin, Berlin, Germany) for 5 min and degassed after-

wards in a desiccator under vacuum for 20 min. In the meantime, the beforehand produced 

SU-8 mold and SPE slot mold were coated with hexamethyldisilazane (Sigma-Aldrich) by chem-

ical vapor deposition for 20 min to prevent removing the SU-8 when de-molding the PDMS at 

a later stage. The degassed PDMS mixture was then poured slowly onto the molds each in a 

Petri dish covered with aluminum foil (10 g of PDMS per mold). Weighing was performed on 

a Kern EMB 500-1 balance. 

The PDMS in the Petri dish was then baked in an oven at 140 °C for 15 min and allowed to cool 

to RT afterwards. The Petri dishes and aluminum foils were removed and the PDMS was care-

fully peeled off the silicon wafers. Using a cheese knife, the chips were cut to form and holes 

with 1.5 mm in diameter for inlet and outlet of the chip with the microfluidic channels were 

made by using a biopsy punch. 

The two chip parts were then cleaned by applying and removing scotch tape on the surface. 

Afterwards, they were placed in the plasma cleaner to activate the surface with air plasma at 

0.6 mbar for 100 s. Subsequently, the two parts were pressed together to form the final chip. 

3D chip architecture 

For the 3D chip, the inner structure was modeled using the software FreeCAD (Jürgen Riegel, 

Werner Mayer, Yorik van Havre; freecad.org) and then printed piecewise from the copolymer 

ABS using the 3D printer Ultimaker 2 (Ultimaker, Utrecht, Netherlands) equipped with a 

0.25 mm nozzle at 255 °C while the bed temperature was set to 70 °C, with 120 % material 

flow (25 mm/s), 50 % infill, no brim. The single parts were combined with cyanoacrylate ad-

hesive and the complete model was glued to a silicon wafer. 

The production of the PDMS chip was performed as described above with the variation that 

15 mL of the mixture of PDMS and curing agent was required for one chip. Another chip with 

a slot to receive an SPE was produced as described above. After baking of the PDMS, the inner 

structure of the 3D chip was removed by placing the chip in acetone in a beaker which was 

put in an ultrasonic bath for 1h. The resulting PDMS chip was dried with compressed air and 

bonded to the SPE slot chip by plasma activation as described above. 
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Chip holders 

To prevent leakage while pumping liquid through the chips, chip holders for each chip archi-

tecture were modelled in FreeCAD and fabricated by the BAM workshop. These chip holders 

consist of a bottom plate made of aluminum and a replaceable top plate made of poly(methyl 

methacrylate) (PMMA) different for each of the two chip designs (Figure 5-1). Top and bottom 

plate were connected with four screws in each corner while the chip was placed in between 

so that the central bore holes in the top plate allowed connection of the fluidic tubing to the 

inlet and outlet of the chip. 

 

Figure 5-1: FreeCAD models for chip holder parts: a) top plate for 2D chip design, b) top plate for 3D chip 
design, c) bottom plate for both chip designs. 

5.6.2. Microfluidic setup 

Equipment for pressure-driven flow control was purchased from Elveflow (Paris, France): OB1 

MK3+ Pressure Controller with one channel 0-2000 mbar, MUX Distribution 12 valve, MUX 

Wire solenoid valve (3-way) with valve driver, flow sensors MFS4 40 – 1000 µl/min and MFS3 

2.4 – 80 µL/min, and reservoir holder racks 4-XS for 2 mL reaction tubes. The pressure con-

troller was connected to compressed air supply with PVC fabric hose 19 (3/4”) x 26.0 mm from 
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REHAU Industries (Rehau, Germany) and 6 x 4 mm polyether polyurethane tubing (Darwin Mi-

crofluidics, Paris, France) via a particle/humidity filter (Elveflow). Reservoirs were connected 

with the pressure controller using pneumatic polyurethane flexible tubing with 4 mm outer 

diameter (Darwin Microfluidics). Reservoirs were connected to the 12:1-way valve, the three-

port valve, the flow rate sensor, a bubble trap (Darwin Microfluidics) and eventually the 

above-described chips. Between the three-port valve and the flow rate sensor, a microfluidic 

resistance of 6.5 cm length was installed with 100 µm internal diameter with flow rate sensor 

MFS4 for the 3D chip or with 65 µm internal diameter and sensor MFS3 for the 2D chip. 

5.6.3. Electrochemical measurement 

All measurements were carried out using a Potentiostat Sensit Smart from PalmSens (Houten, 

Netherlands) controlled with the software PSTrace 5.9, connected to a DropSens SPE 250AT 

(Metrohm DropSens, Oviedo, Spain) in one of the above-described microfluidic chips. Poten-

tiostat and chip were placed in a Faraday cage shield case from Ivium Technologies (Eindho-

ven, Netherlands). The electrode surface was activated prior to the measurements by per-

forming cyclic voltammetry with 0.1 M sulfuric acid (0 – 1.6 V, 0.1 V/s, 5 scans). MBBAs were 

conducted as described in sections 5.4.5 and 5.5.7 with the difference that potassium citrate 

monobasic (Sigma-Aldrich) was used instead of sodium citrate in the substrate solution, and 

1 M sulfuric acid with 0.3 M potassium chloride (Alfa Aesar, Kandel, Germany) was used for 

stopping the reaction. The oxidized substrate solutions from the MBBA were transferred to 

2 mL amber reaction tubes from Eppendorf (Hamburg, Germany) which were connected to 

the respective reservoir holders of the microfluidic system. Additionally, three reaction tubes 

were filled with buffer solution consisting of 5.5 mL 220 mM potassium citrate buffer (pH 4.0), 

2.126 µL 30 % hydrogen peroxide (Sigma-Aldrich), 2.82 mL 1 M sulfuric acid with 0.3 M potas-

sium chloride, and 137.6 µL TMB stock solution (cf. sections 5.1.3, 5.2.3, 5.4.2 or 5.5.4). An-

other reaction tube was filled with 25 % isopropanol (Th. Geyer, Renningen, Germany) in MQ 

(taken from water purification system). 

The microfluidic system was then flushed with 250 µL of 25 % iPrOH, followed by 500 µL of 

MQ and 300 µL of buffer at a pressure of 600 mbar. During the last step, the open-circuit po-

tential (EOCP) was measured by switching on the potentiostat without applying a potential. 

When the EOCP reached a value of approximately 0.3 to 0.4 V and remained constant, a poten-

tial of 0.33 V was applied and the chronoamperometric measurement was started. The flow 
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rate was adjusted to 500 µL/min (3D chip) or 50 µL/min (2D chip) and maintained by altering 

the pressure (1320 – 1340 mbar). The oxidized substrate solutions (250 µL) were then injected 

successively each followed by flushing with 200 µL buffer until every substrate solution was 

analyzed three times. Afterwards, the microfluidic system was flushed with 400 µL of buffer, 

1000 µL of MQ, 500 µL of 25 % iPrOH and dried by passing compressed air at a pressure of 

500 mbar through the system. The peak currents of the signals were plotted against the con-

centration of calibrators to obtain a calibration curve using the software Origin® 2019 

(OriginLab, Northampton, MA, USA). 
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6. Annex 

6.1. Figures 

 

Figure 6-1: Product distribution during AMX hydrolysis at 4 °C from a starting concentration of 10 µg/L 
AMX in a) TW, b) MW, c) SW, d) MQ. 
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Figure 6-2: Product distribution during AMX hydrolysis at 20 °C in the dark from a starting concentration 
of 10 µg/L AMX in a) TW, b) MW, c) SW, d) MQ. 

0 10 20 30 40 50

0%

10%

20%

30%

40%

50%
re

l.
 I

n
te

n
s
it
y

t / d

a  AMX

 AMX-A

 AMX-P

 AMA

 HPP

0 10 20 30 40 50

0%

10%

20%

30%

40%

re
l.
 I

n
te

n
s
it
y

t / d

b

0 10 20 30 40 50

0%

20%

40%

60%

80%

100%

re
l.
 I

n
te

n
s
it
y

t / d

c

0 10 20 30 40 50

0%

20%

40%

60%

80%

100%

re
l.
 I

n
te

n
s
it
y

t / d

d



 Annex  

107 
 

 

Figure 6-3: Product distribution during AMX hydrolysis at 20 °C under irradiation by sunlight from a 
starting concentration of 10 µg/L AMX in a) TW, b) MW, c) SW, d) MQ. 
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Figure 6-4: Reaction scheme for the coupling of Boc-Ahx to magnetic beads under blocking of free amino 
functions by glutaric anhydride and further reaction with DCF active ester to yield DCF-Ahx-beads. 
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Figure 6-5: Photograph of the laboratory setup for electrochemical measurements on an SPE in a micro-
fluidic system with labeling of all relevant components. 

 

6.2. Tables 

Table 6-1: Data for the AMX determination in water samples by ic-ELISA (measurement 1) including recov-
ery rates (RR) with color scale from green (100 %) to orange (0 %, 200 %). 

Sample 
c / nmol/L 

RR 
spiked determined 

P1 197 219±8 111 % 

P2 26.2 16±3 62 % 

P3 472 610±40 128 % 

P4 94.5 105±9 112 % 

P5 15.8 11±6 70 % 

P6 115 103±11 89 % 

P7 320 301±13 94 % 

P8 226 189±7 84 % 

P9 0 0 100 % 

P10 39.4 26±8 66 % 

P11 415 420±20 102 % 

P12 163 130±20 82 % 

P13 155 106±12 68 % 

P14 5.25 0 0 % 

P15 68.2 26±14 38 % 

P16 378 268±12 71 % 

P17 919 920±90 101 % 

P18 52.5 33±8 63 % 

P19 13.1 5±5 39 % 

P20 186 170±10 93 % 

P21 0 0 100 % 

P22 262 210±50 78 % 

P23 84.0 41±6 49 % 

P24 18.4 0 0 % 
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Table 6-2: Data for the AMX determination in water samples by ic-ELISA (measurement 2) including recov-
ery rates (RR) with color scale from green (100 %) to orange (0 %, 200 %). 

Sample 
c / (nmol/L) 

RR 
spiked determined 

P1 197 150±30 75 % 

P2 26.2 3.8±1.3 15 % 

P3 472 600±90 127 % 

P4 94.5 58±9 61 % 

P5 15.8 8±3 52 % 

P6 115 88±12 76 % 

P7 320 330±20 104 % 

P8 226 184±12 82 % 

P9 0 0 100 % 

P10 39.4 12±4 30 % 

P11 415 460±20 111 % 

P12 163 140±20 87 % 

P13 155 99±12 64 % 

P14 5.25 0 0 % 

P15 68.2 25±6 37 % 

P16 378 280±10 73 % 

P17 919 860±100 93 % 

P18 52.5 26±10 49 % 

P19 13.1 3±3 25 % 

P20 186 160±20 86 % 

P21 0 0 100 % 

P22 262 180±20 69 % 

P23 84.0 32±2 38 % 

P24 18.4 0 0 % 

 

Table 6-3: Data for the AMX determination in different types of water by dc-MBBA with recovery rates 
(RR). Color scheme: < ±10 % green, < ±30 % yellow, > ±30 % red. 

Sample 
 (AMX) / (µg/L) RR 

spiked measured / % 

MQ 

1 0 0 100 

2 2.15 1.4±0.6 64 

3 10.7 10±2 97 

4 25.8 20.2±0.3 78 

5 53.7 48.6±1.1 91 

6 107 104±3 96 

TW 

7 0 0 100 

8 4.30 10.0±0.7 232 

9 12.9 38.2±0.9 296 

10 30.1 101±3 336 

11 64.5 242±8 375 

12 215 870±70 405 

MW 

13 0 0 100 

14 6.45 5.7±0.7 88 

15 12.9 13.3±0.5 104 

16 34.4 35±3 102 
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17 75.2 82±2 109 

18 322 345±12 107 

SW 

19 0 0 100 

20 8.59 5.9±0.3 68 

21 21.5 16.8±0.7 78 

22 43.0 38±2 88 

23 85.9 85.8±0.4 100 

24 430 440±60 103 

 

Table 6-4: Data for the quantification of DCF in water samples by LC-MS/MS analysis (CV – coefficient of 
variation). 

Sample 
Value 1 Value 2 Value 3 Value 4 x̅ s CV Spike value Δ Δrel 

/ (µg/L) / % / (µg/L) / % 

W1 0.06 0.10 0.00 0.00 0.04 0.04 106 0 0.04 n.a. 

W2 0.59 0.60 0.59 0.58 0.59 0.01 1 0.52 0.07 13 

W3 19.9 20.1 19.8 20.5 20.1 0.3 1 18.8 1.3 7 

W4 109 111 109 112 110 1 1 104 6.3 6 

W5 0.10 0.14 0.00 0.05 0.07 0.05 73 0 0.07 n.a. 

W6 1.76 1.80 1.76 1.80 1.78 0.02 1 1.67 0.11 7 

W7 16.5 16.6 16.5 16.8 16.6 0.1 1 15.6 1.00 6 

W8 44.2 44.4 44.3 44.9 44.5 0.3 1 41.7 2.75 7 

W9 0.07 0.11 0.00 0.00 0.05 0.05 105 0 0.05 n.a. 

W10 0.90 0.92 0.82 0.87 0.88 0.04 4 0.83 0.05 6 

W11 10.7 10.8 10.7 10.9 10.8 0.1 1 10.4 0.38 4 

W12 32.2 32.7 32.5 33.2 32.7 0.4 1 31.3 1.35 4 

W13 0.09 0.12 0.00 0.00 0.05 0.05 102 0 0.05 n.a. 

W14 1.37 1.32 1.28 1.29 1.32 0.04 3 1.25 0.07 5 

W15 17.2 17.4 17.3 17.5 17.4 0.1 1 16.7 0.65 4 

W16 65.9 65.6 66.7 67.2 66.4 0.6 1 62.5 3.85 6 

W17 0.12 0.15 0.00 0.00 0.07 0.07 101 0 0.07 n.a. 

W18 1.16 1.06 1.08 1.09 1.10 0.04 3 1.04 0.06 6 

W19 8.68 8.66 8.70 8.70 8.69 0.02 0 8.33 0.35 4 

W20 55.2 54.7 55.6 56.1 55.4 0.5 1 52.1 3.3 6 

W21 0.52 0.54 0.45 0.46 0.49 0.04 8 0 0.49 n.a. 

W22 2.59 2.65 2.60 2.66 2.63 0.03 1 2.08 0.55 26 

W23 4.73 4.74 4.73 4.85 4.76 0.05 1 4.17 0.59 14 

W24 22.1 22.2 22.4 22.7 22.4 0.2 1 20.8 1.6 7 

 

Table 6-5: Data for the quantification of DCF in water samples by MBBA, measurement 1. 

Sample 
Values x̅ s CV Spike value Reference value RR 

/ (µg/L) / % / (µg/L) / % 

W1 1.90 1.89 1.75 1.85 0.07 4 0 0.04 false positive 

W2 1.1 0.9 1.4 1.1 0.2 17 0.52 0.59 189 

W3 14 19 14 16 2 15 18.8 20.1 79 

W4 94 70 96 86 12 14 104 110 79 

W5 0.31 0.27 0.43 0.34 0.07 20 0 0.07 true negative 

W6 1.1 1.5 1.0 1.2 0.2 16 1.67 1.78 69 

W7 15.7 15.7 15.9 15.8 0.1 1 15.6 16.6 95 

W8 43.3 41.8 44.3 43.1 1.0 2 41.7 44.4 97 

W9 0.41 0.59 0.30 0.43 0.12 28 0 0.05 true negative 



 Annex  

112 
 

W10 1.70 1.75 1.53 1.66 0.09 6 0.83 0.88 189 

W11 10.8 9.8 11.0 10.5 0.5 5 10.4 10.8 97 

W12 26.7 27.7 24.9 26.4 1.2 4 31.3 32.7 81 

W13 0.51 0.47 0.46 0.48 0.02 5 0 0.05 true negative 

W14 2.13 2.21 2.34 2.23 0.09 4 1.25 1.32 169 

W15 15.8 16.5 13.2 15.2 1.4 9 16.7 17.4 87 

W16 66 55 64 61 5 8 62.5 66.4 92 

W17 0.15 0.03 0.13 0.10 0.05 51 0 0.07 true negative 

W18 0.7 1.0 0.5 0.7 0.2 30 1.04 1.10 67 

W19 7.5 7.0 7.0 7.1 0.2 4 8.33 8.68 82 

W20 40.9 41.8 41.8 41.5 0.4 1 52.1 55.4 75 

W21 0.18 0.28 0.07 0.18 0.09 49 0 0.49 36 

W22 2.4 2.0 2.1 2.2 0.2 7 2.08 2.63 82 

W23 3.83 3.61 3.52 3.65 0.13 4 4.17 4.76 77 

W24 16.6 16.7 15.9 16.4 0.4 2 20.8 22.3 74 

 

Table 6-6: Data for the quantification of DCF in water samples by MBBA, measurement 2. 

Sample 
Values x̅ s CV Spike value Reference value RR 

/ (µg/L) / % / (µg/L) / % 

W1 1.48 1.69 1.59 1.59 0.09 5 0 0.04 false positive 

W2 0.93 0.88 0.68 0.83 0.11 13 0.52 0.59 141 

W3 18.7 18.4 19.6 18.9 0.5 3 18.8 20.1 94 

W4 140 180 180 160 20 11 104 110 150 

W5 0.41 0.41 0.44 0.42 0.01 3 0 0.07 true negative 

W6 3.0 2.7 3.3 3.0 0.2 8 1.67 1.78 170 

W7 17.3 16.7 16.4 16.8 0.4 2 15.6 16.6 101 

W8 62 58 50 57 5 9 41.7 44.4 128 

W9 1.2 1.1 1.8 1.4 0.3 24 0 0.05 false positive 

W10 2.0 2.0 2.4 2.1 0.2 9 0.83 0.88 238 

W11 15.6 14.5 15.1 15.1 0.4 3 10.4 10.8 140 

W12 49 38 52 46 6 14 31.3 32.7 142 

W13 0.69 0.50 0.77 0.65 0.11 17 0 0.05 false positive 

W14 1.8 1.6 2.0 1.8 0.2 9 1.25 1.32 135 

W15 -- 17.0 18.1 17.6 0.6 3 16.7 17.4 101 

W16 58 64 68 64 4 7 62.5 66.4 96 

W17 0.7 1.7 0.6 1.0 0.5 48 0 0.07 false positive 

W18 1.2 1.7 0.9 1.3 0.3 25 1.04 1.10 115 

W19 9.8 12.1 9.2 10.4 1.2 12 8.33 8.68 119 

W20 63 -- 54 59 5 8 52.1 55.4 106 

W21 0.7 1.1 0.6 0.8 0.2 28 0 0.49 161 

W22 3.4 4.0 3.2 3.6 0.4 10 2.08 2.63 135 

W23 4.7 5.0 4.2 4.6 0.3 7 4.17 4.76 97 

W24 23 25 21 23 2 7 20.8 22.3 103 

 

Table 6-7: Data for the quantification of DCF in water samples by MBBA, measurement 3. 

Sample 
Values x̅ s CV Spike value Reference value RR 

/ (µg/L) / % / (µg/L) / % 

W1 0 0 0 0 0 0 0 0.04 true negative 

W2 0.1 0.4 0.7 0.4 0.3 71 0.52 0.59 65 

W3 32 28 24 28 3 11 18.8 20.1 140 

W4 77 99 78 85 10 12 104 110 77 
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W5 0 0 0 0 0 0 0 0.07 true negative 

W6 2.2 1.6 1.1 1.6 0.5 29 1.67 1.78 92 

W7 18.8 19.4 17.7 18.6 0.7 4 15.6 16.6 112 

W8 -- 26 44 35 9 26 41.7 44.4 78 

W9 1.4 0.9 0.2 0.8 0.5 58 0 0.05 false positive 

W10 0.7 1.1 0.7 0.8 0.2 20 0.83 0.88 97 

W11 6 11 10 9.1 2 24 10.4 10.8 84 

W12 23 12 14 16 5 30 31.3 32.7 50 

W13 0.04 0.00 0.08 0.04 0.03 82 0 0.05 true negative 

W14 1.5 1.4 2.0 1.6 0.3 16 1.25 1.32 124 

W15 6 12 18 12 5 40 16.7 17.4 69 

W16 66 88 76 76 9 11 62.5 66.4 115 

W17 0.39 0.06 0.15 0.20 0.14 70 0 0.07 true negative 

W18 1.02 1.03 1.29 1.11 0.12 11 1.04 1.10 101 

W19 7.1 8.9 6.6 7.5 1.0 13 8.33 8.68 87 

W20 49.0 51.4 48.5 49.6 1.3 3 52.1 55.4 90 

W21 0.7 0.6 0.3 0.5 0.2 35 0 0.49 107 

W22 3.8 4.8 3.3 4.0 0.6 15 2.08 2.63 150 

W23 6.2 6.5 7.2 6.6 0.4 6 4.17 4.76 139 

W24 24.5 22.7 24.5 23.9 0.8 4 20.8 22.3 107 

 

Table 6-8: Data for the quantification of DCF in water samples by MBBA, measurement 4. 

Sample 
Values x̅ s CV Spike value Reference value RR 

/ (µg/L) / % / (µg/L) / % 

W1 0.23 0.41 0.10 0.25 0.13 52 0 0.04 true negative 

W2 0.59 0.84 0.55 0.66 0.13 19 0.52 0.59 112 

W3 22 25 21 23 2 7 18.8 20.1 112 

W4 100 140 100 110 20 15 104 110 104 

W5 1.08 -- 0.88 0.98 0.10 10 0 0.07 false positive 

W6 2.5 3.4 2.5 2.8 0.4 15 1.67 1.78 159 

W7 21 25 19 22 2 11 15.6 16.6 129 

W8 68 87 61 72 11 15 41.7 44.4 162 

W9 1.32 1.24 1.36 1.31 0.05 4 0 0.05 false positive 

W10 -- 1.6 2.0 1.8 0.2 11 0.83 0.88 209 

W11 -- 15.1 16.4 15.8 0.6 4 10.4 10.8 146 

W12 32 38 34 34 3 8 31.3 32.7 106 

W13 1.1 0.9 1.3 1.1 0.2 15 0 0.05 false positive 

W14 2.47 2.18 2.29 2.31 0.12 5 1.25 1.32 175 

W15 18.8 18.1 20.1 19.0 0.8 4 16.7 17.4 109 

W16 116 108 135 120 11 9 62.5 66.4 180 

W17 0.92 0.59 0.70 0.74 0.14 19 0 0.07 false positive 

W18 1.4 1.2 0.9 1.2 0.2 15 1.04 1.10 106 

W19 13 11 7 10 2 22 8.33 8.68 118 

W20 61 42 43 48 9 18 52.1 55.4 87 

W21 0.76 1.05 0.89 0.90 0.12 13 0 0.49 184 

W22 4.4 4.0 4.2 4.2 0.2 4 2.08 2.63 160 

W23 6.7 6.7 5.8 6.4 0.4 7 4.17 4.76 134 

W24 33.3 33.8 32.3 33.1 0.6 2 20.8 22.3 149 
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Table 6-9: Data for the determination of inter-assay variation and mean recovery rates. 

Sample 
x̅1 x̅2 x̅3 x̅4 x̅ s CV Reference value RR 

/ (µg/L) / % / (µg/L) / % 

W1 1.8 1.6 0 0.2 0.9 0.8 88 0.04 false positive 

W2 1.1 0.8 0.4 0.7 0.8 0.3 36 0.59 126 

W3 16 19 28 23 21 5 21 20.1 106 

W4 86 160 85 110 110 30 29 110 102 

W5 0.3 0.4 0 1.0 0.4 0.4 81 0.07 true negative 

W6 1.2 3.0 1.6 2.8 2.2 0.8 35 1.78 122 

W7 16 17 19 22 18 2 12 16.6 109 

W8 43 57 35 72 52 14 27 44.4 116 

W9 0.4 1.4 0.8 1.3 1.0 0.4 39 0.05 false positive 

W10 1.7 2.1 0.8 1.8 1.6 0.5 29 0.88 183 

W11 11 15 9.1 16 13 3 23 10.8 117 

W12 26 46 16 34 31 11 36 32.7 94 

W13 0.5 0.6 0.0 1.1 0.6 0.4 66 0.05 false positive 

W14 2.2 1.8 1.6 2.3 2.0 0.3 14 1.32 151 

W15 15 18 12 19 16 3 17 17.4 92 

W16 61 64 76 120 80 20 29 66.4 121 

W17 0.1 1.0 0.2 0.7 0.5 0.4 73 0.07 false positive 

W18 0.7 1.3 1.1 1.2 1.1 0.2 19 1.10 98 

W19 7.1 10 7.5 10 9 2 17 8.68 102 

W20 42 40 50 48 45 4 9 55.4 81 

W21 0.2 0.8 0.5 0.9 0.6 0.3 47 0.49 122 

W22 2.2 3.6 4.0 4.2 3.5 0.8 23 2.63 132 

W23 3.6 4.6 6.6 6.4 5.3 1.2 23 4.76 112 

W24 16 23 24 33 24 6 25 22.3 108 
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