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1. Introduction 

1.1 Veterinary drug residues in food – legislative aspects 

Veterinary medicinal products (VMPs) are defined as substances or a combination of 

substances with properties for the treatment or prevention of disease in animals. They 

are used to restore, correct, or modify physiological functions by exerting 

pharmacological, immunological, or metabolic action [1]. A VMP consists of the active 

pharmaceutical ingredient (API) and, depending on the dosage form, various excipients 

without pharmacological activity. In this work, the APIs of the respective VMPs are 

referred to as veterinary drugs (VDs). 

In factory farming, anti-infective VDs such as antibiotics, antifungals, and antiparasitics 

are used to avoid the rapid spreading of infections amongst livestock [2]. In addition, non-

steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids are administered for the 

treatment of painful conditions and inflammatory diseases, whereas β-agonists, 

hormones, and steroids are used for improving the growth rate [2,3]. Residues of these 

VDs in food of animal origin, such as meat, milk, eggs, and honey, can harm the health of 

consumers by altering the human gut microbiota, chronic toxicity, mutagenicity, 

carcinogenicity, and provoking mild hypersensitivity reactions or even severe 

anaphylaxis [4,5]. Furthermore, excessive use of antibiotics carries the risk of antibiotic-

resistant bacteria developing, leading to infections that are difficult to treat [4]. Despite 

the risks posed by the use of VDs, their use in animal husbandry is essential not only for 

animal welfare reasons, but also to prevent infections of humans with zoonoses [1]. 

Currently, there are over 1,200 approved VMPs on the European market [6]. For different 

indications, they contain a wide variety of VDs and thus, structural classes. Important VD 

classes are listed in Annex I of Council Directive 96/23/EC [7]. Accordingly, Group A 

substances include unauthorized compounds and compounds with anabolic effects, while 

Group B substances include antibacterial compounds, antiparasitics, anthelmintics, 

sedatives, and NSAIDs, as well as substances such as plant protection products and 

mycotoxins or other environmental contaminants. 

To protect consumers from adverse effects and to ensure animal welfare, the use of VMPs 

is regulated in the European Union (EU). Regulation (EU) 2019/6, “lays down rules for 

the placing on the market, manufacturing, import, export, supply, distribution, 

pharmacovigilance, control and use of veterinary medicinal products” [1]. One of its main 

objectives is to fight antimicrobial resistance by prohibiting the preventive and growth-
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promoting use of antibiotics either directly or in medicated feed as well as reserving 

certain antimicrobials for use in humans only [6]. 

Before a VMP is authorized in the EU, a safety evaluation is carried out by the Committee 

for Medicinal Products for Veterinary Use (CVMP) of the European Medicines Agency, and 

maximum residue limits (MRLs) for VDs are recommended on the basis of Regulation (EC) 

470/2009 [8,9]. MRLs are the maximum allowed concentrations of residues in food of 

animal origin and are expressed in mg/kg or µg/kg fresh weight [9]. To recommend MRLs, 

the CVMP conducts a scientific risk assessment concerning the metabolism and drug 

excretion rate in the respective animal species [9]. The type and amount of residues that 

may be ingested by humans consuming contaminated food products throughout their 

lives without a significant health risk are considered the acceptable daily intake (ADI) [9]. 

MRLs are set individually for different matrices in Commission Regulation (EU) 

37/2010 [10], taking into account the ADIs. For those substances for which no MRLs have 

been set, reference points for action (RPAs) are established on the basis of Commission 

Regulation (EU) 2019/1871 [11]. RPAs must be as low as reasonably possible from an 

analytical point of view with regard to the respective VDs’ toxic potential. If a VD is 

potentially harmful even in very low concentrations, its use is prohibited and a zero-

tolerance principle applies. Animal products containing prohibited or non-authorized 

VDs in concentrations exceeding the RPA levels or residual amounts of authorized VDs 

exceeding the established MRLs are considered non-compliant and may not be placed on 

the market. High residual VD concentrations in food can result from insufficient 

withdrawal periods before slaughter or milking [5,12], inappropriate dosage [12], 

improper mixing of medicated feed or cross-contamination of feed due to improper 

cleaning [12], or environmental contamination by the use of feces as fertilizer [4,12,13]. 

To verify that food of animal origin complies with the legal requirements, official controls 

are mandatory as laid down in Regulation (EU) 2017/625 [14], which recently replaced 

Council Directive 96/23/EC [7]. The official control procedures are implemented in each 

EU Member State through a national residue control plan (Germany: Nationaler 

Rückstandskontrollplan). The samples taken must be analyzed by accredited control 

laboratories using analytical methods that meet the requirements of Commission 

Implementing Regulation 2021/808 [15], which recently replaced Commission Decision 

2002/657/EC [16]. It divides methods for residue analysis into screening and 

confirmatory methods and specifies the performance criteria they must meet. 

Accordingly, screening methods may be qualitative, semi-quantitative, or quantitative 
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with a false-negative rate of no more than 5% at the level of interest, and a reasonable 

percentage of false detects. If, after analysis by a screening method, a sample is suspected 

of being contaminated, it must be subjected to a confirmatory method. The latter must 

provide “full or complementary information enabling the substance to be unequivocally 

identified and if necessary quantified […]” [15]. To ensure the quality of the results 

obtained, quality control procedures must be implemented to continuously verify the 

performance of screening and confirmatory methods. In 2020, 0.45% of all planned 

samples (those that were not taken on suspicion) in Germany were confirmed as non-

compliant [17]. 

1.2 Veterinary drug residue analysis – an overview 

The ideal residue analysis method should be simple, low-cost, accurate, highly sensitive 

and selective, have a high sample throughput, and cover as many analyte classes as 

possible to avoid repeated analyses of the same sample. However, the development of 

such multi-class methods is difficult because the various classes often differ significantly 

in their physicochemical properties. Sufficient sensitivity and selectivity often cannot be 

guaranteed for all VDs in the analytical focus, as MRLs and RPAs are mostly in the low 

µg/kg-range. The matrix load of animal-derived food is generally very high, and so residue 

analysis of VDs can be likened to the proverbial search for a needle in a haystack. 

To cope with the large sample volumes to be analyzed, screening methods, in particular, 

must be fast, simple, and inexpensive. These can be biological methods such as inhibitor 

tests measuring a cellular response, biochemical methods based on antibodies, enzymes, 

or receptors, as well as physicochemical methods such as high-performance liquid 

chromatography (HPLC) with mass spectrometric (MS), photodiode array, or 

fluorescence detection [18]. 

Confirmatory methods consist of an often time-consuming and costly sample preparation 

step, followed by instrumental determination, including separation and detection. They 

must provide information on the analyte structure and thus, separation and detection are 

commonly based on HPLC–tandem MS (MS/MS) [2,15]. 

1.2.1 Sample preparation techniques 

Sample preparation usually consists of comminution, homogenization, extraction, 

clean-up, and sometimes solvent evaporation followed by reconstitution to concentrate 

the sample solution before instrumental analysis. The sample preparation techniques 

mentioned in this section are intended to give an overview of the most important methods 
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for VD residue analysis and are not complete, as there are still many advancements and 

modifications available. 

VDs are usually extracted from food matrices using polar organic solvents such as 

(acidified) acetonitrile, methanol, ethyl acetate, and sometimes water or 

ethylenediaminetetraacetic acid (EDTA) solutions [19]. For multi-class methods, 

acetonitrile is widely preferred because it can extract a broad range of analytes and yields 

cleaner extracts because it precipitates proteins sufficiently [19]. A “traditional” and 

simple extraction method is liquid-liquid extraction (LLE) [20]. In LLE, either solid 

samples are first mixed with an aqueous buffer solution, or liquid samples, e.g., milk, urine, 

or serum, are extracted directly. For extraction, the solution is shaken after the addition 

of an immiscible organic solvent, and the analytes pass into the organic phase, which can 

then be evaporated and reconstituted [21–23]. Without further clean-up, this technique 

leads to intense matrix effects (see also section 1.4.1) during instrumental determination 

[2]. Other disadvantages are emulsion formation, high consumption of sample material, 

and the use of toxic organic solvents, which make it expensive, time-consuming, and 

environmentally harmful [2]. There are numerous modifications of LLE, for instance, 

dispersive liquid-liquid microextraction (DLLME) [24,25], which represents a 

miniaturized, greener version with less solvent consumption. For extraction of solids or 

semi-solids, accelerated solvent extraction (ASE) [26–29], also known as pressurized 

liquid extraction (PLE), represents an automated and more environmentally friendly 

method that is widely used for VD residues [20]. The samples are extracted with organic 

solvents at high pressures (3.4–20.7 MPa) and temperatures (50–200 °C) [20], resulting 

in less solvent consumption, higher extraction speed, and efficiency [29]. 

Solid phase extraction (SPE) [30–33] is one of the most commonly used methods for the 

extraction of VDs, in which extracts are purified using an adsorbent material packed in an 

SPE cartridge. Depending on the characteristics of the adsorbent and the physicochemical 

properties of the analytes, the latter interact with the adsorbent and are retained, while 

some matrix compounds are very effectively removed in several washing steps [34]. The 

analytes are then eluted from the cartridge, while some matrix compounds are retained 

so strongly that they cannot be eluted from the adsorbent, separating analytes and matrix 

interferences [34]. The eluates are either directly diluted or evaporated and reconstituted 

in the appropriate solvent and sometimes filtered before injection into the determination 

system [34]. In multi-class methods, the SPE approach is often problematic because very 

polar analytes are removed together with the polar matrix compounds in reversed-phase 
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(RP) SPE, whereas very lipophilic analytes bind so strongly to the sorbent bed that they 

cannot be recovered [34]. Consequently, some analytes or even analyte classes may be 

completely lost during clean-up. In addition, “classic” SPE consumes high solvent volumes, 

is time-consuming, and includes many manual steps [34]. Online SPE [35,36] represents 

a fully-automated evolution of this technique to overcome the latter issues but has not 

been widely used for VD residues in food [34]. Another version of SPE is dispersive SPE 

(dSPE), which is part of the Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) 

method. This approach was originally developed for pesticide residue analysis in fruits 

and vegetables [37] and is quicker and easier than traditional SPE [2]. Using this 

technique, the samples are extracted with acetonitrile and a mixture of salts is added to 

remove water and induce partitioning of the analytes into the acetonitrile phase. The 

dSPE step is performed by adding small amounts of bulk adsorbents to the solution, such 

as primary secondary amine, C18, and/or graphitized carbon black that adsorb matrix 

compounds [34]. After centrifugation, the upper acetonitrile phase is subjected to 

instrumental analysis. Compared to SPE, this technique provides a less efficient clean-up, 

resulting in higher matrix effects [2]. Since 2006, many studies [38–42] were published 

that diversely optimized the QuEChERS procedure for VD residues [43]. The simplest 

approach of all is “dilute-and-shoot” [44–46], which means that samples are just diluted 

and/or extracted to diminish matrix effects and then injected into the determination 

system. Although this technique has a high sample throughput, peak shapes of polar 

analytes are often poor [47] and excessive dilution can be problematic in terms of 

detection limits (LODs) and has not widely been applied in VD residue analysis so far. 

1.2.2 Determination systems 

Modern multi-residue methods for VDs mostly rely on HPLC–MS detection. HPLC–MS/MS 

with triple quadrupole or ion trap multi-stage instruments was long considered the gold 

standard [2,48] for VD residue analysis. Over the last decades, the use of high-resolution 

mass spectrometry (HRMS) with orbitrap or time-of-flight (TOF) analyzers has increased 

[49,50]. MS detectors offer the ability to detect a vast number of analytes simultaneously 

and have a high recovery and selectivity as well as good reproducibility. Other HPLC-

compatible detectors such as fluorescence detectors [51], diode array detectors [52], 

ultraviolet detectors [53], and evaporative light scattering detectors [54] are less 

commonly used because they can only detect certain analytes with specific structural 

properties and sometimes require previous analyte derivatization [55]. For thermostable 

Disp…#_CTVL0015e0fe5cc08f640a5a5536499623e6ea5
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VDs, also GC–MS [56] or GC–MS/MS is used [2]. Other possible, but less frequently used 

GC detectors are the “classic” nitrogen-phosphorous detectors and electron capture 

detectors. Another chromatographic technique for VD residues is capillary 

electrophoresis (CE), which employs capillaries as separation channels. A high-voltage 

direct current electrical field is the driving force for the chromatographic separation of 

analytes in their ionic form. It is compatible with MS detectors [57], but also with multiple 

other highly sensitive detectors such as diode array detectors [58], ultraviolet [59], laser-

induced fluorescence [60], chemiluminescence [61], and electrochemiluminescence 

detectors [62]. Micellar electrokinetic capillary chromatography (MEKC) is a modification 

of CE, in which a surfactant is added to the analyte solution to form micelles. The analytes 

distribute between the solution and the micelles and migrate with the electroosmotic flow 

[63], enabling the separation of both ionic and neutral analytes [64]. In recent years, 

MEKC has become a popular technique for the separation of VDs. [20] 

The above-mentioned techniques can qualitatively and quantitatively determine the VDs 

present in the food sample. Therefore, they are suited for confirmatory analysis but are 

also used for screening, especially in multi-residue analysis [2]. Prior to the 21st century, 

microbial growth inhibition tests were one of the most common detection methods for 

antimicrobial residues [65]. They are still widely used for screening purposes and will be 

discussed in detail in section 1.3. Another screening method is the enzyme-linked 

immunosorbent assay (ELISA) which is based on a specific antigen-antibody 

immunological reaction combined with an amplified enzymatic catalytic reaction to 

display the primary immune response [20]. It is a sensitive and rapid detection method, 

but due to its operating principle, it is often preferentially specific for a few analytes [66] 

or a single analyte class [67] with the same structural moiety. Nevertheless, multi-class 

ELISA methods have also been developed [68,69]. The lateral flow immunoassay (LFIA) 

is another immunochemical method used for VD residue analysis [70,71] not only for one 

but also for multiple VD classes [72]. It combines ELISA and thin-layer chromatography 

(TLC) and is suitable for fast on-site residue detection [73]. Instead of using antibodies as 

analyte recognition elements, other approaches include aptamers or molecularly 

imprinted polymers (MIPs) [73]. In recent years, advanced biosensor-based detection 

technology has emerged as an alternative to conventional methods [20]. It can be 

expected that they will become a trend in VD residue analysis, as they are rapid, efficient, 

and cost-effective [20]. 
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1.3 Bioassay detection 

Microbial growth inhibition assays were the earliest methods to detect antibacterial 

residues and they are still a widely used screening tool [74]. They visualize the specific 

activity of antibacterial agents via their inhibitory effect on bacterial growth and can 

therefore be used for the detection of antibiotic residues in various matrices [74]. The 

advantages of these tests are their ease of use, their commercial availability, and the facts 

that the sample preparation is reduced to a minimum and no expensive equipment or 

specialized technicians are required [75]. They represent a non-target screening as they 

can detect antibacterial residues outside the analytical scope, such as metabolites, 

degradation products, or unknown antibacterial substances. Nevertheless, they only 

provide sum parameters and lack identification of the compounds [75]. Another problem 

is that each microorganism is preferentially sensitive to only a few antibiotic classes, so 

several different bioassays must be performed for comprehensive screening of a single 

sample.  

There are two general types of growth inhibition assays: the tube test and the (multi-) 

plate assay. The first type commonly consists of a growth medium inoculated with 

bacterial spores and a pH or redox indicator. Without the presence of antimicrobials, the 

growth of the test bacteria during incubation will acidify the medium, resulting in a color 

change of the indicator. If bacterial growth is inhibited by antimicrobial agents, no or 

delayed color change is observed. These tests are almost exclusively based on Bacillus 

stearothermophilus var. calidolactis and are commercially available, e.g., Premi®Test 

[76,77], or Delvotest® SP-NT [78,79]. They were originally developed for screening in 

milk [80,81], but are also suitable for other matrices such as muscle tissue fluid or honey 

[76,77,82]. Plate tests consist of a layer of nutrient agar inoculated with bacteria and are 

usually used for tissue samples. The samples are applied on top of the layer or in wells 

inside the agar. After overnight incubation, bacterial growth is visible as an opaque layer. 

The presence of antibacterial residues is indicated by a clear inhibition zone around the 

samples. The size of the inhibition zone depends on the residue type and concentration. 

Sensitivity depends on several factors, such as the test organism, growth medium, layer 

thickness, pH value, and matrix type. Therefore, the detection of all relevant antibiotics at 

their MRLs requires a multi-plate system. The European four-plate test [83,84] has long 

been considered the gold standard and comprises four individual plates, three containing 

Bacillus subtilis BGA (B. subtilis) at pH 6, pH 7.2 including trimethoprim, and pH 9. The 

fourth contains Kocuria rhizophila. Other tests [85–87] using additional indicator 



Introduction 
 

8 

organisms were developed with up to seven plates to enable presumptive identification 

of the antibiotic class but still result in more laborious screening. Despite all efforts, 

microbial growth inhibition assays are often not sensitive enough to detect all important 

antibiotic residues in all relevant matrices at their regulated limits. [74,75]  

Nowadays, the three-plate method (B. subtilis at three different pH values) is still applied 

for the screening of tissue samples in Germany’s official control laboratories. In 2019, an 

exceptionally high percentage of 87% positive screening results in the three-plate test 

(0.07% of all tested samples) remained without confirmation by physicochemical 

methods [88] and ranged 57–66% in other reporting years [17,89,90]. Although false-

positive results from bioassay detection have already been described as problematic [91], 

to the best of our knowledge, this methodological inconsistency has remained 

unexplained to date. 

1.4 Mass spectrometric detection 

1.4.1 Matrix effects 

Animal-derived foods represent challenging matrices for residue analysis. Muscle tissue 

[92], milk [93,94], and eggs [95] contain high amounts of proteins, amino acids, lipids, and 

fatty acids, whereas honey [92] mostly consists of saccharides. All of these substances can 

cause intense matrix effects. These can lead to poor and unreliable data in quantitative 

analysis, as they affect the reproducibility, linearity, and accuracy of the method [96] and 

can also cause poor chromatography, poor analyte recovery, and false-positive or false-

negative results [46,97]. The extent of matrix effects is often unpredictable, depending on 

the nature of matrix compounds and analytes [96]. High matrix amounts may also 

contaminate the ion source and ion optics of the MS, increasing maintenance expenditures 

and unwanted instrument downtime [46]. 

In LC–MS, matrix effects alter the ionization efficiency by the presence of compounds 

co-eluting with the analytes, leading to ion suppression or enhancement, and were 

referred to as the “Achilles heel” of quantitative HPLC–electrospray ionization (ESI)–MS 

[98]. Atmospheric pressure ionization sources, such as ESI and atmospheric pressure 

chemical ionization (APCI) are commonly used interfaces for HPLC–MS coupling in many 

application fields [99]. In an ESI source, the analyte solution is guided through a spray 

capillary to the tip of which a voltage is applied so that the analytes in the liquid phase are 

charged. Ions with the same charge collect at the tip of the capillary and repel each other, 

leaving the capillary as a fine aerosol through Taylor cone formation, often supported by 



Introduction 
 

9 

a nebulizer gas, e.g., nitrogen. The droplet size decreases due to solvent evaporation and 

Coulombic fission and the ions are emitted into the gas phase. There are two proposed 

models for this process, charge residue [100] and ion evaporation [101]. The ions are then 

introduced into the first stage of the MS. There are different theories about ion 

suppression mechanisms in ESI: In the liquid phase, analytes and matrix compounds may 

compete for the available charges and access to the droplet surface and in addition, the 

linearity of the ESI response is often lost at high concentrations of dissolved compounds 

[102]. Matrix compounds increase the viscosity of the solution, and thus the surface 

tension of the droplets, impeding droplet formation, and reducing the amount of gas-

phase ions [103]. Furthermore, non-volatile interfering compounds can lead to the 

formation of solid analyte-inclusion particles [103]. Mobile phase additives must also be 

considered, as they can form ion pairs with the pre-formed analyte ions [104]. In the gas 

phase, the charge of the analytes can be lost via neutralization reactions or charge transfer 

[103]. ESI is suited for ionization of polar to middle-polar analytes [105] such as VDs, 

however, it is sometimes more affected by matrix effects than APCI [106]. In APCI, 

analytes are first transferred into the gas phase as neutral molecules using a nitrogen 

stream and a heater. The analytes are then ionized in the gas phase by a corona-discharge 

needle [103,107], which is why APCI is better suited for non-polar compounds 

[105,108,109]. Consequently, matrix effects in APCI can only occur in the gas phase, while 

in ESI they can occur in both the liquid phase and the gas phase. Two hypotheses were 

formulated for ion suppression effects in APCI: formation of solid precipitates of analytes 

with non-volatile matrix compounds [103] and modification of the charge transfer 

efficiency due to electron affinity differences between compounds in the gas phase [110]. 

Polar analytes [111,112] with low molecular weight [113] are often most affected by 

matrix effects in both ESI and APCI. [96]  

Depending on the analytical problem, matrix effects can be simply compensated or must 

be minimized. If sufficient sensitivity is achieved for the analytes, compensation of matrix 

effects by standard addition or matrix-matched calibration via post-extraction spiking of 

a representative blank matrix is possible [114]. If the quantification accuracy is still not 

sufficient, it can be improved by the use of isotope-labeled internal standards [115,116], 

but this approach is not suitable for multi-residue analysis due to the high purchase costs 

of these standards [96]. However, in residue analysis of trace VD amounts, sufficient 

sensitivity is a critical parameter, and therefore, matrix effects should be minimized. One 

option to minimize matrix effects is the dilution of the samples [117], which is, however, 
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detrimental for the LODs. Another approach is the modification of the MS conditions. For 

example, negative ionization is less susceptible to matrix effects than positive ionization 

[97,118], but this can only be applied if the analytes ionize sufficiently under these 

conditions. Changing the chromatographic conditions in such a way that as few matrix 

compounds as possible co-elute with the analytes improves their ionization efficiency 

[96]. However, this is difficult to achieve, especially in multi-residue analysis. The most 

effective way to remove matrix interferences is the application of sample preparation 

methods (section 1.2.1) before instrumental determination although these are often time-

consuming. [99] 

1.4.2 HPLC–MS/MS in veterinary drug residue analysis 

HPLC–MS/MS for VD residue analysis in food has become widely used due to its ability to 

provide identification, confirmation, and quantification of the substances. Before the 21st 

century, low-resolution MS (LRMS) such as triple quadrupole (QqQ) instruments were 

used that required relatively long dwell times (>100 ms). Combined with the low 

resolution of the HPLC system, the number of compounds that could be detected in one 

run was limited. The use of HPLC systems with higher resolution and sensitive fast-

scanning QqQ instruments (<10 ms) emerged in the last decades, allowing the detection 

of a wider range of target compounds. The current standard for qualitative and 

quantitative residue analysis is the use of QqQs operated in the multiple reaction 

monitoring (MRM) acquisition mode: the first quadrupole is set to a single precursor 

mass, the second quadrupole serves as a collision cell that fragments the precursor ion, 

and the third quadrupole is set to a selected fragment ion. The second most commonly 

used LRMS detectors are quadrupole linear ion trap instruments also operated in MRM 

mode [19]. Monitoring of two transitions with ion ratios and retention times of all 

monitored masses corresponding to those of a standard compound is suitable for 

confirmation [15]. 

Ultra-high performance LC (UHPLC) offers a higher peak capacity than HPLC through the 

introduction of sub-2 µm particle columns and higher linear velocities delivered by 

UHPLC pumps at pressures >40 MPa [19]. In the last decade, this technique has been 

frequently applied to residue analysis of VDs [119–122]. To get the most out of UHPLC, it 

should be combined with fast scanning MS instruments with the ability of fast polarity 

switching, allowing a suitable number of data points (12–15) to be simultaneously 

acquired for several UHPLC peaks that are only a few seconds wide. The high costs of 
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hardware and the reduced lifetime of UHPLC columns are the main drawbacks of this 

technique. To avoid clogging of UHPLC columns and the resulting high backpressure, 

thorough sample preparation is required. Commonly used (U)HPLC separation modes are 

RP [123,124] and also hydrophilic interaction liquid chromatography (HILIC) [21,125] for 

hydrophilic compounds that are not retained under RP conditions [19]. [2] 

LRMS instruments only provide unit mass resolution, and although MRM is very selective 

and usually yields reliable results, false negatives are still possible if the responses for the 

transitions are weak at low concentrations [19] or if matrix compounds shift the ion ratios 

of the confirming MRM transitions and therefore the product ion spectra differ from those 

of a solvent standard [126]. The occurrence of such an event is nowadays more likely than 

a few decades ago because QqQ instruments are now one or two orders of magnitude 

more sensitive without a significant increase in selectivity [126]. Isobaric interferences 

can occur if matrix compounds with the same nominal mass as the analytes reach the 

detector at the same time and mimic the supposed analyte-specific MRM transition [126], 

leading to false detects [15]. 

Another problem is that the MRM detection approach is targeted and therefore blind to 

any unknown contaminants, active metabolization, or degradation products outside of 

the analytical focus. In other words, you will only find what you are looking for, which is 

very problematic in terms of food safety. In particular, the detection of metabolites can be 

considered proof that the drug has been administered to the animal and that the samples 

have not been contaminated with drug residues in the laboratory. However, no reference 

substances are available for metabolites or unknown substances, so that target analysis 

is not possible for these compounds. Therefore, non-target MS data acquisition methods 

such as full scan should be used to obtain comprehensive information on the samples. 

Unfortunately, QqQ instruments lack sufficient sensitivity and selectivity in full scan 

acquisition mode and are therefore not suited for non-target screening analysis. [127] 

1.4.3 HRMS in veterinary drug residue analysis 

HRMS instruments provide higher mass resolution than LRMS and mass accuracies below 

5 ppm [128]. According to Commission Implementing Regulation 2021/808 [15], HRMS 

must provide resolutions of at least 10,000 at 10% valley or 20,000 at full width at half-

maximum (FWHM). During the past two decades, the use of HRMS for residue analysis 

has been increasingly accepted in fields where an ever-increasing number of new analytes 
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has had to be covered [127], for example in multi-class pesticide [129,130] and VD residue 

analysis [31,131–134] or for combinations of multiple contaminants [135–138]. 

Today, the user base of HRMS instruments in residue analysis is still smaller than those of 

QqQ instruments despite their advantages: HRMS instruments allow the measurement of 

accurate masses and isotopic fine structures, enabling the determination of molecular 

formulas. A key advantage of the resulting higher selectivity is the ability to perform 

non-target or retrospective analysis of full scan data [48]. Thus, data can be acquired 

without having to define compound-specific settings, easing straightforward method 

setup. This makes HRMS instruments ideal for screening of compounds for which no 

physical reference standards are available. Even if fragmentation is required for 

confirmation, an additional full scan can be incorporated into the acquisition method, 

enabling data quality monitoring and detection of critical issues. [127] 

Compared to QqQ instruments, LODs achieved with the current HRMS instruments are 

generally higher due to their limited dynamic range, but this sensitivity gap has narrowed 

over the last decade. It can be expected that HRMS instruments will take the lead in the 

coming years [126]. Regarding selectivity, multiple studies [139–142] concluded that a 

mass resolution of 50,000 FWHM in a full scan acquisition combined with corresponding 

narrow mass windows provides a selectivity comparable to or even exceeding that of a 

QqQ-based MRM. Selectivity can also be improved using other acquisition modes (see 

section 1.4.4). While the scanning speed of QqQs has dramatically increased in the last 

decade, HRMS instruments often require much longer cycle times for good data quality. 

[127] 

The HRMS instruments that are widely used for residue analysis can be divided into 

orbitrap and TOF detectors. Although both techniques provide data of similarly good 

quality when used correctly, they offer different advantages and disadvantages due to 

their different operating principles. In general, TOFs are less robust than orbitraps, as 

their mass axis stability can be affected by many factors, even with modern TOF 

instruments, so they must be constantly recalibrated. They are also more susceptible to 

material wear than orbitraps. However, the purchase costs of orbitrap instruments are 

significantly higher than those of TOF instruments. [127] 

In this work, a hybrid quadrupole-orbitrap instrument was used, so the orbitrap 

technology is described in detail in the following section. 
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1.4.4 Orbitrap instruments 

Orbitrap mass analyzers are ion traps that consist of a spindle-like central electrode and 

two symmetrical electrically isolated outer barrel-like electrodes. Ion packets are injected 

into the space between the inner and outer electrodes through a slot in one of the outer 

electrodes. When a voltage is applied between the inner and outer electrodes, a radial 

electric field bends the ion trajectory toward the inner electrode, while the tangential 

velocity causes an opposing centrifugal force. The ions stay on a circular spiral around the 

central electrode while they are pushed toward the widest part of the trap by the axial 

electric field, which initiates harmonic axial oscillations. The oscillation frequency in the 

electrostatic field depends on the mass-over-charge ratio (m/z ratio) of the ions. Hence, 

ions of different m/z ratios spread into rings that oscillate along the central electrode. The 

image current of the axial oscillations is detected as a time-domain signal by the outer 

electrodes that act as receiver plates. The signal is transformed into the frequency domain 

via Fourier Transform and is then converted into a mass spectrum. The more oscillations 

recorded, the higher the resolution, which can reach up to 1,000,000 FWHM [143]. Thus, 

the resolution in orbitrap analyzers is inversely proportional to the scanning speed. [144] 

A curved linear trap (C-trap) serves as an external storage device to control the number 

of ions injected into the discontinuously operated orbitrap analyzer and enables coupling 

to continuous ion sources such as ESI interfaces [145]. Incoming ions are first stored in 

the C-trap until the maximum number of charges or the maximum inject time is reached 

and the ion packet is then injected into the orbitrap, minimizing space charge effects 

[143]. Hence, sensitivity is directly proportional to the number of ions collected in the 

C-trap and injected into the analyzer [48]. In trace analysis, the operating principle of 

these systems can be detrimental because minor ions may not be detected if interfering 

ions fill the C-trap before a sufficient number of analyte ions have accumulated. Therefore, 

at low concentrations, the analyte signals do not hide within the noise as commonly 

observed using QqQ or TOF instruments, but disappear completely from a virtual noise-

free background [146], limiting the linear dynamic range of the instrument [127]. 

To improve selectivity, hybrid quadrupole-orbitrap instruments have an additional 

quadrupole in front of the C-trap for mass filtering, which allows the isolation of precursor 

ions, and a higher-energy collision-induced dissociation (HCD) cell consisting of a gas-

filled multipole after the C-trap for fragmentation at normalized collision energy (NCE) or 

stepped NCE in multi-class analysis [145]. This setup enables a variety of different 

acquisition modes. In full scan mode, ions of a broad mass range are allowed to pass the 
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quadrupole, are collected in the C-trap, and subsequently detected in the orbitrap to gain 

comprehensive information about the sample and possible precursor ions. In targeted 

selected ion monitoring (tSIM), the quadrupole is set on a narrow mass window or 

multiple narrow mass windows at once to isolate the analytes from the matrix ions, which 

increases sensitivity. The risk of false assignments increases if the detection is based 

solely on the exact masses of precursors and their adducts. Therefore, quadrupole-

orbitrap instruments offer fragmentation in different modes. Parallel reaction monitoring 

(PRM) can be used to quantify only a few analytes. In PRM, the quadrupole is used as a 

narrow-band mass filter set on the target precursors and the ions present are fragmented 

in the HCD cell. All fragments generated from the precursors are then simultaneously 

monitored with full scan characteristics. In data-dependent MS/MS (ddMS²), an initial 

survey scan detects potentially present precursors, and fragmentation is triggered if 

certain predefined criteria are met. This acquisition mode can be problematic if a large 

number of low-abundant analytes are to be confirmed because in this case the 

instruments often fail the data-dependent trigger due to long cycle times or they falsely 

trigger fragmentation due to interfering ions. ddMS² can also be combined with tSIM to 

enhance sensitivity and selectivity. The non-target all ion fragmentation (AIF) and data-

independent acquisition (DIA) mode have shorter cycle times and are therefore more 

suitable to confirm a large number of analytes. They represent a generic approach that 

requires no modifications for specific analytes and is often combined with additional full 

scans, facilitating retrospective data analysis. In AIF, all ions of a broad mass range are 

fragmented in the HCD cell at the same time and detected in the orbitrap, which makes it 

difficult to associate fragments with the correct precursors and may also result in 

decreased sensitivity. To overcome these limitations, the DIA mode divides the full m/z 

range of interest into several smaller sections, which are consecutively filtered by the 

quadrupole, undergo HCD fragmentation and the resulting product ions are then detected 

in the orbitrap before the next section. Alternating with a full scan, these successive 

fragmentation events are constantly repeated. In this way, DIA represents a compromise 

between the high selectivity of targeted ddMS² or PRM and the fast-scanning speed of AIF 

while maintaining full scan information. These characteristics make DIA the preferred 

acquisition mode for screening, whereas full scan, tSIM, and PRM are mostly used for 

quantitative analysis. However, data generated by DIA are commonly compared to 

compound databases comprising the target analytes for confirmation. Even if the data are 

additionally compared to larger accurate-mass databases available online, this detection 
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approach is still not a true non-target workflow because this would require the 

identification of all mass signals present in the spectrum. [143] 

1.5 High-performance thin-layer chromatography 

1.5.1 General application area and benefits 

High-performance thin-layer chromatography (HPTLC) is a more sophisticated 

development of the long-known TLC. The stationary phase in (HP)TLC is a planar 

adsorbent (silica gel, chemically modified silica gel, cellulose, alumina, etc.) fixed on a 

carrier material (usually glass or aluminum) [147]. HPTLC adsorbents are more powerful 

than TLC adsorbents because of their smaller layer thickness, a smaller average particle 

size of 5–7 µm, and a narrower particle size distribution [148], enabling faster 

developments. Another advancement of HPTLC is the use of modular automated 

instrumentation for sample application, development, and derivatization [149]. An 

advantage of planar chromatography over other chromatographic techniques is that any 

combination of solvents can be used as the mobile phase, since it is evaporated after 

chromatography, ensuring compatibility with various detection systems. Other 

advantages are a high sample throughput, enabling the separation of up to 46 samples on 

the same plate [150] under the same analytical conditions, resulting in minimal 

separation times and costs per sample. Furthermore, HPTLC plates have high matrix 

robustness, and thus, high sample volumes of up to 1 mL can be applied as areas [151], 

concentrating the sample on the adsorbent and reducing sample preparation to a 

minimum [152]. In addition, all components of the sample remain on the plate and, if 

stable, are accessible for post-chromatographic chemical derivatizations or effect-

directed analysis (EDA). EDA is the in situ detection of biochemically (enzymatic 

induction/inhibition, immunostaining) or biologically (bioautography) active compounds  

[152]. Detection is performed via multi-imaging with visible light (vis), ultraviolet (UV) 

light absorption, fluorescence light detection (FLD), or luminescence [152]. Quantitative 

results can be obtained by densitometry [153,154], digital image evaluation [155,156], or 

(HR)MS [157,158]. For further characterization and structure elucidation, hyphenations 

to HRMS [159,160] or nuclear magnetic resonance (NMR) spectroscopy [159,161,162] 

are possible. 
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1.5.2 High-throughput planar solid-phase extraction 

In 2011, high-throughput planar solid-phase extraction (HTpSPE) was introduced as a 

promising new clean-up concept for pesticide residues in fruits and vegetables utilizing 

HPTLC techniques [163]. Up to 20 sample extracts were applied on a single HPTLC plate 

as areas. Two developments were carried out: The first almost to the upper plate edge 

served the purpose of front-eluting the target analytes, whereas matrix compounds with 

higher adsorption energies to the plate remained closer to the application zone, thus 

extracting the pesticides from their matrices. The second development was carried out to 

a shorter migration distance in the reverse direction, focusing the slightly separated 

analytes and matrix compounds with lower adsorption energy in a sharp target zone 

(Fig. 1A). The target zones were then eluted into autosampler vials using a TLC‒MS 

Interface 2 and were subsequently injected into an HPLC‒MS system for detection of the 

analytes. This resulted in minimum clean-up times per sample and very low matrix effects. 

Since then, HTpSPE was proven to be applicable for other matrices [164,165] and analytes 

[164–169], and also for bioassay instead of MS detection [170]. A similar approach termed 

frontally eluted components (FEC) procedure was presented in 2016 [171]. It was based 

on two-fold development in the same direction. The first development was carried out 

with a mobile phase low in elution strength to front-elute such matrix compounds with 

lower adsorption energies than the target analytes. With the second development, using 

a mobile phase of higher elution strength, the analytes were front-eluted to a shorter 

migration distance while the residual matrix remained close to the application area. Thus, 

the analytes were separated from matrix compounds both with higher and lower 

adsorption energies. Further research in the field of multi-residue drug analysis 

demonstrated that multifold developments were necessary to focus all analytes in a sharp 

zone and has led the authors to rename this concept to solvent front position extraction 

(SFPE; Fig. 1B) [172–174]. 

 

Fig. 1. Comparison of two different planar clean-up approaches: HTpSPE with the second front-elution 

carried out in the reverse direction (A) versus SFPE with two front-elutions in the same direction (B). 
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1.5.3 Planar antibacterial bioassays 

In (HP)TLC–EDA, the open planar system enables rapid sample screening with low effort 

and data handling. Due to its matrix tolerance, sample preparation can be reduced which 

offers a comprehensive view on the samples. Compared to conventional sum parameter 

assays, (HP)TLC–EDA includes a chromatographic separation and therefore the observed 

effect can be directly linked to the respective zone, which avoids false results due to 

interferences or antagonistic/synergistic effects. All compounds applied on the plate 

remain on the adsorbent (except for volatile compounds), and even those that do not 

migrate with the mobile phase and remain at the start zone are accessible to the bioassay 

and visible thanks to image-based detection. Only the zones that show biological effects 

are then further investigated using MS or NMR hyphenations, reducing the number of 

analyses to a reasonable level. Organic solvents used during extraction and 

chromatography are evaporated and therefore do not interfere with biological detection. 

Memory effects from a previous run are avoided since a new plate is used for each analysis 

[175]. Detectabilities are high with LODs typically in the sub-ng to pg-range. [152] 

Bioautography is a type of EDA that describes the detection of biological effects using 

microorganisms. It is differentiated into agar diffusion bioautography, for which the 

(HP)TLC plate is placed onto an agar medium containing the respective microorganism 

[176], and agar overlay bioautography, for which the plate is immersed in or covered with 

an inoculated agar medium [177], and direct bioautography (DB). For the latter, the plate 

is immersed into a microorganism suspension or the plate is piezoelectrically sprayed 

with the suspension, followed by incubation in a moist atmosphere. [175] 

For antibacterial compounds, DB methods were reported based on, for example, B. subtilis 

[178–183], Escherichia coli [184,185], Pseudomonas savastanoi pv. phaseolicola [186], 

Pseudomonas syringae pv. maculicuola [187], and Staphylococcus aureus [178] bacteria 

[188]. An (HP)TLC–direct bioautography kit using B. subtilis is commercially available 

[188], which might be the reason why applications with B. subtilis are most frequently 

reported [175]. After dipping or spraying the bacteria suspension and incubation in a 

moist chamber, usually, the yellow 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) is sprayed onto the plate and during subsequent incubation, 

the MTT dye is reduced to a rose formazan dye in living bacteria only (Fig. 2) [189]. Hence, 

antibacterial zones are visible as white/yellowish zones on a rose background (Fig. 2) 

[175]. (HP)TLC–DB with the Gram-negative Aliivibrio fischeri (A. fischeri) bacterium 

[178,181–183] is based on a different detection principle. If A. fischeri bacteria are 
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exposed to antibacterial compounds or compounds affecting the bacterial metabolism, 

their natural bioluminescence is quickly reduced or inhibited altogether [175]. The 

inhibition of the bioluminescence can be detected by placing the (HP)TLC plate covered 

with the bacteria suspension in a dark chamber with a sensitive charge-coupled device 

camera, generating a grey-scale picture [175]. Thus, metabolism-affecting/antibacterial 

compounds are visible as dark zones on a grey background, whereas metabolism-

enhancing compounds are visible as bright zones. 

 

Fig. 2. Conversion of the yellow dye MTT into its rose formazan reaction product mostly by nicotinamide 

adenine dinucleotide + H+ (NADH) in living cells, and corresponding HPTLC–B. subtilis–vis image. 

1.5.4 TLC–MS hyphenations 

Hyphenation of (HP)TLC with MS is an essential option to obtain more information about 

the analytes contained in the zones of interest for confirmation of suspects or 

identification of unknowns. The storage of the chromatogram on the open planar 

stationary phase allows the direct link of mass signals to the substance zones that were 

previously evaluated [152]. There are two general principles for the direct coupling of 

planar chromatography to MS: desorption- and elution-based techniques. Desorption-

based techniques rely on atom bombardment, ion bombardment, laser light beams, spray 

beams, or excited gas beams [190]. These techniques hit only a portion of the zone size on 

the adsorbent surface and are therefore more suited for the detection of the main 

compounds, but not for trace analysis. They require internal standards to compensate for 

fluctuations of desorption, ionization, sputtering, and conduction into the MS. [190]  

There were different approaches for elution-based techniques, such as micro capillary 

arrow [191], surface sampling [192–194], overrun chromatography on a TLC strip unit 

[195], and forced-flow chromatography [196–198]. Today, elution head-based interfaces 

are the most commonly used devices. They can extract the whole substance zone 

including its depth profile and thus, offer better detectability than desorption-based 

techniques [199,200]. They are flexible plug-and-play devices compatible with any ion 

source used in column chromatography, e.g., ESI, APCI, and atmospheric pressure 

photoionization (APPI) [190]. The first commercially available elution head-based TLC–
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MS interface [201] was launched by CAMAG in 2009. An upgraded TLC–MS Interface 2 

followed in 2015. It operates with a pneumatic elution head movement, activated by a 

toggle switch. After manual plate positioning, the cutting edge of the elution head is 

pressed tightly onto the silica gel layer and valve elution is activated via a six-port valve 

(Fig. 3A/B). The solvent flowing through the elution head then dissolves the retained 

compounds and elutes them into the ion source of the MS. Elution head cleaning is carried 

out by pushing a button, employing a parallel gas flow through the six-port valve. Dried 

particles are captured by a drawer underneath, moving simultaneously during the head 

cleaning cycle. All of the above steps must be performed manually, and if a step was 

forgotten or the order was reversed, a pressure increase may occur, resulting in zone 

leakage, requiring the repetition of analyses. Hence, automation was needed for a high 

number of elutions from the same plate in particular. It had also been demonstrated that 

manual plate positioning might lead to up to 6% of the total random error [202], 

compromising the quantitative precision of the measurement. In 2017, the first low-cost, 

fully automated interface was presented [203], termed autoTLC–MS (Fig. 3C) [204]. It is 

an open-source upgraded CAMAG TLC–MS Interface 2, facilitating target zone selection 

by simple clicks-on-the-image, automated plate positioning, and advanced automation of 

the elution and cleaning process. Stepper motors move a plate holder along the x- and y-

axes directly on the metal base plate. The elution head movement is still pneumatically 

driven and head cleaning is adjustable in interval and intensity. An adjustable gas beam 

directed on the plate ensures a particle-free surface for the next zone elution, provided by 

an electric six-port valve. Thus, it enables a fully automated sequence analysis of all zones 

of interest. 

 

Fig. 3. Scheme of the elution head and six-port valve of the CAMAG TLC–MS Interface 2 in by-pass (A) or 

elution position (B), and image of the open-source upgraded autoTLC–MS interface with a 20 cm × 10-cm 

plate installed (C). 
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1.5.5 TLC–HPLC–MS hyphenations 

Coupling planar chromatography with HPLC–MS is a promising tool to elucidate the 

nature of compounds co-eluting in a single zone, combining the advantages of both 

techniques. It maximizes the information obtained from a single sample run. An 

orthogonal dimension can be added if normal-phase HPTLC is combined with RP-HPLC.  

The simplest way of a TLC–HPLC–MS hyphenation is the elution of the target zones with 

a TLC–MS interface and collection of the eluates in autosampler vials followed by injection 

of a few microliters of the sample solutions into an HPLC–MS system [163,164]. The 

disadvantage of this workflow is obvious: Only a small portion of the sample or target 

analyte on the HPTLC zone is introduced into the MS. When the analyte amount on the 

plate is small as in trace analysis, the performance of the method is compromised with 

regard to LODs and quantification limits. Using online techniques, the complete sample 

amount is directly transferred to the HPLC column, improving detectability. The simplest 

online technique for hyphenation of HPTLC and HPLC is the installation of an HPLC 

column in between the TLC–MS interface and the MS, as first used for the analysis of Sudan 

dyes in food [205,206]. The TLC–MS interface was manually operated and all elutions 

from the plate were directly guided into the column. Other authors also demonstrated the 

usefulness of such an online-coupling technique for plant alkaloids [207,208]. A 

monolithic column was used because this column type generates lower backpressure 

than particulate columns [209], which is essential because a high backpressure over 

approximately 6.5 MPa can cause the elution head to leak in this setup [210]. Another 

study that focused on EDA of lemon balm isomers used a particulate column, but only at 

a flow rate of 0.2 mL/min to avoid backpressure problems, resulting in long run times 

[210]. The mentioned studies employed isocratic HPLC conditions probably due to a lack 

of automation of the elution process and missing communication between the interface 

and the HPLC pump. Nevertheless, HPTLC–HPLC–MS has been online-coupled to EDA, 

eluting the active zones directly from the bioautogram using gradient separation [211]. 

An improved eight-dimensional workflow including an additional valve switch 

compatible with any HPLC column, flow rate, and gradient was recently published [212]. 

Thereby, both the elution process and the chromatographic run were started manually. 

Although online coupling of HPTLC–HPLC–MS is very advantageous, the automation of all 

steps is still missing, but essential for time- and cost-efficient measurements. Despite the 

recent progress described, it remains unattractive for routine analysis if human 

intervention would be required after every HPLC run. 
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2. Scope 

Analysis of VD residues in food of animal origin is of utmost importance to detect 

non-compliant food and protect consumers from adverse effects. However, the trace 

analysis of multi-class VD residues in heavy food matrices still poses a major challenge for 

state-of-the-art analytical methods. Effective, high-throughput, and inexpensive clean-up 

methods are needed to handle the large sample volumes in routine analysis. Therefore, 

the main scope of this work is to investigate the potential of different hyphenated HPTLC 

techniques for trace-level analysis of VDs in food of animal origin. 

HTpSPE, a new clean-up concept in pesticide residue analysis, represents an interesting 

option that could also be suitable for VD residues in animal-derived food. However, the 

application of HTpSPE has not yet been shown for either multi-class VDs or food of animal 

origin. Hence, the first objective of this study is to investigate for the first time whether 

HTpSPE is suited for residue analysis of VDs in the most commonly consumed animal-

derived foods, namely muscle meat, cow milk, and chicken eggs. Therefore, an HTpSPE 

method for screening of 66 multi-class antibiotics in water-based food extracts should be 

developed. Detection should be based on fully automated direct elution to orbitrap-HRMS 

via the autoTLC‒MS interface to ensure high-throughput analyses without compromising 

the LODs. 

The HPLC separation of compounds co-eluting in a single HPTLC zone or, in particular, in 

an HTpSPE target zone, is advantageous. Therefore, the next aim is the modification of the 

hardware of the autoTLC–MS interface to enable a fully automated hyphenation of HPTLC 

or HTpSPE with HPLC–MS by the transmission of contact closure signals to the HPLC 

pump. Further modifications of hardware and software should ensure convenient 

handling of the then renamed autoTLC–LC–MS interface in routine analysis. 

The next goal is to extend the scope of the HTpSPE method to 81 multiclass VDs, which 

include five drug classes other than antibiotics. In addition to muscle, milk, and eggs, the 

applicability of HTpSPE should also be investigated for the first time for the matrix honey. 

Therefore, various optimizations of the first HTpSPE approach should be carried out. The 

modified autoTLC–LC–MS interface should be used for detection via automated HTpSPE–

HPLC–HRMS/MS. 

In addition to physicochemical methods, microbiological detection is another screening 

tool for antibiotics. However, positive bioassay screening results often remain 

unconfirmed by routine HPLC–MS/MS methods. As a first approach to explain this 
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inconsistency, the potential of non-target planar bioassay screening should be 

investigated using the example of fluoroquinolone residues in milk. 

Next, the application of planar bioassay screening to HTpSPE chromatograms of pig 

muscle, cow milk, chicken eggs, and honey should be examined. Unexpectedly strong 

antibacterial effects caused by the food matrices themselves should be further 

investigated by direct coupling to HRMS using the autoTLC–LC–MS interface to elucidate 

the above-mentioned methodological inconsistency and to characterize the antibacterial 

zones. 

Furthermore, HPTLC–HRMS is a promising tool to obtain structural information on 

bioactive compounds in a wide variety of samples. To demonstrate this, it should also be 

used for the identification of bioactive compounds in coral samples and honey, and for the 

characterization of lipid composition in the liver of Schistosoma mansoni-infected 

hamsters, which, however, is not the main subject of this thesis. 

 



Progress achieved 
 

23 

3. Progress achieved 

The results and achievements of this work are presented in condensed form in the 

following sections. 

3.1 Development of an HTpSPE‒HRMS/MS screening method for antibiotics in 

muscle meat, cow milk, and chicken eggs (Publication I) 

HTpSPE was introduced as an efficient clean-up procedure for pesticide residue analysis 

in fruits, vegetables [163,165], and tea [164], and its scope has been expanded to other 

matrices and analytes [166–169], and also to bioassay [170] detection. However, its 

applicability for multi-residue analysis of VDs in animal-derived food has not yet been 

demonstrated. Hence, in this study, an HTpSPE–HRMS/MS method has been developed 

for 66 antibiotic residues in muscle meat, cow milk, and chicken eggs for the first time. 

The antibiotics were of nine different structural classes, i.e., sulfonamides, 

diaminopyrimidines, lincosamides, pleuromutilins, macrolides, cephalosporins, 

penicillins, amphenicols, and nitroimidazoles. 

First, the raw extraction method [213] based on an aqueous McIlvaine-EDTA buffer was 

adapted to be suited for planar analysis, followed by the development of a mobile phase 

system for the HTpSPE clean-up. This was a major challenge due to the vast number of 

analytes, the structural differences between them, and the resulting different chemical 

properties as well as the heavy matrix load of the aqueous raw extracts. Various mobile 

phase combinations were tested and different stationary phases were assessed. After 

HTpSPE optimization, the planar clean-up of 16 samples in parallel including application 

took only 7 min per sample, which was about 5-fold faster than routine methods used in 

Germany’s official control laboratories [30,213,214], and consumed only 0.6 mL organic 

solvent per sample, representing a more ecological alternative. The sharply focused target 

zones were automatically eluted into a Q Exactive Plus hybrid Quadrupole Orbitrap mass 

spectrometer using the autoTLC–MS interface with a short monolithic column installed in 

between to slightly retard the analytes. This direct elution into the HRMS instrument was 

preferred over the usual HTpSPE workflow of manually eluting the analyte zones into 

autosampler vials and then injecting them into an HPLC system with regard to the LODs, 

and to minimize the manual interventions required. A non-target variable DIA (vDIA) 

acquisition method was optimized for screening of the different VDs and a compound 

database was built for MS detection of one representative of each antibiotic class.  
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The method was validated as a screening method according to Commission Decision 

2002/657/EC [16] for each representative, proving its applicability for residue analysis 

of sulfonamides, diaminopyrimidines, lincosamides, pleuromutilins, macrolides, and 

nitroimidazoles at 25 and 50 µg/kg in muscle and milk, and at 50 and100 µg/kg in eggs, 

depending on the particular antibiotic. Cephalosporins, penicillins, and amphenicols 

could not be recovered at all because they co-eluted with matrix compounds far below the 

target zone. Nevertheless, the developed HTpSPE–HRMS/MS method showed great 

potential for VD residue analysis and represents a promising time- and cost-efficient 

alternative to routine methods. However, further studies are needed to evaluate its 

applicability for other antibiotics not yet covered by the proposed method, and for further 

improvement of performance and detection limits. 

3.2 Modification of the autoTLC‒MS interface (Publication II) 

The autoTLC–MS interface [204], an open-source automated CAMAG TLC–MS Interface 2, 

has been an essential part of the HTpSPE–HRMS/MS workflow described above. The fully 

automated image-based target zone positioning and elution into the HRMS proved to be 

a reliable tool for high-throughput analyses. However, during routine use, some 

weaknesses of the system became obvious: The clamp-like plate holder design provided 

only a limited extractable plate surface area so that plates smaller than 20 cm × 10 cm 

could not be extracted, and occasionally, plates came completely detached from the plate 

holder during measurement. In addition, the system lacked full automation for sequential 

HPLC analysis, and the software design was confusing with several features remaining 

unclear in the initial publication [204]. 

Hence, a newly designed plate holder with a thin support base was 3D printed. It is 

suitable for all common plate sizes in (HP)TLC and allows zone elution with only a 1-cm 

distance to the plate edges. An additional 5-V relay was installed to send contact closure 

signals to an HPLC pump, enabling communication between the instruments and thus 

allowing sequential zone extraction followed by HPLC separation. The software was 

trimmed for fast loading and stable operation, and additional information about G-code 

commands required for versatile operation was given.  

As proof-of-principle, the HPLC separation of a mixture of multi-class antibiotics applied 

on an HPTLC plate three times as a five-level calibration pattern was demonstrated. Two 

identical plates were prepared and only one was subjected to the B. subtilis bioassay, 

whereas the other was kept clean and fixed on the plate holder. In this way, the tedious 
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manual marking step for transfer of the elution positions from the bioautogram to the 

clean plate was avoided. The mixture was separated on a monolithic HPLC column 

installed directly in between the interface and the HRMS. In between each zone elution, a 

blank space on the plate was eluted to clean the elution head from residual analyte 

amounts. A disadvantage is that each blank elution required an additional HPLC run in 

this setup. The vDIA mode used in the previous work was modified for a faster acquisition 

rate to obtain a sufficient number of data points per peak. For five calibration levels of 

seven antibiotics, intra-day precisions (n = 3) ranged 2.1–14.1%, whereas inter-day 

precisions (n = 3) ranged 2.5–16.1% with calibration curves of R²>0.993. This proved the 

renamed autoTLC–LC–MS interface to be a reliable and convenient on-surface 

autosampler applicable for routinely extracting compounds from planar materials 

followed by automated online transfer to HPLC–MS. 

3.3 Development of an HTpSPE‒UV/vis/FLD‒HPLC‒HRMS/MS screening method 

for VDs in muscle meat, cow milk, chicken eggs, and honey (Publication III) 

The previously developed HTpSPE–HRMS/MS (Publication I) procedure was adapted for 

screening of 81 widely used VDs in muscle meat, cow milk, chicken eggs, and also honey. 

Thereby its scope was expanded to other VDs than antibiotics, namely glucocorticoids, 

anthelmintics, antiparasitics, coccidiostats, and NSAIDs. Instead of water-based extracts, 

higher concentrated acetonitrile-based extracts for sufficient protein precipitation and 

wider polarity range [34,50] were produced in a two-step extraction, followed by salting-

out induced partitioning to adjust the water content [215], and thus the volume of each 

extract. Since the food matrices contain a different percentage of water and the dosing on 

the TLC plate is volumetric, this was considered necessary to obtain quantitative results. 

The acetonitrile extracts showed a completely different behavior on the TLC plate than 

the water-based extracts and made adaptions necessary. Hence, the mobile phase 

composition for the HTpSPE clean-up was optimized using UV/vis/FLD imaging. 

The redesigned autoTLC–LC–MS interface automatically eluted the VD target zones (the 

eluent was provided by a standalone pump) into an electric six-port, two-position 

switching valve with a 100-µL sample loop installed. During an optimized period of 40 s, 

the loop was filled with the sample solution extracted from the plate. Then the valve was 

switched and the eluent provided by the HPLC pump flushed the loop, transferring the 

analytes to the HPLC column. After the valve was switched back into the load position, the 

low-pressure autoTLC–LC–MS system was decoupled from the high-pressure HPLC–
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HRMS/MS system so that the analytes could be gradient separated and the elution head 

could be simultaneously cleaned during the HPLC run, allowing short analysis times. The 

analytes were detected using the vDIA mode optimized in the previous publication and 

the mass signals were compared to an in-house compound database that was built for all 

81 analytes for confirmation. 

For appropriate quantification, different extraction conditions and salt combinations 

were studied and optimized, but the quantitative performance of the method was poor 

and could not be further improved. Hence, it was decided to validate the method as a 

screening method according to the latest Commission Implementing Regulation 

2021/808 [15]. Therefore, the so-called “detection capability for screening (CCβ)” was 

determined for each VD. CCβ is the analyte concentration in the sample, at which the false 

negative rate is below 5%. It was determined by the analysis of 20 previously analyzed 

blank samples spiked at the 5- and 25-µg/kg levels (Fig. 4). Thus, if a particular analyte 

was identified in at least 19 out of 20 samples, validation was considered successful. Most 

analytes were successfully validated at the 5-µg/kg level in meat, milk, and eggs, which is 

far below the MRLs of most compounds except for glucocorticoids. Honey was more 

challenging, as the analytes could only be validated at the five-fold higher 25-µg/kg level. 

Validation was not successful for penicillins and cephalosporins and only partly for 

amphenicols and a few other analytes, confirming the results of the first HTpSPE–

HRMS/MS study (Publication I). The method was applied for screening of 36 real samples 

(nine samples per matrix) and no residues of the target analytes exceeding 5 µg/kg were 

found. Thereby, 24 tracks in parallel were applied on one TLC plate, including 21 samples 

and three quality control samples. For this, the HTpSPE clean-up including application 

took 6.5 min (about five times faster than routine methods) with 1.9 mL solvent 

consumption and a total cost for consumables of 3.60 € per sample. A sample can be 

prepared, extracted, purified, column separated, detected, and confirmed in 

approximately 32 min with 11 min of manual steps mostly spent for primary preparation. 

The developed HTpSPE–UV/vis/FLD–HPLC–HRMS/MS method is the first HTpSPE 

approach to cover such a wide target analyte range and represents the first generic 

screening across the different classes and matrices with regard to sample preparation and 

analysis and will increase the currently limited screening capacities. 
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Fig. 4. Results of the validation study for 81 VDs in muscle meat, cow milk, chicken eggs, and honey 

presented as the number of analytes that had a false negative rate >5% compared to the number of analytes 

that were successfully validated with a detection capability for screening (CCβ) at the 5- or 25-µg/kg level. 

3.4 Potential of non-target HPTLC–UV/vis/FLD–bioassay screening for 

antibacterial compounds in milk (Publication IV) 

Screening for antibacterial residues in food is largely performed by sum-parameter 

bioassays followed by targeted HPLC–MS/MS analysis for confirmation of potential 

residues. However, in 2019, an exceptionally high percentage of 87% positive results in 

the three-plate test remained without confirmation by HPLC–MS/MS in Germany’s official 

control laboratories [88]. This could be because the targeted HPLC–MS/MS approach is 

blind to compounds outside the analytical focus. Non-target planar bioassay screening 

could be an option to clarify this inconsistency. It can detect antibacterial degradation or 

metabolization products as well as unknowns and directly link the effect to the respective 

zone due to the precedent chromatographic separation and the nature of these 

compounds can then be elucidated by coupling to HRMS. 

As a first approach to evaluate the potential of HPTLC–UV/vis/FLD–bioassay screening 

for the field of VD residue analysis, its applicability was investigated exemplarily for two 

fluoroquinolone antibiotics in milk. For comprehensive effect-directed screening, the 

samples were only diluted with acetonitrile and centrifuged to keep them as native as 

possible. After mobile phase optimization for the separation of the fluoroquinolones from 

the milk matrix, several commercially available milk samples were screened for 

antibacterial activity via the planar Gram-positive B. subtilis bioassay. The standards 

marbofloxacin and ciprofloxacin were barely visible at 100 µg/kg (12 ng/zone), but three 

very prominent antibacterial zones in the milk samples were detected. One was at the 

application area and two others were close to the solvent front, indicating the presence of 
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other unknown antibacterial compounds. The strongest response was observed for raw 

milk. It was assumed that fatty acids or acylglycerols from the milk matrix could have been 

responsible for this effect, as these have already been discussed as alternative 

antimicrobials [216]. This could be an explanation for the methodological inconsistencies 

between biological and MS detection, but still must be confirmed via coupling to HRMS. 

Nevertheless, the results highlighted the high levels of active compounds in the samples 

if compared to the low response to the fluoroquinolones. Further optimizations were 

carried out to lower the biological detection limits to 200 µg/kg for ciprofloxacin and 

800 µg/kg for marbofloxacin and to increase the sample throughput to 18 samples per 

plate. Using the final method, 54 samples (three plates) could be prepared in one day with 

a mean of 10 min analysis time and 4 min manual operating time for about 0.5 € per 

sample. In addition, the samples were screened using the A. fischeri bioassay. As expected, 

the fluoroquinolones did not show an effect against the Gram-negative bacteria, whereas 

five antibacterial zones were evident in the upper bioautogram, which will most likely 

influence the gut microbiome when consumed. These findings challenge the current 

prevailing understanding of food safety based on target analysis. 

3.5 Proof that endogenous fatty acids and lipids cause strong antibacterial effects 

in bioassay screening methods for VD residues (Publication V) 

The results of the previous study demonstrated the potential of planar bioassay screening 

for the detection of VDs and unknown antibacterial compounds in milk. To further 

investigate this, HTpSPE plates with extracts of blank muscle meat, milk, eggs, and honey 

were subjected to the planar B. subtilis bioassay. All blank samples investigated were 

either organically produced or known to be free of VD residues and previously analyzed 

using the HTpSPE–UV/vis/FLD–HPLC–HRMS/MS method (Publication III), which showed 

no positive screening results. Still, prominent antibacterial responses were observed in 

the blank extracts of all matrices, which were much stronger than those to a mixture of 81 

VDs. No difference in the response to blank extracts and blank extracts that were 

oversprayed with the 81-standard mixture was evident as the response to the extracts 

superimposed the response to the standards. This demonstrated that this detection 

approach is not suitable for HTpSPE. It also showed the high level of antibacterial activity 

present in the samples, which was not caused by target compounds but by unknowns 

outside the analytical focus. For further investigation, blank extracts, reagent blanks, and 

the 81-standard mixture were applied side-by-side and the plates were only developed 
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once to improve the separation of the antibacterial zones instead of focusing them by 

performing a full HTpSPE procedure. The plates were then subjected to different chemical 

derivatizations as well as the B. subtilis and A. fischeri bioassays. Comparison to reagent 

blanks revealed that antibacterial zones in the lower part of the plate and very close to 

the elution front were mainly caused by chemicals used during extraction. Primuline 

derivatization indicated the presence of lipophilic compounds such as fatty acids or lipids 

at the same position as the antibacterial zones in the upper plate part for muscle meat and 

milk in particular and less intense for eggs and honey. The active zones were further 

characterized by direct HPTLC–HRMS, which revealed very abundant mass signals, and 

assigned the respective molecular formulas mostly matching fatty acids and various lipid 

classes. The results were confirmed using standard solutions of fatty acids as well as 

mono-, di-, and triacylglycerols. Their antibacterial effect has already been discussed in 

the literature [216] and has also been observed in other HPTLC–EDA–HRMS studies 

[182,183,217]. However, to the best of our knowledge, they have not yet been recognized 

to be the cause of false-positive bioassay results. Depending on the animal species, sex, 

and type of feed, animal-derived foods may vary in lipid amount and composition. This 

results in different degrees of antibacterial activity and causes false-positive results in 

sum-parameter bioassays. 

The presented planar non-target screening strategy coupled to HRMS thus explained for 

the first time the high number of positive results obtained from biological screening for 

VD residues that remain unconfirmed by physicochemical methods. Thanks to 

chromatographic separation and effect detection on the same surface, it has bridged the 

gap between non-target sum parameter bioassays and targeted chromatographic 

methods blind to effective off-target compounds. It has to be clarified if the antibacterial 

activity of fatty acids and lipids is problematic, as the effect of the various foods on the 

human gut microbiota still needs to be investigated. However, the present understanding 

of food safety based on targeted HPLC–MS/MS analysis often combined with previous 

positive bioassay screening is to be questioned. Which compounds count for food safety, 

only exogenous target-residues or all compounds exerting a specific effect? 
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3.6 Analysis of unknown bioactive compounds in extracts of coral samples and 

honey (Publication VI & VII) 

Because the previous study demonstrated the potential of HPTLC–EDA–HRMS 

hyphenations to identify compounds exerting biological effects, two further studies were 

conducted using the same approach for completely different samples. 

In the first study, Indo-pacific bottle-nose dolphins in the Egyptian Northern Red Sea have 

been observed queueing up in natural environments to rub particular body parts against 

selected corals (Rumphella aggregata and Sarcophyton sp.) and sponges (Ircinia sp.). The 

presence of bioactive compounds with beneficial effects on skin health was hypothesized 

to be the reason for this selective rubbing behavior. Hence, via HPTLC–EDA, multi-potent 

bioactive zones were identified, which were further investigated by direct coupling with 

HRMS, assigned to the respective molecular formulas, and tentatively identified by 

comparison to the literature, while some remained unknown and need to be further 

elucidated. Nevertheless, the observed effects and their assignments provided for the first 

time an explanation for the astounding rubbing behavior of the dolphins. 

In the second study, honey as a complex, healthy, and nutrient-dense food has been 

investigated. Honey mainly consists of different saccharides, but also of bioactive 

phytochemicals derived from the plant nectar taken up by the bees and has therefore been 

used in traditional medicine [218,219]. For characterization of these bioactive 

constituents, an HPTLC–EDA–HRMS workflow was applied, whereby some multiple 

bioactive compounds in different Ethiopian honey sorts were tentatively identified, 

whereas others remained unknown. Although further structure elucidation is required, 

the study provided new insights helpful for the valorization of Ethiopian honey. 

3.7 Quantification and HRMS profiling of lipid composition in the liver of 

Schistosoma mansoni-infected hamsters (Publication VIII) 

Schistosomiasis is a neglected parasitic infection caused by Schistosoma mansoni that 

results in liver morbidity. However, the pathomechanisms underlying this disease are not 

yet fully understood. Hence, schistosomiasis-associated metabolic reprogramming was 

investigated using various analytical methods. Quantification and profiling of lipid 

composition in the liver of hamsters infected with Schistosoma mansoni via HPTLC–FLD–

HRMS helped to understand that, among other effects, it is mainly the eggs that deplete 

the lipid reservoirs of the host, as they completely reprogram lipid and carbohydrate 

metabolism by soluble factors. 
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Summary 

Rapid, efficient, cost-effective, and reliable screening methods are needed to cope with 

the large sample sizes in VD residue analysis to ensure food safety. Therefore, the 

potential of different hyphenations of HPTLC techniques for the trace-level analysis of VDs 

in animal-derived food was investigated. 

An HTpSPE method was developed for the clean-up of 66 antibiotics in muscle meat, cow 

milk, and chicken eggs as an alternative to routine methods for the first time. The analytes 

were automatically eluted via the autoTLC‒MS interface into an orbitrap-HRMS 

instrument for detection. The hardware and software of the autoTLC‒MS interface were 

improved for full automation of HPTLC‒HPLC‒MS hyphenations, and it was renamed to 

autoTLC‒LC‒MS interface. This improvement was the key to success in expanding the 

scope of the method to 81 VDs in muscle meat, cow milk, chicken eggs, and honey. The 

HTpSPE‒UV/vis/FLD‒HPLC‒HRMS/MS screening proved its ability to detect VD residues 

down to the trace level by validation. For 21 samples in parallel, the clean-up was five 

times faster and consumed less solvent than routine methods, and thus it will enhance 

current screening capacities as a more ecological option. 

As an alternative to MS, non-target planar bioassay screening was investigated for its 

potential to detect VD residues on the example of two fluoroquinolones in milk. This 

approach showed promising results and also revealed strong antibacterial activity 

outside the analytical focus. For further investigation of the observed effects, the same 

approach was applied to HTpSPE chromatograms of pig muscle, milk, eggs, and honey. 

Very prominent antibacterial zones evident in all matrices were characterized by direct 

coupling to HRMS. This proved fatty acids and lipids from the sample matrix to be mainly 

responsible for the antibacterial effect and clarified the inconsistency of positive bioassay 

screening results that remain unconfirmed by subsequent HPLC‒MS/MS analyses. 

In addition, HPTLC‒HRMS as a promising tool for the identification of unknown bioactive 

compounds was applied for the characterization of coral samples, Ethiopian honey, and 

the lipid composition in the liver of Schistosoma mansoni infected hamsters.
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Zusammenfassung 

Zur Gewährleistung der Lebensmittelsicherheit sind schnelle, effiziente, kostengünstige 

und zuverlässige Screening-Methoden erforderlich, um den großen Probenumfang bei 

der Analyse von Tierarzneimittelrückständen zu bewältigen. Daher wurde das Potenzial 

verschiedener Kopplungen von HPTLC-Techniken für die Spurenanalytik von 

Tierarzneimitteln in Lebensmitteln tierischen Ursprungs untersucht. 

Erstmals wurde eine HTpSPE-Methode für 66 Antibiotika in Muskelfleisch, Kuhmilch und 

Hühnereiern als Alternative zu Routinemethoden entwickelt. Zur Detektion wurden die 

Analyten automatisch mittels autoTLC–MS Interface in ein Orbitrap-HRMS-Gerät eluiert. 

Zur vollständigen Automatisierung von HPTLC–HPLC–MS-Kopplungen wurden Hard- 

und Software des autoTLC–MS Interfaces verbessert und dieses wurde in autoTLC–LC–

MS Interface umbenannt. Diese Verbesserung war der Schlüssel zum Erfolg bei der 

Erweiterung des Anwendungsbereichs der Methode auf 81 VDs in Muskelfleisch, 

Kuhmilch, Hühnereiern und Honig. Die HTpSPE-UV/vis/FLD–HPLC–HRMS/MS-

Screening-Methode bewies durch Validierung ihre Fähigkeit, Tierarzneimittelrückstände 

bis in den Spurenbereich nachzuweisen. Für 21 Proben gleichzeitig war die Aufreinigung 

fünfmal schneller und verbrauchte weniger Lösungsmittel als Routinemethoden und wird 

die derzeitigen Screening-Kapazitäten als umweltfreundlichere Option verbessern. 

Alternativ zur MS wurde das planare Non-Target-Bioassay-Screening auf sein Potenzial 

zum Nachweis von Tierarzneimittelrückständen am Beispiel von zwei Fluorchinolonen in 

Milch untersucht. Dieser Ansatz zeigte vielversprechende Ergebnisse und offenbarte auch 

eine starke antibakterielle Aktivität außerhalb des analytischen Fokus. Zur weiteren 

Untersuchung der beobachteten Wirkungen wurde derselbe Ansatz auf HTpSPE-

Chromatogramme von Schweinemuskel, Milch, Eiern und Honig angewendet. Die sehr 

ausgeprägten antibakteriellen Zonen in allen Matrizes wurden durch direkte Kopplung 

mit HRMS charakterisiert. Dies bewies, dass Fettsäuren und Lipide aus der Probenmatrix 

hauptsächlich für die antibakterielle Wirkung verantwortlich waren und erklärte die 

Unstimmigkeit positiver Bioassay-Screening-Ergebnisse, die durch nachfolgende HPLC–

MS/MS-Analysen unbestätigt bleiben. 

HPTLC–HRMS als vielversprechendes Instrument zur Identifizierung unbekannter 

bioaktiver Verbindungen wurde außerdem für die Charakterisierung von 

Korallenproben, äthiopischem Honig und der Lipidzusammensetzung in der Leber von 

mit Schistosoma mansoni infizierten Hamstern eingesetzt. 
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