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1 GENERAL PART

1.1 Introduction

In analytical toxicology, a broad range of compounds have to be detected and
identified in case of intoxications and poisonings [1]. The presence or absence of
drugs, drugs of abuse, poisons, and/or their metabolites must be confirmed by
unequivocal toxicological analyses [2]. As in most cases the administered drug or
poison is not known, a so-called general unknown screening (GUS) is one of the
major tasks in clinical and forensic toxicology, workplace drug testing, and doping
control. Urine screening offered best prerequisites as drugs are excreted, more or
less metabolized, in higher concentrations over a longer period of time in urine after
concentration in the kidney compared to blood plasma [3]. Detection of metabolites
provided several advantages. It allowed monitoring of drugs, which are excreted in
completely metabolized form, and confirmed the body passage and thus the intake of
a drug [2,4]. Furthermore, detection of various metabolites helps to confirm the taken
drug and lowers the risk of false negative results if the ionization of the drug or one
metabolite is completely suppressed e.g. by matrix [5]. Despite shorter detection
windows, blood (plasma, serum) can be essential if urine cannot be provided

because of e.g. drug-induced urinary retention or acute renal failure [3].



1.2 Screening Procedures

Immunoassays can be used for preliminary screening of a single drug or drug class
[3]. Due to interferences with other drugs or biomolecules resulting in false-positive
results, they should be confirmed by a second independent method [6]. Therefore,
mass spectrometry (MS) was established in the field of clinical and forensic
toxicology providing higher identification power, sensitivity and specificity [6].
Application of hyphenated mass spectrometric techniques such as gas
chromatography-mass spectrometry (GC-MS) or liquid chromatography-mass
spectrometry (LC-MS) in this field has been reviewed elsewhere [3,6]. In recent
years, high resolution (HR) mass spectrometry, already established in proteomics,
was introduced also in bioanalysis of small molecules [2,7-9].

1.2.1 Sample Workup

Sample workup procedures for GUS should be universal in order to assure
reproducible recovery of a broad range of compounds with different physicochemical
properties [10]. Apart from laborious workup approaches such as liquid-liquid
extraction [11,12] or solid-phase extraction (SPE) [13,14], fast and simple dilute-and
shoot approaches [15-17] and precipitation were used for comprehensive screening
procedures [5]. Stahnke et al. described for the analysis of pesticides that a 25-40
fold dilution of samples could reduce the ion suppression to less than 20% [18].
Dilution or precipitation of a sample might result in reduced detectability [17].
Evaporation of the dilution/precipitation solvent might increase sensitivity by
concentration as described by Wissenbach et al. [5,19], but could result in higher
matrix effects [20].

Due to the high sensitivity of time-of-flight (TOF) and orbitrap (OT) mass
spectrometers, simple and fast sample workup approaches should be feasible.
Online SPE [21-24], micro-extraction [22,23], and on-line extraction by turbulent flow
chromatography (TurboFlow) [23,25,26] represented fast and automated sample
workup approaches. TurboFlow was first introduced in the late 1990s for online
sampling in bioanalysis [26]. It was based on the principle of size exclusion

chromatography to separate macromolecules such as proteins from smaller
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molecules in complex biological fluids, such as blood plasma or urine [26]. The basis
for this methodology was “turbulent flow” with flow rates above 1.2 mL/min using 0.5
mm [.D. columns packed with large particles of 30 — 50 pM resulting in low
backpressures [25]. However, direct injection of undiluted biological samples might
cause carry-over and autosampler blockage [26]. In order to prevent this, prior
precipitation was still recommended to maximize column life. Most TurboFlow
methods were applied for narrow target screening of e.g. beta-agonists, drugs of
abuse, or the mushroom poisons a- and B-amanitin [27-29]. Recently, a new
TurboFlow mode, the so-called pseudo quick elute mode, was developed for reliable
detection of a- and B-amanitin as well as for fully validated quantification of

a-amanitin [29]. It offered more options for method optimization and showed better
practicability in routine and emergency analysis compared to previous methods.
Mueller et al. developed the first screening approach for over 300 parent compounds

and major phase | metabolites in urine after manual hydrolysis using TurboFlow [30].

1.2.2 Chromatography and Mass Spectrometry

1.2.2.1 Gas and Liquid Chromatography - Low Resolution Mass Spectrometry

GC-MS with its high separation power of GC and high selectivity of electron
ionization MS in combination with comprehensive electron impact spectra based
reference libraries and sophisticated search algorithms provided outstanding non-
targeted screening results [3,10,31,32]. However, it required derivatization and the
technique was limited to volatile and thermostable analytes.

LC-MS overcomes those disadvantages, thus several LC-MS, LC-MS/MS, or LC-MS"
screening procedures using library search were developed and reviewed elsewhere
[2,10]. Different mass analyzers such as triple quadrupoles [33], ion traps
[5,19,21,30], and hybrids of both techniques [34] were used. Wissenbach et al. [5,19]
developed the first metabolite-based LC-MS" urine drug screening procedure using
data-dependent acquisition (DDA) and MS? and MS? reference spectra. The library
consisted of data of more than 1,500 drugs and about 3,000 metabolites (including
phase Il metabolites) or artifacts recorded from reference standard solutions and
authentic rat or human urine samples after administration or consumption of the

corresponding drugs [35].



1.2.2.2 Liquid Chromatography-High Resolution Mass Spectrometry

Background

Instruments with increased high mass resolving power made it possible to calculate
empirical formula of chemical compounds from accurate mass measurements
[35,36]. The combined atomic masses (based on the most abundant isotope of each
atom) of the empirical formula of an ion or molecule, for example 12.000000 +
4(1.007825) = 16.0313 Da for CHg, allowed calculation of the exact molecular mass
[36]. Already in early time of GC-MS, HRMS using double-focusing sector field mass
analyzers were used for GUS in order to determine the accurate mass and the
corresponding empirical formula of unknown compounds in blood or urine [2,37].

The principles of TOF- and OT-MS measuring exact masses were reviewed
elsewhere in detail [36,38]. The principle of an OT-MS will shortly be explained here.
In a multiple collision cell, higher-energy collisional dissociation (HCD) takes place
[39]. lons are trapped then radially about a central spindle electrode. Mass/charge
values are measured from the frequency of harmonic ion oscillations along the axis of
the electric field [39]. lon frequencies are measured by acquisition of time-domain
image current transients. Afterwards fast Fourier transforms are used for conversion
to HR mass spectra. HR mass spectrometers provide several advantages such as
high selectivity, sensitivity, and specificity in combination with the option to predict
empirical formula of molecules or fragments formed during ionization due to accurate
mass measurements [9].

Thus, they provide best prerequisites for its application for broad screening and
library-assisted identification of drugs, poisons, and their metabolites. LC-HRMS
screening procedures have been reviewed elsewhere in detail [9,40]. In the following,
the application of HRMS for GUS will be described for TOF, sequential window
acquisition of all theoretical fragment ion spectra (SWATH) technology, and then be

focused on OT technology and adherence testing in cardiology.

Time-of-Flight-based Screening Procedures

For comprehensive screening by HRMS, mainly TOF analyzers were applied
[11,13,41-43]. First approaches were based on accurate mass lists [44,45]. Polettini
et al. [44] worked with an accurate mass list of over 50,000 compounds including

metabolites taken from the PubChem Compound database. Comparing measured
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accurate masses with lists of theoretical accurate masses (exact masses) provided
only preliminary screening results. An important disadvantage of compound
identification only by accurate mass is that there are several isomeric compounds,
which cannot be differentiated by this approach and a following confirmation step is
required. Liotta et al. [45] tried to improve isomer identification with a metabolomics
approach by checking if isomeric compounds undergo major metabolic reactions. In
the following, DDA based screening approaches with different identification criteria
will be described. Compound identification by Lee et al. [11] was based on exact
mass, retention time, nominal mass spectra followed by empirical formula analysis,
and examination of the isotopic patterns. However, using two voltages for spectra
recording increased the cycle time. De Castro et al. [13] described identification
based on accurate mass, relative retention time, and collision induced dissociation
(CID) spectra comparison with up to three qualifier ions. Broecker et al. [12]
developed a screening approach for 2,500 compounds based on full scan (FS) and
HR product ion spectra using a TOF instrument with a quadrupole in front (Q-TOF) in
DDA mode with CID spectra recorded at three collision energies of 10, 30, 40 eV.
DDA is the more established technique and has been successfully used for low-
resolution (LR) [5,30], but also for HR instruments as described by Broecker et al.
[12]. The precursor ions were identified in FS and then considered for MS/MS
experiments [46]. The main criterion is signal intensity, only most abundant ions
exceeding an intensity threshold are chosen for fragmentation experiments. In order
to prevent generation of too many spectra per time frame and mixed spectra, only a
limited number of possible precursor ions is introduced to MS/MS experiments.
Therefore, dynamic exclusion and background subtraction were developed for DDA
mode [47].

Besides, TOF screening procedures based on data-independent acquisition (DIA)
were developed. Sundstrom et al. [42] developed an ultra-high-performance-liquid
chromatography (UHPLC) HR-TOF-MS procedure for designer drugs and drugs of
abuse in urine using all-ion fragmentation with a database of 277 compounds.
Identification was based on accurate masses, retention time, and isotopic patterns
and up to two fragment ions (FIs) as qualifier ions. Chindarkar et al. [48] presented a
broad-spectrum UPLC-TOF-MS screening method for urine after dilution and
enzymatic cleavage of conjugates with the identification criteria accurate mass

precursor ion, retention time, and one FI match. They reported that certain drug
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classes required high-energy collisions with the disadvantage of forming many low
abundant Fls. Kinyua et al. [49] presented a qualitative screening procedure based
on all-ion fragmentation mode on a Q-TOF-MS for new psychoactive substances and
their metabolites with identification criteria accurate mass precursor ion and manual
evaluation of Fls. Thoren et al. [50] compared the performance of a broad-spectrum
Q-TOF unknown screening with a linear ion trap targeted drug screening, which were
both operated in DDA mode. Q-TOF offered similar identification power compared to
the linear ion trap.

In the described DDA and DIA based screening approaches different identification
criteria such as accurate mass precursor ions and spectra comparison were
described. However, spectra generation at two different conditions could increase
cycle times and applying too high fragmentation energies might result in too many
low abundant Fls. In addition, the lack of suitable software solutions for TOF data
evaluation required manual data evaluation in some cases. In comparison to OT
technology, TOF-MS provided higher acquisition frequencies and typically required
internal calibration to correct the mass axis [51], which might provide some
disadvantages such as interference with the ionization process of the sample.
Nevertheless, comprehensive Q-TOF screening approaches could be an alternative

for untargeted urine drug screening.

Sequential Window Acquisition of All Theoretical Fragment lon Spectra based
Screening Procedures

As already discussed by Maurer and Meyer [9], SWATH provides a promising
alternative option for non-targeted HRMS Q-TOF screening in clinical and forensic
toxicology. It is a DIA technique, where ions are allowed to pass quadrupole one in a
defined medium window size of 20 or 25 Da across the scan range of interest [52,53].
lons in each of those windows are transferred into the collision cell and product ions
are generated under high collision energy. The product ions are then sequentially
analyzed by the HR-TOF analyzer. In the following, different SWATH-based methods
will be described.

Arnhard et al. [54] used SWATH in combination with Q-TOF for acquisition of HR-
MS/MS spectra after precursor ion selection in 21 Da isolation windows. They
showed that SWATH is a more sensitive and specific identification tool for

compounds at lower concentration levels compared to DDA. But only semi-
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automated data evaluation was possible confirming data processing to be a laborious
and time-consuming process. Roemmelt et al. [55] investigated isolation windows of
20-35 Da for its suitability for systematic toxicological analysis. Although relative
abundance of the fragments was concentration-dependent and influenced by co-
fragmentation, SWATH detection rate was better than DDA, which failed to trigger
about 10% of the analytes.

In theory, DIA allowed generation of mass spectral information for all precursor ions
[46]. As described above, SWATH showed more identification power, sensitivity, and
specificity compared to DDA. However, if multiple compounds were dissociated in
one experiment, mixed spectra resulted and had to be interpreted. Sufficient
deconvolution algorithms would be necessary for those screening procedures, but

only semi-automated data evaluation was described yet.

Orbitrap-based Screening Procedures

As already discussed by Maurer and Meyer [9], only few OT-based methods were
published up to now for comprehensive screening of drugs of abuse and
pharmaceuticals in clinical and forensic toxicology.

Li et al. [56] developed a screening procedure for 65 drugs of abuse such as
cannabinoids in human urine by using an LTQ-OT-MS. However, they used time
consuming SPE and had to perform separate runs in positive and negative ionization
mode due to slow switching times of the instrument. Identification was based on
accurate mass, retention time, and exact masses of the FIs using ToxID software.
Roche et al. [57] described a GUS procedure with a library of 616 mainly parent
compounds in serum, urine, and whole blood samples after TurboFlow. The OT-MS
was operated in positive and negative ionization mode with subsequent HCD
fragmentation. Identification criteria were accurate masses, retention time, isotopic
patterns, and the presence of specific FIs. Montesano et al. [58] developed a broad
screening for new psychoactive substances on an OT with quadrupole precursor
selection (Q-OT) instrument including cathinones and synthetic cannabinoids in blood
plasma. They performed a FS for targeted screening with subsequent all ion
fragmentation considering two specific product ions for data analysis of over 300
compounds by automated TraceFinder data evaluation software.

Novel Q-OT mass spectrometers offered long-term stability of external mass

calibration, unique high resolving power, sub ppm mass accuracies over a wider
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dynamic range compared to TOF instruments [51,59]. In contrast to TOF-based
screening procedures, first automated data evaluation software packages were
described. Therefore, Q-OT mass spectrometers should be appropriate for

comprehensive toxicological screening of various drug classes and their metabolites

2]

Adherence Testing in Cardiology

Nonadherence of the patients to a prescribed drug therapy could be one reason for
treatment-resistant hypertension. This is indicated by blood pressure levels > 140/90
mm Hg when three or more antihypertensive drugs of different classes including a
diuretic were taken at maximal tolerated dose [60]. In hypertensive patients its
prevalence ranges from 5 - 30% and is connected to an increased risk of
cardiovascular and renal events [60-62]. Jung et al. [63] presented the first study on
a targeted urine drug screening for patients with apparent resistant hypertension.
Based on these screening results they confirmed adherence of patients and showed
the utility of this approach. In the field of metabolomics, van der Hooft et al. [64]
developed a urinary antihypertensive drug metabolite screening making use of
molecular networking coupled to HRMS fragmentation. Their method offered
possibilities for untargeted identification of drugs and their metabolites.



2 AIMS AND SCOPES

The aim of this dissertation was to develop a comprehensive, metabolite-based,

automated LC-HR-MS/MS screening procedure by OT technology for drugs, poisons,

and their metabolites, being relevant to clinical and forensic toxicology. As a

complement to already existing GC- and LC-MS" libraries [32,35], high resolution

MS/MS spectra of drugs should be collected of reference standards in methanolic

solution. Those of metabolites should be identified in urine samples of rats or humans

after corresponding drug administration and in incubates of drugs with pooled human

liver preparations.

The following should be conducted:

Development of simple sample workup procedures and comparison with
established ones

Development of fast und sufficient universal UHPLC separation

Development of a new HRMS detection method by Q-OT including study of
conditions for mass spectra recording and reproducibility

Validation of the method for a selection of drugs of various drug classes
according to recommendations for qualitative methods [65,66] after different
sample workups of urine and blood plasma

HR-MS/MS drug spectra collection by using the above-mentioned reference
standard solutions

Identification of metabolites of drugs and poisons in urine or incubates of liver
preparations by detailed HR MS/MS spectra and implementation of those into
the new HRMS reference library

Establishment of new, automated HR-MS/MS data evaluation with different
detection and identification criteria

Application of the screening method to particular drug classes

Studies on the application of HRMS for blood plasma screening

Evaluation of HRMS for differentiation of isobaric and isomeric compounds,
and for GUS
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3 PUBLICATIONS OF THE RESULTS

The results of the studies were published in the following papers:

3.1 Orbitrap technology for comprehensive metabolite-
based liquid chromatographic-high resolution-tandem
mass spectrometric urine drug screening - exemplified
for cardiovascular drugs [67]
(DOI:10.1016/j.aca.2015.08.018)
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3.2 LC-HR-MS/MS standard urine screening approach: Pros
and cons of automated on-line extraction by turbulent
flow chromatography versus dilute-and-shoot and
comparison with established urine precipitation [68]
(DOI: 10.1016/j.jchromb.2016.06.036)

13-
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3.3 Liquid chromatography-high resolution-tandem mass
spectrometry using  Orbitrap  technology for
comprehensive screening to detect drugs and their
metabolites in blood plasma [69]
(DOI: 10.1016/j.aca.2017.03.002)
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4 DISCUSSION AND CONCLUSIONS

In the first part of this thesis, OT technology was successfully applied for
development of a comprehensive metabolite-based LC-HR-MS/MS screening
approach for urinalysis of drugs relevant in clinical and forensic toxicology [67].
Different new urine sample workup procedures using on-line extraction by TurboFlow
and a dilute-and-shoot approach were developed and compared with already
established urine precipitation [68]. The “pseudo quick elute mode” for TurboFlow,
which has already been described for the analysis of amanitin [29], offered some
advantages for urine drug screening such as less manual handling compared to
precipitation. Only if a higher number of samples have to be analyzed per day, the
reduction of total analysis time outweighed the limitations of TurboFlow such as
additional costs for equipment, columns and maintenance. A broad range of drugs
with different physicochemical properties could be detected and identified after
common dosages after all sample workups with better identification limits for
precipitation and TurboFlow. However, only some low-concentrated drugs and
metabolites might not be identified after simple dilution. The screening approach was
also suitable for qualitative blood plasma screening [69]. Due to lower drug
concentrations in blood plasma and fewer metabolites compared to urine, targeted
blood plasma screening with preferred MS/MS spectra acquisition was performed on
700 compounds and main metabolites in blood plasma. This was followed by DDA
mode for identification of unknowns. Final identification criteria were the presence of
accurate mass precursor ions, five most intense FIs, and HR-MS/MS library match.
High amounts of both parent drugs and metabolites, covered by urine screening, in
combination with blood plasma screening will ensure definite identification of
compounds. The procedure was successfully applied for cardiovascular drugs to
assess medication adherence of hypertension patients [70-72]. Thus, in the context
of adherence testing, Linicus et al. [70] were able to demonstrate the relevance of
excluding non-adherence to prescribed drugs by adherence screening before renal
denervation. Ewen et al. [71,72] showed the usefulness of renal denervation to
reduce blood pressure in patients with resistant hypertension and reported the

corresponding mechanisms.
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As mentioned above, HR-FS in combination with DDA mode allowed detection and
identification of unknown drugs, their artifacts, and metabolites. Thus, new drugs
appearing on the market such as novel psychoactive substances, which were neither
added to the inclusion list nor to the current reference library, can be detected.
Accurate mass measurement allows proposing the empirical formula of the precursor
ion of the new compound and/or its metabolites. The combination with accurate
masses/empirical formulas of the formed MS/MS fragments may help in identifying
the compound. This was e.g. shown for elucidation of phase | and Il metabolism of
the novel psychoactive substance 4-methyl-N-ethcathinone by Helfer et al. [73]. In
this case, isobaric compounds could be differentiated by HR-FS due to accurate
mass measurements. As an example, Maurer and Meyer [9] described differentiation
of the new psychoactive substances beta-keto-2CB ((2-amino-1-(4-bromo-2,5-
dimethoxyphenyl)ethanone) and DOB (2,5-dimethoxy-4-bromamphetamine) showing
in addition to the precursor ion three identical nominal mass Fls [74]. LC-HR-MS/MS
allowed differentiation of the corresponding precursor ions and FIs by their accurate
masses.

However, isomeric compounds cannot be differentiated in full scan mode by HR-MS,
but by different fragmentation and/or chromatographic separation. The risk of
overlooking co-eluting isomeric compounds due to common precursors and/or risk of
complete ion suppression by the matrix could be minimized by inclusion of
metabolites and by recording spectra in negative ionization mode. Some compounds
showed better negative ionization properties, but some drugs such as thiazide
diuretics were exclusively detected in this ionization mode due to their chemical
structure.

Initial studies showed that HCD fragmentation at three collision energies provided a
mixed spectrum with formation of enough FIs. However, less than five FIs could not
be sufficient for differentiation of isomeric compounds based on different fragments.
Due to a different search algorithm of the data evaluation software for FI matching
compared to full HR-MS/MS library matching, Fls provided additional identification
certainty. Isotopic patterns were no longer taken into account for final data evaluation
because they were not completely detected although the most abundant isotope
(accurate mass precursor ion) provided an MS/MS spectrum. Those findings
confirmed that full HR-MS/MS library spectra provided highest identification power

according to the European Commission Decision 2002/657/EC [75]. In cases of
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doubt, retention times of the compounds can be considered. Despite the advantages
of HRMS for GUS, the technique still showed some limitations [9]. The HR mass
spectrometers are comparably expensive, require intensive maintenance, and the
huge size of recorded data affords solutions regarding data storage and evaluation.
Evaluating unknown HR data is laborious, time-consuming, and considerable mass
spectrometry skills are required. In the author’s opinion, LR mass spectrometers fulfill
the criteria for comprehensive drug screening at low purchase costs and acceptable
identification power. However, high selectivity and identification power by HRMS can
be mandatory for differentiation of isobaric compounds, co-eluting isomeric
compounds, and tentative identification of unknown drugs and/or metabolites. Further
studies investigating the transferability of the HR-MS/MS library to other HR
instruments and the influence of different instrument types and settings on the quality

of screening results are necessary.
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5 SUMMARY

In the presented thesis, development of an automated and comprehensive
metabolite-based LC-HR-MS/MS screening procedure using OT technology for
detection of drugs and poisons relevant in clinical and forensic toxicology is
described. Therefore, new urine sample workup procedures based on automated on-
line extraction by TurboFlow and simple dilution were developed and compared with
established urine precipitation. After universal UHPLC separation, drugs and
metabolites were detected and identified by an OT mass spectrometer operated in
FS mode with positive/negative switching and subsequent DDA mode. Based on
these conditions, a new mass spectral reference library with over 5,000 HR-MS/MS
spectra containing about 2,000 parent compounds and 3,000 metabolites was
developed. The screening approach was successfully applied to blood plasma. A
new automated HR-MS/MS data evaluation considering accurate mass precursor
ions, five most intense Fls, and full HR-MS/MS library spectra was established. The
new LC-HR-MS/MS screening approach complements the existing GC-MS and LC-
MS" screening procedures and is the basis for metabolism studies of various drug
classes. It is successfully applied in daily routine analysis for GUS and adherence
testing of hypertension patients. Analysis of thousands of patient samples showed

robustness, selectivity, sensitivity, and specificity of the method.

-20 -



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

REFERENCES

R.J. Flanagan, A.A. Taylor, I.D. Watson, and R. Whelpton, Fundamentals of Analytical
Toxicology, Wiley, Chichester (UK), 2009.

H.H. Maurer, What is the future of (ultra)high performance liquid chromatography coupled
to low and high resolution mass spectrometry for toxicological drug screening? [review], J.
Chromatogr. A 1292 (2013) 19-24.

H.H. Maurer, Position of chromatographic techniques in screening for detection of drugs or
poisons in clinical and forensic toxicology and/or doping control [review], Clin. Chem. Lab.
Med. 42 (2004) 1310-1324.

R. Weinshilboum, Inheritance and drug response, N. Engl. J. Med. 348 (2003) 529-537.

D.K. Wissenbach, M.R. Meyer, D. Remane, A.A. Weber and H.H. Maurer, Development of the
first metabolite-based LC-MSn urine drug screening procedure - exemplified for
antidepressants, Anal. Bioanal. Chem. 400 (2011) 79-88.

H.H. Maurer, Hyphenated mass spectrometric techniques - indispensable tools in clinical and
forensic toxicology and in doping control [review], J. Mass Spectrom. 41 (2006) 1399-1413.

M.Q. Huang, Z.J. Lin and N. Weng, Applications of high-resolution MS in bioanalysis,
Bioanalysis. 5 (2013) 1269-1276.

M.R. Meyer, A.G. Helfer and H.H. Maurer, Current position of high-resolution mass
spectrometry for drug quantification in clinical & forensic toxicology [review], Bioanalysis 6
(2014) 2275-2284.

H.H. Maurer and M.R. Meyer, High-resolution mass spectrometry in toxicology - current
status and future perspectives, Arch. Toxicol. 90 (2016) 2161-2172.

F.T. Peters and D.K. Wissenbach, Systematic toxicological analysis using liquid
chromatography-mass spectrometry: techniques and inter-instrument reproducibility of
mass spectra, J. Lab. Med. 36 (2012) 89-97.

H.K. Lee, C.S. Ho, Y.P. lu, P.S. Lai, C.C. Shek, Y.C. Lo, H.B. Klinke and M. Wood, Development
of a broad toxicological screening technique for urine using ultra-performance liquid
chromatography and time-of-flight mass spectrometry, Anal. Chim. Acta 649 (2009) 80-90.

S. Broecker, S. Herre, B. Wust, J. Zweigenbaum and F. Pragst, Development and practical
application of a library of CID accurate mass spectra of more than 2,500 toxic compounds for
systematic toxicological analysis by LC-QTOF-MS with data-dependent acquisition, Anal.
Bioanal. Chem. 400 (2011) 101-117.

A. de Castro, M. Gergov, P. Ostman, |. Ojanpera and A. Pelander, Combined drug screening

and confirmation by liquid chromatography time-of-flight mass spectrometry with reverse
database search, Anal. Bioanal. Chem. 403 (2012) 1265-1278.

-21 -



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

M. Concheiro, M. Castaneto, R. Kronstrand and M.A. Huestis, Simultaneous determination of
40 novel psychoactive stimulants in urine by liquid chromatography-high resolution mass
spectrometry and library matching, J. Chromatogr. A. 1397 (2015) 32-42.

V. David, M. Cheregi and A. Medvedovici, Alternative sample diluents in bioanalytical LC-MS,
Bioanalysis. 5 (2013) 3051-3061.

0. Beck and M. Ericsson, Methods for urine drug testing using one-step dilution and direct
injection in combination with LC-MS/MS and LC-HRMS, Bioanalysis. 6 (2014) 2229-2244.

K. Deventer, O.J. Pozo, A.G. Verstraete and M.C. van Engelen, Dilute-and-shoot-liquid
chromatography-mass spectrometry for urine analysis in doping control and analytical
toxicology, Trac - Trends Anal. Chem. 55 (2014) 1-13.

H. Stahnke, T. Reemtsma and L. Alder, Compensation of Matrix Effects by Postcolumn
Infusion of a Monitor Substance in Multiresidue Analysis with LC-MS/MS, Analytical
Chemistry 81 (2009) 2185-2192.

D.K. Wissenbach, M.R. Meyer, D. Remane, A.A. Philipp, A.A. Weber and H.H. Maurer, Drugs
of abuse screening in urine as part of a metabolite-based LC-MS(n) screening concept, Anal.
Bioanal. Chem. 400 (2011) 3481-3489.

D. Remane, D.K. Wissenbach and F.T. Peters, Recent advances of liquid chromatography-
(tandem) mass spectrometry in clinical and forensic toxicology - An update, Clin. Biochem. 49
(2016) 1051-1071.

S. Sturm, F. Hammann, J. Drewe, H.H. Maurer and A. Scholer, An automated screening
method for drugs and toxic compounds in human serum and urine using liquid
chromatography-tandem mass spectrometry, J. Chromatogr. B 878 (2010) 2726-2732.

J. Pan, C. Zhang, Z. Zhang and G. Li, Review of online coupling of sample preparation
techniques with liquid chromatography, Anal. Chim. Acta 815 (2014) 1-15.

D.M. Mueller, The current role of on-line extraction approaches in clinical and forensic
toxicology, Bioanalysis. 6 (2014) 2261-2274.

C. Gorgens, S. Guddat, A.K. Orlovius, G. Sigmund, A. Thomas, M. Thevis and W. Schanzer,
"Dilute-and-inject" multi-target screening assay for highly polar doping agents using
hydrophilic interaction liquid chromatography high resolution/high accuracy mass
spectrometry for sports drug testing, Anal. Bioanal. Chem. 407 (2015) 5365-5379.

P.J. Rudewicz, Turbulent flow bioanalysis in drug metabolism and pharmacokinetics,
Bioanalysis. 3 (2011) 1663-1671.

L. Couchman, Turbulent flow chromatography in bioanalysis: a review, Biomed. Chromatogr.
26 (2012) 892-905.

T. Bernsmann, P. Furst and M. Godula, Quick screening of priority beta-agonists in urine
using automated TurboFlow-LC/Exactive mass spectrometry, Food Addit. Contam Part A

Chem. Anal. Control Expo. Risk Assess. 28 (2011) 1352-1363.

N. Schaefer, B. Peters, P. Schmidt and A.H. Ewald, Development and validation of two LC-
MS/MS methods for the detection and quantification of amphetamines, designer

-22 -



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

amphetamines, benzoylecgonine, benzodiazepines, opiates, and opioids in urine using
turbulent flow chromatography, Anal. Bioanal. Chem. 405 (2013) 247-258.

A.G. Helfer, M.R. Meyer, J.A. Michely and H.H. Maurer, Direct analysis of the mushroom
poisons alpha- and beta-amanitin in human urine using a novel on-line turbulent flow
chromatography mode coupled to LC-high resolution-MS/MS, J. Chromatogr. A 1325 (2014)
92-98.

D.M. Mueller, B. Duretz, F.A. Espourteille and K.M. Rentsch, Development of a fully
automated toxicological LC-MS(n) screening system in urine using online extraction with
turbulent flow chromatography, Anal. Bioanal. Chem. 400 (2011) 89-100.

M.R. Meyer, F.T. Peters and H.H. Maurer, Automated mass spectral deconvolution and
identification system for GC-MS screening for drugs, poisons, and metabolites in urine, Clin.
Chem. 56 (2010) 575-584.

H.H. Maurer, K. Pfleger and A.A. Weber, Mass spectral library of drugs, poisons, pesticides,
pollutants and their metabolites, Wiley-VCH, Weinheim (Germany), 2016.

J.L. Josephs and M. Sanders, Creation and comparison of MS/MS spectral libraries using
qguadrupole ion trap and triple-quadrupole mass spectrometers, Rapid Commun. Mass
Spectrom. 18 (2004) 743-759.

S. Dresen, M. Gergov, L. Politi, C. Halter and W. Weinmann, ESI-MS/MS library of 1,253
compounds for application in forensic and clinical toxicology, Anal. Bioanal. Chem. 395
(2009) 2521-2526.

H.H. Maurer, D.K. Wissenbach and A.A. Weber, Maurer/Wissenbach/Weber MWW LC-MSn
Library of Drugs, Poisons, and their Metabolites, Wiley-VCH, Weinheim (Germany), 2014.

A.G. Marshall and C.L. Hendrickson, High-resolution mass spectrometers, Annu. Rev. Anal.
Chem. (Palo. Alto. Calif. ) 1 (2008) 579-599.

K. Pfleger, H. Maurer and A. Weber, Mass Spectral and GC Data of Drugs, Poisons, and their
Metabolites, VCH publisher, Weinheim, 1985.

F. Xian, C.L. Hendrickson and A.G. Marshall, High resolution mass spectrometry, Anal. Chem.
84 (2012) 708-719.

Q. Hu, R.J. Noll, H. Li, A. Makarov, M. Hardman and C.R. Graham, The Orbitrap: a new mass
spectrometer, J. Mass Spectrom. 40 (2005) 430-443.

I. Ojanpera, M. Kolmonen and A. Pelander, Current use of high-resolution mass spectrometry
in drug screening relevant to clinical and forensic toxicology and doping control [review],
Anal. Bioanal. Chem. 403 (2012) 1203-1220.

F. Guale, S. Shahreza, J.P. Walterscheid, H.H. Chen, C. Arndt, A.T. Kelly and A. Mozayani,
Validation of LC-TOF-MS screening for drugs, metabolites, and collateral compounds in
forensic toxicology specimens, J. Anal. Toxicol. 37 (2013) 17-24.

M. Sundstrom, A. Pelander, V. Angerer, M. Hutter, S. Kneisel and |. Ojanpera, A high-
sensitivity ultra-high performance liquid chromatography/high-resolution time-of-flight mass

-23 -



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

spectrometry (UHPLC-HR-TOFMS) method for screening synthetic cannabinoids and other
drugs of abuse in urine, Anal. Bioanal. Chem. 405 (2013) 8463-8474.

M. Paul, J. Ippisch, C. Herrmann, S. Guber and W. Schultis, Analysis of new designer drugs
and common drugs of abuse in urine by a combined targeted and untargeted LC-HR-QTOFMS
approach, Anal. Bioanal. Chem. 406 (2014) 4425-4441.

A. Polettini, R. Gottardo, J.P. Pascali and F. Tagliaro, Implementation and performance
evaluation of a database of chemical formulas for the screening of pharmaco/toxicologically
relevant compounds in biological samples using electrospray ionization-time-of-flight mass
spectrometry, Anal. Chem. 80 (2008) 3050-3057.

E. Liotta, R. Gottardo, A. Bertaso and A. Polettini, Screening for pharmaco-toxicologically
relevant compounds in biosamples using high-resolution mass spectrometry: a 'metabolomic'
approach to the discrimination between isomers, J. Mass Spectrom. 45 (2010) 261-271.

H. Oberacher and K. Arnhard, Current status of non-targeted liquid chromatography-tandem
mass spectrometry in forensic toxicology, Trends Anal. Chem. 84 (2016) 94-105.

N. Wang and L. Li, Exploring the precursor ion exclusion feature of liquid chromatography-
electrospray ionization quadrupole time-of-flight mass spectrometry for improving protein
identification in shotgun proteome analysis, Anal. Chem. 80 (2008) 4696-4710.

N.S. Chindarkar, M.R. Wakefield, J.A. Stone and R.L. Fitzgerald, Liquid chromatography high-
resolution TOF analysis: investigation of MSE for broad-spectrum drug screening, Clin. Chem.
60 (2014) 1115-1125.

J. Kinyua, N. Negreira, M. Ibanez, L. Bijlsma, F. Hernandez, A. Covaci and A.L. van Nuijs, A
data-independent acquisition workflow for qualitative screening of new psychoactive
substances in biological samples, Anal. Bioanal. Chem. 407 (2015) 8773-8785.

K.L. Thoren, J.M. Colby, S.B. Shugarts, A.H. Wu and K.L. Lynch, Comparison of information-
dependent acquisition on a tandem quadrupole TOF vs a triple quadrupole linear ion trap
mass spectrometer for broad-spectrum drug screening, Clin. Chem. 62 (2016) 170-178.

P. Eichhorn, S. Perez and D. Barcelo, Time of Flight Mass Spectrometry vs Orbitrap Based
Mass Spectrometry for the Screening and Identification of Drugs and Metabolites: Is There a
Winner?, in A.R.Fernandez-Alba (Ed.), TOF-MS within Food and Environmental Analysis,
Elsevier, Amsterdam, 2015, p. 1-59.

G. Hopfgartner, D. Tonoli and E. Varesio, High-resolution mass spectrometry for integrated
gualitative and quantitative analysis of pharmaceuticals in biological matrices, Anal. Bioanal.
Chem. 402 (2012) 2587-2596.

X. Zhu, Y. Chen and R. Subramanian, Comparison of information-dependent acquisition,
SWATH, and MS(All) techniques in metabolite identification study employing ultrahigh-
performance liquid chromatography-quadrupole time-of-flight mass spectrometry, Anal.
Chem. 86 (2014) 1202-1209.

K. Arnhard, A. Gottschall, F. Pitterl and H. Oberacher, Applying 'Sequential Windowed
Acquisition of All Theoretical Fragment lon Mass Spectra' (SWATH) for systematic
toxicological analysis with liquid chromatography-high-resolution tandem mass
spectrometry, Anal. Bioanal. Chem. 407 (2015) 405-414.

=24 -



[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

AT. Roemmelt, A.E. Steuer, M. Poetzsch and T. Kraemer, Liquid chromatography, in
combination with a quadrupole time-of-flight instrument (LC QTOF), with sequential window
acquisition of all theoretical fragment-ion spectra (SWATH) acquisition: systematic studies on
its use for screenings in clinical and forensic toxicology and comparison with information-
dependent acquisition (IDA), Anal. Chem. 86 (2014) 11742-11749.

X. Li, B. Shen, Z. Jiang, Y. Huang and X. Zhuo, Rapid screening of drugs of abuse in human
urine by high-performance liquid chromatography coupled with high resolution and high
mass accuracy hybrid linear ion trap-Orbitrap mass spectrometry, J. Chromatogr. A 1302
(2013) 95-104.

L. Roche, J. Pinguet, P. Herviou, F. Libert, C. Chenaf, A. Eschalier, N. Authier and D. Richard,
Fully automated semi-quantitative toxicological screening in three biological matrices using
turbulent flow chromatography/high resolution mass spectrometry, Clin. Chim. Acta 455
(2016) 46-54.

C. Montesano, G. Vannutelli, A. Gregori, L. Ripani, D. Compagnone, R. Curini and M. Sergi,
Broad Screening and Identification of Novel Psychoactive Substances in Plasma by High-
Performance Liquid Chromatography-High-Resolution Mass Spectrometry and Post-run
Library Matching, J. Anal. Toxicol. 40 (2016) 519-528.

A. Makarov, E. Denisov, O. Lange and S. Horning, Dynamic range of mass accuracy in LTQ
Orbitrap hybrid mass spectrometer, J. Am. Soc. Mass Spectrom. 17 (2006) 977-982.

G. Mancia, R. Fagard, K. Narkiewicz, J. Redon, A. Zanchetti, M. Bohm, T. Christiaens, R.
Cifkova, B.G. De, A. Dominiczak, M. Galderisi, D.E. Grobbee, T. Jaarsma, P. Kirchhof, S.E.
Kjeldsen, S. Laurent, A.J. Manolis, P.M. Nilsson, L.M. Ruilope, R.E. Schmieder, P.A. Sirnes, P.
Sleight, M. Viigimaa, B. Waeber, F. Zannad, J. Redon, A. Dominiczak, K. Narkiewicz, P.M.
Nilsson, M. Burnier, M. Viigimaa, E. Ambrosioni, M. Caufield, A. Coca, M.H. Olsen, R.E.
Schmieder, C. Tsioufis, P. van de Borne, J.L. Zamorano, S. Achenbach, H. Baumgartner, J.J.
Bax, H. Bueno, V. Dean, C. Deaton, C. Erol, R. Fagard, R. Ferrari, D. Hasdai, A.W. Hoes, P.
Kirchhof, J. Knuuti, P. Kolh, P. Lancellotti, A. Linhart, P. Nihoyannopoulos, M.F. Piepoli, P.
Ponikowski, P.A. Sirnes, J.L. Tamargo, M. Tendera, A. Torbicki, W. Wijns, S. Windecker, D.L.
Clement, A. Coca, T.C. Gillebert, M. Tendera, E.A. Rosei, E. Ambrosioni, S.D. Anker, J.
Bauersachs, J.B. Hitij, M. Caulfield, B.M. De, G.S. De, G.A. Derumeausx, S. Erdine, C. Farsang, C.
Funck-Brentano, V. Gerc, G. Germano, S. Gielen, H. Haller, A.W. Hoes, J. Jordan, T. Kahan, M.
Komajda, D. Lovic, H. Mahrholdt, M.H. Olsen, J. Ostergren, G. Parati, J. Perk, J. Polonia, B.A.
Popescu, Z. Reiner, L. Ryden, Y. Sirenko, A. Stanton, H. Struijker-Boudier, C. Tsioufis, P. van de
Borne, C. Vlachopoulos, M. Volpe and D.A. Wood, 2013 ESH/ESC guidelines for the
management of arterial hypertension: the Task Force for the Management of Arterial
Hypertension of the European Society of Hypertension (ESH) and of the European Society of
Cardiology (ESC), Eur. Heart J. 34 (2013) 2159-2219.

R.H. Fagard, Resistant hypertension, Heart 98 (2012) 254-261.

S.L. Daugherty, J.D. Powers, D.). Magid, H.M. Tavel, F.A. Masoudi, K.L. Margolis, P.J.
O'Connor, J.V. Selby and P.M. Ho, Incidence and prognosis of resistant hypertension in
hypertensive patients, Circulation 125 (2012) 1635-1642.

0. Jung, J.L. Gechter, C. Wunder, A. Paulke, C. Bartel, H. Geiger and S.W. Toennes, Resistant

hypertension? Assessment of adherence by toxicological urine analysis, J. Hypertens. 31
(2013) 766-774.

-25 -



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

J.J. van der Hooft, S. Padmanabhan, K.E. Burgess and M.P. Barrett, Urinary antihypertensive
drug metabolite screening using molecular networking coupled to high-resolution mass
spectrometry fragmentation, Metabolomics. 12 (2016) 125-

F.T. Peters, O.H. Drummer and F. Musshoff, Validation of new methods [review], Forensic Sci.
Int. 165 (2007) 216-224.

Scientific Working Group for Forensic Toxicology (SWGTOX), Standard Practices for Method
Validation in Forensic Toxicology, http://www.swgtox.org/documents/Validation3.pdf, 2013.

A.G. Helfer, J.A. Michely, A.A. Weber, M.R. Meyer and H.H. Maurer, Orbitrap technology for
comprehensive metabolite-based liquid chromatographic-high resolution-tandem mass
spectrometric urine drug screening - exemplified for cardiovascular drugs, Anal. Chim. Acta
891 (2015) 221-233.

A.G. Helfer, J.A. Michely, A.A. Weber, M.R. Meyer and H.H. Maurer, LC-HR-MS/MS standard
urine screening approach: Pros and cons of automated on-line extraction by turbulent flow
chromatography versus dilute-and-shoot and comparison with established urine
precipitation, J. Chromatogr. B 1043 (2017) 138-149.

A.G. Helfer, J.A. Michely, A.A. Weber, M.R. Meyer and H.H. Maurer, Liquid chromatography-
high resolution-tandem mass spectrometry using Orbitrap technology for comprehensive
screening to detect drugs and their metabolites in blood plasma, Anal. Chim. Acta 965 (2017)
83-95.

Y. Linicus, I. Kindermann, A.G. Helfer, M.R. Meyer, H.H. Maurer, F. Mahfound and M. B6hm,
Witnessed drug intake before planned denervation-always harmless?, Int. J. Cardiol. 179
(2015) 125-126.

S. Ewen, B. Cremers, M.R. Meyer, L. Donazzan, |. Kindermann, C. Ukena, A.G. Helfer, H.H.
Maurer, U. Laufs, G. Grassi, M. Bohm and F. Mahfoud, Blood pressure changes after
catheter-based renal denervation are related to reductions in total peripheral resistance, J
Hypertens. 33 (2015) 2519-2525.

S. Ewen, M.R. Meyer, B. Cremers, U. Laufs, A.G. Helfer, D. Linz, I. Kindermann, C. Ukena, M.
Burnier, S. Wagenpfeil, H.H. Maurer, M. Bohm and F. Mahfoud, Blood pressure reductions
following catheter-based renal denervation are not related to improvements in adherence to
antihypertensive drugs measured by urine/plasma toxicological analysis, Clin. Res. Cardiol.
104 (2015) 1097-1105.

A.G. Helfer, A. Turcant, D. Boels, S. Ferec, B. Lelievre, J. Welter, M.R. Meyer and H.H. Maurer,
Elucidation of the metabolites of the novel psychoactive substance 4-methyl-N-ethyl-
cathinone (4-MEC) in human urine and pooled liver microsomes by GC-MS and LC-HR-MS/MS
techniques and of its detectability by GC-MS or LC-MS" standard screening approaches, Drug
Test. Anal. 7 (2015) 368-375.

H.H. Maurer, M.R. Meyer, A.G. Helfer and A.A. Weber, Maurer/Meyer/Helfer/Weber MMHW
LC-HR-MS/MS library of drugs, poisons, and their metabolites, Wiley-VCH, Weinheim
(Germany), 2017.

European Communities, European Union Decision 2002/657/EC 17.08.2002: commission
decision laying down performance criteria for the analytical methods to be used for certain

-26 -


http://www.swgtox.org/documents/Validation3.pdf

substances and residues thereof in live animals and animal products, Off. J. Eur. Commun.
221 (2002) 8-32.

-27 -



-28 -



7/ ABBREVIATIONS

CID collision-induced dissociation

DDA data-dependent acquisition

DIA data-independent acquisition

FI fragment ion

FS full scan

GC gas chromatography

GUS general unknown screening

HCD higher-energy collisional dissociation

HR high resolution

LC liquid chromatography

LR low-resolution

MS mass spectrometry

oT orbitrap

SPE solid-phase extraction

SWATH sequential window acquisition of all theoretical fragment ion
spectra

TOF time-of-flight

TurboFlow turbulent flow chromatography

UHPLC ultra-high-performance-liquid chromatography
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8 ZUSAMMENFASSUNG

Im Rahmen dieser Dissertation wird die Entwicklung eines automatisierten und
umfangreichen, Metaboliten-basierten Screeningverfahrens mittels LC-HR-MS/MS-
Technik unter Verwendung der Orbitrap-Technologie zum Nachweis von in der klini-
schen und forensischen Toxikologie relevanten Arznei- und Giftstoffen beschrieben.
Hierzu wurden neuartige Probenaufarbeitungsverfahren fur Urin basierend auf auto-
matisierter Turbulent Flow On-line Extraktion und einfacher Verdinnung entwickelt
und mit der bereits etablierten Proteinfallung verglichen. Unter Verwendung einer
universellen UHPLC Trennung wurden die Muttersubstanzen und Metaboliten detek-
tiert und identifiziert mittels eines Orbitrap Massenspektrometer, das im Full-Scan-
Modus abwechselnd positiv oder negativ ionisierte Analyten erfasste und anschlie-
Bend im datenabhangigen Erfassungsmodus betrieben wurde. Unter Anwendung
dieser Bedingungen entstand eine neue Referenzspektrenbibliothek mit inzwischen
Uber 5.000 hochaufgelosten Massenspektren, die rund 2.000 Muttersubstanzen und
3,000 Metaboliten umfasst. Das Verfahren wurde erfolgreich auf das Screening im
Blutplasma Ubertragen. Eine neue automatisierte Auswertung, die die akkuraten
Massen der Vorlauferionen, die der funf intensivsten Fragmentionen und die
vollstandigen, hochaufgelésten MS/MS Bibliotheksspektren bertcksichtigt, wurde
etabliert. Das neue LC-HR-MS/MS Screeningverfahren ergéanzt die bestehenden

GC-MS und LC-MS" Screeningverfahren und ist die Grundlage zur Aufklarung des
Metabolismus von verschiedensten Subtanzklassen. Es wird erfolgreich in der
taglichen Routineanalytik zum allgemeinen Screening auf unbekannte Substanzen
und zur Uberprifung der Adharenz von Bluthochdruckpatienten eingesetzt. Die
Analyse tausender Patientenproben zeigte die Robustheit, Selektivitat, Sensitivitat

und Spezifizitat der Methode.
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