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CHAPTER 1

GENERAL INTRODUCTION







General introduction

PPCPs definition and potential risk overview

Pharmaceutical and personal care products (PPCPs) represent wide class of compounds
including extensively used medicals for human and animal treatment, active compounds
of cosmetic products. The PPCPs classification can be based upon their purpose, chemical
structure, or physical-chemical properties. By the purpose, PPCPs can be categorized into
following groups- antibiotics, antidepressants, anticonvulsants, antineoplastics, beta-
blockers, contrast media, disinfectants, fragrances, hormones, lipid regulators, nonsteroidal
anti-inflammatory drugs, preservatives, sunscreen agents (Wang and Wang, 2016). Physico-
chemical properties of PPCPs are largely diverse (Tarpani and Azapagic, 2018) and consequently
it is problematic to generalized that across the pollutant category. Most PPCPs relevant for
recipients, respectively for water as investigated sample matrix, are low volatile, moderately
polar, and thermally unstable (Ohoro et al., 2019).

Pollution is one of the key aspects resulting in negative changes in environment.
Contamination of water ecosystem by PPCPs raised to be an actual topic during nineties (Holm
et al., 1995). Previous investigations of water pollution aimed mainly on persistent organic
pollutants (POPs), because of their limited degradation, lipid solubility corresponding with
bioaccumulation potential and consequent toxicological effects (Wenning and Martello, 2013).
Whereas, pharmaceutical compounds are typically water-soluble with lower bioaccumulation
rates. The major concerns of pharmaceuticals and other PPCPs are extensive use, increasing
production and mostly unknown impact on nontarget organisms in environment.

According to purpose, way of application and consumption on daily base, the most relevant
source of PPCPs is human consumption and subsequent production of household wastewater.
Despite to wastewater treatment process, up to pug L of these compounds can be found in
recipients as consequence of technological limitation of conventional wastewater treatment
plant (WWTP) (Golovko et al., 2014a). Although such concentrations seem to be negligible
and do not induce acute toxicity, negative impact on water ecosystem has been reported.
Active pharmaceuticals ingredients are designed to alter specific physiological pathways
which can potentially affect non-target organisms (Petersen, Heiaas and Tollefsen, 2014).
The known concern is synthetic estrogens as ethinylestradiol (Jackson and Klerks, 2019) less
investigated and more attention deserving group of birth control medication are progestins
(Sauer et al., 2018). The ability to alter endocrine regulation of fish reproduction system and
consequent effects have been observed within environmentally relevant concentrations (Fent,
2015; A. Lange et al., 2009). Investigation of psychoactive compound effects on aquatic fauna
consider occurrence of similar nervous system response as for target organisms (humans and
other mammals). This corresponds with some behavioral studies. For example, therapeutic
plasma levels of selective serotonin reuptake inhibitor sertraline decrease shelter-seeking
behavior of Pimephales promales and cause potentially inappropriate reaction on predators
(Valenti et al.,, 2012). Reduction of defense ability was observed also for Procambarus
clarkii exposed to env. relevant concentration of methamphetamine when individuals exhibit
significant reduction of depth and volume of constructed burrows (Guo et al., 2020). Brodin
et al. 2017 reported alteration of boldness after exposing Rutilus rutilus to env. relevant
concentration of oxazepam (Brodin et al. 2017). Moreover, pharmaceuticals occurred as
complex mixture of different classes of compounds, parent compounds, and their metabolites
and transformation products. It is important to note that multi-component mixture can
exhibit synergistic, antagonistic or additive effects compare to individual compound expose
(Vasquez et al., 2014).



Sources and of PPCPs

The main source of recipient contamination by PPCPs is considered household wastewater
via WWTPs. After usage, these compounds are released into wastewater and WWTPS in form
of parent compound or metabolite (especially in case of pharmaceuticals).

The individual wastewater treatment steps are designated according to their order in
treatment plant facility. Primary treatment is mechanical process removes floated or settled
particles. This first stage can be enhanced with addition of metal salts or other compounds
causing agglomeration of suspended solids and colloids. Consequently, ability to eliminate
PPCPs is mainly defined by compound sorption to these particles. Absorption and adsorption
are two major mechanisms affecting compound affinity. The absorption is related to
compound lipophilicity, characterized by the octanol-water partition coefficient (K ) (Behera
et al., 2011), whereas adsorption is characterized by dissociation constant (pKa) related to
compound disposition to be dissociated in aqueous phase. Positively charged compounds can
be than adsorbed with negatively charged surface of particles (Ternes et al., 2004). Sorption
elimination mechanism is also relevant in secondary or so-called biologically treatment
with conventional sewage sludge, where PPCPs are sorbed on biological floc. This microbial
aggregate is composed of protozoa and bacteria organisms which can assimilate only low
molecular weight compound, large molecules must be firstly hydrolyzed by enzymes. Organic
matter used for microbial growth is then decomposed along with PPCPs. Biodegradability
can be than determined and categorized through pseudo first-order degradation kinetics
published by Joss et al. (2006).

PPCPs degradation by microbial extracellular enzymes is limited by some factors. The
low PPCPs concentrations at enzyme sub-saturating levels and organisms in nutrient rich
environment have limited stimulation initiated adaptation of enzymatic system for low
concentrated compounds (Daughton and Ternes, 1999).

The limited ability of conventional WWTP to remove PPCPs is well known and reported in many
research papers. For example, study published in 2004 by Carballa et al., investigated removal
efficiency of eight pharmaceutical (carbamazepine, diazepam, diclofenac, ibuprofen, naproxen,
roxithromycin, sulfamethoxazole and iopromide), three hormones (estrone, 17B-estradiol and
170-ethinylestradiol) and fragrances (galaxolide, tonalide). Primary treatment was effective
only for galaxolide, tonalide 30-50% and 17B-estradiol (20%) according to their higher K_ .
The rest of compounds was eliminated particularly during secondary treatment 40-65%
except stable contrast media iopromide (Carballa et al., 2004). It has to be mentioned that
biodegradation products of PPCPs can exhibit similar or even higher toxicological risk then
parent compound. Octyphenol is product of bacterial degradation of nonionic surfactant
octylphenol polyethoxylate which oestrogenic activity is ten times lower compare to its
product (Kagle et al., 2009). The elimination efficiency is not absolutely constant and can be
influenced by factors like hydraulic retention time (Ejhed et al., 2018) physical and chemical
conditions- pH (Paul et al.,, 2014) and temperature. The PPCPs concentration variability on
WWTP effluent is then affected by microbial activity (which is temperature depend) and
sessional specific consumption trends of some pharmaceuticals. Consequently, during cold
season can be observed overall higher concentrations of some micropollutants (Golovko et
al., 2014b).

Moreover, negative PPCPs removal efficiency (concentration increase after treatment)
of conventional WWTPs was reported for some PPCPs. A work published by Blair et al.,
2015 concluded two potential mechanisms of the negative mass balance of PPCPs i) the
compounds are released from particles during biological treatment process ii) microbial
activity retransforms the compounds into active form (Blair et al., 2015).
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Tertiary treatment is additional step that improves water quality before it is discharged to
recipients. This process possibly involves reduction of organics, turbidity, nitrogen, phosphorus,
metals and pathogens (Gerba and Pepper, 2015). The advanced oxidation process such as
ozonation, UV radiation have relatively good elimination efficiency of PPCPs that in many
cases overcome 80% (Alharbi et al., 2017; Ternes et al., 2003; de Wilt et al., 2018). Ozonation
of water environment produces hydroxyl radical which together with ozone act as oxidizing
agents. Ozonation was considered as technique reducing biological activity of PPCPs due
to its selective hydroxylation of their functional groups (Oulton, Kohn, and Cwiertny 2010).
Unfortunately, PPCPs transformation products can exhibit reduction (X. Chen et al,, 2012) as
well as enhancement (Hamdi El Najjar et al., 2013; Schluter-Vorberg et al., 2015) of toxicity
compare to precursor. Similarly to ozonation, UV based oxidation is effective technique of
PPCPs degradation, but concurrently source of PPCPs by-products with potential toxicity
effect (Ellepola et al., 2020).

Sewage sludge is by-product of wastewater treatment process contains nutrients and
organic carbon matter make it suitable for agriculture application. Almost 52% of sludge
produced in EU are spread on land and 40% for agriculture purpose (lvanova et al., 2018).
Despite good fertilizer properties treated sewage sludge contains ng to pug g’ PPCPs (Tran,
Reinhard, and Gin 2018) that make it relevant contamination source of surface water during
precipitation events and subsequent runoff (Sabourin et al., 2009). According to application
of swine slurry and dairy cattle manure as part of agriculture management, these two matrices
can be considered as sources of veterinary pharmaceuticals (Gros et al.,, 2019) and runoff
related vector to recipient as in previous case.

Fate of PPCPs in recipients

PPCPs are not categorized as persistent contaminants but their incomplete elimination
and extensive use cause continuous contamination of aquatic environment. These so-called
“pseudo persistent” compounds are therefore constantly present in recipient (as parent
compound or transformation products), where they may affect non-target organisms and
undergo elimination and/or transformation process.

Photolysis is important process of PPCPs degradation in surface water reported in extensive
number of research papers (Buser, Poiger and, Muller 1998; Calisto, Domingues and Esteves,
2011; Dabi¢, Babi¢ and Skori¢, 2019; Lin and Reinhard, 2005; Santoke and Cooper, 2017).
Ability of compound to by directly photolyzed is depended on their structural feature able to
absorb solar UV radiation- conjugated mn systems, heteroatoms aromatic rings and structural
moieties, such as phenol, nitro, and napthoxyl groups (Boreen, Arnold and McNeill, 2003).
Indirect photolysis is significant for overall PPCPs and most relevant for compounds unable
to absorb wavelength above 290 nm. This degradation mechanism involves reactive species
("0,, 0,7, ROOe, HO e and HOs) accelerating compounds oxidation. Such reactive species can
be formed by direct photolysis of dissolved organic matter or nitrate ions (photosensitizers)
(Albaigés, Bayona and Radovi¢, 2016; Bai et al., 2018).

Hydrolysis represents abiotic degradation process influenced by temperature, pH value
(Loftin et al., 2008) and water-reactive functional group like amine and esters in micropollutant
structure (Zhou, Porter and Zhang, 2017). This degradation pathway has been proven as
relevant for antibiotic pharmaceutical oxytetracycline (Xuan et al., 2010). Unlike to hydrolysis
unavailable sulfonamides (Biatk-Bielinska et al., 2012), structure of oxytetracycline included
readily hydrolyzed structural features, which make it degradable under environmental
conditions (Loftin et al., 2008).
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Partitioning is a process of pharmaceutical transition between water and sediment phases.
It is well known that major number of PPCPs are weak acid, bases or zwiterions, some of them
posses in addition lipophilic moiety in the molecule. Their interactions with solid particles are
more complex than sorption of traditional pollutants e.g. POPs. It has been described that
electrostatic and hydrophilic soil properties (ion exchange capacity, clay content etc.) play
more important role than sorption to organic carbon representing prevailing mechanism of
partitioning for POPs (KodeSova et al., 2015). The PPCPs sorption onto sediment and other
particles plays important role for compound bioavailability and corresponding effects on non-
target organisms. Higher microorganism density compare to water body makes sediments
major biodegradation space of PPCPs in recipient, where elimination efficiency depends
mainly on aerobic conditions (Kunkel and Radke, 2008). Although biodegradation in surface
water does not have same relevance as in wastewater treatment a synergic elimination effect
with other degradation pathways can occur (Gan et al., 2014), or can be more significant for
compounds resistant to photo and hydrolysis (Kunkel and Radke, 2008).

Efficient analytical approaches are essential for determination of relevant PPCPs
contamination pathways, quantitative monitoring and identification of transformation
products. Therefore, development of advanced methods and their evaluation is important
part of environmental research.

Analytical methods in environmental research

During the last decades, environmental scientists were able to describe and link dangerous
potential of PPCPs for water ecosystems. This breakthrough can be achieved due to rapid
development of sensitive analytical instruments and data systems. Ability to detect trace
level concentrations of complex compounds with their structural confirmation is essential
for environmental research and compound prioritization for risk assessment, monitoring and
legislation establishment (Caldwell et al., 2014).

The number of analytical approaches in environmental research field use chromatography-
based techniques. Gas chromatography with mass spectrometry (GC-MS) is well-established
separation and detection method usually applied for investigation of volatile compounds
(e.g. POPs) (Y. ). Chen et al., 2020). This technique offers accessibility, selectivity (Mandalakis,
Tsapakis and Stephanou, 2001) and electron ionization mass spectra libraries (Sparkman,
1996). However, the PPCPs are categorized mostly as non-volatile compounds, therefore
additional sample treatment like derivatization is required for GC-MS analysis (Zwiener,
Glauner and Frimmel, 2000). The more suitable alternative for polar and temperature-sensitive
compound separation is liquid chromatography (LC). The variable options for stationary and
mobile phase selection allow compounds separation within wide polarity range. Relatively low
polar compounds like synthetic progestins can be successfully separated on reverse phase
with C18 carbon chain (Fedorova et al., 2014), whereas involvement of hydrophilic interaction
columns (HILIC) into LC system is appropriate for ionic compound analysis. Moreover, polar
organic solvents used along with HILIC stationary phase cause significant ionization efficiency
improvement (van Nuijs, Tarcomnicu and Covaci, 2011). LC system can be coupled with several
types of detectors such as UV and fluorescent spectrometers or mass spectrometers. The
mass spectrometry started to be probably the most desired detection technique for LC since
efficient ionization sources were available. Atmospheric pressure chemical ionization (APCI)
and electrospray ionization (ESI) are the most spread techniques based on transformation
of neutral molecules into ionic species under conventional LC conditions. These methods
are suitable for nonvolatile compounds and provide high ionization efficiency and negligible
in source fragmentation (Tarr, Zhu and, Cole 2000). During decades different types of mass
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spectrometers have been developed and lots of them were successfully used in environmental
research. As examples can be given quadrupole, time of flight, ion trap, orbital trap and hybrid
instruments combing benefits of individual analyzers. The most frequently used instrument
for quantitative target analysis is triple quadrupole mass spectrometer. Ability to operate in
selective reaction monitoring mode respectively perform tandem MS experiments enhances
method selectivity due to compound structural confirmation via detected fragments (V.
Lange et al., 2008). According to overall good performance, this setup has been applied for
investigation of PPCPs in different environmentally relevant matrices such as wastewater
(Ashfaq et al., 2019), sludge (Li et al., 2016), sediment (Beretta et al., 2014), surface water
(Sun et al., 2016) and biota samples (Ramirez et al., 2007a).

Despite to routine application of quadrupole analyzers, this instrumentation possesses
limitations. Nowadays, rapidly increasing analytical trends like metabolomics (Brew et al.,
2020) and different types of non-target screening (Bletsou et al., 2015) require identification
of compound elemental composition formula and detail structural information which cannot
be obtained with low-resolution instrument. Therefore, high-resolution instrumentation such
as orbital trap and time of flight are appropriate alternatives for new analytical challenges in
environmental research.

Modern analytical development process should consider maximization of time efficiency
and minimize production of hazardous waste and overall material consumption during sample
preparation (chapter 2) and analysis. Suitable instrumentation fulfilling such assumptions
are ambient ionization techniques. Direct sample introduction without chromatography
compound separation is common property of these techniques. Also, minimal or no sample
treatment prior analysis is usually required as a consequent techniques like desorption
electrospray ionization (DESI) (Strittmatter, During and Takats, 2012), direct analysis in
real-time (DART) (Haunschmidt et al., 2010) and laser diode thermal desorption (LDTD)
(Viglino, Prévost and Sauvé, 2011) have found their applications in PPCPs investigation. The
development, applicability and advantages of LDTD for determination of target compounds
in complex matrices are reported in chapter 3 and 4 of the thesis. The application of LDTD in
environmental studies is discussed in chapter 5.

The scientific aims of the thesis

The main subject of this study was development and evaluation of novelty advanced
analytical methods applicable for environmental research of PPCPs in complex environmental
matrices relevant for micropollutant’s fate in aquatic environment.

e Establishment of sample preparation method.

e Development of targeted analytical methods with ambient ionization instrumentation.

e Evaluation of applicability of ambient ionization mass spectrometry for non-target
screening purpose.

-13 -
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matrices. The developed analytical method was successfully applied for the analysis of common carp
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chemical contaminants (for example pharmaceuticals and their
metabolites) is generally known nowadays [1-3].

The pharmaceuticals and their metabolites present in polluted
waters could negatively affect water organisms, with behaviour
changes, the alteration of histological and biochemical parameters
and reproduction modifications observed [4—10]. From ecotoxico-
logical, ecological and food safety's points of view, it is necessary to
know if the pharmaceuticals enter fish and other water organisms
[11,12].

These compounds are designed to have a biological effect, and
this effect on water organisms has already been proven at envi-
ronmentally relevant concentrations. The development of ultra-
sensitive and highly selective analytical methods for their
identification and quantification is necessary [13,14]. The combi-
nation of high performance liquid chromatography-mass spec-
trometry with electrospray ionization (HPLC-ESI-MS) is generally
regarded as the most sensitive and selective analytical technique
for the identification and determination of different pharmaceuti-
cals as well as their metabolites present in complex samples of
biological and environmental origin [15,16]. Nevertheless, diffi-
culties with regards to the reproducibility, precision and accuracy
of the determination of the target analytes caused by interferences
in these kinds of samples at ultra-low concentration levels have
been reported [17,18]. Even the implementation of high-resolution
mass spectrometry (HRMS) in different operational modes is not
sufficient to reduce the risk of false/positive results [ 19]. To obtain a
sufficiently selective, reliable and robust multicomponent HPLC-
ESI-MS method, it is necessary to eliminate such interferences in
each individual step of the analytical procedure (e.g., sample pre-
treatment, the chromatographic process, mass spectrometric
detection, etc.) [13,20].

The sample pre-treatment is one of the most important steps in
a successful multi-residual analytical procedure [21]. The sample
pre-treatment of biological or environmental samples consists of
several consequent steps, including homogenization, centrifuga-
tion, sonication, freeze-drying, extraction, filtration, etc. The main
goals of sample pre-treatment are the pre-concentration of target
analytes and decreasing the complexity of samples in a short time,
with a low cost, and respecting of the green chemistry concept.
Nowadays, several different sample pre-treatment techniques
based on liquid-liquid extraction (LLE), solid-liquid extraction (SLE),
ultrasound-assisted solvent extraction (USE), pressurized liquid
extraction (PLE), solid phase extraction (SPE), microextraction
(SPME), microwave-assisted extraction (MAE), QUEChERS and their
modifications are used for the pre-concentration of different
pharmaceuticals in complex biota samples [20,22,23].

The essential purpose of the implementation of an extraction
procedure in multicomponent analysis is to obtain the highest re-
coveries of a broad range of analytes (from polar to non-polar) and
sufficient elimination of co-extracts (salts, lipids, amines, peptides,
etc.) with respect to the reduction of the total analysis time and
labour costs of the routine analysis of large series of samples [24]. In
multi-residual analysis of pharmaceuticals, it is also important to
obtain as selective as possible of an extraction because it is not
possible to use hard or extensive sample clean-up due to the highly
variable chemical and physical properties of the target analytes and
their stabilities.

The aim of this paper is to develop and validate a method for the
extraction of different fish tissues samples (liver, kidney, brain,
muscle and plasma) for HPLC-ESI-HRPS determination of more
than 70 pharmaceuticals from different therapeutic classes in these
tissues at very low concentration levels.

2. Materials and methods
2.1. Chemicals

The list of native and isotope labelled compounds used for the
preparation of the stock solution in methanol (LC-MS grade, Sigma-
Aldrich) is listed in SM1. Working solutions at concentration levels
of 10,1, and 0.1 pg mL~! were prepared from these stock solutions
and used for spiking. Acetonitrile (ACN), isopropanol (ISP) and
ethanol (EtOH) used as the extraction solvents and mobile phase
were obtained from Sigma-Aldrich (all LC-MS grade). Formic acid
(FA) for acidification was also obtained from Sigma-Aldrich. Ultra-
pure water (mobile phase) was prepared using an AquaMax Basic
360 Series and Ultra 370 Series instrument (Younglin, purchased
from Labicom, CR).

2.2. Sample definition

Fish, common carp (Cyprinus carpio L.), was caught by electro-
fishing from the non-polluted Potocny pond (average weight
3750 +200¢g, average total length 550 +20 mm, Kestrany, South
Bohemia region, Czech Republic, for testing of the extraction re-
agents and for validation) and from the Cezarka pond affected by
effluent from a sewage treatment plant (STP; average weight
720+ 120g, average total length 330+20mm, Vodnany, South
Bohemia region, Czech Republic, for application of the extraction
method to real samples). The blood was taken, the fish was killed
and then the brain, muscle, kidney and liver were sampled. Blood
samples were centrifuged (Eppendorf centrifuge, 837 x g, 10 min,
4°C) to obtain plasma. All samples were frozen at —20 °C until the
extraction and analysis.

This study was performed in accordance with the principals of
the EU-harmonized Animal Welfare Act of the Czech Republic. The
unit is licensed (No. 53100/2013-MZE-17214) according to the
Czech National Directive (the Law against Animal Cruelty, No. 246/
1992).

2.3. Methods of extraction — to find the best extraction conditions

For the development of the extraction procedure, fish liver was
chosen due to its highest complexity among all of the analysed fish
tissues. In liver, we have previously observed the worst matrix ef-
fect among tissues [25].

Fish liver (0.5g) was weighed into Eppendorf tubes. Internal
standards (10ng), 1mL of extraction solvent, native standards
(25 ng) and a stainless steel ball were added to the sample. Samples
were homogenized (TissueLyser II, Quiagen, Germany, 1800 min~!
for 10min), centrifuged (Mini spin, Eppendorf, Germany;
10000 rpm for 5 min) and filtered through regenerated cellulose
filters (0.45 um, Labicom, Czech Republic). The samples were frozen
at —20°C for 24 h, centrifuged again (10000 rpm for 3 min) and
aliquots were placed into vials for analysis by HPLC-ESI-HRPS.
Samples were prepared as pentaplicates.

To obtain the most efficient extraction (recovery) for a broad
spectrum of pharmaceuticals from different therapeutic classes, it
was necessary to use several extraction reagent mixtures prepared
from acidified acetonitrile, isopropanol and ethanol.

2.4. Analytical system and HPLC-ESI-HRPS analysis

Liquid chromatography with a Q-Exactive mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA), an Accela 1250LC
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pump (Thermo Fisher Scientific) and HTS XT-CTC autosampler (CTC
Analytics AG) was used for the analysis of fish extracts. For chro-
matographic separation, a Hypersil Gold aQ analytical column
(50 x 2.1 mm; 5 pm particles, Thermo Fisher Scientific) was used.
The temperature of the analytical column was set to 23 °C. Acidified
water and ACN (both with 0.1% formic acid) were used as the mo-
bile phases. The gradient set-up used for the elution of the target
compounds is described in SM2. A heated electrospray ionization
(HESI) source was used for the ionization of the target compounds
with a spray voltage of 3.5KkV and nitrogen as the sheath gas (40
arbitrary units), auxiliary gas (10 arbitrary units) and collision gas.
The high resolution product scan mode was used with the
following parameters: isolation window at the quadrupole was
1 m/z, resolution of the orbital trap was 17500 FWHM, the AGC
target was 1e6, and the maximum filling time was 30 ms. MS
transitions for individual compounds are given in SM1. Data
acquisition was performed with Xcalibur Software, and data pro-
cessing was performed using TraceFinder 3.3 Software (both
Thermo Fisher Scientific). Internal standard and matrix matching
standard methods were used for quantification of target analytes.
Internal standard used for calculation is given in SM1.

2.5. Validation of the developed extraction method

Based on the results obtained from the extraction method
optimization, the extraction mixture with the best recoveries for
the majority of analysed pharmaceuticals was chosen, and the
validation of the method was performed at three concentration
levels of 5,20 and 50 ng g~ . Liver, kidney and muscle samples were
prepared according to above-mentioned method (see Chapter 2.3.).
The samples were analysed at the same conditions as described in
Chapter 2.4.

Brain samples were prepared in the same manner but with half
of the amount of brain, internal and native standards, and extrac-
tion solvent.

Plasma (0.25 g) was placed into Eppendorf tubes. Internal (5 ng)
and native (1.25, 5, and 12.5 ng) standards as well as 0.25 mL of
extraction solvent were added. The samples were then vortexed
and frozen at —20 °C for 24 h. Then, the preparation was the same
as the rest of the fish tissue samples.

Spiked samples were prepared as hexaplicates for each con-
centration level (5, 20 and 50ngg~") and each fish tissue (liver,
kidney, muscle, brain and plasma). Validation of the method was
performed on the basis of calculations from the fortified samples.

Fish caught in the Cezarka pond were used for extraction
method verification. Samples from twelve fish were prepared
following the above-mentioned method without the addition of
native standards.

3. Results and discussion
3.1. Extraction procedure — influence of the reagent

Ecotoxicologically relevant pharmaceuticals from different
therapeutic classes (based on the predicted critical environmental
concentration and bioconcentration factor) were selected for this
study [1,26]. Based on our previous results, we reduced this selec-
tion to 74 pharmaceuticals and their metabolites present in the
environment of the Central European region [27—33]. Special
attention was paid to psychoactive compounds, whose bio-
accumulation [25,34—36] and negative influence on aquatic or-
ganisms have been confirmed [4,7,8].

The development of the extraction method was based on find-
ings from our previous work focused on the determination of an-
tibiotics in fish and shrimp meat [29]. In the mentioned paper, the

best results were obtained using acidified ACN in a two-step
extraction method. In the presented study, we aimed to develop a
simple, fast, robust, effective and cheap one-step extraction pro-
cedure for the larger selection of pharmaceuticals. Taking into ac-
count a broader range of physical-chemical properties and variable
fish tissues, we tested five selected extraction solvent mixtures
initially: A. ACN + 0.1% FA; B. ACN + ISP (1:1) + 0.1% FA; C.
ACN + ISP (2:1) + 0.1% FA; D. ACN + ISP (3:1) + 0.1% FA; and E.
ACN + EtOH (1:1) + 0.1% FA. The addition of isopropanol or ethanol
to acetonitrile was assumed to improve the extraction efficiency of
less polar analytes. The results of relative recoveries for individual
pharmaceuticals spiked at a concentration level of 50 ng g~ and
individual extraction reagents are given in Table 1.

From the results, it is evident that not all extraction mixtures are
good enough. The number of analytes whose recoveries ranged
between 60 and 130% differs for individual extraction reagents.
From the 74 analysed pharmaceuticals, only 34 were in this range
for reagent A, 45 for reagent B and 54 for reagent C. The two best
reagents are reagents D and E (61 and 63 pharmaceuticals in this
range). Some scientists refer to sufficient recoveries as being in the
range between 40 and 140% [37,38], so only six (10,11-
dihydrocarbamazepine, cetirizine, cilazapril, orphenadrine, sotalol
and verapamil) and four (bisoprolol, donepezil, sulfamethoxazole
and sotalol) pharmaceuticals from the 74 analysed ones were out of
this range for reagents D and E, respectively.

Reagent D (acetonitrile + isopropanol (3:1) + 0.1% formic acid)
was selected for consequent method validation because it had a
comparable number of pharmaceuticals with acceptable recoveries
to reagent E but the lowest extraction uncertainty within the tested
extraction mixtures (the averages of all of the RSDs were 22% for
reagent A, 11% for reagent B, 9% for reagent C, 8% for reagent D, and
12% for reagent E).

3.2. Matrix effects

For evaluation of matrix effects on the signals of the target
analytes, the response factors from the calibration curve and matrix
matched standards were calculated. If the difference in the
response factors from the calibration curve and matrix matched
standard exceeded 20%, the concentration of the analyte was
calculated using the matrix matched standard response factor. The
results of the evaluation of matrix effects in different fish tissues are
summarised in Fig. 1. The lowest matrix effect was observed for
muscle tissue, where only 15 pharmaceuticals were calculated
based on matrix response factors and the rest (59) on response
factors from calibration curves. Tissues with elevated lipid contents
(such as the liver, kidney and brain) showed a higher matrix in-
fluence, and calculation based on matrix response factors had to be
performed for 44, 43 and 41 pharmaceuticals for the liver, kidney
and brain, respectively.

Ion enhancement of the target analytes was observed mainly for
plasma and muscle samples. lon enhancement was higher than 50%
for six (clomipramine, erythromycin, roxithromycin, sertraline,
telmisartan and terbinafine) and two (diclofenac and glimepiride)
pharmaceuticals in plasma and muscle, respectively. The remaining
three tissues (liver, kidney and brain) showed mostly ion sup-
pression (SM3).

3.3. Method validation

Method validation is investigating whether the analytical pro-
cedure is suitable for routine use with reliable analytical results
[39]. Method validation was performed by evaluating the linearity,
trueness, LOQ, repeatability and robustness [40—43].

The evaluation of the linear response for the target analytes was
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Table 1
Recoveries for pharmaceuticals in fish liver using different extraction reagents. RSD is given in brackets. Samples were fortified at concentration 50 ng g™
Pharmaceutical Recovery [%]
Reagent A Reagent B Reagent C Reagent D Reagent E

10, 11-trans-dihydroCBZ 203 (43) 120 (9) 131 (10) 96 (8) 92 (11)
10, 11-dihydroCBZ 164 (4) 112 (5) 146 (10) 143 (6) 133 8)
Alfuzosin 148 (14) 131 (12) 126 (4) 120 (5) 106 (11)
Amitryptiline 129 (8) 123 (11) 120 (14) 124 (9) 123 (13)
Atenolol 129 (14) 116 (4) 115 (7) 118 (8) 128 (12)
Atorvastatin 119 (26) 106 (8) 109 (10) 94 (3) 107 (15)
Azithromycin 154 (27) 141 (13) 162 (10) 128 (14) 131 (45)
Bezafibrate 192 (43) 133 (22) 131 3) 128 (7) 104 (13)
Biperiden 128 (10) 132 (18) 120 (4) 115 (2) 130 an
Bisoprolol 132 (5) 132 (5) 135 (9) 136 (10) 146 (7)
Caffeine 155 (7) 141 (11) 140 (12) 135 (8) 107 (15)
Carbamazepine (CBZ) 155 (5) 124 (7) 134 11) 137 (4) 101 (1)
CBZ-10, 11-epoxide 136 (12) 125 (12) 123 (10) 118 (4) 107 (13)
Cetirizine 251 (58) 139 (20) 118 ) 146 (5) 124 (10)
Cilazapril 309 (54) 120 (8) 120 (11) 156 (8) 130 (10)
Citalopram 177 (10) 110 (6) 117 (10) 109 (7) 123 (8)
Clarithromycin 125 (8) 112 (18) 107 (5) 109 (13) 113 (13)
Clemastine 138 (24) 138 (23) 115 (8) 107 (10) 120 (11)
Clindamycin 114 (7) 114 (12) 104 (5) 106 (5) 11 (11)
Clindamycin sulfoxide 145 (26) 109 (14) 122 (5) 97 (7) 99 (11)
Clomipramine 147 (12) 104 (8) 122 (10) 123 9) 108 (13)
Clonazepam 109 (35) 148 (8) 140 (12) 121 (8) 108 (14)
Diclofenac 102 (34) 102 (15) 107 (10) 97 (15) 83 (13)
Dicycloverine 129 (17) 122 (19) 116 (4) 112 (4) 92 (12)
Diltiazem 181 (15) 109 (6) 120 (10) 115 (8) 131 (10)
Disopyramide 133 (4) 144 (12) 125 (6) 125 (5) 116 (10)
Donepezil 128 (20) 126 (8) 137 (12) 129 (13) 153 (16)
Erythromycin 84 (30) 136 (7) 133 (6) 123 (5) 106 (11)
Fenbendazole 121 (15) 119 8) 119 ) 130 (7) 94 )
Fenofibrate 75 (66) 134 (16) 108 9) 110 (4) 86 (10)
Fexofenadine 182 (19) 133 (22) 130 (7) 134 (4) 126 (12)
Glibenclamide 89 (53) 104 (18) 122 13) 109 (12) 77 (14)
Glimepiride 96 (56) 118 (26) 118 (13) 109 (14) 102 (13)
Haloperidol 147 (13) 119 (7) 125 (10) 117 (7) 132 (8)
Irbesartan 176 (20) 101 7) 107 (12) 96 9) 109 9)
Levamisole 78 (45) 142 (6) 126 9) 138 (3) 121 (11)
Loperamide 99 (30) 146 (20) 116 (8) 116 (11) 112 (15)
Maprotiline 139 (7) 131 9) 120 (13) 124 9) 123 12)
Mebendazole 191 (25) 110 (7) 117 7) 111 (8) 127 (4)
Meclozine 107 (49) 129 (14) 111 (6) 115 (4) 108 (10)
Memantine 136 (8) 124 (13) 112 (3) 108 (4) 119 1)
Metamphetamine 113 3) 116 3) 129 (35) 107 (8) 104 (11)
Metoprolol 145 4) 111 8) 113 9) 112 (8) 114 9)
Metoprolol acid 117 (12) 107 (4) 132 (6) 108 (4) 123 (14)
Mianserin 183 (14) 113 (6) 118 (10) 109 (7) 120 (11)
Miconazole 101 (44) 141 (11) 115 (4) 110 (13) 100 (15)
Mirtazapine 124 (12) 133 (7) 144 (9) 97 (7) 97 (12)
N4-acetylsulfamethoxazole 142 (18) 131 (15) 120 (10) 122 (5) 127 (19)
N-desmethylcitalopram 175 (14) 114 (6) 120 (11) 114 (8) 124 (7)
Norsertraline 79 27) 93 (13) 94 (40) 80 (38) 69 (27)
0O-desmethylvenlafaxine 149 (15) 138 (8) 133 9) 125 (7) 121 (14)
Orphenadrine 127 (13) 129 (19) 49 (5) 148 (25) 134 9)
Oseltamivir carboxylate 287 (56) 130 (10) 111 (5) 110 (7) 109 1)
Oxazepam 149 (7) 144 (7) 135 (11) 99 (8) 98 (16)
Oxcarbazepine 128 (10) 119 (7) 127 (10) 125 (4) 114 (9)
Pizotifen 162 (10) 121 17) 109 (4) 104 (4) 119 (9)
Propranolol 107 (17) 108 (10) 110 (10) 111 8) 116 (6)
Ropinirole 124 (6) 97 (6) 129 (10) 125 (10) 101 (10)
Roxithromycin 162 (30) 138 (20) 127 (7) 123 (7) 115 an
Sertraline 120 (5) 123 (6) 114 (13) 109 (6) 119 9)
Sotalol 95 (31) 147 (5) 140 7) 143 (7) 140 (12)
Sulfaclozine 40 (64) 124 (6) 113 (6) 113 (8) 109 (11)
Sulfamethazine 178 (30) 134 (13) 116 (5) 131 (3) 116 (10)
Sulfamethizole 146 (41) 101 (11) 95 (4) 97 ) 105 (15)
Sulfamethoxazole 135 (6) 144 (14) 135 (10) 136 (6) 159 (24)
Telmisartan 158 7) 107 (10) 134 (12) 130 8) 137 (10)
Terbinafine 118 (35) 141 (24) 114 (7) 105 (10) 93 (11)
Terbutaline 87 (21) 146 (12) 124 (4) 103 (5) 102 (10)
Tramadol 147 (6) 132 (5) 145 (8) 125 (10) 100 (10)
Triamterene 109 (14) 120 (10) 125 (10) 121 9) 109 (11)
Trimethoprim 120 (8) 122 (7) 110 (3) 111 (8) 114 1)
Valsartan 151 (36) 82 (12) 85 (15) 78 (13) 93 (13)
Venlafaxine 116 (3) 115 (5) 113 7) 1m 8) 118 (13)
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Table 1 (continued )
Pharmaceutical Recovery [%]
Reagent A Reagent B Reagent C Reagent D Reagent E
Verapamil 134 (10) 144 (7) 143 (11) 143 (8) 128 (14)

B calibration B matrix
100%

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

_

muscle

plasma

liver brain

Fig. 1. Evaluation of the matrix effect in different fish tissues as a percentage of
compounds quantified based on response factors from calibration curves or matrix
matched standards (matrix).

performed at seven concentration levels ranging from 0.1 to
50 ng mL 1 (calibration points 0.1, 0.5, 1, 5, 10, 20, 50). Most phar-
maceuticals (61) showed very good linearity (squares of residues
2>0.99) throughout the entire tested concentration range
(01-50ngmL™") and 11 pharmaceuticals in the concentration
range of 0.5-50ngmL™'. The analytical signals of the last two
pharmaceuticals (sulfaclozine and azithromycin) are in general
relatively low, which results in linear response ranges of 1-50 and
5—50 ng mL ™, respectively.

The recoveries of all pharmaceuticals at three different

a) liver
20 65/74 72/74 74/74
60
40
20
0
5ng/g 20 ng/g 50 ng/g
c) brain
80 68/74 70/74 73/74
60
40
20
0
5ng/g 20 ng/g 50 ng/g

concentration levels (5, 20, and 50 ngg~') are reported in SM4-7
and summarised in Fig. 2 for the liver, kidney, muscle and brain,
respectively.

In the case of plasma samples, using reagent D, the recoveries
were in the requested range (60—130%) only for 46, 60 and 28
pharmaceuticals of 74 at fortification concentration levels of 5, 20,
and 50ngg ", respectively. Therefore another extraction reagent
(reagent A, acetonitrile + 0.1% formic acid) was then used for the
preparation of plasma samples. Corresponding recoveries were
then in the acceptable range (60—130%) for 66, 68 and 58 target
compounds at concentrations of 5, 20 and 50 ng g, respectively.
The plasma recovery data are reported in SM8. From the plasma
sample results, it is obvious, that the composition of the extraction
reagent is a crucial factor in the sample preparation.

The quantification of the target analytes is based on the peak
area of the target analyte. Thus, we used the S/N ratio only as an
auxiliary parameter for LOQ calculation. The LOQs were calculated
from the response at the lowest calibration point, where the rela-
tive standard deviation of the average response factor did not
deviate more than 30%. The peak area corresponding to this point
divided by a factor of four was substituted into the quantification
formula instead of the peak area found in the samples to obtain the
LOQ for each target analyte in each real sample. The obtained LOQ
values for all tissues are given in SM9. The LOQs are the lowest or
correspond to the results achieved by HPLC-MS/MS methods used
in the determination of target analytes in fish tissue samples in the
last 5 years [38,44,45].

A test for the repeatability of the proposed method was per-
formed at three concentration levels (n = 6 for each concentration
level). The very good repeatability of the retention times was found
for all of the target analytes in all of the measured samples with
relative standard deviation (RSD) values below 3.4%. Good peak
shape of analytes in a matrix can be documented with comparison

b) kidney
80 63/74 71/74 73/74
60
40
20
0
5ng/g 20 ng/g 50 ng/g
d) muscle
80 63/74 71/74 70/74
60
40
20
0
5ng/g 20 ng/g 50 ng/g

Fig. 2. Extraction performance of the method at different fortification levels: a) liver, b) kidney, c) brain, and d) muscle. The number of pharmaceuticals falling into the recovery

range between 60 and 130% is given above the corresponding bars in the graphs.
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of chromatograms at fortification level 5 ng g~! with those found in
real sample (SM10). The repeatability of quantification can be
expressed as the RSD of hexaplicate analysis of fortified samples. It
is not surprising that the repeatability of the method is matrix
dependent. The median of the RSD of hexaplicates at a concentra-
tion level of 20 ng g 'increased in the following order: liver (9%;
0) <brain (9%; 2)<kidney (10%; 6)< plasma (10%; 17) < muscle
(13%; 11), where the numbers in brackets correspond to the median
value and the number of analytes exceeding 20% of the RSD,
respectively.

The most important parameter influencing quantification is the
stability of the analytical signal. The stability of HRPS detection can
be expressed as the stability of the response factors over time. The
biplots of response factors before and after the sequence containing
samples of fish liver, muscles and brain (160 samples) are presented
in the Fig. 3. We can state that there is no obvious trend between
calibration standards measured before and after, as the biplot
points are randomly scattered within the 30% interval around the
ideal model (where both relative response factor values are iden-
tical). Consequently we can conclude that the method is robust for
the analysis of large sample sets of complex biota matrices.

3.4. Application of the developed method in the analysis of fish
samples

The developed method was successfully applied for the analysis
of five tissues from twelve carp (Cyprinus carpio) from the Cezarka
pond, which is the tertiary treatment of effluent from the municipal
STP in Vodnany. The pharmaceuticals found in organs from these
fish are presented in Fig. 4, and the average concentrations,
detection frequency and LOQs are given in SM9. There were 21
pharmaceuticals present in fish living in the real pond affected by
effluent from the STP, with 17 of them found in the liver and kidney
(the sums of these concentrations were 32 and 52ngg! for the
liver and kidney, respectively), 13 in plasma (7 ngg~'), and 7 in the
brain (27 ng g’l). The total concentration of all pharmaceuticals in
the brain is 4-fold higher than in the plasma, but the number of
pharmaceuticals is almost half. The total concentration of present
pharmaceuticals is more important than the number of them,
especially in the case of psychoactive pharmaceuticals, which have
similar or the same mode of action. The muscle was the tissue with
the least number of pharmaceuticals found and the lowest total
concentration (2.2ngg '). In general, these results are in good
agreement with our study on brown trout (Salmo trutta) living in an
effluent-dominated stream [25].

The selective serotonin re-uptake inhibitor (SSRI) citalopram
was found in all five matrices in a concentration range of 0.20
(plasma) to 5.3ngg ' (kidney). Other pharmaceuticals or their
metabolites were present only in one or several tissues. Metoprolol
acid, a metabolite of metoprolol and atenolol, was found only in the
liver at an average concentration of 12 ngg~'. The pharmaceutical
with the highest concentration in the kidney was mianserin, which
was found only in this tissue. Only psychoactive pharmaceuticals
were found in brain tissue. Tramadol, caffeine and sertraline were
found in this tissue in average concentrations of 8.9, 5.2 and
5.0ngg ', respectively.

Reflecting organ or tissue specific modes of action and the
consequent effects of given compounds on fish, it is necessary to
analyse the proper tissue indicating the presence of the corre-
sponding pharmaceutical and/or its metabolites. There are phar-
maceuticals (or their metabolites) present only in one tissue or two
tissues (e.g., clomipramine, metoprolol acid, mianserin and verap-
amil) as well as pharmaceuticals present in all or in a majority of
tissues (citalopram and its metabolite N-desmethylcitalopram,
sertraline, tramadol and venlafaxine).

Relative response factor of last measured calibration

0 1 2 3

Relative response factor of 1st measured calibration

Fig. 3. Stability of the relative response factors at different concentration levels in the
sequence of 160 measured samples: a) 0.1 ngmL~'; b) 1ngmL™"; and c) 10ngmL~".
Dashed line shows ideal fit with 30% confidence interval represented with dotted line.

4. Conclusions

An ultrasensitive multi-residual HPLC-ESI-HRPS method with a
one-step extraction procedure for the determination of 74 phar-
maceuticals and their metabolites in different fish tissues was
developed.
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60 - 5
Caffeine Carbamazepine
ng/g Carbamazepine 10, 11 epoxide Cetirizine
17 Citalopram Clarithromycin
- Clindamycin M Clomipramine
M Diclofenac M Levamisole
Metoprolol Metoprolol acid
40 Mianserin W Mirtazapine
W N-Desmethylcitalopram 0O-Desmethylvenlafaxine
17 Sertraline W Telmisartan
—— Tramadol W Venlafaxine
H Verapamil
7
20
E—
5 ]
0
liver kidney brain muscle plasma
Fig. 4. Concentrations of individual pharmaceuticals in fish from the Cezarka pond.
From the five tested mixtures, the solution of Appendix A. Supplementary data

acetonitrile + isopropanol (3:1) acidified with 0.1% formic acid
(reagent D) was selected as the best extraction reagent for the ex-
tractions of fish liver, kidney, brain and muscle samples. The best
extraction reagent for plasma samples was acidified acetonitrile
(reagent A). The optimized method using matrix matched stan-
dards provides reliable results at environmentally relevant
concentrations.

The developed method was applied for the analysis of fish from
a pond dominated by STP effluent. The concentrations of the ana-
lysed pharmaceuticals ranged from < LOQ to tenths of ng g~
Different pharmaceuticals and/or their metabolites were found in
different fish tissues at varying concentration levels.

This relatively cheap method allows the robust, highly sensitive
and highly selective determination of various pharmaceuticals with
the sufficient elimination of matrix constituents. It can be used for
the routine analyses of a large series of samples.

Such complex information on the presence and levels of phar-
maceuticals in different organs can generate significantly better
information on the accumulation, transformation and potential
effects of the target compounds than single matrix analysis, e.g.,
conventional plasma samples.
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Abstract

Recent state-of-the-art methods developed for the analysis of polar xenobiotics from different types of biological matrices usually
employ liquid chromatography with mass spectrometry. However, there are limitations when a small amount of sample mass is
available. For example, individual benthic invertebrates or fish tissue samples often weigh less than 100 mg (e.g., brain, liver) but
are necessary to understand environmental fate and bioaccumulation dynamics. We developed ultra-fast methods based on a
direct sample introduction technique. This included coupling laser diode thermal desorption with atmospheric pressure chemical
ionization mass spectrometry (LDTD-APCI-MS). We then quantitated a common selective serotonin reuptake inhibitor
(citalopram) in brain tissues of individual juvenile fish after in vivo exposure to environmentally relevant concentration. Two
mass spectrometric methods based on low (LDTD-APClI-triple quadrupole (QqQ)-MS/MS) and high (LDTD-APCI-high-reso-
lution product scan (HRPS)) resolutions were developed and evaluated. Individual instrument conditions were optimized to
achieve an accurate and robust analytical method with minimum sample preparation requirements. We achieved very good
recovery (97-108%) across the range of 1-100 ng g ' for LDTD-APCI-HRPS. LDTD-APCI-QqQ-MS/MS showed poorer
performance due to interferences from the matrix at the lowest concentration level. LDTD-APCI ionization was successfully
validated for analysis of non-filtered sample extracts. Evaluation of final methods was performed for a set of real fish brain
samples, including comparison of LDTD-APCI-HRPS with a previously validated LC-heated electrospray ionization-HRPS
method. This new LDTD-APCI-HRPS method avoids the chromatographic step and provides important benefits such as analysis
of limited sample masses, lower total sample volume (typically pL), and reduction in analysis time per sample run to a few
seconds.

Keywords Psychoactive pharmaceutical - Juvenile fish - Laser diode thermal desorption - Ambient ionization - Green chemistry
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Psychoactive pharmaceuticals, including CIT, are primarily
released to aquatic systems following consumption in hospital
and residential settings. Due to relatively insufficient removal
during conventional wastewater treatment plan (WWTP) pro-
cesses, these contaminants of emerging concern enter the
aquatic environment [6]. Removal efficiencies for CIT in
WWTP are influenced by temperature, varying from 10% in
colder months to 40% in warm periods [7, 8]. Consequently,
CIT has been found in surface waters ranging from 20 to
430 ng L™" in Europe and the USA, respectively [9-11], and
it is one of the most frequently identified SSRI compounds in
surface waters at the global scale [12]. Although these con-
centrations reach ng L™ levels, continuous exposure and sub-
sequent uptake can lead to bioaccumulation in aquatic organ-
isms [13—-15] and modulation of reproduction and feeding
behavior [16]. Variable distribution of CIT has been observed
among fish organs, with the highest concentrations found in
liver and brain tissues. These observations are important be-
cause this antidepressant elicits neuromodulation within the
central nervous system and the liver is the primary organ as-
sociated with xenobiotic metabolism [14]. Although some
studies have investigated effects of CIT on aquatic organisms,
information remains relative, particularly when responses, in-
cluding behavioral alterations, resulting from molecular initi-
ation events within the central nervous system are considered.

Analytical methods using liquid chromatography combined
with different types of detection (mainly mass spectrometry) are
commonly used for determination of psychoactive compounds in
complex samples [17-20]. Although robust and established
methods already exist, there is a need to develop new analytical
approaches that reduce sample preparation and analysis time
which keep equal selectivity and sensitivity. There is also an
increasing need to achieve reliable results when sample masses
and volumes are limited, while advancing green chemistry prin-
ciples [21, 22].

Laser diode thermal desorption with an atmospheric pressure
chemical ionization (LDTD-APCI) is a direct sample introduc-
tion and ionization technique, where the separation step is
avoided. LDTD is based on sample thermal desorption by an
infrared diode laser source. The laser energy converts a dried
sample to the gaseous phase. The resulting gaseous phase is
transported by a carrier gas (synthetic air with defined water
content) to the ion source, where neutral compounds are ionized
and then reach a mass spectrometer. The main advantages of the
LDTD-APCI technique is a low sample volume requirement (1—
10 uL), elimination of carryover effect, simplification of sample
preparation (e.g., filtration can be omitted), and extremely rapid
analysis (approx. 15 s per sample). The LDTD-APCI method has
already been successfully applied in analysis of diverse com-
pounds, including cyanotoxins [23], pharmaceuticals [19, 20],
and per- and polyfluoroalkyl compounds [24] in water and phar-
maceuticals in wastewater sludge [25] and in human and animal
plasma samples [26-29].

@ Springer

We aimed to develop high-throughput analytical methods
for determination of CIT in fish brain tissues by LDTD-APCI
in combination with low- and high-resolution mass spectrom-
eters. We then applied this newly developed method for anal-
ysis of juvenile fish brain tissue samples from long-term
in vivo exposure experiments. Obtained results were subse-
quently compared with analyses performed with a previously
published method based on the combination of liquid chroma-
tography, heated electrospray ionization, and high-resolution
product scan (LC-HESI-HRPS) mass spectrometry [30].

Materials and methods
Chemicals

Methanol and acetonitrile (both LC-MS grade; Merck,
Darmstadt, Germany), formic acid (Merck), and ultrapure wa-
ter (prepared by AquaMax Basic 360 Series and Ultra 370
Series instruments, Young Lin Instruments, purchased from
Labicom, Olomouc, Czech Republic) were used in this work.

A citalopram hydrobromide (AK Scientific, Union City,
CA, USA) standard stock solution was prepared in methanol
at 1 mg mL™'. An isotopically labeled stock solution standard
(IS) of Dg-citalopram, which was acquired from Cerillant
(Toronto, Canada), was prepared in the same way as the native
compound.

Instrumentation

Sample desorption and ionization was performed by a T-960
LDTD-APCI ion source (Phytronix Technologies, Quebec,
Canada) with an infrared diode laser source (980 nm, 20 W)
controlled via LazSoft 4.0 software (Phytronix Technologies).
Heated carrier gas (synthetic air with a certified water content
of 35 ppm, flow of 3 L min”", at 50 °C, obtained from SAID,
Bergamo, Italy) was used for transfer of analyte molecules
from the desorption spot to the corona discharge region.
Tonization parameters such as ion sweep gas pressure (0.3 ar-
bitrary units), discharge current (3 pA), and capillary and
vaporizer temperatures (270 °C and 31 °C, respectively) were
set up according to the LDTD-APCI manufacturer.

Two different types of mass spectrometers, a triple quadru-
pole mass spectrometer TSQ Quantum Ultra (LDTD-APCI-
triple quadrupole (QqQ)-MS/MS) operated in a selected reac-
tion monitoring mode (0.7 FWHM isolation window) and a
hybrid high-resolution mass spectrometer Q Exactive (LDTD-
APCI-high-resolution product scan (HRPS)) operated in a
high-resolution product scan (1 m/z isolation window and
17,500 FWHM resolution for product scan), were used (both
instruments from Thermo Fisher Scientific, San Jose, CA,
USA). All analyses were performed in positive ionization
mode with mass transitions listed in Electronic

- 36 -



Determination of citalopram in fish brain tissue: benefits of coupling laser diode
thermal desorption with low- and high-resolution mass spectrometry

Determination of citalopram in fish brain tissue: benefits of coupling laser diode thermal desorption... 4355

Supplementary Material (ESM) Table S1. Data acquisition
and post-processing was performed using Xcalibur 3.0 and
TraceFinder 3.3 software, respectively, from Thermo Fisher
Scientific. An LC-HESI-HRPS reference method was de-
scribed previously by Grabicova et al. [30]. Briefly, all LC-
HESI-HRPS analyses were performed using an Accela 1250
LC pump (Thermo Fisher Scientific) and a HTS XT-CTC
autosampler (CTC Analytics AG) system equipped with a
Hypersil Gold aQ column (50 mm x 2.1 mm, 5-um particles;
Thermo Fisher Scientific). LC analyses were performed using
gradient elution (ultrapure water and acetonitrile both with
0.1% formic acid; see detail in ESM Table S2). A heated
electrospray ionization (HESI) in positive ionization mode
(3.5 kV) and nitrogen as the sheath gas (40 arbitrary units),
auxiliary gas (10 arbitrary units), and collision gas was used.
The high-resolution product scan mode setting is described
above.

Sample description and preparation

The analyte free matrix used for method development and
validation was obtained from adult rainbow trout
(Oncorhynchus mykiss) from a local commercial hatchery
(Vodnany, Czech Republic). Fish brain tissue was collected
immediately after the fish were sacrificed according to the
Czech National Directive (the Law against Animal Cruelty,
No. 246/1992), and then stored at — 20 °C until sample prep-
aration. Sample preparation for LDTD-APCI method devel-
opment and evaluation was performed according to Grabicova
et al. [30]. Briefly, all brain tissue samples were weighted and
extracted by TissueLyser II (Quiagen, Germany) at 30 Hz for
10 min in Eppendorf tubes with the addition of a mixture of
solvents (acetonitrile + isopropanol (3:1), acidified with 0.1%
formic acid), internal standards, and a stainless steel ball.
These samples were then centrifuged in a Micro 200 R cen-
trifuge (Hettich Zentrifugen, Germany) at 9500%g for 10 min.
The supernatant was left in the freezer for 24 h to allow protein
precipitation. The only difference between sample prepara-
tions for LC and LDTD-APCI was a filtration step (0.45-um
regenerated cellulose filter), which is not necessarily required
for direct sample introduction. Samples prepared for analysis
were spotted (5 pL) in cells of a LazWell 96-well plate and
allowed to evaporate to dryness at room temperature (25 °C =
15-20 min).

Comparison of the conventional LC-HESI-HRPS method
with these newly developed LDTD-APCI-HRPS and LDTD-
APCI-QqQ-MS/MS methods was performed with analysis of
fish brain samples from an in vivo behavioral experiment.
Juvenile chubs (Squalius cephalus) were exposed to a concen-
tration of 1 ug L™" of CIT (for further details, see the ESM).
These samples were prepared in the same way as described
above. The extraction solvent volume was adopted to a lower
amount of juvenile brain tissue (approx. 0.05 g of tissue was

extracted with 200 pL of solvent). Due to LC-HESI-HRPS
analysis, the filtration step was involved to prevent LC clog-
ging. Potential effects of this sample filtration step on the
response factor of CIT were tested and evaluated on different
sample sets.

Method performance evaluation

The same performance parameters obtained from analyses of
identical samples with LDTD-APCI-QqQ-MS/MS and
LDTD-APCI-HRPS were used for evaluation of methods.
The analyte concentrations were calculated by the following
equations:

Peak aream) <Peak areals>
RF = X 1
< Cca] ClS ( )
Peak areacit 1
Cor = ( Peak arearg ) x (ARF) x Cis @)

Equation (1) presents the calculation of response factor
(RF), where Peak area., is the peak area corresponding to
the analyte, C, is the concentration of the native analyte at
corresponding calibration point, Peak areayg is the peak area of
isotopically labeled standard, and Cig is the concentration of
isotopically labeled standard. CIT concentration in an individ-
ual sample was calculated according to Eq. (2), where Peak
areacyr is the analyte area in the sample, Peak areajg is the
corresponding signal of internal standard, and ARF is the
mean RF obtained from a RF calibration curve. This calibra-
tion curve was prepared in clean brain sample extract at con-
centrations 0.02 ng g, 0.05ng g™, 0.1 ngg ', 0.5ng g,
Ingg ' 5ngg ' . 10ngg "' 25ngg ", 50 ng g ', and
100 ng g ' and used for method linearity evaluation. Limit
of detection (LOD) and limit of quantification (LOQ) were
calculated as 3.3 and 10 times, respectively, of the calibration
curve intercept SD divided by the slope [31].

Accuracy was calculated as recovery (RE) of nominal
spiked concentration, and precision was expressed as relative
standard deviation (RSD) by evaluating multiple concentra-
tionlevels (Ingg ™', 2ngg ™", 5ngg ', 25ngg ", 100ngg ")
in fish brain tissue (n = 6), according to Eq. (3):

Cealc

spiked

RE = x 100% 3)

where C,,. is the concentration obtained by an instrument
method and Cgpixeq is the nominal concentration added into
the sample [32].

Matrix effects (tested at the concentration level 25 ng gfl)
were estimated according to Matuszewski et al. [33]. The sta-
tistical method comparison and data visualization were per-
formed with Passing-Bablok regression [34] and Bland-
Altman difference plot [35]. This experiment was performed
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in accordance with the EU-harmonized Animal Welfare Act of
the Czech Republic. The research facility is authorized under
(No. 53100/2013-MZE-17214) the framework of the law
against Animal Cruelty of the Czech Republic (No. 246/
1992), with the ethical approval committee number MSMT-
6744/2018-4.

Optimization of LDTD-APCI methods

In this study, two laser patterns were tested as the most critical
parameter in LDTD-APCI method development. The first one
included a fixed ramping time (time from zero to maximum
laser energy setup) and a fixed holding time (time of maxim
laser energy application), and the second pattern included a
fixed holding time, but the ramping time was proportionally
increased with increasing laser energy. The four applied laser
energies (15%, 35%, 55%, and 75%) were investigated for
both laser patterns. Subsequently, analyte peak area, signal-
to-noise ratio, peak symmetry, and total desorption time were
used as evaluation parameters of tested laser patterns.

The Q Exactive mass spectrometer required optimization
of ion trap (C-trap) setup, which defines ion population
injected into the orbital ion trap. Injection is regulated by
automatic gain control (AGC, maximal ion count) and ion
time (IT, defining maximal filing time period). All tests were
performed in hexaplicates at the concentration level 25 ng g
of CIT in the fish brain matrix, and results were expressed as
mean (+ SD).

Results and discussion

Development of LDTD-APCI-QqQ-MS/MS
and LDTD-APCI-HRPS methods

Power and time distribution of applied laser energy deter-
mines the efficiency and reproducibility of obtained results.
The power of the laser should be carefully optimized to obtain
the highest signal of a target analyte and maintain the lowest
possible background signal caused by interfering compounds
desorbed from the matrix. Consequently, laser radiation ener-
gy should not to be set too high to prevent thermal degradation
of target compounds [31].

In the present study, two types of laser patterns (LP 1 and
LP 2) were investigated (see details in “Optimization of
LDTD-APCI methods” section). The results (Table 1) showed
that LP 1 with 35% laser energy and LP 2 with 55% laser
energy exhibited a similar peak area and signal-to-noise ratio.
Better peak symmetry and higher number of data points
(approx. 12) were obtained for LP 1 (35%) than for other
patterns. Consequently, LP 1 with 35% laser energy was cho-
sen as desorption setup for LDTD-APCI-QqQ-MS/MS anal-
ysis. The laser pattern and analyte signal are illustrated in

@ Springer

Fig. 1. With LP 1, the optimal sample volume was evaluated
with 3 uL, 5 uL, 8 puL, and 12 pL of spiked brain tissue
extracts. As displayed in Fig. 2, the highest peak area was
obtained for 5 uL of spotted sample volume.

LDTD-APCI-HRPS method development was based on
the results described above, which used a low-resolution in-
strument. The initial setup of LP 1 with 35% laser energy was
applied, but the response of CIT (shown in Fig. 3a) did not
exceed eight data points, because the acquisition rate of Q
Exactive is limited to approx. 12 Hz at a resolving power of
17,500 FWHM [36]. In the next step, LP 2 with 55% laser
energy was investigated, and the continuously increasing laser
energy over 30% led to the prolonged desorption time of CIT
and the corresponding increase of the number of data points.
A sufficient number of data points (minimum 12) was obtain-
ed (Fig. 3b). An effect of different C-trap settings on instru-
ment response was investigated. First, IT was tested in the
range of 10-70 ms and the highest possible C-trap filling time
was investigated without slowing data acquisition frequency.
All tested IT values were examined with AGC set to 5e5 ion
count, which represents the middle value, and the acquisition
frequency should not be affected by AGC. Application of IT
in the range of 10-50 ms did not show a decrease of acquisi-
tion frequency, and the observed data points never dropped
under 12. Higher IT (60—70 ms) resulted in the decrease of the
number of data points from 10 to 8, respectively (ESM
Fig. S1). An optimized IT value was thus used for evaluation
of AGC. The results showed a negligible effect on CIT re-
sponse across the tested injection ion population across the
range from 2e5 to 3e6 counts (Fig. 4). Based on the
abovementioned optimization, LP 2 with a maximal laser en-
ergy level of 55% and conditions for ion accumulation in C-
trap (50 ms IT and 1e6 AGC) can be considered as optimal
parameters for this LDTD-APCI-HRPS method.

Evaluation of LDTD-APCI-QqQ-MS/MS
and LDTD-APCI-HRPS methods

As noted above, both developed methods were validated with
the same parameters (accuracy, precision, linearity, intraday
precision, LOQ, LOD) and under the same conditions.
Linearity was calculated as the response ratio of native com-
pound peak area and IS peak area. The LDTD-APCI-QqQ-
MS/MS method exhibited sufficient linearity across the work-
ing range 0£0.02-100 ng g ' in the brain tissue matrix with R>
>0.9997, and a similar result was obtained for LDTD-APCI-
HRPS as well (R%>0.9998).

Calculations of LODs and LOQs were derived from a cal-
ibration curve (see the section “Method performance evalua-
tion”) with obtained LODs of 1.2 ng g ' and 0.39 ng g for
the LDTD-APCI-QqQ-MS/MS and the LDTD-APCI-HRPS
methods, respectively. Corresponding LOQs were 3.7 ng g '
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Table 1 Summary of the optimization of the laser pattern setup (1= 6)

Laser energy (%) Ramping time (s) Holding time (s) Peak area (arbitrary ~ Signal-to-noise Peak symmetry Desorption

units) ratio (%) time (s)
Ave SD Ave SD Ave SD Ave SD
Laser pattern 1 15 24 2 26,000 11,000 63,000 49,000 64 28 3.0 1.3
35 24 2 22,000 4500 130,000 67,000 74 15 1.5 0.11
55 24 2 13,000 1200 100,000 64,000 60 18 1.1 0.15
75 24 2 11,000 2400 130,000 32,000 76 11 085 0.13
Laser pattern 2 15 1 2 32,000 3300 91,000 63,000 59 23 2.6 0.30
35 24 2 22,000 4500 130,000 67,000 74 15 1.5 0.11
55 3.6 2 27,000 6500 160,000 78,000 52 22 1.8 0.34
75 48 2 22,000 5700 65,000 40,000 56 12 1.6 0.12

for the LDTD-APCI-QqQ-MS/MS method and 1.2 ng g for
the LDTD-APCI-HRPS method.

Recovery was evaluated at concentration levels 1 ng g ',
2ngg ', 5ngg ', 25ng g ", and 100 ng g . The LDTD-
APCI-HRPS method exhibited excellent results, where all
tested concentrations showed recovery between 97 and
108%. Further, the highest RSD was observed for the lowest
concentration (37%) and RSD did not exceed 17% for other
concentrations (Fig. 5). Worse results were obtained with a
low-resolution mass spectrometer, where the highest differ-
ences observed at the two lowest concentrations with recov-
eries of 230% and 138% for LDTD-APCI-QqQ-MS/MS.
Despite obvious interferences at the lowest concentration lev-
el, RSDs never exceeded 20%.

MS/MS fragmentation of CIT (325.1711 m/z) led to two
major products (262.1027 and 109.0448 m/z), where the frag-
ment 109.0448 was the most intensive. LDTD-APCI-HRPS
did not exhibit a signal of both mass transitions in the juvenile
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Fig. 1 Visualization of laser pattern (LP) 1 with a laser energy level of
35% (dash lines) selected for the LDTD-QqQ-MS/MS method and
resulting analyte signal

fish brain blank matrix, which confirmed the selectivity of this
LDTD-APCI-HRPS method (ESM Fig. S2a). Unfortunately,
obtained MS/MS spectra showed a potentially interfering
mass transition (109.0768 m/z) from sample background
(ESM Fig. S2a), which could not be resolved by a quadrupole
analyzer even with a minimum isolation window setup of 0.1
FWHM. The expected interference-induced response is
shown in ESM Fig. S2d (gray color). Higher selectivity of
transition 262.1027 was confirmed, expressing only low base-
line noise (red color) in the blank sample (ESM Fig. S2d). It
can thus be concluded that HRPS detection, not QqQ-MS/
MS, showed enough high selectivity, allowing detection of
CIT at a low concentration level.

Intraday precision was tested at a concentration level of
5ng g ' set according to the lowest concentration level with
comparable method accuracy. Intraday precision was calculat-
ed as RSD of pentaplicates obtained by both methods. The
LDTD-APCI-HRPS method exhibited 5% RSD, compared to
24% obtained with LDTD-APCI-QqQ-MS/MS. We also eval-
uated matrix effects, which showed CIT signal suppression of
—80% and — 67% for LDTD-APCI-QqQ-MS/MS and LDTD-
APCI-HRPS, respectively. These results corresponded to
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Fig. 2 Optimization of the spotted sample volume. Results are displayed
as a mean value of peak area with error bars representing SD (n = 6)
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direct sample introduction, when the target analyte was poten-
tially co-desorbed with the sample matrix. Subsequently, si-
multaneously desorbed matrix compounds competed in
ionization.

Direct sample introduction by LDTD-APCI can be benefi-
cial for simplifying sample preparation because a filtration
step can be avoided. To evaluate this potential effect, the dif-
ferences between CIT response factors in filtered and non-
filtered samples for both LDTD-APCI methods were evaluat-
ed. As displayed in ESM Fig. S3, there was no appreciable
effect of this step on LDTD-APCI-QqQ-MS/MS detection
and only a 10% increase of response factor for LDTD-
APCI-HRPS when filtration was not performed. Such a neg-
ligible effect of this filtration step enhances analytical appli-
cation of LDTD-APCI when extract volumes are only micro-
liters. This methodological benefit can be crucial in cases
where limited sample masses (small organs; individual fish
in early ontogenesis stage; individual invertebrates) are avail-
able for analysis.
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Fig. 4 Effect of C-trap AGC with IT of 50 ms on the CIT peak area.
Experimental condition: LP 2 with 55% laser energy. The results are
represented as the mean + SD (n=6)
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LC-HESI-HRPS method in comparison
with LDTD-APCI-QqQ-MS/MS and LDTD-APCI-HRPS

Concordance of the newly developed LDTD-APCI-QqQ-MS/
MS and LDTD-APCI-HRPS methods with a state-of-the-art
LC-HESI-HRPS method [34, 37, 38] was observed using in-
dividual fish brain samples from in vivo experiments, where
juvenile chubs were exposed to CIT at an environmental rel-
evant concentration (1 pg Lfl).

The non-parametric method Passing-Bablok regression
was used to compare the abovementioned methods. This ap-
proach allows the identification of systematic and/or propor-
tional differences. Comparability of these two methods was
identified when 95% confidence intervals (Cls) did not in-
clude a value of 0 for intercept and the value of 1 for slope
(both types of difference are rejected) [34, 37, 38]. Figure 6 a
shows a biplot of LC-HESI-HRPS (y-axis) with LDTD-APCI-
HRPS (x-axis). These results are plotted consistently close to
the identity line indicating optimal fitting of results (gray-col-
ored line), across the entire concentration range. Calculated
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Fig.5 Recovery of LDTD-APCI-QqQ-MS/MS and LDTD-APCI-HRPS
methods for five different concentration levels (n = 6)
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Fig.6 Passing-Bablok regression plot. a Comparison of LC-HESI-HRPS
and LDTD-APCI-HRPS methods. b Comparison of LC-HESI-HRPS and
LDTD-APCI-QqQ-MS/MS methods (n = 15)

CIs for slope and intercept confirmed that LDTD-APCI-
HRPS results are comparable with the reference method
(slope CI = 0.99-1.35; intercept CI = —0.06 to 0.05).
Figure 6 b specifically presents a comparison of data from
the LC-HESI-HRPS (y-axis) and LDTD-APCI-QqQ-MS/MS
(x-axis) methods. Despite an obviously higher deviation of the
results from optimal fit, calculated CIs were in the range of
method agreement (slope CI = 0.57-1.06; intercept CI = —
0.01 to 0.16). The relative biases of methods are expressed in
Fig. 7 a and b by Bland-Altman difference plots, where LC-
HESI-HRPS and LDTD-APCI-HRPS (Fig. 7a) exhibited a
mean bias of 15.4% (CI = —37 to 7%). LC-HESI-HRPS and
LDTD-APCI-QqQ-MS/MS showed a similar mean bias (—
16.4%), but this CI showed a higher range, especially for
samples at low analyte concentration levels. This observation
corresponds to interfering matrix compounds identified by
HRPS. Such findings collectively result in higher LOQ and
LOD levels of the LDTD-APCI-QqQ-MS/MS method, and its
false-positive results are identified at the lowest validated level
(recovery values up to 230%) as reported in Fig. 5.

The direct sample introduction brings particular limiting
aspects, which have to be considered before LDTD method
application. One of the critical considerations is the required
number of target analytes in a complex sample matrix. The
presented in vivo experiment represents a common case of

(LDTD-QqQ-MS/MS - LC-
HRPS)/average%
°

0 5 10 15
Mean LDTD-QqQ-MS/MS and LC-HRPS (ng g ')

Fig. 7 Bland-Altman plots. Bias means and 95% confidence interval. a
Bias of LC-HESI-HRPS and LDTD-APCI-HRPS. b Bias of LC-HESI-
HRPS and LDTD-APCI-QqQ-MS/MS (1 = 15)

toxicological studies, which aims to understand relationships
between chemical exposure (from single to few) and associ-
ated impacts on investigated organism under controlled con-
ditions. This single compound analysis has good suitability
for the LDTD-APCI-HRPS method according to relatively
limited acquisition speed of the high-resolution mass spec-
trometer and short desorption time of the chemical by
LDTD. Consequently, eventual application of LDTD-APCI-
HRPS for multi-residue analysis requires multiple runs of a
sample with individual parallel reaction monitoring setups or
choice of full scan acquisition mode. Obtained high-resolution
full scan spectra can provide detailed information about mol-
ecule formulas of desorbed compounds, but lack of structural
information from product scan can present false-positive re-
sults [39]. These special circumstances could be analytes with
identical m/z of precursors and major fragmentation products,
such as tramadol and o-desmethylvenlafaxine [40]. These an-
alytical issues can be solved by selection of minor but unique
mass transition (if presented) or with separation techniques
instead of LDTD. For similar reasons, application of LDTD-
APCI-HRPS for non-target metabolome investigations, which
represents an increasingly important pursuit (even in environ-
mental science) [41-43], can be challenging. However, other
ambient ionization techniques have been successfully used for
such purposes [44], but to our knowledge, LDTD
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instrumentation has not been applied for metabolomic or any
non-targeted investigation.

Conclusion

Our study utilized two mass spectrometer types to examine
strengths and weaknesses of high- and low-resolution mass
spectrometry in combination with LDTD-APCI when a com-
plex biological matrix was investigated. It can be concluded
that both LDTD-APCI methods fulfilled conditions for agree-
ment with reference LC-HESI-HRPS but LDTD-APCI-HRPS
exhibited lower quantification limits. Further, no interferences
were observed at the concentration levels examined, which is
particularly relevant for environmental research and biomed-
ical studies of alternative fish models (units of ng per g). The
LDTD-APCI-HRPS method reported here represents a com-
parable and beneficial alternative to a more traditional refer-
ence LC-HESI-HRPS method.

LDTD-APCI, especially with highly sensitive and selective
HRPS detection, represents a useful alternative approach for
sample introduction to mass spectrometer and analyses of
complex biological matrices. Avoiding compound separation
provides important benefits, including rapid reduction of anal-
ysis time and reduction sample treatment requirements, both
which result in increased sample analysis throughput. In ad-
dition, avoiding sample filtration presents additional potential
for application of LDTD-APCI during analyses with critically
small sample amounts.
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ARTICLE INFO ABSTRACT

Keywords:
Green chemistry

Soil sorption

Laser diode thermal desorption
Pharmaceuticals

Ambient ionization

Analytical method comparison

We developed and evaluated a novel analytical method combining ambient ionization technique - laser diode
thermal desorption with chemical ionization (LDTD-APCI) and tandem mass spectrometry detection. The LDTD/
APCI-MS/MS method was developed for determination of representative pharmaceuticals from different classes
(carb i ulfamett le, irbesartan, ) in leachate samples from soil sorption experi-
mentation. We then optimized laser pattern, laser energy and spiked sample volume, which are crucial para-
meters for this LDTD/APCI-MS/MS method. We further identified utility of a chelating agent (Na,-EDTA) to
obtain the highest achievable and reproducible signal of target analytes. Achieved method performance para-
meters (LODs, LOQs, trueness and precision) were comparable with those obtained from LC-MS/MS. However,
application of this novel LDTD/APCI-MS/MS method reduced analysis time by two orders of magnitude (to 12s),
compared to more conventional LC-MS/MS approaches, without use of organic solvents. We expect this novel
method will reduce costs and increase throughput for future analyses of pharmaceuticals in the environment
while advancing a timely principle of green chemistry.

1. Introduction

Pharmaceutical contaminants in the environment are receiving ex-
tensive study, and present unique opportunities for green chemistry [1].
Over the last decade, hundreds of papers have been published each year
examining environmental fate, transport, bioaccumulation, effects,
hazards and risks of active pharmaceutical ingredients (APIs) to public
health and the environment [2-4]. In fact, pharmaceutical pollutants
have been identified as an emerging policy issue by the International
Conference on Chemicals Management of the Strategic Approach for
International Chemicals Management (SAICM) through the United
Nations Environment Program (UNEP) [5]. Therefore, an advanced
understanding of environmental exposure and risks of APIs thus re-
presents a pressing need. Herein, robust analytical methods are neces-
sary to understand environmental exposures to APIs.

Pharmacokinetics in general and metabolism in particular primarily
influence API and associated metabolites excreted from patients.

Following sewage collection in countries with environmental manage-
ment capacity, wastewater treatment plant technologies can reduce and
transform parent APIs and metabolites [6], which are then introduced
to the environment by effluent discharge or sludge application to soils
[7]. Subsequently, agricultural lands can be exposed to pharmaceuticals
and other wastewater contaminants of emerging concern (CEC) when
sludge or reclaimed wastewater are applied for agriculture fertilization
[8] and irrigation [9] during water reuse projects. A number of phar-
maceuticals have been reported from multiple environmental matrices
(e.g., wastewater, surface water, sludge, soil) [10-12]. Consequently,
pharmaceuticals and other CECs can be taken up by plants [13,14], or
contaminate groundwater [15] and associated source waters for potable
consumption. Risks to public health and the environment from con-
taminated groundwater and terrestrial agricultural products are influ-
enced by sorption of environmental contaminants to soils [16-18].
Environmental monitoring and surveillance, which represents an
essential service of environmental public health of APIs relies on liquid
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chromatography (LC) with mass spectrometry (MS) using atmospheric
pressure ionization techniques. These gold standard approaches are
robust, but sample processing, extraction and analysis can be extensive,
which thus reduces sample throughput, elevates costs and limits de-
livery of essential services. Solvent usage during analysis adds to these
costs, particularly when large sample numbers must be analyzed from
field monitoring campaigns or laboratory experiments. For example,
determination of sorption dynamics and environmental exposure in-
herently depends on robust quantification of contaminants in leachates
from sewage sludge, soils and sediments, but large numbers of samples
are generated from these efforts, requiring extensive analysis.

Ambient ionization (AI) represents a relatively new group of tech-
niques comprising all of these resource saving attributes. Further, Al is
advantaged because it includes direct ionization of analytes from an
untreated sample, and chromatographic separation is not required [19].
Consequently, Al techniques can be significantly less time and resource
consuming compared to conventional liquid chromatography techni-
ques. Laser diode thermal desorption (LDTD) has been classified as two
step Al [20], where compounds are firstly thermally desorbed from the
LDTD plate and then reach the corona discharge region of an atmo-
spheric pressure chemical ionization ion source (APCI). LDTD-APCI are
considered a soft-ionization technique. A similar ionization mechanism
includes a conventional APCI technique combined with LC. One im-
portant LDTD attribute that is consistent with any AI approach is the
absence of a mobile phase, which results in reaction of uncharged
molecules in the corona discharge region. Consequently, a synthetic
carrier gas with defined water content is responsible for proton transfer
from produced hydronium species to desorbed molecules [21].

Up to 10 uL of sample can be placed in a single well of the pro-
prietary plate; the sample is then completely evaporated prior to ana-
lysis and before a laser beam with predefined energy impacts with the
bottom of the well. The resulting heat converts sample constituents into
a gas phase that is then transported by the carrier gas. These steps
collectively only take tens of seconds [22]. Subsequently, the LDTD
system has already been applied for analysis of representative phar-
maceuticals in diverse environmental matrices such as wastewater and
sewage sludge [23]. However, broader application of this approach has
not yet been employed with complex aquatic leachates, including soils
or to examine soil partitioning. Therefore, in the present study, we
developed a novel fast and reliable analytical method suitable for large
numbers of water samples generated by soil sorption experiments with
representative pharmaceuticals. We specifically aimed to rapidly re-
duce analysis time and eliminate use of organic solvents, compared to
traditional LC methods. We then compared performance of this novel
LDTD-APCI-MS/MS method to more conventional LC-HESI-MS/MS
approaches.

2. Materials and methods
2.1. Chemicals

We selected pharmaceuticals representative of other classes in order
to maximize utility of our efforts. The antibiotic sulfamethoxazole and
the antiepileptic carbamazepine were acquired from Merck (Germany),
while fexofenadine and irbesartan were purchased from Toronto
Research Chemicals. Standards stock solutions (1 mgmL 1) were
prepared in methanol for individual compounds. For each target ana-
lyte, we also included isotopically labelled standards obtained from
Toronto Research Chemicals (sulfamethoxazole-d4, carbamazepine-
d10, fexofenadine-d6, irbesartan-d4). For preparation of mobile phases,
acetonitrile (LC-MS grade, Merck, Germany) and ultra-pure water
(prepared with AquaMax Basic 360 Series and Ultra 370 Series instru-
ments, Young Lin Instruments, purchased from Labicom, Czech
Republic) and formic acid (LC-MS grade, Merck, Germany) were used.
The chelating agent ethylene diamine tetraacetic acid disodium hydrate
(Nay-EDTA, Merck, Germany) was used for response improvement in
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the LDTD-APCI approach. Synthetic air for LDTD (21% of O, in ni-
trogen with 35 ppm of water), liquid nitrogen and argon (5.0 purity)
were purchased from SIAD (SIAD, Czech Republic).

2.2. Instrumentation and instrumental conditions

This instrument method was based on an Al technique, which
combined thermal sample desorption by laser beam (980 nm, 20 W) and
APCI. The instrument for sample ionization and direct introduction was
a T-960-LDTD APCI (Phytronix Technologies, Canada). Thermally
desorbed compounds were transported through a transfer tube and by
the ion source corona discharge region by heated carrier gas (synthetic
air, flow 3Lmin~?, 50 °C). All other LDTD-APCI parameters such as
sweep gas pressure (0.3 arbitrary units), discharge current (3 pA, po-
sitive polarity), capillary (270 °C) and vaporizer (31 °C) temperatures
followed LDTD manufacturer recommendations. Laser pattern setup is
an essential part of LDTD-APCI-MS/MS method development, and its
parameters are discussed in detail below in the section, LDTD-MS/MS
method development and evaluation. Total run time of this LDTD-APCI-
MS/MS methods was 12s.

The reference LC method was performed with a Dionex Ultimate
3000SD system (Dionex Softron GmbH, Germany). Our previous LC-
MS/MS method [24] was adopted for analysis of soil leachates. A Hy-
persil Gold phenyl LC column (50 X 2.1 mm, 3 pm particles, Thermo
Fisher Scientific) was used for analytes separation because the shortest
elution window of target compounds were previously reported for this
column. A gradient of acetonitrile and water, acidified with formic acid
to 0.1%, was used for elution (SM. 1). The total run time of LC-HESI-
MS/MS method was shorted to 6.5min. In addition, the following
source parameters were applied: vaporizer temperature was 250 °C, aux
gas pressure was 10 au (arbitrary units), sheath gas was 40 au, spray
voltage was 3500 V (positive polarity mode) and capillary temperature
was 350 °C.

A triple quadrupole mass spectrometer TSQ Quantum Ultra
(Thermo Fisher Scientific, USA) was operated in selection reaction
monitoring (SRM) mode. The isolation window of the first and third
quadrupoles were set to 0.7 FWHM, cycle time to 0.05 (LDTD-APCI-
MS/MS) and 0.3s (LC-HESI-MS/MS) and collision gas (argon, SIAD,
Czech Republic) pressure to 1.5 mTorr. Two selected mass transitions
from precursor to product ion were chosen for each analyte (SM. 2).
Both analytical system configurations were controlled via Xcalibur 3.0
(Thermo Fisher Scientific, USA). Data post-processing was performed in
TraceFinder 4.1 (Thermo Fisher Scientific, USA) software.

2.3. Sample description and method evaluation

LDTD-APCI laser pattern was optimized in ultra-pure water at
analyte concentration levels of 100 ng mL ~! and testing of the effect of
Na,-EDTA on target analytes responses was performed. Na,-EDTA was
tested as a pre-coating LazWell plate cell step when 10 pL of chelating
agent at the concentration levels 0.01, 0.1, 1 and 10 mM were spotted
and then allowed to completely evaporate. LDTD-APCI laser pattern
setup for Na,-EDTA effect evaluation was selected based on previously
obtained results when applied laser energy was tested across a scale of
15-80%. We included this step to identify suitable analytical conditions
for all target compounds in one method. The results of laser pattern and
Na,-EDTA evaluation were compared as peak areas of analytes, their
signal to noise ratio and peak symmetry of selected quantification mass
transition. The peak symmetry parameter was calculated according to
Eq. (1):

Peak symmetry = abs(1 — (LHS — RHS)) (€]

where LHS is left hand side and RHS is right hand peak side width
measured in 30% of a peak height. Zero value represents total peak
symmetry. All parameters mentioned above were evaluated in hex-
aplicate analyses. Sample deposition volume were tested in set of
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triplicates. Mean peak areas of sample volumes 2, 4, 7 and 10 uL were
normalized to the highest obtained response. Standard deviations (SD)
and relative standard deviation (RSD) were calculated from obtained
data for all method development parameters.

Stagnic Chernozem Siltic developed on marlite (X) and Dystric
Cambisol on orthognesis (W) are two soil types with different physical
and chemical properties (described in KodeSova et al., 2015 and breafly
summarized in SM. 3). These soils were selected as sample matrices for
analytes sorption experiments; their influences on LDTD-APCI-MS/MS
and LC-HESI-MS/MS methods performance parameters were also
evaluated. For this purpose both soils were prepared according to
standard sorption experiment protocol for sorption isotherm measure-
ment [25] with one exception, which was addition of analytes at re-
quired concentrations into obtained soil leachates. Both soil leachates
were used for calibration model construction in concentrations 1, 2, 5,
10, 50, 100, 500, 1000 ng mL ~1 of native standards and 20 ng mL “lof
isotopically labelled standards. Calibration curves results were used for
evaluation of linearity (r-square coefficient) and calculation of quanti-
fication limits (LOQ), detection limits (LOD), matrix effect and analyte
carry over for both LDTD-APCI-MS/MS and LC-HESI-MS/MS methods.
The quantification and detection limits were estimated by following Eqs
(2) and (3), respectively [26].

x 10

£0Q = (SDm[:rcep[)

2

x 3.3

LOD = (SDmt:rcept)

3)

where SDintercept i SD of intercept and b is slope.

Estimation of analytes signal suppression/enhancement caused by
W and X soil matrix were investigated by comparison of response in-
tensity of each analyte (100 ngmL ~?) in soil matrices and in matrix
free ultrapure water. Na,-EDTA addition effects on LDTD-APCI-MS/MS
were also evaluated among matrices for each study compound. Here
again, all experiments were performed in hexaplicates. Calculation of
matric effect is described in Eq. (4)[41] [].

. A

Matrix Effect = (B)x 100% @
where A represents analyte peak area measured in soil matrix and B in
matrix free sample, both spiked with native compounds. A similar
equation can be used for description of carryover effect evaluation
where B represents peak area of the highest point of calibration curve
and A is analyte signal of blank sample measured afterwards.

Accuracy of LDTD-APCI-MS/MS and LC-HESI-MS/MS methods was
evaluated at concentration levels 5, 50 and 500 ng mL ~1 in hex-
aplicates. The trueness parameter was evaluated as relative agreement
of measured sample concentration with nominal value. Method preci-
sion was expressed as calculated RSD. The inter day precision followed
the same parameters as method accuracy testing and samples were
measured in pairs across three days.

All results were calculated with internal standard calibration, de-
scribed by Egs. (5) and (6)

RF = (Peak ared.q )x (Peak area,s)

Ceal Gs 5)
c= Peak area, " ( 1 )x Gs
Peak area;s ARF 6)

where Peak area,, is analyte measured peak area, Cc, is known con-
centration of calibration point, Peak areays is peak area of isotopically
labelled standard, C;, is concentration of isotopically labelled standard,
C; is unknown concentration of an analyte and Peak area; refers to
measured analyte area of unknown concentration [28]. Average re-
sponse factor (ARF) was obtained from response factor (RF) calculated
from calibration curve points in sample matrix.
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Final method evaluation was performed on sorption experiments
with all analytes of interest with nominal concentrations up to
1000 ngmL ! and seven different soil matrices: Haplic Chernozem on
loess (D), Arenosol Epieutric on sand (E), Haplic Cambisol on para-
gneiss (H), Haplic Luvisol on loess (S), Greyic Phaeozem on loess (C)
(described in KodeSov4 et al., 2015 and breafly summarized in SM. 3)
including both soil types (X,W) used for methods evaluation. The ad-
ditional soil types were selected to evaluate methods robustness, com-
parison of the previous method and the newly developed analytical
method. Both methods agreement was quantified with Lin's con-
cordance correlation coefficient [29], visualized by and Bland-Altman
plot [30] and scatter plot. All method agreement tests were performed
with MedCalc v 19.0.3. (MedCalc Software, Belgium).

3. Results and discussion

thod devell I

3.1. LDTD:-

P and

The laser source of LDTD can provide maximal heat transfer of
3000°Cs ~! [31], which allows fast sample desorption after a laser
beam with predefined relative intensity impacts the back part of the
LDTD sample plate. This applied laser power and its time distribution
are defined by a laser pattern setup. However, intensity of applied laser
energy should be optimized to maximize desorption of crystallized
analytes of interest and to minimize desorption and thermal degrada-
tion of sample matrix components. Besides optimizing maximal re-
sponse, signal reproducibility and easy automated integration (signal
symmetry) are other important parameters of the instrumental method
reported here. The most important indicator for evaluation of tested
laser patterns were considered peak area normalized to the highest
obtained value. Results of this optimization are summarized in Fig. 1 as
mean of hexaplicates with RSD. Whereas Fig. 1b shows signal to noise
ratio in decadic logarithm scale, quality of peak shape as relative de-
viation from symmetry is illustrated in Fig. 1c, which is important be-
cause this parameter can affect detection sensitivity and appropriate
peak integration [32].

In the present study, LDTD method optimization was started with
laser pattern with maximum applied power 15% reached in 1s, then
held for the same time interval and finally decreased to 0% in 0.1s.
Results obtained with the initial experiment exhibited absence of sig-
nals for irbesartan and fexofenadine, though sulfamethoxazole de-
monstrated relatively low and insufficient peak area stability with RSD
67%. Carbamazepine was the only target analyte with acceptable signal
stability and intensity even for our initial laser pattern energy setup.
Subsequently, we tested laser patterns with the same time distribution
as the initial experiment but increased maximum laser power up to 80%
by 10 and 15% respectively in five steps. Sulfamethoxazole signal in-
tensity and peak area was gradually increased with laser energy set up
to 55%. The two laser patterns with the highest laser energy exhibit
thermal decomposition of this compound. The most effective dissocia-
tion of intermolecular bond of carbamazepine was observed when 40%
laser energy was applied; all other higher laser energies caused com-
pound decomposition and signal suppression. However, signal in-
tensities of fexofenadine and irbesartan show slightly increasing ten-
dencies with growing laser energy. The laser energy parameter had a
negligible effect on signal to noise ratio (Fig. 1b) and negatively af-
fected obtained peak shape at higher levels (Fig. 1c).

Optimization of laser energy and laser pattern was not sufficient for
fexofenadine and irbesartan, respectively. Previously published studies
identified the possibility to improve response and stability of desorbed
small organic molecules through the use chelating agents such as Na,-
EDTA [33,34]; however, relevant mechanisms affecting sample deso-
rption improvement were not investigated and described prior to the
current study. Dion-Fortier et al. (2019) recently considered formation
of a homogenous layer of analyte nanocrystals after chelation addition
as the relevant mechanism rather than prevention of chemisorption
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Fig. 1. a) Evaluation of laser patter and EDTA concentration. Results displayed as

peak areas normalized to the highest obtained response. Error bars represent RSD

of peak area. b) Evaluation of laser patter and Na,-EDTA concentration. Results show effect of laser pattern and EDTA on signal to noise ration. W and X represent
samples with soil matrix. S/N in log scale and error bars represent its SD. c) Evaluation of laser patter and Na,-EDTA concentration. Results show deviation from
100% peak symmetry measured in 30% peak high. Error bars represent RSD. n = 6.

[35]. For our study purpose, we specifically pre-coated LDTD LazWell
plates with Nay-EDTA at four concentration levels (0.01, 0.1, 1,
10 mM), and then performed experiments with laser energy set to 70%.
We subsequently observed relatively good response in total scale for
carbamazepine and sulfamethoxazole with improved peak symmetry
compare to that obtained for 55% laser energy. The lowest RSDs for
analytes were also obtained under these conditions except carbamaze-
pine (the highest RSD exhibit fexofenadine-12% and then carbamaze-
pine 36%). Application of Na,-EDTA resulted in decrease of thermal
energy required for fexofenadine and irbesartan desorption and con-
sequently rapidly improved signal intensities. At 0.1 mM, Na,-EDTA
exhibited the best responses for fexofenadine and irbesartan, and the
signal of sulfamethoxazole was also slightly improved. This method
setup showed the best peak shape results and improvement of signal to
noise ratios. In fact, the RSD of carbamazepine peak area was improved
from 36% to 4%, even though RSD values of other analytes did not
exceed 17%. Application of higher Na,-EDTA concentrations (1 and
10 mM) caused response suppression of all analytes (Fig. 1a).

The last step in method development was optimization of deposited
sample volume. Analytes responses increased proportionally to sample
volume (Fig. 2). Consequently, the highest responses for all analytes

were observed when maximum applicable volume (10 pL) of samples
were spotted.

3.2. LC-HESI-MS/MS and LDTD-APCI-MS/MS method comparison

The combination of LC as separation technique with atmospheric
pressure ionization techniques represents a standard approach for in-
troduction of separated molecular ions to a triple quadrupole MS/MS
such that this approach is considered to provide selective and sensitive
detection [36]. The selectivity of LC by itself is defined as selectivity
factor, which can be altered by individual adjustable parameters such
as type of stationary phase, column temperature, composition of mobile
phase, etc. [37]. Compare to LC, the variables of LDTD, which can affect
method selectivity are limited to laser pattern setup. The laser intensity
correlated with energy applied on samples and its level should be
evaluated to find optimal value provides sufficient dissociation of in-
termolecular bonds without thermal decomposition of the analyte.
Consequently, the laser intensity can be setup to level provides energy
for desorption of target analyte but not for interfering compound or
higher resulting in thermal decomposition of interfering compound
[21]. The example can be seen in Fig. 1c where 15% of laser energy
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Fig. 2. Effect of spotted volume into LDTD LazWell plate on total response.
Results show effect of spiked sample volume on obtained analyte signal in re-
lative scale, nominal to the highest obtained average value. Error bars represent
RSD (n = 3).

provides acceptable signal intensity and stability for carbamazepine,
but all other compounds of interest cannot be quantified. Despite of
limited selectivity, LDTD has shown potential to be a beneficial alter-
native to established LC-ESI-MS/MS methods with equal performance
parameters for several analytes in complex matrices [38]. It follows
from the above that limited LDTD selectivity require circumspect eva-
luation of eventual mass interferences for individual sample matrix and
target compound. For this purpose, blank matrix samples of each soil
type with negative result for all no significant matrix effect observed for
target analytes in studied the matrices were employed.

The basic methods performance parameters are summarized in
Table 1. Linearity of an eight point calibration curve was tested across a
concentration range of 1-1000 ngmL ™" of analytes in two matrices
(water phase from two different soil types). For the LC-HESI-MS/MS
method, we observed equal linearity results across all analytes and both
matrices (R? = 0.999). The new LDTD-APCI-MS/MS method reported
here exhibited generally good linearity and comparable linear curves.
The lowest determination coefficient was obtained for irbesartan in
matrix W (R? = 0.996). Limit of detection (LOD) and limit of quanti-
fication (LOQ) are the lowest concentrations where the analyte is de-
tected and quantified with acceptable uncertainty (max. 20% RSD of
response factors in calibration curve). Both methods exhibited LOQs at
low nanogram per milliliter levels, though limits for LC-HESI-MS/MS
method were slightly lower. In soil leachates X and W, the highest LOQs
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for LDTD-APCI-MS/MS were found for irbesartan (3.9 and 3.6 ng mL "~ D)
and carbamazepine (3.4 and 4.0 ngmlL ™), respectively. The highest
matrix effect using LC-HESI-MS/MS method was observed for sulfa-
methoxazole (11%). Optimized LDTD-APCI-MS/MS showed signal
suppression in both soil sample types for carbamazepine (29% in both
matrices). Negligible signal improvement was found for sulfamethox-
azole in both soil sample types (X soil 9% and W soil 4%), significant
enhancement was observed for fexofenadine (X soil 71% and W soil
87%) and irbesartan (X soil 71% and W soil 76%). In addition, signal to
noise ratios in both soil matrices were improved for fexofenadine; no
relevant impairment for other analytes were observed (Fig. 1b). Such
results may suggest a positive effect of these soil leachates on LDTD-
APCI signal.

Trueness and precision of both methods were evaluated at three
concentrations (5, 50, 500 ng mL ~ 1) from hexaplicate analysis of water
leachate fortified with corresponding native compounds. Results from
experiments with LDTD-APCI-MS/MS and LC-HESI-MS/MS are shown
in Figs. 3 and 4(a and b), respectively. As noted above, the trueness was
calculated as a process efficiency value, which refers to effects of
sample preparation and ionization [39]. LDTD-APCI-MS/MS trueness
for all analytes at all evaluated nominal concentrations and soil ma-
trices were within the range of 88-111% with median 104%. The
lowest trueness value was observed in the W soil type at concentration
level 500 ng mL ™", while the highest were observed in X soil type at
concentration level 5ngmL ™", both for sulfamethoxazole. The highest
uncertainty of analysis (20% RSD) was obtained for sulfamethoxazole
in W soil type at the lowest concertation level examined. All other
uncertainty results were below this value with median 9%. Fig. 4a and b
shows results for the previously reported LC-HESI-MS/MS method, for
which method trueness for analytes at all evaluated nominal con-
centrations and soil matrices were within 90-105% with median 98%.
Both extreme values were observed for irbesartan in soil type W at the
middle concentration tested and the X soil type at the lowest con-
centration level, respectively.

Uncertainty of LC-HESI-MS/MS was noticeably lower with median
2% RSD and the highest RSD value of 6%. Further, precision of the
LDTD-APCI-MS/MS method over three consecutive days never ex-
ceeded 15%, while the RSD of the HESI-LC-MS/MS method was always
lower than 10% (Table 2). We also estimated the carry over effect as
analyte signal in blank after the highest calibration point. This effect
was negligible for both methods. Fexofenadine in the LDTD-APCI-MS/
MS method and fexofenadine and irbesartan in the LC-HESI-MS/MS
method showed low signals close to the LOQ, reaching 0.1% of signals
from results presented above.

Results of our comparison of these two methods showed the best
method agreement for carbamazepine and fexofenadine. These two
analytes exhibited nearly identical correlation coefficients 0.993 (95%
confidence interval (CI) 0.989-0.996) and 0.997 (95% CI 0.994-0.999),

Table 1
The basic LDTD-APCI-MS/MS and LC-HESI-MS/MS method performance parameters.
X w
Fexofenadine Carbamazepine Irbesartan Car Irbesartan Sulfamethoxazole
LDTD-APCI-MS/MS
Linearity (R®) 0.999 0.999 0.999 0.998 0.999 0.999 0.996 0.999
LOQ (ng mL ~ 1) 2.6 3.4 3.9 1.5 2.5 4.0 3.6 11
LOD (ng mL ~") 0.86 11 1.3 0.48 0.83 1.3 1.2 0.36
Matrix effect (%) 71 -29 71 9.0 87 -29 76 4.0
Carryover (%) 0.08 0 0 0 0.07 0 [ 0
LC-HESI-MS/MS
Linearity (R%) 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999
LOQ (ng mL ~") 22 26 25 2.0 2.0 13 1.9 1.8
LOD (ng mL ~') 0.70 0.85 0.81 0.65 0.72 0.42 0.62 0.60
Matrix effect (%) -1.0 0.5 1.0 5.0 1.2 5.8 9.0 11
Carryover (%) 0.08 0 0.08 0 0.07 [ 0.1 [
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respectively, which were within strength-of-agreement on the top of
method equality classification [40]. The other analytes had slightly
lower but still robust method agreement. Specifically, a correlation
coefficient of 0.98 (95% CI 0.967-0.988) was observed for sulfa-
methoxazole and 0.98 (95% CI 0.969-0.987) for irbesartan. The re-
lative mean of method biases was visualized by Bland-Altman plots,

where each soil type is presented (SM 4). Carbamazepine mean bias was
1.1% (95% CI -16.3-18.3%), fexofenadine was —1.3% (95% CI
-26.6-24.1%), sulfamethoxazole was 5.1% (95% CI -14.6-25%) and
irbesartan was —0.3% (95% CI -29.8-29.2%). Bland-Altman plots show
relatively comparable bias distribution for all investigated soil matrices.
This balanced result confirms applicability and robustness of the novel

Table 2
LDTD-APCI-MS/MS and LC-HESI-MS/MS method inter day precision. Values are figured as RSDs of analytes concentrations in X and W soil leachate.
X w
SngmL ~! 50ngmL ~! 500ngmL ~! SngmL ~! 50ngmL ~! 500ngmL !
LDTD-APCI-MS/MS
Fexofenadine 12 4.7 6.7 5.4 8.6 3.7
Carbamazepine 7.0 3.9 4.3 7.2 3.6 3.4
Irbesartan 15 0.30 3.0 11 0.60 5.5
Sulfamethoxazole 8.2 7.6 4.2 3.9 6.1 9.4
LC-HESI-MS/MS
Fexofenadine 9.0 3.4 1.8 2.6 6.1 1.9
Carbamazepine 5.0 10 7.0 27 5.8 10
Irbesartan 9.4 6.6 2.7 4.3 10 6.0
Sulfamethoxazole 7.1 6.2 3.9 45 8.3 6.7
6
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LDTD-APCI-MS/MS method reported here. Further, SM 5 shows an
equality line allowing visual inspection of data fitting and linearity;
data sets of each scatter diagram consists of all investigated soil types.

4. Conclusion

Advanced approaches are needed to expand environmental mon-
itoring and surveillance of pharmaceuticals in the environment. Though
LC-HESI-MS/MS represents a standard approach for environment and
pharmaceuticals research, this includes a relatively time-consuming
separation (approximately 7 samples per hour) requiring about 3.5 mL
of organic solvents. In the present study, we developed a novel LDTD-
APCI-MS/MS analytical method, and achieved an accurate, time saving
approach for determination of representative pharmaceuticals in com-
plex matrices. Considering accuracy parameters, intermediate precision
and mutual method comparison (Bland Altman plots and Lin's con-
cordance correlation coefficient) performed on sorption samples, we
conclude that results obtained with both methods show uncertainty
acceptable for residual analysis in soil leachates. However, the LDTD-
APCI approach reported here represents a two order of magnitude faster
method than conventional LC-HESI-MS/MS that advances an important
green chemistry principle (e.g., no organic solvents were required) with
the ability to analyze a large series of samples in a timely manner (i.e.
180 samples per hour).
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General discussion

PPCPs impact on non-target aquatic organisms is an important point in environmental
risk assessment. Investigation of compound fate in biological systems and determination
of bioaccumulation/bioconcentration potential in whole organism or individual organs are
essential for such purpose (Ding et al., 2015; Van der Oost, Beyer and Vermeulen, 2003).
Therefore, development of analytical methodologies with good performance parameters is
necessary for experimental evaluation of micropollutants distribution in aquatic environment.

Every sample preparation process follows basic concept of transformation sample matrix
into form suitable for analysis. Consequently, complex matrices like animal tissue can be
challenging and preparation usually involves several steps of extraction and purification.

Wide range of physical and chemical properties even within individual groups of PPCPs
make optimization of extraction method difficult especially for multi-residue analysis.
Although number of extraction protocols was evaluated and published in effort to find
optimal procedure, multi-compound isolation from complex matrix makes always compromise
between overall method efficiency and optimal extraction conditions for individual chemicals.

Study of Ramirez et al., evaluate extraction procedures with variable composition of solvents
and its pH values, applied for 23 pharmaceuticals with individual hydrophobicity and pKa values.
The best variant exhibited average recovery around 60%. Moreover, variable matrix effects
across tested solvents illustrate problematic of co-eluting compounds from complex sample
(Ramirez et al.,, 2007b). More sophisticated approach can be represented by hollow fiber
solid-phase microextraction. Sampling consist with inserting fibers into tissue supernatant to
adsorb analytes of interest without matrix compounds. Extraction procedure then includes
microwave-assisted extraction, which as potential heat source requires additional method
optimization, otherwise, it can cause compounds decomposition. This method was evaluated
for 54 PPCPs in fish muscle samples with recoveries 56-120% (Zhang et al., 2017). Pressurized
liquid extraction (PLE) is another relatively common technique involving organic solvents and
compound isolation from sample matrix under high pressure and temperature. Therefore,
analyte thermal stability should be evaluated as part of method development. PLE method
reported recoveries 77-131% for some PPCPs in fish muscle samples (Subedi et al., 2011).

Sample purification represents cleanup step prior to instrument analysis. According to
sample complexity respective matrix co-extracts, sample cleanup procedure is frequently
required and most of them are based on some type of solid-phase extraction (Hashemi,
Zohrabi and Shamsipur, 2018).

Sample preparation procedure reported in this thesis aimed at straight forward multi-
residual methodology suitable for biological matrices. The whole process was reduced to
mechanical sample homogenization with extraction solvent, centrifugation, biological macro-
molecule precipitation in freezer and filtration through syringe cellulose filter. This approach
omitting complex SPE extraction and purification is contrary to methods referred above. Our
method was evaluated for 74 individual pharmaceuticals and their metabolites in five types
of fish tissue. Regarding careful extraction solvent optimization, overall suitable recoveries
60-130% and low quantification limit (sub ng g') have been reached.

The method was primally intended for application with extensive analyte number and
consequently required liquid chromatography separation. This straightforward extraction was
considered as potentially appropriate for direct analytical method where chromatography
separation is avoided. The Laser Diode Thermal Desorption combined with atmospheric
pressure chemical ionization (LDTD-APCI) is ambient ionization technique, which principle is
based on rapid sample thermal desorption by infrared laser source when applied amount
of energy have to be carefully optimized to enhance analyte response and minimize matrix
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desorption. The main instrumentation advantages are fast analysis (usually below 20 seconds
per sample) and low sample volume requirements (maximally 10 pl in case of use LazWell
sample plate with 96 cells) (Borik et al., 2020).

The LDTD-APCI has several applications for investigations of pharmaceuticals in biological
matrix. Some of them involved more complicated sample treatment like solid-phase
microextraction, salting-out assisted liquid-liquid extraction, and solid-phase extraction
(Bynum, Moore and Grabenauer, 2014; Heudi et al., 2011; Lanshoeft et al., 2014; Lohne et
al., 2012). Moreover, all of referenced methods use only low-resolution mass spectrometers.

The second chapter refers LDTD-APClI method development for psychoactive compound
analysis in fish brain tissue. The method purpose was established analytical approach including
maximal reduction of sample treatment with ultrafast analysis. Direct sample introduction
by LDTD-APCI causes increase risk of potentially interfering compound due to simultaneous
desorption of target analyte along with tissue matrix. Also, overall sample treatment
simplification without purification makes this disadvantage more relevant. Therefore, high-
resolution mass spectrometers (LDTD-APCI-HRPS) operated in parallel reaction monitoring
mode with resolving power 17500 FWHM was used to resolved and identified possible matrix
interferences. LDTD-APCI-HRPS was evaluated along with low-resolution instrument (LDTD-
APCI-QqQ-MS/MS) and then both methods were compared to established LC coupled with
high-resolution mass spectrometer. Data sets for such purpose were obtained by analysis of
in vivo experiment samples, specifically brain tissue of juvenile chubs exposed to citalopram
at environmentally relevant concentration.

Although both mass spectrometers types show statistically comparable results with
reference LC method analysis of high-resolution product scan mass spectra show matrix mass
interferences that cannot be resolved with low-resolution instrument. LDTD-APCI with low-
resolution mass spectrometer, therefore, exhibit decreasing accuracy on low concentration
level. That's confirm importance of high-resolution mass spectrometry for rapid trace analysis
in complex matrix when minimal sample treatment is applied. Moreover, LDTD-APCI method
with high-resolution instrument exhibit overall similar performance parameter to reference
LC-HRMS method. Also, possibility to skip sample filtration was confirmed with negligible
effect on analyte response. The dramatic reduction analysis time, material for sample filtration
and reduction organic solvent use is within agreement of green chemistry concept (Badami,
2008). Application field for such methods lays in fast and simple analysis of one or few target
analytes in extensive sample sets e.g. toxicity or effect tests on small fish or invertebrates.

PPCPs are relevant soil pollutants introduced via sludge, treated wastewater (Huber et al.,
2016) and manure (Prosser and Sibley, 2015). These matrices and potential PPCPs vectors
are applied to agriculture fields as fertilizers or for irrigation purpose (Kibuye et al., 2019).
Investigation of PPCPs fate in soil environment depends on their sorption potential, which
can be experimentally determinate through post-experiment compound concentration in soil
leachate. A common sorption experiment design involves single or few analytes and extensive
total sample number (Klement et al.,, 2018). Those attributes make soil sorption research
appropriate for LDTD-APCI instrumentation.

The third chapter describes LDTD-APCI method development for four pharmaceutical
(carbamazepine, sulfamethoxazole, fexofenadine and irbesartan) and different soil type
leachate. The study confirmed positive effect of chelating agents on analyte response previously
observed by some authors (Beattie et al.,, 2012; Lonappan et al., 2016). The influence of
different chelating agent concentrations was included as part of method evaluation, which
has been previously rarely reported. Precoating LazWell plates with chelating agent Na2-
EDTA rapidly improved response of fexofenadine and irbesartan. Relevant mechanism has
not been clearly described, some authors expect chelating agent affection homogenous
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formation of analyte nanocrystals and thus reduction amount of energy necessary for analyte
desorption (Dion-Fortier et al., 2019). The use of chelation agent enabled simplify analysis
of all compounds and reduced optimal instrument setup on single LDTD-APCI method. The
LDTD-APCI performance parameters were compared with LC-MS and ultrafast approach was
confirmed as sufficient for such analysis. Although the LDTD-APCI instrument have been
previously successfully applied for pharmaceuticals investigation in wastewater sludge
(Mohapatra et al., 2012), manure (Solliec, Massé and Sauvé, 2014) and wastewater (Fayad,
Prévost and, Sauvé 2010), our instrument method was the first one applicable for direct
investigation of pharmaceutical fate in soil environment.

Consequently to sorption behavior, we shifted our focus on PPCPs interaction with
microbial organisms respectively their enzymatic system that causes compound complete
degradation or formation byproducts with often unknown toxicological effects (Facey et al.,
2018). Occurrence and identification of relevant PPCPs transformation products represent
one of the most relevant knowledge gaps in environmental research.

Pilot experiment aiming at irbesartan degradation by soil bacteria and identification of
transformation product was performed with individual bacteria taxons incubated in M9
minimal media with glucose and irbesartan 10 ug mL" (except blanks) for 10 days (Kosinova,
2019). Figure 1. show results of degradation experiment. Irbesartan concentration in
individual cultures was obtained with LDTD-APCI. The direct sample introduction method
was used in purpose to reduce delay between the end of experiment and data acquisition
and consequently minimize spontaneously degradation of analyte and consequent result
distortion. The most efficient culture was then picked for non-target screening analysis of
degradation products. In this case, it was culture with code 18Al. Screening method involves
conventional reverse-phase liquid chromatography and heated electrospray ionization with
high-resolution mass spectrometry. Initial data set was acquired with full scan positive
acquisition mode, scan range 100-600 Da and high resolving power 70000 FWHM (LC-
HRMS) necessary for identification compound elemental composition. Received data set was
then processed with Compound Discoverer 3.0. This software tool allows analysis of high-
resolution data with defined tasks like prediction of elemental composition, identification
of up and downregulated compounds and predict elemental composition of transformation
products via predefined transformation pathways (Brunner et al., 2019). Depending on
analyte elemental composition and its response was chosen or excluded for further structural
identification. More detailed structural information was then obtained with high-resolution
product scan with resolving power 17500 FWHM. MS/MS spectra were then compared with in
silico fragmentation product of predicted transformation structures. Figures 2a and 2b. Show
examples of two identified most abundant irbesartan transformation products. Figure 2a.
Dihydroxy irbesartan has two OH groups substituted on diazospirononen structure, which is
confirmed with MS/MS product with mass 184.1332 m/z. Variable position of OH groups on
diazospirononen structure is responsible for occurrence of structural isomers with different
polarities represented in chromatograms by three peaks. Products 207.0916 and 235.0978
m/z are in common with native irbesartan (Harahap, Maysyarah and Suryadi, 2017) and it
is proved origin of the structure. Figure 2b. Hydroxy irbesartan exhibit similar properties,
exception is only one substitution on diazospirononen structure.
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Figure 1. Results of pilot bacterial degradation experiment of irbesartan. N=1.

Similar non-target screening workflow was tested also in combination with LDTD-APCI
instrument. Full scan acqnuisition was performed within scan range 300-500 Da to enhance
method sensitivity and resolving power 70000 FWHM (LDTD-APCI-HRMS). Processing of full
scan spectra with Compound Discoverer identified same most abundant transformation
products but total number of resolved compounds were much lower according to lack of
compound separation. Moreover, figure 3a shows analyte response of dihydroxy irbesartan,
which in case of LDTD-APCI-HRMS screening method structural isomers cannot be resolved.
Despite to absence of compound separation providing additional structural confirmation and
lower sensitivity, LDTD-APCI-HRMS show promising preliminary results for non-target screening
application. Acquisition in full scan mode with adequate scan range is capable to provide
data for quantitation analysis and qualitative information about dominant transformation
products. Up to our knowledge, there is no method for non-target screening using LDTD-APCI
published in the literature.
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Figure 2a. Chromatograms and predicted MS/MS products of dihydroxy irbesartan. (LC-HRMS).
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Figure 3b. Extracted ion chromatograms and predicted MS/MS products of hydroxy irbesartan. (LDTD-
APCI-HRMS.

Conclusions

The thesis aims we defined as development of novelty analytical approaches for environmental
research, enhancing time efficiency and reducing requirement of material and production of
waste. These methods are presented through three scientific articles. Although beneficial
properties of LDTD-APCI instrumentation are obvious, omitting compound separation process
involve into analysis some negative aspects. Specific compound feature like presence of
structural isomers can be identified via different affinity on stationery phase during separation.
Consequently, identidacation of isomers can by challenging or even impossible for LDTD-APCI.
Also ultrafast sample analysis concurentlly reduce time for data aqusition and number of
recorded MS-MS experiments is typically reduced to units, when LC-MS methods allow up to
thousands individual compound detection.

Direct sample introduction technique LDTD-APCI have been confirmed as powerful tool for
specificinvestigation purposes when target analysis of large sample set is part of experimental
design. Also, connection of LDTD-APCI with high-resolution mass spectrometry and straight
forward extraction method for biological samples has been confirmed as additionally beneficial.
LDTD-APCI with high-resolution mass spectrometry showed promising potential for ultra-fast
non-target screening of PPCPs transformation products, which have to be carefully evaluated.
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English summary

English summary

Tracing pharmaceuticals and personal care products (PPCPs) from sources to recipients
Adam Bofik

Increasing consumption and production of new PPCPs step up pressure on environmental
scientists and need to identify the fate and impact of these pollutants. LC-MS methods applied
in this research have been staying as gold standard since nineties when problematics of PPCPs
in context of environmental pollution raised and they are still irreplaceable for large number
of applications even during recent time. Despite good performance, some disadvantage
properties should be considered as reasons for replacement with possible alternatives. The
negative aspects like organic solvent consumption, long analysis time and waste production,
which is directly dependent on additional sample preparation for LC system can be avoided
by replacement liquid chromatography technique with direct sample introduction approach,
where separation is completely omitted.

Laser diode thermal desorption with atmospheric pressure chemical ionization (LDTD-APCI)
can be suitable alternative. This technique was applied for quantification of sulfamethoxazole,
irbesartan, fexofenadine, and carbamazepine in soil leachate samples as part of experimental
methodology describing pharmaceutical fate in soil environment that can indirectly
contaminated surface water. The evaluation process involved statistical comparison with
LC method with comparable results and performance parameters when for example both
methods quantification limits were units of ng g

Different types of toxicology tests are frequently employed for investigation of PPCP’s impact
on non-target aquatic organisms. Such type of experiment usually exposes experimental
organisms to one or a few compounds of interest and then potential negatives effects are
evaluated. As part of evaluation is frequently applied quantification of target analytes in
organisms to estimate bioaccumulation/bioconcentration effects of pollutants. LDTD-APCI
combined with high-resolution mass spectrometry shown to be effective approach, especially
in combination with straightforward extraction technique previously developed for 74
pharmaceuticals isolation from fish tissue. This methodology simplifies sample preparation
with avoiding additional solid-phase extraction or purification, rapidly accelerates analysis
time because of fast sample desorption (usually low tens of seconds) and high-resolution
mass spectrometer provides method selectivity important for resolving analyte of interest
from complex biological matrix.

Results reached with LDTD-APCI presented in this thesis are encouraging for further
development of advanced analytical applications for environmental research.
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Czech summary

Sledovani farmaceutik a produktt osobni péce od zdroji az po recipienty
Adam Bofik

Narlstajici spotfeba a produkce novych sloucenin spadajicich do kategorie PPCPs neustale
zvysuje tlak navyzkumné kapacity a stoupda nutnost identifikace dopadu téchto latek na zivotni
prostiedi. LC-MS metody dlouhodobé predstavuiji klicovy nastroj analyzy PPCPs a pro mnohé
aplikace jsou stale nenahraditelné. Navzdory presnosti a robustnosti existuji urcité limitace,
které mohou byt podnétem k hledani efektivnéjSich alternativ. Hlavni negativni aspekty jsou
spjaty pfedevsim se separacni metodou. Kapalinova chromatografie vyzaduje pro svij provoz
mobilni faze zahrnujici organicka rozpoustédla a dale také relativné naro¢nou Upravu vzork(
spojenou s vyuzitim nutného spotfebniho materialu.

Nahrazenim kapalinové chromatografie metodou pfimé introdukce vzorku je mozné tyto
negativa vylou¢it. Takovou metodou je napfiklad termalni desorpce diodovym laserem
kombinovanad s chemickou ionizaci za atmosférického tlaku (LDTD-APCI). Tato metoda
byla aplikovdana pro potieby kvantifikace sulfamethoxazolu, irbesartanu, fexofenadinu
a karbamazepinu v pudnich vyluzich jako soucast experimentu zaméreného na popis osudu
farmak v tomto prostredi, které maze mit nepfimou souvislost s kontaminaci recipientu. Nové
vyvinuta LDTD-APCI metoda byla porovnana s konven¢ni LC s obdobnymi vysledky valida¢nich
parametrd, a to v€etné kvantifika¢nich limitl v radu jednotek ng g™.

Sledovani konkrétnich dopadl PPCPs na vodni organizmy je ¢asto spojeno s toxikologickymi
testy. Jednim z moznych modell je chronicky in vivo test. Tento typ experimentu zahrnuje
sledovani jedné nebo pouze nékolika malo vybranych sloucenin, jejichz efekt je nasledné
vyhodnocovan. Experimentalnivystupy potom mohouzahrnovatdeterminacibioakumulaéniho/
biokoncentra¢niho potencidlu polutantu, které vyzaduje kvantitativni stanoveni analytu
ve vybranych tkanich. LDTD-APCI v kombinaci s vysoko rozliSujici hmotnostni spektrometrii se
ukdazalo byt efektivni metodou, a to zvlasté v kombinaci se zjednodusenou a tc¢innou extrakéni
metodou, plvodné vyvinutou pro extrakci 74 farmak z tkané ryb. Tato metoda urychluje
pfipravu vzorkd vynechanim purifika¢nich krokl, dale vyrazné zkracuje celkovy ¢as analyzy
pouzitim pfimé introdukce vzorku termalni desorpci (obvykle méné nez 30 sekund na vzorek)
a vysoko rozlisujici hmotnostni spektrometr zajistuje selektivitou potfebnou pro rozliseni
cilovych analyt v komplexni matrici.

Vysledky dosazené s LDTD-APCl prezentované v této dizerta¢ni praci jsou povzbudivé
a podmétné k vyvoji dalSich pokrocilych analytickych pristupt pro environmentalni vyzkum.
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