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SUMMARY 

The work presented in this thesis assessed the risks that pharmaceuticals and other chemicals of emerging 

concern pose to Eurasian otters (Lutra lutra).  A method using accelerated solvent extraction (ASE) was 

developed to quantify lipid content in otters, improving our ability to accurately monitor and model 

concentrations of pollutants in individual biological tissues.  A conventional gravimetric extraction method 

was used as a reference method for comparison, and demonstrated that the ASE method was more 

accurate (-22% error compared with -48% error) and more precise (7%CV compared with 27%CV) when 

applied to the lipid-rich samples investigated in this study.  Rapid, targeted screening methods were 

developed to determine concentrations of a suite of pharmaceuticals, to investigate the risk that 

pharmaceutical residues pose to otters.  These methods were validated in canine blood and bile before 

being applied to wild otters.  The results showed that the target analytes were not present above the 

lower limit of detection (LLOD) in any of the blood or bile samples tested.  As the LLODs were well below 

the corresponding predicted critical effect concentrations, these results suggest that the target analytes 

are unlikely to pose an immediate risk to otters in Sweden.  A rapid, non-targeted screening method was 

used to search for other potential organic pollutants in the blood of these otters, to estimate the otter 

exposome.  The results tentatively identified 153 xenobiotic compounds, from ten chemical classes, 

including pesticides, pharmaceuticals, perfluoroalkyl substances and industrial chemicals.  Some of these 

chemicals are highly toxic, carcinogenic, genotoxic, neurotoxic and reprotoxic, and are reported in this 

species for the first time in this thesis.  The detection of compounds that have potential to cause endocrine 

disruption is particularly concerning as an increase in reproductive abnormalities has been reported in 

male otters in Sweden.  Further biomonitoring of Eurasian otters, using a combination of targeted and 

non-targeted approaches, is recommended to obtain information about the concentrations, and 

ultimately the potential effects of, chemicals of emerging concern in this species.  Inclusion of a larger 

number of otter samples in future research would be advantageous to test for differences among 

demographic groups.  
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QUASIMEME quality assurance of information for marine environmental monitoring in Europe 

QuEChERS      quick, easy, cheap, effective, rugged and safe 

SALLE salting-out assisted liquid-liquid extraction 

SC superctitical 

SD standard deviation 

SE solvent extraction 

SEC size exclusion chromatography 

SEPA Swedish Environmental Protection Agency 

SEM standard error of the mean 

SFE supercritical fluid extraction 

SMNH The Swedish Museum of Natural History 

S/N signal-to-noise ratio 

SPE solid phase extraction 

SPME solid phase microextraction 

SPV microcolorimetric sulphophosphovanillan 

TLC-FID thin layer chromatography and flame ionization detection 

ToF time-of-flight 



 

 

TQMS       triple quadrupole mass spectrometer 

TP transformation product 

TPP triphenyl phosphate 

UAE ultrasonic-assisted extraction 

UPLC    ultra performance liquid chromatography 

UHPLC ultra high performance liquid chromatography 

UNESCO United Nations Educational, Scientific and Cultural Organization 

USE ultrasonic extraction 

WW wet weight 

WWTP    wastewater treatment plant  





 

 

1 GENERAL INTRODUCTION 

CHAPTER OVERVIEW 

This chapter provides a summary of pharmaceuticals as environmental contaminants.  It discusses how 

pharmaceutical residues reach the environment, their potential biomagnification up the food chain and 

concentrations previously reported in wildlife.  It also provides an overview on commonly used techniques 

to determine pharmaceutical residues in biota.  The overall aims and objectives of the thesis are presented 

along with an outline of the thesis structure.   

 

1.1 Overview of pharmaceuticals  

Pharmaceuticals include a wide range of chemical substances that have medicinal properties used to 

diagnose, prevent, treat and cure diseases.  They are designed with attributes that facilitate their 

absorption into the body and allow them to cross biological membranes.  They generally follow Lipinski's 

‘Rule of 5’ (Lipinski et al., 1997) tending to be small (<500Da), moderately polar molecules with octanol-

water partition coefficients (logP) < 5 and they usually have less than five proton donors and acceptors 

(Miller et al., 2018).  Pharmaceutical compounds consists of active pharmaceutical ingredients (APIs) 

combined with excipients (inert substances), which are added to create appropriate dosage forms and 

facilitate delivery of the APIs to the specified biological target (such as a protein involved in a particular 

metabolic pathway that is specific to a pathological condition).  The drug molecules are usually 

complementary in shape, size and charge to the target receptor, allowing the drug to bind and interact 

with it.  By activating or inhibiting the function of the target receptor, the pharmaceutical is able to exert 

its desired therapeutic in the patient (Moynihan and Crean, 2009).  Because some of the mechanisms 

through which some pharmaceuticals act are relatively conserved across animal phyla, they also have the 

potential to cause molecular changes in non-target organisms that share target receptors with humans 

(Contardo-Jara et al., 2011). 

1.2 Pharmaceuticals as environmental contaminants  

The global consumption of pharmaceuticals is rapidly rising (Sutherland and Ralph, 2019) and aquatic 

habitats around the world have been unintentionally contaminated with their residues.  The major route 

of entry of human pharmaceuticals and their metabolites into the environment is through patient 

excretion into wastewater (Emara et al., 2019).  Some pharmaceuticals are excreted as the parent 



 

 

compound, whereas others undergo structural changes in the patient’s body, resulting in metabolites 

with properties that differ from the parent compound.  These changes can significantly influence their 

solubility and polarity and thus impact upon their environmental fate (Kümmerer, 2009)  Some 

pharmaceuticals are excreted conjugated to other molecules (e.g. glucuronides and sulphates), which can 

subsequently be broken down and reverted back to their original form (Heberer, 2002).   

 

Although the majority of pharmaceuticals are removed during wastewater treatment, the removal of 

some of these compounds is poor.  For instance, diclofenac, propranolol, macrolide antibiotics, fluoxetine, 

tamoxifen and carbamazepine are not always effectively removed (Comber et al., 2018).  Pharmaceutical 

residues are consequently discharged with the sewage effluents into receiving waters, such as rivers and 

streams (Fent et al., 2006; Lundström et al., 2010) and increasing pressure has been placed on wastewater 

treatment plants to reduce effluent concentrations (Comber et al., 2015; Austin et al., 2021).  Other ways 

that pharmaceuticals enter the environment include the disposal of unused drugs by individuals, 

hospitals, pharmacies and drug manufacturing sites (Glassmeyer et al., 2008).  

 

The pharmaceutical residues that reach the aquatic environment tend to be spread over a wide 

geographical area (Murray-Smith et al., 2012; Sutherland and Ralph, 2019).  The concentration of 

individual pharmaceuticals detected in surface waters is therefore generally in the low ng L
-1

 range, with 

higher concentrations detected around point sources (Arnold et al., 2014; Comber et al., 2019).  However, 

for widely-used pharmaceuticals the amounts being discharged in effluent may exceed their rate of 

removal (their chemical half-lives in the environment) (Daughton, 2016).  This means that the constant 

environmental level maintained is likely to dominate over the transformation rate (Bendz et al., 2005) 

resulting in a fairly low, yet continuous, concentration in the receiving environment, in a state termed 

‘pseudo-persistence’ (Crane et al., 2006).  This potential for pharmaceutical compounds to be constantly 

present, albeit at low concentrations, is the principal basis for environmental concerns associated with 

them (Williams, 2005).  Current understanding of the fate, behaviour and effects of pharmaceuticals once 

they reach the environment is poor.  

 

Concerns regarding pharmaceuticals in the environment increased following research demonstrating that 

exposure to some ingredients in human contraceptives, including the widely-used synthetic hormone 17 

α-ethinylestradiol (EE2), leads to altered sex determination and sexual characteristics, delayed sexual 

maturity and reduced fecundity in fish (Aris et al., 2014).  These responses to EE2 exposure are observed 

at very low, environmentally-relevant concentrations (low ng L
-1

) (Berninger and Brooks, 2010).  Another 

infamous example of the environmental impact of pharmaceuticals is the nonsteroidal anti-inflammatory 

drug (NSAID), diclofenac, which was associated with the near-extinction of vultures throughout Asia in 

the 1990’s.  Diclofenac was widely used to treat domestic livestock, which were subsequently consumed 



 

 

by free-living vultures.  Exposure to the drug, even at low concentrations, caused acute renal failure in 

the vultures (Taggart et al., 2006). 

 

Sub-lethal effects on food intake, growth, stress or behaviour, may occur in organisms or their progeny in 

response to prolonged exposure to pharmaceutical residues in the environment (Mennigen et al., 2011).  

Although these effects may have important repercussions for organismal fitness, they may escape human 

detection in wildlife, particularly if visible morphological changes are absent.  Evidence obtained through 

laboratory research lends credence to this notion.  For example, Bean et al. (2014) exposed wild-caught 

starlings to environmentally relevant concentrations of the antidepressant fluoxetine, via prey, for 22 

weeks.  Such chronic exposure to fluoxetine in captivity induced changes in birds’ foraging behaviour and 

physiological responses.  Martin et al. (2017) demonstrated that exposure to ecologically relevant 

concentrations of fluoxetine can alter antipredator behaviour in fish, whilst McCallum et al. (2016) 

reported alterations to aggressive behaviours in wild fish that had been exposed to wastewater effluent.  

Altered stress responses (Ložek et al., 2019), food intake and energy storage (Dorelle et al., 2020) and 

metabolic effects (Sotto et al., 2017) have been reported in fish exposed to various pharmaceuticals at 

environmentally realistic concentrations.  

 

It is challenging to establish the effects of chemical contamination generally, and pharmaceutical residues 

specifically, as a cause of abnormalities in wildlife.  Most published aquatic toxicity data and risk 

assessments for pharmaceuticals are based on short-term, acute studies (Cunningham, 2004; Crane et al., 

2006).  In vivo laboratory research investigating effects of pharmaceuticals on non-target species has 

predominantly involved studying effects of single compounds at non-environmentally relevant 

concentrations (Miller et al., 2018).  Such studies do not necessarily reflect real world conditions 

encountered by organisms that are exposed to mixtures of various chemicals within their respective 

habitats over the course of their lifetime (Miller et al., 2018).  Quinolone antibiotics can cause effects on 

the central nervous system which are exacerbated by NSAIDs, resulting in seizures in humans (Kim et al., 

2009; Arnold et al., 2014).  Similar additive effects may occur in non-target organisms, particularly if the 

chemicals act via the same modes of action or share the same target receptor. 

 

The potential for trophic biomagnification of pharmaceutical residues in natural settings has also received 

little attention from researchers (Du et al., 2014).  For apex predators, the primary route of exposure to 

pharmaceuticals in the environment is likely to be via their diet.  It is theoretically possible that sustained 

ingestion of contaminated prey items could lead to an eventual chemical burden that is sufficient to 

produce a physiological effect.  Therefore, it is important to determine the pharmaceutical compounds 

present in prey items, such as fish.  These empirical data are also essential for the validation of predictive 

models for bioconcentration (Ramirez et al., 2009; Daughton and Brooks, 2011).  Measurement of 



 

 

pharmaceutical residues in the tissues of wild biota is increasingly important to bridge these gaps in 

knowledge (Brooks et al., 2009; Miller et al., 2018).  More information about the occurrence of 

pharmaceuticals in wildlife, particularly at higher trophic levels, would also help to assess potential human 

health risks associated with these compounds. 

1.3 Pharmaceutical residues in wildlife   

Brooks et al. (2009) suggest that determining internal concentrations of pharmaceuticals in biota may be 

more informative than surface water information.  Several recent studies have determined a variety of 

pharmaceuticals in wild fish from diverse geographical locations.  A summary of concentrations of 

pharmaceutical residues reported in free-living biota is presented in Table 1.1.  The concentrations 

reported in fish in USA and Europe are generally very low, commonly below 10 ng g 
-1

 (Huerta et al., 2018), 

but some studies have reported residues of a few pharmaceuticals in relatively high concentrations in 

wild fish near wastewater treatment facilities.  Levels of some pharmaceutical residues were higher in fish 

tissues compared with corresponding water and sediment concentrations, suggesting that 

bioaccumulation is taking place (Schultz et al., 2010).  Effluent-dominated rivers and streams are likely 

worse case scenarios for investigating environmental exposures to pharmaceutical residues (Ramirez et 

al., 2007).  As research into pharmaceutical residues in free-living biota has been dominated by sampling 

from sites located near wastewater treatment facilities and urbanised areas, concentrations in wildlife 

inhabiting aquatic environments further from these point sources are less well characterized.  More 

information concerning these concentrations would be valuable.        

 



 

 

Table 1.1 Concentrations of pharmaceutical residues (ng g-1) reported in free-living aquatic biota in studies published between 2005 and 2019 

Sample type Target compound(s) Sample preparation/analytical 

method 

Concentration  

(ng g-1) 

Location Reference 

Fish (brain, liver, muscle) 4 pharmaceuticals / metabolites 
(fluoxetine, norfluoxetine, sertraline, 
desmethylsertraline) 

SPE and GC-MS  1.58 - 15.6 (WW) 

ND in reference 
samples 

Effluent-dominated 
stream and reference 
stream, Texas, USA 

Brooks et al., 
(2005) 

Fish (composite) 25 pharmaceuticals / metabolites Rotary extraction / centrifugation 
and LC-MS/MS 

ND – 5.14 (WW)  Effluent-dominated 
stream, Texas, USA 

Ramirez et al., 
(2007) 

Fish (muscle) 5 pharmaceuticals / metabolites 
(carbamazepine, fluoxetine, 
norfluoxetine, diltiazem, 
diphenhydramine) 

SPME and HPLC-MS/MS ND -  81.63 (WW) 

ND in reference 
samples 

Two rivers adjacent to 
WWTPs and reference 
river, Ontario, Canada 

Zhou et al., 
(2008) 

Fish (liver, composite) 24 pharmaceuticals / metabolites Sonication / centrifugation and 

HPLC-MS/MS  

ND – 545 (WW) 

ND in reference 
samples 

Five effluent-
dominated rivers and 
reference river, USA 

Ramirez et al., 
(2009) 

Fish (liver) 3 pharmaceuticals  

(carbamazepine, diazepam, 
simvastatin) 

LE and LC-MS/MS ND – 110 (WW) Near ocean discharges 
of WWTPs, California, 
USA 

Kwon et al., 
(2009) 

Fish (brain) 10 pharmaceuticals  

(antidepressants)  

Sonication / centrifugation and  

LC-MS/MS  

ND – 28.9 (WW) Two wastewater-
impacted streams, 
USA 

Schultz et al., 
(2010) 

Eurasian otters (hair) 2 pharmaceuticals  

(Ibuprofen and diclofenac) 

Sonication, LE and GC-MS Qualitative detection 
only 

Waterways in six 
counties, England  

Richards et al., 
(2011) 



 

 

 

Fish, turtles, crabs, lobsters, 

shrimps and birds (muscle / 

composite) 

22 pharmaceuticals / 

metabolites 

ASE, SPE and HPLC-ESI MS/MS ND –  

267 (DW) 

Polluted freshwater 

 Baiyangdian Lake, 

China 

Li et al., (2013) 

Fish (blood) 9 pharmaceuticals / metabolites LE and LC-MS/MS ND – 4.08 (WW) 

ND in reference 
samples 

Wastewater-impacted 
river and reference 
estuary, Florida, USA 

Gelsleichter 
and Szabo, 
(2013) 

Fish (bile)  23 pharmaceuticals / 
metabolites 

SPE and LC-MS/MS ND – 148 (WW) Effluent-impacted 
lake, Finland 

Brozinski et al., 
(2014) 

Fish and crustacean (muscle) 19 pharmaceuitcals 

(antibiotics) 

USE, SPE and HPLC-MS/MS ND – 1653.17 

(DW) 

Polluted Liao River 
Basin, China 

Bai et al., 
(2014) 

Fish (bile, plasma, liver, 
muscle) 

26 pharmaceuitcals 

(antibiotics) 

USE, SPE and UPLC-MS/MS ND – 567 (WW) 

 

Highly urbanised 
region of Pearl River 
Delta, China 

Zhao et al., 
(2016)   

Fish (plasma) 3 pharmaceuticals  

(gemfibrozil, diltiazem, 
diphenhydramine)  

SPE and LC-MS/MS ND – 42.73 (WW) Urban coastal 
systems, Texas, USA 

(Scott et al., 
2016) 

Fish (composite) ~100 pharmaceuticals / 
metabolites 

Extraction not specified. LC-
MS/MS 

ND –28 (WW) 

ND in reference 
samples 

Two effluent-impacted 
estuaries and 
reference estuary, 
Washington, USA 

Meador et al., 
(2016)  

Fish (composite) 22 pharmaceuticals / 
metabolites 

ASE, GPC and HPLC-MS/MS ND – 163 

(DW) 

Polluted Suquía River 
basin, Argentina 

Valdés et al., 
(2016) 

Fish (composite) 20 pharmaceuticals ASE, GPC and UHPLC-MS/MS ND – 37.5 (DW) 25 urban rivers 
downstream from 
WWTPs, USA 

Huerta et al., 
(2018)   

ND = Not detected; LOQ = Limit of quantification DW = dry weight, WW = wet weight 



 

 

1.4 The potential risk pharmaceutical residues pose to otters  
Owing to their diet, ecology and physiology, Eurasian otters (Lutra lutra; Figure 1.1) present an interesting 

opportunity for investigating the potential bioaccumulation and biomagnification of pharmaceuticals in 

the environment.  These predatory, riparian mammals reside in a wide variety of aquatic habitats, from 

lakes and rivers to marshes and coastal areas (Ruiz-Olmo and Palazón, 1997).  Otters are ideal sentinel 

animals in which to study effects of environmental change, as they are considered to be a 'bioindicator' 

species, responding early to environmental disruption (Adámek et al., 2003).  Characterisation of the otter 

exposome would improve our understanding of causal relationships between environmental pollutants 

and effects.  Findings may be used to make extrapolations to other wild mammals and other fish-eating 

predators (Ruiz-Olmo and Palazón, 1997). 

 

During the 1950s and 1960s, the number and distribution of otters was dramatically reduced throughout 

Europe.  It is widely accepted that this was caused by widespread contamination of aquatic ecosystems 

with pollutants including organochlorine pesticides (OCPs) such as polychlorinated biphenyls (PCBs) 

(Adámek et al., 2003), highlighting the vulnerability of otters to chemical pollutants.  Fortunately, otter 

populations have increased in most European countries following implementation of legislation 

controlling the manufacture and disposal of PCBs.  

 



 

 

 

Figure 1.1 Eurasian otter (Lutra lutra) eating a salmonid.  Note adaptations to piscivorous diet and 
aquatic lifestyle, including webbed feet, sharp claws, small, levelled ears and nose (that close during 
dives) and waterproof fur 

 

  

 



 

 

Otters may be indirect consumers of pharmaceutical residues via their diet.  Eurasian otters consume 

around 15-20% of their body weight each day (Cunningham et al., 2002) and fish are the predominant 

prey, constituting up to 80% of their dietary intake (Murray-Smith et al., 2012).  Otters generally ingest 

the flesh and viscera of fishes (2011), potentially exposing them to chemicals that bioaccumulate in parts 

of the fish that might normally be discarded by humans.  Owing to their high fish consumption, (Carss et 

al., 1990) used otters as a model species for fish-eating predators in a risk-based statistical modelling 

study, to ascertain recommended maximum short-term and long-term concentrations of an active 

pharmaceutical ingredient in aquatic environments that receive pharmaceutical manufacturing effluents.  

The potential primary route of transmission of pharmaceutical residues into otters is illustrated in Figure 

1.2.   

 

 

Figure 1.2 Potential route of transmission of pharmaceutical residues into otters, via human 
consumption and subsequent excretion into wastewater treatment plants (WWTPs), discharge of 
effluent into receiving waters, where they may be consumed by fish that are eventually predated upon 
by otters  

 

To my knowledge, only one published study has analysed otter samples for pharmaceutical residues.  

Richards et al. (2011) qualitatively analysed hair samples from Eurasian otters for the presence of 

ibuprofen and diclofenac.  Of the 28 hair samples analysed, residues were detected from diclofenac in 

five samples and from ibuprofen in two samples.  Unfortunately, the concentrations were not quantified 

and the methods used in the study were not validated.  Further research is therefore required to further 

our understanding of the potential risk that pharmaceutical residues might pose to otters.   

 

Most studies that have determined pharmaceutical residues in aquatic biota have focused on urban areas 

and point sources, such as waters near sewage treatment plants.  Some fish travel long distances, 



 

 

providing opportunities for the distribution of pollutants, including pharmaceutical residues, over wide 

geographical areas including remote regions.  Salmon, for instance, migrate hundreds of miles between 

saltwater and freshwater to breed.  There is some evidence to suggest that otters actively seek out 

spawning salmon (Miller et al., 2018; Comerton et al., 2009), potentially placing them at risk from 

contaminants that they might not otherwise encounter.   

1.5 Methods used to determine pharmaceutical residues in 
biological samples  
It is likely that pharmaceuticals have been present in the environment since their use began, and that 

their recent detection in environmental matrices is a result of advances in analytical technology 

(Runnqvist et al., 2010).  At the same time as analytical techniques improved, environmental 

concentrations may also have risen due to increased pharmaceutical consumption.  Significant advances 

in analytical technology over the last two decades have improved our ability to separate, detect and 

quantify lower concentrations of pharmaceutical residues.  A number of methods have been used to 

determine environmentally relevant concentrations of pharmaceutical residues in solid and aqueous 

samples, but this review focuses on techniques that have been applied to biological samples.   

 

High polarity and charge are problematic characteristics in the analysis of micropollutants, particularly 

from biota given the large number of matrix constituents with similar properties (Knoll et al., 2020).  It is 

inherently challenging to extract pharmaceuticals from complex biological matrices that are rich in 

phospholipids, proteins and other endogenous components (Álvarez-Ruiz and Pico, 2020).  This may 

partially explain why far fewer studies have investigated pharmaceutical residues in biota compared with 

in abiotic samples (Huerta et al., 2013).  Even a very small amount of lipids in the final extracts can damage 

analytical instruments and compromise the quality of the results.  Effective sample preparation that 

mitigates matrix effects is therefore critical for maintaining instrument performance and obtaining 

accurate quantitative results, although a compromise between purity of sample extracts and recovery of 

target analytes is inevitable (Álvarez-Ruiz and Pico, 2020).  Numerous methods have been developed to 

determine environmentally-relevant concentrations of pharmaceutical residues in solid and aqueous 

biological samples.  These methods generally share the same fundamental approach, involving collection 

of the biological sample, pre-treatment and extraction of the target compound(s), subsequent ‘clean-up’ 

or purification of the extract if required and concentration of the final extract to enable highly sensitive 

separation and detection (Álvarez-Ruiz and Pico, 2020).  Figure 1.3 illustrates a simplified workflow 

showing the common stages of sample preparation and analysis of biological samples for pharmaceutical 

determination.   

 



 

 

 

Figure 1.3 Workflow showing the common stages of sample preparation and analysis of 
pharmaceuticals in biological matrices 

1.5.1 Sample preparation 

1.5.1.1 Sample collection and pre-treatment 
Biological samples include blood, bile, hair, tissues, faeces etc. and their collection differs accordingly.  

Some matrices, such as blood, feathers and hair permit non-lethal determination of pharmaceutical 

residues in wildlife.  Before extraction can take place, various pre-treatment steps are usually applied to 

biological samples.  Depending on the type of matrix, these may include deboning, de-shelling, dissecting 

and / or homogenising of samples.  Homogenisation ensures the uniform distribution of the compounds 

in the sample, which is particularly important if the sample includes the whole body of the species as 

some compounds may selectively accumulate in some tissues (Peña-Herrera et al., 2019).  As water in the 

matrix may reduce extraction efficiency, samples that contain a high proportion of water may be dried 

then ground to a powder and sieved, to ensure they are finely comminuted.  This is important as it reduces 

the diffusion distances of compounds from the sample to the extraction solvent (Wilkinson et al., 2018).  

Removal of water from samples also provides results that are impervious to variance in the proportion of 

water in different sample types.   

 

1.5.1.2 Extraction of pharmaceuticals from biological samples 
A variety of methods have been developed for isolating pharmaceutical residues from biological matrices, 

and these are summarised in Table 1.2.  Most extraction techniques exploit chemical differences between 

the target compounds and unwanted matrix components, but some methods are based on physical 

differences between them.  For multi-residue methods, it may be necessary for successive extractions to 

be carried out on the same sample using several different solvents to extract compounds with varying 

polarities.   



 

 

Table 1.2: Summary of extraction methods commonly applied to biological samples for pharmaceutical residue determination 

Extraction method Summary of procedure Advantages Disadvantages 

Liquid-liquid extraction (LLE)  Manual separation of analytes in 
liquid sample based on their 
variable solubility in two 
immiscible liquid solvents. 

Extensively used for extraction of 
pharmaceuticals from biological matrices. 

Highly selective.  Relatively inexpensive. 

Inorganic salts are easily removed. Method 
development time is usually short. 

Less efficient for highly polar compounds. 

May be unsuitable for ultra-trace determinations. 

Formation of emulsions that lead to quantitative 
problems is very common problem. 

Time-consuming. Difficult to automate. 

Uses large volumes of organic solvents that are 
frequently environmentally unsafe.  

Solid liquid extraction (SLE) As LLE except solute is dispersed 
in a solid matrix.  Target analytes 
are extracted from solid phase 
to a solvent.  Solid phase is then 
removed by filtration. 

Extensively used for extraction of 
pharmaceuticals from biological matrices. 

Acceptable recoveries of target compounds. 

Laborious and time consuming.  

Uses significant solvent quantities. 

High energy and water consumption.   

May be less efficient than newer techniques. 

Accelerated solvent extraction 
(ASE) 

Instrumental extraction 
technique that uses elevated 
temperature and pressure 
conditions to separate 
compounds from solid and 
semisolid matrices.  

Fast.   Potential for automation. 

Increasingly used for extraction of 
pharmaceuticals from biological matrices. 

Higher recoveries compared with QuEChERS 
(Souverain et al., 2004) 

Elevated extraction temperature can lead to 
degradation of compounds. 

Significant amount of co-extractives. 

Post-extraction clean-up is usually necessary. 

Relatively high initial outlay expense. 

Requires longer extraction times than QuEChERS 
(Tang and Weng, 2013)  

 



 

 

Ultrasonic extraction (USE) Uses high frequency pulses to 
produce cavitational bubbles.  
The mechanical effects of 
ultrasound-induced cavitation 
improve the mass transfer 
between target compounds and 
solvent so that the compounds 
are transferred into the solvent. 

Extensively used for extraction of 
pharmaceuticals from biological matrices. 

Higher recoveries compared with MAE and SLE 
(Pastor-Belda et al., 2020). 

Time-consuming. 

Slower, more difficult to use and higher solvent 
consumption than QuEChERS (Gezahegn et al., 2019).  

Microwave-assisted extraction 
(MAE) 

Microwave energy used to heat 
solvent in contact with the 
sample, to partition target 
compounds from the sample 
matrix into the solvent. 

Fast extraction times.  

High sample throughput as several samples can 
be extracted simultaneously. 

Limited solvent choice.  

Care must be taken not to overheat the sample. 

Significant amount of co-extractives. 

Post-extraction clean-up is usually necessary. 

Lower recoveries compared with USE (Runnqvist et 
al., 2010). 

Solid phase extraction (SPE) Based on partition of the target 
compound from the sample 
matrix into a suitable polymeric 
stationary phase, until 
equilibrium is reached.   

Used extensively for extraction of 
pharmaceuticals from biological matrices. 

Can also be used as an extract purification 
method.   

Usually used for liquid samples but can be used 
with solids that are pre-extracted into solvents. 

Flexible.  Potential for automation. 

Highly selective and sensitive. 

Recoveries and reproducibility usually high. 

Time-consuming and laborious. 

Method development can take a long time, especially 
for multi-residue methods.  One sorbent may not 
provide sufficient recovery of all relevant compounds. 

Relatively costly and complex. 

Requires large amounts of solvent. 

Usually requires transferring sample into various 
vessels, which can lead to loss of target analytes. 

 



 

 

Solid Phase Microextraction 
(SPME) 

Adaption of conventional SPE.  
Stationary phase is usually 
coated onto fused silica fibers. 
Compounds in sample adsorb 
onto fiber according to their 
affinity for stationary phase. 

Has been used for extraction of pharmaceuticals 
from variety of biological matrices. 

Integrates sampling and extraction into single 
step, reduced analyte loss. 

Simple, inexpensive, does not require large 
sample size. 

High-throughput performance and potential for 
automation. 

Solvent free, environmentally-friendly. 

Can be used to monitor contaminants in biota, in 
vivo, eliminating need for lethal sampling. 

Very slow process that can take several days. 

Poor recoveries of target compounds. Extraction 
efficiency may be affected by environmental factors 
such as pH, salt content, biological molecules, organic 
matter and temperature. 

Lower detection of target compounds compared with 
SLE. 

Not an exhaustive extraction method, and typically 
measures only the free or bio-available fraction in the 
sample matrix. 

Pre-equilibrium SPME needs to be calibrated by fiber-
loaded isotope surrogates, which are not always 
available. 

 Quick, Easy, Cheap, Effective, 
Rugged and Safe (QuEChERS) 

Sample is extracted with organic 
solvent.  Salts added to induce 
phase separation.  

Target compounds partition into 
organic phase and matrix co-
extractives into aqueous phase 
(based on polarity).  

Highly selective, sensitive and specific. 

Suitable for broad-scope screening of  wide 
range of polarity compounds. 

Concentration steps are not required. 

Samples extracted using QuEChERS with ACN 
can be concurrently injected into both GC and 
LC. 

Streamlined and easy to use. Potential for 
automation. 

Does not require a large sample size. 

Relatively inexpensive and environmentally-
friendly. 

Significant amount of co-extractives. 

Post-extraction clean-up is usually necessary. 

Suitable recovery rates are not always achieved for all 
compounds. 



 

 

Protein precipitation (PPT) Addition of organic solvent to 
sample leads to change in pH or 
hydrophobicity, which disrupts 
intramolecular interactions and 
causes proteins to denature, 
aggregate and fall out of 
solution. 

Simple, streamlined operational procedure 

Combines clean-up and preconcentration in a  
single step, means minimal loss of sample due to 
few or no transfers. 

Extracts can be directly injected into LC-MS/MS. 

Fast extraction times, high throughput.  

Flexible- can be applied to a wide range of 
analytes and matrices. 

Ease of automation.   

Inexpensive reagents. 

Has been applied to extraction of 
pharmaceuticals from plasma (Huerta et al., 
2013) 

Potential co-elution of endogenous material.  

Variable selectivity and analyte recovery. 

 

 



 

 

Salt-assisted liquid-liquid 
extraction (SALLE) 

Addition of salt to induce 
separation of a water-miscible 
solvent from aqueous solution. 

 Target compounds partition 
into organic phase and matrix 
co-extractives into aqueous 
phase (based on polarity). 

Fast extraction times, streamlined and easy to 
use. 

Simple operational procedure without need for 
lengthy evaporation or reconstitution steps.  

Potential for miniaturisation. Ease of 
automation. 

Low volume of solvent required.  

Good recoveries of target analytes- subsequent 
sample clean-up not usually required. 

Flexible- can be applied to a wide range of 
analytes and matrices. 

Has been applied to extraction of 
pharmaceuticals from biological matrices. 

More cost-efficient and environmentally-friendly 
than LE or SPE (Álvarez-Ruiz and Picó, 2020). 

Better recoveries of target analytes compared 
with MAE and UAE (Huerta et al., 2013) 

Detection limit may be higher and sensitivity may be 
lower than QUEChERS and SPE methods (Miller et al., 
2018). 



 

 

1.5.1.3 Purification and concentration of extracts 
Some methods / solvents co-extract a large proportion of interfering matrix constituents, which may make 

injection into the chromatographic system impossible (Álvarez-Ruiz and Pico, 2020).  Further subsequent 

purification of the aqueous extract is frequently required to remove some of these co-extractives.  Fat 

removal was identified as one of the primary challenges when determining pharmaceuticals in biota 

samples (reviewed by Ruff et al. in 2015).  Various methods have been developed for the clean-up of fatty 

sample extracts and applied to the analysis of pharmaceutical residues in biological samples.  The most 

commonly used purification methods are evaluated in Table 1.3.  Multiple purification methods can be 

applied to the same extract, but this results in longer, more complicated sample preparation steps. 

 

Following clean-up of the final extract, the solvent is usually reduced, via evaporation, in order to 

concentrate the final extract.  A balance must be reached between concentrating the extract sufficiently 

for the target compounds to be detected on the analytical instrument whilst limiting the impurities within 

the extract. 



 

 

Table 1.3 Summary of purification methods commonly applied to biological samples for pharmaceutical residue determination 

Purification method Summary of procedure Advantages Disadvantages 

Size exclusion chromatography (SEC) /  gel 

permeation chromatography (GPC) 

Physical partitioning of sample 

components according to size.  Sample is 

dissolved in liquid mobile phase and 

passed through column packed with 

microporous beads of varying sizes.  Small 

compounds (e.g. pharmaceuticals) interact 

with beads for longer so elute later than 

larger compounds (e.g. lipids).  Fractions 

containing lipids can be discarded.  

Potential for automation. 

Can be performed using a wide range of 

solvents.  Huerta et al. 

(Ruff et al., 2015) obtained recoveries 

>50% for most target compounds. 

Laborious and time-consuming.  

Method development can take a long 

time.  

Uses large volumes of organic solvents 

that are frequently environmentally 

unsafe.  

Relatively high initial outlay expense. 

Significant loss of target compounds. 

Solid phase extraction (SPE) Partitioning of compounds between two 

phases of solid and liquid.  Compounds 

retained on the solid phase can be 

removed by eluting solvent with a greater 

affinity for the analytes. 

Commonly used for extract purification. 

Can also be used as an extraction method.  

Suitable for multi residue extraction 

procedures. 

Suitable for many sample types. 

Potential for automation. 

Significant loss of target compounds. 

Overall inferior compared with Gel 

Permeation Chromatography (GPC) as a 

clean-up technique (Álvarez-Ruiz and Picó, 

2020) 

Liquid-liquid partitioning Manual separation of lipids and target 

analytes in liquid sample based on their 

variable solubility in two immiscible liquid 

solvents.  

Simple, relatively inexpensive. 

 

Efficiency depends on previous extraction 

method and target compounds.  Trade-off 

between lipid removal and analyte 

recovery  generally required (Álvarez-Ruiz 

and Picó, 2020) 

 

  



 

 

Filtration Various manual filtration devices, 
including syringe filters,  

Fast, simple, relatively inexpensive. May be insufficient for very lipid-rich 
extracts. 

Significant loss of target compounds. 

Specialist delipidation products (e.g. 

Captiva ND Lipid™, Phenomenex Phree™ 

and Oasis PRiME Hydrophilic-Lipophilic 

Balanced (HLB)™) 

Some use protein precipitation and 

subsequent filtration through stationary 

phase sorbent.  

Some use combination of size exclusion 

and hydrophobic interactions. 

Highly selective for phospholipid binding 

and protein depletion. 

Fast, simplee, relatively inexpensive. 

Most are designed for use with biofluid 

samples, but have also been applied to 

other biological matrices. 

Potential for high throughput. 

Do not require large sample sizes or large 

volumes of solvent. 

Single method may be used for acidic, 

basic and neutral compounds. 

Significant loss of target compounds. 

For complex matrices, additional phases 

may be needed to achieve desired 

selectivity. 

Limited sample volume. 

Low recovery of target compounds. 

May be more suited to the recovery of 

polar compounds, as hydrophobic 

compounds may be retained on the 

stationary phase.   

Temperature reduction Facilitates solidification and subsequent 

removal of lipids from the extract (which 

remains liquid). 

Simple, relatively inexpensive. 

 

May be insufficient for very lipid-rich 

extracts. 

Centrifugation  Facilitates separation of the different 

layers of the extract to permit removal of 

the lipid layer. 

Fast, simple, relatively inexpensive. 

 

May be insufficient for very lipid-rich 

extracts. 



 

 

1.5.2 Sample analysis 
Separation and detection of target pharmaceuticals in environmental matrices are usually performed 

using gas chromatography (GC) or liquid-chromatography (LC), typically in tandem with mass 

spectrometry (MS), which can be performed in MS/MS mode using two mass analysers.  Triple quadrupole 

mass spectrometry (TQMS) is a tandem mass spectrometer that is very commonly applied.  Both GC-MS 

and LC-MS have high sensitivity and suitability for qualitative and quantitative analysis (Álvarez-Ruiz and 

Picó, 2020).  Methods using GC-MS have mainly been used to detect semi-volatile, thermostable and 

relatively non-polar organic contaminants in biological samples, unless derivatization of non-volatile 

compounds is performed.  Methods using LC-MS increase the analytical spectrum to include more semi-

polar and polar substances (Álvarez-Ruiz and Picó, 2020).  Ultra-high-performance liquid chromatography 

(UHPLC) is increasingly being applied to the analysis of pharmaceuticals in the environment.  Analysis time 

is shorter, uses less solvent and has better resolution than classic LC-MS/MS, but is more expensive and 

requires specialist equipment to support the high pressures (Álvarez-Ruiz and Picó, 2020).  Of the 16 

studies identified in Table 1.1 as having determined pharmaceutical residues in free-living biota, only two 

used GC-MS.  Twelve used LC-MS/MS and two used UHPLC-MS/MS.   

 

Non-targeted screening of biota samples for unknown or unexpected compounds usually requires the use 

of high resolution tandem mass spectrometry (HMRS), generally coupled to LC, and mass spectral 

databases.  The quadrupole time of flight (q-TOF) and the quadrupole orbitrap (QOrbitrap) are the two 

most prevalent mass spectrometers.  Although the mass resolution of orbitrap is higher, q-TOF can detect 

a higher number of compounds and the data acquisition rate is faster, resulting in shorter cycle times 

(Álvarez-Ruiz and Picó, 2020).  

 

Advances in analytical techniques and instruments with increasingly high resolution have the capacity to 

determine very low concentrations of chemical contaminants, even in complex biological matrices.  

Application of these methods to otters will help characterize the otter exposome and increase our 

understanding of the environmental fate of pharmaceuticals and other chemical contaminants in aquatic 

biota.   

1.6 Aims, objectives and thesis outline  
The overall aim of the work presented in this thesis was to assess the risks that pharmaceutical residues 

pose to Eurasian otters.   

 

The key objectives of this thesis to meet this aim were: 



 

 

1. Perform a critical literature review to facilitate the development of appropriate analytical 

methods (Chapter 1). 

2. Develop an analytical method capable of determining lipids in otter tissues as accurately and 

reliably as possible (Chapter 3).  

3. Develop rapid, targeted analytical screening methods capable of determining a suite of 

individual pharmaceutical residues in otter blood and bile (Chapter 4).  

4. Apply the targeted analytical screening methods to determine the concentrations of 

pharmaceutical residues in the blood (n = 15) and bile (n = 17) of free-living Eurasian otters from Sweden 

(Chapter 4). 

5. Apply non-targeted analytical methods to determine other potential organic pollutants and 

metabolites in the blood of 15 free-living Eurasian otters from Sweden (Chapter 5). 

6. Summarise the findings of the research undertaken and provide a short discussion regarding 

the achievements, limitations, and future directions of the determination of pharmaceuticals in otters 

(Chapter 6).   

 

 

 

In order to present the results associated with the stated aims and objectives this thesis is presented in 

the following format: 

 

 

 



 

 

2 GENERAL MATERIALS AND 
METHODS  

CHAPTER OVERVIEW 
This chapter provides information about the collection, preservation and characterisation of biological 

samples utilised in this study.  It also discusses the selection of sample preparation techniques, target 

analytes and analytical methodologies employed throughout this thesis.    

2.1 Sample collection and preservation  

2.1.1 Study site 
Otter samples were collected on an opportunistic basis from various locations in Sweden.  As part of a 

national surveillance programme, otter carcasses that are found and reported by members of the public 

are collected by the Swedish Environmental Protection Agency (SEPA) and delivered to The Swedish 

Museum of Natural History (SMNH), Stockholm where they undergo post mortem examination.  The 

locations where the carcasses were collected are presented in Figures 2.1 and 2.2.   

 

Five otters were found in urban areas and the remainder were found in semi-rural (within ~ 10km of a 

town / industrial site) or rural locations.  Rural locations were dominated by forests and fields.  Figures 

2.3 and 2.4 show representative examples of urban and rural locations, respectively.  An area of 

approximately 25km around the point where each otter was found dead was searched using Google Earth 

Pro (Version 7.3) for the presence of large industrial estates, hospitals, wastewater treatment plants, 

farms and other potential sources of chemical pollutants.  This area size was selected as it is a conservative 

estimate of the maximum home range size of a Eurasian otter (Erlinge, 1967; Ó Néill et al., 2009). 



 

 

 

Figure 2.1 Map of Sweden, showing the locations from where otter samples were collected.  Gender 
and age class are also shown.  Two otters (an adult female and a juvenile female) have been excluded 
from this map due to lack of geographical data 

 

Figure 2.2 Satellite image of Sweden, showing the locations from where otter samples were collected.  
Gender (circle = females, squares = males) and age class (red = adult, blue = subadult, orange = 
unknown) are also shown).  Two otters (an adult female and a juvenile female) have been excluded 
from this map due to lack of geographical data 



 

 

 

Figure 2.3 Satellite image of Sweden showing a representative example of an urban location from where 
otter samples were collected 

 

Figure 2.4 Satellite image of Sweden showing a representative example of a rural location, dominated 
by forests/fields, from where otter samples were collected 



 

 

2.1.2 Otter samples  
Biological samples from 31 Eurasian otters were included in this research.  For Chapter 3, liver, brain and 

muscle tissue samples from Eurasian otters (n = 4) were included.  All these samples were derived from 

adult or subadult male otters.  For Chapter 4, otter blood (n = 15) and bile (n = 17) samples were included.  

In all but one case the blood and bile samples were derived from different individual otters.  Chapter 5 

utilised the same blood samples (n = 15) as in Chapter 4.  All of these samples originated from existing 

tissue sample archives, held at SMNH.  All otters included in this study were collected and sampled 

between 2011 and 2019.   

During the necropsy, otters were sexed and aged (Figure 2.2).  An upper canine tooth was extracted and 

used to ascertain the age class of each individual otter using microscopic analysis of the tooth’s cementum 

annuli.  Otters were subsequently categorized as juvenile (<1 year), subadult (1-2 years) or adult (>2 

years).  In this study, 17 otters were male and 14 were female.  Of these, one was a juvenile, nine were 

subadults, 20 were adults and the age class of one otter was unknown.  Indicators of reproductive activity 

were also assessed.  Baculum length was measured in male otters and for female otters, presence and 

number of embryos and of placental scars in the uterine horns were noted (Togunde et al., 2012).  

Establishment of primary cause of death was based on overall condition, lesions, injuries, evidence of 

infections and nutritional status.  Of the otters included in this study, 22 were killed in a road traffic 

accident (RTA), 6 were found entangled in crayfish traps or fyke nets, one was shot and the cause of 

mortality of two otters is unknown.    

During the necropsy, biological samples are collected to be used for research purposes, including 

monitoring aquatic contamination and other potential threats to otters.  The physical condition of the 

otters available for research purposes varies, and as such the availability of specific sample types also 

varies.  For examples, the volume of bile present in the gall bladder partly depends upon the feeding 

status of the otter at the time of death, as the contents of the gall bladder are emptied into the intestine 

soon after feeding.  Metabolism and biliary excretion may also vary between individuals.  Owing to such 

interindividual physiological variation, it is not always possible to collect every sample type from all otters 

examined.  Otter liver, brain, muscle, blood and bile samples were utilised in this study.  Tissue samples 

were excised from the otters during necropsy, wrapped in aluminium foil and placed in zip lock bags.  

Where possible, approximately 5-25 mL blood was collected from each otter using a syringe, stored in 

glass vials and placed in zip lock bags.  Similarly, if available, bile was collected directly from the gall 

bladder, using a syringe, stored in glass vials and placed in zip lock bags.  All samples were deep frozen 

until transportation.  Samples were shipped on dry ice by overnight courier service to the designated 

sample preparation laboratory.  Upon receipt, samples were catalogued and stored at -80°C until 

preparation for analysis.   



 

 

2.1.3 Method development samples  
The method for lipid determination (Chapter 3) was validated using pure vegetable oil as a surrogate for 

otter tissue.  This matrix was chosen because the true lipid content of the otter samples was unknown, 

whereas the lipid content of the oil was presumed to be 100%.  Pure vegetable oil was obtained from Spar 

Food Distributors Ltd. (Harrow, UK) and stored at room temperature until preparation.  

 

Due to the low volume of otter blood and bile available from wild otters, as well as the unavailability of 

‘clean’ otter reference material, canine blood and bile samples were used in lieu of otter samples during 

the development of methods for determining pharmaceuticals in otter blood and bile (Chapter 4).  Dogs, 

being carnivorous mammals, were believed to be the most appropriate surrogate available.  Canine blood 

samples were obtained from Pet Blood Bank (Loughborough, UK).  The blood was extracted from live dogs 

during routine blood collection.  Approximately 20 mL blood was collected from each individual and this 

blood was pooled.  Canine bile samples were obtained from The Royal Veterinary College (Hatfield, UK).  

The bile was extracted from deceased dogs during post mortem examination.  Approximately 400 mL bile 

was pooled from several individuals, stored in glass vials and placed in zip lock bags.  For both blood and 

bile samples, the medical history of the individuals was known to the veterinarians and pathologists 

collecting the samples and were therefore believed to be free of the target analytes.  This was 

subsequently verified through the analysis of blank samples.  All canine blood and bile samples were 

stored in plastic tubes and placed in zip lock bags and were deep frozen until transportation.  Samples 

were shipped on dry ice by overnight courier service to the designated sample preparation laboratory.  

Upon receipt, samples were catalogued and stored at -80°C until preparation for analysis.  

 



 

 

 

Figure 2.5 Photograph showing the post mortem examination of an otter taking place at The Swedish 
Museum of Natural History (SMNH), Stockholm.  The primary objective of the necropsy is to establish 
cause of death, but biological samples are also collected to be used for research purposes 

2.2 Thesis structure  
The experimental section of the thesis is composed of three parts.  In Chapter 3, a method was developed 

for quantifying lipid content in otter tissue samples.  In Chapter 4 targeted screening methods were 

developed for the determination of multi-residue pharmaceuticals in otters.  The methods were 

subsequently applied to the blood and bile of wild otters.  In Chapter 5, non-targeted screening methods 

were used to determine anthropogenic chemical contaminants in the blood of wild otters.   

2.3 Lipid analysis  
Contaminant residue levels are frequently normalised by lipid content, but this requires appropriate 

methods to ensure exhaustive and reliable extraction of lipids from biological samples.  Although several 

methods have been published for determining lipid content in biological samples, there are disadvantages 

to many of the methods, particularly when applied to lipid-rich samples.  In Chapter 3 currently available 

methodologies were critically evaluated and the most promising methods for determining lipid content 

in biota were selected for the basis of the development of a rapid, simple, and reliable method for 

determining lipid content in otter tissues.  A systematic experimental study was conducted, using a variety 

of solvents and several tissue types, with the goal of identifying the most accurate and precise recoveries 



 

 

of total lipids from otter tissue samples.  The development of a method that efficiently extracts total lipids 

from lipid-rich biological samples will be a valuable addition to the tools currently available.   

2.3.1 Selection of sample matrices for lipid analysis 
For Chapter 3, liver, muscle and brain tissue samples were included.  These matrices were selected for 

investigation because the metabolic patterns and lipid contents differ depending upon the tissue type, 

presenting the opportunity for evaluation of methods for determining lipid content in tissues containing 

a variety of lipid concentrations.    

2.4 Targeted pharmaceutical screening  
Pharmaceutical residues have been determined in free-living fish form many parts of the world (Chapter 

1, Table 1.1).  However, very few studies have been carried out to determine pharmaceutical residues in 

mammalian apex predators, and it is likely that this is partly due to the challenges presented when trying 

to measure compounds that are present in very low concentrations in very complex biological matrices.  

In Chapter 4, rapid, reliable, targeted screening methods for the determination of a suite of 

pharmaceuticals from otters will be developed.  These assays will enable the initial screening of 

pharmaceutical residues in otters, which will ultimately improve our understanding of the environmental 

fate of these chemicals.  The methods will be applied to a number of wild otters to determine the 

concentrations of these compounds and increase our knowledge regarding the risk posed by these 

chemicals to free-living otters.   

2.4.1 Selection of sample matrices for targeted pharmaceutical screening 
Blood and bile samples were included in Chapter 4.  Blood was selected because many pharmaceuticals 

have a low Kow and so are easily dissolved in aqueous liquids such as blood (Álvarez-Ruiz and Picó, 2020).  

Data on blood concentrations in wildlife also provides the possibility to make direct comparisons with the 

corresponding human therapeutic plasma concentrations available for most drugs (Cerveny et al., 2021).  

Moreover, the development of sampling strategies such as the analysis of blood samples means that non-

lethal investigations into pharmaceutical signatures in animals can be conducted.   

 

Bile was also selected because, due to its lipid content, this matrix is capable of accumulating lipophilic 

compounds and many chemical contaminants bioconcentrate in the bile prior to excretion (Brozinski et 

al., 2013).  Bile is a fluid that is produced by the liver and stored in the gall bladder.  It is emptied into the 

duodenum, via the common bile duct, to aid digestion after feeding.  Therefore, the compounds in the 

bile represent the exposure that the animal was subjected to during the few days prior to the bile being 

extracted.  The liver is the primary site of biotransformation in mammals, and the formed metabolites are 

also released to the intestine with the bile.  Laboratory and field studies suggest that the concentration 

of pharmaceuticals and their metabolites in bile are several orders of magnitude higher than the 



 

 

corresponding concentrations of the parent pharmaceutical in plasma (Togunde et al., 2012).  

Furthermore, although bile is a complex biological matrix and bile analysis can be challenging (Togunde 

et al., 2012), extraction procedures for liquid matrices are usually simpler and include fewer steps than 

solid matrices (Álvarez-Ruiz and Picó, 2020), and priority was placed on developing expeditious methods. 

 

The normal pH range of canine whole blood is 7.35 – 7.45 (Edwards et al., 2021).  The normal pH value of 

human bile is of gallbladder bile is 7.5 (Molinero et al., 2019).  Because of the similarities in these values, 

the stability and fate of the target analytes was not expected to be affected differentially in these 

matrices.   

2.4.2 Selection of target pharmaceuticals 
Targeted screening assays for determining pharmaceuticals in otters were developed in Chapter 4.  

Inclusion of pharmaceuticals with a broad range of physiochemical properties was important in order to 

try to capture as many pharmaceuticals that might be present in the sample as possible.  It was also 

important to include the pharmaceuticals that were expected to be in the otter and most likely to be of 

concern.  Additional information concerning the selection of target pharmaceuticals for inclusion is 

provided in Chapter 4. 

2.4.3 Selection of extraction and analytical methodologies 
The main objective of Chapter 4 was the development of rapid, sensitive, selective, robust and effective 

analytical methods for the determination of a suite of pharmaceuticals in otter samples.  Initially, an 

extended review of the literature concerning pharmaceuticals in biological samples and the existing 

methodologies for their determination was presented.  As the emphasis of this chapter was to develop 

initial screening assays, priority was given to minimising sample preparation and extraction steps to allow 

expeditious determination of a suite of pharmaceuticals in otter samples.  The review of existing 

methodologies for the determination of pharmaceuticals in aquatic species led to the selection of 

methodologies based on protein precipitation (PPT) and salt-assisted liquid-liquid extraction (SALLE) for 

blood and bile, respectively.  The benefits of PPT for the extraction of pharmaceuticals from blood samples 

are plentiful (Chapter 1, Table 1.2).  Similarly, there are innumerable benefits of SALLE (Chapter 1, Table 

1.2) and this appeared to be the most promising method for extracting pharmaceuticals from the bile 

samples.  Unlike many extraction methods that typically necessitate the transfer of sample to several 

different tubes, both PPT and SALLE permit rapid extraction that minimises loss of sample, as the 

extraction takes place in a single tube.  These methods require only a very small sample volume (50 µL).  

Importantly, both methods also combine clean-up and preconcentration in a single step, avoiding time-

consuming and laborious purification steps.  Moreover, both methods can be applied to a wide range of 

target compounds, thus facilitating multi-residue analysis.     



 

 

2.5 Non-targeted screening  
In Chapter 5, non-targeted screening of otter blood samples was performed to complement the targeted 

approach taken in Chapter 4.  Targeted screening strategies only allow compounds included in the method 

to be detected, even if other compounds are present in the sample.  Conversely, non-targeted strategies 

screen samples for all components, enabling data about a large number of compounds to be obtained in 

a single analytical run.  A major advantage of non-targeted approaches is that previously unexpected or 

unknown compounds may be detected in samples.        

2.5.1 Selection of sample matrices for non-targeted screening 
For Chapter 5, the blood samples that were analysed using a targeted approach in Chapter 4 were 

analysed using the non-targeted approach.  This was done to provide corresponding information about 

the compounds present in these particular samples.    

2.6 Applications 
The samples and methods described herein were applied to investigate the risks that pharmaceuticals 

and other chemicals of emerging concern pose to otters.  Chapter 3 used otter liver, muscle and brain 

samples to develop a method for determining lipid content in otter tissues using Accelerated Solvent 

Extraction (ASE).  In Chapter 4, otter blood and bile samples were used to develop rapid, targeted 

analytical screening methods to determine a suite of individual pharmaceutical residues in otters.  In 

Chapter 5, otter blood samples were used to apply non-targeted analytical methods to determine other 

potential organic pollutants and metabolites in otters.   



 

 

3 ACCELERATED SOLVENT 
EXTRACTION FOR 
QUANTIFICATION OF LIPIDS 
FROM OTTERS 

OVERVIEW  
This chapter provides a summary of the analysis of lipids in biological samples.  It discusses the importance 

of accurate quantification of total lipid content in biological tissues for contaminant residue 

concentrations and bioconcentration factors (BCF).  Conventional and non-conventional methods for lipid 

quantification are critically evaluated.  Disadvantages associated with currently available methods are 

highlighted.  In this chapter, a fast and reliable method using Accelerated Solvent Extraction (ASE) was 

developed for determining total lipid content in Eurasian otter tissues.  The method was shown to be 

more effective than the existing Bligh and Dyer (1959) method that is widely-used.  This work was carried 

out to improve our ability to accurately monitor and model concentrations of pollutants, including 

pharmaceuticals, in individual tissues.  For this chapter I designed the experimental procedure, conducted 

all of the experimental work, interpreted all data and drove the intellectual thought process.   

 

ABSTRACT 
This study developed and validated a reliable method for quantifying lipids in otter tissues using 

accelerated solvent extraction (ASE).  To assess potential sources of variability, ASE extraction was 

evaluated using a multivariate experimental design to assess the influence of: three different solvent 

systems (methanol-dichloromethane [MeoH-DCM], hexane-ethyl acetate [Hx-ETAC] and hexane-

isopropanol [Hx-IPA]), three different tissue types (liver, brain and muscle) and two different tissue states 

(wet and lyophilised samples) on the lipid yield.  A conventional gravimetric extraction method (Bligh and 

Dyer, 1959; ‘B&D’) was used as a reference method for comparison.  Of the solvent systems tested, ASE 

using MeoH-DCM most closely matched the results from the B&D method.  The results also showed that 

the total lipid yield using ASE with MeoH-DCM was higher for liver samples than for brain or muscle 

samples, and was also significantly higher for wet than lyophilised samples (P = 0.016, 2-sample t-test).  



 

 

The ASE method using MeoH-DCM was selected for validation using replicate samples of vegetable oil, 

used as a surrogate for otter liver.  Compared with the B&D method, the ASE method was more accurate 

(-22% error compared with -48% error) and more precise (7%CV compared with 27%CV) when applied to 

the lipid-rich samples investigated in this study.  Taken together, these results show that modern 

analytical methods using ASE may be utilised for the extraction and quantification of lipids from these 

complex biological samples.  This research demonstrated several advantages of using ASE to extract lipid-

rich samples compared with traditional techniques, including increased accuracy and precision.  The 

ability to reliably and accurately determine the lipid content of Eurasian otter tissues will enhance our 

ability to monitor and model pollutants in individual tissues.  Lipid determination using ASE is also likely 

to be as successful on similar tissues including those from other aquatic mammalian species.   

3.1 Introduction  

3.1.1 Overview of lipids 
Lipids are a diverse group of energy-rich biomolecules that form an integral component of all organisms.  

The term lipid has been loosely defined as “any of a group of organic compounds that are insoluble in 

water but soluble in organic solvents” (Fahy et al., 2011).  Lipids can be classified according to their 

composition or based on their function.  Compositionally, they can be broadly divided into three major 

groups: ‘simple’, ‘complex’ and ‘derived’ lipids, as shown in Figure 3.1.  Simple lipids yield no more than 

two types of distinct entities upon hydrolysis, complex lipids yield three or more products upon hydrolysis 

and derived lipids include alcohols and fatty acids that are derived by hydrolysing the simple lipids (Fahy 

et al., 2011).  Simple lipids tend to be non-polar, whilst complex lipids are usually more polar (Klein and 

Kemp, 1977; Ruiz et al., 2004; Haedrich et al., 2010).    

 

Lipids serve many important biological functions.  They are integral sources of energy and are involved in 

a myriad of cellular processes, including insulation, membrane biosynthesis and cellular signalling (Liu et 

al., 2015; Daemen et al., 2016; Ali et al., 2018).  When organisms consume energy-rich foods, excess 

nutrients are stored in tissues in the form of glycogen (for short-term energy reserves) and fat (for long-

term storage).  During periods of negative energy balance, such as when food sources are scarce, the 

stored lipids are mobilised, via a process of oxidation, to allow biological functions to be maintained 

(Gáliková et al., 2015). 

 

Triacylglycerides are the main constituents of body fat in vertebrates and are stored chiefly in the 

adipocytes, which are specialised cells within the adipose tissue (Haedrich et al., 2020).  Whilst all 

organisms store lipids, only vertebrates have adipose tissue (Birsoy et al., 2013).  Species, tissue type, life-

stage, season, foraging behaviour and reproductive status can all affect the storage and metabolism of 

lipids in animal tissues (Bodin et al., 2009; Fagan et al., 2011; Yurkowski et al., 2015). 



 

 

 

Figure 3.1 Classification of lipids according to their composition 

Some chemical toxicants, such as persistent organic compounds (POPs), are lipophilic and have long half-

lives, and therefore have the potential to accumulate in adipose tissue (Jackson et al., 2017).  In their 

active form, many pharmaceuticals are lipophilic, but after exerting their desired effects they may 

undergo metabolic biotransformation to a more hydrophilic form, to facilitate their elimination from the 

body (Almazroo et al., 2017; Pichai and Lakshmanan, 2019).  Hydrophilic pharmaceuticals may be 

eliminated directly, without the need for metabolic changes to their molecular structures (Liu et al., 2015).  

Pharmaceuticals are generally weak acids or weak bases.  Adjustments to pH may shift them between 

lipid soluble (can pass membranes) and water soluble (cannot pass cell membranes) forms (Rodriguez-

Aller et al., 2015).  Water-soluble pharmaceuticals tend to stay in blood and fluid that surrounds cells 

(interstitial space), whereas lipid-soluble pharmaceuticals are able to penetrate the lipid bilayer of cellular 

membranes, via mechanisms such as passive diffusion (Smith et al., 2014) and active transport (Kell and 

Oliver, 2014), to reach the site of action where they produce their desired therapeutic effect.  The brain 

is composed of a high proportion of lipids and only highly lipophilic, micro-molecules can enter the brain 

(He et al., 2018).  Non-polar pharmaceuticals can cross the blood-brain barrier (BBB) more easily than 

polar molecules but molecules weighing more than 400 Da are generally unable to access the brain by 

crossing the BBB (Viscusi and Viscusi, 2020).  However, even many lipophilic small-molecule 

pharmaceuticals, including anticancer drugs, are unable to cross the BBB (Liu et al., 2015; He et al., 2018).  

Conversely, muscle and liver tissues are rich in non-polar triacylglycerides (Christie, 1993) that are more 

easily permeated, and the latter is the primary site of drug metabolism for most pharmaceuticals 

(Almazroo et al., 2017).   

3.1.2 Bioaccumulation of lipophilic compounds in biological samples 
In aquatic systems, lipophilic chemical substances tend to concentrate in the lipid fraction of organisms, 

and contaminant residue levels can therefore differ between individuals, species and groups depending 



 

 

on their lipid content (Schlechtriem et al., 2012).  Concentrations of contaminants in biological samples 

are frequently corrected for variation in tissue lipid content.  This is usually accomplished by dividing tissue 

contaminant concentration by lipid concentration to form lipid-normalised data.  BCF values are also 

frequently lipid-normalised.  Expressing contaminant concentrations in this way, rather than on 

traditional fresh weight basis, is arguably more relevant from an ecological perspective (Bignert et al., 

1993), facilitating extrapolation between species and geographical areas (Schlechtriem et al., 2012).  

Conversely, Jefferies and Hanson (2002) argue that lipid normalisation of chemical residues adds an 

extraneous and unnecessary level of complexity and variation into the data for statistical analysis.  They 

suggest that for tissues containing a relatively small amount of extractible lipids, or for individual animals 

that are emaciated (for example due to age, poor health or poor nutrition), calculation of a lipid-

normalised concentration magnifies the residue concentration, which may give concern that 

contamination is greater than it is.  Lipid-normalisation created by the ratio approach described above 

should eliminate the influence of lipid covariance, but this is only true if the contaminant concentration 

varies in direct proportion to lipid content (Hebert and Keenleyside, 1995).  Jefferies and Hanson (2002) 

propose that if pollutant concentrations are lipid normalised then information about the tissue lipid 

content should also be provided.  Similarly, it is recommended that lipid contents should be reported 

together with calculated BCF values (Schlechtiem et al., 2012; Wassenaar et al., 2020).  

 

Regardless of the limitations, chemical residue concentrations continue to be frequently adjusted for lipid 

content, and lipid extraction and quantification are important aspects of many studies (Yurkowski et al., 

2015).  Furthermore, knowledge of the lipid content of aquatic organisms can provide insight into their 

growth strategies, health status and survival potential (Lu et al., 2008).  Therefore, it is essential that 

quantification of lipids from biological tissues is accurate and reliable.       

3.1.3 Review of methods for quantifying lipids in biological samples 
Numerous approaches have been developed for quantifying lipid content in biological samples.  Table 3.1 

presents a summary of the methods most frequently applied to biological samples.  The methods reported 

are generally either conventional methods developed on fish tissues a long time ago using relatively large 

volumes of toxic solvents, or emerging (non-conventional) methods developed more recently using 

relatively expensive equipment.  Promising work has been performed using accelerated solvent extraction 

(ASE) but its effectiveness has not been widely validated or compared against more traditional methods. 



 

 

Table 3.1 Summary of methods for total lipid determination commonly applied to biological samples 

Lipid extraction method Summary of procedure Advantages Disadvantages 

B&D extraction  

(Bligh and Dyer, 1959) 

Homogenize sample in 
chloroform/methanol/water.   Solvent to 
sample ratio 3:1.  Induce phase separation 
via addition of chloroform and water.  
Evaporate solvent. Gravimetric 
quantification of lipids 

Widely used on variety of sample types Toxic solvents, large amount sample / 
solvent required, time consuming, samples 
must contain water, incomplete lipid 
extraction for  lipid-rich samples, poor 
precision  

Folch extraction  

(Folch et al., 1957) 

 

Homogenize sample in 
chloroform/methanol/water.  Solvent to 
sample ratio 20:1.  Induce phase 
separation via water/salt solution.  
Evaporate solvent. Gravimetric 
quantification of lipids 

Reliable, widely used on variety of sample 
types, high precision 

Toxic solvents, large amount sample / 
solvent required, time consuming 

Soxhlet extraction  

(Soxhlet, 1879) 

Place homogenised sample in Soxhlet 
extractor.  Pass heated solvent through 
sample to extract lipids and carry them to 
flask.  Evaporate solvent. Gravimetric 
quantification of lipids 

Reliable. Widely used on variety of sample 
types 

Time-consuming (~2-24 hrs per sample), 
labour-intensive, inconvenient for liquid 
samples, lipid extraction may be 
incomplete, requires special apparatus 

BUME extraction 

(Löfgren et al., 2016) 

Homogenise sample in butanol/methanol 
(3:1).  Induce phase separation via 
heptane/ETAC (3:1) and acetic acid.  
Chromatographic quantification of lipids 

Fast, partially-automated, chloroform-free, 
reduced risk of contamination, small 
sample size (~ 50mg), efficient extraction, 
high precision 

Not widely tested on broad range of 
sample types 

 

 



 

 

Microwave-assisted extraction (MAE) 

(Ganzler et al., 1986) 

Sample placed in microwave extraction 
system with extraction solvents.  
Microwave energy applied to heat 
solvents.  Filter extract.  Centrifuge.  
Transfer organic layer.  Evaporate solvent. 
Gravimetric quantification of lipids 

Fast, reliable, reduced solvent 
consumption, can extract samples  
containing water, high precision 

Expensive, efficiency affected by moisture 
content of sample  

Supercritical fluid extraction (SFE) Heat sample in pressurized chamber then 
add supercritical CO2 to extract lipids and 
form solvent layer.  Reduce pressure and 
heat to revert CO2 to gas, leaving lipids 
behind 

Fast, reliable, reduced solvent 
consumption 

Expensive equipment, not as fast as MAE, 
lipid extraction may be incomplete, 
extraction of non-lipid co-extractives, 
requires time-consuming optimisation for 
each sample type 

Ultrasonic-assisted extraction (UAE) Homogenised sample placed in sonication 
bath with extraction solvent.  Ultrasonic 
waves applied.  Filter extract.  Gravimetric 
or chromatographic  quantification of 
lipids 

Fast, reduced solvent consumption and 
sample mass, efficient 

Not widely used on a large scale, high 
energy consumption 

Microquantity extraction 

(Gardner et al., 1985; van Handel, 1985; 
Parrish, 1987) 

Homogenise sample in chloroform-
methanol (2:1), add 0.9% NaCl, centrifuge, 
transfer organic phase.  Quantification of 
lipids via  microcolorimetric SVP, latroscan 
TLC-FID or microgravimetry 

Reduced solvent consumption and sample 
mass, cost-effective 

Toxic solvents, incomplete  lipid extraction 
for lipid-rich samples using latroscan TLC-
FID, microgravimetric analysis is time-
consuming and labour-intensive, may not 
be applicable to larger organisms 

Accelerated solvent extraction (ASE)  

 

Homogenised sample placed in steel cell.  
Extract using solvent at elevated pressure 
and temperature. Evaporate solvent.  
Gravimetric quantification of lipids 

Automated, fast (~ 20 min per sample), 
efficient, can be applied to various sample 
masses (100 mg - 100 g)  

Expensive equipment  



 

 

3.1.3.1 Conventional methods 

Bligh and Dyer (B&D) 

The B&D method is generally considered to be the most reliable method of lipid extraction and 

quantification (Christie et al., 1993; Bailey and Wells, 1994).  A biological sample is homogenized in a 

monophasic mixture of chloroform/methanol/water (2:2:1.8 [v/v/v]) followed by induction of phase 

separation via addition of chloroform and water.  ‘Total lipids’ represents the weight of all of the 

hydrophobic lipid components in the matrix as determined gravimetrically.  This method states that it can 

be applied to any sample containing (or adjusted to contain) 80% water and < 2% lipid.  This method is 

suited to many routine applications and is frequently used for determining total lipid content in biological 

tissues (Iverson et al., 2001).  It has been applied to many tissue types, including mackerel (Romotowska 

et al., 2016), guinea fowl, muscovy ducks (Donaldson and Erlwanger, 2017) and sea otters (Newsome et 

al., 2015).  Some important disadvantages of this method include the use of toxic and carcinogenic 

solvents, overall high variability and incomplete recovery of lipids (Reichl et al., 2020).  Because it is 

necessary to pipette through the upper aqueous layer to transfer the lower, lipid-rich organic layer, there 

is a risk of contamination of the organic layer with non-lipid contaminants (Löfgren et al., 2016).   

 

The B&D method was originally developed for use in fish containing less than 1.5% lipids and it may 

become less reliable when applied to tissues with higher lipid content.  Iverson et al. (2001) found that 

the extraction yield was significantly reduced when applied to samples with more than 2% lipid content, 

and that for very lipid-rich samples (around 25% lipid), this method underestimated total lipids by 50%.  

Furthermore, as part of the ‘QUASIMEME’ laboratory performance studies, 33 different laboratories 

applied the B&D method to a subsample of mussel homogenate.  Inter-laboratory agreement for the 

measurement of total lipids was poor, with a coefficient of variation (CV) of 12.6% (Bailey and Wells, 

1994).  A high CV is indicative of poor repeatability, with a CV below 10% representing acceptable 

repeatability (Sardenne et al., 2019).  The underlying causes of the variability in the results from different 

laboratories were only partially attributed to deviations from the original method (Roose and Smedes, 

1996).    

 

Folch 

The extraction method developed by (Folch et al., 1957) involves homogenising the sample with a mixture 

of saline, chloroform and water, with a final sample to solvent ratio of 1:20.  After extraction, water or a 

salt solution is used to induce phase separation.  This is a very widely used method, despite disadvantages 

including the large amount of sample and solvent required, long extraction times and use of toxic solvents.  

 

Soxhlet 



 

 

Another commonly used technique involves placing the sample in a porous thimble on a Soxhlet 

extraction apparatus.  Heated solvent evaporates and is converted into a liquid, which passes through the 

sample, simultaneously extracting the lipids.  The solvent is subsequently removed and the remaining 

lipid is quantified gravimetrically.  This is a very labour-intensive and time-consuming process, typically 

taking between 6 and 24 hours (Hewavitharana et al., 2020).  Hazardous and flammable liquid organic 

solvents are used and large volumes of contaminated solvents are generated.  Toxic compounds may be 

emitted during extraction, posing health and environmental risks (Sahena et al., 2009).  Moreover, 

extraction of polar analytes, such as phospholipids, is poor (Schäfer, 1998).  Despite these limitations, this 

method has been applied to the quantification of total lipids from many sample types. 

 

Summary of conventional methods 

Conventional lipid quantification methods are generally cumbersome with long extraction times involving 

laborious procedures.  Other disadvantages include high solvent consumption and environmental and 

health risks associated with the use of toxic solvents.  Chloroform, which is frequently used, is particularly 

toxic and harmful to the environment and the mixture of chloroform and methanol is a potent skin irritant 

(Christie, 1993).  Furthermore, traditional methods often require large quantities of the sample, which 

can be impractical.  Pooling of individuals may be required when working with small organisms or those 

that have low lipid levels (Lu et al., 2008), but this can be problematic if lipid concentrations vary greatly 

between individuals.  Many modifications have been made to overcome some of these problems and also 

to improve the extraction efficiency of conventional lipid extraction methods.  These include substituting 

solvents or applying ultrasound, microwave, heat or pressure (Breil et al., 2017) and have been met with 

varying success.   

 

3.1.3.2 Non-conventional methods 

Several non-conventional methods have been developed to isolate lipids from biological matrices.  These 

include microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), ultrasonic-assisted 

extraction (UAE), microquantity approaches and accelerated solvent extraction (ASE).  Instrumental based 

methods have also been developed as alternatives to gravimetric and chromatographic quantification of 

lipids following extraction.  Among these are nuclear magnetic resonance (NMR), Raman spectroscopy 

and fluorometric methods (Lu et al., 2008).  These instrumental based methods are not within the scope 

of this chapter. 

 

BUME extraction 

BUME is a liquid-liquid extraction method developed by (Löfgren et al., 2016).  Samples are homogenised 

in butanol-MeoH (3:1), followed by phase separation via the addition of heptane-ETAC (3:1) and acetic 



 

 

acid.  The method defines three repeated lipid extraction cycles followed by chromatographical lipid 

quantification.  The BUME method has been successfully applied to cerebrospinal fluid (CSF), which is 

substantially lower in lipid content than plasma and serum (Reichl et al., 2020).  The suitability of the 

BUME method to more lipid-rich samples has not been widely tested.   



 

 

Microwave-assisted extraction (MAE) 

Microwave-assisted extraction (MAE) methods have been used to extract lipids from fish tissues 

(Ramalhosa et al., 2012; Costa and Bragagnolo, 2017) and from meat samples (Medina et al., 2015).  

Samples are placed in a microwave extraction system along with the extraction solvent(s).  Microwave 

energy is applied to heat the solvent.  Following irradiation, the extract is filtered and centrifuged.  The 

organic layer is then transferred, the solvent is removed and the lipid content is determined 

gravimetrically.  This method is relatively fast, allowing for the simultaneous extraction of up to twelve 

samples.  Lipid yields were similar to those obtained via Folch extraction (Cequier-Sánchez et al., 2008), 

although extraction efficiency may be affected by the moisture content of the sample (Medina et al., 

2015).  The repeatability of MAE was better than that of conventional methods, including B&D, Folch and 

Soxhlet (Ramalhosa et al., 2012) but this method requires costly equipment.    

 

Ultrasonic-assisted extraction (UAE) 

Ultrasonic-assisted extraction (UAE) methods involve the sonication of a sample with the extraction 

solvent(s) followed by filtering the extract and gravimetrically quantifying the lipids.  Lipid yields are 

comparable to conventional extraction methods, but this method consumes less solvent and extraction 

times are shorter (Hewavitharana et al., 2020). 

 

Supercritical fluid extraction (SFE) 

Methods using supercritical fluid extraction (SFE) involve heating the sample in a pressurized chamber 

then mixing it with supercritical carbon dioxide (SC-CO2) fluid, which for CO2 is above 31.1°C and 7.38 MPa 

(Sahena et al., 2009).  The fluid extracts the lipid fraction and forms a solvent layer.  Subsequent reduction 

of pressure and temperature cause the fluid to revert to a gaseous form, leaving the lipid fraction behind 

(Hewavitharana et al., 2020).  Advantages of SFE for lipid extraction include fast extractions, very little or 

no organic solvent used, mild extraction conditions applied, elimination of time-consuming sample 

concentration and small sample amount (~0.5 – 1.5 g) required.  Unlike with solvent extractions, SFE 

extracts are totally free of heavy metals and inorganic salts (Sahena et al., 2009).  However, there are also 

some important limitations to this method.  The main one being incomplete extraction under some 

conditions.  For example, polar lipids may not be efficiently extracted due to their low solubility in SC-CO2 

(Pourmortazayi et al., 2018; Hewavitharana et al., 2020).  Therefore, it is often necessary to add an organic 

solvent as a modifier to the primary fluid to enhance extraction efficiency.  The modifier then needs to be 

separated in a clean-up step (Pourmortazavi et al., 2018).  Unfortunately, non-lipid materials may be co-

extracted (Carrapiso and García, 2000) resulting in overestimation of total lipid content.  Other 

disadvantages of SFE of lipids are the need for very expensive supercritical extraction equipment with 

high running costs and expertise in handling the SFE process is also required (Pourmortazavi et al., 2018).  



 

 

 

Microquantity extraction 

Various ‘‘microquantity’’ approaches have been developed for estimating lipid content of small aquatic 

organisms including mosquitoes, amphipods and oligochaetes.  Among these methods are 

microgravimetry (Gardner et al., 1985), microcolorimetric sulphophosphovanillan (SPV) (van Handel, 

1985) and Iatroscan thin layer chromatography-flame ionization detection (TLC–FID) (Parrish, 1987).  

These methods require very small quantities of sample (micrograms) and solvents (microlitres) and are 

therefore cost-effective.  Unfortunately, chloroform and methanol are used as extraction solvents.  The 

microgravimetric analysis is slower and more labour-intensive than microcolorimetric SPV and latroscan 

TLC-FID.  A comparison of the microquantity methods above showed that estimates of total lipids in 

juvenile and adult fishes were similar to those obtained via the Folch method, although the Iatroscan TLC– 

FID method underestimated total content in lipid-rich samples (Lu et al., 2008).  Microquantity 

approaches have not been widely applied to larger organisms. 



 

 

Accelerated solvent extraction (ASE)  

Accelerated solvent extraction (ASE) is an automated, fast and efficient solvent extraction technique that 

makes use of pressurized solvents at elevated temperatures.  The use of high temperatures has many 

advantages; as the temperature increases, the solvent becomes less viscose, thereby increasing its 

capacity to penetrate the pores of the matrix and solubilise the target analytes (Richter et al., 1996).  

Elevated temperatures also help to break up solute-matrix interactions.  Operating at elevated pressures 

maintains the solvent in the liquid phase above its boiling point, permitting efficient extractions even 

when solvents with low boiling points are used.  During static cycles, pressurized solvent is forced into the 

pores of the sample matrix, whereas during the dynamic cycle the solvent flow moves dissolved lipid out 

of the matrix.  The elevated temperatures lead to faster diffusion, so analytes move from the matrix into 

the solvent more quickly (Richter et al., 1996).  The use of elevated temperature and pressure therefore 

expedites the overall extraction process compared with manual extraction (Yao and Schaich, 2014).  ASE 

extractions require less solvent than conventional methods.  Being an automated system, ASE also has 

the benefit of enabling extraction of multiple samples unattended.  Several studies have successfully 

applied ASE to the extraction of lipids from a broad range of sample types, including algal biomass (Tang 

et al., 2016), dry pet food (Yao and Schaich, 2014), fish tissue (Dodds et al., 2004; Zhuang et al., 2004; 

Spiric et al., 2010) and poultry meat (Toschi et al., 2003).   

 

The efficiency of ASE appears to be dependent upon the solvent system and other parameters utilised.  In 

one study, the total lipid yields obtained from fish tissues using ASE with Hx-IPA did not differ significantly 

from those obtained by applying an acid hydrolytic treatment followed by Soxhlet extraction (Spiric et al., 

2010).  Conversely, other studies have reported incomplete lipid recoveries for ASE using Hx-IPA and Hx-

acetone (Toschi et al., 2003; Zhuang et al., 2004), respectively.  When ASE was used with MeoH-

chloroform at high temperature (120 °C) and high pressure (20 MPa), the lipid yield from fish matrices 

was similar to those obtained using a modified Folch method with an acid hydrolysis pre-treatment.  These 

findings demonstrate the potential applicability of ASE to the extraction of total lipids from lipid-rich 

biological samples from comparatively large, lipid-rich organisms.  

 

Summary of non-conventional methods 

In summary, numerous methods exist for the extraction of total lipids from biotic samples, but these are 

not without limitations.  Extraction of lipids may be incomplete for B&D, Soxhlet, MAE, SFE and latroscan 

TLC-FID extraction methods.  B&D, Folch, Soxhlet and microgravimetric lipid extraction methods are all 

time-consuming/laborious.  Moreover, B&D, Folch and microquantity methods use chloroform, which is 

undesirable due to its toxicity.  Some microquantity approaches may be inappropriate for larger 

organisms.  Lipid extraction using MAE and SFE methods are expensive.  In conclusion, methods that utilise 

ASE appear to show the most promise for extraction of total lipids from otter tissue samples.  ASE 



 

 

extraction is fast, efficient, automated, doesn’t require a large amount of sample or solvent and can be 

adapted for use with a variety of solvents.  The development of an ASE method that efficiently extracts 

total lipids from lipid-rich biological samples whilst avoiding the use of chloroform would be 

advantageous. 

3.1.4 Solvent selection for lipid extraction 
Strong forces of association exist between lipids and other constituents of the tissue matrix, such as cell 

membranes, proteins and polysaccharides (Toschi et al., 2003).  Complex lipids are tightly bound by 

hydrophobic bonds, Van der Waals forces, and hydrogen or ionic bonding (Slavin et al., 2016) .  Organic 

solvents can be used to overcome these interactions but the efficiency of solvent extraction is dependent 

on the partitioning of the lipids present in the sample into the organic phase, which in turn depends on 

the polarity of the lipids.  Non-polar solvents tend to be efficient extractants of “free lipids” but sufficiently 

polar solvents must be used to disassociate “bound lipids” that are tightly linked to other cellular entities 

(Haedrich et al., 2020).  However, if the solvent used is too polar, non-polar simple lipids may not dissolve 

(Christie, 1993).  Therefore, binary solvent systems utilising a combination of a relatively polar and a non-

polar solvent are generally required to achieve full extraction of lipids (de Boer, 1988; Haedrich et al., 

2020).  Lipids of all major classes can be recovered from wet animal tissues using a mixture of chloroform 

and methanol (Christie, 1993).  However, chloroform is a highly toxic and presumably carcinogenic and 

teratogenic solvent (Joshi and Adhikari, 2019; Reichl et al., 2020) and safety and environmental concerns 

have led many researchers to seek alternative lipid extractants.  Methods have been developed using a 

less toxic mixture of Hx-IPA, but extraction of complex lipids, such as gangliosides, was incomplete (Hara 

and Radin, 1978).  An evaluation of five lipid extraction methods found that Hx-IPA extracted the lowest 

overall total amount of lipids, but was the optimal with some lipid classes almost completely unextracted.  

Nonetheless, this solvent system was considered optimal for extraction of non-polar lipids, such as 

cholesteryl esters and fatty acids.  A combination of MeoH-methyl tert-butyl ether (MeoH-TBME) 

obtained optimal extraction of sphingolipids.  However, the methods that used chloroform-MeoH, with 

or without the addition of hydrochloric acid, were the most effective for total lipid extraction (Reis et al., 

2013).  

 

It has been proposed that chloroform be replaced with the less toxic solvent DCM, where possible (Joshi 

and Adhikari, 2019).  In one study, MeoH-DCM gave identical results to chloroform-MeoH when used to 

extract total lipids from human plasma and rat liver (Carlson, 1985).  However, Reichl et al. (2020) 

substituted chloroform with DCM for the extraction of lipids from cerebrospinal fluid using Folch and B&D 

methods and this substantially reduced the extraction efficiency.   



 

 

3.1.5 Sample preparation 
For any applied method or solvent system, appropriate sample preparation is essential to ensure efficient 

extraction.  Insufficient solvation reduces the ability of the solvent mixture to overcome the interactions 

between the lipids and the other matrix components.  Tissue samples are usually homogenised prior to 

extraction to increase the surface area, thus facilitating penetration of solvent into the matrix.  Finely 

grinding dried samples produces a homogeneous sample and increases the surface area of lipid exposed 

to the solvent.  High pressure and heat might affect the oxidation of lipids.  To avoid this, sample grinding 

is often carried out at low temperatures.  These low temperatures may be maintained through the 

addition of dry ice (Patel et al., 2019; Rudy et al., 2016) or liquid nitrogen (Cequier-Sánchez et al., 2008) 

or by carrying out the grinding process over ice packs covered with a sheet of foil (Sardenne et al., 2019).   

 

Many organic solvents cannot easily permeate into matrices containing water (Hewavitharana et al., 

2020).  In addition, dried samples are often more practical to store and transport than frozen samples.  

Therefore, samples are frequently dried prior to lipid extraction.  However, the effects of drying tissue on 

subsequent lipid analyses have not been widely investigated.  Sardenne et al. (2019) evaluated the effects 

of freeze-drying on lipid quantification in marine biota samples, and found that lipid yield was similar for 

wet and dry samples.  In contrast, Zhuang et al. (2004) reported that inadequate drying of samples prior 

to ASE extraction at moderate (50°C) temperatures significantly impeded lipid extraction.  The 

endogenous water in wet tissue samples forms an important component of the well-established B&D 

method and it may be necessary to re-hydrate lyophilized tissues prior to extraction to ensure quantitative 

recovery of lipids (Christie, 1993).  Further research investigating the effects of tissue state (wet vs dry) 

on lipid quantification would be valuable.  

 

Taken together, this research demonstrates the need for modern lipid extraction techniques that are 

faster, more reliable, more cost effective and avoid environmentally-harmful solvents.  These methods 

should be applicable to lipid-rich samples, including those from comparatively large organisms.  Lipid 

extraction methods based on ASE show promise and can be adapted for use with a variety of solvents and 

can be adapted for use with wet or lyophilised samples.  The development of an efficient, chloroform-

free ASE method for the extraction of total lipids from biological samples would be beneficial.  

3.1.6 Aims and objectives 
From reviewing the literature, it was apparent that there are a wide range of different methods for 

determining lipid content in tissues.  Many are based on historic methods and each has its own limitations.  

The primary aim of this chapter was to develop an analytical method capable of determining lipids in otter 

tissues as accurately and reliably as possible. 

To achieve this aim, the following key objectives were established:   



 

 

1. Method development: 

Develop a method using ASE to extract total lipids from otter tissues by varying the following parameters; 

three different solvent systems (MeoH-DCM, Hx-ETAC and Hx-IPA), three different tissue types (liver, 

brain and muscle), two different tissue states (wet and freeze-dried samples)  

For comparison, extract samples using the well-established B&D method for total lipid determination 

Compare the parameters/methods in terms of total lipid yield  

2. Method validation: 

Selection of the ASE extraction method that produced the highest lipid yield for validation 

Validate the chosen ASE extraction method using multiple aliquots of a lipid-rich sample (pure vegetable 

oil)  

Extract multiple aliquots of pure vegetable oil using the B&D method to compare accuracy and precision  

3.2 Methods 

3.2.1 Experimental design 
A multivariate experimental design was adopted for the method development stage, with three 

independent variables under investigation: solvent system, tissue type and tissue state.  The dependent 

variable was the total lipid yield.  This approach permits the assessment of the independent variables as 

well as the evaluation of interactions between these variables on the response (Nardelli et al., 2020).  

Compared with univariate approaches, which study the effects of each variable singularly, multivariate 

strategies allow more information to be obtained from fewer experimental runs, thus reducing the time, 

cost and amount of sample required.  Four otters were included in the method development stage.  

Portions of liver, brain and muscle tissue were taken from each of the otters.  Each portion was divided in 

two.  Half of each portion was lyophilised and half was kept ‘wet’.  In the subsequent sections, ‘wet’ tissue 

refers to tissue that was previously frozen and has been defrosted, and ‘dry’ tissue refers to freeze-dried 

tissue.  For each otter, both wet and dry tissues of each type (liver, brain and muscle) were extracted using 

each of the methods:  ASE with MeoH-DCM, ASE with Hx-ETAC, ASE with Hx-IPA and B&D.  Therefore, 

every otter contributed samples for extraction using every possible combination of independent 

variables.  A schematic representation of this experimental design is illustrated in Figure 3.2.   

 

For the method validation stage, a method comparison study was performed comparing the ASE method 

using MeoH-DCM with the B&D method.  Aliquots of vegetable oil were extracted using each of the two 

methods and the lipid yields were compared in terms of accuracy and precision.  Figure 3.3 shows a 

schematic representation of this study design. 



 

 

 

Figure 3.2 Schematic representation showing each stage of the method development 

 

Figure 3.3 Schematic representation showing each stage of the method validation 

 

3.2.2 Chemicals and materials 
All solvents used were of HPLC grade and were obtained from Sigma-Aldrich (Steinheim, Germany).  

Anhydrous sodium sulphate was also purchased from Sigma-Aldrich.  Hydromatrix™ was acquired from 

Agilent Technologies LDA UK Ltd. (Didcot, UK).  Cellulose Filters for ASE 200 were purchased from Thames 

Restek (Saunderton, UK).  Pure vegetable oil was obtained from Spar Food Distributors Ltd. (Harrow, UK).  



 

 

3.2.3 Sample collection and preservation 
For method development, liver, brain and muscle tissue samples from Eurasian otters (n = 4) were 

included.  All these samples were derived from adult male otters.  All of the tissue samples used were 

from an existing tissue bank at the Swedish Museum of Natural History (Stockholm, Sweden) that is 

routinely used to monitor aquatic contamination and other potential threats to otters.  Samples were 

extracted from the otters during post mortem examination, stored in plastic tubes and placed in zip lock 

bags.  All samples were deep frozen until transportation.  Samples were shipped on dry ice by overnight 

courier service to the designated sample preparation laboratory.  Upon receipt, samples were catalogued 

and stored at -80°C until preparation for analysis.  For method validation, multiple aliquots of pure 

vegetable oil were used.  This matrix was selected because the true lipid content of the otter samples was 

unknown.  The lipid content of the oil was presumed to be 100%.  Oil samples were stored at room 

temperature until preparation. 

3.2.4 Sample preparation 

3.2.4.1 Initial sample preparation 

Frozen tissue samples were defrosted overnight at +4 °C.  After thawing, the outer surface (approximately 

5mm) was removed from each tissue sample and discarded to reduce the potential influence of any 

contamination or loss of liquid from the outer tissue during defrosting, following guidance from the 

literature (Christie, 1993; Pountney et al., 2015).  The tissue samples were ground in a pestle and mortar 

to the finest possible consistency.  Liquid nitrogen was added to facilitate the grinding process. 

 

Tissues to be extracted ‘wet’ (without lyophilisation) were prepared as follows: aliquots of 0.5 g 

homogenised tissue (1.0 g for the B&D method) were taken from each liver, brain and muscle sample.  

Samples were weighed to the nearest 0.0001 g using a high precision analytical balance (Kern ABT 120-

5DM; Kern, Germany).   

3.2.4.2 Lyophilisation 

For method development, the effects of tissue state (wet and lyophilised) were evaluated.  Tissues to be 

lyophilised were prepared as follows: aliquots of 0.5 g homogenised tissue (1.0 g for the B&D method) 

were taken from each liver, brain and muscle sample, corresponding to the wet tissue samples above.  

Samples were accurately weighed to the nearest 0.0001 g.  These samples were freeze-dried using a 

vacuum lyophiliser (Biobase, Quingdao, China) for 18 hours.  The lyophilised tissue samples were 

transferred to glass jars and pulverised manually using a stainless steel spoon to produce a homogenous, 

finely granulated powder.  After recording the exact dry mass to the nearest 0.0001 g, the entire dried 

sample was extracted.  The original water content of the tissue samples was calculated from the mass 

difference of the intake mass and mass of the dried tissue residue following lyophilisation.  All samples 



 

 

were transferred to glass jars and stored at -20°C until extraction.  Sample extraction was conducted 

within one week of preparation and sample analysis took place immediately after extraction.   

3.2.5 Quality control 
For method development, liver and brain samples were extracted and quantified in triplicate for each 

parameter evaluated.  Owing to limited tissue availability, muscle samples were extracted in duplicate for 

each parameter evaluated.  For method validation, aliquots of pure vegetable oil were extracted and 

quantified in replicate (five replicates for each method).  For both method development and method 

validation, blank preparations containing no tissue were extracted in triplicate for each parameter 

evaluated.   

3.2.6 Sample analysis 

3.2.6.1 Method development 

Lipids were extracted from the otter tissue samples using ASE with one of three different binary solvent 

systems: MeoH-DCM (1:1, v/v), Hx-ETAC (3:2, v/v) or Hx-IPA (3:2, v/v).  The ASE operating conditions and 

post-extraction procedures were exactly the same for each solvent system.  For comparison, tissues were 

also extracted using the B&D method.  Each method was applied to liver, brain and muscle tissues and 

each method was applied to homogenised wet tissue samples as well as corresponding lyophilised tissue 

samples.  Therefore, every combination of method, including solvent system, tissue type and tissue state, 

was tested.   

 

3.2.6.2 Method validation 

Lipids were extracted from the pure vegetable oil samples either using ASE with MeoH-DCM (1:1, v/v) or 

the B&D method.  This matrix was selected as a surrogate for otter tissue because the accepted lipid 

content of each sample is known (100% lipid).  

 

3.2.6.3 Extraction of lipids using accelerated solvent extraction (ASE) 

Accelerated solvent extraction (ASE 200, Dionex Corporation, Sunnyvale, CA, USA) was used to extract 

lipids from samples.  Each sample was mixed with approximately 3 g diatomaceous earth (DE) sorbent 

(Hydromatrix™, Agilent Technologies, Santa Clara, CA, United States) before being loaded into a 22 mL 

stainless steel extraction cells, each fitted with two cellulose filters (Dionex™ Extraction cell filters for ASE 

200, Thermo Scientific™, Waltham, MA, United States).  Additional Hydromatrix™ was added to fill the 

cells.  The loaded cells were mounted on the carousel of the ASE and extracted with the relevant solvent 

system.  The ASE was operated at 100°C and 2000 psi.  Each sample was subjected to two static extraction 

cycles of 5 min each.  Nitrogen was used to purge and pressurize the extraction cells.  The extracts were 



 

 

collected in 60 mL glass vials.  The filtrates were concentrated under a stream of nitrogen to approximately 

2 mL using a Turbovap solvent evaporator (Zymark Corporation, Hopkinton, MA, United States) at 40°C.  

The concentrates were transferred to clean, pre-weighed vials.  The vials were weighed again before all 

remaining solvent was removed using a stream of nitrogen at 40°C.  The extracts were dried over 

anhydrous sodium sulphate in a vacuum desiccator overnight to remove final traces of solvent and 

accurately weighed to the nearest 0.0001 g to calculate the tissue lipid content (in % of wet weight). 

 

3.2.6.4 Extraction of lipids using B&D method 

B&D extractions were performed following the original procedure developed by Bligh and Dyer (1959), 

with minor modifications.  The original method included an additional filtering step using chloroform.  This 

step was omitted and phase partitioning was supported by centrifugation.  This is a very common 

modification to the original method to ensure complete separation of the aqueous and organic layers 

(Christie, 1993).  The organic extracts were dried over sodium sulphate, as recommended when 

centrifugation is applied (Roose and Smedes, 1996).  In addition, the sample amounts were reduced, 

whilst maintaining the solvent ratios from the original method.  This is another common modification to 

the original method (Christie, 1993).  Therefore, 1 g wet samples were extracted.  For comparison, 

lyophilised tissue samples were also extracted.  As the B&D method considers the water already present 

in the samples, rehydration of lyophilised samples prior to solvent extraction is recommended (Christie, 

1993; Dunstan et al., 1993; Fiorini et al., 2013).  Therefore, for each freeze-dried sample, the same amount 

of water that had been removed from the tissues by lyophilisation was added back into samples in the 

form of distilled water.  A stainless steel spoon was used to mix the sample and water to create a paste 

and the mixture was vortex mixed for 2 min.  The remaining workflow was identical for wet and 

(rehydrated) dry samples and is briefly as follows: samples were homogenized with 1 mL chloroform and 

2 mL methanol in a glass centrifuge tube.  After thoroughly vortex mixing for 1 min, 1 mL chloroform was 

added to the homogenate followed by vortex mixing for a further 1 min.  Afterwards, 1 mL distilled water 

was added and the mixture was vortexed for 1 min.  Subsequently, phase separation was facilitated by 

centrifugation (gravity 500 for 3 min).  The upper aqueous layer was subsequently removed via a syringe.  

The lower, organic (chloroform) phase, containing the purified lipid, was transferred to a pre-weighed 

vial.  The vial was weighed again before all the solvent was evaporated under a stream of nitrogen at 40°C.  

The extracts were dried over anhydrous sodium sulphate in a vacuum desiccator overnight.  Residues 

were accurately weighed to the nearest 0.0001 g to calculate the tissue lipid content (in % of wet weight). 

3.3 Results and discussion 

3.3.1 Method development 
Lipids were extracted from tissue samples (liver, brain and muscle) taken from four otters.  For each otter, 

both wet and dry tissues of each type were extracted using each of the methods:  ASE with MeoH-DCM, 



 

 

ASE with Hx-ETAC, ASE with Hx-IPA and B&D.  The total lipid yield for each of the ASE methods was 

compared against the conventional B&D method.   

 

The lipid content of the samples was expressed as a percent of the original sample, on a wet weight basis.  

For dry tissues, the tissue mass before freeze-drying was used to convert sample dry mass into sample 

wet mass.   

The lipid content was calculated from the mass of the residue and the intake mass, as follows: 

!"#"$	&'()*()	(%) = 100	 1
2344	'5	6*4"$7*	(8)
2344	'5	432#!*	(8)
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 Equation 3.1: Lipid content calculation  

 

No material was recovered from any of the blank extracts.  Our results showed that a positive correlation 

was observed between the otter tissue lipid content determined by using ASE with MeoH-DCM and the 

B&D method.  The other solvent systems underestimated lipid content at higher lipid concentrations 

(compared to the B&D method).  Results for wet and dry tissues are presented in Figures 3.4 – 3.6.  

Furthermore, Figures 3.5 and 3.7 show, respectively, that, for both wet and dry tissues the ASE extraction 

methods generally produced lower standard deviations than did the B&D extraction.  These results 

suggest that the B&D method is more variable than methods that utilise ASE for extraction.  The 

implication of this higher variability is that confidence in individual measurements of lipid content is 

reduced when the B&D method is used.  Lower variability therefore appears to be an advantage of ASE 

extraction.



 

 

 

 

Figure 3.4 Comparison of total lipid content (%, WW) recovered from wet tissue samples extracted using 
ASE and with the B&D method.  Each data series is the mean of replicate analyses (n = 3 for liver and 
brain, n = 2 for muscle) of samples taken from each tissue. Error bars indicate the standard deviation 

 



 

 

 

Figure 3.5 Comparison of standard deviations (SD) of total lipid content (% WW) recovered from wet 
tissue samples extracted using ASE and with B&D method.  Each data series is the standard deviation 
of the mean of replicate analyses (n = 3 for liver and brain, n = 2 for muscle) of samples taken from each 
tissue sample 



 

 

 

Figure 3.6 Comparison of total lipid content (% WW) recovered from dried tissue samples extracted 
using ASE and with B&D method.  Each data series is the mean of replicate analyses (n = 3 for liver and 
brain, n = 2 for muscle) of samples taken from each tissue sample.  Error bars indicate the standard 
deviation 

 



 

 

 

Figure 3.7 Comparison of standard deviations (SD) of total lipid content (% WW) recovered from dried 
tissue samples extracted using ASE and with B&D method.  Each data series is the standard deviation 
of the mean of replicate analyses (n = 3 for liver and brain, n = 2 for muscle) of samples taken from each 
tissue sample 

 

3.3.1.1 Influence of solvent system on total lipid extraction 

The effects of solvent system on lipid extraction was assessed.  ASE was evaluated using three different 

binary solvent systems:  MeoH-DCM, Hx-IPA and Hx-ETAC.  Our results indicated that lipid extraction was 

affected by solvent system.   

 

For all tissue types (liver, brain and muscle), extraction using ASE with MeoH-DCM recovered a roughly 

equivalent mass of lipid to the B&D method.  This was particularly the case when applied to wet tissue 

samples.  Both polar and non-polar solvents are generally required for exhaustive extraction of lipids 

(Carlson, 1985; Roose and Smedes, 1996; Cequier-Sánchez et al., 2008).  However, our results found that 

a combination of MeoH, which is highly polar, and DCM, which is weakly polar, extracted approximately 

the same amount of lipids from the samples as MeoH combined with (nonpolar) chloroform.  Other 

studies have found little or no difference in the total lipid yield using a mixture of methanol-DCM or a 

combination of chloroform-MeoH (Christie, 1993; Dunstan et al., 1993; Fiorini et al., 2013).  The results 
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from the present study further support the equal lipid extraction potential of these solvent systems.  The 

lower toxicity of DCM compared with chloroform is advantageous.  However, like chloroform, DCM is a 

chlorinated, halogenated solvent that is considered to be potentially toxic and harmful to the 

environment.  It might repay further investigation to seek alternative, more desirable solvents that are 

even less toxic than DCM but can be used with ASE to extract polar and non-polar lipids.   

 

ASE extraction using hexane was explored in this study due to its lower toxicity compared with both 

chloroform and DCM.  As hexane is a very hydrophobic, nonpolar solvent, it is necessary to combine it 

with a polar solvent to achieve full lipid extraction.  As ETAC is a polar, relatively non-toxic solvent, ASE 

extraction using a combination of Hx-ETAC was evaluated.  This solvent system consistently resulted in 

the lowest total lipid yields of the methods evaluated, for all tissue types and states.  IPA is another 

relatively non-toxic, polar solvent, and ASE extraction using a mixture of Hx-IPA was evaluated.  

Satisfactory lipid yields were obtained with Hx-IPA for samples containing relatively low lipid levels, but 

the performance of this solvent system decreased as the lipid content in the samples increased.  It is likely 

that neither ETAC or IPA were sufficiently polar to extract all polar lipids from the samples.   

 

3.3.1.2 Influence of tissue type on total lipid extraction 

The effects of tissue type on lipid extraction was evaluated.  Our results indicated that lipid extraction was 

affected by tissue type.  Similar lipid quantities were recovered from liver and brain samples when 

extracted using ASE with MeoH-DCM or B&D.  For these methods, the greatest quantities of lipids were 

extracted from liver followed by brain samples.  Both these methods extracted greater quantities of 

material from liver samples than ASE with Hx-ETAC or Hx-IPA.   Conversely, for samples extracted using 

ASE with Hx-ETAC or Hx-IPA, higher lipid yields were obtained for brain samples than liver.  The results for 

brain samples showed the most between-sample variability, depending on the tissue state and solvent 

system applied.  This may reflect a higher level of heterogeneity in brain lipid content of individual otters.  

Further investigation is required to ascertain this.  For all methods tested, muscle samples produced the 

lowest lipid yields, regardless of tissue state, with similar yields obtained for ASE extractions with either 

MeoH-DCM or Hx-IPA and B&D.  ASE with Hx-ETAC recovered slightly less material than the other methods 

tested.  The results are shown in Figures 3.8 and 3.9, for wet and dried samples, respectively.  This pattern 

was also apparent when results for wet and dried sample were combined, as shown in Figure 3.10.   

 



 

 

 

Figure 3.8 Total lipid content as a percentage of wet weight extracted for each tissue sample extracted 
wet by each method.  Each data series is the mean of replicate analyses (n = 3 for liver and brain, n = 2 
for muscle) of samples taken from each tissue sample. Error bars indicate the standard deviation 

 

 

 

 

Figure 3.9 Total lipid content as a percentage of wet weight extracted for each tissue sample extracted 
dry by each method.  Each data series is the mean of replicate analyses (n = 3 for liver and brain, n = 2 
for muscle) of samples taken from each tissue sample. Error bars indicate the standard deviation 
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Figure 3.10 Total lipid content as a percentage of wet weight extracted for each tissue type extracted 
by each method.  Each data series is the mean of replicate analyses (n = 3 for liver and brain, n = 2 for 
muscle) of samples taken from each tissue sample.  The results for wet and dry samples were combined 
to produce an overall mean for each method / tissue type.  Error bars indicate the standard deviation 

 

3.3.1.3 Influence of tissue state on total lipid extraction  

The effects of lyophilisation on total lipid yield were investigated by extracting all tissue samples wet as 

well as after freeze drying.  Our results indicated that lipid extraction was affected by tissue state.  

For liver, a greater quantity of lipids was extracted from wet tissues than lyophilised samples when ASE-

DCM or B&D methods were applied.  Tissue state had no effect on lipid extraction from livers when ASE 

was used with either Hx-ETAC or Hx-IPA.  These results are shown in Figure 3.11. 

 

 

Figure 3.11 Mean total lipid content as a percentage of wet weight extracted for liver samples extracted 
either wet or dry by each method.  Error bars indicate the standard deviation 

 

For brain samples, extraction of lipids was higher when samples were lyophilised.  The exception to this 

was ASE extraction using MeoH-DCM, for which was higher when samples were wet.  These results are 

shown in Figure 3.12. 
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Figure 3.12 Mean total lipid content as a percentage of wet weight extracted for brain samples 
extracted either wet or dry by each method.  Error bars indicate the standard deviation 

For muscle, lipid extraction improved when samples were freeze-dried prior to extraction, except for 

those extracted using ASE with Hx-IPA.  These results are shown in Figure 3.13.  

 

 

Figure 3.13 Mean total lipid content as a percentage of wet weight extracted for muscle samples 
extracted either wet or dry by each method.  Error bars indicate the standard deviation 

 

Surprisingly, for ASE using MeoH-DCM, lipid yields were higher for wet liver and wet brain samples 

compared with their lyophilised counterparts.  This appears to contradict the recommendation that drying 

tissues prior to ASE extraction facilitates the penetration of solvent into the matrix and increases lipid 

extraction (Dionex, 2009).  For the B&D method, yields were higher for lyophilised brain and muscle 

samples.  This was also unexpected because literature recommendations highlight the importance of 

rehydrating lyophilised samples prior to extraction using this method (Christie, 1993; Dunstan et al., 1993; 

Fiorini et al., 2013).  It is possible that, despite best efforts, the process of rehydrating some samples led 

to a less homogenous sample which in turn may have reduced the lipid extraction.  The effects of 

lyophilisation are not straightforward, and appear to depend on the extraction method, solvent system 

and tissue type applied.  It is possible that the original water content of the samples contributed to the 
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effects of tissue state observed in our study.  This was calculated from the weight loss after freeze drying.  

The mean water content was 60.0% in liver, 82.38% in brain and 72.3% in muscle tissues, demonstrating 

that the water content varied rather widely by organ.  Further exploration of the effects of tissue state on 

lipid extraction using a larger number of samples is recommended.   

 

3.3.1.4 Selection of appropriate ASE extraction method for lipid quantification  

These results show that ASE is a powerful extraction approach to the analysis of lipids in biological 

matrices.  For all tissue types (liver, brain and muscle) and states (wet and dry), ASE with a binary solvent 

system containing MeoH-DCM generally extracted the greatest quantity of lipids from the samples.  There 

was largely agreement between the results obtained via this method and B&D.  Extraction efficiency 

appears to be higher when applied to liver samples than brain or muscle samples.  Furthermore, for liver 

samples extracted using this method, extraction efficiency appears to improve when applied to wet rather 

than lyophilised tissue samples.  These results indicate that of the methods tested, ASE with MeoH-DCM 

appears to be the most promising method for total lipid extraction from Eurasian otter tissue samples.   

 

Our results indicated that ASE extraction using hexane in combination with either ETAC or IPA did not 

extract all lipids from the samples, so these methods are not considered to be viable for quantifying total 

lipid content in Eurasian otter tissue samples.  It is possible that these solvent systems are insufficiently 

polar, reducing their abilities to extract polar lipids from these samples.    

3.3.2 Method validation 
ASE using MeoH-DCM generally produced the greatest lipid yields, particularly when applied to wet liver 

tissue samples, and was the closest match to the B&D method.  Therefore, the method using ASE with 

this solvent system was selected for validation.  It was not possible to validate the method using otter 

liver tissues because the true value of lipid in the tissue samples was unknown.  Vegetable oil was selected 

as a surrogate matrix as the lipid content was presumed to be 100%.  In the subsequent sections this 

accepted value of lipid in the vegetable oil samples is referred to as the ‘true’ value.  Oil is composed of 

non-polar lipids, making it a suitable surrogate matrix for liver tissue, which contains a large proportion 

of non-polar lipids such as triglycerides (Mason and Ratford, 1994).  To compare the accuracy and 

precision of this method with that of the B&D method, multiple aliquots of pure vegetable oil were 

extracted using each of these methods.  For each extraction method tested, known amounts of vegetable 

oil (1g, mixed with Hydromatrix™) were carried through the entire extraction and analysis process.  

Following the removal of the solvent, the residue was quantified.  It was assumed that the residue 

contained only lipids.  Accuracy and precision were calculated from repeated measurements of these 

samples.  An alternative approach would be to fortify an otter liver sample with a known amount of a lipid 

internal standard that is not naturally present in otter tissues.  The recovery of the lipid standard could be 



 

 

subsequently determined, for instance using high performance liquid chromatography (HPLC).  This would 

be costly and time-consuming, requiring the development of a HPLC method for quantifying lipids in otter 

tissues. 

 

3.3.2.1 Accuracy 

The accuracy of the method describes the closeness of the results obtained by the method to the true 

value of the lipids.  This was defined as the deviation of the measured mean lipid concentration from the 

true mean lipid concentration, expressed as a percent error and was determined by the following 

equation:  

 

%	*66'6 = 100 :
()67*	;3!7* − 	2*3476*$	;3!7*)

)67*	;3!7*
= 

 Equation 3.3: Calculation of the accuracy as % error 

 

No material was recovered from any of the blank extracts.  The results demonstrated that when applied 

to lipid-rich samples (pure vegetable oil), the ASE extraction method using MeoH-DCM underestimated 

total lipid content by approximately 22% whereas the B&D method underestimated total lipid content by 

approximately 48%, as presented in Table 3.2.  Therefore, the determinations of total lipid content in 

these samples were much more accurate for samples extracted using ASE than those extracted using the 

B&D method.  This is consistent with previous research that suggests that the B&D method becomes less 

reliable when applied to lipid-rich samples.  

 

3.3.2.2 Precision 

The precision of the method describes the closeness of individual measures of the lipids when the 

procedure is applied repeatedly to multiple aliquots of a single homogeneous volume of the sample.  

Precision was expressed as a percent of the coefficient of variation (CV) and was calculated using the 

following equation:  

 

%	coefficient	of	variation = 100 H
standard	deviation	

2*3(
K 

 Equation 3.4: Calculation of precision through CV 

 



 

 

The precision of the ASE method using MeoH-DCM was 7.1% compared with 27.2% for the B&D method, 

as shown in Table 3.2.  These results indicate that the ASE method is much more precise than the B&D 

method when applied to these lipid-rich samples.   

 

Moreover, the ASE method, had a CV below 10%, indicating acceptable repeatability (Sardenne et al., 

2019).  On the contrary, the B&D method had a CV well above 10%, indicating unacceptable repeatability.  

The CV of the B&D method in the present study was much higher than the 12.6% reported previously for 

this method (Bailey and Wells, 1994), possibly owing to the very lipid-rich samples used in the current 

study.     



 

 

Table 3.2 Mass of sample (vegetable oil), mass of residue, measured lipid content (expressed as a percentage of the true value), accuracy (expressed as % error) and precision 
(expressed as % CV) of samples extracted using ASE with MeoH-DCM or the B&D method 

Extraction method Mass of sample (g) Mass of residue (g) Measured lipid content (%) 

ASE MeoH-DCM 

0.107 0.0760 70.7 

0.205 0.151 73.8 

0.103 0.0810 78.4 

0.106 0.0900 84.2 

0.103 0.0870 84.9 

 
Mean 78.4 

SD 5.59 

% error 21.6 

% CV 7.13 

B&D 

0.106 0.0270	 25.5 

0.105 0.0620	 58.8 

0.108 0.0730	 67.1 

0.106 0.0550	 51.8 

0.101 0.0570	 57.0 

 

Mean 52.0 

SD 14.1 

% error 48.0 

% CV 27.2 

 



 

 

3.4 Conclusion 
Reliable and reproducible techniques for isolating lipids from biological samples are necessary for 

contaminant monitoring studies as well as for fundamental research.  Limitations to traditional methods 

for determining lipid content in biological samples have been demonstrated, and the need for a more 

appropriate method for determining lipid content of lipid-rich biological samples has been identified.  

Accelerated solvent extraction (ASE) has been proposed as an effective alternative to conventional 

techniques.   

 

This research achieved its primary aim by developing an analytical method capable of determining lipids 

in otter tissues as accurately and reliably as possible.  A simple, reliable, fast and chloroform-free method 

was developed and validated for quantifying lipid content in otters using ASE.  Three different solvent 

systems (MeoH-DCM, Hx-ETAC or Hx-IPA), three different tissue types (liver, brain or muscle) and two 

different tissue states (wet or dry) were assessed, using the conventional B&D lipid extraction method as 

a basis for comparison.  The methods were assessed in terms of total lipid yield.  Lipid extraction was 

affected by solvent system, tissue type and tissue state.  Of the solvent systems tested, ASE using MeoH-

DCM most closely matched the results from the B&D method.  The results also showed that the total lipid 

yield using ASE with MeoH-DCM was higher for liver samples than for brain or muscle samples, and was 

also significantly higher for wet than lyophilised samples (P = 0.016, 2-sample t-test).  The other solvent 

systems underestimated lipid content as the lipid content of the samples increased.  The effects of tissue 

type and state were more complex.  Similar lipid quantities were recovered from liver and brain samples 

when extracted using ASE with MeoH-DCM or B&D, with the greatest quantities of lipids being extracted 

from liver followed by brain samples.  Conversely, for samples extracted using ASE with Hx-ETAC or Hx-

IPA, higher lipid yields were obtained for brain samples than liver.  For all methods tested, muscle samples 

produced the lowest lipid yields.  The effects of tissue state were dependant on the tissue type and solvent 

applied.  For liver, a greater quantity of lipids was extracted from wet tissues than lyophilised samples 

when ASE-DCM or B&D methods were applied.  For the other solvents evaluated, tissue state did not 

affect lipid extraction.  For brain samples, extraction of lipids was generally higher when samples were 

lyophilised, except when ASE was used with MeoH-DCM.  For muscle, lipid extraction was generally higher 

for dry samples compared with wet.   

 

As comparability of results with the B&D method does not guarantee that the true lipid content has been 

determined, the ASE extraction method with MeoH-DCM was subsequently validated using multiple 

aliquots of a lipid-rich sample (pure vegetable oil).  Based upon the results obtained, ASE extraction of 

lipids using MeoH-DCM was superior compared with the B&D method, in terms of accuracy (-22% error 

and -48% error, respectively) and precision (7% compared with 27% CV, respectively).  Other advantages 



 

 

of using ASE for total lipid extractions include less attention from the analyst required and use of less toxic 

solvents (chloroform vs DCM).  These findings demonstrate the suitability of ASE for the extraction of 

lipid-rich otter tissue samples.  Lipid determination using ASE is likely to be successful on similar tissues 

including those from other aquatic mammalian species.   

 

 

 



 

 

4 DEVELOPMENT, VALIDATION AND 

APPLICATION OF TARGETED 

SCREENING METHODS FOR 

DETERMINING 

PHARMACEUTICALS IN OTTERS  

CHAPTER OVERVIEW 

This chapter provides a summary of targeted, multi-residue screening for pharmaceutical residues in 

biota.  In this chapter targeted, multi-residue screening methods were developed for the determination 

of a suite of 11 pharmaceuticals.  These methods were validated in canine blood and bile before being 

applied to wild otters.  This work was carried out to improve our understanding of the risk that these 

compounds pose to otters.  The results show that these 11 compounds do not pose an immediate risk to 

free-living otters in Sweden.  For this chapter I designed the experimental procedure, conducted the 

majority of the experimental work, interpreted all data and drove the intellectual thought process.  I am 

indebted to Mr Neil Burton at Q3 Analytical Ltd. for his help in analysing some of the samples.   

 

ABSTRACT 

The key objectives of this chapter were (i) to develop rapid, targeted analytical screening methods capable 

of determining a suite of individual pharmaceutical residues in otter blood and bile and (ii) to apply the 

targeted analytical screening methods to determine the concentrations of pharmaceutical residues in the 

blood (n = 15) and bile (n = 17) of free-living Eurasian otters from Sweden.  Rapid extraction methods were 

developed based on protein precipitation (PPT) for blood and salting-out assisted liquid-liquid extraction 

(SALLE) for bile.  Targeted analytical methods, using high performance liquid chromatography tandem 

triple quadrupole mass spectrometry (HPLC-QqQ-MS), were developed for the quantification of the 

pharmaceuticals.  Of 11 target compounds, eight were performed in positive ionisation mode and three 

were performed in negative ionisation mode.  To assess the suitability of the method the quantification 



 

 

limits, extraction efficiencies and matrix effects were determined.  Linearity was achieved over the 

concentration range 1 to 100 ng mL-1 (r > 0.99).  Extraction recoveries were in the range of 48.7 - 87.9% 

for blood and 25.0 - 76.5% for bile.  For positively-ionised compounds, environmentally-relevant lower 

limits of quantification (LLOQ) between 1.3 and 4.3 ng mL-1 were achieved in blood and between 0.9 and 

3.1 ng mL-1 in bile.  The lower limit of detection (LLODs) were 0.4 - 1.4 ng mL- and 0.3 - 1.3 ng mL-1 in blood 

and bile, respectively.  For negatively-ionised compounds, LLOQs were between 40.8 and 106 ng mL-1 

(LLODs 13.5 - 34.9 ng mL-1) in blood.  These detection limits emphasise the applicability of this method as 

they are substantially below the predicted critical effects concentrations (CECs).  The methods were 

subsequently applied to the blood (n = 15) and bile (n = 17) of wild otters from Sweden.  The target 

analytes were not observed in any of the blood or bile samples tested, suggesting that these compounds 

do not pose an immediate risk to free-living otters in Sweden.    

4.1 Introduction 

4.1.1 Targeted screening for pharmaceutical residues in biota 

The analysis of pharmaceuticals from biological matrices is frequently carried out using liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS).  When performed in multiple 

reaction monitoring (MRM) mode for targeted screening of known compounds, this analytical technique 

is highly selective and sensitive.  Prior to analysis, target compounds are selected and analogous reference 

standards are analysed under the same analytical conditions.  Compounds in the sample are then 

identified by correlating measured data with reference data, including retention time (RT) and expected 

mass to charge ratio (m/z) for precursor and product ions (Khetan and Collins, 2007).   

4.1.2 Multi-residue screening for pharmaceutical residues in biota 

Some studies focus on single pharmaceuticals or those from the same chemical family, enabling methods 

to be optimised specifically for those compounds.  This approach may be favourable if information is 

already available regarding the kinds of pharmaceuticals that are likely to be present in a particular matrix.  

If this information is scarce, multi-residue methods may be valuable, as they allow preliminary screening 

to be undertaken.  This can offer an initial starting point from which to funnel subsequent research.  When 

performing multi-residue analysis it is not usually viable to optimise sample preparation and analytical 

methods on an individual basis for every single chemical; instead a suitable extraction method is 

frequently developed to capture the majority of the target compounds, whilst also limiting matrix 

interference (Miller et al., 2018).  This is challenging, particularly when investigating compounds (such as 

pharmaceuticals)  that have diverse physio-chemical properties.  Many multi-residue methods currently 

in use for determining pharmaceuticals in biota involve time-consuming and laborious sample preparation 

steps (Álvarez-Ruiz and Picó, 2020).  The development of rapid screening methods that minimise some of 

these steps would be advantageous (Knoll et al., 2020).  Another benefit of fewer sample preparation 

steps is the reduction of analyte loss during the process. 



 

 

 

The vast majority of studies that have determined residues of pharmaceuticals in wild biota (generally 

fish) have been carried out on samples derived from effluent-impacted rivers and streams.  The 

concentrations reported in these samples are likely to represent a worst case scenario for investigating  

environmental  exposures  to pharmaceutical residues (Ramirez et al., 2009).  Although residues from 

synthetic musks such as galaxolide (Schmid et al., 2007) and antibacterial agents such as triclosan (Balmer 

et al., 2005) have been reported in free-living fish in remote locations, very few studies have determined 

concentrations of pharmaceuticals in aquatic environments far from point sources of pharmaceutical 

pollution; more information concerning these levels would be valuable.  At present there is no 

standardised method for measuring pharmaceutical residues in otters.  The development of rapid, 

targeted multi-residue screening methods for use in otters would be advantageous as a first step.  

Application of such methods would provide a valuable indication of the concentrations of the target 

compounds that otters are exposed to, and may be used to identify compounds that warrant further 

research in this species.  Initial screening strategies are also useful for the identification of high-risk 

populations.   

 

A recent UNESCO report on emerging pollutants in water advised that more data are required concerning 

pharmaceutical concentrations in biota in the Baltic Sea region, including Sweden (Vieno et al., 2017).  

Over 1200 active pharmaceutical ingredients are in use in Sweden (Carlsson et al., 2006) and not all of 

these are effectively removed during sewage treatment.  Zorita et al. (2009) calculated removal rates of 

a range of pharmaceuticals in the inlet and outlet of a tertiary municipal sewage treatment plant in 

Kristianstad, in the south of Sweden.  For most pharmaceuticals, over 90% were removed, but removal 

rates were lower for a small number of pharmaceuticals (diclofenac, clofibric acid, estrone and ofloxacin).  

They found that diclofenac was not eliminated during the sewage treatment process and higher 

concentrations were found at the effluent than in the inlet of the plant.  Unsurprisingly, a variety of 

pharmaceuticals have been detected in Swedish waters.  Assessment of Sweden’s largest river, Göta Älv, 

suggest that the concentrations of pharmaceuticals in the river were close to the level at which adverse 

effects to fish are expected to occur (Furberg, 2014).  Grabicová et al. (2014) exposed 20 rainbow trout 

(Oncorhynchus mykiss) to undiluted effluent from a Swedish municipal sewage treatment plant.  After 13 

days, citalopram, sertraline and venlafaxine were found in the brains and livers of most fish.  Average 

concentrations were 12, 4.5 and 21 ng g-1, respectively, in the liver and 2.2, 9.4 and 3.1 ng g-1, respectively, 

in the brain.  Venlafaxine was found in the plasma of three fish, at an average concentration of 2.6 ng g-1.  

These findings suggest that pharmaceuticals may pose an environmental risk to Swedish wildlife.  More 

information concerning the concentrations of pharmaceuticals in Swedish biota would be beneficial.  

Studying these compounds in aquatic apex predators, such as otters, would provide information about 

the potential biomagnification of these compounds in the food chain.  



 

 

4.1.3 Aims and objectives  

The primary aims of this chapter were (i) to develop rapid, targeted analytical screening methods capable 

of determining a suite of individual pharmaceutical residues in otter blood and bile and (ii) to apply the 

targeted analytical screening methods to determine the concentrations of pharmaceutical residues in the 

blood (n = 15) and bile (n = 17) of free-living Eurasian otters from Sweden.   

To achieve these aims the following key objectives were established: 

1. Method development and validation: 

Develop and validate a rapid extraction method using protein precipitation (PPT) to extract a suite of target 

pharmaceuticals from otter blood  

Develop and validate a rapid extraction method using salt assisted liquid-liquid extraction (SALLE) to extract 

a suite of target pharmaceuticals from otter bile 

Develop methods using high performance liquid chromatography tandem triple quadrupole mass 

spectrometry (HPLC-QqQ-MS) to analyse the extracts in positive and negative ionisation modes 

2. Method application: 

Apply the rapid, targeted analytical screening methods to determine the concentrations of pharmaceutical 

residues in the blood (n = 15) and bile (n = 17) of wild Eurasian otters from Sweden.   

4.2 Methods 

4.2.1 Selection of target compounds 

Eleven pharmaceuticals (Table 4.1) were included in this study.  These compounds were selected to 

include compounds from a variety of therapeutic classes to maximise the chances of detecting 

pharmaceuticals if they are present in the samples.  These include beta-blockers, anti-depressants, non-

steroidal anti-inflammatories (NSAIDs) and anti-seizure medication.  Along with antibiotics, blood lipid 

regulators, hormones and antihistamines, these therapeutic classes have been identified as having the 

greatest potential to pose a risk within aquatic environments (Khetan and Collins, 2007).  Most 

pharmaceuticals are removed to a high degree during wastewater treatment, although less effective 

removal has been observed for some pharmaceuticals, including diclofenac, tamoxifen and 

carbamazepine (Comber et al., 2018).  All of the target compounds included in this study are commonly 

used compounds and all (except norfluoxetine, which is a metabolite of fluoxetine) were included in a list 

of 32 pharmaceuticals that have been proposed for prioritization for environmental risk assessment in 

Sweden (Roos et al., 2012).  Furthermore, all except amiodarone, tamoxifen and dipyridamole have 

previously been reported in wild fish.  Amiodarone has been identified as a high-risk compound, expected 

to occur in elevated quantities in aquatic environments (Escher et al., 2011).  Concern has been raised 

that this compound may disrupt thyroid hormone homeostasis in aquatic wildlife and may accumulate in 



 

 

organisms higher up in the food chain (Sanoh et al., 2020).  Tamoxifen is a commonly-used anti-estrogenic 

chemotherapeutic agent used to treat cancer.  It has been detected in surface water (Zhang et al., 2013) 

and sediment (Yang et al., 2011) and may present a significant ecotoxicological risk for aquatic wildlife 

(Orias et al., 2015).  Ibuprofen and diclofenac have also been qualitatively detected in the hairs of Eurasian 

otters occupying UK waterways (Richards et al., 2011). Moreover, diclofenac is included in the EU-wide 

Water Framework Directive ‘watch list’ of emerging aquatic pollutants, which is a list of potential 

pollutants that should be carefully monitored by the EU Member States to determine the risk they pose 

to the aquatic environment.  

 

 



 

 

 

Table 4.1 Target compound information 

Compound Therapeutic class Molecular formula Log P Predicted 
critical effect 
concentration  

(CEC; ng L-1) 

Reported concentrations in wild biota  

(ng g-1, WW unless stated otherwise) 

Verapamil  Calcium-channel 

blocker 

C27H39ClN2O4 

 

5.23 (ALOGPS) 

5.04 (ChemAxon)      

24 Range 0.0700  – 0.600 (Meador et al., 2016) 

Amiodarone  Anti-arrhythmic C25H29I2NO3 7.24 (ALOGPS) 

7.64 (ChemAxon) 

N/A N/A 

Venlafaxine  Anti-depressant  C17H28ClNO2 2.69 (ALOGPS), 2.74 

(ChemAxon) 

6112 Range: ND – 0.130 (Schultz et al., 2010); 

Mean ± SD: 0.240 ± 0.0500 (2006), 0.530 ±  0.0300 (2007) 

(Gelsleichter and Szabo, 2013); 

Mean ± SD: 9.00 ± 16.0 (species 1), 18.0 ± 12.0 (species 

2), ND (species 3) (DW) (Valdés et al., 2016); 

Mean: 4.60, Range: ND – 22.9 (DW) (Huerta et al., 2018); 

Mean ± SD: 0.210 ± 0.0600 (Rojo et al., 2019) 

 



 

 

Norfluoxetine Anti-depressant 

metabolite 

C16H16F3NO 3.80 (ALOGPS) 

3.74 (ChemAxon) 

N/A Mean ± SD: 8.86 ± 5.90 (Brooks et al., 2005); 

Mean: 4.37, Range: 3.49 – 5.14 (Ramirez et al., 2007); 

<LOD (Zhou et al., 2008); 

Mean: 3.20, Range: ND – 3.20 (Ramirez et al., 2009); 

Range: ND – 3.57 (Schultz et al., 2010); 

Mean: 408 (Gelsleichter and Szabo, 2013); 

Range: 0.680 – 3.20 (Meador et al., 2016) 

Tamoxifen Anti-estrogen C26H29NO 5.93 (ALOGPS) 

6.35 (ChemAxon) 

N/A N/A 

Metoprolol  Anti-hypertension  

(beta-blocker) 

C15H25NO3 1.8 (ALOGPS) 

1.76 (ChemAxon) 

15390 ND (Meador et al., 2016); 

ND (Huerta et al., 2018); 

Mean ± SD: 0.37 ± 0.13 (Rojo et al., 2019) 

Dipyridamole Vasodilator C24H40N8O4 1.52 (ALOGPS) 

1.81 (ChemAxon) 

151646 N/A 

Naproxen NSAID C14H13NaO3 3.29 (ALOGPS)  

2.99 (ChemAxon) 

827999 ND (Meador et al., 2016); 

Mean ± SD: 29.2 ± 24.5, Range: 6.00 – 103 (Brozinski et 

al., 2013) 



 

 

Carbamazepine Anti-seizure C15H12N2O 2.10  (ALOGPS) 

2.77 (ChemAxon) 

346496 Mean: 1.16, Range: 0.830 – 1.44 (Ramirez et al., 2007); 

Mean: 2.30, Range: ND – 3.10 (Ramirez et al, 2009); 

<LOD (Kwon et al., 2009); 

ND (Meador et al., 2016); 

Mean ± SD: 33.0 ±  54.0 (species 1), 8.00 ±  14.0 (species 

2) ND (species 3) (DW) (Valdés et al., 2016); 

Mean: 3.00, Range ND – 8.20 (DW) (Huerta et al., 2018); 

Mean ± SD: 0.190 ± 0.0400 (Rojo et al., 2019) 

Diclofenac  NSAID C14H11Cl2NO2 4.98  (ALOGPS), 4.26 

(ChemAxon) 

4560 Mean: 0.700, Range: ND – 0.700 (DW) (Huerta et al., 

2018); 

Range: ND / <LOQ (Valdés et al., 2016); 

Mean ± SD: 57.8 ± 45.2, Range: ND – 148 (Brozinski et al., 

2013); 

ND  (Rojo et al., 2019) 

Ibuprofen NSAID C13H18O2 

 

3.50 (ALOGPS) 

3.84 (ChemAxon) 

194711 Mean ± SD: 9.58 ± 12.2, Range: ND – 34.0 (Brozinski et 

al., 2013); 

ND (Meador et al., 2016) 

Predicted CECs for target compounds expected to bioconcentrate from water to a steady state fish blood plasma concentration equal to the human therapeutic blood plasma level 

(concentration ratio = 1, Fick et al., 2010). 

NSAID = non-steroidal anti-inflammatory drug; Log P = octanol-water partition coefficient; WW = wet weight, DW = dry weight; ND = not detected; LOD = limit of detection; LOQ = 

limit of quantification; SD = standard deviation; N/A = data not available 



 

 

Table 4.2 Chemical structures and potential fragmentation pathways for the target analyte 

Compound Structure Potential fragmentation pathway 

Verapamil  

 

m/z = 455.3 > 165.4  

Amiodarone  

 

m/z = 646.1 > 58.1 

Venlafaxine 

 

m/z = 278.2 > 58.2 



 

 

Norfluoxetine 

 

m/z = 296.2 > 134.2 

Tamoxifen 

 

m/z = 372.3 > 72.1 

Metoprolol  

 

m/z = 268.1 > 116.1 



 

 

Dipyridamole 

 

m/z = 505.4 > 429.4 

Carbamazepine 

 

m/z = 237.2 > 194.4 

Naproxen 

 

m/z = 229.1 > 184.9 



 

 

Diclofenac  

 

m/z = 293.9 > 249.8 

Ibuprofen 

 

m/z = 205.1 > 161.1 

 

 



 

 

4.2.2 Chemicals and materials 

All pharmaceutical standards were high purity grade (>95%).  Carbamazepine was purchased from QMX 

Laboratories Ltd. (Essex, UK).  Amiodarone HCl, dipyridamole, metoprolol tartrate, norfluoxetine, 

tamoxifen citrate, venlafaxine HCl, verapamil HCl, diclofenac, ibuprofen and naproxen sodium were 

acquired from Sigma-Aldrich (Steinheim, Germany).  Dextromethorphan (DXM) and cholic acid, used as 

an internal standards, and saturated calcium chloride (CaCl2), were also obtained from Sigma-Aldrich.  All 

solvents used were of HPLC grade and were also obtained from Sigma-Aldrich.   

 

Canine blood and bile were used as surrogates for otter blood and bile when preparing matrix calibration 

curves and quality control samples for method validation as control otter reference material was 

unavailable.  Canine blood and bile were selected as suitable surrogate matrices for otter blood and bile, 

respectively, because dogs are carnivorous mammals and canine blood and bile samples were easily 

obtained from Pet Blood Bank (Loughborough, UK) and The Royal Veterinary College (Hatfield, UK), 

respectively.  The medical history of the individuals was known to the veterinarians and pathologists 

collecting the samples and were therefore believed to be free of the target analytes.  This was 

subsequently verified through the analysis of blank samples.  Canine blood was extracted from live dogs 

during routine blood collection and canine bile was extracted from deceased dogs during routine post 

mortem examination.  The canine blood and bile samples were stored in plastic tubes and placed in zip 

lock bags.  These were deep frozen until transportation and were shipped on dry ice by overnight courier 

service to the designated sample preparation laboratory.  Upon receipt, they were stored at -80°C until 

preparation for analysis.   

4.2.3 Standards 

For positively-ionised compounds, individual stock solutions (approximately 100 μg mL
-1

) were prepared 

as follows.  Approximately 10 mg of each pharmaceutical compound was weighed using a weigh boat.  

The actual weight was recorded to the nearest 0.1 mg and the standard was transferred to a 10 mL glass 

volumetric flask.  The standard was diluted with methanol (MeoH) to the 10 mL mark and vortex mixed 

thoroughly.  The exact concentration of each standard was calculated, correcting for purity (e.g. salt 

content), and an appropriate amount was transferred to a clean 10 mL volumetric flask and dissolved in 

dimethyl sulphoxide (DMSO), to produce a 1 mg mL
-1

 free base stock solution.  A 10 µg mL
-1

 

pharmaceutical mixed stock standard containing all the target compounds was prepared; appropriate 

aliquots of each individual stock standard were combined with DMSO.  Working analytical standard 

solutions in DMSO were prepared freshly on the day of analysis, at the following concentrations: 2000, 

500, 300, 200 and 20 ng mL
-1

.  Dextromethorphan HCl (DXM), to be used as the internal standard for 

positively-ionised compounds in blood and bile, was dissolved in DMSO to give a 1 mg mL
-1

 free base stock 



 

 

solution.  This solution was diluted to 1 µg mL
-1

 with 2.5% DMSO in acetonitrile (ACN) to produce the 

working internal standard solution (DXM IS).   

 

For negatively-ionised compounds, individual stock standard solutions were prepared.  Pharmaceutical 

compounds were weighed, corrected for purity (e.g. salt content) and dissolved in DMSO to produce a 1 

mg mL
-1

 free base stock solution.  A 10 µg mL
-1

 pharmaceutical mixed stock standard containing all the 

target compounds was prepared; appropriate aliquots of each individual stock standard were combined 

with DMSO.  Working analytical standard solutions in DMSO were prepared freshly on the day of analysis, 

at the following concentrations: 2000, 500, 300, 200 and 20 ng mL
-1

.  For negatively-ionised compounds 

investigated in blood, cholic acid (CA) was used as an internal standard.  CA was dissolved in ethanol to 

give a 1 mg mL
-1

 free base stock solution.  This solution was diluted to 1 µg mL
-1

 with 2.5% DMSO in ACN 

to produce the working internal standard solution (cholic acid IS).  All stock solutions and standards were 

stored at -20 °C.   

4.2.4 Matrix calibration solutions 

For each matrix investigated (canine blood and bile), calibration standards were prepared for each analyte 

by spiking aliquots of each matrix with the analyte of interest at the following concentrations: 1, 5, 10, 15, 

25, 50 and 100 ng mL
-1

 and extracted using the methods described below.  These calibration standards 

were carried through the entire sample preparation protocol prior to analysis and were used to determine 

the response of the analytical instrument to each concentration of analyte.  Calibration curves were 

constructed for each compound by plotting the ratio of observed peak areas for the analyte and IS versus 

analyte concentration.  Each calibration curve was analysed in duplicate with each calibration line 

bracketing the samples.  Calibration data were fitted with linear regressions with a 1/x
2

 weighting, except 

for dipyridamole which fitted a quadratic regression with a 1/x
2

 weighting, and the resulting parameters 

were used to calculate analyte concentrations.  The criterion imposed for initial calibration required that 

the back calculated concentrations of the calibration standards were within ± 20% of the nominal value.   

4.2.5 Quality controls 

In addition to the matrix calibration curve standards, for each matrix investigated (canine blood and bile), 

quality control (QC) standards containing the matrix of interest were prepared in DMSO and fortified with 

a mixture of the analytes of interest at each of following concentrations: 1 ng mL
-1

 (LLOQ), 3 ng mL
-1

 (LQC), 

30 ng mL
-1

 (MQC) and 90 ng mL
-1

 (HQC).  These were carried through the entire extraction and analysis 

process and were used to evaluate extract stability, accuracy and precision.  Zero samples (processed 

matrix with IS but no analyte) and blank samples (processed matrix without analyte or IS) were also 

prepared in each matrix investigated and were included with every calibration curve to check for any 

matrix interferences.   



 

 

4.2.6 Sample collection and preservation 

Biological samples (blood [n = 15] and bile [n = 17]) from wild Eurasian otters were investigated in this 

study (Table 4.2).  In all but one case the blood and bile samples were derived from different individual 

otters.  All of the samples used were from an existing tissue bank at the Swedish Museum of Natural 

History (SMNH; Stockholm, Sweden).  These samples were derived from deceased otters that were found 

and reported by members of the public.  They are routinely used to monitor aquatic contamination and 

other potential threats to otters.  For more details please refer to Chapter 2.  Blood and bile samples were 

extracted from the otters during post mortem examination, stored in plastic tubes and placed in zip lock 

bags.   The samples were deep frozen until transportation.  Samples were shipped on dry ice by overnight 

courier service to the designated sample preparation laboratory.  Upon receipt, samples were catalogued 

and stored at -80°C until preparation for analysis.   

 



 

 

Table 4.3 Information about the wild otters included in this study 

Otter sample ID Gender Age class Location found dead (geographical co-ordinates; county) Cause of death Matrix 
analysed 

A2012/05562 M Subadult 57.4492 / 15.1997,  Jönköpings län (S) RTA Blood 

A2010/05073 F Adult 65.8193 / 19.3481 ,  Norrbottens län (N)   RTA Blood 

A2014/05203 M Adult 57.8235 / 16.4612,  Kalmar län (S)   RTA Blood 

A2011/05336 F Adult 62.7718 / 14.4296,  Jämtlands Iän (N) RTA Blood 

A2015/05377 M Subadult 65.3260 / 20.7276,  Norrbottens län (N)   RTA Blood 

A2011/05384 F Adult 60.7223 / 15.8368,  Dalarnas län (N)   Bycaught  Blood 

A2012/05385 M Adult 57.7552 / 14.8072,  Jönköpings län (S) RTA Blood 

A2016/05494 M Adult 65.7954 / 22.0697,  Norrbottens län (N)   RTA Blood 

A2013/05513 M Adult 55.9690 / 13.9994,  Skäne län (S) RTA Blood 

A2016/05542 F Subadult 59.6142 / 16.5337,  Västmanlands län (S) Bycaught  Blood 

A2010/05546 M Adult 57.8414 / 16.2548,  Kalmar län (S)   Bycaught  Blood 

A2012/05653 M Adult 59.4964 / 18.1651,  Uppsala län (S) RTA Blood 

A2012/05662 M Unknown 57.5452 / 15.2023,  Östergötlands län (S) Bycaught  Blood 

A2012/05788 F Adult 57.9011/ 14.5852,  Jönköpings län (S) RTA Blood 

A2012/05832 M Adult 63.8262 / 20.3322,  Västerbottens län (N) RTA Blood 

A2012/05038 M Adult 62.03157/ 14.369,  Jämtlands län (N) Unknown Bile 

A2015/05076 F Adult Västerbottens län (N)  Unknown Bile 

 



 

 

 

A2014/05104 F Juvenille Värmlands län (N) Shot Bile 

A2017/05165 F Adult 57.4682 / 14.0954,  Jönköpings län (S) RTA Bile 

A2010/05215 M Adult 59.7278/ 17.7203,  Uppsala län (S) RTA Bile 

A2015/05294 M Adult 59.3355/18.1388,  Stockholms län (S) RTA Bile 

A2017/05387 F Adult 59.8154 / 18.6502,  Stockholms län (S) RTA Bile 

A2017/05390 M Subadult 57.9883 / 16.7580,  Kalmar län (S) Bycaught Bile 

A2017/05409 F Adult 60.9333 / 14.6178 ,  Dalarnas län (N) Bycaught Bile 

A2010/05469 M Subadult 61.0821 / 13.3261,  Dalarnas län (N) RTA Bile 

A2012/05475 F Subadult 60.1829/ 18.3982,  Uppsala län (S) RTA Bile 

A2012/05562 M Subadult 57.4492/ 15.1997,  Jönköpings län (S) RTA Bile 

A2017/05572 M Subadult 56.2775 / 13.2808,  Skänes län (S) RTA Bile 

A2017/05573 M Adult 63.2672 / 17.2105,  Västernorrlands län (N) RTA Bile 

A2017/05659 F Subadult 58.1412 / 14.9637,  Östergötlands län (S) RTA Bile 

A2014/05744 F Adult 59.7874/ 17.0718,  Södermanlands län (S) RTA Bile 

A2012/05789 F Subadult 57.5283/ 15.3644,  Jönköpings län (S) RTA Bile 
M = Male, F = Female; S = Southern Sweden, N = Northern Sweden; RTA = Road traffic accident 
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4.2.7 Extraction of target compounds 
Frozen blood and bile samples were defrosted overnight at +4 °C.  After thawing, the tubes containing the 

samples were vortex mixed for 30 sec.  Rapid extraction protocols were developed for the extraction of 

11 pharmaceuticals from otter blood and bile.  For extraction of compounds from blood, a method using 

protein precipitation (PPT) was developed.  For extraction of positively-ionised compounds, 50 µL of 

whole blood was precipitated with 150 µL of DXM IS.  For extraction of negatively-ionised compounds, 50 

µL of whole blood was precipitated with 150 µL of cholic acid IS.  After adding the appropriate IS, the 

mixture was vortexed for approximately 20 sec prior to centrifugation (17,000 gravity for 3 min).  The 

supernatant was decanted into a clean 250 µL HPLC vial and evaporated to dryness using a GeneVac 

centrifugal evaporator (40°C for approximately 30 min).  The extract was reconstituted in 25 µL DMSO 

and vortex mixed for approximately 30 sec.  The method allows for rapid and simple sample preparation 

(15 blood samples were prepared in approximately 40 min), achieving high throughput.  Extracts were 

analysed immediately.   

 

For extraction of target analytes from bile, a method using salt assisted liquid-liquid extraction (SALLE) 

was developed.  Fifty µL bile was vortex mixed with 50 µL saturated aqueous calcium chloride (CaCl2) for 

30 sec.  For extraction of positively-ionised compounds, 300 µL of DXM IS was added.  For extraction of 

negatively-ionised compounds, 300 µL of cholic acid IS was added.  After adding the appropriate IS, the 

mixture was vortexed again for 30 sec, prior to centrifugation (gravity 17,000 for 3 min).  The supernatant 

was decanted to a clean 250 µL HPLC vial and evaporated to dryness on a GeneVac at 40°C for 30 min.  

The extract was reconstituted in 25 µL DMSO  and vortexed for approximately 30 sec.  Preparation of bile 

samples was rapid and simple (17 bile samples were prepared in approximately 40 min).  Extracts were 

analysed immediately.   

4.2.8 Sample analysis 
Analysis was performed using high performance liquid chromatography tandem triple quadrupole mass 

spectrometry (HPLC-QqQ-MS).  An Agilent 1100 series HPLC system (Agilent Technologies LDA UK Ltd, 

Didcot, UK) and a HTS PAL LC autosampler (CTC Analytics AG, Zwingen, Switzerland) was coupled to an 

Applied Biosciences API 3000™ enhanced triple quadrupole mass spectrometer (AB Sciex, Warrington, 

UK).  The system was controlled using Analyst 1.6.3.   

 

4.2.8.1 HPLC conditions 

For positively-ionised compounds, analyte separations were carried out with an ACE® Phenyl column (5 

μm, 100 Å, 150 x 2.1 mm, Advanced Chromatography Technologies Ltd., Aberdeen, Scotland).  A binary 

gradient was employed to achieve chromatographic separation (Table 4.3).  Mobile phases were 0.1% 

(v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B), with the following gradient 
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profile: 0-2 min was 95% A; from 2-10 min B was raised to 95%, 10-12 min was 95% B; 12.1-15 min A was 

raised to 95%.  Additional chromatographic parameters were as follows: injection volume: 5 μL; column 

temperature: 40 °C; flow rate: 250 μL min-1.   

 

For negatively-ionised compounds, analytes were separated on a  50 × 2.1 mm (2.6 μm, 100 Å) Kinetex C8 

column (Phenomenex, Macclesfield, UK).  A binary gradient consisting of 0.1% (v/v) formic acid in water 

(A) and 0.1% (v/v) formic acid in acetonitrile (B) was used to achieve chromatic separations (Table 4.4).  

The flow rate was 250 µL/min and the gradient profile was as follows: 0-1 min was 95% A; 1-4 min B was 

raised to 95%; 4-5 min B was 95%; 5.1-8 min was 95% A.  Injection volumes were 5 μL, column temperature 

was 40°C  and re-equilibration time was 15 min.  The chromatography was equilibrated by injecting two 

calibration curves before the analysis of calibration curve and samples. 
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Table 4.4 Mobile phase gradient employed for positively-ionised compounds 

Total time (min) Flow rate  

(µL / min) 

A (%) B (%) 

0.0 250 95 5 

2.0 250 95 5 

10.0 250 5 95 

12.0 250 5 95 

12.1 250 95 5 

15.0 250 95 5 

 

Table 4.5 Mobile phase gradient employed for negatively-ionised compounds 

Total time (min) Flow rate  

(µL / min) 

A (%) B (%) 

0.0 250 95 5 

1.0 250 95 5 

4.0 250 5 95 

5.0 250 5 95 

5.1 250 95 5 

8.0 250 95 5 

 

4.2.8.2 Ionisation conditions  

Eluted analytes were monitored by MS/MS using a triple-quadrupole mass analyzer equipped with an 

atmospheric pressure interface-electrospray ionisation (API-ESI) source for pharmaceutical identification 

and quantification.  Nitrogen (99.999%), used as a nebulising, desolvation and collision gas, was provided 

by a high purity nitrogen generator.  The ionisation conditions are presented in Table 4.5.  
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Table 4.6 Electrospray ionisation conditions 

Electrospray ionisation conditions 

Ionisation mode Positive Negative 

Nebulizer gas 14.00 14.00 

Curtain gas 14.00 14.00 

Ionspray voltage (V) 5000.00 -4200.00 

Source temperature (°C) 350.00 350.00 

Collisionally activated dissociation gas 4.00 4.00 

Entrance potential (V) 10.00 -10.00 

 

4.2.8.3 Mass spectrometry analysis conditions 

Mass spectrometric analysis was carried out in multiple reaction monitoring (MRM) mode, measuring the 

fragmentation of the ions produced from each analyte.  The optimal mass spectrometric conditions were 

determined by direct infusion using a Harvard Apparatus Pump 11 syringe pump (Harvard Apparatus, 

Massachusetts, USA) set to deliver 2 μL min-1 of analyte solution from a 500 μL glass syringe, and are 

presented in Tables 4.6 and 4.7 for compounds analysed in positive and negative ionisation modes, 

respectively. 
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Table 4.7 Compound specific mass spectrometric conditions for positively-ionised target compounds, 
as determined by direct infusion of each analyte into the HPLC-QqQ-MS 

Compound Precursor 
ion (m/z) 

Product 
ion (m/z) 

Decluster-
ing 
potential 
(V) 

Focusing 
potential 
(V) 

Collision 
energy 
(V) 

Collision 
cell exit 
potential 
(V) 

Retention 
time 
(min) 

Verapamil 455.3 165.4 71 330 41 16 7.02  

Amiodarone 646.1 58.1 61 310 95 10 7.94  

Venlafaxine 278.2 58.2 26 140 49 10 5.83  

Norfluoxetine 296.2 134.2 26 120 9 14 6.91  

Tamoxifen 372.3 72.1 51 200 75 14 7.71  

Metoprolol 268.1 116.1 56 260 23 8 3.63  

Dipyridamole 505.4 429.4 76 50 53 14 6.96  

Carbamazepine 237.2 194.4 51 250 25 14 6.95  

Dextro-
methorphan 

272.3 215.2 41 190 33 14 6.53  

 

Table 4.8 Compound specific mass spectrometric conditions for negatively-ionised target compounds, 
as determined by direct infusion of each analyte into the HPLC-QqQ-MS 

Compound Precursor 
ion (m/z) 

Product 
ion (m/z) 

Decluster-
ing 
potential 
(V) 

Focusing 
potential 
(V) 

Collision 
energy (V) 

Collision 
cell exit 
potential 
(V) 

Retention 
time 
(min) 

Diclofenac 293.9 249.8 -36 -200 -16 -15 3.79 

Ibuprofen 205.1 161.1 -26 -150 -10 -7 3.73 

Naproxen 229.1 184.9 -31 -170 -10 -11 3.50 

Cholic acid 407.3 343.0 -61 -250 -44 -29 3.77 

 

4.2.9 Method validation parameters 
For the method development and validation, the following parameters were investigated: 

Linear range, lower limit of detection and lower limit of quantification  

Carry-over 

Matrix effects 

Extract stabiity 

Extraction efficiency 

Precision and accuracy 
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For positively-ionised compounds, all of these parameters were assessed.  For negatively-ionised 

compounds, not all parameters were assessed in both matrices.  

4.2.10 Method application parameters 
For method application, the methods were applied to the analysis of blood (n = 15) and bile samples (n = 

17) collected from wild Eurasian otters found deceased in Sweden.   

4.3 Results and discussion 

4.3.1 Method development and validation 
The first objective of this chapter was to develop and validate methods to extract and analyse a suite of 

target pharmaceuticals from otter samples.  This was achieved by developing and validating rapid 

extraction methods using protein precipitation (PPT) and salt assisted liquid-liquid extraction (SALLE) to 

extract a suite of target pharmaceuticals from blood and bile, respectively.  A method was developed 

using high performance liquid chromatography tandem triple quadrupole mass spectrometry (HPLC-QqQ-

MS) to analyse the otter blood extracts in positive and negative ionisation modes and the bile extracts in 

positive ionisation mode.  

 

For the method development and validation, the parameters investigated were linear range, lower limit 

of detection and lower limit of quantification, carry-over, matrix effects, extract stability, extraction 

efficiency, precision and accuracy. 

 

4.3.1.1 Linear range, lower limit of detection and lower limit of quantification  

Instrumental linearity was evaluated using linear regression analysis measuring peak height versus 

concentration of four validation calibration curves (100, 50, 25, 15, 10, 5 and 1 ng mL-1).   

 

The observed linear range was 1 to 100 ng mL-1 (r > 0.99).  Apart from dipyridamole, all compounds gave 

a linear fit with 1/x2 weighting of duplicate calibration lines.  Any point with a back calculated result over 

± 20% was excluded from the calibration curve.  Dipyridamole was linear for the first two validation runs 

but was quadratic for the last two validation runs.  However, the lower limit of detection (LLOD) and lower 

limit of quantification (LLOQ) calculations were made on the linear part of the curve.  For one of the 

amiodarone validation batches only one duplicate was used due to an instrumental problem with the 

second duplicate.   
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Sensitivity refers to the change in instrument response which corresponds to a change in the measured 

quantity of an analyte (the gradient of the calibration graph).  The lower limit of detection (LLOD)  is the 

lowest concentration of analyte that can be reliably distinguished from the absence of that analyte (a 

blank value).  The analyte signal of the LLOD sample is at least 10 times the signal of a blank sample.  The  

lower limit of quantification (LLOQ) is the lowest concentration of analyte in a sample which can be 

reliably quantified with acceptable accuracy and precision.  The analyte signal of the LLOQ sample is at 

least 3 times the signal of a blank sample.  The LLODs and LLOQs were derived from the calculated signal-

to-noise of four validation calibration curves (100, 50, 25, 15, 10, 5 and 1 ng mL-1).  The LLODs and LLOQs 

were respectively calculated as follows: 

 

!!"# = 10	 ( )*+,-+.-	-/01+*12,	23	*ℎ/	1,*/.5/6*
7/+,	8.+-1/,*	23	*ℎ/	5+91:.+*12,	91,/); 

Equation 4.1: Calculation of the LLODs  

 

!!"< = 3.3	 ( )*+,-+.-	-/01+*12,	23	*ℎ/	1,*/.5/6*7/+,	8.+-1/,*	23	*ℎ/	5+91:.+*12,	91,/; 

Equation 4.2: Calculation of the LLOQs  

 

For positively-ionised compounds, LLOQs were between 0.92 and 3.11 ng mL-1 in bile and 1.26 and  4.25 

ng mL-1 in blood.  For negatively-ionised compounds, LLOQs were between 40.8 and 106 ng mL-1 in blood.  

These were not assessed in bile.  The analyte-specific LLODs and LLOQs in bile and blood are presented in 

Table 4.8.      

 

Table 4.9 Lower limits of detection (LLOD) and lower limits of quantification (LLOQ) for target 
compounds in bile and blood 

Compound 

Matrix 

Bile Blood 

LLOD (ng mL-1) LLOQ (ng mL-1) LLOD (ng mL-1) LLOQ (ng mL-1) 

Verapamil 0.539 1.63 0.549 1.66 

Amiodarone 0.414 1.26 1.109 3.36 

Venlafaxine 0.336 1.02 0.443 1.34 

Norfluoxetine 0.304 0.92 0.542 1.642 

Tamoxifen 0.805 2.44 0.575 1.74 

Metoprolol 0.527 1.60 1.029 3.12 

Dipyridamole 0.721 2.19 0.417 1.26 

Carbamazepine 1.03 3.11 1.40 4.25 

Diclofenac Not assessed Not assessed 34.9 106 
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4.3.1.2 Carry-over  

Carry-over refers to the error induced in the result of a sample analysis by contamination from the 

preceding one.  Carry-over was assessed by injecting a blank sample immediately following injection of a 

standard fortified at 200 ng mL-1.  The acceptance criterion for carry-over was that it did not exceed 20% 

of the LLOQ in the blank sample following the high concentration standard (European Medicines Agency, 

2011).  Carry-over was calculated using the following equation:  

 

5+..? − 20/. = 100	 ( 6/+A	+./+	23	6/+A	1,	:9+,A
6/+A	+./+	23	6/+A	1,	#BC"	)*+,-+.-; 

 Equation 4.3: Calculation of the carry-over 

 

Percentage carry-over results are presented in Table 4.9.  In positive ionization mode carry-over was less 

than 2% for all compounds, with the exception of tamoxifen extracted from blood using PPT, for which 

carry-over was 2.4%.  In negative ionization mode, carry-over for diclofenac was 3.1%, extracted from 

blood using PPT.   

 

Table 4.10 Percentage carry-over of target analytes assessed from analysis of a blank sample 
immediately after injection of a standard fortified at 200 ng mL-1 

Compound Blank Blood PPT Blank Blood SALLE 

Verapamil 0.731 0.082 

Amiodarone 1.120 0.601 

Venlafaxine 0.050 0.033 

Norfluoxetine 1.300 0.080 

Tamoxifen 2.380 1.050 

Metoprolol 0.092 0.028 

Dipyridamole 0.286 0.034 

Carbamazepine 0.158 0.196 

Diclofenac 3.100 Not assessed 

 

Ibuprofen Not assessed Not assessed 18.0 54.6 

Naproxen Not assessed Not assessed 13.5 40.8 
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4.3.1.3 Matrix effects 

The presence of co-extracted matrix components can alter the ionization efficiency of target analytes in 

LC-MS analysis, especially when using ESI for analysis of extracts of complex matrices (Zhou et al., 2017).  

Co-eluting compounds may compete for ionization, causing ion suppression (loss in response) or 

enhancement (increase in response).  Matrix effects were quantitatively evaluated by comparing the 

response of the analyte in a standard solution (50 ng mL-1 prepared in DMSO) to that of six samples (target 

analyte-free blood or bile) that underwent sample preparation and were spiked post-extraction with the 

analyte mixture at the same concentration as the standard solution.  Calculations were performed in 

duplicate for blood and bile samples.  No matrix effect is observed when the matrix effect is equal to 

100%, values over 100% indicate ionization enhancement, and values lower than 100% indicate ionization 

suppression.  The matrix effect should be between 85% and 115% (European Medicines Agency, 2011).  

The matrix effects were calculated by applying the following formula:  

 

7+*.1D	/33/5*	(%) = 100	 ( 6/+A	+./+	23	7+*.1D	/D*.+5*6/+A	+./+	23	#BC"	)*+,-+.-; 

 Equation 4.4: Calculation of the matrix effects  

 

Matrix effects were observed for all compounds, in both matrices and in both ionization modes.  Figure 

4.1 presents the matrix effects for each compound.  In positive ionisation mode, slight signal suppression 

occurred for all compounds in blood, with matrix effects ranging from 59.4 to 80.8% (mean 67.4%).  In 

bile, matrix effects ranged from 56.5 to 88.0%, with a mean of 82.3%.  The matrix effects for amiodarone, 

venlafaxine, tamoxifen and carbamazepine were within the acceptance criteria, whereas for the other 

target compounds signal suppression was just outside of the recommended range.  Diclofenac was 

analysed in negative ionization mode in blood.  Slight signal suppression was observed, with matrix effect 

of 82.3%.  The observed matrix effects are likely a result of competition for ionization from small 

molecules in the extracts.  This is to be expected when analysing complex biological samples, particularly 

when a single extraction method is applied for multi-residue analysis.  
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Figure 4.1 Matrix effects (%) for each target analyte in blood and bile 

 

4.3.1.4 Extract stability 

The chemical stability of the analytes in the extracts was assessed by triplicate injections of the LLOQ, 

LQC, MQC and HQC samples.  These were analysed immediately after preparation and also after storage 

overnight at room temperature; the mean obtained concentrations were compared.  The extract stability 

results for each compound are presented in Table 4.10.  At most concentrations the target analytes 

analysed after storage overnight at room temperature were within the recommended 15% of those 

analysed immediately after extraction (European Medicines Agency, 2011).  The concentration of 

amiodarone decreased after storage, particularly in bile.  The concentration of dipyridamole also reduced 

following storage, especially in blood.  These results suggest that these two compounds deteriorate 

relatively quickly at room temperature, indicating that extracts must be analysed immediately after 

preparation.   
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Table 4.11 Chemical stability of the target analytes in the extracts following storage at room temperature overnight compared with extracts analysed immediately after 
preparation (% difference) 

Matrix QC 
Level 

Compound 

  Verapamil Amiodarone Venlafaxine Norfluoxetine Tamoxifen Metapropol Dipyridamole Carbamazepine 

Blood LLOQ -19.0 13.5 46.5 28.38 14.79 14.9 -44.5 3.7 

LOQ 3.16 22.3 12.5 18.2 18.5 -0.68 -20.49 -14.36 

MQC 9.60 37.9 0.00 10.43 14.167 0.50 16.6 -0.753 

HQC 11.75 33.8 -4.91 8.10 12.23 5.401 27.04 1.801 

Bile LLOQ 52.6 -65.1 28.2 -2.53 -8.25 59.9 24.6 42.0 

LOQ 4.52 -64.4 -15.1 -12.9 -30.7 0.776 8.04 7.55 

MQC 0.206 -64.2 -5.84 -1.39 -0.101 -5.08 -10.7 0.914 

HQC -4.83 -67.5 -4.05 -5.07 -9.64 -0.551 8.41 -0.718 
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4.3.1.5 Extraction efficiency 

To determine extraction efficiency for target analytes in positive ionisation mode, the percentage 

recovery of each target analyte was calculated by spiking 190 µL matrix (blood / bile) with 10 µL of 4 µg 

mL-1 pharmaceutical mix.  A 50 µL aliquot of these samples underwent the same extraction and analysis 

process as unknown samples (evaporated to dryness and reconstituted in 50 µL water to give a 

concentration of 200 ng mL-1).  Blood samples were extracted using either PPT (in duplicate) or SALLE (in 

triplicate) to allow comparisons to be made between these methods.  Bile samples were extracted using 

SALLE only.  Extraction using PPT was not performed on bile samples as this matrix was very complex and 

contained a large proportion of endogenous material (e.g. bile salts).  For both extraction methods, 

aqueous samples fortified at the same concentration as the matrix were extracted in the same way.  The 

peak areas obtained after the extraction procedure for both matrix and aqueous extractions were 

compared with the equivalent concentration in DMSO.  

 

To determine extraction efficiency of diclofenac in negative ionisation mode, the percentage recovery 

was calculated by spiking 190 µL blood sample with 10 µL of 2 µg mL-1 pharmaceutical mix, carried out in 

duplicate.  50 µL of these samples underwent the same extraction and analysis process as unknown 

samples (evaporated to dryness and 50 µL water added to give a concentration of 100 ng mL-1).  Blood 

samples were extracted using PPT.  The extraction efficiency of diclofenac was not evaluated in bile as the 

method was not optimised.  The peak areas obtained after the extraction procedure for matrix were 

compared with the equivalent concentration in water.  The extraction recovery data are presented in 

Figure 4.4. 
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Figure 4.4: Extraction recoveries (mean %) of positively-ionised compounds from blood and bile 
(fortified level: 200 ng g-1)  

 

For blood samples, recoveries of positively-ionised target analytes ranged from 48.7 to 87.9% for samples 

extracted using PPT ( in duplicate).  Recoveries of all compounds were higher than 50%, except for 

metoprolol, which was just under 49%.  When SALLE extraction was utilised, recoveries ranged 6.60 to 

78.1% (in triplicate, RSD ≤ 28.76%) in blood and 25.0 to 76.5% (RSD ≤ 11.78%) in bile.  For blood samples 

extracted using SALLE, extraction recoveries for three compounds (venlafaxine, metoprolol and 

carbamazepine) exceeded 50%.  Although recoveries obtained for these compounds were marginally 

higher for blood samples extracted using SALLE rather than PPT, the recoveries of the remaining 

compounds ranged from 6.6 – 44.2% and were much lower than when PPT was applied.  Therefore, PPT 

extraction was selected for blood in the final screening method because it gave overall better recoveries 

than SALLE.  A compromise is often reached when developing multi-residue methodologies.  Any future 

investigations specifically investigating venlafaxine, metoprolol and carbamazepine in otter blood may 

wish to consider alternative extraction methods.  

 

For bile samples extracted using SALLE and analysed in positive ionisation mode, extraction recoveries 

over 40% were obtained for seven compounds.  Only 25.0% of the amiodarone was recovered from the 

bile.  Recovery of this compound was also low in blood extracted using SALLE (6.6%) and in the equivalent 

aqueous sample (49.0%), suggesting that SALLE is not the optimal extraction method for amiodarone.  

However, as SALLE extraction of bile resulted in good recoveries for the majority of target compounds, 

this method was selected as the final screening method for bile.  When SALLE extraction was applied to 

aqueous samples, recoveries between 49 and 94.5% were achieved for all pharmaceuticals.  This 

illustrates the influence of matrix components, such as lipids and proteins, on extraction efficiency.  

 

Recovery of diclofenac was 191% in blood.  Further investigation of this high recovery is required since 

previous matrix effects experiments showed ion suppression of this compound in blood extracted using 

PPT.      

 

4.3.1.6 Precision and accuracy 

The accuracy of the method describes the closeness of mean test results obtained by the method to the 

true value (concentration) of the analyte.  The precision of the method describes the closeness of 

individual measures of an analyte when the procedure is applied repeatedly to multiple aliquots of a single 

homogeneous volume of biological matrix (European Medicines Agency, 2011).  For each matrix 

investigated, quality control (QC) standards containing the matrix of interest were prepared in DMSO and 

fortified with known amounts of the analytes of interest.  These were carried through the entire extraction 

and analysis process.  Accuracy and precision were calculated from repeated injections of these QC 
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samples.  Intra-assay accuracy and precision were determined by analysing, in a single run, the calibration 

curve in duplicate with six QC samples per concentration at each of following concentrations: 1 ng mL-1 

(LLOQ), 3 ng mL-1 (LQC), 30 ng mL-1 (MQC) and 90 ng mL-1 (HQC).  Inter-assay accuracy and precision were 

determined by analysing, on three different days, the calibration curve in duplicate with three samples 

per concentration at each of following concentrations: 1 ng mL-1 (LLOQ), 3 ng mL-1 (LQC), 30 ng mL-1 (MQC) 

and 90 ng mL-1 (HQC).  Accuracy was defined as the deviation of the measured mean concentration from 

the spiked concentration, expressed as a percent error.  The percent error of the measured sample 

compared to the true value was determined by the following equation:  

 

%	#$$%$ = 100	 )#*+#$,-#./01	2013# − /ℎ#%$#/,601	2013#/ℎ#%$#/,601	2013# 7 

 Equation 4.5: Calculation of the % error  

 

Precision was defined as the deviation of repeated individual measured mean concentrations and was 

expressed as the coefficient of variation of the mean (CV, in percentage).   The CV was determined using 

the following equation: 

 

89 = 100	 ):/0.;0$;	;#2,0/,%.-#0. 7 

 Equation 4.6: Calculation of the coefficient of variation of the mean 

 

For both accuracy and precision, the acceptance criterion is that the mean concentration must be within 

15% of the nominal values for the QC samples, except for the LLOQ which must be within 20% of the 

nominal value (European Medicines Agency, 2011).  The results are presented in blood and bile in Tables 

4.11 and 4.12, respectively.  In blood, both intra and inter-assay accuracy and precision were within the 

accepted range at almost all QC concentrations for the following compounds: verapamil, venlafaxine, 

norfluoxetine and tamoxifen.  Metoprolol, dipyridamole and carbamazepine were generally accurate and 

precise, except at the LLOQ.  The obtained results for amiodarone were poor, lacking accuracy and 

precision, particularly at lower concentrations.  In bile, the obtained results for verapamil, venlafaxine, 

norfluoxetine, tamoxifen, metoprolol and carbamazepine, were generally satisfactory at most 

concentrations, except for at the LLOQ.  Amiodarone and dipyridamole were neither accurate or precise, 

at most QC concentrations.  Further optimisation of these compounds is required to improve these 

parameters.  On the whole, accuracy and precision were better in blood than in bile (mean values in blood: 

-1.6 and 9.9 [intra-assay accuracy and precision, respectively], 5.7 and 13.0 [inter-assay accuracy and 

precision, respectively]; mean values in bile: -8.8 and 16.2 [intra-assay accuracy and precision, 

respectively], 1.6 and 17.0 [inter-assay accuracy and precision, respectively].  
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Table 4.12 Intra-assay and inter-assay mean concentrations ± SEM, accuracy (% error) and precision (CV) for target compounds, at four spiking levels: 1, 3, 30 and 90 ng mL-1, in 
blood 

Compound Spiking level 
ng mL-1 

Intra-assay mean 
concentrations ± SEM 

Intra- assay 
accuracy 

(% error)  

Intra-assay 
precision (CV) 

Inter-assay mean 
concentrations ± SEM 

Inter- assay 
accuracy 

(% error)  

Inter-assay 
precision (CV) 

Verapamil 1 0.620 ± 0.0220 -38.0 8.80 0.990 ± 0.0620 -1.30 18.9 

3 2.67 ± 0.0710 -10.9 6.50 3.20 ± 0.104 6.60 9.80 

30 27.5 ± 0.245 -8.30 2.20 31.2 ± 0.529 4.00 5.10 

90 77.1 ± 0.638 -14.3 2.00 85.8 ± 1.31 -4.70 4.60 

Amiodarone 1 1.27 ± 0.0700 27.3 13.6 1.21 ± 0.103 20.8 25.6 

3 3.64 ± 0.224 21.2 15.1 3.22 ± 0.178 7.20 16.6 

30 34.4 ±  2.08 14.8 14.8 32.6 ± 2.12 8.70 19.5 

90 111 ± 6.32 23.6 13.9 92.2 ± 6.41 2.50 20.9 
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Venlafaxine 1 0.900 ± 0.0660 -9.90 18.1 0.980 ± 0.0640 -1.90 19.6 

3 3.06 ± 0.0850 2.00 6.80 3.12 ± 0.104 4.10 10.0 

30 28.9 ± 0.270 -3.80 2.30 32.3 ± 0.321 7.60 3.00 

90 80.3 ± 0.774 -10.8 2.40 89.6 ± 1.66 -0.50 5.60 

Norfluoxetine 1 1.00 ± 0.0510 -0.30 12.4 1.21 ± 0.119 20.6 29.6 

3 3.00 ± 0.103 -0.20 8.50 3.28 ± 0.100 9.30 9.10 

30 28.1 ± 1.22 -6.40 10.7 30.7 ± 0.423 2.40 4.10 

90 86.2 ± 1.42 -4.20 4.00 90.0 ± 1.16 0.00 3.90 

Tamoxifen 1 1.00 ± 0.0640 0.50 15.5 1.17 ± 0.0610 16.8 15.6 

3 2.88 ± 0.137 -4.20 11.7 3.17 ± 0.0550 5.63 5.20 

30 25.2 ± 1.22 -16.1 11.9 31.4 ± 0.308 4.56 2.95 

90 74.4 ± 1.76 -17.4 5.80 87.5 ± 1.93 -2.75 6.60 

Metoprolol 1 1.39 ± 0.0970 38.5 17.2 1.21 ± 0.0860 20.7 21.5 

3 3.36 ± 0.173 11.9 12.6 3.31 ± 0.188 10.5 17.0 

30 29.8 ± 0.352 -0.700 2.90 31.5 ± 0.802 5.10 7.60 

90 83.9 ± 0.427 -6.80 1.30 89.1 ± 1.42 -1.00 4.80 
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Dipyridamole 1 1.18 ± 0.110 17.5 22.9 1.07 ± 0.119 6.60 33.6 

3 3.09 ± 0.0650 2.90 5.10 3.32 ± 0.207 10.7 18.7 

30 28.5 ± 0.523 -5.20 4.50 30.8 ± 0.508 2.70 4.90 

90 78.2 ± 0.699 -13.1 2.20 82.7 ± 2.13 -8.10 7.70 

Carbamazepine 1 0.630 ± 0.887 -37.5 34.8 1.23 ± 0.131 22.5 32.1 

3 2.56 ± 0.220 -14.8 21.1 3.38 ± 0.180 12.6 16.0 

30 32.1 ± 0.593 7.10 4.50 30.3 ± 0.704 1.00 7.00 

90 93.5 ± 0.494 3.90 1.30 81.8 ± 2.18 -9.10 8.00 

Diclofenac 1 2.18 ± 0.596 118 66.9 1.84 ± 0.664 83.6 109 

3 3.52 ± 0.421 17.4 29.3 4.34 ± 0.429 44.5 29.7 

30 34.1 ± 3.18 13.7 22.8 36.7 ± 1.15 22.2 9.40 

90 79.7 ± 1.48 -11.5 4.56 91.1 ± 1.57 1.20 5.20 
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Table 4.13 Intra-assay and inter-assay mean concentrations ± SEM, accuracy (% error) and precision (CV) for target compounds, at four spiking levels: 1, 3, 30 and 90 ng mL-1, in 
bile 

Compound Spiking level 
ng mL-1 

Intra-assay mean 
concentrations ± SEM 

Intra- assay 
accuracy 

(% error)  

Intra-assay 
precision (CV) 

Inter-assay mean 
concentrations ± SEM 

Inter- assay 
accuracy 

(% error)  

Inter-assay 
precision (CV) 

Verapamil 1 0.920 ± 0.123 -8.30 32.8 1.14 ± 0.0640 14.2 16.9 

3 2.48 ± 0.105 -17.5 10.4 3.31 ± 0.108 10.2 9.80 

30 26.8 ± 0.917 -10.6 8.40 30.9 ± 0.511 2.90 5.00 

90 74.5 ± 3.39 -17.2 11.1 93.3 ± 2.24 3.70 7.20 

Amiodarone 1 1.34 ± 0.150 33.6 27.6 1.45 ± 0.133 45.4 27.5 

3 3.05 ± 0.365 1.70 29.3 2.70 ± 0.146 -10.1 16.3 

30 23.4 ± 1.05 -22.1 11.0 25.7 ± 2.51 -14.2 29.3 

90 57.8 ± 3.34 -35.8 14.2 75.7 ± 4.45 -15.9 17.6 
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Venlafaxine 1 1.27 ± 0.104 26.9 20.0 1.00 ± 0.0970 0.00 29.2 

3 2.76 ± 0.141 -7.90 12.5 2.98 ± 0.121 -0.60 12.2 

30 28.2 ± 0.867 -5.90 7.50 31.0 ± 0.941 3.50 9.10 

90 78.5 ± 2.29 -12.8 7.10 91.5 ± 2.35 1.70 7.70 

Norfluoxetine 1 1.13 ± 0.0920 13.2 19.8 1.13 ± 0.0720 12.7 19.2 

3 2.59 ± 0.197 -13.7 18.7 3.00 ± 0.114 0.10 11.4 

30 27.8 ± 0.955 -7.30 8.40 31.7 ± 0.607 5.80 5.70 

90 77.4 ± 3.07 -14.0 9.70 94.7 ± 2.58 5.20 8.20 

Tamoxifen 1 0.720 ± 0.131 -28.3 44.9 1.36 ± 0.170 36.1 37.6 

3 2.80 ± 0.180 -6.60 15.8 3.14 ± 0.180 4.70 17.2 

30 32.0 ± 0.869 6.80 6.60 32.8 ± 1.20  9.20 11.0 

90 84.1 ± 3.51 -6.60 10.2 93.7 ± 4.28 4.10 13.7 

Metoprolol 1 1.11 ± 0.0760 11.3 16.8 0.940 ± 0.0690 -6.00 22.0 

3 2.71 ± 0.178 -9.78 16.1 3.06 ± 0.0900 2.00 8.80 

30 30.0 ± 0.654 -0.100 5.30 31.3± 0.806 4.40 7.70 

90 83.1 ± 1.30 -7.70 3.80 88.0 ± 1.75 -2.20 6.00 
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Dipyridamole 1 1.21 ± 0.0560 21.3 11.3 0.790 ± 0.186 -20.8 70.7 

3 2.11 ± 0.250 -29.8 29.1 2.74 ± 0.177 -8.70 19.4 

30 12.4 ± 0.559 -58.6 11.0 17.3 ± 0.699 -42.3 12.1 

90 37.7 ± 1.53 -58.1 10.0 59.9 ± 3.94 -33.5 19.7 

Carbamazepine 1 1.17 ± 0.226 17.4 47.2 1.21 ± 0.129 21.1 32.1 

3 2.81 ± 0.312 -6.30 27.2 3.50 ± 0.223 16.6 19.1 

30 26.2 ± 0.716 -12.6 6.70 30.6 ± 0.650 2.10 6.40 

90 74.8 ± 2.36 -16.9 7.70 90.7 ± 2.52 0.80 8.30 

Diclofenac 1 4.84 ± 1.13 384 57.0 9.49 ± 2.97 848 76.7 

3 5.62 ± 1.18 87.3 51.5 11.7 ± 3.26 291 68.0 

30 21.5 ± 1.14  -28.2 12.9 38.3 ± 5.00 27.6 32.0 

90 65.5 ± 3.30  -27.2 12.3 132 ± 26.7 47.1 49.4 
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4.3.2 Method application 
The second objective of this chapter was to apply the rapid, targeted analytical sscreening methods to 

determine the concentrations of pharmaceutical residues in the blood and bile of 20 free-living Eurasian 

otters from Sweden.  This was achieved by applying the methods to the analysis of blood (n = 15) and bile 

samples (n = 17) collected from 20 wild Eurasian otters found deceased in Sweden.   

 

4.3.2.1 Quality control 
Each analytical run consisted of a blank sample, a zero sample, the calibration standards, four levels of QC 

samples (LLOQ, low, medium and high) in duplicate and the study samples to be analysed.  

4.4 Summary of findings 
In this study methods were developed and validated for quantification of 11 pharmaceuticals in the blood 

and bile of Eurasian otters.  Extraction methods using protein precipitation (PPT) for blood and salting-

out assisted liquid-liquid extraction (SALLE) for bile were developed, followed by analysis using liquid 

chromatography tandem mass spectrometry (LC-MS/MS).  Of the 11 target compounds, eight were 

performed in positive ionisation mode and three were performed in negative ionisation mode.   

 

The methods were validated using canine blood and bile.  To assess the suitability of the method the 

detection and quantification limits, carry-over, matrix effects, extract stabilities, extraction efficiencies, 

precision and accuracy were determined.  The results were satisfactory for most analytes.  Linearity was 

achieved over the concentration range 1 to 100 ng mL-1 (r > 0.99).  For positively-ionised compounds, 

LLODs were between 0.4 and 1.4 ng mL-1 in blood and 0.3 and 1.3 ng mL-1 in bile.  Environmentally-relevant 

LLOQs between 1.3 and 4.3 ng mL-1 were achieved in blood and between 0.9 and 3.1 ng mL-1 in bile.  Carry-

over was less than 2.4% for all compounds.  Matrix effects ranged from 59.4 to 80.8% (mean 67.4%) in 

blood and from 56.5 to 88.0% (mean of 82.3%) in bile.  At most concentrations the target analytes 

analysed after storage overnight at room temperature were within the recommended 15% of those 

analysed immediately after extraction.  The concentrations of amiodarone and dipyridamole decreased 

after overnight storage.  Extraction recoveries were in the range of 48.7 - 87.9% for blood and 25.0 - 76.5% 

for bile.  Intra and inter-assay accuracy and precision were generally satisfactory for most target 

compounds, with the exceptions of amiodarone and dipyridamole.  For negatively-ionised compounds 

analysed in blood, LLODs were between 13.5 and 34.9 ng mL-1 and analytes were quantifiable at 

concentrations between 40.8 and 106 ng mL-1.  For diclofenac, carry-over was 3.1%, matrix effect was 

82.3% and recovery was 191%.   
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The results from the validation suggest that blood is preferable for a quick screening exercise, compared 

with bile.  Generally, signal suppression was greater in bile, which may be attributed to a higher 

concentration of matrix components in bile.  These residues may still be present in the bile samples 

following extraction, and may be co-eluting with the selected analytes during analysis.  Alternative elution 

solvents (e.g. a solvent with a lower polarity compared with DMSO) might not solubilize the matrix 

components responsible for suppression, thus potentially yielding cleaner extracts.  Due to the complexity 

of bile, pharmaceutical detection in this matrix is difficult and has not been reported to a wide extent, 

whereas screening blood samples will allow comparisons to be made between other studies.  Blood 

sampling is also advantageous as it is less-invasive than taking bile samples and permits non-lethal 

screening of animals to be performed.   

 

The performance results from the validation were better for positively-ionised compounds than for those 

analysed in negative ionisation mode.  These results may be due to interference from negatively-ionising 

co-extractives in the matrices and low response of the compounds in the mass-spectrometer.  As the LLOD 

and LLOQ values were well below the predicted critical effect concentrations for the target compounds, 

in both ionisation modes, these methods are good enough to use for determining concentrations of the 

target compounds in free-living otter blood and bile samples.   

 

The methods were subsequently used to determine concentrations of the target compounds in free-living 

Eurasian otters.  The methods were applied to the blood (n = 15) and bile (n = 17) of wild otters that were 

found deceased in Sweden.  The results showed that the target analytes were not present above the lower 

limit of detection (LLOD) in any of the blood or bile samples analysed in this study (Table 4.13).  For the 

positively-ionised compounds this shows that if these compounds are present in the samples at all then 

they are at very low levels (below 1.4 ng mL-1).  For negatively-ionised compounds the LLODs were higher 

(13.5 - 34.9 ng mL-1), so contamination at levels below this level cannot be ruled out.  However, these 

concentrations are well below the corresponding predicted critical effect concentrations, and these 

results suggest that the target analytes are unlikely to pose an immediate risk to free-living otters in 

Sweden.  Table 4.15 shows the predicted water levels that would be required to raise the blood 

concentration above the LLOD for the target analytes.  These values are very preliminary, as 

bioconcentration factors were unavailable for many of the target analytes and those that were available 

were based on fish and rather than otters, highlighting some of the gaps in knowledge.  
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Table 4.14 Concentrations of target compounds in otter bile and blood samples analysed 

Compound 
LLOD (ng mL-1) in 

bile 

Concentration in 

otter bile 

LLOD (ng mL-1) in 

blood 

Concentration in 

otter blood 

Verapamil 0.539 <LLOD 0.549 <LLOD 

Amiodarone 0.414 <LLOD 1.109 <LLOD 

Venlafaxine 0.336 <LLOD 0.443 <LLOD 

Norfluoxetine 0.304 <LLOD 0.542 <LLOD 

Tamoxifen 0.805 <LLOD 0.575 <LLOD 

Metoprolol 0.527 <LLOD 1.029 <LLOD 

Dipyridamole 0.721 <LLOD 0.417 <LLOD 

Carbamazepine 1.03 <LLOD 1.40 <LLOD 

Diclofenac Not assessed Not assessed 34.9 <LLOD 

Ibuprofen Not assessed Not assessed 18.0 <LLOD 

Naproxen Not assessed Not assessed 13.5 <LLOD 

LLOD = lower limit of detection; <LLOD = below lower limit of detection 

 

These results were slightly unexpected considering that several studies have detected pharmaceutical 

residues in free-living fish (refer to Table 4.1).  However, most studies in wild fish were determined in fish 

from rivers and streams that receive effluent from wastewater treatment plants (WWTPs), and even in 

those fish the concentrations are generally low, frequently below 10 ng g-1.  Therefore, little is known 

about the transportation of pharmaceutical residues upon reaching the aquatic environment or about the 

concentrations of these compounds in biota that inhabit remote regions.  It seems logical to propose that 

as the distance from WWTPs increases, the concentrations of these residues in biota might decrease.  

Because the only geographical information available about the otters investigated in the present study 

was the location where they were found dead, it is not known whether they spent any time near WWTPs 

during their lifetime.  If they did not then it is possible that they were not exposed to the target 

compounds during their lifetime.  More data about the concentrations in fish and other biota further away 

from point sources of pollution would be provide valuable information regarding the potential for 

pharmaceuticals to travel long distances, either in the water or after being ingested by fish and other 

biota.  Ultimately, this information would improve our ability to assess the potential risk that 

pharmaceuticals in the environment pose to fish-eating animals that do not necessarily live near point 

sources of pharmaceutical pollution.   
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Another possible explanation is that the otters investigated in this study were exposed to the target 

pharmaceuticals but that they escaped detection.  This might be possible for several reasons.  The target 

compounds may be routinely excreted by the otter, via urine or faeces, precluding their bioaccumulation.  

Assuming the otters fed regularly, the periodic release of bile to the intestine would have routinely flushed 

the bile, resulting in lower contaminant levels in this matrix.  It is also possible that these chemicals 

concentrate in other matrices other than the blood or bile, such as tissues that were not investigated in 

this study.  Alternatively, the target compounds may have been biotransformed, either within the otter 

or prior to ingestion by the otter, into biotransformation products that were not investigated in this study.  

It would not be practical to develop screening methods that target all parent and transformation products, 

but non-targeted screening approaches may be helpful for detecting these compounds.         

 

Table 4.15 Bioconcentration Factors (BCF), lowest limit of detection (LLOD) in blood and predicted water 
levels required to raise the blood concentration above the LLOD for the target analytes 

Compound 
Bioconcentration factor in aquatic 

organisms (estimated or calculated)* 

LLOD (ng mL-

1) in blood 

Predicted water 

levels required to 

raise blood 

concentrations 

above LLOD  (ng 

mL-1) 

Verapamil 6.6 – 16.6* 0.549 0.083-0.033 

Amiodarone N/A 1.109 N/A 

Venlafaxine 60* 0.443 0.007 

Norfluoxetine N/A 0.542 N/A 

Tamoxifen N/A 0.575 N/A 

Metoprolol 1.3* 1.029 0.792 

Dipyridamole N/A 0.417 N/A 

Carbamazepine 15.36 (García-Galán et al., 2021) 1.40 0.091 

Diclofenac 3* 34.9 11.633 

* www.pubchem. ncbi.nlm.nih.gov (accessed 6 January 2022) 
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4.4.1 Limitations  
Any conclusions drawn from this study must be treated with caution due to the small sample size included 

in this study.  Application of the targeted screening methods to a greater number of wild otter samples 

would help to establish whether the findings reported herein reflect typical low background levels of 

pharmaceutical contamination in otters in Sweden or whether the samples utilised in this study were from 

particularly ‘clean’ individuals.  Further biomonitoring is also necessary to detect any temporal change in 

concentrations of the target compounds in otters.   

 

Whilst the results from the current study are reassuring for free-living otters in Sweden, targeted 

screening methods are only able to determine concentrations of compounds included in the method even 

if other compounds are present in significant concentrations.  Therefore contamination with other 

pharmaceuticals that were not included in the method cannot be ruled out.  The development of targeted 

screening methods for all pharmaceuticals in use is not feasible.  Non-targeted screening approaches are 

a useful alternative for facilitating selection of target compounds to include in future studies.     

 

When mass-spectrometry detection is used in a bioanalytical method, a stable isotope-labelled compound 

that is similar to the target analyte(s) is recommended to be used whenever possible.  This can be 

problematic for multi-residue screening methods that include a broad range of target compounds.  Due 

to the cost and limited availability of stable isotopically-labelled standards, DXM and cholic acid were used 

as surrogate internal standards in this research.  However, the internal standards should not be expected 

to be naturally present in the sample.  As cholic acid is a major bile acid that is naturally present in some 

mammals, this was not a suitable choice of internal standard and any future optimisation of the methods 

should seek an alternative internal standard for the determination of pharmaceuticals in otter samples.  

Nonetheless, a constant and relatively high concentration of cholic acid added to the samples (300 µL of 

cholic acid IS [cholic acid, 1µg mL-1 in 2.5% DMSO in ACN], and the background levels were relatively 

constant throughout the analytical runs, so the results do not appear to have been affected by the use of 

this internal standard.   

4.4.2 Future research directions 
For this research, prioritisation was placed on the development of rapid targeted screening methods.  If 

further targeted or non-targeted screening of otters were to detect pharmaceuticals, future research 

could include further optimisation to improve the sensitivity of the assay for negatively-ionised 

compounds.  It is possible that lower detection and quantification limits may be achieved for otter blood 

and bile samples by applying more laborious and time-consuming sample preparation steps, such as 

extraction using solid phase extraction (SPE) or accelerated solvent extraction (ASE), followed by 

purification using gel permeation chromatography (GPC).  This might lead to cleaner extracts with fewer 

co-extractives.  However, these techniques are more complex, time-consuming and expensive than PPT 
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and SALLE.  As the LLOD / LLOQ values were well below the predicted critical effect concentrations for the 

target compounds, this additional work is not necessary for initial screening purposes unless new 

evidence arises to suggest that extremely low concentrations of the target analytes are likely to exert an 

effect (adverse or otherwise) on otters.   

 

As extraction and analytical techniques improve over time, it is hoped that the analysis of more complex 

biological samples will become less complicated.  If this happens, methods to determine pharmaceutical 

residues in other otter tissues, such as liver, muscle and brain, would provide important information about 

their potential bioaccumulate and distribute within otters.  Application of the methods for determining 

lipid content in otter tissues developed in Chapter 3 would facilitate the accurate and precise expression 

of lipid-normalised tissue concentrations.   

 

Future work could also include the development and application of non-targeted screening approaches 

in otter samples to facilitate the selection of target compounds to include in subsequent research.     

4.5 Conclusion 
To date the potential exposure of aquatic apex predators, such as otters,  to pharmaceutical residues has 

received little research attention.  As such, little is known about the exposure, potential bioaccumulation 

or effects of these compounds in fish-eating aquatic mammals that consume fish as part of their diet.  The 

development of rapid, simple and cost-effective assays would permit preliminary assessment of exposure 

to these compounds to be carried out on a relatively large scale.    

 

The aims of this chapter were to develop rapid, targeted analytical screening methods capable of 

determining a suite of individual pharmaceutical residues in otter blood and bile, and to apply the targeted 

analytical screening methods to determine the concentrations of pharmaceutical residues in the blood (n 

= 15) and bile (n = 17) of free-living Eurasian otters from Sweden.  This research achieved the key 

objectives of developing and validating novel methods for the initial targeted screening of a suite of 

pharmaceutical residues in Eurasian otters and using these methods to determine concentrations of these 

compounds in wild Eurasian otters.  As the assays were intended to provide initial screening, priority was 

given to minimising sample preparation and extraction steps.  Extraction methods based on protein 

precipitation (PPT) and salting-out assisted liquid-liquid extraction (SALLE) followed by analysis using high 

performance liquid chromatography tandem triple quadrupole mass spectrometry (HPLC-QqQ-MS) were 

developed for quantification of 11 pharmaceuticals in otter blood and bile, respectively.  These methods 

were validated using canine blood and bile.  Linearity was achieved over the concentration range 1 to 100 

ng mL-1 (r > 0.99).  For positively-ionised compounds, LLODs were between 0.4 and 1.4 ng mL-1 in blood 
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and 0.3 and 1.3 ng mL-1 in bile.  Environmentally-relevant LLOQs between 1.3 and 4.3 ng mL-1 were 

achieved in blood and between 0.9 and 3.1 ng mL-1 in bile.  Carry-over was less than 2.4% for all 

compounds.  Matrix effects ranged from 59.4 to 80.8% (mean 67.4%) in blood and from 56.5 to 88.0% 

(mean of 82.3%) in bile.  At most concentrations the target analytes analysed after storage overnight at 

room temperature were within the recommended 15% of those analysed immediately after extraction.  

The concentrations of amiodarone and dipyridamole decreased after overnight storage.  Extraction 

recoveries were in the range of 48.7 - 87.9% for blood and 25.0 - 76.5% for bile.  Intra and inter-assay 

accuracy and precision were generally satisfactory for most target compounds, with the exceptions of 

amiodarone and dipyridamole.  For negatively-ionised compounds analysed in blood, LLODs were 

between 13.5 and 34.9 ng mL-1 and analytes were quantifiable at concentrations between 40.8 and 106 

ng mL-1.  For diclofenac, carry-over was 3.1%, matrix effect was 82.3% and recovery was 191%.  The 

presented results highlight the challenges in establishing analytical methods which aim at balancing the 

required sensitivity and accuracy with the practicalities that are required in the context of multi-residue 

environmental monitoring in complex matrices.  This research provides relatively quick, easy and cost-

effective techniques for initial targeted screening of a suite of pharmaceuticals in Eurasian otters.  The 

methods developed for use in blood enable non-fatal screening of otters for these chemicals.   

 

The screening methods were subsequently applied to the blood (n = 15) and bile (n = 17) of wild otters 

from Sweden.  No target pharmaceuticals were observed above the LLODs in any of the samples, 

suggesting that these pharmaceuticals are unlikely to pose a significant risk to otters in Sweden at present.  

Very few data exist regarding pharmaceutical residues in otters and the preliminary results reported in 

the current project may reflect background levels and may be considered a valuable contribution to a 

base from which to build upon.   
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5 DEVELOPMENT, VALIDATION AND 
APPLICATION OF A NON-
TARGETED SCREENING METHOD 
FOR THE DETECTION OF 
CHEMICAL CONTAMINANTS IN 
EURASIAN OTTERS   

CHAPTER OVERVIEW 
Increasing concern has been raised regarding the presence of emerging chemicals in the environment and 

in wildlife.  Non-targeted screening approaches are useful for obtaining information about a large number 

of substances present in a matrix of interest, thus providing a valuable prioritisation strategy for future 

research efforts.  In this chapter, otter blood extracts were screened for non-target compounds using 

ultra high performance liquid chromatography with high resolution quadrupole time of flight mass 

spectrometry (UHPLC-HRq-ToF MS).  In total, 153 compounds were tentatively detected in the samples.  

These were from diverse families of compounds, including pesticides, pharmaceuticals, personal care 

products, perfluoroalkyl substances, phthalates and industrial chemicals.  For this chapter I designed the 

experimental procedure, conducted part of the experimental work (sample preparation), interpreted all 

data and drove the intellectual thought process.  I am extremely grateful to Marcus Chadha and Hannah 

Florance at Agilent Technologies for conducting part of the experimental work (sample analysis) for this 

chapter. 

 

ABSTRACT 
A rapid extraction method, with limited sample preparation and clean-up requirements, was used prior 

to non-target screening of biota samples using ultra high performance liquid chromatography with high 

resolution quadrupole time of flight mass spectrometry (UHPLC-HRq-ToF MS) for analysis.  The method 
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was applied to blood samples derived from 15 wild Eurasian otters.  The results tentatively identified 153 

xenobiotic compounds, from ten chemical classes (including some precursors and transformation 

products).  These included: 41 pesticides (including herbicides, fungicides, biocides, synergists and 

transformation products), 50 pharmaceuticals (including synthetic hormones and a veterinary drug), 

seven ingredients found in recreational/illicit/herbal drugs, 11 ingredients in personal care products 

(sunscreens / cosmetics), seven food additives (flavour enhancers and preservatives), five  perfluoroalkyl 

substances, five chlorinated organophosphate compounds, two phthalates and 23 industrial chemicals.  

 

5.1 Introduction  

5.1.1 Non-targeted screening for chemical contaminants in biota 
Increasing concern has been raised in recent years over the presence of potentially hazardous 

anthropogenic chemicals in the environment.  Chemicals of emerging concern are ubiquitous, and include 

a broad range of chemical families, such as pesticides, pharmaceuticals, personal care products, food 

additives, phthalates, flame retardants and per- and polyfluoroalkyl substances (PFAS).  For many of these 

compounds, little is known about their potential to bioaccumulate in animal tissues and biomagnify up 

the food chain.  Biomonitoring is an effective way to determine exposure and therefore risk to wild 

animals (Gómez-Ramírez et al., 2014).  However, optimising targeted methods for the determination of 

all of these compounds in biota would require intensive and costly research efforts, and it is likely that 

multiple, complicated extraction and analytical methods would be required to analyse pollutants with a 

wide polarity range  (Álvarez-Ruiz and Picó, 2020).  Non-targeted screening offers an alternative approach, 

providing valuable preliminary information about the types of chemicals that are present in the samples.  

Targeted and non-targeted approaches are complementary and there are advantages and disadvantages 

to both (Díaz et al., 2012).  To perform targeted analysis using liquid chromatography with tandem mass 

spectrometry LC-MS/MS in selected-ion monitoring (SIM) or multiple reaction monitoring (MRM) mode, 

the selection of compounds must be completed before the data are acquired.  A reference standard must 

first be analysed to determine the expected characteristics, such as retention time, representative ion 

and MS/MS transition of a given compound.  Only compounds included in the method may be detected; 

other contaminants in the sample will not be detected even if they are present in significant amounts 

(Solliec et al., 2015).  Conversely, non-target strategies screen samples for all components and enable the 

tentative identification of compounds without the need for procuring analytical reference standards.  

Instead, high-resolution mass spectrometers (HRMS), including quadrupole time of flight (q-ToF) or triple 

quadrupole (QqQ) mass analyzers, are used to obtain characteristics of compounds present in a sample.  

These include the accurate mass (AM), isotope pattern and fragmentation information (Schymanski et al., 

2015).  Mass spectral reference libraries are subsequently used to tentatively identify the compounds 

present in the sample.  As the fragmentation pattern in electron ionization (EI) mode is highly reproducible 

between instruments, reliable unit mass library spectra have been assembled for over 200,000 
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compounds (Moschet et al., 2017).  This approach enables information about a large number of 

substances present in a matrix of interest to be obtained concurrently.  Thousands of compounds can be 

screened in a single analytical run (Mollerup et al., 2017) and previously unexpected or unknown 

compounds may be detected in samples.  This does mean that data processing can be time-consuming 

(Schymanski et al., 2015).  Although misidentification of compounds is possible, particularly for 

compounds with a wide variety of homologs and isomers (Zhang et al., 2014), a screening trial organised 

by the NORMAN Association revealed that non-target analytical methods are reasonably well harmonised 

between different laboratories (Schymanski et al., 2015).  Broad, non-targeted approaches are particularly 

useful when pre-existing information about the chemicals expected to be present in the sample is limited.  

Organisms in the environment are exposed to highly dynamic, complex mixtures of chemicals, and these 

types of screening approaches can provide a valuable prioritisation strategy for future research efforts.      

5.1.2 Chemicals of emerging concern in free-living Eurasian otters  
During the latter half of the 20th century, the number and distribution of otters was dramatically reduced 

throughout Europe.  In Sweden, otter populations decreased dramatically throughout the 1960s-1980s 

(Roos et al., 2001).  The decline was generally attributed to widespread contamination of aquatic 

ecosystems with polychlorinated biphenyls (PCBs) and organochlorine pesticides, such as dieldrin and 

dichlorodiphenyltrichloroethane (DDT) (Simpson et al., 2000; Roos et al., 2001).  This assumption was 

based on extrapolations of data from toxicological studies with mink (Mustela vison) as well as 

associations between high PCB levels in otters and declining or endangered populations (Gutleb and 

Murk, 2000), although otter populations in some areas (e.g. Shetland and some parts of Ireland and 

Europe) continued to thrive despite high PCB levels in individual otters (Kruuk, 1997; Tyler and Goodhead, 

2010).  Nonetheless, the production and use of PCBs, DDT and dieldrin have been banned in Sweden and 

most other European countries since the 1970s, and as residues of these chemicals have reduced, otter 

populations in many parts of Europe, including Sweden, have made substantial recoveries (Roos et al., 

2012).  Genetic analyses suggest that otters in the south of Sweden were more severely affected by the 

bottleneck compared with the north, demonstrated by a decline in genetic diversity and a shift in genetic 

composition (Tison et al., 2015).  Eurasian otters are currently classified as ‘Near Threatened’ globally, 

due to a declining population trend (IUCN, 2015), suggesting that their population growth may be limited 

by other factors other than PCBs, DDT and dieldrin.   

 

Cause for concern has recently been raised over several indicators of reproductive health in male otters.  

Research suggests a decrease in baculum weight over time and an increase in reproductive abnormalities 

including cryptorchidism (undescended testes) and cysts on the vas deferens.  The latter of which were 

observed in 11% of adult male otters examined in the UK (Kean et al., 2013) and 72% of male otters 

examined in Sweden (Roos and Ågren, 2013).  These abnormalities may be caused or exacerbated by 

chemicals with hormone disrupting properties (Tyler and Goodhead, 2010; Roos and Ågren, 2013).  Wild 
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animals are exposed to complex mixtures of environmental pollutants, and research has demonstrated 

that some pollutant combinations, such as certain PCBs and PBDEs, induce synergistic or additive effects 

(Hendriks et al., 2010).  Despite this, the potential contribution of other organic pollutants to the health 

status of otters has not been adequately explored (Kruuk, 1997; Pountney et al., 2015).     

 

Chemicals of emerging concern have not been widely investigated in otters generally, or Eurasian otters 

specifically.  To my knowledge, only one published study has detected pharmaceuticals in otters.  

Ibuprofen and diclofenac were qualitatively detected in hair samples taken from Eurasian otters (Richards 

et al., 2011).  Polycyclic musks are frequently used as fragrance ingredients in personal care products.  

Two widely-used musks, galaxolide and tonalide, were determined in the livers of three North American 

river otters in Michigan, USA (Leonards and de Boer, 2004) and in nine sea otters (Enhydra lutris) from 

California, USA (Kannan et al., 2005).  Galaxolide concentrations (wet weight; WW) ranged from 2.4 – 3 

ng g-1 in river otters, and <1 - 3.2 and 2.4 - 3 ng g-1 in sea otters.  These concentrations were much lower 

than those reported in some other wildlife species (e.g. striped dolphins (Stenella coeruleoalba; 81 - 25 

ng g-1 and pygmy sperm whales (Kogia breviceps; 6.6 ng g-1) (Kannan et al., 2005).  Levels of tonalide 

between <1 - 1.2 ng g-1 were reported in river otters and was not detected in any of the sea otter liver 

samples analysed.  Rivera et al. (2011) analysed a variety of endocrine-disrupting chemicals in liver 

samples, taken from North American river otters.  Disobutyl phthalate and ‘significant phenolic 

compounds’ were detected in 15% of the otters and 1,2-dihydronaphthalene (a hydrocarbon that is 

similar to the suspected carcinogen naphthalene) was found in 53% of the otters.  No flame retardants, 

organophosphates or bisphenol A were found in any of the samples analysed. 

  

Polybrominated diphenyl ethers (PBDEs) have been widely used as flame retardants in a wide array of 

products, including building materials, plastics, furnishings and electronics and textiles.  There are 209 

PBDE congeners, and laboratory studies have demonstrated that some congener mixtures impair 

neurological functioning in mustelids (Martin et al., 2007; Matthiessen et al., 2017).  Several studies have 

reported these compounds in the livers of Eurasian otters, in the ranges of approximately 3 to 700 ng g-1 

WW  in otters from England and Wales, and 0.6 to 745 ng g-1 WW in otters from Scotland (Walker et al., 

2016, 2012; Pountney et al., 2015).  The dominant congener was generally PBDE-47 and other congeners 

detected included PBDE-99, -100, -153 and -209, reflecting those that were most commonly produced 

(Pountney et al., 2015).  PBDEs have also been detected in southern sea otters (Kannan et al., 2007) and 

American river otters (Basu et al., 2007; Stansley et al., 2010; la Guardia et al., 2020), with similar congener 

profiles.  It is interesting to note that PBDEs in the cerebral cortex of river otters from Canada were 

comprised of congeners 99, 153 and 100, and that PBDE-47 was not detected in these samples.  This 

suggests that only certain congeners accumulate in the brains of river otters (Basu et al., 2007).  Overall, 

concentrations reported in otters in the UK and USA were generally lower than those associated with 

adverse effects in mink, suggesting that PBDE levels in these otters are not high enough to adversely affect 
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otters at the population level.  It is possible, however, that PBDE burdens may be sufficiently high in some 

individuals to produce health or reproductive effects (Stansley et al., 2010). 

 

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) encompass thousands of anthropogenic chemicals 

containing an aliphatic fluorinated carbon chain (de Silva et al., 2021).  They have diverse commercial and 

industrial applications as they confer waterproof, greaseproof, and non-stick properties when added to 

consumer products, such as textiles, food packaging, cooking surfaces and electrical wire.  They are also 

used in fire-fighting foams and personal care products.  They are extremely persistent and mobile in the 

environment, raising concerns about the health impacts of PFAS exposures in humans and wildlife (de 

Silva et al., 2021).  In Sweden, former and current firefighting training areas are considered to be the 

major (point) source for PFAS contamination of groundwater and surface waters (Banzhaf et al., 2017).  

Roos et al. (2013) analysed several PFAS in the livers of otters collected from Sweden and Norway 

between 1972 and 2011.  Of the 140 samples analysed, PFOS, PFNA and FOSA were detected in all samples 

and PFOA, PFDA, PFTrDA, PFHxS, PFTeDA, PFPeDA and PFDS were detected in at least 79% of the samples 

analysed.  PFHpA and PFBS were detected in a smaller proportion of the samples.  The most abundant 

PFAS was PFOS (19 - 16,000 ng g-1 WW.), followed by PFNA (0.51 and 637 ng g-1 WW) and FOSA (0.7−92 

ng g-1 WW).  Concentrations of PFOS were higher in otters from Sweden compared with otters from 

Norway and also compared with other mammals and birds of prey from Scandinavia.  The concentrations 

reported in Scandinavia are similar to those reported in North American river otters from Massachusetts, 

South Carolina and Louisiana, but are lower than those from Illinois (Kannan et al., 2002) and are higher 

than those reported in sea otters from the California coast (Perrotta et al., 2006).  The toxicological 

consequences of exposure to PFAS in otters are uncertain given the lack of established links between PFAS 

concentrations and health effects in this species.  Therefore adverse effects of PFAS contamination on 

otters cannot be ruled out and further investigation is warranted (Roos et al., 2013). 

 

To date, research into chemical pollution in otters has been largely dominated by targeted analysis to 

quantify heavy metals, PCBs and organochlorine pesticides (OCPs), with a few more recent studies on 

PBDEs and PFAS.  The diversity and magnitude of chemical exposures are therefore poorly characterised 

and there is a dearth of knowledge regarding a broader range of chemicals of emerging concern in 

Eurasian otters.  More multi-residue analyses would be beneficial and a non-targeted screening approach 

may help to identify compounds or chemical classes that warrant further exploration in this species.    

5.1.3 Aims and objectives  
The primary aim of this chapter was to apply non-targeted analytical methods to determine potential 

organic pollutants and metabolites in the blood of 15 free-living Eurasian otters from Sweden.   

To achieve this aim the following objectives were established:   
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1. Method development: 

Develop a method to extract a broad range of pollutants from otter blood using protein precipitation (PPT) 

(succesfully completed in Chapter 4) 

2. Method validation: 

Validate the extraction methods using multiple aliquots of canine blood (succesfully completed in Chapter 

4) 

3. Chemical analysis: 

Use ultra high performance liquid chromatography with high resolution quadrupole time of flight mass 

spectrometery (UHPLC-HRq-ToF MS) to quantify non-target chemical contaminants in the blood of 

15 wild otters from Sweden  

4. Identification of emerging contaminants of concern in otters: 

Develop a robust non-targeted screening method to process the data using a chemical database 

 

5.2 Method 

5.2.1 Chemicals and materials 
Dextromethorphan (DXM), used as an internal standard, was obtained from Sigma-Aldrich (Steinheim, 

Germany).  All solvents used were of HPLC grade and were also obtained from Sigma-Aldrich.   

5.2.2 Sample collection and preservation 
Biological samples (blood [n = 15] from wild Eurasian otters were investigated in this study.  All of the 

samples used were from an existing tissue bank at the Swedish Museum of Natural History (SMNH; 

Stockholm, Sweden).  These samples were derived from deceased otters that were found and reported 

by members of the public.  They are routinely used to monitor aquatic contamination and other potential 

threats to otters.  For more details please refer to Chapter 2.  Blood samples were extracted from the 

otters during post mortem examination, stored in plastic tubes and placed in zip lock bags.   The samples 

were deep frozen until transportation.  Samples were shipped on dry ice by overnight courier service to 

the designated sample preparation laboratory.  Upon receipt, samples were catalogued and stored at -

80°C until preparation for analysis.   

5.2.3 Extraction of non-target compounds 
Frozen blood samples were defrosted overnight at +4°C.  After thawing, the tubes containing the samples 

were vortex mixed for 30 sec.  Rapid extraction protocols were developed for the extraction of non-target 

compounds from otter blood using protein precipitation (PPT).  Fifty µL of whole blood was precipitated 

with 150 µL of IS solution (DXM, 1 µg mL-1 with 2.5% DMSO in ACN).  The mixture was vortexed for 
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approximately 20 sec prior to centrifugation (gravity 17,000 for 3 min).  The supernatant was decanted 

into a clean 250 µL HPLC vial and evaporated to dryness using a GeneVac centrifugal evaporator (40°C for 

approximately 30 min).  The extract was reconstituted in 25 µL DMSO and vortex mixed for approximately 

30 sec.  The method allows for rapid and simple sample preparation (15 blood samples were prepared in 

approximately 40 min), achieving high throughput.  Extracts were kept frozen prior to analysis.   

5.2.4 Sample analysis 
The otter blood extracts were screened for non-target compounds using ultra high performance liquid 

chromatography with high resolution quadrupole time of flight mass spectrometry (UHPLC-HRq-ToF MS).  

Data were acquired using an Agilent 1290 Infinity II UHPLC system (Agilent Technologies, Santa Clara, CA, 

USA) coupled to an Agilent 6546 high-resolution q-ToF-MS (Agilent Technologies, Santa Clara, CA, USA).  

Solvent blanks were analysed by the same method as the samples to exclude interferences from 

systematic errors.   

 

5.2.4.1 UHPLC conditions 
A ZORBAX RRHD Eclipse Plus C18 (95Å 2.1 x 100 mm, 1.8 μm) column (Agilent Technologies, Santa Clara, 

CA, USA) was used for separation of chemicals.  A binary gradient was employed to achieve 

chromatographic separation (Table 5.1).  Mobile phases were 0.1% (v/v) formic acid + 5mM ammonium 

formate in water (A) and 0.1% (v/v) formic acid + 5mM ammonium formate in methanol (B), with the 

following gradient profile: 0-2 min was 95% A; from 2-10 min B was raised to 100%; 10-12 min was 100% 

B; 12.1-14 min A was raised to 95%.  The total duration of the run was 14 min.  Additional chromatographic 

parameters were as follows: injection volume: 1 μL; column temperature: 40°C; flow rate: 0.4 mL min-1. 

 

Table 5.1 Mobile phase gradient employed for analysis 

Total time (min) Flow rate (µL min) A (%) B (%) 

0.0 400 95 5 

2.0 400 95 5 

10.0 400 0 100 

12.0 400 0 100 

12.1 400 95 5 

15.0 400 95 5 

 

5.2.4.2 Ionisation conditions 
Eluted analytes were monitored by MS using a q-ToF mass analyzer equipped with a dual Agilent Jet Spray 

Electrospray Ionisation (AJS ESI) ion source.  Mass spectrometric analysis was carried out in ‘All Ions 
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MS/MS’ mode*, using collision energies of 0 V and 20 V.  The q-ToF MS was operated in MS1 mode with 

a scan rate of 5 spectra per sec in the mass range m/z 50-1000.  The source parameters are presented in 

Table 5.2.   

 

*All Ions MS/MS uses a proprietary Personal Compound Database and Library (PCDL) in the MassHunter 

Qualitative Analysis Software to identify compounds with information from their molecular and fragment 

ions.  High resolution accurate mass (HRAM) data are acquired using different conditions: 1) with a low 

value for the fragmentor voltage or collision energy and 2) one or multiple high energy values.  The 

technique works by correlating the elution profile of the precursor ion in the low energy channel to those 

of the fragments generated under higher energy conditions.  The PCDL is content rich and includes 

accurate mass (AM) information for thousands of compounds.  The PCDL is used to select potential 

fragment ions which are then analysed for coelution with the precursor ion.   
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Table 5.2 Source parameters employed for analysis 

Parameter Value 

VCap 3500 

Nozzle Voltage (V) 300 

Fragmentor 140 

Skimmer1 65 

OctopoleRFPeak 750 

 

5.2.4.3 Mass spectrometry analysis conditions and identification of compounds 
The data were acquired and processed using MassHunter Qualitative Analysis software (version B.07.00; 

Agilent Technologies, Santa Clara, CA, USA).  Mass accuracy was maintained using Reference Mass 

enablement using 121.0508 m/z and 922.009798 m/z in positive ionisation mode and using 112.98558700 

m/z and 966.00072500 m/z in negative ionisation mode.   

 

The “Find by Formula” workflow was applied, using the exact mass and fragmentation patterns from 

MS/MS data as the basis for non-target analysis.  Initial compound identification was performed by 

spectrum comparison with data from a curated spectral library, Agilent Environmental Water Screening 

PCDL, which contains over 1400 compounds with MS/MS spectra.  If the compound characteristics closely 

matched those of a compound in the library then a library match was obtained and the compound was 

tentatively identified.  Positive identifications required less than a 10 ppm mass error, intensities greater 

than 1,000 counts, confirmation with at least one coeluting fragment ion (with a coelution score >85%) 

and an overall match score of >70% (weighted score of accurate mass, isotopic spacing and isotopic 

abundance).  Compounds that exceeded these thresholds were designated as ‘qualified’ in MassHunter.  

Compounds that were not qualified (e.g. due to missing MS/MS fragments or high mass error) were not 

investigated further.      

 

Of the list of ‘qualified’ library matches, several compounds were rejected (e.g. if the intensity was less 

than five times that in the method blank, if retention times varied between samples or if the proposed 

compound was expected to be biogenic).  After these compounds had been removed from the data set 

the remaining list of proposed compounds were confidently attributed to originating from the otter blood 

samples.  Schymanksi et al (2014) proposed a scheme for communicating the confidence achieved during 

compound identification, depending upon the amount of information available.  This ranges from level 1 

(verified using reference standard) to level 5 (exact mass only).  Based on this system, the compounds in 
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the present study were identified with a confidence level 2 (probable structure by library spectrum 

match).   

 

Further analysis was undertaken to semi-quantify several chemicals detected in the otter samples 

analysed.  The data were processed using MassHunter Quanitative Analysis software (version B.10.00; 

Agilent Technologies, Santa Clara, CA, USA).  The compounds were measured by calibration against DXM 

as internal standard in a single sample analysed in positive ionisation mode.   

5.3 Results and discussion 

5.3.1 Data overview 
A rapid extraction method, with limited sample preparation and clean-up requirements, was used prior 

to non-target screening of biota samples using ultra high performance liquid chromatography with high 

resolution quadrupole time of flight mass spectrometry (UHPLC-HRq-ToF MS) for analysis.  The method 

was applied to blood samples taken from 15 free-ranging Eurasian otters.  The results qualitatively 

identified 153 xenobiotic compounds, including some precursors and transformation products.  To 

facilitate discussion of the results the compounds were categorised by chemical class according to their 

primary use.  Many chemicals have broad ranging applications and these chemical classes are not mutually 

exclusive (e.g. a surfactant may also be an ingredient in personal care products, or a pesticide may also 

be used as a food preservative or in the production of dyes).  A total of ten chemical classes were identified 

(Figure 5.1).  These included pesticides (including herbicides, fungicides, biocides, synergists and 

transformation products), pharmaceuticals (including synthetic hormones and a veterinary drug), 

ingredients found in recreational/illicit/herbal drugs, ingredients in personal care products (sunscreens / 

cosmetics), food additives (flavour enhancers and preservatives), per- and polyfluoroalkyl substances 

(PFAS), chlorinated organophosphate compounds, phthalates and industrial chemicals.  In general, 

pesticides, pharmaceuticals and industrial chemicals were detected with greater frequency than other 

types of chemicals.  This may be partially due to the classification system applied, as well as the vast use 

and chemical characteristics of the individual compounds within these chemical classes.     
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Figure 5.1 Chemical classes identified and total number of chemicals detected in the otter samples 
analysed within each class 

 

Male and female otters (including adults and subadults) were analysed in the present study, though there 

were insufficient sample numbers to test for differences among these demographic groups.  Nonetheless, 

it is interesting to note that there was some disparity between the total number of chemicals detected in 

individual otters, ranging from 33 - 98 chemicals (Figures 5.2 and 5.3).  In four cases, more than 90 

chemicals were detected in the blood of individual otters.  Two of these otters were adult females, one 

from northern Sweden and one from southern Sweden.  The other two individuals were both males from 

southern Sweden- an adult and an otter of unknown age class.  In four cases, fewer than 50 chemicals 

were detected in the blood of individual otters.  All of these individual otters were male; three were adults 

and one was a subadult.  Three were from southern Sweden and one was from northern Sweden.  No 

clear trends can be discerned from these findings,  rendering it very difficult to draw even preliminary 

speculations regarding demographic differences in contaminant burdens of otters.  Inclusion of a larger 

number of otter blood samples in future research would be advantageous.   
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Figure 5.2 Total number of chemicals from all classes detected in each individual otter blood sample 
analysed 
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Figure 5.3 Total number of chemicals from each class detected in each individual otter blood sample 

 

5.3.2 Chemicals of emerging concern detected in the samples  

5.3.2.1 Pesticides  
Altogether 41 pesticides were detected in the otter blood samples analysed.  These included fungicides, 

herbicides, biocides, synergists and transformation products (Figure 5.4).  Metolachlor CGA 50720 

(detected in 14 samples) is a transformation product (TP) of the widely-used herbicide, metolachlor.  Two 

other metolachlor TPs were detected in the samples; metolachlor CGA 357704 and metolachlor ESA were 

detected in five and two samples, respectively.  The parent compound was not detected in any of the 

samples, which is unsurprising as metolachlor is relatively non-persistent in the environment (Mahler et 

al., 2021).  There is evidence that exposure to metolachlor induces cytogenetic effects (chromosome 

damage) in humans (Roloff et al., 1992) and in tadpoles (Clements et al., 1997) as well as changes in 

reproductive endocrinology in rats (Mathias et al., 2012).  There is a paucity of data regarding toxicity of 

pesticide TPs to aquatic organisms (le Cor et al., 2021; Mahler et al., 2021), but a  recent study found that 

approximately 50% of the TPs investigated exhibited stronger endocrine-disrupting effects than their 

corresponding parent compounds (Ji et al., 2020).   

 

The insecticide trimethacarb was also detected in 14 samples and BTS 27919 was detected in 13 samples.  

The latter is a major TP of amitraz (a commonly-used acaricide) and is suspected of having genotoxic 

effects (Jonsson et al., 2018).  Metamitron-desamino, terbuthylazine-desethyl-2-OH and thiabendazole-

13C(6) were each detected in 13 samples.   These findings suggest these compounds are ubiquitous in 

otters in Sweden.  Ecotoxicological data regarding pesticide transformation products are extremely scarce 

(le Cor et al., 2021) and more research is needed to evaluate the potential risk posed by these compounds 

to otters. 

 

Given the widespread use of plant protection products and the intentional distribution of their active 

ingredients on arable land (Reemtsma et al., 2013), it is unsurprising that their residues are present in 

wild animals.  Many pesticides act as endocrine disrupting chemicals (EDCs), capable of interfering with 

natural hormones even at low doses (Leemans et al., 2019).  It is of concern that the pesticide zineb was 

detected in eight of the samples.  Zineb belongs to the ethylenebisdithiocarbamates (EBDC) subgroup of 

carbamate pesticides.  In mammals ethylenethiourea (ETU) is one of the major metabolites of EBDC, and 

pesticides that generate ETU metabolites are of particular concern because of their potential to inhibit 

thyroid hormone production (Leemans et al., 2019).   
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Figure 5.4 Frequency with which each pesticide was detected in the otter samples analysed 

 

5.3.2.2 Pharmaceuticals 
In total, 50 pharmaceuticals were detected in the otter samples blood analysed.  These include synthetic 

hormones, veterinary medicines as well as several precursor and transformation products (Figure 5.5).  

Three pharmaceuticals were detected in all 15 samples.  These were allopurinol, pregabalin and 

benzocaine.  Additionally, 4-hydroxyantipyrine was detected in all but one sample.  To my knowledge 

these pharmaceuticals have not previously been reported in wildlife so their high detection frequency in 

these samples is slightly unexpected.  Nonetheless, all of these chemicals are commonly prescribed 

pharmaceuticals, so their presence in wild biota is credible. 

 

Allopurinol is widely-used to treat gout and kidney stones.  The prevalence of gout in Sweden is 

approximately ∼1.7% of the adult population, and of these ∼47.8% receive a prescription for allopurinol 

(Kapetanovic et al., 2016).  In humans, primary adverse reactions to this pharmaceutical include drug 

eruption, fever, liver damage and kidney damage (XiaoHong et al., 2010).  Pregabalin is used to treat 

epilepsy and anxiety, and was ranked 21 in a list of the most prescribed pharmaceutical in Sweden in 2017 

(https://pharmaboardroom.com/facts/top-50-drugs-in-sweden-2018).  Concern over the potential for 
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addiction or misuse of the drug has been reported (Schwan et al., 2010).  Benzocaine is a local anaesthetic 

commonly used as a topical pain reliever or in cough drops.  It is also widely used in aquaculture 

management to anesthetize fish.  Benzocaine may induce genotoxic effects.  A recent laboratory study 

demonstrated increased DNA damage in fish following exposure to benzocaine (Nascimento et al., 2020), 

although the concentrations used in the study were not environmentally-relevant.  In the present study, 

4-hydroxyantipyrine was detected in all but one sample.  This is a metabolite of antipyrine, which is an 

NSAID with analgesic and antipyretic properties.  Antipyrine itself was only detected in just one of the 

otter blood samples analysed. 

 

The chemical 4-aminophenol was detected in 13 of the samples analysed.  This is used in the production 

of paracetamol, and is also one of the metabolites of paracetamol.  As paracetamol is one of the most 

common pharmaceuticals, the presence of its metabolites in wild biota is plausible.  Mefenamic acid, an 

NSAID, was also detected in 13 samples.  Several in vivo studies using teleost fish species reported that 

NSAIDs affect the reproductive system.  Recent research indicates that exposure to mefenamic acid may 

inhibit ovulation in fish, although the reproduction of wild fish populations may not be affected at the 

current levels of contamination (Yokota et al., 2016).  Caffeine was detected in nine of the otter blood 

samples analysed, which is unsurprising due to the global trend for increasing caffeine consumption.  High 

caffeine concentrations can be toxic to aquatic and terrestrial organisms (Quadra et al., 2020).   

 

Gemfibrozil was only detected in one sample, whilst bezafibrate, ibuprofen and venlafaxine were each 

detected in two samples.  it was anticipated that these pharmaceuticals might be detected with higher 

frequency considering previous reports of these compounds in the aquatic environment and in wild fish.  

Interestingly, venlafaxine was included in the targeted analytical method developed and applied in 

Chapter 4, and was not detected in any of the otter samples analysed.  Taken together, the results from 

the targeted and non-targeted analyses suggest that venlafaxine does not pose an immediate risk to 

otters in Sweden.   

 

It is noteworthy that a large number of pharmaceuticals were detected using non-target analysis, whilst 

none were detected in the same samples when a targeted analytical approach was used to determine a 

selection of pharmaceuticals (Chapter 4).  There are several possible explanations for this discrepancy.  

Whilst it is possible that some of the pharmaceuticals detected using the non-targeted approach were 

misidentifications, it is unlikely that all fifty of the pharmaceuticals detected were misidentified.  Of the 

50 pharmaceuticals detected, only ibuprofen and venlafaxine were included in the targeted screening 

method.  It is possible that these pharmaceuticals escaped detection using targeted analysis as the 

concentrations in the samples were below the threshold for quantification.  None of the other nine 

pharmaceuticals that were included in the targeted screening method were detected using either 
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targeted or non-targeted screening approaches, further suggesting these compounds are not present in 

these samples.  Many of the pharmaceuticals identified in the samples using the non-targeted approach 

are unexpected considering those previously reported in wild biota, and demonstrate the benefit of using 

non-targeted analyses to drive the selection of chemicals for subsequent targeted analytical methods.  

This research highlights the potential complementarity of targeted and non-targeted screening 

approaches.  
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Figure 5.5 Pharmaceuticals that were detected in the otter samples analysed 
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5.3.2.3 Recreational drugs / herbal medicine 
Seven recreational drugs and one major ingredient from a Chinese herbal medicine were detected in the 

otter blood samples (Figure 5.6).  Although Sweden is considered to be a country with low-smoking 

prevalence (Eriksson et al., 2018), the most frequently detected compound in this class was N-

nitrosopiperidine (NPIP), which is an ingredient in tobacco as well as being naturally formed in some 

foods.  N-nitrosopiperidine is a nitrosamine, and is a potent oesophageal carcinogen in rats (Wong et al., 

2003).  Nicotine was also detected in six otters.  Nicotine may contribute to cancer development by 

stimulating a number of important processes (Sanner and Grimsrud, 2015).  Cocaethylene (detected in 

five samples) is a by-product formed by the liver when cocaine and ethanol coexist in the blood (i.e. when 

cocaine and alcohol are consumed concurrently).   

 

 

Figure 5.6 Recreational drugs / herbal medicines that were detected in the otter samples analysed 

 

5.3.2.4 Personal care products 
Eleven ingredients found in personal care products (PCPs) were detected in the otter blood samples 

analysed (Figure 5.7), dominated by enzacamene (detected in 13 of the samples).  Enzacamene is one of 

the most common UV filters in sunscreen and cosmetics and is frequently detected in fish tissues.  There 

is evidence that enzacamene may be toxic to aquatic organisms (Paredes et al., 2014) and it is suspected 

to be an endocrine disruptor, inducing adverse effects on fecundity and reproduction (Quintaneiro et al., 

2019).  p-Phenylenediamine (PPD) was detected in 11 of the samples analysed.  PPD is one of the most 

common ingredients in hair dyes.  Concern has been raised over the potential contamination of surface 

waters with PPD residues (Bessegato et al., 2018) and several epidemiological studies suggest that PPD is 

carcinogenic (Xu et al., 2021) and has potential genotoxic effects (Qin et al., 2019; Xu et al., 2021). 
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Synthetic polycyclic musks, celestolide and galaxolide, were detected in seven otter samples each.  These 

common ingredients in perfume and cosmetics are not effectively removed during wastewater treatment 

and thus are continuously released into the aquatic environment.  They are lipophilic and are presumed 

to bioconcentrate in organisms (Tumová et al., 2019).  Galaxolide has been detected in aquatic top 

predators, including North American river otters and sea otters (Kannan et al., 2005), indicating that this 

compound may biomagnify via the trophic chain.  This has led to concern, which is heightened by 

laboratory studies demonstrating that galaxolide interferes with the endocrine systems of fish and 

crustaceans (Tumová et al., 2019) and compromises the multixenobiotic defence system of mussels 

(Luckenbach et al., 2004).   

 

 

Figure 5.7 Personal care products that were detected in the otter samples analysed 

 

5.3.2.5 Food additives 
Seven food additives were detected in the otter samples analysed, dominated by acetophenone and 

heptylparaaben (Figure 5.8).  At least one food additive was detected in each blood sample, and five or 

more food additives were detected in seven of the otters, suggesting widespread exposure to these 

chemicals in otters in Sweden.  To my knowledge this is the first finding of any food additives in otters.  

Acetophenone is added to many foods and beverages as well as being used in cosmetics and for the 

synthesis of many pharmaceuticals.  This chemical does not appear to be highly toxic.  Heptylparaben, 

detected in 13 samples, is a paraben that is commonly used as a food preservative.  Parabens, including 
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heptylparaben have been shown to interfere with the endocrine system via inhibition of  17 β-

hydroxysteroid dehydrogenase type 2 (Chen et al., 2021).   

 

The detection of benzothiazole in five of the samples analysed is also concerning.  This aromatic 

heterocyclic compound has many applications, including as  flavour enhancer in many foods.  Studies of 

the detrimental effects of benzothiazole and its derivatives in vitro using human cell lines have revealed 

that they can induce genotoxicity and cytotoxicity (Liao et al., 2018, 2020).  More information regarding 

the concentrations of this chemical in otters would be beneficial.    

 

 

Figure 5.8 Food additives that were detected in the otter samples analysed 

 

5.3.2.6 Per- and polyfluoroalkyl substances (PFAS) 
In this study five perfluoroalkyl substances (PFNA, PFOA, PFTrDA, PFUnDA, PFDA) were detected in the 

otter samples analysed (Figure 5.9).  Of the 15 samples analysed, nine contained all five of these PFAS, 

five samples contained four of them and one sample contained two PFAS.  The most frequently detected 

PFAS were PFNA and PFUnDA, which were detected in all 15 samples.  PFDA and PFOA were detected in 

all except one sample, and nine of the samples contained PFTrDA.  These are all perfluoroalkyl carboxylic 

acids (PFCAs) within the class of perfluoroalkyl acids (PFAAs) and are classified as long chain PFAS.  Long 

chain PFAS in particular are extremely persistent and, due to their hydrophobic and lipophilic properties, 

have a high bioaccumulation potential (Podder et al., 2021).  No polyfluoroalkyl substances were detected 

in the otter samples analysed.   
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PFAAs are essentially non-degradable by physical, chemical and biological mechanisms due to the 

strength of the carbon-fluorene bond and, as such, they are ubiquitously present in the aquatic 

environment (Xiao, 2017).  All of the PFAS detected in this study have been previously reported in otters 

from Sweden and Norway (Roos et al., 2013).  Interestingly, PFOS was not detected in these samples, 

despite being the dominant PFAS detected in the livers of otters from Scandinavia (Roos et al., 2013) and 

being (along with PFOA) the most frequently detected PFAS in surface water and groundwater in Sweden 

(Banzhaf et al., 2017).  Although unsurprising, these findings are very concerning because exposure to 

PFAS has been associated with many diverse, detrimental health consequences.  Some of the reported 

health outcomes include kidney and testicular cancer, altered metabolisms, impaired liver functions, 

chronic kidney damage, cardiovascular diseases, diabetes, inflammatory bowel diseases, increased 

cholesterol levels, osteoarthritis, probable thyroid and other hormonal malfunction or imbalances, 

delayed mammary gland development, reduced foetal growth, pregnancy induced hypertension or pre-

eclampsia, increased miscarriage risk, preterm birth, low birth weight, childhood obesity, emotional and 

behavioural disorders and early or delayed puberty (Podder et al., 2021). 

 

 

Figure 5.9 Frequency with which each PFAS was detected in the otter samples analysed 

5.3.2.7 Chlorinated organophosphate compounds 
Chlorinated organophosphate compounds are increasingly used as alternatives to polybrominated 

diphenyl ethers (PBDEs) for fire prevention.  Many are suspected of causing cancer (Greaves and Letcher, 

2017) and thyroid disruption in fish and in humans (Liu et al., 2018).  Five chlorinated organophosphates 

were detected in the samples analysed in this study (Figure 5.10), dominated by tris(1-chloro-2-propyl) 

phosphate (TCPP), which was detected in all of the samples analysed.  This is one of the most popular 

flame retardants and is ubiquitous in environmental matrices.  Very little is known about its systemic 
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toxicity, but recent research demonstrated that acute and chronic exposure to TCPP induced changes in 

neuro-related genes, and abnormal behaviours in zebrafish (Xia et al., 2021).  Triphenyl phosphate (TPP) 

was detected in five samples.  Exposure to TPP has been shown to cause deformation of the spine in 

killifish and zebrafish larvae (Greaves and Letcher, 2017) and also to induce thyroid disruption in zebrafish.  

This has long-term consequences, owing to the critical role that thyroid hormones play in development, 

growth and differentiation (Liu et al., 2018).  Both TCPP and TPP are suspected carcinogens (Greaves and 

Letcher, 2017).    

 

 

Figure 5.10 Frequency with which each chlorinated organophosphate compound was detected in the 
otter samples analysed 

5.3.2.8 Phthalates 
Only two phthalates were detected in the otter samples analysed.  Dibutyl phthalate (DBP) was detected 

in all but one of the samples analysed, whereas bis(2-ethylhexyl) phthalate (DEHP) was detected in three 

of the samples.  These results are worrying because DBP and DEHP are amongst the most hazardous 

phthalates and both are suspected of having endocrine disrupting properties, even at low doses (Warner 

and Flaws, 2018).  The European Commission has prohibited the use of DEHP and DBP for food contact 

applications, toys and cosmetics owing to evidence showing that these chemicals interfere with lipid and 

weight homeostasis (Zarean et al., 2018).   Studies have demonstrated that leaching of phthalates from 

laboratory consumables can interfere with analytical results (Reid et al., 2007).  However, DBP and DEHP 

were not present in any of the solvent blanks analysed.  To my knowledge this is the first report of DBP 

and DEHP in otters and further research is recommended.   
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5.3.2.9 Industrial chemicals 
A total of 23 industrial chemicals were detected in the otter samples analysed (Figure 5.11).  These 

chemicals are produced on industrial scales and have a broad range of applications, including water 

treatment, mineral extraction, food manufacturing, production of crude oil,  plastics, rubber, dyes, 

agrochemicals, pharmaceuticals, cosmetics, textiles, coatings, building materials, explosives and other 

consumer products.  There is a paucity of information regarding the concentrations of most of these 

chemicals in the environment and in biota.  However, their prevalence in otters may be unsurprising 

considering their extensive use.  It is very concerning that many of the industrial chemicals that were 

detected in a large proportion of the samples analysed are associated with maleficent effects.   

 

For example, acrylamide (detected in 13 of the samples analysed) is highly toxic and is believed to be 

carcinogenic, reprotoxic and neurotoxic to animals (Freisling and Slimani, 2016).  Similarly, aniline is 

suspected to be toxic, carcinogenic and to have endocrine-disrupting properties (Tanaka et al., 2009).  

Aniline and three aniline derivatives; p-phenylenediamine, 4,4'-methylenedianiline (MDA) and 4-

nitroaniline were detected in 11, 11, seven and one samples, respectively.  Acetamide (detected in 11 

samples) is also a suspected carcinogen (European Chemicals Agency, 2021), as is N-nitrosodibutylamine 

(NDBA) (detected in six samples) (Zhao et al., 2019).  N-methylpyrrolidone (NMP), was detected in ten 

samples.  Laboratory studies in rodents have demonstrated reproductive effects in both female and male 

rats following exposure to NMP (Durrani et al., 2020).   

 

Phenol (detected in 11 of the samples analysed) has been proposed as one of the 20 chemicals most likely 

to pose the highest risk of being involved in a hazardous and noxious substance incident (Duan et al., 

2018).  Carp (Cirrhinus mrigala), rainbow trout (Oncorhynchus mykiss) and pink salmon (Oncorhynchus 

gorbuscha) appear to be particularly sensitive to phenol exposure (Breton et al., 2003; Duan et al., 2018).  

All of these fish species are consumed by Eurasian otters.  Two other phenolic substances, 2-nitrophenol 

and 2-hexylphenol, were each detected in 8 of the samples analysed.  4-Methoxybenzoic acid was 

detected in 12 otter samples.  A similar compound, 4-tert-butylbenzoic acid, was also detected in three 

of the samples analysed.  Despite the widespread use of benzoic acid derivatives as industrial chemicals, 

studies on the effects of benzoic acids to aquatic organisms have been limited (Fiorentino et al., 2003).  

Three benzothiazoles, (morpholinyl)benzothiazole, 2-morpholinothiobenzothiazole and 2-

benzisothiazolinone, were detected in eight, eight and ten of the samples analysed, respectively.  Their 

presence in aquatic environments is ubiquitous and they have also been detected in human urine and 

breath samples (García-Gómez et al., 2015), so their presence in otters is not surprising. 

 

Oleamide was detected in 11 of the otter blood samples analysed in this study.  Endogenous oleamide 

induces sleep in animals, whilst its synthetic counterpart has a variety of industrial uses including as a slip 
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agent, a lubricant and a corrosion inhibitor.  Toxicological studies investigating the health effects of 

oleamide are limited (Naumoska et al., 2020), so it is not currently known if this chemical poses an 

immediate risk to otters.  Leaching of oleamide from plastic labware during sample analysis has been 

demonstrated (Jug et al., 2020).  However, oleamide was not present in any of the solvent blanks 

analysed.    

 

 

Figure 5.11 Frequency with which each industrial chemical was detected in the otter samples analysed 

 

5.3.3 Summary of findings 
To the best of my knowledge, this is the first study to apply a non-targeted screening approach to estimate 

the otter xenobiotic exposome.  In this study the occurrence of 154 compounds, from ten chemical 

classes, was identified in wild Eurasian otters from Sweden.  Compounds tentatively detected included 

pesticides, pharmaceuticals, recreational drugs, personal care products, food additives, perfluoroalkyl 

substances, chlorinated organophosphate compounds, phthalates and industrial chemicals, many of 

which are reported here for the first time in this species.  These findings demonstrate the vast number 

and wide variety of chemicals that wild otters in Sweden are exposed to.  It is not currently known whether 

these chemicals affect the otter, adversely or otherwise, on a population or individual level, but their 

apparent presence in wild otters may act as a springboard for future research. 

To further explore the data, principle component analysis (PCA; Legendre and Legendre, 1998) was 

performed.  The parameters used were otter identification number and presence / absence of each 

chemical compound.  No obvious similarities were observed between the presence of particular chemicals 
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and the gender, age class or location of the otters sampled.  Application of PCA to quantitative data may 

help to elucidate any spatial or other differences in chemical burdens of different otters. 

 

 

Figure 5.12 Results of PCA showing otter identification numbers 

 

Figure 5.13 Figure 5.12 Results of PCA showing chemical loadings 
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5.3.4 Identification of chemicals of particular concern 
Twenty-one anthropogenic chemicals that were detected in a high proportion of the otter blood samples 

analysed were also identified as being highly toxic, carcinogenic, genotoxic, neurotoxic or reprotoxic.  

These chemicals were identified as being of particular concern to otters due to their prevalence combined 

with their toxicity, and include metolachlor CGA 50720, BTS 27919, PFNA, PFUnDA, PFDA, PFOA, PFTrDA, 

TCPP, DBP, enzacamene, PPD, heptylparaben, acrylamide, aniline, acetamide, NMP, zineb, galaxolide, 

NDBA, benzothiazole and TPP (Figure 5.12).  The detection of multiple compounds that have the potential 

to cause endocrine disruption is especially worrying considering the reported increase in abnormalities in 

male reproductive organs in Eurasian otters.  Figure 5.13 shows the number of otter samples in which 

each chemical of particular concern was detected.  All of the chemicals of particular concern were 

detected in at least seven otter samples.  It is very concerning that ten of the otters analysed contained 

17 or more of these particularly hazardous compounds, and in two of the otters analysed all 21 of these 

compounds were detected.  Of these ten otters, five were found in rural locations, dominated by forests 

and fields.  No obvious sources of pollution were identified within the otter’s potential home range.  It is 

possible that some of the surrounding fields may be used for agricultural farming, potentially accounting 

for presence of some pesticides, fungicides, biocides and veterinary pharmaceuticals tentatively detected 

in the samples.  The remaining five otters were found in urban or semi-rural locations (outskirts of towns 

/ industrial estates surrounded by forests / fields).  One was found in a city (human population ~ 128,000) 

and the others were found in close proximity to towns / industrial estates, including a firefighter training 

facility, an extruded aluminium production site, a hydraulic cylinder production site and two separate 

concrete and asphalt manufacturing sites.  No other obvious sources of chemical pollution were 

identified.   

 

Six individual otters were identified as having an especially high number of chemicals of particular 

concern.  Two of these otters were adult females, one from northern Sweden and the other from southern 

Sweden.  The remaining four otters were males, two of which were adults, one subadult and one of 

unknown age class.  One of these males was from northern Sweden and three were from southern 

Sweden.  Unsurprisingly, four of the individuals with the greatest number of chemicals of particular 

concern also had the greatest total number of chemicals detected in their blood.  As noted previously, the 

small sample size included in the present study precludes definitive conclusions being drawn about 

demographic differences in pollutant loads of otters in Sweden.  Nonetheless, it is possible to speculate 

from these findings that there may be a tendency for otters from southern Sweden to be exposed to a 

greater number / amount of chemicals of particular concern.  In Sweden, approximately 87% of the human 

population live in urban areas, with a substantially higher population density in southern than in northern 

Sweden (https://worldpopulationreview.com/countries/sweden-population, 2021).  It therefore seems 

viable that the exposure of wildlife (including otters) to anthropogenic chemicals would be greater in the 

south of Sweden.  As a larger number of otter blood samples included in this study came from southern 
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Sweden than northern Sweden (nine and six, respectively), the possibility that the findings were a result 

of sampling bias cannot be ruled out.    

 

Male and female otters may differ in their exposure to chemicals of particular concern.  A greater number 

of these chemicals were detected in male otters in comparison to female otters.  Female otters may 

offload some of their chemical contaminant load onto offspring / during lactation, whereas these routes 

of excretion are unavailable to male otters.  Male otters may bioaccumulate these chemicals over the 

course of their lifetime, possibly also explaining why there appears to be a trend for more adult otters to 

have a larger number of these chemicals in their blood compared with otters compared with juvenile and 

subadult otters.  Inclusion of a larger number of otter blood samples in future research would be beneficial 

to address some of these theories. 

 

 

Figure 5.14 Total number of chemicals of particular concern detected in each individual otter blood 
sample analysed 
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Figure 5.15 Number of otter samples in which each chemical of particular concern was detected  

 

Further analysis was undertaken to semi-quantify the chemicals of particular concern that were detected 

in the otter samples analysed.  Of the list of chemicals of particular concern, several were excluded from 

further quantitative analysis (e.g. if the mass accuracy was >5 µl L-1 or if the mass accuracy score was 

<80).  After these compounds had been removed from the data set, the remaining list of compounds were 

tentatively quantified in the otter blood samples.  For each compound, the mean average final 

concentration was calculated (Figure 5.14).  As these data are very preliminary, any further speculative 

interpretation of the results (e.g. exploration of potential relationships between concentrations and 

gender, age class or location) could result in errors of judgement and are not recommended.   

 

Table 5.3 shows the speculative mean concentrations semi-quantified in the otter samples analysed, 

along with the lowest predicted no effect concentrations (PNEC values) in freshwater and in freshwater 

biota.  As stated above, the semi-quantitative data is very preliminary, and therefore any comparisons 

between these  concentrations and the corresponding lowest PNECs must be treated with extreme 

caution.  However, it is interesting to note that whilst the speculative concentrations are generally very 

low, for some of the chemicals, such as PPD and heptylparaben, the speculated concentrations exceed 

the PNEC values for freshwater.  Further work to verify the presence and quantify these chemicals in the 

samples using  a targeted approach and appropriate internal standards.     
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Table 5.3 Speculative mean concentrations of chemicals of particular concern in otter blood samples 
analysed and corresponding lowest PNEC values in freshwater and in freshwater biota and reported 
surface water (river) concentrations 

Chemical name 

Speculative 

mean conc. in 

otter samples 

(µg L-1) 

Lowest PNEC 

freshwater (µg L-

1)* 

Lowest PNEC 

freshwater biota 

(µg kg-1 wet 

weight)* 

Surface water 

(river) 

concentrations 

(µg L-1)**  

Metolachlor CGA 

50720 
75.42 21.2 42.5 

<LOD – 2.7 

(Germany) 

BTS 27919 4.37 21 80.9 
<LOD – 0.08 

(Switzerland) 

PFDA N/A 0.17 8.15 

<LOD – 0.1 

(United 

Kingdom) 

PFNA 0.07 1 165 
<LOD – 0.13 

(Italy) 

PFOA 1.82 0.18 0.41 
<LOD – 3.0 

(Germany) 

PFTrDA 0.61 0.1 41 

<LOD – 

0.000074 

(Netherlands) 

PFUnDA N/A 0.13 223 

<LOD – 0.1 

(United 

Kingdom) 

TCPP 4.49 120 953 
<LOD – 0.72 

(Netherlands) 

DBP 25.60 2.3 3845 
<LOD – 1475 

(Slovakia) 

Enzacamene N/A 0.17 52.4 
<LOD – 0.11 

(Germany) 
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PPD 18.10 16.4 69.2 <LOD 

Heptylparaben 11.32 1.08 19.9 N/A 

Acrylamide 4.64 61.6 78.1 N/A 

Aniline 77.72 0.8 34.7 
<LOD – 0.61 

(Netherlands) 

Acetamide N/A 8.26 24.1 N/A 

NMP 24.85 82.3 115 N/A 

Zineb N/A 0.88 353 N/A 

Galaxolide 4.94 7 8593 
<LOD – 0.17 

(Sweden) 

NDBA N/A 8.08 144 <LOD 

TPP 33.51 0.74 2024 
<LOD – 0.2 

(Netherlands) 

Benzothiazole N/A 30 228 
<LOD – 30958 

(Slovakia) 

*www.norman-network.com/nds/ecotox/ (accessed 4 January 2022) 

**www.norman-network.com/nds/empodat/ (accessed 5 January 2022) 
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Figure 5.16 Speculative mean concentration (µg L-1) of chemicals of particular concern detected in the 
otter samples analysed.  Error bars indicate the standard deviation 

5.3.5 Limitations 
During non-target screening both false positive and false negative identifications of compounds are 

possible.  These errors can arise at any stage, including sample collection, preparation and extraction, 

sample analysis and data processing.  In order to reduce bias during sample preparation it is important to 

apply sample preparation and extraction methods that are capable of extracting compounds with a wide 

range of chemical properties.  The protein precipitation method used to extract compounds in this study 

minimises sample preparation steps, reducing analyte loss during the process.  Nonetheless, it is possible 

that some compounds present in the sample were not extracted and therefore were not detected in the 

subsequent analysis.  Similarly, although a relatively conservative compound identification strategy was 

adopted, some false positive identifications are likely to have occurred.  Verification of compound 

identification would require the use of reference standards, using a targeted data acquisition approach. 

 

Although solvent blanks were included in this study, the analysis of a pooled quality control (QC) sample 

containing an aliquot of extracted blood from all of the otter samples would have been a beneficial 
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addition.  This would have confirmed that all the compounds detected in individual samples were also 

present in the pooled sample, with the same retention times.  Similarly, a procedural blank, containing 

only solvent but prepared / extracted in the same way as the samples, would have minimised potential 

misinterpretation of analytical results due to contaminants leaching from plastic labware during sample 

handling.  Studies have demonstrated that leaching of phthalates from laboratory consumables can 

interfere with analytical results (Reid et al., 2007), so this may be particularly pertinent when investigating 

these chemicals.  Solvent blanks (containing only solvent with no matrix) that were not brought through 

the entire extraction procedure were analysed in this study.  These did not contain DHP, DEHP or 

oleamide, which were detected in some of the otter samples.  The application of targeted biomonitoring 

studies using analytical reference standards and procedural blanks would minimise misleading results.  

Contamination of samples with other chemicals, such as pesticides or pharmaceuticals, during sample 

preparation and analysis is unlikely as strict cross-contamination measures were adhered to.   

 

During the data processing stage, further data analysis could have been conducted (e.g. using standards 

to confirm identifications).  However this was not possible due to cost and time restraints.  Although a 

relatively conservative method of compound rejection or acceptance was applied some false positives 

evidently occurred.  Approximately 2%  of the compounds detected in this study were identified as 

deuterated compounds.  Since isotopically-labelled compounds do not normally occur in nature 

(Caballero-Casero et al., 2021), it is assumed that these compounds were misidentifications.   This 

demonstrates the possibility for library  mis-matches to occur when performing non-target analyses.  One 

of the deuterated compounds identified in this study had a very short retention time (~0.5 min), despite 

containing 21 carbon atoms.  Such a large compound would be expected to elute later than this.  This 

illustrates the importance of applying chemical knowledge when interpreting results from non-target 

analyses.   

 

For the semi-quantitative analysis, each compound was calibrated against DXM.  Not all compounds ionise 

in the same way, for example some of the compounds, such as PFOA and PFTrDA, can only be detected 

as negative ions.  It is possible that the calculated concentrations may be under or over estimations.  

Further in-depth analysis of the data are required, including targeted analysis using internal standards, to 

verify the presence of the compounds in the samples.  This will also allow more accurate calibration of 

each compound against the appropriate internal standard to be performed.   

 

It is recommended that future studies planning to semi-quantifying data spike samples with a generic 

internal standard prior to extraction to standardize LCMS analytical outputs and/ or run matrix matched 

standard curves to generate authentic extraction recoveries for quantitation.  For a single point 

calibration, as demonstrated in this study, it is suggested that modifications from the process used here 

could include running a single (ideally matrix-matched) generic internal standard of known concentration 
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such as DXM used here, at the time of analysis to adjust the spiked equivalent compound for signal 

normalization.  For semi-quantification, an internal standard that matches either the compound of 

interest, or the class of the compound of interest of the normalized signal may be used.  For absolute 

quantification of compounds, fortification of samples using isotopically labelled analytical reference 

standards, analysed under the same analytical conditions as the samples, is necessary. 

5.3.6 Future research directions 
The results from this study provide new implications for otter exposure assessment in future studies.  

Further biomonitoring of Eurasian otters, using a combination of targeted and non-targeted approaches, 

is recommended to obtain information about the quantities, and ultimately the potential effects of, 

chemicals of emerging concern in this species.  A targeted analytical approach would be required to verify 

the compounds that were tentatively detected in this study.  Confirmation of compound identification 

would require the use of isotopically labeled analytical reference standards, analysed under the same 

analytical conditions as the samples.   

 

In consideration of their reported adverse health effects in other species coupled with the high proportion 

of otter blood samples in which they were detected, more specific and comprehensive studies should be 

conducted in the future to verify the presence and ascertain the concentrations of a number of the 

anthropogenic chemicals detected in the present study.  Among these chemicals are the pesticide TPs 

metolachlor CGA 50720 and BTS 27919, several PFAS (PFNA, PFUnDA, PFDA, PFOA and PFTrDA), the 

chlorinated organophosphate compound TCPP, the phthalate DBP, the personal care products 

enzacamene and PPD, the food additive heptylparaben, and the industrial chemicals acrylamide, aniline, 

acetamide and NMP.  Although the detection frequency was relatively lower, more research regarding 

the concentrations of zineb, galaxolide, NDBA, benzothiazole and TPP in otters would also be beneficial 

owing to the reported detrimental health effects associated with exposure to these chemicals.   

 

Increased understanding of potential synergistic and additive effects that may be produced from mixtures 

of these compounds co-occurring in otters is of particular importance to evaluate the potential risk they 

pose to otters.   

 

The otters that were analysed in the present study included males and female otters (adult and sub-

adults), although there were insufficient sample numbers to test for differences among these 

demographic groups.  Inclusion of a larger number of otter blood samples in future research would be 

advantageous.  Inclusion of blood samples collected from otters showing evidence of reproductive 

abnormalities would allow interesting comparisons to be made between the contaminant profiles of 
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these otters and individuals that do not show evidence of reproductive abnormalities.  This might help to 

identify any individual chemicals or combinations of chemicals that may play a causal or contributory role 

in these reproductive abnormalities in otters.  The identification of mixtures of chemicals that cause a 

common adverse outcome such as those reported in male otters in Sweden, via similar or dissimilar 

modes of action, would prove very valuable in assessing risks posed by mixtures of chemicals on aquatic 

biota in general and in otters specifically.   

5.4 Conclusion  
This research achieved its primary aim by applying non-targeted analytical methods to determine other 

potential organic pollutants and metabolites in the blood of 15 free-living Eurasian otters from Sweden.  

Non-targeted screening of otter blood samples tentatively identified 154 compounds, from ten chemical 

classes, reflecting the vast mixture of chemicals that otters are exposed to during their lifetime.  To the 

best of my knowledge this is the first study to apply a non-targeted screening approach to the analysis of 

chemical contaminants in otters.  As little pre-existing information is available regarding the chemicals 

expected to be present in otters, broad non-targeted approaches are particularly useful and can be used 

to facilitate the selection of target compounds to include in subsequent research.  This study has taken 

the first steps to achieve this.  Compounds detected included pesticides, pharmaceuticals, recreational 

drugs, personal care products, food additives, perfluoroalkyl substances, chlorinated organophosphate 

compounds, phthalates and industrial chemicals.  Many of these compounds have not previously been 

reported in this species.  Twenty-one chemicals were identified as being of particular concern to otters, 

owing to their high prevalence in the otter samples analysed and the adverse health outcomes associated 

with exposure to these chemicals.  More focused efforts should be made to monitor these chemicals in 

otters in Sweden, to evaluate the potential toxicological risks they pose to otters, particularly as many of 

these chemicals are believed to induce reprotoxic, carcinogenic and neurotoxic effects.  Increased 

understanding of potential synergistic and additive effects that may be produced from mixtures of these 

compounds co-occurring in otters is of particular importance.   

 

The next chapter summarises the findings of the research undertaken and discusses how rapid targeted 

and non-targeted screening methods can be used in future environmental forensic investigations.   
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6 CONCLUSIONS 

The overall aim of the work presented in this thesis was to assess the risks that pharmaceutical residues 

pose to Eurasian otters.   

 

Chapter 1 critically reviewed the literature  to facilitate the development of appropriate analytical 

methods. 

 

Chapter 3 developed an accurate and reliable method for quantifying lipid content in otters.  A novel 

method for quantifying lipids in otter tissues using accelerated solvent extraction (ASE) was developed 

and validated.  The ASE method was more accurate and precise than the conventional ‘B&D’ method 

developed by Bligh and Dyer (1959) when applied to the lipid-rich samples investigated in this study 

(accuracy was -22% error for ASE and -48% for B&D, precision was 7% for ASE and 27% CV for B&D).  The 

ASE method gave greater confidence in individual measurements of lipid content compared with the B&D 

method.  Although the B&D method has been commonly used for many years, these results imply that 

lipid quantifications (and subsequent lipid-correction calculations) made on the basis of results obtained 

using the B&D method have been underestimating the true lipid content of samples under investigation, 

particularly if they are lipid-rich.  If the ASE method was to become the established method for 

quantification of lipids then the results from new studies would not be comparable with previous reports, 

so calibration would need to take place to allow comparison between lipid measurements obtained using 

the old B&D method and the new ASE method.   

 

Chapter 4 developed rapid, targeted analytical screening methods capable of determining a suite of 

individual pharmaceutical residues in otter blood and bile.  This was a balance between rapid and 

accurate.  The methods were applied to determine the concentrations of pharmaceutical residues in the 

blood (n = 15) and bile (n = 17) of free-living Eurasian otters from Sweden.  None of the target compounds 

were observed in any of the blood or bile samples analysed, suggesting either that the otters investigated 

were not exposed to these particular compounds during their lifetime, or that these chemicals quickly 

degrade and do not biomagnify with increasing animal trophic status.   
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Chapter 5 applied non-targeted analytical methods to determine other potential organic pollutants and 

metabolites in the blood of 15 free-living Eurasian otters from Sweden.  Work reported in this chapter 

demonstrated presence of 154 anthropogenic chemicals in otters.  These belonged to ten classes of 

emerging contaminants and included 50 pharmaceuticals.  The detection of these residues in wild otter 

blood implies that otters are internally exposed to mixtures of xenobiotic chemicals of emerging concern 

over their lifetime.   

 

Very little, if anything, is known about the toxicities and biological effects of otters chronically exposed to 

mixtures of these chemicals, but many of the compounds detected are known or suspected to be 

associated with adverse health and reproductive effects in humans and wildlife.  Targeted screening and 

quantification of all of these compounds is unrealistic, considering the associated labour and expense.  

Therefore, it is recommended that future studies should initially apply non-targeted screening approaches 

to the analysis of wild otters from other locations, with a higher number of individual otters of various 

age classes to obtain contaminant profiles.  This approach would enable tentative identification of 

chemicals present in the samples and the results from such studies should be used to drive subsequent 

selection of compounds for which further investigation is justified.  Compounds that are particularly 

potent, persistent, frequently detected or differentially detected in otters that show evidence of adverse 

health or reproductive effects may all be grounds for further investigation.  For example, in the present 

study 21 chemicals that were detected in a high proportion of the otter blood samples were also identified 

as highly toxic, carcinogenic, genotoxic, neurotoxic or reprotoxic (Table 6.1).  Thus further exploration of 

these compounds is warranted.  Verification of compound identification and quantification would follow, 

ideally, using isotopically labeled analytical reference standards as part of a targeted data acquisition 

approach.  The results would be used to ascertain whether the compounds under investigation approach 

or exceed the predicted effect concentrations.  Only when such studies have been performed will it be 

possible to evaluate whether they pose a risk to wild otter populations.  This multiple biomarker response 

method is a useful tool to explore potential integrated toxicological effects of chemicals from different 

classes, and may assist in identification of interactions between chemicals and any effects (detrimental or 

otherwise) of their combined rather than individual concentrations.  
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Table 6.1 The number of otter blood samples in which each chemical of particular concern was detected 

Chemical class Chemical name Detection frequency 

out of 15 blood 

samples 

Pesticide 

 

Metolachlor CGA 50720 14 (93%) 

BTS 27919 13 (87%) 

Zineb 8 (53%) 

Personal care product 

 

Enzacamene 13 (87%) 

PPD 11 (73%) 

Galaxolide 7 (47%) 

Galaxolide 7 (47%) 

Food additive Heptylparaben 13 (87%) 

PFAS 

 

PFNA 15 (100%) 

PFOA  14 (93%) 

PFTrDA  9 (60%) 

PFUnDA  15 (100%) 
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Chlorinated organophosphate compound 

 

TCPP  15 (100%) 

TPP 5 (33%) 

TPP 5 (33%) 

Phthalate DBP 14 (93%) 

Industrial chemical 

 

Acrylamide 13 (87%) 

Aniline 11 (73%) 

Acetamide 11 (73%) 

NMP  10 (67%) 

NDBA 6 (40%) 

Benzothiazole 5 (33%) 
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Chemical characteristics can also be used to prioritise chemicals for further exploration.  For apex 

predators such as otters, the primary route of exposure to most anthropogenic chemicals in the 

environment is likely to be via their diet; if their prey are not contaminated with the compounds under 

investigation then the compounds are unlikely to reach the otter.  Whilst some chemicals that are present 

in high concentrations at point sources may present a substantial threat to the health of individual otters 

that inhabit these areas, future research efforts should focus on compounds with greatest bioavailability 

and exposure potential.  For instance, PFAS are extremely persistent chemicals with lipophilic and 

hydrophobic properties (Teunen et al., 2021), so further exploration of these compounds in otters might 

be justified.  Similarly, otters are unlikely to choose to live in polluted habitats, such as in close proximity 

to WWTPs, if less contaminated habitats are available.  So even though some chemicals, such as 

pharmaceuticals, have been reported in effluent-impacted waters and fish that inhabit these waters, 

otters are unlikely to be exposed to these chemicals unless the chemicals are transported far from the 

point source of pollution.  Research efforts should therefore prioritise chemicals that persist, such as 

chlorinated organophosphate compounds and those that travel long ranges, such as phthalates.  As the 

present study just investigated one area at one time frame, rather than drawing a list of priority 

compounds using the results from this study, I would recommend that future researchers develop their 

own priority lists using the non-targeted screening approach that I have shown to be effective.  

 

Some compounds may partition and bioaccumulate in lipid-rich matrices, such as liver, muscle or brain 

tissues.  Sample preparation and analysis of these complex matrices is extremely challenging and I do not 

recommend that efforts are made to develop methods in these matrices in otters unless sufficient 

evidence regarding chemical contamination justifies doing so.  As blood circulates around the whole body 

passing through all of these target organs, blood sampling can be used to provide congener specific 

contaminant data that is representative of an individual organism (Megson et al., 2018).  Methods for 

quantification of pharmaceuticals and other chemicals of emerging concern from complex biological 

matrices may become faster and less challenging in future as extraction and analytical technology advance.  

The detection limits provided by advanced analytical instruments (e.g. QqQMS and HRToFMS) are not a 

limiting factor here.  The main barriers to this research are the development of cost-effective and time-

saving methods for sample preparation and analysis.  In particular, improved methods are required for 

rapid and effective removal of lipids and other co-extractives from biological samples whilst retaining 

target analytes.  Current automated extraction methods, such as ASE, extract a substantial amount of co-

extractives and often require extraction purification and target compounds may be lost in the process.  

Improving the automation of assessing compounds in nontargeted screening analysis, possibly using 

machine learning / artificial intelligence techniques would also be advantageous.    
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The results reported in this study have demonstrated the suitability of otters in biomonitoring research 

and have shown that otters can provide an overview of the contaminants present in the aquatic 

environment to which they are exposed.  Nonetheless, otter sampling is generally performed on an 

opportunistic basis, precluding site-specific sampling from being undertaken.  To obtain information 

about trophic biomagnification of environmental contaminants under real-world conditions,  it would be 

advantageous to perform corresponding water, fish and otter sampling from the same locations.  This 

would provide information about the biotransformation of the target compounds within biota, as well as 

their bioaccumulation and biomagnification.  However this is not feasible taking into account the logistical 

and ethical considerations relating to live-trapping of otters for collection of biological samples.  

Therefore, it is recommended that future research focuses on measuring chemicals in water and wild fish.  

Reports of pharmaceuticals in wild fish to date have focused on effluent-impacted waters and more 

information about the concentrations of these and other anthropogenic compounds in fish further from 

point sources of pollution will be beneficial.  Fish sampling also provides valuable information for species 

that occupy higher positions in the trophic food chain that feed on fish, including otters and humans.   

 

The findings reported in this thesis clearly establish that Eurasian otters in Sweden are exposed to 

pharmaceuticals and other chemicals of emerging concern and justifies continued efforts to understand 

the fate of these compounds in aquatic systems as well as potential effects of exposures on wild aquatic 

biota.  However, chemical contamination is just one of many anthropogenic pressures that Eurasian otters 

face and it is important to view these holistically for the sustainable conservation of this species.  Eurasian 

otters have a very wide geographical distribution (IUCN, 2015), and depending upon their location these 

threats vary.  Some of these threats are shown in Figure 6.1.  Research and conservation efforts should 

be prioritised according to scientific evidence regarding these threats to ensure that limited resources are 

used wisely.           

 

In conclusion, the research carried out in this thesis shows that Eurasian otters in Sweden are exposed to 

pharmaceutical residues, along with many other chemicals of emerging concern.  However, the 

concentrations of pharmaceuticals appear to be very low, so these chemicals do not appear to pose an 

immediate threat to this species.  Periodic screening for pharmaceuticals in otters from different 

geographical areas and time periods is recommended to ensure temporal and spatial changes in internal 

concentrations are detected.
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Figure 6.1 Schematic representation showing primary anthropogenic pressures that Eurasian otters face.  Chemical pollutants generally, and pharmaceuticals specifically, are 
amongst many other potential threats to this species.
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APPENDIX 1 RAW DATA FOR METHOD DEVELOPMENT IN CHAPTER 3 

Sample code Method Tissue type Wet / Dry % lipids Mean SD 

Otter 1 LW1 (1) B&D Liver Wet 6.7 

5.5 1.7 Otter 1 LW2 (1) B&D Liver Wet 3.6 

Otter 1 LW3 (1) B&D Liver Wet 6.2 

Otter 2 LW1 (1) B&D Liver Wet 6.8 

8.2 1.6 Otter 2 LW2 (1) B&D Liver Wet 10.0 

Otter 2 LW3 (1) B&D Liver Wet 7.9 

Otter 3 LW1 (1) B&D Liver Wet 10.0 

7.0 2.7 Otter 3 LW2 (1) B&D Liver Wet 6.5 

Otter 3 LW3 (1) B&D Liver Wet 4.5 

Otter 4 LW1 (1) B&D Liver Wet 7.9 

6.7 1.3 Otter 4 LW2 (1) B&D Liver Wet 5.3 

Otter 4 LW3 (1) B&D Liver Wet 6.8 

Otter 1 LD1 (1) B&D Liver Dry 6.4 

4.9 1.3 Otter 1 LD2 (1) B&D Liver Dry 4.0 

Otter 1 LD3 (1) B&D Liver Dry 4.3 

Otter 2 LD1 (1) B&D Liver Dry 3.0 

5.7 3.1 Otter 2 LD2 (1) B&D Liver Dry 5.0 

Otter 2 LD3 (1) B&D Liver Dry 9.0 

Otter 3 LD1 (1) B&D Liver Dry 6.7 

6.0 0.6 Otter 3 LD2 (1) B&D Liver Dry 5.9 

Otter 3 LD3 (1) B&D Liver Dry 5.5 

Otter 4 LD1 (1) B&D Liver Dry 6.5 

4.3 2.3 Otter 4 LD2 (1) B&D Liver Dry 4.3 

Otter 4 LD3 (1) B&D Liver Dry 2.00 

Otter 1 BW1 (1) B&D Brain Wet 4.6 

3.4 1.3 Otter 1 BW2 (1) B&D Brain Wet 3.6 

Otter 1 BW3 (1) B&D Brain Wet 2.0 
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Otter 2 BW1 (1) B&D Brain Wet 3.6 3.8 0.9 

Otter 2 BW2 (1) B&D Brain Wet 4.9 

Otter 2 BW3 (1) B&D Brain Wet 3.1 

Otter 3 BW1 (1) B&D Brain Wet 9.5 

7.4 2.0 Otter 3 BW2 (1) B&D Brain Wet 5.4 

Otter 3 BW3 (1) B&D Brain Wet 7.4 

Otter 4 BW1 (1) B&D Brain Wet 2.8 

3.8 1.3 Otter 4 BW2 (1) B&D Brain Wet 3.6 

Otter 4 BW3 (1) B&D Brain Wet 5.3 

Otter 1 BD1 (1) B&D Brain Dry 6.2 

5.8 1.5 Otter 1 BD2 (1) B&D Brain Dry 4.2 

Otter 1 BD3 (1) B&D Brain Dry 6.9 

Otter 2 BD1 (1) B&D Brain Dry 0.7 

4.0 3.3 Otter 2 BD2 (1) B&D Brain Dry 4.1 

Otter 2 BD3 (1) B&D Brain Dry 7.2 

Otter 3 BD1 (1) B&D Brain Dry 6.3 

7.2 2.5 Otter 3 BD2 (1) B&D Brain Dry 9.9 

Otter 3 BD3 (1) B&D Brain Dry 5.2 

Otter 4 BD1 (1) B&D Brain Dry 4.0 

6.6 2.7 Otter 4 BD2 (1) B&D Brain Dry 9.3 

Otter 4 BD3 (1) B&D Brain Dry 6.3 

Otter 1 MW1 (1) B&D Muscle Wet 1.1 
1.2 0.2 

Otter 1 MW2 (1) B&D Muscle Wet 1.3 

Otter 2 MW1 (1) B&D Muscle Wet 1.6 
1.5 0.1 

Otter 2 MW2 (1) B&D Muscle Wet 1.5 

Otter 3 MW1 (1) B&D Muscle Wet 3.2 
2.5 1.0 

Otter 3 MW2 (1) B&D Muscle Wet 1.9 

Otter 4 MW1 (1) B&D Muscle Wet 0.4 
0.3 0.1 

Otter 4 MW2 (1) B&D Muscle Wet 0.2 

Otter 1 MD1 (1) B&D Muscle Dry 1.9 
2.0 0.1 

Otter 1 MD2 (1) B&D Muscle Dry 2.0 

Otter 2 MD1 (1) B&D Muscle Dry 1.3 
1.7 0.6 

Otter 2 MD2 (1) B&D Muscle Dry 2.1 

Otter 3 MD1 (1) B&D Muscle Dry 4.7 
3.5 1.7 

Otter 3 MD2 (1) B&D Muscle Dry 2.3 

Otter 4 MD1 (1) B&D Muscle Dry 1.3 1.5 0.3 
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Otter 4 MD2 (1) B&D Muscle Dry 1.7 

Otter 1 LW1 (2) MeOH-DCM Liver Wet 7.1 

7.4 0.3 Otter 1 LW2 (2) MeOH-DCM Liver Wet 7.7 

Otter 1 LW3 (2) MeOH-DCM Liver Wet 7.4 

Otter 2 LW1 (2) MeOH-DCM Liver Wet 8.9 

8.4 0.4 Otter 2 LW2 (2) MeOH-DCM Liver Wet 8.3 

Otter 2 LW3 (2) MeOH-DCM Liver Wet 8.0 

Otter 3 LW1 (2) MeOH-DCM Liver Wet 6.8 

6.6 0.2 Otter 3 LW2 (2) MeOH-DCM Liver Wet 6.7 

Otter 3 LW3 (2) MeOH-DCM Liver Wet 6.4 

Otter 4 LW1 (2) MeOH-DCM Liver Wet 6.2 

6.0 0.6 Otter 4 LW2 (2) MeOH-DCM Liver Wet 5.3 

Otter 4 LW3 (2) MeOH-DCM Liver Wet 6.4 

Otter 1 LD1 (2) MeOH-DCM Liver Dry 6.6 

6.3 0.7 Otter 1 LD2 (2) MeOH-DCM Liver Dry 6.8 

Otter 1 LD3 (2) MeOH-DCM Liver Dry 5.5 

Otter 2 LD1 (2) MeOH-DCM Liver Dry 6.5 

6.7 0.4 Otter 2 LD2 (2) MeOH-DCM Liver Dry 6.5 

Otter 2 LD3 (2) MeOH-DCM Liver Dry 7.2 

Otter 3 LD1 (2) MeOH-DCM Liver Dry 6.7 

5.7 1.2 Otter 3 LD2 (2) MeOH-DCM Liver Dry 5.9 

Otter 3 LD3 (2) MeOH-DCM Liver Dry 4.4 

Otter 4 LD1 (2) MeOH-DCM Liver Dry 6.4 

6.4 0.3 Otter 4 LD2 (2) MeOH-DCM Liver Dry 6.1 

Otter 4 LD3 (2) MeOH-DCM Liver Dry 6.6 

Otter 1 BW1 (2) MeOH-DCM Brain Wet 1.0 

3.0 1.8 Otter 1 BW2 (2) MeOH-DCM Brain Wet 3.2 

Otter 1 BW3 (2) MeOH-DCM Brain Wet 4.6 

Otter 2 BW1 (2) MeOH-DCM Brain Wet 6.5 

5.4 1.0 Otter 2 BW2 (2) MeOH-DCM Brain Wet 4.6 

Otter 2 BW3 (2) MeOH-DCM Brain Wet 5.0 

Otter 3 BW1 (2) MeOH-DCM Brain Wet 10.9 

9.5 1.2 Otter 3 BW2 (2) MeOH-DCM Brain Wet 8.4 

Otter 3 BW3 (2) MeOH-DCM Brain Wet 9.3 

Otter 4 BW1 (2) MeOH-DCM Brain Wet 5.7 

4.6 1.3 Otter 4 BW2 (2) MeOH-DCM Brain Wet 3.2 

Otter 4 BW3 (2) MeOH-DCM Brain Wet 4.9 

Otter 1 BD1 (2) MeOH-DCM Brain Dry 5.1 5.1 0.2 
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Otter 1 BD2 (2) MeOH-DCM Brain Dry 4.8 

Otter 1 BD3 (2) MeOH-DCM Brain Dry 5.2 

Otter 2 BD1 (2) MeOH-DCM Brain Dry 3.1 

4.7 1.7 Otter 2 BD2 (2) MeOH-DCM Brain Dry 4.5 

Otter 2 BD3 (2) MeOH-DCM Brain Dry 6.4 

Otter 3 BD1 (2) MeOH-DCM Brain Dry 3.4 

4.7 1.5 Otter 3 BD2 (2) MeOH-DCM Brain Dry 4.5 

Otter 3 BD3 (2) MeOH-DCM Brain Dry 6.3 

Otter 4 BD1 (2) MeOH-DCM Brain Dry 3.5 

3.3 0.4 Otter 4 BD2 (2) MeOH-DCM Brain Dry 2.8 

Otter 4 BD3 (2) MeOH-DCM Brain Dry 3.5 

Otter 1 MW1 (2) MeOH-DCM Muscle Wet 2.6 
2.1 0.7 

Otter 1 MW2 (2) MeOH-DCM Muscle Wet 1.6 

Otter 2 MW1 (2) MeOH-DCM Muscle Wet 1.6 
1.9 0.5 

Otter 2 MW2 (2) MeOH-DCM Muscle Wet 2.3 

Otter 3 MW1 (2) MeOH-DCM Muscle Wet 2.4 
2.3 0.1 

Otter 3 MW2 (2) MeOH-DCM Muscle Wet 2.2 

Otter 4 MW1 (2) MeOH-DCM Muscle Wet 1.0 
1.0 0.1 

Otter 4 MW2 (2) MeOH-DCM Muscle Wet 1.1 

Otter 1 MD1 (2) MeOH-DCM Muscle Dry 1.0 
1.7 1.0 

Otter 1 MD2 (2) MeOH-DCM Muscle Dry 2.4 

Otter 2 MD1 (2) MeOH-DCM Muscle Dry 1.8 
1.9 0.1 

Otter 2 MD2 (2) MeOH-DCM Muscle Dry 1.9 

Otter 3 MD1 (2) MeOH-DCM Muscle Dry 2.2 
2.3 0.1 

Otter 3 MD2 (2) MeOH-DCM Muscle Dry 2.4 

Otter 4 MD1 (2) MeOH-DCM Muscle Dry 2.8 
3.0 0.2 

Otter 4 MD2 (2) MeOH-DCM Muscle Dry 3.2 

Otter 1 LW1 (3) HX-ETAC  Liver Wet 0.4 

0.6 0.2 Otter 1 LW2 (3) HX-ETAC  Liver Wet 0.8 

Otter 1 LW3 (3) HX-ETAC  Liver Wet 0.5 

Otter 2 LW1 (3) HX-ETAC  Liver Wet 3.4 

2.1 1.2 Otter 2 LW2 (3) HX-ETAC  Liver Wet 2.0 

Otter 2 LW3 (3) HX-ETAC  Liver Wet 1.0 

Otter 3 LW1 (3) HX-ETAC  Liver Wet 0.9 

1.1 0.2 Otter 3 LW2 (3) HX-ETAC  Liver Wet 1.3 

Otter 3 LW3 (3) HX-ETAC  Liver Wet 1.0 
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Otter 4 LW1 (3) HX-ETAC  Liver Wet 3.3 

2.8 0.6 Otter 4 LW2 (3) HX-ETAC  Liver Wet 3.0 

Otter 4 LW3 (3) HX-ETAC  Liver Wet 2.2 

Otter 1 LD1 (3) HX-ETAC  Liver Dry 1.3 

1.5 0.2 Otter 1 LD2 (3) HX-ETAC  Liver Dry 1.6 

Otter 1 LD3 (3) HX-ETAC  Liver Dry 1.5 

Otter 2 LD1 (3) HX-ETAC  Liver Dry 1.4 

1.3 0.3 Otter 2 LD2 (3) HX-ETAC  Liver Dry 1.5 

Otter 2 LD3 (3) HX-ETAC  Liver Dry 1.0 

Otter 3 LD1 (3) HX-ETAC  Liver Dry 0.7 

1.6 1.0 Otter 3 LD2 (3) HX-ETAC  Liver Dry 1.4 

Otter 3 LD3 (3) HX-ETAC  Liver Dry 2.7 

Otter 4 LD1 (3) HX-ETAC  Liver Dry 3.2 

2.9 0.2 Otter 4 LD2 (3) HX-ETAC  Liver Dry 2.8 

Otter 4 LD3 (3) HX-ETAC  Liver Dry 2.9 

Otter 1 BW1 (3) HX-ETAC  Brain Wet 0.9 

1.9 0.9 Otter 1 BW2 (3) HX-ETAC  Brain Wet 2.1 

Otter 1 BW3 (3) HX-ETAC  Brain Wet 2.6 

Otter 2 BW1 (3) HX-ETAC  Brain Wet 2.6 

3.0 0.4 Otter 2 BW2 (3) HX-ETAC  Brain Wet 2.9 

Otter 2 BW3 (3) HX-ETAC  Brain Wet 3.4 

Otter 3 BW1 (3) HX-ETAC  Brain Wet 1.9 

1.8 0.3 Otter 3 BW2 (3) HX-ETAC  Brain Wet 2.1 

Otter 3 BW3 (3) HX-ETAC  Brain Wet 1.4 

Otter 4 BW1 (3) HX-ETAC  Brain Wet 2.3 

2.8 0.5 Otter 4 BW2 (3) HX-ETAC  Brain Wet 3.2 

Otter 4 BW3 (3) HX-ETAC  Brain Wet 3.0 

Otter 1 BD1 (3) HX-ETAC  Brain Dry 2.5 

2.9 0.6 Otter 1 BD2 (3) HX-ETAC  Brain Dry 3.5 

Otter 1 BD3 (3) HX-ETAC  Brain Dry 2.7 

Otter 2 BD1 (3) HX-ETAC  Brain Dry 2.3 

2.3 0.1 Otter 2 BD2 (3) HX-ETAC  Brain Dry 2.4 

Otter 2 BD3 (3) HX-ETAC  Brain Dry 2.2 

Otter 3 BD1 (3) HX-ETAC  Brain Dry 2.8 

3.3 0.4 Otter 3 BD2 (3) HX-ETAC  Brain Dry 3.6 

Otter 3 BD3 (3) HX-ETAC  Brain Dry 3.3 

Otter 4 BD1 (3) HX-ETAC  Brain Dry 3.0 
3.8 0.7 

Otter 4 BD2 (3) HX-ETAC  Brain Dry 4.4 
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Otter 4 BD3 (3) HX-ETAC  Brain Dry 4.0 

Otter 1 MW1 (3) HX-ETAC  Muscle Wet 0.2 
0.2 0.0 

Otter 1 MW2 (3) HX-ETAC  Muscle Wet 0.2 

Otter 2 MW1 (3) HX-ETAC  Muscle Wet 0.3 
0.2 0.1 

Otter 2 MW2 (3) HX-ETAC  Muscle Wet 0.2 

Otter 3 MW1 (3) HX-ETAC  Muscle Wet 0.2 
0.8 0.9 

Otter 3 MW2 (3) HX-ETAC  Muscle Wet 1.4 

Otter 4 MW1 (3) HX-ETAC  Muscle Wet 0.3 
0.8 0.8 

Otter 4 MW2 (3) HX-ETAC  Muscle Wet 1.3 

Otter 1 MD1 (3) HX-ETAC  Muscle Dry 2.0 
1.7 0.4 

Otter 1 MD2 (3) HX-ETAC  Muscle Dry 1.4 

Otter 2 MD1 (3) HX-ETAC  Muscle Dry 0.5 
0.5 0.0 

Otter 2 MD2 (3) HX-ETAC  Muscle Dry 0.5 

Otter 3 MD1 (3) HX-ETAC  Muscle Dry 0.8 
0.7 0.2 

Otter 3 MD2 (3) HX-ETAC  Muscle Dry 0.5 

Otter 4 MD1 (3) HX-ETAC  Muscle Dry 0.7 
1.3 0.9 

Otter 4 MD2 (3) HX-ETAC  Muscle Dry 2.0 

Otter 1 LW1 (4) HX-IPA  Liver Wet 1.9 

1.5 0.4 Otter 1 LW2 (4) HX-IPA  Liver Wet 1.1 

Otter 1 LW3 (4) HX-IPA  Liver Wet 1.6 

Otter 2 LW1 (4) HX-IPA  Liver Wet 2.3 

2.7 0.7 Otter 2 LW2 (4) HX-IPA  Liver Wet 2.3 

Otter 2 LW3 (4) HX-IPA  Liver Wet 3.5 

Otter 3 LW1 (4) HX-IPA  Liver Wet 1.6 

2.2 0.5 Otter 3 LW2 (4) HX-IPA  Liver Wet 2.4 

Otter 3 LW3 (4) HX-IPA  Liver Wet 2.5 

Otter 4 LW1 (4) HX-IPA  Liver Wet 5.0 

4.6 0.3 Otter 4 LW2 (4) HX-IPA  Liver Wet 4.4 

Otter 4 LW3 (4) HX-IPA  Liver Wet 4.4 

Otter 1 LD1 (4) HX-IPA  Liver Dry 3.0 

3.3 0.6 Otter 1 LD2 (4) HX-IPA  Liver Dry 3.9 

Otter 1 LD3 (4) HX-IPA  Liver Dry 2.9 

Otter 2 LD1 (4) HX-IPA  Liver Dry 1.0 

2.1 1.0 Otter 2 LD2 (4) HX-IPA  Liver Dry 2.9 

Otter 2 LD3 (4) HX-IPA  Liver Dry 2.4 

Otter 3 LD1 (4) HX-IPA  Liver Dry 1.9 2.4 0.5 
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Otter 3 LD2 (4) HX-IPA  Liver Dry 2.4 

Otter 3 LD3 (4) HX-IPA  Liver Dry 3.0 

Otter 4 LD1 (4) HX-IPA  Liver Dry 3.1 

3.2 0.1 Otter 4 LD2 (4) HX-IPA  Liver Dry 3.2 

Otter 4 LD3 (4) HX-IPA  Liver Dry 3.2 

Otter 1 BW1 (4) HX-IPA  Brain Wet 2.3 

2.6 0.7 Otter 1 BW2 (4) HX-IPA  Brain Wet 3.4 

Otter 1 BW3 (4) HX-IPA  Brain Wet 2.1 

Otter 2 BW1 (4) HX-IPA  Brain Wet 2.7 

3.6 0.8 Otter 2 BW2 (4) HX-IPA  Brain Wet 3.8 

Otter 2 BW3 (4) HX-IPA  Brain Wet 4.2 

Otter 3 BW1 (4) HX-IPA  Brain Wet 3.1 

3.3 0.6 Otter 3 BW2 (4) HX-IPA  Brain Wet 2.9 

Otter 3 BW3 (4) HX-IPA  Brain Wet 3.9 

Otter 4 BW1 (4) HX-IPA  Brain Wet 5.2 

5.2 0.4 Otter 4 BW2 (4) HX-IPA  Brain Wet 4.8 

Otter 4 BW3 (4) HX-IPA  Brain Wet 5.6 

Otter 1 BD1 (4) HX-IPA  Brain Dry 3.6 

4.0 0.5 Otter 1 BD2 (4) HX-IPA  Brain Dry 4.5 

Otter 1 BD3 (4) HX-IPA  Brain Dry 3.9 

Otter 2 BD1 (4) HX-IPA  Brain Dry 4.9 

3.9 0.9 Otter 2 BD2 (4) HX-IPA  Brain Dry 3.8 

Otter 2 BD3 (4) HX-IPA  Brain Dry 3.1 

Otter 3 BD1 (4) HX-IPA  Brain Dry 7.0 

6.8 0.3 Otter 3 BD2 (4) HX-IPA  Brain Dry 6.5 

Otter 3 BD3 (4) HX-IPA  Brain Dry 6.8 

Otter 4 BD1 (4) HX-IPA  Brain Dry 5.6 

5.8 0.8 Otter 4 BD2 (4) HX-IPA  Brain Dry 6.7 

Otter 4 BD3 (4) HX-IPA  Brain Dry 5.3 

Otter 1 MW1 (4) HX-IPA  Muscle Wet 0.9 
1.6 0.9 

Otter 1 MW2 (4) HX-IPA  Muscle Wet 2.2 

Otter 2 MW1 (4) HX-IPA  Muscle Wet 2.1 
2.6 0.7 

Otter 2 MW2 (4) HX-IPA  Muscle Wet 3.2 

Otter 3 MW1 (4) HX-IPA  Muscle Wet 1.1 
1.7 0.9 

Otter 3 MW2 (4) HX-IPA  Muscle Wet 2.3 

Otter 4 MW1 (4) HX-IPA  Muscle Wet 1.1 
1.4 0.4 

Otter 4 MW2 (4) HX-IPA  Muscle Wet 1.7 

Otter 1 MD1 (4) HX-IPA  Muscle Dry 1.8 1.9 0.2 
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Otter 1 MD2 (4) HX-IPA  Muscle Dry 2.0 

Otter 2 MD1 (4) HX-IPA  Muscle Dry 1.1 
0.9 0.3 

Otter 2 MD2 (4) HX-IPA  Muscle Dry 0.7 

Otter 3 MD1 (4) HX-IPA  Muscle Dry 0.8 
1.0 0.2 

Otter 3 MD2 (4) HX-IPA  Muscle Dry 1.1 

Otter 4 MD1 (4) HX-IPA  Muscle Dry 0.9 
0.9 0.1 

Otter 4 MD2 (4) HX-IPA  Muscle Dry 0.8 
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APPENDIX 2 RAW DATA FOR METHOD VALIDATION IN CHAPTER 3 

Meth
od 

Mass of 
empty vial 

Mass of 
vial 

 + lipids 

Mass of 
residue 

Mass of 
sample  

(oil originally 
added) 

Lipid 
content 

True value - 
measured value  

(true value - measured value) / 
true value  

100 * (true value - measured value) 
/ true value 

B&D 21.721 21.7481 0.0271 0.1062 
25.51789
077 

0.0791 0.744821092 74.48210923 

B&D 21.7257 21.7872 0.0615 0.1046 
58.79541
109 

0.0431 0.412045889 41.20458891 

B&D 21.8055 21.878 0.0725 0.1081 
67.06753
006 

0.0356 0.329324699 32.93246994 

B&D 21.7982 21.8528 0.0546 0.1055 
51.75355
45 

0.0509 0.482464455 48.2464455 

B&D 21.73 21.7873 0.0573 0.1006 
56.95825
05 

0.0433 0.430417495 43.0417495 

ASE 21.6107 21.6862 0.0755 0.1068 
70.69288
39 

0.0313 0.293071161 29.3071161 

ASE 21.6335 21.7848 0.1513 0.2049 
73.84089
8 

0.0536 0.26159102 26.159102 

ASE 21.6325 21.7134 0.0809 0.1032 
78.39147
287 

0.0223 0.216085271 21.60852713 

ASE 21.7386 21.8282 0.0896 0.1064 
84.21052
632 

0.0168 0.157894737 15.78947368 

ASE 21.6816 21.7689 0.0873 0.1028 
84.92217
899 

0.0155 0.15077821 15.07782101 
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APPENDIX 3 RAW DATA FOR COMPOUNDS ANALYSED IN BLOOD IN POSITIVE IONISATION MODE FOR METHOD VALIDATION 

IN CHAPTER 4 
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  Verapamil  Amiodarone  Venlafaxime  Norfluoxetine  

Validation run LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  

1  0.553 2.59 27.8 77.1  1.3 3.37 30.7 107  0.651 2.71 29.2 80.3  0.948 3.22 24.5 88  

1  0.583 2.48 27.3 77.1  1.27 3.22 28.4 95.2  1.06 3.3 29.5 82.9  0.885 2.83 24.6 82.3  

1  0.612 2.51 26.4 74.4  1.29 4.47 37.8 140  1.09 3.17 27.8 79.6  1.08 3.25 29.2 86.6  

1  0.652 2.77 28.1 78.5  0.99 3.18 33.1 115  0.814 3.08 29.2 81.6  0.837 3.03 29.9 91.8  

1  0.614 2.92 27.6 76.8  1.53 4.18 42.6 106.0  0.924 3.16 28.3 77.3  1.14 3.06 32 83  

1  0.708 2.77 27.8 78.8  1.26 3.4 34.0 104  0.87 2.94 29.2 80.1  1.09 2.58 28.2 85.6  

2  1.04 2.89 31.3 85.8  0.807 4.08 27.6 117  1.04 2.95 33.0 87.0  0.852 3.26 32.7 95.9  

2  1.00 3.36 30.8 82.7  1.11 3.51 25.2 107  1.08 3.19 31.3 82.9  1.16 3.83 30.5 93.3  

2  0.855 3.51 31.4 90.5  1.82 2.94 37.1 56.2  1.13 3.22 31.8 90.6  1.12 3.05 32 93.2  

3  0.978 3.04 30.4 85.8  1.39 2.81 39.1 99  0.853 2.90 32.4 86.9  0.884 2.93 30.8 89.2  

3  1.15 3.72 31.6 81.5  1.04 3.77 38.3 103  0.873 3.1 30.7 87.6  0.968 2.94 31.1 87.8  

3  1.22 3.04 28.6 80.3  1.41 3.27 41.2 106  1.1 3.34 32.2 86.4  1.03 3.37 31.1 89.6  

4  0.787 2.81 30.9 84.7  0.866 2.33 29.5 82.5  0.847 3.16 33.8 91.2  1.26 3.19 28.3 85.1  

4  0.67 3.42 34.7 89.7  1.25 2.9 30.7 73.8  1.27 3.69 33.2 99.8  1.86 3.6 30.2 88.3  

4  1.18 2.98 31.1 91  1.18 3.33 24.7 85.4  0.639 2.56 32.1 93.9  1.72 3.34 29.8 87.2  

 Mean 0.84 2.99 29.72 82.31  1.23 3.38 33.3 99.8  0.95 3.10 30.9 85.9  1.12 3.17 29.7 88.4  

 SD 0.236 0.371 2.255 5.386  0.258 0.562 5.774 19.743  0.180 0.269 1.918 6.140  0.299 0.308 2.437 3.847  

 Accuracy -15.99 -0.42 -0.93 -8.54  23.4 12.8 11.1 10.9  -5.1 3.3 3.0 -4.6  12.2 5.5 -1.1 -1.7  

 Precision 28.0 12.4 7.6 6.5  20.9 16.6 17.3 19.8  18.9 8.7 6.2 7.2  26.7 9.7 8.2 4.3  
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  Tamoxifen  Metoprolol  Dipyridamole  Carbamazepine  

Validation run LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  

1  0.966 2.6 22.2 78.1  1.24 2.84 30.5 83.7  1.07 3.08 29 79.8  0.799 2.6 30.5 91.8  

1  0.859 2.88 21.1 70.4  1.42 3.89 29.3 85.4  0.72 3.01 26.7 78.6  0.935 1.49 31.4 94.4  

1  1.06 3.37 28 69.5  1.42 3.04 29 83.4  1.1 3.37 28.9 75.8  0.547 2.67 32.4 92.7  

1  0.803 2.49 25.4 80.3  1.43 3.09 31.1 84.9  1.35 3 29.3 76.5  0.6 2.98 34.6 95  

1  1.19 3.16 28.4 72.5  1.04 3.73 29 82.7  1.38 2.92 27 78.4  0.558 2.75 31.2 94.2  

1  1.15 2.75 26 75.5  1.76 3.55 29.9 83.2  1.43 3.15 29.8 80  0.311 2.84 32.7 93  

2  0.908 3.15 30.6 100  1.04 2.85 33.5 90.8  1.32 2.86 32.6 89.6  1.22 2.81 32.8 88.3  

2  1.13 3.34 29.8 85.6  1.26 2.57 30.1 86.2  0.723 4.1 32.2 84.1  0.749 2.86 31.8 85.1  

2  1.3 3.22 32.1 79.9  1.24 3.35 32.2 95.6  0.827 3.47 33.2 94.9  2.16 3.75 31.8 90.4  

3  1.27 3.1 31.5 86.6  0.631 3.24 33.7 88.8  1.09 2.85 29.4 77.6  1.2 3.57 30.3 84.4  

3  1.17 3.17 31.5 88.4  1.44 3.02 34.7 93.2  0.929 3.37 29.6 78.5  1.19 3.17 32.4 84.1  

3  1.21 3.01 33.0 85  1.49 4.03 31.6 88.3  1.22 3.1 29.9 73.9  0.967 3.5 30.3 81.4  

4  0.843 3.08 30.7 84.3  1.38 4.32 31.2 86.2  1.85 4.53 29.3 83.6  1.19 3.61 26.7 78.9  

4  1.36 3.49 31.7 85.2  1.12 3.5 29.9 91.5  0.865 2.8 31.2 80.1  1.35 2.74 28.4 73  

4  1.32 2.96 31.4 92.7  1.26 2.95 26.8 81.3  0.771 2.82 29.8 82  0.999 4.4 28.3 71  

 Mean 1.103 3.051 28.893 82.267  1.28 3.33 30.83 87.01  1.11 3.23 29.86 80.89  0.99 3.05 31.04 86.51  

 SD 0.186 0.279 3.675 8.379  0.259 0.497 2.082 4.222  0.319 0.494 1.826 5.449  0.445 0.667 2.040 7.744  

 Accuracy 10.3 1.71 -3.69 -8.59  27.8 11.0 2.8 -3.3  11.0 7.6 -0.5 -10.1  -1.5 1.6 3.5 -3.9  

 Precision 16.8 9.2 12.72 10.2  20.2 14.9 6.8 4.9  28.8 15.3 6.1 6.7  45.2 21.9 6.6 9.0  
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APPENDIX 4 RAW DATA FOR COMPOUNDS ANALYSED IN BILE IN POSITIVE IONISATION MODE FOR METHOD VALIDATION IN 

CHAPTER 4 
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Validation run Verapamil  Amiodarone  Venlafaxime  Norfluoxetine  

  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  

1  0.533 2.41 27.8 83.0  0.718 2.73 24.2 72.4  1.23 2.65 29.1 82.3  0.817 2.68 28.9 85.8  

1  1.35 2.88 28.3 78.8  1.44 4.56 26.9 50.7  1.5 3.37 28.6 81.7  1.44 3.29 28.8 78.6  

1  1.17 2.54 29.5 83.2  1.44 3.10 23.8 60.6  1.59 2.97 31.4 85.6  1.17 2.93 30.7 84.9  

1  0.714 2.60 24.1 71.2  1.20 1.79 24.6 57.8  0.873 2.51 26.5 76.4  1.12 2.26 26.1 71.1  

1  0.932 2.24 24.1 66.7  1.84 3.17 19.8 55.0  1.18 2.46 25.3 73.6  0.957 1.94 24.1 77.2  

1  0.804 2.18 27.1 64.2  1.38 2.95 21.0 50.3  1.24 2.62 28.4 71.2  1.29 2.44 28.2 66.7  

2  1.01 3.29 32.5 94.2  1.52 2.24 20.6 62.6  0.793 2.81 29.0 87.0  0.901 3.09 32.7 99.8  

2  1.23 3.48 30.4 99.6  1.23 2.26 19.1 52.0  1.19 3.21 29.1 92.2  1.23 3.23 32 102  

2  1.43 3.3 30.4 101  2.07 1.98 9.78 71.0  1.29 3.58 30.1 97.4  1.21 2.74 31.4 103  

3  1.04 3.23 32.0 95.0  1.06 2.9 30.7 87.5  0.816 3.10 33.0 93.8  1.25 3.45 32.6 93.3  

3  1.14 2.98 32.4 97.7  1.51 3.17 30.2 66.5  1.4 2.85 34.3 97.3  1.2 3.44 34 100  

3  1.15 3.97 32.6 97.2  1.47 3.17 31.1 90.8  1.06 3.42 36.4 102  1.23 3.01 34.1 98.4  

4  0.897 2.82 29.6 82.1  0.813 2.69 29.9 80.2  0.525 2.67 28.4 79.9  0.631 2.59 29.9 84.5  

4  0.953 3.44 28.7 88.6  1.43 3.05 30.3 87.2  0.746 2.64 29.1 90.2  1.21 2.96 29.7 87.9  

4  1.43 3.25 29.2 84.6  1.98 2.82 29.9 83.7  1.18 2.56 30.0 83.9  1.28 2.51 29.2 83  

 Mean 1.052 2.974 29.247 85.807  1.41 2.84 24.79 68.55  1.11 2.89 29.91 86.30  1.13 2.84 30.16 87.75  

 SD 0.258 0.511 2.713 11.890  0.379 0.654 6.017 14.431  0.301 0.361 2.868 9.138  0.212 0.440 2.798 11.450  

 Accuracy 5.22 -0.87 -2.51 -4.66  40.7 -5.4 -17.4 -23.8  10.8 -3.5 -0.3 -4.1  12.9 -5.4 0.5 -2.5  

 Precision 24.5 17.2 9.3 13.9  26.9 23.0 24.3 21.1  27.2 12.5 9.6 10.6  18.7 15.5 9.3 13.0  
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Validation run Tamoxifen  Metoprolol  Dipyridamole  Carbamazepine  

  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  

1  0.354 3.15 34.9 94.1  1.04 2.39 29 80.9  1.19 1.35 12.7 41.7  0.37 1.92 28.1 81.6  

1  1.22 3.07 33.9 70.7  0.959 3.34 30.5 84  1.35 1.46 10.8 39.7  1.93 3.88 26.1 78.7  

1  0.842 3.11 32.8 86.1  1.35 2.98 32 85  1.29 2.99 13.6 40.5  1.6 2.89 27.8 78.5  

1  0.412 1.99 30.6 89.4  0.909 2.13 30 87.9  1.09 2.3 14.3 36.3  0.939 2.4 25 72.5  

1  0.848 2.64 29.9 87.2  1.33 2.56 27.4 81.8  1.34 2.34 11.2 36.7  0.913 2.25 23.5 71.5  

1  0.629 2.85 30.1 77.1  1.09 2.84 30.9 79  1.02 2.19 11.9 31.4  1.29 3.52 26.9 66.1  

2  1.72 3.45 39.3 108  0.684 2.92 31.9 87.2  1.37 2.55 15.6 47.2  1.63 3.16 30.7 90.5  

2  1.62 3.80 37.4 106  0.604 2.99 30.7 91.2  1.67 3.1 14.5 48  1.06 2.98 28.7 94.2  

2  2.41 3.77 28.3 114  1.14 3.51 28.5 90.7  0.305 2.18 15.7 46  1.1 4.55 30.6 97.6  

3  1.07 3.33 32.9 89.5  0.766 3.35 33.4 89.1  1.4 3.62 19.6 64.3  1.63 4.58 32.4 98.2  

3  1.40 3.26 33.2 78.2  1.13 2.6 33.9 84.5  0.799 3.31 20.4 79.9  0.906 3.3 32.7 80.9  

3  1.30 3.23 33.0 94.8  0.918 3.07 35 98.7  0.73 2.89 19 69.8  0.717 3.38 33.4 99.6  

4  0.674 2.42 30.5 80.1  1.04 3.21 29.8 82.6  0.193 2.65 17.7 68.9  1.06 3.45 27.4 78.1  

4  1.08 2.54 29.5 87.9  1.13 2.98 28 87  0.329 2.18 17.9 59.3  0.956 2.57 30.3 89.1  

4  0.972 2.46 30.7 85.0  1.05 2.9 30.8 81.4  0.329 2.17 15.4 55.4  1.84 3.52 29.6 88.5  

 Mean 1.103 3.005 32.467 89.873  1.01 2.92 30.79 86.07  0.96 2.49 15.35 51.01  1.20 3.22 28.88 84.37  

 SD 0.541 0.515 3.035 12.026  0.211 0.375 2.177 5.061  0.481 0.630 3.057 14.520  0.443 0.766 2.877 10.481  

 Accuracy 10.3 0.16 8.22 -0.14  0.9 -2.73 2.6 -4.4  -4.0 -17.2 -48.8 -43.3  19.6 7.4 -3.7 -6.3  

 Precision 49.0 17.1 9.35 13.4  20.9 12.9 7.1 5.9  50.1 25.4 19.9 28.5  37.0 23.8 10.0 12.4  
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APPENDIX 5 RAW DATA FOR DICLOFENAC ANALYSED IN BLOOD IN NEGATIVE IONISATION MODE FOR METHOD VALIDATION 

IN CHAPTER 4 
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 Diclofenac  

Validation run LLOQ LQC MQC HQC  

1  2.46 1.78 49.3 76.7  

1  < 1 3.86 35.2 78.7  

1  1.99 3.37 31.4 75.1  

1  1.46 3.80 30.2 83  

1  0.542 3.37 28.4 79.9  

1  4.46 4.95 30.2 84.6  

2  < 0 5.94 42.7 94.1  

2  < 0 3.88 37.6 88.1  

2  1.16 3.97 40.7 97.1  

3  0.711 3.05 35.2 81.4  

3  0.524 3.23 34.9 89.9  

3  0.147 2.81 33.1 90.3  

4  1.69 6.15 35.5 90.8  

4  5.93 4.29 38.0 91.7  

4  2.69 5.70 32.2 96.3  

 Mean 1.980 4.010 35.640 86.513  

 SD 1.723 1.224 5.479 7.134  

 Accuracy 98.03 33.67 18.80 -3.87  

 Precision 87.0 30.5 15.4 8.2  
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APPENDIX 6 RAW DATA FOR COMPOUNDS ANALYSED IN BILE IN NEGATIVE IONISATION MODE FOR METHOD VALIDATION 

IN CHAPTER 4 

  Dioclofenac  Ibuprofen  Naproxen  

Validation run LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  LLOQ LQC MQC HQC  

1  2.71 4.88 19.4 58.6  18.6 19.6 21.3 65.4  7.17 20.5 22.5 70.7  

1  4.06 8.79 22.0 66.3  19.2 14.6 24.2 57.9  5.93 25.7 8.06 65.8  

1  3.22 4.60 25.2 72.9  11.4 14.8 25.8 64.7  6.40 28.4 9.91 77.6  

1  4.62 4.16 17.5 74.7  8.88 8.54 15.9 47.5  8.59 21.1 10.2 49.6  

1  548* 1.89 21.5 53.8  105* 8.57 17.9 31.5  1440* 19.7 8.03 50.5  

1  9.60 9.39 23.6 66.9  6.89 7.81 18.8 32.3  12.8 17.3 7.75 54.0  

2  < 0 5.84 28.1 72.1  2.24 3.98 25.9 82.1  1.37 4.84 27.3 83.3  

2  < 0 < 0 24.2 96.2  4.13 4.08 27.5 81.6  3.00 3.14 29.0 99.1  

2  1.26 3.48 35.4 87  3.47 3.67 23.6 80.9  0.864 3.13 33.0 84.7  

3  15.1 18.6 44.0 139  1.10 4.25 28.3 91.7  25.9 11.5 31.9 105  

3  ND 9.09 58.4 251  6.93 1.19 32.4 185  20.5 8.02 30.8 254  

3  12.1 21.6 39.6 149  12.2 10.4 39.1 110  11.8 14.8 42.2 125  

 Mean 6.584 8.393 29.908 98.958  8.64 8.46 25.06 77.55  9.48 14.84 21.72 93.28  

 SD 5.028 6.307 12.173 56.509  6.180 5.551 6.467 41.140  7.859 8.709 12.280 55.574  

 Accuracy 558.38 179.76 -0.31 9.95  764.0 181.9 -16.5 -13.8  848.4 394.8 -27.6 3.6  

 Precision 76.4 75.2 40.7 57.1  71.5 65.6 25.8 53.0  82.9 58.7 56.5 59.6  

* = Bad injection. Excluded from further analysis
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APPENDIX 7 CALIBRATION CURVES GENERATED FOR EACH COMPOUND 
ANALYSED IN CHAPTER 4 
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APPENDIX 8 RAW DATA FOR CHAPTER 5 
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Name Descripti
on 

For
mu
la 

CAS 

Det
ecti
on 
freq
uen
cy 

A201
6/055
42 RT 

A201
2/053
85 RT 

A201
1/053
84 RT 

A201
4/052
03 RT 

A201
2/055
62 RT 

A201
2/058
32 RT 

A201
6/054
94 RT 

A201
0/050
73 RT 

A201
2/056
53 RT 

A201
5/053
77 RT 

A201
2/057
88 RT 

A201
0/055
46 RT 

A201
1/053
36 RT 

A201
3/055
13 RT 

A201
2/056
62 RT 

(Ethylenedio
xy)dimethan
ol 

pesticide 

C4 
H1
0 
O4 

358
6-
55-
8 

11 0.652 x x x x 0.652 0.652 0.652 0.652 0.652 0.652 0.652 0.652 0.652 0.652 

2-
Pentylphenol pesticide  

C1
1 
H1
6 O 

136
-81-
2 

9 8.479 x x x x x x 8.479 8.479 8.479 8.479 8.479 8.479 8.479 8.479 

3,4,5-
Trimethacar
b  

pesticide 

C1
1 
H1
5 N 
O2 

268
6-
99-
9 

14 5.468, 
5.436  x 5.213 5.216 5.217 5.468 5.468 5.468 5.468, 

5.436 
5.468, 
5.436 

5.468, 
5.436 

5.468, 
5.436 

5.468, 
5.436 

 
5.468, 
5.436 

5.468, 
5.436 

Bendiocarb pesticide 

C1
1 
H1
3 N 
O4 

227
81-
23-
3 

1 x x x x x x x x x x 2.368 x x x x 

BTS 27919  pesticide 

C9 
H1
1 N 
O 

603
97-
77-
5 

13 4.833, 
4.821 x x 4.833 4.833 4.833 4.833 4.833, 

4.821 
4.833,
4.821 

4.833, 
4.821 

4.833, 
4.821 

4.833, 
4.821 

4.833, 
4.821 

4.833, 
4.821 

4.833,
4.821 
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Bupirimate 
pesticide 
/ 
fungicide 

C1
3 
H2
4 
N4 
O3 
S 

414
83-
43-
6 

11 1.367 x x x x 1.367 1.367 1.367 1.367 1.367 1.367 1.367 1.367 1.367 1.367 

Cyprodinil  
pesticide 
/ 
fungicide 

C1
4 
H1
5 
N3 

121
552
-61-
2 

5 4.784 x 4.759  x x x x x 4.778 4.778 x 4.759 x x 

DEET  pesticide 

C1
2 
H1
7 N 
O 

134
-62-
3 

8 6.487, 
7.83 x x x x x x x 6.487 6.487, 

7.83 
6.487, 
7.83 

6.487, 
7.83 

6.487, 
7.83 

6.487, 
7.83 

6.487, 
7.83 

Dimethachlo
r OXA  

pesticide 
TP 

C1
3 
H1
7 N 
O4 

108
638
4-
49-
7 

3 x 6.212 6.212 x x x x x x x x x 6.212 x x 

Dimethipin 
pesticide 
/ 
defoliant 

C6 
H1
0 
O4 
S2 

552
90-
64-
7 

8 2.407 x x x x x x x 2.407 2.407 2.407 2.407 2.407 2.407 2.407 
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Diquat  

pesticide 
/ 
herbicid
e 

C1
2 
H1
2 
N2 

276
4-
72-
9 

5 x x x x x x x x x x 6.164 6.164 6.164 6.164 6.164 

Ethirimol 
pesticide 
/ 
fungicide  

C1
1 
H1
9 
N3 
O 

239
47-
60-
6 

8 6.487 x x x x x x x 6.487 6.487 6.487 6.487 6487 6.487 6.487 

Fenobucarb  pesticide 

C1
2 
H1
7 N 
O2 

376
6-
81-
2 

6 x x x x 2.843 2.843 x x x x 2.844 x 2.843 2.843 2.843 

Fenoxycarb pesticide 

C1
7 
H1
9 N 
O4 

791
27-
80-
3 

1 x x x x x x x x x x 4.031 x x x x 

Fenpropidin 
pesticide 
/ 
fungicide  

C1
9 
H3
1 N 

673
06-
00-
7 

1 x x 3.003 x x x x x x x x x x x x 

Grotan OX pesticide 

C9 
H1
8 
N2 
O2 

662
04-
44-
2 

7 3.335 x x x x x x x x 3.335 3.335 3.335 3.335 3.335 3.335 
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Propham  

pesticide 
/ 
herbicid
e 

C1
0 
H1
3 N 
O2 

122
-42-
9 

7 x x 2.577  x x x x x 2.67 2.67 2.67 2.67 2.67 2.67 

Kresoxim 
acid 

pesticide 
/ 
fungicide  

C1
7 
H1
7 N 
O4 

 5  5.791 5.791 x x x x x x x x x 5.957 5.957 5.957, 
5.761 

Lenacil 
pesticide 
/ 
fungicide  

C1
3 
H1
8 
N2 
O2 

216
4-
08-
1 

5 x x x 3.835 x x 3.835 3.835 3.835 x x x x x 3.835 

Mepanipyri
m 

pesticide 
/ 
fungicide  

C1
4 
H1
3 
N3 

110
235
-47-
7 

1 x x 4.723  x x x x x x x x x x x 

Metalaxyl 
pesticide 
/ 
fungicide  

C1
5 
H2
1 N 
O4 

578
37-
19-
1 

1 3.776 x x x  x x x x x x x x x x 
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Metamitron-
desamino 

pesticide 
TP 

C1
0 
H9 
N3 
O 

369
93-
94-
9 

13 3.111 x x 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111 

Metazachlor 
OXA  

pesticide 
TP 

C1
4 
H1
5 
N3 
O3 

123
124
4-
60-
2 

3 x 3.176 3.176 x x x x x x x x x 3.176 x x 

Methiocarb 
sulfone pesticide 

C1
1 
H1
5 N 
O4 
S 

217
9-
25-
1 

7 4.343 x x x x x x x x 4.343 4.343 4.343 4.343 4.343 4.343 

Metolachlor 
CGA 357704 

pesticide 
TP 

C1
4 
H1
7 N 
O5 

121
746
5-
10-
5 

5 x x x 2.82 x x 2.82 2.82 2.82 x x x x 2.82 2.82 

Metolachlor 
CGA 50720  

pesticide 
TP 

C1
1 
H1
3 N 
O3 

152
019
-74-
4 

14 2.675, 
5.033 

2.675, 
5.033 x 2.675, 

5.033 
2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 

2.675, 
5.033 
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Metolachlor 
ESA  

pesticide 
TP 

C1
5 
H2
3 N 
O5 
S 

171
118
-09-
5 

2 x x 6.69  x x x x x x x x 6.69 x x 

Methylisothi
azolinone pesticide 

C4 
H5 
N O 
S 

268
2-
20-
4 

8 3.107 x x x x x x x 3.107 3.107 3.107 3.107 3.107 3.107 3.107 

o-Toluidine  

pesticide 
/ 
precurso
r to 
herbicid
e 

C7 
H9 
N 

95-
53-
4 

2 x x 6.898  x x x x x x x x 6.898 x x 

OMPA  
pesticide 
(obsolet
e) 

C8 
H2
4 
N4 
O3 
P2 

152
-16-
9 

1 x x x x x x x x x x 3.688 x x x x 

Paraquat  

pesticide 
/ 
herbicid
e 

C1
2 
H1
4 
N2 

468
5-
14-
7 

11 3.733 x 3.77 3.728 x x 3.728 3.728 3.728 3.72 3.72, 
3.731 x 3.707 3.707 3.707 
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Parathion-
methyl pesticide 

C8 
H1
0 N 
O5 
P S 

298
-00-
0 

1 x x 4.112 x x x x x x x x x x x x 

Zineb 
pesticide 
/ 
fungicide  

C4 
H8 
N2 
S4 

111
-54-
6 

8 12.93
2 x x x x x x x 12.93

2 
12.93
2 

12.93
2 

12.93
2 

12.93
2 

12.93
2 

12.93
2 

Phorate pesticide 

C7 
H1
7 
O2 
P 
S3 

298
-02-
2 

1 x 2.786 x x x x x x x x x x x x x 

Piperonyl 
butoxide 

enhance
s 
potency 
of 
certain 
pesticide
s  

C1
9 
H3
0 
O5 

51-
03-
6 

1 2.71 x x x x x x x x x x x x x x 

Propoxur pesticide 

C1
1 
H1
5 N 
O3 

114
-26-
1 

5 x x x x x x x x x x 1.341 1.341 1.341 1.341 1.341 
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Pyroquilon  
pesticide 
/ 
fungicide  

C1
1 
H1
1 N 
O 

573
69-
32-
1 

5 x x x x 2.986 2.986 x x x x 2.98 x x 5.549 5.549 

Thiabendazol
e-13C(6) 

pesticide 
/ 
fungicide 
/ food 
preserva
tive 

C4 
[13
C]6 
H7 
N3 
S 

 13 2.725 x x 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 

Terbuthylazi
ne-desethyl-
2-OH 

pesticide 
TP 

C7 
H1
3 
N5 
O 

667
53-
06-
8 

14 3.275 3.306 3.297 3.27 3.307 3.307 3.27 3.27 3.27 3.276 3.276 3.78 x 3.27 3.27 

Thiram 
pesticide 
/ 
fungicide  

C6 
H1
2 
N2 
S4 

137
-26-
8 

9 12.94
5 x x x x x x 12.94

5 
12.94
5 

12.94
5 

12.94
5 

12.94
5 

12.94
5 

12.94
5 

12.94
5 

Urethane 

pesticide 
/ 
fungicide 
/ coating 
/ 
adhesive 
/ sealant 

C3 
H7 
N 
O2 

51-
79-
6 

8 2.971 x x x x x x x 2.971 2.971 2.971 2.971 2.971 2.971 2.971 
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4-
Hydroxyantip
yrine  

Phamace
utical/  
TP 

C1
1 
H1
2 
N2 
O2 

167
2-
63-
5 

14 3.261 x 3.256 3.261 3.261 3.261 3.261 3.261 3.261 3.261 3.261 3.261 3.261 3.261 3.261 

Acetylsulfop
yridine 

Phamace
utical / 
TP 

C1
3 
H1
3 
N3 
O3 
S 

101
651
-74-
5 

7 3.964 x x x x x x x x 3.964 3.964 3.964 3.964 3.964 3.964 

Allopurinol  

Pharmac
eutical / 
uric acid 
regulator 

C5 
H4 
N4 
O 

315
-30-
0 

15 0.961 0.969 0.989 0.961 0.961 0.961 0.961 0.961 0.961 0.961 0.961 0.961 0.961 0.961 0.961 

Altrenogest 

Pharmac
eutical / 
veterinar
y 
medicine  

C2
1 
H2
6 
O2 

850
-52-
2 

2 9.734 x x x x x x x x x 9.725 x x x x 

4-
Aminopheno
l 

Pharmac
etical / 
TP 

C6 
H7 
N O 

123
-30-
8 

13 1.747 x x 1.747 1.747 1.747 1.747 1.747 1.747 1.747 1.747 1.747 1.747 1.747 1.747 
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6-
Aminopenicil
lanic acid 

Pharmac
eutical / 
precurso
r to 
antibioti
cs 

C8 
H1
2 
N2 
O3 
S 

551
-16-
6 

8 3.186 x x x  x x x 3.186 3.186 3.186 3.186 3.186 3.186 3.186 

Benzocaine  

Pharmac
eutical / 
local 
anaesthe
tic / 
analgesic 

C9 
H1
1 N 
O2 

94-
09-
7 

15 2.39 2.34 2.34, 
2.377 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 

Buprenorphi
ne 

Phamace
utical / 
analgesic 

C2
9 
H4
1 N 
O4 

524
85-
79-
7 

1 x 9.7 x x x x x x x x x x x x x 

Desacetylme
tipranolol 

Pharmac
euitcal / 
TP 

C1
5 
H2
5 N 
O3 

571
93-
14-
3 

7 x x x 3.299 x x 3.299 3.299 3.299 x x 3.32 x 3.299 3.299 

Desogestrel 

Pharmac
euitcal / 
synthetic 
progestr
ogen  

C2
2 
H3
0 O 

540
24-
22-
5 

5 x x x 9.929 x x 9.99 9.929 x x x x x 9.929 9.929 
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Dextrorphan  

Pharmac
eutical / 
cough 
suppress
ant  

C1
7 
H2
3 N 
O 

125
-73-
5 

2 x x 6.625  x x x x x x x x 6.625 x x 

Bezafibrate 

Phamace
utical / 
lipid 
regulator  

C1
9 
H2
0 Cl 
N 
O4 

418
59-
67-
0 

2 x 8.07 8.067 x x x x x x x x x x x x 

Dihydrocodei
ne 

Phamace
utical / 
analgesic 

C1
8 
H2
3 N 
O3 

125
-28-
0 

1 x 3.786 x x x x x x x x x x x x x 

Caffeine 

Pharmac
eutical/ 
CNS stim
ulant 

C8 
H1
0 
N4 
O2 

58-
08-
2 

9 0.72 x x x x x x 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 

Carboxy 
Ibuprofen 

Pharmac
eutical / 
TP 

C1
3 
H1
6 
O4 

159
35-
54-
3 

6 x x x 2.133 x x 2.133 2.133 2.133 x x x x 2.133 2.133 
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DXM / 
Dextrometho
rphan 
INTERNAL 
STANDAD 

Pharmac
eutical / 
cough 
suppress
ant  

C1
8 
H2
5 N 
O 

125
-71-
3 

12 6.415 6.403 6.404 6.41 x x 6.41 6.41 6.41 6.426 6.426 x 6.404 6.41 6.41 

EATC  
Pharmac
eutical / 
TP 

C2
2 
H2
2 
N2 
O7 

751
8-
17-
4 

2 x x x x 0.554 0.554 x x x x x x x x x 

Edaravone  

Pharmac
eutical / 
stroke 
recovery 
/ ALS 

C1
0 
H1
0 
N2 
O 

89-
25-
8 

11 5.179 x x 5.179 x x 5.179 5.179 5.179 5.179 5.179 5.179 5.179 5.179 5.179 

Erythromycin  

Pharmac
eutical / 
antibioti
c  

C3
5 
[13
C]2 
H6
7 N 
O1
3 

 2 x x 9.135  x x x x x x x x 9.135 x x 
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Flumax  

Pharmac
eutical / 
antibact
erial 

C2
3 
H2
9 
N5 
O8 
S2 

105
889
-45-
0 

3 x x x x x x x x x x x x 8.736 8.736 8.736 

Gemfibrozil 

Pharmac
eutical / 
lipid 
regulator 

C1
5 
H2
2 
O3 

258
12-
30-
0 

1 x x x x x x x x x x x x x x 8.404 

Heptaminol 

Pharmac
eutical / 
cardiac 
stimulan
t 

C8 
H1
9 N 
O 

543
-15-
7 

2 x x x x x x x x x 3.162 3.162 x x x x 

Hydroxyquin
oline 

Pharmac
eutcal / 
antimala
rial 

C9 
H7 
N O 

491
-30-
5 

15 3.275 3.306 3.297 3.27 3.307 3.307 3.27 3.27 3.27 3.27 3.27 3.27 3.293 3.27 3.27 

Hydroxypyrid
inone  

Pharmac
eutical / 
metal 
chelator 

C5 
H5 
N 
O2 

822
-89-
9 

5 x x x x x x x x x 1.417 1.417 x 1.534 1.534 1.534 

Ibuprofen 
Pharmac
eutical / 
NSAID 

C1
3 
H1
8 
O2 

156
87-
27-
1 

2 x 9.858 9.784 x x x x x x x x x x x x 
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Levetiraceta
m  

Pharmac
eutical / 
anticonv
ulsant 

C8 
H1
4 
N2 
O2 

102
767
-28-
2 

12 3.867 x x 3.542 x 3.867 3.867 3.867 3.867 3.867 3.867 3.867 3.867 3.867 3.867 

Medroxypro
gesterone  

Pharmac
euitcal / 
synthetic 
progestr
ogen  

C2
2 
H3
2 
O3 

520
-85-
4 

14 9.741 x 9.719 9.729 9.773 9.773 9.729 9.729 9.729 9.821 9.821 9.786 9.765 9.729 9.729 

Mefenamic 
acid 

Pharmac
eutical / 
NSAID 

C1
5 
H1
5 N 
O2 

61-
68-
7 

13 9.378 x x 9.378 9.378 9.378 9.378 9.378 9.378 9.378 9.378 9.378 9.378 9.378 9.378 

Megestrol  

Pharmac
euitcal / 
synthetic 
progestr
ogen  

C2
2 
H3
0 
O3 

356
2-
63-
8 

6 x 9.801 9.756 x 9.795 9.795 x x x x x 9.79 9.756 x x 

Methyltestos
terone 

Pharmac
eutical / 
synthetic 
testoster
one 

C2
0 
H3
0 
O2 

58-
18-
4 

12 x 9.736 9.955 9.686 9.737 9.737 9.686 9.686 9.686 x x 9.693 9.715 9.686 9.686 
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Metyrapone  

Pharmac
eutical / 
anti-
Cushing'
s 
syndrom
e 

C1
4 
H1
4 
N2 
O 

54-
36-
4 

9 7.579 x x x x x x 7.579 7.579 7.579 7.579 7.579 7.579 7.579 7.579 

Norethindro
ne acetate 

Pharmac
eutical / 
synthetic 
progesti
n  

C2
2 
H2
8 
O3 

51-
98-
9 

1 x x 3.003 x x x x x x x x x x x x 

Norethistero
ne 

Pharmac
eutical / 
synthetic 
progesti
n  

C2
0 
H2
6 
O2 

68-
22-
4 

6 x x x 8.635 x x 8.635 8.635 8.635 x x x x 8.635 8.635 

Oseltamivir 
acid  

Pharmac
eutical / 
TP  

C1
4 
H2
4 
N2 
O4 

187
227
-45-
8 

13 3.926 x x 3.926 3.926 3.926 3.926 3.926 3.926 3.926 3.926 3.926 3.926 3.926 3.926 

Pazufloxacin 

Pharmac
eutical / 
antibioti
c 

C1
6 
H1
5 F 
N2 
O 

127
045
-41-
4 

1 x x x x x x x x x x x 8.756 x x x 
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Phenylethyl
malonamide  

Pharmac
eutical / 
TP  

C1
1 
H1
4 
N2 
O2 

720
6-
76-
0 

13 3.483 x x 3.483 3.483 3.483 3.483 3.483 3.483 3.483 3.483 3.483 3.483 3.483 3.483 

Phenazone  
Pharmac
eutical / 
NSAID  

C1
1 
H1
2 
N2 
O 

60-
80-
0 

1 x x 5.535 x x x x x x x x x x x x 

Phenobarbit
al  

Pharmac
eutical / 
anticonv
ulsant 

C1
2 
H1
2 
N2 
O3 

50-
06-
6 

8 4.986 x 4.998 x x x x x x 4.986 4.986 4.986 4.986 4.986 4.986 

Phentermine 

Pharmac
eutical / 
appetite 
suppress
ant 

C1
0 
H1
5 N 

122
-09-
8 

1 x 6.076 x x x x x x x x x x x x x 
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Pilocarpine 

Pharmac
eutical / 
reduce 
pressure 
inside 
the eye 
and treat 
dry 
mouth 

C1
1 
H1
6 
N2 
O2 

92-
13-
7 

10 x 2.992 2.982 2.949 2.986 2.986 2.949 2.949 2.949 x x x x 2.949 2.949 

Pindolol 

Pharmac
eutical / 
antihype
rtensive 

C1
4 
H2
0 
N2 
O2 

135
23-
86-
9 

6 x x x 4.522 x x 4.522 4.522 4.522 x x x x 4.522 4.522 

Pregabalin  

Pharmac
eutical / 
anticonv
ulsant 

C8 
H1
7 N 
O2 

148
553
-50-
8 

15 5.348 5.326 5.342 5.348 5.348 5.348 5.348 5.346 5.348 5.348 5.348 5.348 5.348 5.348 5.348 

Propyphenaz
one 

Phamace
utical / 
TP 

C1
4 
H1
8 
N2 
O 

479
-92-
5 

6 x x x 3.843 x x 3.843 3.843 3.843 x x x x 3.843 3.843 
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Sotalol 

Pharmac
eutical / 
beta 
blocker  

C1
2 
H2
0 
N2 
O3 
S 

393
0-
20-
9 

1 x x x x x x x x x x 3.145 x x x x 

Spectinomyci
n 

Pharmac
eutial / 
antigono
rrhean 

C1
4 
H2
4 
N2 
O7 

169
5-
77-
8 

1 x x x x x x x x x x x x x x 1.006 

Sulbactam  

Pharmac
eutical / 
β-
lactamas
e 
inhibitor   

C8 
H1
1 N 
O5 
S 

683
73-
14-
8 

13 2.397 x x 2.397 2.397 2.397 2.397 2.397 2.397 2.397 2.397 2.397 2.397 2.397 2.397 

Sulfabenzami
de  

Pharmac
eutical / 
antibact
erial / 
antimicr
obial 

C1
3 
H1
2 
N2 
O3 
S 

127
-71-
9 

3  4.812 4.812 x x x x x x x x x 4.812 x x 
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Tiapride 

Pharmac
eutical / 
dopamin
e 
receptor 
blocker  

C1
5 
H2
4 
N2 
O4 
S 

510
12-
32-
9 

8 7.937 x x x x x x x 7.937 7.93 7.937 7.937 7.937 7.937 7.937 

Tolycaine 

Pharmac
eutical / 
local 
anaesthe
tic 

C1
5 
H2
2 
N2 
O3 

368
6-
58-
6 

1 5.256 x x x x x x x x x x x x x x 

Trihexypheni
dyl 

Pharmac
eutical / 
antiparki
nsonian  

C2
0 
H3
1 N 
O 

144
-11-
6 

2 x x x x 10.34
5 

10.34
5 x x x x x x x x x 

Venlafaxine 

Pharmac
eutical / 
antidepr
essant  

C1
7 
H2
7 N 
O2 

934
13-
69-
5 

2 x x x x x x x x x 6.359 6.359 x x x x 
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m-
Hydroxybenz
oylecgonine 

TP of 
ingredie
nt in 
recreatio
nal drug  
/ urinary 
metaboli
te of 
cocaine  

C1
6 
H1
9 N 
O5 

129
944
-99-
6 

1 x x 3.676 x x x x x x x x x x x x 

NPIP  

Ingredie
nt in 
recreatio
nal drug 
/ form 
of N-
nitrosam
ine 
found in 
tobacco 
smoke 

C5 
H1
0 
N2 
O 

100
-75-
4 

9 0.799 0.799 0.799 x x x x x x 0.799 0.799 0.799 0.799 0.799 0.799 

THC  

Ingredie
nt in 
recreatio
nal drug 

C2
1 
H3
0 
O2 

197
2-
08-
3 

1 x 8.4 x x x x x x x x x x x x x 
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Nicotine 

Ingredie
nt in 
recreatio
nal drug 
/ 
stimulan
t in 
tobacco 

C1
0 
H1
4 
N2 

54-
11-
5 

6 x x x 3.471 x x 3.471 3.471 3.471 x x x x 3.471 3.471 

Cathine 

Ingredie
nt in 
recreatio
nal drug 

C9 
H1
3 N 
O 

492
-39-
7 

1 x x x x x x x x x x x 3.106 x x x 

Cocaethylen
e 

TP of 
ingredie
nt in 
recreatio
nal drug  

C1
8 
H2
3 N 
O4 

529
-38-
4 

5 x x x x x x x x x x 7.286 7.286 7.286 7.286 7.286 

Tanshinone 
IIA sulfonic 
acid 

Main 
active 
natural 
ingredie
nt in a 
tradition
al 
Chinese 
herbal 
medicine 

C1
9 
H1
8 
O6 
S 

105
937
-56-
2 

7 5 x x x x x x x x 5 5 5 5 5 5 
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2-
Phenylbenzi
midazole 

Personal 
care 
product 
/ 
ingredie
nt in 
sunscree
n 

C1
3 
H1
0 
N2 

716
-79-
0 

3 x x x x 4.681 4.681 x x x x 4.957 x x x x 

Enzacamene 

Personal 
care 
product 
/ 
ingredie
nt in 
sunscree
n / 
cosmetic 

C1
8 
H2
2 O 

368
61-
47-
9 

13 x 6.403 6.401 6.41 6.419 6.419 6.41 6.41 6.41 6.426 6.426 x 6.404 6.41 6.41 

Celestolide 

Personal 
care 
product 
/ 
ingredie
nt in 
perfume 
/ 
cosmetic 

C1
7 
H2
4 O 

131
71-
00-
1 

7 9.302 x x x x x x x x 9.302 9.302 9.302 9.302 9.302 9.302 
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Benzopheno
ne 

Personal 
care 
product 
/ 
ingredie
nt in 
sunscree
n / 
cosmetic 

C1
3 
H1
0 O 

119
-61-
9 

1 x x x x x x x x x x 7.353 x x x x 

Dibutyl 
adipate  

Personal 
care 
product 
/ 
ingredie
nt in 
cosmetic 

C1
4 
H2
6 
O4 

105
-99-
7 

4 x x 11.05
3 

 11.01 11.01 x x x x x x 11.05
3 x x 

Hexyl 
cinnamaldeh
yde 

Personal 
care 
product 
/ 
ingredie
nt in 
perfume 
/ 
cosmetic 

C1
5 
H2
0 O 

101
-86-
0 

3 x x x x x x x x x x x x 8.958 8.958 8.958 
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Galaxolide 

Personal 
care 
product 
/ 
ingredie
nt in 
perfume 
/ 
cosmetic 

C1
8 
H2
6 O 

122
2-
05-
5 

7 x x x 9.293 x x 9.293 9.293 9.293 x x 9.293 x 9.293 9.293 

Octocrylene 

Personal 
care 
product 
/ 
ingredie
nt in 
sunscree
n / 
cosmetic 

C2
4 
H2
7 N 
O2 

619
7-
30-
4 

1 10.21
3 x x x x x x x x x x x x x x 

p-
Phenylenedi
amine 

Industria
l 
chemical 
/ used to 
make 
polymers  

C6 
H8 
N2 

106
-50-
3 

11 1.338 x x x x 1.338 1.338 1.338 1.338 1.338 1.338 1.338 1.33 1.338 1.338 

THB  

Personal 
care 
product 
/ TP  

C1
3 
H1
0 
O4 

114
3-
72-
2 

1 x x 5.166  x x x x x x x x x x x 
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DDAO  

Personal 
care 
product 
/ 
zwitterio
nic 
surfacta
nt / 
foam 
builder  

C1
2 
H2
8 N 
O 

260
5-
79-
0 

1 x x x x x x x x x x 0.544 x x x x 

Acetopheno
ne 

Food 
additive 
/ flavour 
enhance
r 

C8 
H8 
O 

98-
86-
2 

13 5.04 x x 5.04 5.04 5.04 5.04 5.04 5.04 5.04 5.04 5.04 5.04 5.04 5.04 

Aspartame  

Food 
additive 
/ flavour 
enhance
r 

C1
4 
H1
8 
N2 
O5 

228
39-
47-
0 

9 3.543 3.197 3.197 x x x x x x 3.543 3.543, 
4.013 

3.543, 
4.013 

3.543, 
4.013 

3.543, 
4.013 

3.543, 
4.013 

Cyclamate 

Food 
additive 
/ flavour 
enhance
r 

C6 
H1
3 N 
O3 
S 

100
-88-
9 

6 2.185 x x x x x x x x 2.185 2.185 2.185 2.185 x 2.185 

Benzothiazol
e 

Food 
additive 
/ flavour 
enhance
r 

C7 
H5 
N S 

95-
16-
9 

5 x x x x x x x x x x 4.185 4.185 4.185 4.185 4.185 
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Ethoxyquin  

Food 
additive  
/ 
preserva
tive 

C1
4 
H1
9 N 
O 

91-
53-
2 

9 7.279 x x x x x x 7.279 7.279 7.279 7.279 7.279 7.279 7.279 7.279 

Heptylparab
en 

Food 
additive  
/ 
preserva
tive / 
paraben 

C1
4 
H2
0 
O3 

108
5-
12-
7 

13 8.713 x x 8.713 8.713 8.713 8.713 8.713 8.713 8.713 8.713 8.713 8.713 8.713 8.713 

Triethyl 
citrate 

Food 
additive  
/ 
preserva
tive 

C1
2 
H2
0 
O7 

77-
93-
0 

2 x x 1.451 x x x x x x x 1.471 x x x x 

PFDA / 
Perfluorodec
anoic acid  

Perfluori
nated 
surfacta
nt 

C1
0 H 
F19 
O2 

335
-76-
2 

14 8.992 x 8.949 8.992 8.992 8.992 8.992 8.992 8.992 8.992 8.992 8.992 8.992 8.992 8.992 

PFNA / 
Perfluoronon
anoic acid  

Perfluori
nated 
surfacta
nt 

C9 
H 
F17 
O2 

375
-95-
1 

15 8.656 8.599 8.599 8.656 8.656 8.656 8.656 8.656 8.656 8.656 8.656 8.656 8.656 8.656 8.656 

PFOA / 
Perfluorooct
anoic acid  

Perfluori
nated 
surfacta
nt 

C8 
H 
F15 
O2 

335
-67-
1 

14 8.234 x 8.177 8.234 8.234 8.234 8.234 8.234 8.234 8.234 8.234 8.234 8.234 8.234 8.234 



 

   227 

 

PFTrDA / 
Perfluorotrid
ecanoic acid 

Perfluori
nated 
surfacta
nt 

C1
3 H 
F25 
O2 

726
29-
94-
8 

9 9.694 x x x x x x 9.694 9.694 9.694 9.694 9.694 9.694 9.694 9.694 

PFUnDA / 
Perfluoround
ecanoic acid 
(PFUnA)  

Perfluori
nated 
surfacta
nt 

C1
1 H 
F21 
O2 

205
8-
94-
8 

15 9.285 9.249 9.249 9.285 9.285 9.285 9.285 9.285 9.285 9.285 9.285 9.285 
9.285, 
9.237, 
9.245 

9.285 9.285 

TBP / 
Tributylphos
phate 

Chlorinat
ed 
organop
hosphat
e / flame 
retardan
t / 
plasticize
r 

C1
2 
H2
7 
O4 
P 

126
-73-
8 

2 x x x x 9.423 9.423 x x x x x x x x x 

TCEP / Tris(2-
chloroethyl)p
hosphate 

Chlorinat
ed 
organop
hosphat
e / flame 
retardan
t / 
plasticize
r 

C6 
H1
2 
Cl3 
O4 
P 

115
-96-
8 

2 x x x x 6.705 6.705 x x x x x x x x x 
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TCPP / Tri-(2-
chloroisopro
pyl)phosphat
e  

Chlorinat
ed 
organop
hosphat
e / flame 
retardan
t / 
plasticize
r 

C9 
H1
8 
Cl3 
O4 
P 

136
74-
84-
5 

15 8.217 8.213 8.203 8.22 8.214 8.214 8.22 8.22 8.22 8.261 8.216 8.22 8.242 8.22 8.22 

TDCPP / 
Tris(1,3-
dichloroisopr
opyl)phosph
ate 

Chlorinat
ed 
organop
hosphat
e / flame 
retardan
t / 
plasticize
r 

C9 
H1
5 
Cl6 
O4 
P 

136
74-
87-
8 

1 x 8.994 x x x x x x x x x x x x x 

TPP / 
Triphenyl 
phosphate  

Chlorinat
ed 
organop
hosphat
e / flame 
retardan
t / 
plasticize
r 

C1
8 
H1
5 
O4 
P 

115
-86-
6 

5 x 9.094 9.093 x x x x x x 9.105 9.105 x 9.093 x x 
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Bis(2-
ethylhexyl) 
phthalate 
(DEHP)  

Phthalat
e / 
plasticize
r 

C2
4 
H3
8 
O4 

117
-81-
7 

3 x 11.02
5 

11.02
4 x x x x x x x x x 11.02

4 x x 

Dibutyl 
phthalate 
(DBP) 

Phthalat
e / 
plasticize
r 

C1
6 
H2
2 
O4 

84-
74-
2 

14 9.419 9.451 9.405 9.414 9.408 9.408 9.414 9.414 9.414 9.456 9.41 x 9.451 9.414 9.414 

Acrylamide 

Industria
l 
chemical 
/ 
precurso
r to 
polyacryl
amides 

C3 
H5 
N O 

79-
06-
1 

13 1.346 x x 1.346 1.346 1.346 1.346 1.346 1.346 1.346 1.346 1.346 1.346 1.346 1.346 
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Aniline 

Industria
l 
chemical 
/ used 
to make 
polyuret
hane 
foam, 
agricultu
ral 
chemical
s, 
synthetic 
dyes, 
antioxida
nts, 
stabilizer
s for the 
rubber 
industry, 
herbicid
es, 
varnishe
s and 
explosive 

C6 
H7 
N 

62-
53-
3 

11 1.717 x x x x 1.717 1.717 1.717 1.717 1.717 1.717 1.717 1.717 1.717 1.717 

Ethyl 
sulphate 

Industria
l 
chemical 
/ used to 
make 
ethanol 

C2 
H6 
O4 
S 

540
-82-
9 

7 0.642 x x x x x x x x 0.642 0.642 0.642 0.642 0.642 0.642 
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2-(4-
Morpholinyl)
benzothiazol
e 

Industria
l 
chemical 
/ used in 
rubber 
industry 

C1
1 
H1
2 
N2 
O S 

422
5-
26-
7 

1 x x x x x x x x x x x x x x 3.191 

2-
Morpholinot
hiobenzothia
zole 

Industria
l 
chemical 
/ used in 
rubber 
industry 

C1
1 
H1
2 
N2 
O 
S2 

102
-77-
2 

6 0.599 x x x x x x x x 0.599 0.599 0.599 0.559 x 0.599 

2-
Nitrophenol 

Industria
l 
chemical 
/ used to 
make 
dyes, 
pigments
, rubber 
chemical
s and 
fungicide
s 

C6 
H5 
N 
O3 

88-
75-
5 

8 5.279 x x x x x x x 5.279 5.279 5.279 5.279 5.279 5.279 5.279 
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3-
Pyridineprop
ionic acid 

Industria
l 
chemical 
/ used to 
make 
coordina
tion 
polymers 

C8 
H9 
N 
O2 

372
4-
19-
4 

2 x x  x x x x x x x 2.622 2.612 x x x 

4-
Methoxyben
zoic acid 

Industria
l 
chemical 
/ 
antisepti
c propert
ies / 
used to 
make 
cosmetic
s, insect 
repellent
s, 
pharmac
euticals  

C8 
H8 
O3 

100
-09-
4 

12 2.725 x x 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 2.725 x 2.725 
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4-
Nitroaniline 

Industria
l 
chemical 
/ used to 
make 
dyes, 
antioxida
nts, 
pharmac
euticals, 
gasoline, 
gum 
inhibitor
s, 
poultry 
medicine
s, and as 
a 
corrosio
n 
inhibitor 

C6 
H6 
N2 
O2 

100
-01-
6 

1 1.101 x  x x x x x x x x x x x x 

4-tert-
Butylbenzoic 
acid 

Industria
l 
chemical 
/ used to 
make 
paint 
and 
coatings 

C1
1 
H1
4 
O2 

98-
73-
7 

3 x x x x x x x x x x x x 8.379 8.379 8.379 
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2-
benzisothiaz
olinone  

Industria
l 
chemical 
/ 
preserva
tive for 
coatings, 
paints, 
resins 
emulsion
s, oil-
water 
emulsion
s, starch 
solution 
and 
oilfield 
injection 
water, 
and as 
bacterici
des and 
algaecid
es for 
industria
l water 
treatme
nt 

C1
1 
H1
3 N 
O S 

429
9-
07-
4 

10 6.45, 
6.272 x 6.441 x x x x 6.45 6.45 6.45, 

6.272 
6.45, 
6.272 

6.45, 
6.272 

6.45, 
6.272 

6.45, 
6.272 

6.45, 
6.272 
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Oleamide 

Industria
l 
chemical 
/ slip 
agent, 
lubricant
, 
corrosio
n 
inhibitor, 
natural 
oleamid
e 
induces 
sleep in 
animals  

C1
8 
H3
5 N 
O 

301
-02-
0 

11 10.58
5 x 10.57

1 10.58 x x 10.58 10.58 10.58 10.61
5 

10.61
5 x 10.60

9 10.58 10.58 

Cumene 
hydroperoxi
de 

Industria
l 
chemical 
/ 
oxidizing 
agent / 
used to 
make 
phenol 
and 
acetone  

C9 
H1
2 
O2 

80-
15-
9 

1 x 6.068 x x x x x x x x x x x x x 
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Lilial 

Industria
l 
chemical 
/ solvent 
/ used to 
make 
paint, 
coatings, 
film 

C1
4 
H2
0 O 

80-
54-
6 

1 x 9.952 x x x x x x x x x x x x x 

 4,4'-
Methylenedi
aniline  

Industria
l 
chemical 
/ 
synthetic 
precurso
r to 
polyuret
hanes 

C1
3 
H1
4 
N2 

101
-77-
9 

7 8.408 x x x x x x x x 8.408 8.408 8.408 8.408 8.408 8.408 

N-
Nitrosodibut
ylamine 

Industria
l cemical 
/ 
disinfecti
on 
byprodu
ct 

C8 
H1
8 
N2 
O 

924
-16-
3 

6 x x x 7.626 x x 7.626 7.626 7.626 x x x x 7.626 7.626 
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2-
Hexylphenol 

Industria
l 
chemical 
/ used to 
make 
detergen
ts, fuels, 
lubricant
s, 
polymers
, 
phenolic 
resins, 
fragranc
es, 
thermop
lastic 
elastome
rs, 
antioxida
nts, fire 
retardan
t 
material
s 

C1
2 
H1
8 O 

322
6-
32-
2 

8 9.588 x x x x x x x 9.588 9.588 9.588 9.588 9.588 9.588 9.588 

Acetamide 
Industria
l 
chemical 

C9 
H1
2 
N4 
O3 
S 

190
77-
97-
5 

11 11.32 x 11.32 x x x 11.32 11.32 11.32 11.32 11.32 11.32 11.32 11.32 11.32 
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N-
Methylpyrrol
idone  

Industria
l 
chemical 
/ solvent 
/ used to 
make 
paint 
strippers
, 
electroni
cs, 
polymers
, 
agrichem
icals, 
petroche
mical 
products 

C5 
H9 
N O 

872
-50-
4 

10 4.415 x x x 4.415 4.415 x x 4.415 4.415 4.415 4.415 4.415 4.415 4.415 

Phenol 

Industria
l 
chemical 
/ used to 
make 
plastics  

C6 
H6 
O 

108
-95-
2 

11 4.167 x x x x 4.167 4.167 4.167 4.167 4.167 4.167 4.167 4.167 4.167 4.167 

Quinaldine  

Industria
l 
chemical 
/ used to 
make 
dyes 

C1
0 
H9 
N 

91-
63-
4 

8 8.73 x 8.73 x x x x x x 8.73 8.73 8.73 8.73 8.73 8.73 
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Quinoline 

Industria
l 
chemical 
/ 
derivativ
es used 
to make 
dyes 

C9 
H7 
N 

91-
22-
5 

7 x x x 4.486 x x 4.486 4.486 4.486 x 4.482 x x 4.486 4.486 

Triethylamin
e 

Industria
l 
chemical 
/ used to 
make 
quaterna
ry 
ammoni
um 
compou
nds for 
textile 
auxiliarie
s and 
quaterna
ry 
ammoni
um salts 
of dyes 

C6 
H1
5 N 

121
-44-
8 

2 x x x x 7.828 7.828 x x x x x x x x x 
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Diphenhydra
mine-d3 

Pharmac
eutical / 
deuterat
ed 
antihista
mine  

C1
7 
H1
8 
D3 
N O 

 4 x x x 6.625 x x x 6.625 6.625 x x x x 6.625 x 

Doxycycline-
d3 

Pharmac
eutical 
/  deuter
ated 
doxycycli
ne 

C2
2 
H2
1 
D3 
N2 
O8 

 11 2.381 x x x x 2.381 2.381 2.381 2.381 2.381 2.381 2.381 2.381 2.381 2.381 

Methadone-
d9 

Pharmac
eutical / 
deuterat
ed 
synthetic 
opioid  

C2
1 
H1
8 
D9 
N O 

 2 x x x x 0.539 0.539 x x x x x x x x x 

Trimethopri
m-d9 

Pharmac
eutical / 
deuterat
ed 
antibioti
c 

C1
4 
H9 
D9 
N4 
O3 

118
946
0-
62-
5 

1 x 4.093 x x x x x x x x x x x x x 

 

x = Not detected 


