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[bookmark: _Toc68085900]Abstract

Reclaimed wastewater is increasingly used for irrigation of arable crops to alleviate agricultural pressures associated with water scarcity in arid and semi-arid regions across the globe. Treated and untreated wastewater is a known reservoir for pharmaceutical contaminants, which are subsequently introduced into the soil-plant system, where exposure to terrestrial organisms has been shown to have toxicological effects and where plant uptake poses a risk for human exposure. Studies on the fate and uptake of pharmaceuticals are relatively sparse, with investigations only considering 3% of currently prescribed pharmaceuticals. The presented study addresses two significant research gaps. First, a prioritisation approach was established to select priority study compounds derived from the last 15 years of annual prescription data in England. This approach was applied to the antiepileptic class of pharmaceuticals and revealed that the most studied compounds, carbamazepine and lamotrigine, do not represent the most significant chemical exposures. Second, a high resolution assessment of plant uptake and distribution of priority compounds was accomplished through the novel application of Single Cell Mass-Spectrometry (SCMS). For the first time, SCMS was used to analyse the contents of single plant cells exposed to exogenously applied, high-priority pharmaceutical compounds. Using hydroponic exposures, the accumulation and transformation of 1 antiepileptic compound (levetiracetam) and 3 antibiotic compounds (metronidazole, clarithromycin, lincomycin) was determined. The antibiotic, sulfadiazine, was not detected in sampled plant cells contents. Pharmaceutical transformation products including degradants, metabolites and conjugates were identified where parent compounds were also detected. This includes detection of biologically active metabolites of clarithromycin that were previously undocumented in plant tissues. The results of this work will help reveal the uptake mechanisms and ultimate chemical fate of pharmaceuticals taken up by plants, and thereby inform potential risks to human and ecosystem health associated with the use of reclaimed wastewater for crop irrigation. 
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Intensification of agricultural practice has facilitated a rapid increase in global crop yields by over 200% since the 1960s (1). Nonetheless, recent analyses suggest that in order to sustainably meet the food, feed, fibre and bioenergy demands of the growing global population, agricultural productivity will need to increase by nearly 70% by 2050 (2). Currently, irrigated agriculture produces almost 40% of the total food produced worldwide (2). However, the water demands of the agricultural industry are significant, accounting for an estimated 70% of all freshwater withdrawals (2). Increasing competition for water supplies and intensification of agricultural and urban land use has progressively exerted pressure on water resources resulting in regional water stress, exacerbated by climate change. In recent years, sustainable water management policy has therefore incorporated non-conventional water sources to address water scarcity, such as the use of reclaimed water for irrigation in agricultural and municipal landscapes. Both treated and untreated wastewater is increasingly utilised for irrigation of arable farming land in arid and semi-arid regions including the Middle East and southern Europe. For example, in Israel, the use of wastewater accounts for about 50% of the total wastewater demand, where 85% of the wastewater produced is used for agricultural irrigation, compared with around 46% in Spain (3). Reclaimed wastewater is also increasingly used for irrigation in areas supporting water intensive crops. For example in California, where almond farming requires significant water resources, wastewater reuse currently accounts for  6% of the total required irrigation volume, with aims to increase use by 300% by 2030 in order to meet growing regional water demands (3,4). With reclaimed wastewater irrigation set to rise, recent studies have also evaluated the viability of wastewater irrigation in other regions such as India, Tanzania and Vietnam (5–7). 

However, wastewater is a known reservoir of micropollutants, including pharmaceutical residues. Human and veterinary pharmaceuticals are released into wastewater during manufacture, through incorrect disposal of surplus medicines and following therapeutic use. In humans and animals, after consumption, pharmaceutical compounds are only partially metabolised with the rest excreted in urine and faeces. These pharmaceutical compounds then enter wastewater systems as a complex mixture of potentially hundreds of biologically active compounds. Pharmaceutical compounds are inefficiently removed during even the most advanced wastewater treatment (8–14). Pharmaceutical compounds, including antibiotics, anti-epileptics, beta blockers, anti-inflammatory drugs, antifungal/antimicrobial drugs, stimulants and artificial hormones, have therefore been detected in raw wastewater influents and treated wastewater effluents in concentrations of ng/L to µg/L (15). 

As such, wastewater irrigation provides a significant pathway for pharmaceutical exposure to agricultural soils resulting in the introduction of pharmaceutical compounds with a diverse range of physicochemical properties and modes of action to terrestrial environments. The primary source of pharmaceuticals in agroecosystems is wastewater used for irrigation, however, the use of organic soil amendments (including sludges and animal manures) also provides a significant pathway for pharmaceutical contamination of soils. Relatively little research has explored the occurrence of pharmaceutical compounds in agricultural field soils; however, available studies have detected a range of pharmaceuticals from different classes including anti-inflammatory drugs, antibiotics, antidepressants, antiepileptics and stimulants, in concentrations reaching low mg/kg levels (16–24).  

Over 4000 discrete pharmaceuticals are currently in use across the globe, however little is known about the mobility, fate and uptake of these pharmaceuticals in the agro-environment (4). The persistence, degradation and mobility of pharmaceuticals in soil is highly compound specific and dependent on sorption affinity with soils. Recent mechanistic studies have demonstrated that numerous factors, including the soil type, composition and texture, the degree of compaction, soil pH, microbial activity, oxygen status, nutrient profiles and organic matter content impact soil sorption (25–28). Climatic factors and the physicochemical properties of the pharmaceutical compounds are also instrumental in determining their persistence and mobility in soils. As a result, the documented half-lives of studied pharmaceuticals varies from <1 – 3466 days (29,30). The sorption of specific compounds in soils also determines their potential for subsequent leaching into surface and ground waters, with low or reversible sorption potentially resulting in contamination of adjoining aquatic environments (25,27,31). The ubiquitous presence of pharmaceutical compounds in terrestrial agro-environments has led to concerns as to the ultimate fate, persistence and bioavailability of these compounds, and the associated risks and potential effects on human and environmental health. Pharmaceuticals are biologically active compounds that are designed to interact with specific receptors  in humans and animals; however, this activity often extends to non-targeted groups in terrestrial environments for which these same receptors are conserved, including wildlife, soil fauna and plants (4). 

Unintentional pharmaceutical exposure via consumption of edible crops has been identified as a significant exposure pathway to both wildlife and humans via the food chain. Estimates that over 20 million hectares of agricultural land is irrigated with untreated wastewater have motivated research into the uptake of pharmaceuticals in plants from soils irrigated with reclaimed wastewater (32). Uptake and accumulation of numerous pharmaceuticals from varying classes and with diverse modes of action has been demonstrated in a wide range of ephemeral, edible crops, including cereals (rice, maize, barley and oats), leaves (pak choi, lettuce, spinach, cress, cabbage, rocket), vegetables (carrots, radish, courgette, pinto beans), and fruits (tomatoes and cucumber) (28,33,42–48,34–41). Anti-inflammatory, anti-bacterial and antifungal drugs, as well as antiepileptic, antibiotic and anti-depressant compounds, have been shown to accumulate in plant tissues in concentrations reaching low µg/kg, with concentrations varying between root, shoot, stem, leaf and fruit tissues (28,33,53,37,42,43,45,49–52). Uptake, accumulation and translocation of pharmaceuticals in plant tissues varies between pharmaceuticals and between plant species (51,53). For example, studies investigating antibiotic uptake, demonstrated sub-species level variation in uptake of antibiotics in lettuce and pak choi (51,53). Mechanistic studies have also suggested that the molecular weight, hydrophobicity and ionic speciation of pharmaceutical contaminants and the nature of porewater-root interactions, are likely to influence plant uptake of pharmaceutical compounds (41). Following exposure to environmentally relevant pharmaceutical concentrations, studies have recorded adverse physiological and biochemical effects in plants, including stunted growth, stress responses, geotropism of the roots, inhibition of fruiting and germination, necrotic and chlorotic symptoms, disruption to plant homeostasis and hormone production and alterations in nutrient content in the edible and non-edible portions of the studied crops (43,46,54–57). Emerging evidence would suggest that accumulation of these compounds in crops presents a direct pathway for unintentional exposure in humans via the food chain. For example, recent studies have detected the antiepileptic compound, carbamazepine, in the urine of healthy candidates following consumption of fresh produce irrigated with reclaimed-wastewater (58,59). Further studies have suggested that the accumulated concentration of pharmaceuticals in fresh produce (low ng/kg to low µg/kg) is significantly lower than standard recommended doses of medications (usually 10 – 200 mg per pill), however there is no existing research into the long-term effects of continuous, unintentional exposure (37,41,60,61).

In the wider ecosystem, a limited number of available studies investigating pharmaceutical exposure in agro-ecosystems have identified accumulation of pharmaceuticals in terrestrial wildlife. A recent study demonstrated how the presence and uptake of pharmaceutical residues from soils can affect several trophic levels. Exposure to the antibiotic, sulfadiazine, resulted in a reduction of plant biomass (in oil seed rape, wheat, and two grass species), causing a decrease in aphid density on the plants, providing evidence of plant-insect interactions with pharmaceutical residues from soils (56). Biological studies have found numerous antibiotics to be insecticidal, and so the introduction of this exposure pathway could have significant implications for insect populations, and thus, broader ecosystem dynamics (62,63). Accumulation of pharmaceutical residues from soils has also been observed in earthworms, providing a pathway for pharmaceutical exposure to predatory species, such as birds, from soil residues (64,65). Pharmaceutical exposure has also been identified in top predators. For example, since the 1990s, the population collapse of 3 species of south Asian vulture has been attributed to diclofenac exposure via the food chain although this was not mediated through soil (66). Ecological studies have found strong links between a high level of biodiversity and food security suggesting that these initial eco-toxicological observations of pharmaceutical contamination could have far reaching implications, not only for ecosystem health but also in terms of global agricultural productivity (67). Although studies investigating unintentional pharmaceutical uptake and exposure are sparse, this research highlights the importance of understanding and quantifying the occurrence, behaviour and bioavailability of pharmaceuticals to plants, in order to assess the potential risk associated with bioaccumulation and biomagnification of pharmaceuticals within food webs. 

Existing studies have almost exclusively investigated the occurrence, persistence and uptake of pharmaceuticals in their parent form. However, transformation products of pharmaceuticals (including degradants, metabolites and conjugates) are increasingly being screened for and successfully detected in treated and untreated reclaimed wastewater in low ng/L concentrations (61). Recent plant uptake and accumulation studies have also identified pharmaceutical transformation following uptake of parent compounds, elucidating numerous previously uncharacterized transformation products and detoxification pathways (33,34,55,68–73). A study investigating antibiotic transformation in lettuce suggested that transformation products contributed up to 80% of the total clarithromycin concentrations in leaf tissues after 24 hour exposure (33). Many pharmaceutical transformation products retain a degree of potency following metabolism and breakdown and are vulnerable to further transformation in dynamic environmental settings. However, the majority of pharmaceutical transformation pathways in agro-environments and plants remain uncharacterised. In order to accurately assess the risk posed by pharmaceuticals in terrestrial systems and via food-chain exposure, further research examining the occurrence, potency and stability of transformation products is essential.

Of the pharmaceutical compounds currently registered for use in the UK, only 3% have been prioritised and investigated with respect to the risk they pose to the environment (74). In available literature, significant discrepancies between field observations and lab based experiments arise from experimental design that is not representative of environmentally relevant exposure scenarios. As such, understanding of pharmaceutical behaviour in terrestrial systems is not only limited by the availability of literature but also by discrepancies between laboratory experimental findings and field test data. Further studies are therefore required in order to accurately describe and understand the impacts of pharmaceutical exposure in terrestrial systems. 

This work aims to provide a better understanding of pharmaceutical uptake in plants. In order to accomplish this, first, an approach for prioritisation of pharmaceutical compounds was used to determine predicted environmental concentrations of commonly prescribed pharmaceuticals in England, based on the last 15 years of NHS prescription data (chapter 2). Having identified priority compounds for further investigation, a Single Cell Mass-Spectrometry (SCMS) technique was established and applied to investigate the uptake and accumulation of priority pharmaceutical compounds in single plant cells (chapter 3). The SCMS method presented in chapter 3 was then optimised and extended to provide a comprehensive analysis of the method (chapter 4). This chapter demonstrates the suitability of the SCMS method for investigating plant uptake of a range of pharmaceuticals, with diverse chemical properties and modes of action, through analysis of single cell contents from plants exposed to antibiotic compounds from different classes.

The SCMS work aims to reveal the capacity for accumulation of pharmaceutical xenobiotics in the contents of single cells, both in parent form and as transformation products. Detection of xenobiotics in single plants cells can reveal distribution within plants as well as mechanisms of uptake and translocation. Identification of transformation products in plants could also help describe the ultimate chemical fate of pharmaceuticals following uptake in plants, and thus, more accurately describe likely exposure scenarios to humans and other organisms via the food chain. Identification of transformation products in single cells could also help elucidate the pathways facilitating detoxification and transformation of pharmaceuticals following plant uptake, which could provide useful insights for prediction of xenobiotic transformation, and thus food chain exposure, for other pharmaceutical compounds and in other crop species.
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[bookmark: _Toc68085908]2.1 Introduction
[bookmark: _Hlk59568667]Epilepsy is a common neurological disease that affects approximately 50 million people across the globe, accounting for 0.5% of the world’s disease burden (75). For approximately 70% of those living with epilepsy, the correct medication could eliminate seizures and other symptoms associated with the disease when taken long term (75). New and existing antiepileptic medications are therefore continually being developed and assessed in order to optimise treatment plans and improve patient outcomes. Currently, 33 antiepileptic compounds are available on prescription in the England, and due to diversity in their modes of action, several have also been proven effective in the treatment of other conditions, including neuropathic pain, fibromyalgia and psychiatric disorders (76,77). With diversification in use, improvements in diagnosis and sometimes lifelong treatment requirements, the environmental footprint associated with antiepileptic consumption is an increasingly relevant area of emerging research (78). 
With varying degrees of human metabolism and inefficient removal by WWTPs consistent and residual concentrations of unchanged antiepileptic compounds and their transformation products will remain in treated wastewater, even when WWTP removal efficiencies are high (79,80). As such, WWTP effluents and reuse of reclaimed wastewater for irrigation act as key entry pathways for the introduction of antiepileptic compounds to surface waters, groundwater and agricultural soils (16,41,61,81). Antiepileptic compounds are therefore commonly detected in terrestrial agricultural and aquatic environments in concentrations of ng/L to low µg/L (82–88).
To date, research has almost exclusively focused on the environmental footprint of carbamazepine. Carbamazepine is highly persistent in surface waters and soils (half-life of approx. 500 days) and frequently detected in WWTP effluents, biosolids and soils (240 – 2100 µg/L, 7800 – 258000 µg/kg and 6.5 – 7500 µg/kg, respectively) (17,57,81,89–93). Numerous studies have demonstrated the uptake and accumulation of carbamazepine in various edible plant species (including wheat, courgette, cucumber, tomato, carrot, lettuce and radish) from contaminated soil, porewater and reclaimed wastewater at both artificially high and environmentally relevant concentrations (41,57,61,87). The accumulation and translocation of carbamazepine is species dependant, however in general, the highest concentrations of unchanged carbamazepine are detected in the leaves of exposed plants (2-70 ng/g) (34,57,61,87,94). In plants exposed to soils spiked with carbamazepine (concentrations of > 4 mg/kg), necrotic symptoms, reduction in photosynthetic pigments and a loss of biomass has been observed in exposed courgette plants (46). At environmentally relevant concentrations , uptake interfered with cell signalling processes, nutritional status, plant hormone concentrations, immune response and plant defence pathways, increasing the vulnerability of exposed courgette plants to environmental stressors at soil exposure concentrations of 0.005 mg/kg (46,57). A reduction in the total number of fruits reaching maturity has also been observed, with carbamazepine being translocated to the fruiting body (57). Thus, as agricultural practice evolves in response to freshwater scarcity, the use of reclaimed wastewater for irrigation and resultant introduction of antiepileptics to the plant-soil system may have numerous, tangible implications for agricultural productivity.
Recent studies have also demonstrated that the introduction of antiepileptic compounds to the food chain through WW irrigated produce presents a human exposure risk equivalent to that of exposure via drinking water (87,95). Cucumber fruits were shown to bioaccumulate carbamazepine in concentrations such that for every 200 g (fresh weight) of cucumber consumed, the consumer would receive a 200 ng dose of carbamazepine (87). Although significantly below the minimum prescribed dose of carbamazepine (70mg/day for 70kg body weight), the combined effects of long-term indirect exposure through drinking water and fresh produce presents a potential risk to human health that is currently not well documented or understood (87). This conceptual pathway was substantiated in recent studies in which healthy individuals consuming wastewater-irrigated produce excreted carbamazepine via the urine, demonstrating the potential for unintentional exposure to active pharmaceuticals via this route (58,59). 
The antiepileptic compound, lamotrigine, behaves similarly in terms of its uptake and accumulation in cucumber, tomato and radish plants (3,31,41). A study by Malchi et al. also demonstrated the accumulation of lamotrigine in the edible portions of wastewater irrigated sweet potatoes and carrots (96). Malchi et al. deduced that the threshold of toxicological concern for a child could be met with daily consumption of approximately 60g of wastewater-irrigated carrot (approximately half of a carrot) (96). 
In addition, the presence and interaction of metabolites in treated wastewater and the transformation of compounds within plants results in the introduction of numerous, often undocumented and potentially bioactive compounds into the plant-soil (34). For example, metabolites of carbamazepine have been recorded in concentrations of 1000ng/L in treated wastewater and shown to interact competitively and auxiliarly in the presence of other antiepileptic compounds (namely carbamazepine and lamotrigine in parent form) (41,79). These compounds are also commonly sorption reversible in soils resulting in a risk of leaching and remobilisation of compounds (31,94). Research has not yet explored the combined influence of pharmaceutical compounds in terms of their uptake, translocation, transformation and impacts in the plant-soil system  when introduced to agricultural systems as chemical mixtures. 

Despite this focus on a few key compounds, other antiepileptics have been detected in treated wastewater at similar or greater concentrations. For example, gabapentin, levetiracetam and primidone have been detected in the effluents of treated wastewater in concentrations of 3.69, 0.33, 0.10 µg/L respectively, compared with a carbamazepine concentration of 0.46 µg/L (79). However, these compounds seldom appear in literature concerning their occurrence and influence in environmental systems and many remain untargeted in routine effluent and surface water screening. As a result, there is little understanding as to the process and extent of translocation, transformation, accumulation and degradation of many antiepileptic compounds in and across environmental compartments. With constant fluctuation in the availability and consumption of antiepileptic compounds, it is imperative that when addressing these knowledge gaps, prioritisation of compounds and environmental risk assessment is informed by present-day trends in consumption.
In order to provide a means of prioritisation of antiepileptic compounds, predicted environmental concentrations (PECs) can be determined to provide an estimate of likely concentrations of pharmaceuticals released from WWTPs into the environment in a specific region (97). PECs are calculated using consumption data, human excretion rates and WWTP removal efficiency, giving estimated concentrations in µg/L (97,98). The use of real consumption data to inform these calculations generates PECs that are more likely to reflect true concentrations that reflect fluctuations in consumption through time. This chapter therefore has two key aims:
1) To describe antiepileptic use by tracking changes in prescription through time. 
2) To provide insight into the potential exposure risk associated with the discharge of antiepileptic compounds into environmental compartments via wastewater effluents in England. 
This will be achieved via two approaches: 
1) Comparison and trend analysis of the total mass of each compound prescribed in England over the last 15 years (2004-2018).
2) Calculation and comparison of PEC ranges for each antiepileptic compound through time (2004-2018), based on ‘best-case’ and ‘worst-case’ scenarios.
[bookmark: _Toc68085909]2.2 Method
[bookmark: _Toc68085910]2.2.1 Total mass prescribed
The total mass of each antiepileptic compound prescribed in 2004, 2008, 2012, 2014, 2016, 2017 and 2018, was calculated from open access NHS prescription data, to provide an overview of prescription trends through time (99). Prescribed masses were calculated for every year from 2016-2018, to provide insight into recent prescription trends at higher resolution. In order to calculate the total annual mass prescribed per compound, the mass of each active ingredient per delivery format (capsule/tablet/liquid) was multiplied by the number of units prescribed per year (i.e. the number of tablets or capsules/ volume of liquid medication (ml)). The sum of the calculated masses for each delivery format gave the total mass of each active ingredient prescribed each year in milligrams. The total mass of individual antiepileptic compounds prescribed in each year of study was then plotted and represented cumulatively to help identify variation in prescription rate through time.
[bookmark: _Toc68085911]2.2.2 Predicted Environmental Concentrations
Predicted environmental concentrations (PECs) were then calculated using an equation based on a method proposed by the European Medicines Agency (EMA) for determining exposure concentrations of pharmaceuticals in wastewater effluents (98). Thus, generating estimates of the concentration of each compound entering agro-environments as a result of irrigation of arable soils with treated reclaimed wastewater (Eqn. 1) (98,100). PECs were derived from the previously calculated total mass of each compound prescribed in England for selected years between 2004 and 2018, the proportion of unchanged parent compound excreted, the WWTP removal efficiency and water usage statistics.

PEC (µg/L):(1)



Where: Consumption = total mass prescribed of compound per year (mg); Fexcreta = the percentage of the compound excreted in parent form; WWTP removal = the removal efficiency of the WWTP for that compound; Population = Population of England for year of study; WW per person = Litres wastewater produced per capita per day (L/person/day); Days = time over which total mass of compound was prescribed (days).
For each active ingredient, minimum and maximum values for the proportion of the compound excreted by humans in unchanged form were obtained from existing literature and pharmacokinetic data from databases such as drugbank.  Specific minimum and maximum values for rates of WWTP removal efficiency were compiled from existing literature, where available (table 2.1). This method aims to account for discrepancies in reported values due to variation in experimental design and studied WWTP technologies in available literature, by applying minimum and maximum values in PEC calculations. Where no values for WWTP removal efficiency and human metabolism were available, values were assumed in order to account for all possible removal and excretion scenarios (min = 0%, max = 100%). In order to generate a PEC range, ‘best-case’ and ‘worst-case’ scenarios were used. ‘Best-case’ refers to the minimum calculated PEC and ‘worst-case’ refers to the maximum calculated PEC for each compound. Best-case scenario PECs were calculated using the lowest percentage excretion and highest WWTP removal values reported in existing relevant literature. Conversely, worst-case scenario PECs, were calculated using the highest percentage excretion and lowest WWTP removal values. The total population of England was adjusted to match each year of study. In order to account for the time over which the total mass of each compound was prescribed, the number of days remained constant (365 days) for each year of prescription data analysed. The total wastewater produced per person per day was also set at a default value of 200 L/person/day, in line with EMA recommendations (98).
Calculated PEC ranges for each antiepileptic compound prescribed in 2018 were then plotted on a logarithmic scale, organised from highest to lowest maximum PEC, to provide a comparative representation of the most recent trends in antiepileptic compound prescription. Separate stacked bar charts were then generated to represent calculated PECs for each antiepileptic compound, in each year of study, under ‘best-case’ and ‘worst-case’ scenarios.
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[bookmark: _Toc59633276][bookmark: _Toc59633628]Table 2.1 Excretion rate and WWTP removal efficiencies for each antiepileptic compound. L-H (M): L = minimum value, H = maximum value, (M) = Mean value.
	Antiepileptic Compound
	Excretion of unchanged compound (%)
L – H (M)
	Reference
	WWTP removal efficiency
(%)
L – H (M)
	Reference

	Brivaracetum
	C11H20N2O2
	9 – 10 (9.5)
	(101,102)
	0 – 100 (50.0)
	n/a

	Carbamazepine
	C15H12N2O
	2 – 3 (2.5)
	(101,103)
	-67 – 80 (13.6)
	(8,9,105–113,10,11,14,81–83,89,104)

	Clobazam
	C16H13ClN2O2
	0 – 0 (0.0)
	(101)
	0 – 100 (50.0)
	n/a

	Clonazepam
	C15H10ClN3O3
	1 – 2 (1.5)
	(101,114)
	0 – 100 (50.0)
	n/a

	Eslicarbazepine Acetate
	C17H16N2O3
	1 – 67 (34.0)
	(101,115)
	0 – 100 (50.0)
	n/a

	Ethosuximide
	C7H11NO2
	20 – 50 (35.0)
	(101,116)
	0 – 100 (50.0)
	n/a

	Felbamate
	C11H14N2O4
	50 – 50 (50.0)
	(101,117)
	0 – 100 (50.0)
	n/a

	Gabapentin
	C9H17NO2
	99 – 100 (99.5)
	(101,118)
	6.4 – 99 (63.1)
	(8,11,13)

	Lacosamide
	C13H18N2O3
	40 – 40 (40.0)
	(101,119)
	0 – 100 (50.0)
	n/a

	Lamotrigine
	C9H7Cl2N5
	10 – 10 (10.0)
	(101,120)
	-51.8 - -51.8 (-51.8)
	(11)

	Levetiracetam
	C8H14N2O2
	66 – 76 (71.0)
	(101,121)
	5 – 98.1 (45.6)
	(11,12)

	Mesuximide
	C12H13NO2
	1 – 2.7 (1.9)
	(101)
	0 – 100 (50.0)
	n/a

	Midazolam Hydrochloride
	C18H14Cl2FN3
	0.4 – 0.4 (0.4)
	(122)
	0 – 100 (50.0)
	n/a

	Midazolam Maleate
	C22H17ClFN3O4
	0.4 – 0.4 (0.4)
	(122)
	0 – 100 (50.0)
	n/a

	Oxcarbazepine
	C15H12N2O2
	1 – 1 (1.0)
	(101,123)
	-73.2 – 73 (8.3)
	(11,14)

	Paraldehyde
	C6H12O3
	2.5 – 2.5 (2.5)
	(124)
	0 – 100 (50.0)
	n/a

	Perampanel
	C23H15N3O
	2 – 2 (2.0)
	(101)
	0 – 100 (50.0)
	n/a

	Phenobarbital
	C12H12N2O3
	20 – 50 (35.0)
	(101,125)
	0 – 100 (50.0)
	n/a

	Phenobarbital sod
	C12H11N2NaO3
	20 – 27 (23.5)
	(101,126)
	0 – 100 (50.0)
	n/a

	Phenytoin  
	C15H12N2O2
	2 – 5 (3.5)
	(101,127)
	0 – 100 (50.0)
	n/a

	Phenytoin Sodium
	C15H11N2NaO2
	10 – 10 (10.0)
	(128)
	44 – 44 (44.0)
	(13)

	Pregabalin
	C8H17NO2
	98 – 98 (98.0)
	(101,129)
	4 – 55.7 (29.9)

	(11,130)

	Primidone
	C12H14N2O2
	40 – 65 (52.5)
	(101,131)
	6.5 – 6.5 (6.5)
	(11)

	Retigabine
	C16H18FN3O2
	30 – 39 (34.5)
	(101,132)
	0 – 100 (50.0)
	n/a

	Rufinamide
	C10H8F2N4O
	2 – 4 (3.0)
	(101,133)
	0 – 100 (50.0)
	n/a

	Sodium Valproate
	C8H15NaO2
	3 – 3 (3.0)
	(101,134)
	99 – 99 (99.0)
	(13)

	Stiripentol
	C14H18O3
	25 – 27 (26.0)
	(101,135)
	0 – 100 (50.0)
	n/a

	Sultiame
	C10H14N2O4S2
	32 – 32 (32.0)
	(101)
	0 – 100 (50.0)
	n/a

	Tiagabine
	C20H25NO2S2
	2 – 2 (2.0)
	(101,136)
	0 – 100 (50.0)
	n/a

	Topiramate
	C12H21NO8S
	50 – 80 (65.0)
	(101,137)
	42 – 42 (42.0)
	(11)

	Valproic Acid
	C8H16O2
	3 – 3 (3.0)
	(101,134)
	0 – 100 (50.0)
	n/a

	Vigabatrin
	C6H11NO2
	80 – 100 (90.0)
	(101,138)
	0 – 100 (50.0)
	n/a

	Zonisamide
	C8H8N2O3S
	35 – 65 (50.0)
	(101,139)
	0 – 100 (50.0)
	n/a










[bookmark: _Toc68085912]2.3 Results
[bookmark: _Toc68085913]2.3.1 Prescribing of antiepileptic compounds through time
The cumulative total mass of antiepileptic compounds prescribed has shown a steady increase between 2004 and 2018 in England (figure 2.1). The total mass of antiepileptic compounds increased from 153.9 to 456.8 tonnes from 2004 to 2018, an increase of 196.8%. Most compounds follow this trend, showing an increase in the mass prescribed across this 15 year period. Compounds with the highest prescribed mass include gabapentin, levetiracetam, sodium valproate, pregabalin and carbamazepine. While the mass of sodium valproate has remained relatively stable through time (percentage increase of 14.2%), compounds such as gabapentin and levetiracetam have also shown significant percentage increases between 2004 and 2018 (553.6 and 614.7% respectively). With respect to the drugs most prevalent in the literature, carbamazepine showed a decline in prescription (2.6% decrease in the mass prescribed 2004-2018), whereas lamotrigine and oxcarbazepine showed similar percentage increases of 161.1% and 160.4% respectively. The mass prescribed of 8 compounds increased from zero tonnes at various points in the 15 year time span, where these drugs were made available for prescription within this time. Pregabalin is an example of this, where the total mass prescribed increased from 0 to 6.8 tonnes between 2004 and 2008. A trend of steady increase continued through to 2018, with pregabalin becoming one of the most commonly prescribed compounds in terms of total mass. Other drugs such as mesuximide and paraldehyde were only prescribed in certain years and saw no regularity in usage trends through time.







[bookmark: _Toc59633629]Figure 2.1 Total cumulative mass of antiepileptic compounds prescribed each year and the breakdown of the total mass of each compound prescribed. Total cumulative concentrations are labelled (tonnes).
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[bookmark: _Toc68085914]2.3.2 PEC ranges for individual antiepileptic compounds 
Displayed on a logarithmic scale, PEC ranges derived from NHS prescription data from 2018 are given for each antiepileptic compound (figure 2.2). PECs are given in ranges in order to account for all WWTP removal efficiencies and excretion conditions cited in existing literature.
PEC ranges displayed in red represent compounds for which no excretion and/or WWTP removal efficiency data was available and therefore maximum and minimum values were assumed in order to represent all possible scenarios (max = 100%, min = 0%). Those displayed in blue represent compounds supported by removal and excretion data, where ranges are bounded by the maximum and minimum values given in existing literature. Gabapentin, levetiracetam and pregabalin have the highest maximum PECs (49.03, 12.91, 10.14 µg/L respectively) (figure 2.2 & table 2.2). Gabapentin has the largest PEC range of all the antiepileptic compounds prescribed (48.51 µg/L) with a maximum PEC two orders of magnitude higher than the minimum PEC. Comparatively, the PEC ranges of levetiracetam and pregabalin are much smaller than that of gabapentin (12.68, 5.46 µg/L respectively). Compounds are organised based on their maximum PEC, however, when examining the minimum PEC value for these top 3 compounds, the minimum PEC for pregabalin is an order of magnitude higher than that of the lower estimates for gabapentin and levetiracetam (4.68, 0.52, 0.22 µg/L respectively). All other maximum PEC values fall below 1 µg/L, with lamotrigine and carbamazepine yielding the highest maximum PEC values below this threshold (0.44 and 0.42 µg/L respectively). Below this, all compounds have maximum PEC values < 0.4 µg/L, with many displaying PECs approaching 0 µg/L. 
0.001
[bookmark: _Toc59633630]Figure 2.2 Figure 2 PEC ranges for all prescribed antiepileptic compounds based on NHS prescription data from 2018. PECs > 0.001 µg/L not graphically represented, see table 2.2 for calculated values.


	Antiepileptic compound
	PEC Range 2018 (µg/L) 

	
	Best case scenario
	Worst case scenario

	Gabapentin
	0.51861
	49.03225

	Levetiracetam
	0.22414
	12.90524

	Pregabalin
	4.67988
	10.14150

	Lamotrigine
	0.44325
	0.44425

	Carbamazepine
	0.03392
	0.42482

	Topiramate
	0.22357
	0.35771

	Primidone
	0.13791
	0.22411

	Vigabatrin
	0.00000
	0.18893

	Zonisamide
	0.00000
	0.12587

	Ethosuximide
	0.00000
	0.11671

	Lacosamide
	0.00000
	0.08469

	Eslicarbazepine Acetate
	0.00000
	0.06328

	Phenytoin Sodium
	0.05706
	0.05806

	Phenobarbital
	0.00000
	0.05340

	Oxcarbazepine
	0.00165
	0.01061

	Stiripentol
	0.00000
	0.00570

	Sodium Valproate
	0.00455
	0.00456

	Rufinamide
	0.00000
	0.00345

	Valproic Acid
	0.00000
	0.00342

	Phenytoin
	0.00000
	0.00214

	Brivaracetum
	0.00000
	0.00137

	Felbamate
	0.00000
	0.00076

	Sultiame
	0.00000
	0.00027

	Clonazepam
	0.00000
	0.00013

	Phenobarbital sod
	0.00000
	0.00005

	Perampanel
	0.00000
	0.00003

	Tiagabine
	0.00000
	0.00001

	Retigabine
	0.00000
	0.00000

	Midazolam Hydrochloride
	0.00000
	0.00000

	Midazolam Maleate
	0.00000
	0.00000

	Clobazam
	0.00000
	0.00000

	Mesuximide
	0.00000
	0.00000

	Paraldehyde
	0.00000
	0.00000


[bookmark: _Toc59633279][bookmark: _Toc59633631]Table 2.2 Calculated maximum and minimum PECs for each antiepileptic compound derived from 2018 prescription data.

[bookmark: _Toc68085915]2.3.3 PECs through time: Best-case and worst-case scenarios
Under ‘best-case’ scenario conditions, the total calculated PEC (sum of PECs for all compounds for each year) in 2018 is 6.3 µg/L, compared with 0.80 µg/L in 2004 (figure 2.3). This shows a percentage increase in total PEC for all antiepileptic compounds of 687.5%. Comparatively, under ‘worst-case’ conditions, total PECs are an order of magnitude higher than those under ‘best-case’ conditions, estimated at 74.25 µg/L in 2018, showing a percentage increase of 503.7% from 2004 to 2018 (figure 2.4). Both scenarios show a steady increase in total PEC of antiepileptic compounds over the 15 years studied (figure 2.3 & 2.4). 
The individual compounds with the highest PECs vary through time and depending on the conditions applied. Under ‘best-case’ conditions, primidone, lamotrigine and phenytoin sodium have the highest PECs in 2004 (0.22, 0.19, 0.13 µg/L respectively) (figure 2.3). However, from 2008 -2018, pregabalin, gabapentin and lamotrigine overtake these compounds and have the highest PECs (4.68, 0.52, 0.44 µg/L respectively in 2018). This relationship remains constant through time, showing a relatively linear increase in PECs.
Under ‘worst-case’ conditions, gabapentin and levetiracetam consistently have the highest PECs from 2004 – 2018 (49.03 and 12.91 µg/L respectively in 2018) (figure 4). In 2004, carbamazepine has the third highest PEC (0.47 µg/L), however from 2008, pregabalin is predominant (1.69 – 10.14 µg/L 2008-2018). All other compounds have PECs at least an order of magnitude less than these three compounds from 2008 – 2018.








[bookmark: _Toc59633632]Figure 2.3 Contribution of individual antiepileptic compounds to total PEC through time (2004 – 2018). PECs calculated under ‘best case scenario’ conditions (calculated using highest reported WWTP removal efficiency and lowest excretion rate of unchanged parent compound).
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[bookmark: _Toc59633633]Figure 2.4  Contribution of individual antiepileptic compounds to total PEC through time (2004 – 2018). PECs calculated under ‘worst case scenario’ conditions (calculated using lowest reported WWTP removal efficiency and highest excretion rate of unchanged parent compound).
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[bookmark: _Toc68085916]2.4 Discussion
[bookmark: _Toc68085917]2.4.1 Prescribing of antiepileptic compounds through time
Aggregation of the total mass of each compound prescribed annually highlighted an almost 3-fold increase in antiepileptic prescription between 2004 and 2018, suggesting rapid expansion in the use of antiepileptic drugs in the UK. Although driven by cumulative increases in prescription across compounds, this increase appears to be driven by 3 key compounds, namely gabapentin, levetiracetam and pregabalin. The overall growth in the mass of antiepileptic drugs prescribed is likely driven by a combination of factors, associated both with health care provision, and scientific advancement, as opposed to an increase in the prevalence of epilepsy in the UK. Alongside global campaigns to close the epilepsy treatment gap, this increase could be attributed to the introduction of a new generation of antiepileptic drugs in the last 25 years (75,140,141). This emerging group of antiepileptic drugs (which includes gabapentin, levetiracetam, pregabalin and lamotrigine – for which prescription rate is seen to increase here) are thought to be more effective (in the treatment of both epilepsy and other neurological conditions), better tolerated, provide more diversity in mode of action and meet higher pharmacological safety standards when compared with previous generations (which include carbamazepine and phenytoin, for which prescription rate is seen to decline here) (141). It is therefore possible that pharmaceutical treatment is a viable option for a greater proportion of those suffering with a broad range of epilepsies, thus driving the rate of prescription, particularly for these new-generation compounds. A study investing epilepsy diagnosis and treatment in the UK also found that a shortfall in the availability of specialist diagnosis and low patient uptake rate of medication review led to a high level of misdiagnosis and inappropriate treatment, with many patients receiving pharmaceutical treatment for longer than necessary (142). This trend in sub-optimal treatment provision may therefore also play a role in driving the increases in prescription rate seen here over this 15 year time period.  

Across the 15 year study period, the compounds prescribed in the highest quantities remained relatively stable. Gabapentin, levetiracetam, sodium valproate and carbamazepine were consistently prescribed in the highest total masses between 2004 and 2018. Pregabalin, also joined these most prescribed compounds upon entering the market from 2008 - 2018. A study by Nicholas et al. detailing trends in antiepileptic use in the UK, reports that carbamazepine and valproate compounds were also amongst the most commonly prescribed compounds between 1993 and 2008 (78). Nicholas et al. identify similar trends in prescription of individual compounds as identified in the present study (78). For example, prescription of gabapentin, topiramate, levetiracetam and lamotrigine increased in both time periods, with declines in the prescription of phenytoin and vigabatrin between (1993-2008 and 2004-2018) . The agreement in usage trends is not only a useful source of validation, but also provides insight into usage over a longer time span. Comparison of the two data sets provides preliminary insight into which compounds may be of interest as potential contaminants. Due to their overall increasing usage trends and high rates of prescription, gabapentin, sodium valproate, levetiracetam and pregabalin are likely candidates. This is of particular interest given that these compounds are scarcely referred to in existing literature. This lack of coverage in existing literature could reflect the relatively recent changes in usage trends but may also reflect the approach used here. In this study, the prioritisation approach is based on the mass prescribed of the compounds due to a lack of comprehensive and comparable data detailing the persistence, mobility, potency, toxicity and monitoring of antiepileptic compounds in the environment. Alternative prioritisation approaches that incorporate these factors (even if only to some extent), may rank pharmaceuticals differently. However, studies using alternative prioritisation approaches have also ranked gabapentin, levetiracetam and pregabalin highly in term of environmental risk (when compared with compounds from multiple classes), thereby validating the approach used in this study (143,144). 
In summary, there are three key messages to be taken from this usage data. Firstly, antiepileptic prescription (and presumed consumption) has increased dramatically and consistently through time, suggesting that the total volume of key compounds entering the environment will also have increased. Secondly, the introduction of 8 compounds at various points between 2008 and 2016 implies that antiepileptic compounds represent a rapidly emerging and evolving group of potential contaminants and a potentially complex mixture of biological active compounds in the environment. And finally, that the majority of literature focusses on the fate carbamazepine in the environment, a compound for which usage appears to be in decline.

[bookmark: _Toc68085918]2.4.2 Predicted environmental concentrations
The applied method for calculation of PECs is recommended by the EMA as a useful tool for the preliminary evaluation and prioritisation of contaminants entering the environment via wastewater effluents (98). Under ‘best-case’ conditions, the compounds with the highest PECs include pregabalin, gabapentin, levetiracetam, lamotrigine and topiramate. Under ‘worst-case’ conditions, gabapentin and levetiracetam dominate, with significantly higher PECs than other compounds, followed by lamotrigine, topiramate, and carbamazepine. Under both scenarios, the indication that gabapentin and levetiracetam are suspected priority compounds is in agreement with the prescription trends previously outlined. 
When compared with the limited available measured environmental concentrations (MECs) of antiepileptic compounds in wastewater effluents, the strength of association between MECs and the calculated PEC ranges is variable (figure 2.5). PEC ranges underestimate MECs for phenytoin, oxcarbazepine and lamotrigine, and overestimate PECs of pregabalin and topiramate. The spread of MECs for primidone, levetiracetam and carbamazepine fit more closely with the PEC ranges, however the calculated PEC ranges do not describe all reported MECs. The PEC range of gabapentin encompasses all MECs, however, it has the largest PEC range of all antiepileptic compounds, extending across 2 orders of magnitude (0.52-49.03 µg/L). The general fit however, between PEC ranges and MECs, is acceptable at this early stage in the prioritisation process, with 6 of the 9 PEC ranges being in the same order of magnitude as the given MECs. An extensive literature review revealed that relatively few studies record MECs for antiepileptic compounds in WWTP effluents. MECs with comparable experimental design could only be found for 9 of the 33 prescribed compounds. For these compounds, the number of MECs was, in many cases, extremely limited, with small sample sizes. Similarly, not all sampling campaigns were carried out in England, compromising the validity of comparing these MECs with PECs based on an English dataset. However, this approach does provide insight by enabling some degree of ground truthing in the absence of more comprehensive datasets detailing MECs for each antiepileptic compound in environmental settings across England.
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Description automatically generated][bookmark: _Toc59633634]Figure 2.5 PEC ranges overlain with MECs of antiepileptic compounds from WWTP effluents.

[bookmark: _Toc68085919]2.4.3 Limitations
A large degree of error in the PEC ranges stems from a lack of coherence in experimental approach in literature detailing WWTP removal efficiencies and excretion rates. Existing literature reported WWTP removal efficiencies for only 10 of the 33 compounds currently prescribed. As such, WWTP removal efficiencies were assumed for more than 2/3 of compounds, generating a significant source of error. For some compounds (e.g. clobozam, perampanel and midazolam maleate), only one WWTP removal or excretion value was identified in existing literature, resulting in a narrow PEC range that may not be representative of true removal and excretion conditions, and thus predictions may not be representative of MECs. Equally, for other compounds, huge variation in values reported in the limited available literature results in large PEC ranges, that in some cases, span 2 orders of magnitude (e.g. gabapentin and levetiracetam). Although this means that where PEC ranges are large, MECs are more likely to fall within the calculated PEC range, this source of uncertainty could result in true environmental concentrations being over- or underestimated. In terms of the presented preliminary approach to prioritisation, it is likely better to overestimate environmental concentrations than to underestimate them. The scope of research and sampling campaigns is often restricted by limited resources, time and funding; hence priority compounds are often in competition with one another. Inaccuracy in PECs therefore risks the focus of research efforts being drawn away from potentially more harmful compounds. It is therefore clear that, with the current lack of available data, a fully comprehensive literature review is imperative in order to compile a set of parameters that generate PEC ranges that accurately represent MECs.  
There is also a degree of uncertainty that is inherent in the simplicity of the PEC model. The model assumes that the behaviour of compounds is uniform and stable in all treatment and effluent scenarios. As such, the model risks overlooking the intricacies of compound behaviour, in terms of transformation and fate in different treatment scenarios and environmental settings, and interactions with the complex chemical mixtures characteristic of treated and untreated wastewater. For example, under certain wastewater treatment conditions, the parent compound of carbamazepine has been shown to re-form, thereby increasing carbamazepine concentrations in the treatment process (11,89). Transformations such as these are not accounted for in the model. In a recent study, Burns et al. suggest that overlooking metabolism contributes significantly to the overestimation of true environmental concentrations, therefore generating a significant source of error (100). However, it would not be possible to account for transformation scenarios for all compounds with the current lack of supporting literature.
The model also assumes that the total mass of each compound prescribed is consumed, and that all consumers excrete the same proportion of unchanged parent compound. As antiepileptic medication is typically taken long-term and is not affected by seasonal fluctuations, the assumption that PECs are likely to remain relatively constant throughout the year is unlikely to contribute to uncertainty in the calculations. In this preliminary investigation, PECs were calculated for the whole of England as one study area, without consideration of regional variation in demographics and the performance and type of WWTP technology. This is likely to contribute to the overall inaccuracy of the PECs compared with MECs, however for the purposes of this exercise this source of error is likely to be comparatively insignificant.
The consumption data used in this study was derived from the open access NHS prescription database. An estimated 0.2% of all recorded prescription data is missing and thus, this data set provides an accurate representation of annual prescription of antiepileptic compounds (99). This database does not record prescriptions dispensed in the private healthcare sector. However, the proportion of the population receiving treatment for epilepsy in the private sector is likely to be insignificant due to the accessibility barriers associated with the cost of long-term treatment. The agreement in the consumption trends reported in this study and by Nicholas et al., suggest that there is continuity in how data has been recorded in this database through time, thereby confirming the efficacy of comparison of prescription trends year by year (78). 


















[bookmark: _Toc68085920]2.5 Conclusions and Future Work
With the WHOs participation in the Global Campaign Against Epilepsy, a World Health Assembly resolution on the global burden of epilepsy has so far facilitated access to antiepileptic medication for approximately 6.5 million more people globally since 2015 (75). In tandem with pilot programs aiming to improve diagnosis and treatment of epilepsy, the trends in increased use of antiepileptic compounds are set to continue in years to come. It is therefore crucial that research into the fate of these compounds in environmental systems is understood. The EMA recommends that environmental fate and effect analyses should be carried out for compounds with PECs in surface waters of > 0.01 µg/L (98). However, with limited research into the effects of antiepileptic compounds in environmental settings, it is possible that some compounds may bear influence even at concentrations below this action limit. 
This study demonstrates an almost 200% increase in the use of antiepileptic medications since 2004. Here, it is proposed that gabapentin and levetiracetam are likely to present the highest environmental exposure concentrations under both ‘best-case’ and ‘worst-case’ scenarios. However, in order to accurately predict PECs, a dramatic increase in sampling of antiepileptic concentrations in wastewater effluents, surface waters and terrestrial systems is required. Coupling of PECs with ecotoxicological data would also give key insights into the relative risk of each compound to a range of organisms in various environmental compartments. Similarly, investigation into the role of chemical mixtures and concentration thresholds in determining environmental fate and uptake would help to build a detailed and holistic picture of possible risks associated with pharmaceutical contamination in an increasingly resource intensive world.
[bookmark: _Toc68085921]Chapter 3: Single Cell Mass Spectrometry: Proof of Concept 
[bookmark: _Toc68085922]3.1 Introduction
[bookmark: _Hlk56103940]Pharmaceutical uptake in plants has been increasingly documented as an unintentional side effect of the introduction of pharmaceutical compounds to terrestrial environments following reclaimed water reuse during crop irrigation. Uptake and accumulation of a diverse range of pharmaceutical compounds, including antibiotics, antiepileptics, pain killers, statins, and antidepressants, has been observed to varying extents in the tissues of edible plant species (roots, shoots, leaves and fruits) (145). Not only has this frequently been associated with growth and nutrient abnormalities in exposed plants, but recent studies have also demonstrated that consumption of crops irrigated with pharmaceutical contaminated wastewater, provides a direct human exposure pathway via the food chain (58,96). As such, literature has increasingly focussed on characterising pharmaceutical uptake in plants by extracting and analysing the exposed plant tissues (47,54,55,68–73,145). This literature aims to quantify and identify the mechanism and extent of uptake from contaminated soils and pharmaceutical spiked hydroponic media. In these studies, pharmaceutical exposure concentrations range from environmentally relevant concentrations to artificially high concentrations where the growth medium may be spiked with pharmaceutical-saturated solutions. However, this research often uses a targeted approach, focusing almost exclusively on the detection of parent compounds in plant tissues, without considering the potential pharmaceutical metabolites, degradants and conjugates that may have formed following plant uptake. As such, the transformation products associated with plant uptake, and uptake of pharmaceutical transformation products formed prior to uptake, remain widely uncharacterised and undocumented. Many pharmaceutical transformation products remain bioactive following metabolism and degradation. For example, the principal metabolite of the antibiotic, metronidazole, 2-hydroxymetronidazole has 30% of the bioactivity of the parent compound following metabolism (146). Methodologies in the existing literature also commonly isolate cells from their in-situ conditions, analysing plant tissue extracts via solid phase extraction or liquid- liquid extraction techniques carried out on bulk tissues (145). Recorded data, detailing these complex cellular mixtures, is therefore representative of a perturbed state, describing analytes as they occur under altered conditions, compared with those in undisturbed plant tissues (147). 
Here, a novel combination of experimental approaches is realised, that provides a method which aims to address these gaps in current approaches in these application areas. For the first time, exogenously applied pharmaceutical compounds are screened for in the contents of single plant cells, using a technique known as single cell mass spectrometry (SCMS). SCMS is a technique through which the contents of live, in situ, single cells can be rapidly analysed via high resolution mass spectrometry (148). This is achieved by sampling the contents of single cells using a nanospray tip and directly introducing the sampled material into the mass spectrometer via a nanospray ionisation plume. Using this technique, it is possible to directly detect and identify molecules in complex biological samples from analysis of a detailed spectrum of molecular peaks derived from molecular species that elucidate the sample composition. This technique provides a means of analysis that uses a soft ionisation technique to convey analytes into gas phase ions that enter the mass spectrometer, minimising fragmentation of constituent molecules (by minimising energy introduction during ionisation), making it suitable for analysis of complex biological samples. To date, this technique has been used to provide insights into genomic, transcriptomic, proteomic and metabolic heterogeneity in a variety of cell types. In combination with high resolution mass spectrometry, SCMS has been used to detect molecules in targeted and non-targeted studies and identify metabolic pathways from the sub-cellular material of embryonic and cancerous animal cells (147,149). SCMS has also helped characterise and describe the dynamic molecular mechanisms taking place in contrasting plant cell tissues (148,150,151).   
Despite widespread observation of pharmaceutical uptake, accumulation and transportation (from roots to shoots) in plants, the existing literature has not yet established whether pharmaceutical compounds can enter individual cells of plant tissues. Similarly, the transformation of pharmaceuticals in plant tissues remains largely uncharacterised, with the majority of metabolites and conjugates unknown.
This proof-of-concept study therefore brings together multiple interdisciplinary approaches with the aim of addressing these gaps in research. By sampling the contents of single plant cells from plants hydroponically exposed to pharmaceutical compounds, the initial aim was to establish a method by which potentially low concentrations of pharmaceutical compounds can be detected in the sampled contents of a single plant cell. This method also aimed to provide a means of characterising xenobiotic transformation within plant tissues via a targeted screening approach, based on known degradants and metabolites derived from the existing pharmacological literature. As this is a novel approach, the initial objective was to establish if xenobiotic compounds can be detected using this method, especially considering the small sample volumes available in each single cell sample (< low µL) (152). Subsequent investigation into any detected transformation products could elucidate how the pharmaceutical xenobiotics studied are transformed following plant uptake, informing the identification of potential detoxification and transformation pathways.

[bookmark: _Toc68085923]3.2 Method
This proof of concept study investigates the uptake of two pharmaceutical compounds, levetiracetam and metronidazole. These pharmaceuticals were chosen based on the lack of existing literature concerning their uptake and transformation in plants. Both compounds are also commonly prescribed across healthcare systems in the treatment of an increasingly diverse range of medical conditions. The antiepileptic compound, levetiracetam, was previously identified as a priority compound in terms of its predicted environmental concentration (chapter 3) and does not appear in the existing literature with respect to its environmental fate. In its unchanged form, levetiracetam has been detected in concentrations of 0.33 µg/L in wastewater effluents (79). Metronidazole is a commonly prescribed antibiotic that is similarly under-researched with respect to plant uptake and accumulation. Metronidazole has been detected in surface waters in concentrations of 0.4-1.6 µg/L in China and studies have demonstrated the phytotoxic effects of metronidazole on soybean plants, even at low exposure concentrations (153,154).
[bookmark: _Toc68085924]3.2.1 Summary of approach
This method involves three key component steps:
(i) Seedlings were exposed to saturated solutions of antiepileptic and antibiotic compounds. 
(ii) The contents of single plant cells were sampled using sharply tapering capillaries under a stereomicroscope with the aid of a micromanipulator.
(iii) The sampled cellular contents were analysed by spraying out of the sampling capillary directly into a high resolution, high mass accuracy mass spectrometer using a static nanospray ionisation (nESI) source.
In this fusion of interdisciplinary approaches, the SCMS approach for the sampling and analysis of cellular material was based on the protocol outlined by Fujii et al., that has been set up in York after a visit by York scientists to learn the technique from the inventors (148). In this proof of concept study, in order to maximise the potential for plant uptake and thereby the chances of detection of pharmaceutical compounds in cells, plants were exposed to high concentrations of each pharmaceutical through hydroponic exposure to saturated pharmaceutical solutions.


[bookmark: _Toc68085925]3.2.2 Plant treatment and liquid culture preparation
Sterilised mung bean and arabidopsis seeds were grown under 20 µmol m-2 s-1 light with a 16 h photoperiod on half-strength Murashige & Skoog’s basal salt mix (½ MS) solid agar (adjusted to pH 5.7). Saturated antibiotic dosing solutions were prepared by adding 1 g or 0.8 g of solid levetiracetam or metronidazole respectively, to separate vials of 150 mL ½ MS. Four-day old seedlings were then transferred to conical flasks containing 15 mL of the discrete ½ MS liquid-culture dosing solutions (figure 3.1). Seedlings were also transferred to 15 mL plain ½ MS, untreated with antibiotics, to provide a negative control. The seedlings were then incubated in the different liquid culture media for 24 hours under 20 µmol m-2 s-1 light with a 16 h photoperiod with 100 rpm agitation. After 24 hours, seedlings were rinsed in 10 mL ½ MS for 5 minutes with 100 rpm agitation and transferred into 10 mL clean ½ MS until sampling. Sampling was carried out immediately after transfer to the clean ½ MS.













	
[bookmark: _Toc59633635]Figure 3.1 Experimental setup for plant dosing and rinsing procedure.
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[bookmark: _Toc68085926]3.2.3 Microscopy
Transverse cross sections cut from the base of mung bean stems, blotted dry, were cut to a thickness of < 1 mm using a ½ MS-wetted scalpel. Cross sections were transferred to a clean microscope slide overlain with double sided adhesive tape to keep the cross sections in place (figure 3.2). Alternatively, arabidopsis seedlings were transferred to a microscope slide without dissection.  A Leica MZ 16 F stereomicroscope equipped with a micromanipulator was used to identify and target cells from each cross section/seedling (figure 3.3). Sharply tapering borosilicate capillaries (see 3.2.3.1 Capillary Pulling) were used to puncture the walls of single parenchyma cells of the cortex in mung bean cross sections (figure 3.4). In arabidopsis, root hair cells were targeted and pierced (figure 3.5). Cells were sampled immediately on transfer to the microscope slide to minimise dehydration of the plant material. On piercing the targeted cell, the cellular contents were sucked up into the capillary under negative pressure. Each capillary containing the contents of a single plant cell was then flash frozen and stored at -80 °C. Approx. 1 cm
[bookmark: _Toc59633637]Figure 3.2  Mung bean cross sections ready to be sampled, fixed with double sided adhesive tape.
[bookmark: _Toc59633636]Figure 3.3  Leica MZ 16 F stereo microscope equipped with micro- manipulator.
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[bookmark: _Toc59633638]Figure 3.4 Cross sections of mung bean stems under the microscope. (a) Mung bean with sampling capillary, (b) Mung bean cross section at higher magnification, (c) Cell being pierced by capillary, (d) Capillary with sample at tip.
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[bookmark: _Toc68085927]Approx 0.2 mm
[bookmark: _Toc68085928]Approx 0.2 mm
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[bookmark: _Toc59633639]Figure 3.5 Image sequence showing the process of piercing and taking up single plant cell material from a root hair cell of an arabidopsis seedlings.

[bookmark: _Hlk59640037]3.2.3.1 Capillary PullingThe tapered capillaries used for sampling were pulled from borosilicate glass capillaries (1.0 mm outer diameter, 0.78 mm internal diameter) using a Sutter Flaming/Brown P-97 Micropipette puller (figure 3.6). Table 3.1 outlines the program parameters used to form a taper on the capillary to form tips that were sharp and fine enough to pierce the cell wall, but strong enough to remain intact and not bend on contact with the plant sample. The length of each pair of capillaries was then cut down to <4 cm (removal from the wide end of the capillary).

[bookmark: _Toc59633640]Table 3.1 Capillary-pulling program parameters.
(a)
(b)
(c)
[bookmark: _Toc59633641]Figure 3.6: (a) Sutter Flaming/Brown P-97 Micropipette puller, (b) Close up of pulled capillaries and filament, (c) Resultant capillaries pulled under chosen parameters (table 3).
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[bookmark: _Toc68085930]3.2.4 Mass spectrometry
Nanospray solvent (15 µL, 1:1 (v:v) acetonitrile: H2O, 0.1% formic acid) was introduced through the wide end of the sampling capillary (i.e. behind the plug of cell contents) and the capillary was gently shaken until the nanospray solvent was brought into contact with the cell contents. Analysis of the capillary contents was carried out by using the capillary as a static nanospray emitter. In order to provide electrical contact with the sample, a 3 cm length of nickel-chrome wire (0.5 mm diameter) was inserted into the wide end of the capillary, until in contact with the fluid contents, with the excess bent along the shaft of the capillary (figure 3.7). In the original description of SCMS, a metal coated capillary was used as a nanospray emitter; however, in the delicate process of targeting and sampling material from single plant cells, it was advantageous to be able to see through the tip. Therefore nickel-chrome wire was used instead of metal coating of the tip.[bookmark: _Toc59633642]Figure 3.7 Capillary prepared for nanospray ionisation, containing the nanospray solvent, plant sample and nickel-chrome wire (not to scale).
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Each capillary was loaded into a Nanospray Flex ion source with offline nanospray source head and the capillary tip positioned approximately 0.5 – 1.5 cm from the inlet of the mass spectrometer (figure 3.8).[bookmark: _Toc59633643]Figure 3.8: Sampling capillary loaded into the Orbitrap mass spectrometer.

Spectra were acquired from the Orbitrap of a Thermo Scientific Orbitrap FusionTM TribridTM mass spectrometer in positive ion mode, with an ion transfer tube temperature of 275 °C. A voltage of 1500 – 1900 V was applied until a spray was induced, and spectra acquired using an instrument resolution of 120000 and a mass-to-charge ratio (m/z) scan range of 100-1000. Each nanospray ionisation period was sustained until each capillary, containing the cell sample and ionisation solvent, ran dry (approximately 2 – 8 minutes).
[bookmark: _Toc68085931]3.2.5 Data Analysis
The resulting mass spectra were viewed using the ‘Qual Browser’ application of the Thermo Xcalibur software (version 4.0.27.10). The calculated m/z values of parent compounds and key metabolites/degradants of antiepileptic levetiracetam, and antibiotic metronidazole, were searched for, assuming they were ionising as commonly encountered cationised molecules (H+, K+, Na+) (table 3.2) (155). 
For each sample, two approaches were used to screen for relevant analytes. First, after producing the recorded data, an average spectrum was produced by averaging across the spray period. The observed isotopic clusters were compared with simulated isotopic clusters for each analyte, ionising with each of the specified charge-bearing species. Secondly, extracted ion plots were generated for specific spray periods (areas of successfully induced nanospray ionisation). Extracted ion plots represent signal intensity for the particular m/z value over the time period during which voltage was applied to the capillary. A signal shows the place(s) in the spray period at which there was a signal in a defined m/z range (the theoretical m/z value of the monoisotopic peak ± 0.01). Composite spectra were produced by averaging across the period during which the targeted signal was observed. The isotopic clusters in these spectra were compared with simulations of theoretical isotopic clusters for the relevant elemental compositions, and the m/z value of the monoisotopic peak of the isotopic cluster was compared with the theoretical accurate monoisotopic mass.
For identification of a peak, the signal strength must be differentiable from background/noise. Signal strength is expected to be relatively low due to the small volumes of each sample (< 2 µL for mung bean cells, assuming maximum hydration capacity and total retrieval of the cell contents) (156). However, signals visible in recorded data from the pharmaceutical-treated samples need to have a higher signal intensity than background for confident identification. Data recorded from the untreated control plant samples was used to define background signal intensity. The instrument was mass calibrated prior to analysis and calculated mass accuracy was expected to be <3 ppm (157). 







	Target Analyte
	Chemical formula
	Monoisotopic mass [M]
	Theoretical m/z value of analyte with charge bearing species
	Samples (technical replicates)

	
	
	
	[M + H] +
	[M + K]+
	[M + Na] +
	

	Levetiracetam
	Parent
	C8H14N2O2
	170.1055
	171.1128
	209.0687
	193.0947
	Mung bean (1)

arabidopsis (1)

	L057
	Inactive Metabolite
	C8H13NO3
	171.0895
	172.0968
	210.0527
	194.0788
	

	Metronidazole
	Parent
	C6H9N3O3
	171.0644
	172.0717
	210.0275
	194.0536
	Mung bean (2)

arabidopsis (1)

	[bookmark: _Hlk55670827]2-hydroxymetronidazole
	Active Metabolite
	C6H9N3O4
	187.0588
	188.0666
	226.0225
	210.0485
	

	[bookmark: _Hlk55726738]2- methyl-5-nitroimidazole 
	Degradant
	C4H5N3O2
	127.0376
	128.0455
	166.0013
	150.0274
	


[bookmark: _Toc59633292][bookmark: _Toc59633644]Table 3.2: Theoretical molecular masses of target analytes, with m/z values for their commonly observed cationised molecules and corresponding samples in which target analytes were screened for in respective mass spectra.
[bookmark: _Toc59633293][bookmark: _Toc59633645].






	
	
	
[bookmark: _Toc68085932]3.3 Instrumentation
[bookmark: _Toc68085933]3.3.1 Thermo Scientific™ Orbitrap Fusion™ Tribrid™ mass spectrometer 
A Thermo Scientific™ Orbitrap Fusion™ Tribrid™ mass spectrometer enables rapid analysis of complex samples through the combined operation of three different mass analysers: the quadrupole, orbitrap and ion traps. This enables high-resolution analysis which is able to support a wide range of applications in analytical chemistry, from routine compound identification, to analysis of trace-level components in complex mixtures (158).
The Orbitrap Fusion mass spectrometer has 3 key benefits that make it an ideal candidate for analysis of the single cell samples, each of which are determined by the operation of its component mass analysers. The first is the outstanding limits of detection, enabling the detection of low abundance species. For analysis of the intracellular material of single cells, this is of particular significance due to the small sample volumes (< 2 µL), in which the abundance of xenobiotics is expected to be relatively low (156). The Orbitrap mass spectrometer also has very high resolution relative to other instruments (max resolution of 1,000,000 at m/z 200), making it possible to discriminate between ions with similar isotopic mass to charge ratios (m/z) (159). This facilitates the characterisation and identification of both target and non-target analytes by allowing compounds to be identified and differentiated from matrix ions in complex sample mixtures (158). As such, the masking effects of isobaric matrix interference are reduced, even in the presence of other compounds of almost identical mass (159). The high resolution competency gives rise to determination of low mass accuracies through separation of ions of similar mass (160). Mass accuracy is a measure of closeness of ions of similar mass, determined by the difference between the theoretical monoisotopic mass (ma) and the m/z value of the recorded peak (mi) (Eqn. 2) (161).  
(2)


The Orbitrap mass spectrometer delivers low mass accuracies of <1 – 2 ppm, providing a high level of confidence in the identification of compounds (162). By comparison, the high-resolution Quadrupole Ion Trap, for example, generally gives mass accuracies of approximately 12-15 ppm, which is of comparative disadvantage, particularly for non-targeted analysis where many analytes may be unknown (158). For the analysis of the contents of single cells in this study, high mass resolution was necessary to determine analytes from complex plant matrices. The high mass accuracy was also required in this study in order to allow tentative assignments of potential xenobiotic metabolites and degradants to be made.
[bookmark: _Toc68085934]3.3.2 Route of ion transmission through the Orbitrap mass spectrometer
In order to determine such a high level of sensitivity, resolution and accuracy, ions entering the Orbitrap mass spectrometer are transmitted through a multistage process to achieve and record refined and accurate signals. Following direct sample injection via a nanospray ionisation plume, ions pass through the S-Lens, a radio frequency (RF) device which captures and focuses ions into a tight beam resulting in increased instrument sensitivity (figure 3.9). This beam of ions is transmitted through the active beam guide, which reduces noise by preventing neutral ions from entering the quadrupole. The quadrupole mass filter acts as an ion transmission device, whilst filtering ions according to their m/z values. Ions are then transferred into the curved linear trap (C-Trap) which focuses ions and injects them into the orbitrap mass analyser.


Figure 3.9 Schematic diagram of an Orbitrap Fusion Tribrid mass spectrometer. Following Nanospray ionisation at the ion source, ions are transmitted through the S-Lens, active beam guide and Quadrupole mass filter, into the C-Trap before delivery into the Orbitrap mass analyser. High voltage pulses applied across the C-Trap cause each m/z packet to be ejected. On entry to the mass analyser, each packet is spread into oscillating rings that induce a current which is then amplified and detected. (Thermo Fisher Scientific, 2018)

[bookmark: _Toc68085935]3.3.3 Nanospray ionisation
Nanospray ionisation refers to the technique through which molecules are ionised on application of a high voltage and converted from liquid to gas phase for delivery into a mass spectrometer (163). Nanospray ionisation is a derivative of electrospray ionisation (ESI) where, commonly, dilute analyte solutions are injected from an ion source (capillary or needle) into the mass spectrometer. Nanospray ionisation provides a means through which samples of small volumes (µL) with potentially low analyte concentrations (nmol/mL), can be analysed (164,165). This is also a soft ionisation method, reducing the risk of fragmentation in biological samples by preserving very weak non-covalent bonds, making it a suitable technique for the ionisation of the sub-microlitre volume single plant-cell samples (163,166).
Process of ionisation:
To initiate nanospray ionisation, a high voltage relative to the sampling cone of the mass analyser is applied to the finely tapered capillary containing an analyte solution (167). This results in the molecules in the analyte solution becoming highly charged (figure 3.10). The energised molecules repel each other and are forced out of the capillary tip, briefly forming a cone shape, known as a Taylor cone, before the droplets disperse, forming a fine aerosol spray of highly charged electrospray droplets (163,167). The released aerosol droplets go through a series of divisions under the non-energetic process of desolvation, in which the solvent solution evaporates, driven by the introduction of nitrogen gas to the ionisation chamber (figure 3.10a) (163,167). This causes the size of the droplets to decrease, until they reach the Rayleigh limit, at which the surface tension overpowers the Coulomb force of repulsion between like charges on the surface of each droplet (167). As a result, Coulomb fission occurs, triggering a process of repeated separation of parent droplets into much finer droplets (progeny droplets) until charged nanodroplets are transformed into charged, gas-phase analyte molecules that are drawn along a voltage gradient, into the mass spectrometer (163).
2







Mass Spectrometer
Charged nano-electrospray droplets (aerosol)
Sampling capillary containing plant sample and ionisation solvent
Figure 3.10: Schematic representation of the ionization chamber with nanospray ion source, set up for direct nanospray of plant material from the sampling capillary in to an Orbitrap mass spectrometer (not to scale). Insert (a): a schematic representation of the nanospray ionization process in which, A = desolvation, B = Coulomb fission (information derived and figure adapted from Banerjee and Mazumdar, 2012).
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[bookmark: _Toc68085936]3.3.4 Ion injection: the Orbitrap mass analyser and the C-Trap:
Following transmission through the quadrupole mass filter, ions are directed towards the C-Trap and Orbitrap for analysis. The Orbitrap mass analyser consists of two outer electrodes and a central electrode along which ions oscillate back and forth with periodic motion (figure 3.11) (158). The frequency of ion motion is determined by the m/z value of each ion (168). If ions of the same m/z value are introduced to the Orbitrap mass analyser cell in narrow temporal and spatial windows, they will oscillate back and forth together along the z axis. Due to slight inconsistencies in the ions initial injection conditions, ion motion becomes randomised in the x, y plane. The combination of coherent motion along the z-axis and randomised motion in the x, y plane results in the formation of disc-shaped ion packets, which oscillate back and forth along the z-axis at frequencies determined by each ion packet’s m/z value (168). As ions oscillate back and forth, ion packets induce image currents on the outer electrodes simultaneously (158). Raw image current signals are then converted to mass spectra via Fourier transformation, which separates frequencies to provide a frequency spectrum, determined by the frequencies of individual ion packets with distinct m/z values (158,168).  Figure 3.11 Schematic view of an Orbitrap mass analyser showing a stable ion trajectory following delivery from the C-Trap (Creative Proteomics, 2008).


For optimal signal/noise ratios, ions must achieve a stable orbit around the central electrode. In order to facilitate the formation of stable ion trajectories, it is necessary to inject ions in tight spatial and temporal windows, so that ions of the same m/z value will oscillate in narrow bands (168). Similarly, in order to induce a stable orbit, the kinetic energy of the ions must be comparable to the voltage of the central electrode of the Orbitrap mass analyser. As such, the C-Trap is used in tandem with the Orbitrap mass analyser, acting as a temporary holding vessel in which ions are accumulated and their kinetic energy regulated, converting the continuous stream of ions from the electrospray source into a pulsed supply (168). On entering the C-Trap, introduction of nitrogen gas results in collision cooling of the ions in its radio frequency field, thus reducing the kinetic energy of the ions.  Once ions have accumulated within the C-Trap, the amplitude of the radio frequency is reduced and a DC current potential draws ions rapidly out of the C-Trap. Ions are thereby accelerated and focussed into the Orbitrap cell in a narrow time window, creating optimal conditions for noise reduction (168). 
Once in the Orbitrap mass analyser cell, ion orbit is induced by application of a relatively large negative voltage along the central electrode which results in the positively charged ions bending towards the central axis (158). This prevents ions from colliding with the outer electrode minimising the chance of ion loss (168). This voltage increase also results in contraction of the radial motion of the ions, known as ‘electrodynamic squeezing’, which causes ions to orbit with smaller radii (figure 3.12) (162,168). Ions then oscillate at different frequencies around the central electrode with increasing coherence, causing them to separate and form separate ion packets (162). This coherence in the axial motion of ions with the same m/z value is determined by the collaborative actions taking place within the C-Trap and Orbitrap mass analyser. By confining ion packets to narrow bands, it is possible to achieve extremely high mass resolutions and determine sub ppm mass accuracies, facilitating confident identification of target and non-target analytes.






Contraction of radial motion of ions
Rapid increase in negative voltage along central electrode
Figure 3.12 Schematic representation of electrodynamic squeezing of ions in the Orbitrap mass analyser on application of  increasing negative voltage (MassSpecPro, 2020).










[bookmark: _Toc68085937]3.4 Results
In this proof of concept study, single cells from mung bean and arabidopsis seedlings exposed to exogenously applied pharmaceuticals were sampled and analysed using high resolution mass spectrometry. Seedings were treated with saturated pharmaceutical solutions to maximise the chances of uptake and detection of xenobiotic compounds in the contents of single cells. This initial study also aimed to establish the optimum sampling regime, capillary shape and mass spectrometric conditions for detecting xenobiotic parent compounds and possible transformation products in single plant cells. Cells from mung bean seedlings were sampled as they represent a common edible crop species, and have large turgid cells, making them easier to pierce (a significant advantage during this optimisation phase). Arabidopsis cells were also sampled to provide a comparative host species. Arabidopsis is a model plant species and has therefore been highly biochemically and genetically characterised, however the small size of seedlings prevented sectioning and therefore it was difficult to target and pierce single cells without fracturing the sampling capillary. Three technical replicates were originally sampled from the two plant species for each pharmaceutical treatment, however due to capillary fracture fewer samples were analysed. The successfully analysed replicates are summarised in table 3.3. A capillary loaded with nanospray solvent (15 µL, 1:1 (v:v) acetonitrile: H2O, 0.1% formic acid) was also analysed in order to provide a comparison of nanospray efficiency in the absence of plant cell material.
[bookmark: _Toc59633294][bookmark: _Toc59633646]Table 3.3: Number of replicates analysed of the total number of sampled replicates per pharmaceutical treatment condition and plant species.
	
	Replicates analysed per plant species

	Pharmaceutical treatment
	Mung Bean
	Arabidopsis

	Levetiracetam
	1/3 replicates analysed
	1/3 replicates analysed

	Metronidazole
	2/3 replicates analysed
	1/3 replicates analysed





[bookmark: _Toc68085938]3.4.1 Levetiracetam
In the data recorded from the mung bean cell contents, a signal was observed at m/z 171.1131 that would correspond with protonated levetiracetam, [M+H]+, with a mass accuracy of < 2 ppm and a signal intensity of 1.24e4 counts (background estimated at 1.7e2 counts) (figure 3.13). Isotopic clusters were well aligned with theoretical isotopic distributions. In the derived extracted ion plot for protonated levetiracetam (m/z range 171.11 – 171.12), signals were visible throughout the spray period, with mass accuracies of <2.5 ppm throughout and similar signal intensities to those seen in the averaged nanospray spectrum. There was also a signal that would correspond in m/z with potassiated levetiracetam, [M+K]+, with a mass accuracy of <1 ppm; however, this was not discernible from background signal intensity. No signal was observed at the calculated m/z value of sodiated levetiracetam.
There were no observed signals that corresponded in m/z with protonated, potassiated or sodiated levetiracetam in the arabidopsis cell sample (figure 3.14). Similarly, no signals were observed in the extracted ion plot that corresponded in m/z with protonated levetiracetam. Signals were only recorded at 4 time points in the m/z range 171.11 - 171.12 in the extracted ion plot, for which the mass accuracies were between 10 and 36 ppm, and thus, are unlikely to represent protonated levetiracetam.
[bookmark: _Toc68085939]3.4.2 Levetiracetam metabolite
L057 is the primary, inactive metabolite of levetiracetam, formed by hydrolysis of the acetamide group. In the mung bean sample, signals were observed at m/z 172.0971 that would correspond in m/z with protonated L057 [M+H]+, with a mass accuracy of <2 ppm and signal intensities of 1.13e4 counts (background estimated at 4.88e2 counts) (figure 3.15i). Isotopic clusters were well aligned with theoretical isotopic distributions. Corresponding signals were observed throughout the extracted ion plot generated for protonated L057 (m/z range 172.09-173.00), with mass accuracies consistently <2 ppm and signal intensities consistent with that seen in the averaged nanospray spectrum. 
Signals corresponding in m/z with protonated L057 [M+H]+, were also observed in the arabidopsis sample, at m/z 172.0967, with a mass accuracy of <1 ppm (figure 3.15ii). Average signal intensity (6.44e3 counts) was discernible from estimated background signal (4.88e2 counts) and remained relatively constant at all indicated time points in the extracted ion plot (m/z range 172.09-173.00), where mass accuracies were consistently <1 ppm. Isotopic clusters were acceptably aligned with theoretical isotopic distributions for the first isotopic cluster, [M+1].
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[bookmark: _Toc59633647][bookmark: _Hlk59287731]Figure 3.13: (A) Positive ion mode nanospray spectrum for the sampled mung bean cell, showing recorded signals in the m/z region for protonated levetiracetam [M + H]+ with a nominal mass of 171. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for  protonated levetiracetam. (B) Extracted ion plot generated for protonated levetiracetam (m/z range 171.11-171.12), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated levetiracetam at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated levetiracetam.
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[bookmark: _Toc59633648]Figure 3.14: (A) Positive ion mode nanospray spectrum for the sampled arabidopsis cell, showing recorded signals in the m/z region for protonated levetiracetam [M + H]+ with a nominal mass of 171. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for  protonated levetiracetam. (B) Extracted ion plot generated for protonated levetiracetam (m/z range 171.11-171.12), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated levetiracetam at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated levetiracetam.

Mass accuracy = n/a




Theoretical isotopic distribution
Positive ion mode nanospray spectrum:
Extracted ion plot:                                                        m/z range = 172.09 – 172.10
Spray time = 8.41 mins
Mass accuracy = <2 ppm 
(A)
(B)
(C)
(E)
(D)
(F)
Mass accuracy = < 2 ppm
Spray time = 8.93 mins
Mass accuracy = <2 ppm 
Spray time = 9.72 mins
Mass accuracy = <2 ppm 
Spray time = 11.00 mins
Mass accuracy = <2 ppm 
(i) Analyte: L057 [C8H13NO3+ H]+                                                        Cultivar: Mung bean
Theoretical isotopic peak
Theoretical isotopic peak
Theoretical isotopic peak
Theoretical isotopic peak
Positive ion mode nanospray spectrum:
Extracted ion plot:                                                         m/z range = 172.09 – 172.10
Spray time = 4.44 mins
Mass accuracy = <1 ppm
(A)
(B)
(C)
(E)
(D)
(F)
Theoretical isotopic peak
Mass accuracy = < 1 ppm
Spray time = 5.46 mins
Mass accuracy = <1 ppm
Spray time = 7.21 mins
Mass accuracy = <1 ppm
Spray time = 9.24 mins
Mass accuracy = <1 ppm
(ii) Analyte: L057 [C8H13NO3+ H]+                                                      Cultivar: Arabidopsis
Theoretical isotopic peak
Theoretical isotopic peak
Theoretical isotopic peak
Theoretical isotopic distribution
[bookmark: _Toc59633649]Figure 3.15: Recorded data for (i) mung bean and (ii) arabidopsis samples for the theoretical m/z value for protonated L057  (A) Positive ion mode nanospray spectrum, showing recorded signals in the m/z region for protonated L057  [M + H]+ with a nominal mass of 172. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated L057. (B) Extracted ion plot generated for protonated levetiracetam (m/z range 172.09 - 172.10), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated L057 at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated L057.

[bookmark: _Toc68085940]3.4.3 Metronidazole
Of the two technical replicates of the sampled mung bean cells, both displayed signals consistent in m/z with protonated metronidazole, with a nominal mass of 172. In the first replicate, a signal at m/z 172.0719 corresponded in m/z with protonated metronidazole, [M+H]+, with a mass accuracy of <1.5 ppm and a signal intensity of 9.37e7 counts (background estimated at 1.57e4 counts) (figure 3.16). The extracted ion plot generated for the m/z range relevant to protonated metronidazole (m/z range 172.07 – 172.08), indicated that there were corresponding signals at multiple time points throughout the nanospray period, with mass accuracies of <1.5 ppm and at intensities distinguishable from background estimates of signal intensity. Isotopic clusters were well aligned with theoretical isotopic distributions. In this sample, a signal corresponding in m/z with potassiated metronidazole, [M+K]+, was observed at m/z 210.0179 with a mass accuracy of <2 ppm and a signal intensity of 6.12e3 counts (background estimated at <1.0e1 counts). A signal consistent with sodiated metronidazole, [M+Na]+, was also observed at m/z 194.0539 with a mass accuracy of <2 ppm and signal intensity of 3.05e4 counts (background estimated at 6.86e1 counts). 
In the second mung bean replicate, a signal consistent in m/z with protonated metronidazole was detected at m/z 172.0721, with a mass accuracy of <2.5 ppm.  However, the average signal intensity of 1.42e4 counts was below observed background signal intensity (background estimated at 1.57e4 counts) (figure 3.17). Isotopic clusters were well aligned with theoretical isotopic distributions. The corresponding extracted ion plot (m/z range 172.07 – 172.08) indicated signals corresponding with the theoretical m/z value for protonated metronidazole occurred at multiple time points throughout the nanospray period, displaying signals with mass accuracies of between <1 and <5 ppm at a range of signal intensities, from 1.11e3 – 6.85e6 counts. No signals consistent in m/z with potassiated or sodiated metronidazole in the second mung bean replicate were detected at intensities discernible from background signal.
Signals consistent in m/z with protonated metronidazole were also detected in the arabidopsis cell sample. A signal with an m/z value of 172.0718 was observed in the averaged nanospray spectrum, with a mass accuracy of <1 ppm and an average intensity of 1.35e4 counts (again not discernible from background signal estimated at 1.57e4 counts) (figure 3.18). At the time points indicated by the extracted ion plot (m/z range 172.07 – 172.08), signal intensity was much higher, ranging from 2.51e6 – 4.06e6 counts, with mass accuracies of <1 ppm. Alignment of isotopic clusters with theoretical isotopic distributions was acceptable for the first cluster, [M+1], however no signal was present for [M+2].

Analyte: Metronidazole [C6H9N3O3 + H]+                                                                Cultivar: Mung Bean (replicate 1)
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[bookmark: _Toc59633650]Figure 3.16: (A) Positive ion mode nanospray spectrum for a sampled mung bean cell, showing recorded signals in the m/z region for protonated metronidazole [M + H]+ with a nominal mass of 172. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated metronidazole. (B) Extracted ion plot generated for protonated metronidazole (m/z range 172.07 – 172.08), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated metronidazole at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated metronidazole. 
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[bookmark: _Toc59633651]Figure 3.17: (A) Positive ion mode nanospray spectrum for a sampled mung bean cell, showing recorded signals in the m/z region for protonated metronidazole [M + H]+ with a nominal mass of 172. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated metronidazole. (B) Extracted ion plot generated for protonated metronidazole (m/z range 172.07 – 172.08), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated metronidazole at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated metronidazole.
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Analyte: Metronidazole [C6H9N3O3 + H]+                                                                                       Cultivar: Arabidopsis 
Theoretical isotopic distribution
Positive ion mode nanospray spectrum:
Extracted ion plot:                                                                                                        m/z range = 172.07 - 172.08
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[bookmark: _Toc59633652]Figure 3.18: (A) Positive ion mode nanospray spectrum for a sampled arabidopsis cell, showing recorded signals in the m/z region for protonated metronidazole [M + H]+ with a nominal mass of 172. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated metronidazole. (B) Extracted ion plot generated for protonated metronidazole (m/z range 172.07 – 172.08), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated metronidazole at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated metronidazole.
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[bookmark: _Toc68085941]3.4.4 Metronidazole metabolites
(1) 2-hydroxymetronidazole
No discernible signals corresponded in m/z with protonated 2-hydroxymetronidazole, [M+H]+, in either mung bean or arabidopsis cell samples (figures 3.19-3.21). The closest signals to the expected accurate m/z signal at each of the indicated time points derived from extracted ion plots gave mass accuracies of 10 – 30 ppm. 
In both mung bean samples, signals corresponding in m/z with potassiated 2-hydroxymetronidazole, [M+K]+, were observed, with mass accuracies of <1.5 ppm and <1 ppm and average signal intensities of 1.21e3 and 1.10e1 counts, respectively. Signals corresponding in m/z with sodiated 2-hydroxymetronidazole, [M+Na]+, were visible in one of the mung bean samples, with a signal intensity of 9.91e2 counts and a mass accuracy of <1 ppm. These were discernible from estimated background intensities of <0.1e1 counts.





Analyte: Metronidazole metabolite (2-hydroxymetronidazole) [C6H9N3O4 +H]+                                                                 Cultivar: Mung bean (replicate 1)
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[bookmark: _Toc59633653]Figure 3.19: (A) Positive ion mode nanospray spectrum for a sampled mung bean cell, showing recorded signals in the m/z region for protonated 2-hydroxymetronidazole [M + H]+ with a nominal mass of 188. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated 2-hydroxymetronidazole. (B) Extracted ion plot generated for protonated 2-hydroxymetronidazole (m/z range 188.06 – 188.07), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated 2-hydroxymetronidazole at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated 2-hydroxymetronidazole.
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[bookmark: _Toc59633654]Figure 3.20: (A) Positive ion mode nanospray spectrum for a sampled mung bean cell, showing recorded signals in the m/z region for protonated 2-hydroxymetronidazole [M + H]+ with a nominal mass of 188. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated 2-hydroxymetronidazole. (B) Extracted ion plot generated for protonated 2-hydroxymetronidazole (m/z range 188.06 – 188.07), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated 2-hydroxymetronidazole at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated 2-hydroxymetronidazole.
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[bookmark: _Hlk55589486][bookmark: _Hlk55589487][bookmark: _Hlk55589488][bookmark: _Hlk55589489]Analyte: Metronidazole metabolite (2-hydroxymetronidazole) [C6H9N3O4 +H]+                                                                 Cultivar: Mung bean (replicate 2)
Extracted ion plot:                                                                                                     m/z range = 188.06 - 188.07
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Analyte: Metronidazole metabolite (2-hydroxymetronidazole) [C6H9N3O4 +H]+                                                                 Cultivar: Arabidopsis
Positive ion mode nanospray spectrum:
Extracted ion plot:                                                                                                     m/z range = 188.06 - 188.07
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[bookmark: _Toc59633655]Figure 3.21: (A) Positive ion mode nanospray spectrum for a sampled arabidopsis cell, showing recorded signals in the m/z region for protonated 2-hydroxymetronidazole [M + H]+ with a nominal mass of 188. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated 2-hydroxymetronidazole. (B) Extracted ion plot generated for protonated 2-hydroxymetronidazole (m/z range 188.06 – 188.07), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated 2-hydroxymetronidazole at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated 2-hydroxymetronidazole.
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(1) 2- methyl-5-nitroimidazole
Signals corresponding in m/z with the protonated degradant of parent metronidazole, 2- methyl-5-nitroimidazole, [M+H]+, were detected in all metronidazole-treated samples (figures 3.22-3.24).  A signal was observed in mung bean replicate 1 corresponding in m/z with protonated 2- methyl-5-nitroimidazole, with an m/z value of 128.0459. Mass accuracies varied from < 3.5 ppm (above identification criteria threshold) to < 2.5 ppm, however signal intensities were not discernible from estimated background intensity (1.98e3 and 1.91e3 counts, respectively) (figure 3.22). Isotopic clusters were well aligned with theoretical isotopic distributions. Signals derived from the time points indicated by the extracted ion plot (m/z range 128.04 - 128.05) gave mass accuracies of <2.5 – 3.5 ppm relative to the theoretical m/z value for protonated 2- methyl-5-nitroimidazole, with higher signal intensities of 1.01e5 – 4.29e5 counts. 
A signal corresponding in m/z with protonated 2- methyl-5-nitroimidazole, [M+H]+, was also observed in the second mung bean replicate, with an m/z value of 128.0458, a mass accuracy of <2.5 ppm and an average signal intensity of 1.23e7 counts (background estimated at 1.91e3 counts) (figure 3.23). This was also observed in the mass spectra of the time points indicated by the generated extracted ion plot (m/z range 128.04 - 128.05), displaying signals with mass accuracies of <1 – 2.5 ppm and signal intensities of 5.34e2 – 9.57e7 counts. The alignment of isotopic clusters with theoretical isotopic distributions was variable.
A signal was visible in the data for the arabidopsis cell sample, that corresponded in m/z with protonated 2- methyl-5-nitroimidazole, [M+H]+, with a mass accuracy of <2 ppm and average signal intensity of 1.81e3 counts (not discernible from background estimated at 1.91e3 counts) (figure 3.24). The alignment of isotopic clusters with theoretical isotopic distributions was variable. Two time points derived from the extracted ion plot (m/z range 128.04 - 128.05) displayed likely signals corresponding with the theoretical m/z value of protonated 2- methyl-5-nitroimidazole, with mass accuracies of between <1 and <2 ppm at spray times 1.96 and 2.12 mins respectively. Signal intensities were distinct from estimated background signal with intensities of 3.21e5 and 6.29e5 counts at each respective time point.
Signals corresponding in m/z with potassiated, [M+K]+, and sodiated, [M+Na]+, 2- methyl-5-nitroimidazole could not be distinguished from background signal intensity in any of the samples.
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[bookmark: _Hlk55729978]Analyte: Metronidazole degradant (2- Methyl-5-nitroimidazole) [C4H5N3O2 + H]+   
Cultivar: Mung bean (replicate 1) 
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[bookmark: _Toc59633656]Figure 3.22: (A) Positive ion mode nanospray spectrum for a sampled mung bean cell, showing recorded signals in the m/z region for protonated 2- Methyl-5-nitroimidazole  [M + H]+ with a nominal mass of 128. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated 2- Methyl-5-nitroimidazole. (B) Extracted ion plot generated for protonated 2- Methyl-5-nitroimidazole (m/z range 128.04 – 128.05), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated 2- Methyl-5-nitroimidazole  at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated 2- Methyl-5-nitroimidazole .
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[bookmark: _Toc59633657]Figure 3.23: (A) Positive ion mode nanospray spectrum for a sampled mung bean cell, showing recorded signals in the m/z region for protonated 2- Methyl-5-nitroimidazole  [M + H]+ with a nominal mass of 128. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated 2- Methyl-5-nitroimidazole. (B) Extracted ion plot generated for protonated 2- Methyl-5-nitroimidazole (m/z range 128.04 – 128.05), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated 2- Methyl-5-nitroimidazole  at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated 2- Methyl-5-nitroimidazole .
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[bookmark: _Toc59633658]Figure 3.24: (A) Positive ion mode nanospray spectrum for a sampled arabidopsis cell, showing recorded signals in the m/z region for protonated 2- Methyl-5-nitroimidazole  [M + H]+ with a nominal mass of 128. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated 2- Methyl-5-nitroimidazole. (B) Extracted ion plot generated for protonated 2- Methyl-5-nitroimidazole (m/z range 128.04 – 128.05), displaying the time points at which there is a signal within this m/z range. (C)– (F) Positive ion nanospray spectra displaying signals corresponding with the m/z value for protonated 2- Methyl-5-nitroimidazole  at example time points derived from the extracted ion plot. Displayed against the theoretical isotopic distribution of protonated 2- Methyl-5-nitroimidazole .
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[bookmark: _Toc68085942]3.4.5 Summary of results
In summary, protonated levetiracetam was detected in the analysed mung bean cell sample. Protonated levetiracetam metabolite L057, was also identified in the contents of both mung bean and arabidopsis cells. In all cases, mass accuracies were below the reported mass calibration threshold (<2.5 ppm). All signal intensities were also discernible from estimated background intensities and isotopic distributions were well aligned with corresponding theoretical simulations of isotopic distribution. However, isotopic clusters were not well aligned with theoretical isotopic distributions of L057 in the arabidopsis cell sample.
Metronidazole in its parent form could be identified in one mung bean replicate. The low mass accuracy of signals (< 2.5 ppm) and intensities above those of estimated background, meet the identification criteria, and these signals are therefore very likely to correspond with metronidazole. Corresponding signals were also detected in the second mung bean replicate and the arabidopsis cell sample. The low mass accuracies of these signals in both samples (< 2.5 ppm and < 1 ppm, respectively) would suggest that these signals are likely to correspond with metronidazole, however signal intensities were not discernible from estimated background intensity. Low mass accuracies (<1.5 ppm) and signal intensities above estimated background signal were observed for signals corresponding with potassiated and sodiated 2-hydroxymetronidazole in both mung bean cell replicates, suggesting that this metabolite was also detected in the analysed plant cell contents. Protonated  2-methyl-5-nitromidazole was also detected in mung bean cell replicates, meeting the identification criteria, displaying visible signals at intensities above background intensity and with mass accuracies of < 2.5 ppm. 




[bookmark: _Toc68085943]3.5 Discussion
The results of this proof of concept study demonstrate that, using the presented method, the parent compounds and transformation products of the studied pharmaceuticals, levetiracetam and metronidazole, can be detected in contents of single plant cells (results summarised in table 3.4). 
[bookmark: _Toc59633307][bookmark: _Toc59633659] Table 3.4 Summary of results, showing the samples in which there is a signal consistent with the theoretical m/z value of each target analyte with charge bearing species, [M+H]+, [M+K]+ and [M+Na]+ . 
	Target analyte
	Levetiracetam treated samples
	Metronidazole treated samples

	
	Mung Bean
	Arabidopsis
	Mung Bean 1
	Mung Bean 2
	Arabidopsis

	
	H+
	K+
	Na+
	H+
	K+
	Na+
	H+
	K+
	Na+
	H+
	K+
	Na+
	H+
	K+
	Na+

	Levetiracetam

	
	
	
	
	
	
	

	L057

	
	
	
	
	
	
	

	Metronidazole

	
	
	
	
	
	
	
	
	
	

	2-hydroxymetronidazole
	
	
	
	
	
	
	
	
	
	

	2- methyl-5-nitroimidazole
	
	
	
	
	
	
	
	
	
	



	Key:

	 
	Signal present (meets criteria for identification).

	 
	Significant peak with mass accuracy <3 ppm but signal intensity not discernible from estimated background intensity.

	 
	No signal present that meets criteria.






The primary aim, to develop a method through which pharmaceutical parent compounds and associated transformation products can be successfully detected in the sampled contents of single plant cells, has therefore been met. These findings are significant as, for the first time, it has been shown that exogenously applied xenobiotics can accumulate in single cells in concentrations high enough to be detected in < 2 µL sample volumes. Even at this initial stage of investigation, the application of this technique has also identified several transformation products within the samples. From this, it can be inferred that, following uptake of levetiracetam or metronidazole, the studied plant species are likely able to metabolise and transform parent xenobiotic compounds. The metabolism and transformation of xenobiotics following uptake in plants is not well documented in the existing literature (41,145). These initial results suggest that, when applied in this way, SCMS could provide an appropriate technique for the identification of targeted xenobiotic transformation products. By identifying the extent and type of xenobiotic transformation occurring within plants, subsequent work could lead to determination of key detoxification pathways influencing the ultimate chemical fate of pharmaceutical compounds. Accurate description of the form and the chemical state of pharmaceutical compounds in plants, is essential in informing subsequent risk assessments associated with pharmaceutical accumulation in crops irrigated with wastewater.
A number of points became apparent in the sampling and analysis of single cell contents that will be relevant in the process of optimisation of this method. 
In the process of sampling, there was a significant difference in the ease of cell sampling between arabidopsis and mung bean. Although use of arabidopsis provides a significant advantage through being an extensively studied, model plant species that has been comprehensively biochemically and genetically characterised, sampling of single cells proved extremely difficult. Due to the small size of the seedlings, cells dehydrated almost immediately on transfer to the microscope slide. It was thus necessary to work extremely quickly to sample the single cell contents before dehydration; however, both the targeted root hair cells and the seedlings themselves moved on contact with the capillary, regularly resulting in capillary breakage and thus, sample loss. By comparison, the target cells of the mung bean were notably larger and were set in a cross section of seedling stem with a smaller surface area to volume ratio than that of arabidopsis, meaning cells remained hydrated for longer. Movement of cross sections on contact with the capillary was minimal, providing the stability necessary to target and pierce a single cell with accuracy (without rupturing surrounding cells). The use of mung bean seedlings is therefore preferable and is also more appropriate to this project as it is a popular edible crop. 
The use of uncoated borosilicate capillaries proved advantageous in terms of their transparency, the fine taper that can be achieved and their direct transfer for use as nanospray emitters, however the capillary tips are extremely fragile. Tips commonly broke in the process of cell sampling and storage, resulting in partial or total loss of the single cell sample. Due to the sampling approach, the sampled plant cell contents remain in the tip which is the most fragile part of the capillary. Capillary tip fracture resulted in total loss of over 50% of the samples collected in this study, meaning that relatively few replicates were available for analysis. It is therefore necessary to have a relatively large number of replicates to account for this potential loss in samples so that, where possible, at least three replicates are still available for comparison after losses.
During direct nanospray of samples into the mass spectrometer, the intensity and period of spray varied between samples (figure 3.25). For some samples, such as the acetonitrile solvent (no plant cell contents) and blank mung bean replicate 2, the intensity of spray was relatively high and consistent across the spray period. For others, such as the arabidopsis and mung bean (replicate 1) samples  treated with metronidazole, the spray was intermittent and resulted in a limited number of spikes in ion intensity. This discrepancy in signal stability was caused by difficulty in inducing spray as a result of the sampled plant cell contents forming a plug in the tip of the capillary. Similarly, variation in the shape of the very tip of each capillary (and therefore the space through which analyte solution could be sprayed from the capillary), resulted in variation signal stability and the sample flow rate. Each nanospray period was sustained until the capillary ran dry, although spray instability is likely to have resulted in increased noise in the recorded ion plot. It is therefore advantageous to achieve a stable spray throughout the nanospray period, in order to create optimum conditions from which likely low concentrations of xenobiotic compounds can be discerned from background signals (169).
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[bookmark: _Toc59633660]Figure 3.25: Intensity of nanospray signal throughout the spray time for each sample.














These factors are of significance as each could influence the signal intensity of target xenobiotics relative to background in recorded data by altering the volumes of cell contents that contribute usable data. On review of the recorded data, it becomes apparent that signal intensity of identified xenobiotic compounds varies across samples. For example, in mung bean cell replicates, the intensity of the signals corresponding with protonated metronidazole, [M+H]+, varied across 3 orders of magnitude (9.37e7 and 1.42e4 counts respectively, with background intensity estimated at 1.57e4 counts). To some degree, this could reflect natural heterogeneity within plant species populations and rates of plant growth, resulting in variable uptake, transformation and translocation of xenobiotics and differences in cell volumes. However, each of the factors mentioned could also be playing a role. This is of significance when considering the limited sample volumes available in single cells. Xenobiotic concentrations are predicted to be low and therefore close to the limits of mass spectrometric detection, even using an Orbitrap mass spectrometer. If any of the sample volume is lost (through capillary breakage or ineffective/inconsistent nanospray injection) this could result in signals corresponding with the m/z values of target xenobiotic compounds being below instrumental limits of detection, or not discernible from estimates of background signal intensity. This could have significant impacts on the reproducibility of results across replicates. For example, in the results of this study, signals corresponding with the m/z value of protonated metronidazole were visible at intensities above background intensity in mung bean (replicate 1), but below estimated background intensity in mung bean (replicate 2) and arabidopsis, with acceptable mass accuracies of < 3 ppm. As such, if these signals were discernible from background, the percentage rate of detection of signals corresponding with protonated metronidazole, that meet the criteria for identification, would theoretically be brought up from 33% to 100%. 
In summary, during the application of this method, a number of opportunities for optimisation came to light that are relevant for the analysis of these necessarily very small sample volumes containing low concentrations of target analytes:
1) To minimise the chances of capillary fracture and thus sample loss, and to maximise sample volumes, sampling of larger mung bean cells provided a more suitable target than arabidopsis root hair cells.
2) A larger number of replicates is required to account for some degree of sample loss due to the fragility of the sampling capillaries.
3) Stable and efficient nanospray is required in order to maximise the chances of detecting signals of target analytes that are close to the instrumental limits of detection and that are discernible from background intensities.. 
For subsequent application of this method it is therefore recommended that cell contents are sampled from mung bean seedlings instead of arabidopsis, and that seedlings are exposed to xenobiotic dosing solutions for longer periods of time to provide increased opportunity for uptake and thus increase the chance of signal intensities being above the instrumental limits of detection. Similarly, it is recommended that a larger number of replicates is taken so that, in the event of capillary fracture, enough replicates remain to facilitate identification of false positives. 

























[bookmark: _Toc68085944]3.6 Conclusion
This proof of concept study has demonstrated that this novel combination of approaches can successfully be used to detect exogenously applied xenobiotics in the nanospray spectra of the contents of single plant cells. Both target analytes, levetiracetam and metronidazole, and various transformation products were detected in the contents of sampled single cells from both mung bean and arabidopsis seedlings exposed to saturated solutions of pharmaceuticals in hydroponic cultures. The presented results suggest that plants are able to take up xenobiotic compounds from the growth medium and transport them into cells within the plant. Compounds accumulated in concentrations high enough to be detected in the small sample volumes of the contents of a single cell. Further investigation into whether xenobiotic transformation is occurring before or after plant uptake and how exposure time impacts detection would help build on the presented results. However, these results provide a reassuring proof of concept, which suggests that this method offers a suitable technique for investigating the xenobiotic contents of single plant cells. When applied alongside the recommendations for optimisation, this method could be used to investigate the uptake, transport and transformation of other priority pharmaceutical compounds in single plant cells. As such, this could help to identify likely transformation products in plants, thus helping to accurately describe the chemical fate of pharmaceutical compounds in plants, determine detoxification pathways, and predict the extent of human exposure to potentially bioactive compounds via the food chain.










[bookmark: _Toc68085945]Chapter 4: Application of single cell mass spectrometry for investigating the uptake of antibiotics in mung bean
[bookmark: _Toc68085946]4.1 Introduction
[bookmark: _Toc68085947]4.1.1 Antibiotics in the environment
Antibiotics are widely prescribed for the treatment of infectious diseases in humans and animals. Between 2000 and 2015, consumption of antibiotic medications increased by 65% in 76 countries across the globe (170). By 2030, predictions suggest that global antibiotic consumption will be 200%  higher than in 2015 (170).With such high rates of consumption, variable rates of human excretion (approx. 30 – 90 %) and inefficient  WWTP removal, antibiotic compounds are increasingly being detecting in environmental settings (52). Concentrations of up to 0.94 µg/L (azithromycin) have been observed in treated wastewater effluents, with concentrations of up to 1.9 µg/L (sulfamethoxazole) detected in surface waters (79,171). Antibiotic residues, in their parent form and as transformation products, have also been detected in agricultural soils following irrigation with reclaimed wastewater and where amended with biosolids and manure as fertiliser. In soils, antibiotic residues are typically detected in ng/kg – mg/kg concentrations, with tetracyclines, sulphonamides and fluoroquinolones generally detected in the highest concentrations (29). The soil concentration of each compound varies depending on exposure concentration and the type and extent of compound transformation and degradation. Similarly, the persistence of antibiotic compounds varies with half-lives ranging from  < 1 to 3466 days, influenced by soil characteristics, antibiotic physicochemical properties and climatic factors (28,29,40,52,172). Fluoroquinolone, macrolide and tetracycline antibiotics are characterised as having high environmental half-lives and are therefore thought to have high levels of persistence compared with compounds in other antibiotic classes (29).
With such diversity in compound behaviour, studies have observed diversity in uptake and accumulation of antibiotic residues from soils and hydroponic solutions in several common crop species following exposure to both environmentally relevant and artificially high concentrations of antibiotic compounds, when delivered both as discrete antibiotic solutions or as pharmaceutical mixtures. Investigation of uptake and accumulation has predominantly focussed on uptake over single growth cycles in ephemeral, edible crops, including cereals (rice, maize, barley and oat), vegetables (pak choi, lettuce, cabbage, carrot, rocket, pinto beans) and salad fruits (tomatoes and cucumber) (28,33,42–45,34–41). The mechanisms of uptake, extent of accumulation, and potential for translocation of antibiotic compounds in plant tissues is highly dependent on compound specific physicochemical properties as well as physiological differences in exposed plant species. Studies have typically examined the accumulation of antibiotic compounds in below ground (roots) and above ground (shoots) portions, with a few studies examining root, shoot, stem, leaf and fruit tissues. Reported tissue concentrations range from undetected to low µg/kg. 
In order to provide insight into plant uptake at environmentally relevant concentrations, irrigation with actual reclaimed wastewater has been applied in uptake studies. Proficient uptake of antibiotics at environmentally relevant concentrations and in numerous edible plant species has been observed, with accumulation in plant tissues of trimethoprim (in tomato fruits), sulfamethoxazole (in tomato fruits and wheat grain), ciprofloxacin (in cabbage and carrot) and ofloxacin (in wheat grain) in concentrations of 0.6 – 12 µg/kg (34,36,37). 
Reports have also documented variability in uptake efficiency between plant species at both environmentally relevant concentrations of pharmaceuticals delivered via irrigation with reclaimed wastewater and irrigation with antibiotic-spiked irrigation waters. For example, an uptake study found that only 1 of the 6 plant species irrigated with reclaimed wastewater had accumulated detectable concentrations of macrolide antibiotics (35). In this study, azithromycin and clarithromycin were detected in the roots of bermuda grass (common livestock feed) at concentrations of 90 and 135 µg/kg respectively; however, concentrations in other studied plant species were below limits of detection (35). Sub-species level differences in uptake have also been observed between 2 cultivars of lettuce and 12 cultivars of Pak choi (51,53). In the most recent study, uptake of 5 antibiotics was compared in 12 different cultivars of Pak choi grown in low-dose antibiotic-contaminated soils (53). Results showed significant variation in uptake dependant on both the antibiotic compound applied and the studied cultivar, with concentrations in the edible portion of the plants ranging from 1.46 – 4.26 µg/kg in the different cultivars (53).
Accumulation of antibiotic compounds in various plant tissues has revealed differential patterns in root, shoot, stem, leaf and fruit concentrations. A study comparing the uptake of multiple antibiotic compounds described this variation in accumulation site, demonstrating uptake of enrofloxacin in all organs of red cabbage plants, but in different concentrations. Fresh weight concentrations of up to 16.9 µg/kg were recorded in the edible inner leaves and lower concentrations of approximately 10 µg/kg in the roots and outer leaves (38). In the same study, chlortetracycline primarily accumulated in red cabbage roots at significantly higher fresh weight concentrations (215 µg/kg) following uptake from antibiotic-spiked soils (38). 
Uptake has also been shown to impact plant growth and health. Tetracyclines and sulfonimines have been shown to inhibit germination of oat, rice and cucumber plants,  with sulfonimine exposure resulting in a significant reduction in seedling height and root length in rice plants (39). In a further study, exposure to tetracycline and chlortetracycline resulted in stunted growth in pinto beans, and triggered the release of plant stress proteins (glutathione-S-transferases and peroxidases) in maize plants (44). A similar response to tetracycline exposure has also been observed in the model plant species, Iberis sempervirens L., where exposure resulted in reduced plant growth, development and photosynthetic activity, and an increase in the concentration of enzyme antioxidant agents and antiradical secondary metabolites, indicative of oxidative stress (54).
Antibiotic exposure to humans via the food chain is expected to occur in concentrations below acceptable daily intake, however, relatively few studies investigate the contribution of antibiotic metabolites and transformation products to long term involuntary exposure and possible associated impacts on human health (60). A recent study investigating the transformation of macrolide antibiotics during wastewater treatment suggested that transformation products contributed significantly to total macrolide concentrations, with transformation products of azithromycin making up approximately 25% of total concentrations of azithromycin related compounds in treated wastewater (173). Transformation products derived from clarithromycin were found to increase by 20% following wastewater treatment, suggesting these compounds may exist in noteworthy concentrations and could therefore be taken up by plants during wastewater irrigation (173). Very few studies screen for metabolites and transformation products in plants, however, recent studies have observed integral metabolism and transformation of antibiotic compounds in lettuce, cucumber seedlings and arabidopsis plants (33,68). Extensive transformation of sulfadiazine and clarithromycin was observed in the roots and leaves of lettuce plants grown in hydroponic solutions (33). Eight metabolites of clarithromycin and 2 metabolites of sulfadiazine were detected, with metabolites accounting for > 70 % and < 12 %  of the total clarithromycin and sulfadiazine taken up respectively (33). Many of these transformation products were phase II metabolites which, despite generally displaying lower toxicity, are vulnerable to conversion back into parent compounds and more active phase I metabolites (33). Similar levels of transformation were observed in arabidopsis and cucumber seedlings following uptake of sulfamethoxazole, in which 6 phase I and II metabolites were identified (68). In these studies, detoxification of parent and phase I xenobiotic compounds was observed via amino acid conjugation with cladinose, glutathione and leucine (33,68). The metabolism and conjugation of pharmaceutical xenobiotics following plant uptake is an emerging, but currently lacking, area of research. Investigation into the chemical fate of antibiotic compounds in terms of likely detoxification pathways, the stability of conjugates and xenobiotic interaction is essential in determining realistic estimates of human exposure risk via the food chain. Ultimate chemical fate is likely to be highly species and compound specific. Further investigation could also help characterise any potential for xenobiotic phytoremediation.
Having provided a proof of concept for the detection of pharmaceutical compounds in single plant cells using SCMS (Chapter 3), this study aims to build on these findings using an optimised experimental design. In the previous study, an antibiotic compound, metronidazole, was readily detected in the contents of single cells sampled from mung bean seedlings exposed to metronidazole saturated solutions for 24 hours. The following study uses SCMS to investigate the uptake and transformation of a range of other commonly prescribed antibiotic compounds by sampling and analysing the contents of live, in situ single cells. In doing so, this novel approach could inform as to the ultimate chemical fate of exogenously applied antibiotic compounds following plant uptake, elucidating potential transformation and detoxification pathways operating within plants and describing the nature of human exposure via the food chain. 
[bookmark: _Toc68085948]4.1.2 Study Aims
The subsequent investigation aims to address some of the highlighted gaps in research, by investigating the uptake and transformation of 4 commonly prescribed antibiotics (metronidazole, clarithromycin, sulfadiazine and lincomycin) in the edible stem tissues of mung bean seedlings using SCMS. Each antibiotic compound represents a different antibiotic class, with varying modes of action, a range of molecular sizes and a diverse range of treatment applications (table 4.1). Existing pharmacological studies were used to identify potential target transformation products, alongside literature detailing xenobiotic metabolism in plants, where available.
The overarching aims of this study are set out below:
1. Identify and detect parent antibiotic compounds in the sampled contents of single mung bean cells.
2. Identify and detect transformation products of the studied antibiotics in the sampled contents of single mung bean cells.
3. Establish whether metabolism and transformation of detected compounds has occurred prior to or following plant uptake.

2

[bookmark: _Toc59633309][bookmark: _Toc59633661]Table 4.1 Chemical properties and characteristics of study antibiotics.
	Antibiotic
	Chemical formula
	Monoisotopic mass
	Antibiotic Class
	Mass Solubility (g/L)
	Structure

	Metronidazole
	C6H9N3O3
	171.06439
	Nitroimidazole
	0.59
	[image: ]

	Clarithromycin
	C38H69NO13
	747.47689
	Macrolide
	0.22
	[image: ]

	Lincomycin
	C18H34N2O6S
	406.21375
	Lincosamide
	29.00
	[image: ]

	Sulfadiazine



	C10H10N4O2S
	250.05244
	Sulphonamide
	0.08
	[image: ]


 

[bookmark: _Toc68085949]4.2 Method
Aspects of the experimental design have been optimised for this SCMS antibiotic study, in order to address the limitations revealed during sampling and analysis in the presented proof of concept study (Chapter 3).
[bookmark: _Toc68085950]4.2.1 Liquid culture preparation and plant treatment
In order to optimise sampling efficiency, only mung bean seedlings were used in this study. Compared with Arabidopsis, mung bean cells proved more suitable for single cell sampling due to their larger cell size and aptitude for maintaining hydration. Mung bean seedlings also had greater relevance to this project as an edible plant species. Sterile mung bean seedlings were grown and treated as previously described with the addition of a second rinse step following treatment in the dosing solution. After the initial rinse, seedlings were transferred into 10 ml clean ½ MS and incubated for 5 mins with 100 rpm agitation before transfer into a further 10 ml clean ½ MS, to act as a ‘holding solution’ to keep seedlings hydrated until sampling. This extra step was introduced to minimise carry over of the dosing solution through droplet adhesion to the seedling, which could result in contamination of cell contents by external fluid residues.
Saturation concentration dosing solutions of 100 ml volumes were prepared as per the previously outlined method (chapter 3.2.2) for the studied antibiotic compounds (summarised in table 4.2). 
[bookmark: _Toc59633310][bookmark: _Toc59633662]Table 4.2 Antibiotic compounds used and dosing solution concentrations.
	Antibiotic compound
	Chemical formula
	Dosing solution concentration
(mg/ml)

	Metronidazole
	C6H9N3O3
	6.00

	Clarithromycin
	C38H69NO13
	0.22

	Lincomycin 
	C18H34N2O6S
	4.61

	Sulfadiazine
	C10H10N4O2S
	0.09



Comparative exposure times were also introduced in this optimised study. Results in the proof of concept study left some ambiguity as to whether recorded data was representative of purely the sampled cell contents, or whether signals corresponding with the mass-to charge ratio (m/z) values of target xenobiotics had been subject to contamination by residue dosing solution on the seedling surface. A 0 h comparative exposure time point was therefore introduced to reveal the extent of dosing solution carry over through the rinsing steps, and degree of contamination from this carry over. The 0 h exposure was carried out by dunking seedlings in respective dosing solutions, with immediate removal and rinsing in ½ MS. 
Due to the exceptionally small sample volumes available in a single cell, xenobiotic concentrations in each sample are expected to be low and close to the limits of mass spectrometric detection. Therefore, a 7-day exposure time point was included, following the results of a recent study that showed uptake of clarithromycin and sulfadiazine in the roots and leaves of lettuce increased rapidly throughout the initial days of exposure before reaching a peak and remaining essentially unchanged after 6 days of exposure (33). Introduction of this 7-day time point therefore aims to maximise the chances of detecting parent compounds and transformation products in single cell contents by allowing sufficient time for antibiotic compounds to accumulate at peak concentrations. The optimised experimental set up for seedling dosing is represented schematically in figure 4.1.
[bookmark: _Toc68085951]4.2.2 Single cell and solution sampling
In order to establish whether xenobiotic transformation was occurring before or after plant uptake, conical flasks containing 10 ml of antibiotic dosing solutions, but no mung bean seedling, were prepared and treated in the same way as those containing a mung bean seedling. One millilitre of each dosing solution was aliquoted from each conical flask at each time point and flash frozen at – 80 °C in sterile Eppendorf tubes for subsequent analysis (figure 4.2). The holding solutions were also sampled and frozen using the same protocol to measure potential carryover between rinsing steps. To provide negative control ‘blank’ samples, the outlined protocol was replicated using pH-corrected ½ MS (i.e. in the absence of any pharmaceutical compound).
To increase the robustness of data interpretation, plant sample replicates were increased to 5 technical replicates (1 cell from 5 separate cross sections from one seedling per treatment). The full list of samples taken is given in table 4.3.

T = 0 h
T = 24 h
BLANK: ½ MS
Metronidazole
Clarithromycin
Lincomycin
Sulfadiazine
Exposure Time
Liquid culture condition
Fig. 2
T = 7 day
[bookmark: _Toc59633663]Figure 4.1: Experimental approach to sample set up for plant exposure and dosing for the 4 chosen antibiotics with 3 sampling time points (0 h, 24 h, 7 day).














[bookmark: _Toc59633664]Figure 4.2: Sampling points through exposure and rinsing process carried out for each antibiotic at each time interval (0 h, 24 h and 7 day).
Rinse x2
Rinse x2
½ MS holding solution
½ MS holding solution
ANTIBIOTIC
BLANK (½ MS)
Sampled
Sampled

Table 4.3 Summary of each of the samples to be taken for each antibiotic and at each time point during exposure, dosing and plant cell sampling process.
	Sample
	Description
	Comment
	Replicates

	Blank
	Plant samples
	Cellular contents with no antibiotic exposure
	Negative control
	5

	
	Liquid culture (from around plant)
	½ MS plant growth medium 
	Negative control
	3

	
	Liquid culture (no plant)
	½ MS plant growth medium
	Negative control 
	3

	
	Holding solution
	½ MS solution plant stored in until sampled after rinsing.
	Contamination carry over check
	3

	Antibiotic
	Treated plant samples
	Cellular contents from plants exposed to antibiotic dosing solution.
	Is it possible to detect parent antibiotics, metabolites and transformation products?
	5

	
	Dosing solution (from around plant)
	Antibiotic and ½ MS saturated dosing solution plant has been exposed to. 
	Identify m/z range of parent compound

Positive control
	3

	
	Dosing solution (no plant)
	Antibiotic and ½ MS saturated dosing solution with no plant exposure.
	Positive control
Identify m/z range of parent compound.
Identification of compound transformation/ degradation in the absence of plant uptake and transformation processes.
	3

	
	Holding solution
	½ MS solution plant stored in until sampled after rinsing.
	Contamination carry over check
	3



[bookmark: _Toc68085952]4.2.3 Instrumental methods
Samples were analysed via injection through direct nanospray ionisation on a Thermo Scientific Orbitrap FusionTM TribridTM mass spectrometer using the same protocol and parameters as previously described. In order to minimise the risk of instrument carryover of xenobiotic compounds, samples were analysed in order from lowest expected concentration (e.g. blank controls) to highest expected concentration (e.g. dosing solutions). Solvent blanks were run between every plant sample and between each set of solution replicates to identify instrument carryover of target analytes. For analysis of samples not containing sampled cell material, 10 µl of each dosing solution, holding solution or solvent blank along with 15 µl of nanospray solvent was introduced into the wide end of a clean sampling capillary. Protocol was then followed as previously outlined to induce injection via nanospray ionisation into an Orbitrap mass spectrometer. To provide an indication of instrument calibration, the internal calibration function, Easy-IC, was utilised throughout each sample spray period.


















[bookmark: _Toc68085953]4.2.4 Data analysis
Recorded data for each sample was viewed in the ‘Qual Browser’ application of the Thermo Xcalibur software (version 4.0.27.10), using a two-stage approach in which spectra representing the averaged signal across the spray period and extracted ion plots were generated. A list of target metabolites, degradants, fragments and conjugates was determined for each antibiotic compound from existing literature (table 4.4). The uptake and transformation of metronidazole in plants is not well documented in existing literature, and target transformation products were therefore determined from pharmacological literature investigating transformation following mammalian cell exposure (174,175). Transformation products of lincomycin have not yet been characterised in the existing literature and thus could not be screened for in this study. A recent study identifying the metabolism and transformation products associated with antibiotic uptake in lettuce was used to inform the search for transformation products of clarithromycin and sulfadiazine (33). Pharmacological literature was also used to identify possible metabolites of clarithromycin (176,177). Each target analyte was screened for with various cationised molecules in order to identify compounds in their protonated, [M+H]+, potassiated, [M+K]+, and sodiated, [M+Na]+, forms (178).
Average background signal intensity was determined from recorded data from the negative control ‘blank’ plant samples for each exposure time group. Due to inconsistencies in detection of the signal given by the Easy-IC internal calibration function, signals corresponding with the  value of common contaminant, Diisooctyl phthalate (C24H38O4, 391.2843), was used as an indicator of calibration stability (178). Diisooctyl phthalate is a plasticiser derived from laboratory equipment, which commonly occurs as a contaminant where equipment has been sterilised through autoclaving, as in this study. 
The following criteria needed to be met to justify identification of signals as the target analytes. All signals reported meet each of the following criteria, unless otherwise noted:
· Mass accuracy < 1 ppm where instrument calibration < 1 ppm. 
· Signal intensity must be above estimated background intensity. 
· Signal must appear at numerous time points in the extracted ion plot where signals must have a mass accuracy of < 1 ppm and intensity above estimated background signal intensity at each indicated time point.
· Signals forming each isotopic cluster must match up with theoretical representations of isotopic clusters for each compound.
As recorded signals are predicted to occur at intensities close to limits of detection, signals below estimated background intensity have been presented but highlighted clearly and should be interpreted with a degree of caution. Signals with mass accuracies of between 1 and < 3 ppm 
	Chemical Compound
	Chemical Formula
	Theoretical Monoisotopic Mass

	
	
	[M]
	[M + H]+
	[M + K]+
	[M + Na]+

	Metronidazole
	Metronidazole
	C6H9N3O3
	171.0638
	172.0717
	210.0275
	194.0536

	
	Hydroxymetronidazole (1-(2-hydroxyethyl)-2-hydroxymethyl-5-nitromidazole)
	C6H9N3O4
	187.0588
	188.0666
	226.0225
	210.0485

	
	2-methyl-5-nitroimidazole 
	C4H5N3O2
	127.0376
	128.0455
	166.0013
	150.0274

	Clarithromycin
	Clarithromycin
	C38H69NO13
	747.4763
	748.4842
	786.4400
	770.4661

	
	14-hydroxyclarithromycin
	C38H69NO14
	763.4713
	764.4791
	802.4350
	786.4610

	
	N-desmethylclarithromycin
	C37H67NO13
	733.4607
	734.4685
	772.4244
	756.4505

	
	Clarithromycin + O
	C38H70NO14
	764.4791
	765.4869
	803.4428
	787.4689

	
	Clarithromycin + O - 2H
	C38H68NO14
	762.4634
	763.4713
	801.4271
	785.4532

	
	Clarithromycin + CH2
	C39H72NO13
	762.4998
	763.5076
	801.4635
	785.4896

	
	Clarithromycin - CH2
	C37H68NO13
	735.4763
	735.4763
	773.4322
	757.4583

	
	Clarithromycin - Cladinose
	C30H56NO10
	590.3899
	591.3977
	629.3536
	613.3796

	
	Clarithromycin - Cladinose + O
	C30H56NO11
	606.3848
	607.3926
	645.3485
	629.3746

	
	Clarithromycin - Cladinose - CH2
	C29H54NO10
	576.3742
	577.3820
	615.3379
	599.3640

	
	Clarithromycin - Cladinose + CH2
	C31H58NO10
	604.4055
	605.4133
	643.3692
	643.3692

	Sulfadiazine
	Sulfadiazine
	C10H10N4O2S
	250.0519
	251.0597
	289.0156
	273.0417

	
	Sulfadiazine + CO
	C11H11N4O3S
	279.0546
	280.0625
	318.0183
	302.0444

	
	Sulfadiazine + C2H2O
	C12H13N4O3S
	293.0703
	294.0781
	332.0340
	316.0601

	Lincomycin
	Lincomycin
	C18H35N2O6S
	407.2210
	408.2289
	446.1847
	430.2108


have also been included to account for fluctuation in instrument calibration. 

[bookmark: _Toc59633313][bookmark: _Toc59633665]Table 4.4: Theoretical monoisotopic masses of target compounds, with various ionization species.



[bookmark: _Toc68085954]4.3 Results
All samples were analysed on an Orbitrap mass spectrometer, following single cell sampling from seedlings exposed to antibiotic saturated hydroponic solutions. The following results summarise the visible signals in mass spectra derived from each of the plant samples using the previously outlined compound identification criteria. Target compounds, [M], were screened for along with ionisation species, [M+H]+, [M+K]+ and [M+Na]+ in each plant sample. For each plant condition, 5 replicates were taken and analysed, with 3 replicates of each sampled solution (dosing solution, holding solution etc). In most cases, all 5 samples were analysed, however, in some cases only 4 replicates were analysed due to capillary fracture. Signals corresponding with the calculated m/z values of antibiotic parent compounds were screened for in the mass spectra of plant samples exposed to dosing solutions for 0 h, 24 h and 7 days. In order to maximise the chances of transformation products accumulating in detectable concentrations (above limits of detection), transformation products were only screened for in cell contents sampled from seedlings exposed to dosing solutions for 7 days.
The mass spectra and extracted ion plot for signals corresponding with the m/z value of protonated metronidazole, [M+H]+, in analysed antibiotic dosing solution (T = 0 h, with no plant exposure) give an example of how these data are determined and the necessary degree of agreement between theoretical and measured monoisotopic peaks and isotopic distributions (figure 4.3).
Detected and identified signals in plant samples were compared with corresponding holding solutions and dosing solutions. By comparing data with mass spectra of the holding solutions it is possible to identify potential cross contamination from carry over of the dosing solution despite the rinsing steps. Holding solution data was compared with signal data for parent compounds only at each sampling time. In order to identify whether formation of transformation products occurred within the plant, mass spectra from plant samples were compared with analysed dosing solutions where no plant exposure occurred throughout a 7 day period. If transformation products are present in the plant sample and not in the dosing solution, this would suggest that transformation occurred in the seedling. 




Analyte: Metronidazole [C6H9N3O3+H+
Metronidazole dosing solution (T = 0 h)
(B) Positive ion mode nanospray spectrum:
C6H9N3O3
(A) Nanospray signal across spray time:
Spray time: 0.41 mins
Mass accuracy: 0.6 ppm
Theoretical isotopic distribution
Spray time: 2.71 mins
Mass accuracy: 0.6 ppm
Spray time: 1.75 mins
Mass accuracy: 0.6 ppm
Spray time: 3.26 mins
Mass accuracy: 0 ppm
(C) Extracted ion plot with positive ion mode nanospray spectra for example time points:
Mass range: m/z 172.07 – 172.08
[bookmark: _Toc59633666]Figure 4.3 (A) Nanospray signal across the spray time. (B) Positive ion mode nanospray spectrum for the sampled dosing solution (T = 0 h, no plant exposure), showing recorded signals in the m/z region for protonated metronidazole [M+H]+ with a nominal mass of 172. The positive ion mode nanospray spectrum for the relevant spray period is displayed against the theoretical isotopic distribution of the calculated m/z value for protonated metronidazole. Inserts also show the m/z regions of each corresponding isotopic cluster against the theoretical isotopic distribution. (C) Extracted ion plot generated for protonated metronidazole (m/z range 172.07 – 172.08), displaying the time points at which there is a signal within this m/z range. (D)-(G) Positive ion nanospray spectra displaying the signals corresponding with the m/z value of protonated metronidazole at example time points derived from the extracted ion plot. Displayed against theoretical isotopic distribution of protonated metronidazole.
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[bookmark: _Toc68085955]4.3.1 Instrument mass calibration
Using diisooctyl phthalate as an indicator of instrument calibration confirmed that the instrument was well calibrated, with mass accuracies < 1 ppm in the majority of samples (table 4.5). For confident identification of target analytes, the mass accuracy of each monoisotopic peak is therefore expected to be < 1 ppm. Replicate 4 of the sulfadiazine plant samples with 7 day exposure time is the only exception to this, giving a mass accuracy of < 2.15 ppm. Due to the slight variation in mass accuracy, signals with monoisotopic peaks with mass accuracies of < 3 ppm have also been presented for each compound. 
[bookmark: _Toc59633315][bookmark: _Toc59633667]Table 4.5 Maximum and minimum calculated mass accuracy derived from the theoretical and measured m/z values of diisooctyl phthalate in analysed samples for each antibiotic treatment group.
	Exposure antibiotic
	Mass Accuracy Range (min – max, ppm)

	Metronidazole
	0.05 – 0.60

	Clarithromycin
	0.08 – 0.36

	Sulfadiazine
	0.05 – 2.15

	Lincomycin
	0.00 – 0.18

















[bookmark: _Toc68085956]4.3.2 Metronidazole
The detection of signals corresponding with the theoretical m/z value of metronidazole in its parent form varied between sampling time points and according to ionisation with the various cationised molecules (table 4.6). The highest frequency of signals visible at intensities above estimated background corresponded in m/z with metronidazole in protonated form [M+H]+.
Protonated metronidazole, [M+H]+, was increasingly detected in replicates as exposure time increased from 0 h to 7 days. In all 0 h samples, signals corresponding in m/z with protonated metronidazole, were below background signal intensities (4.15e4 counts), with mass accuracies of < 1 ppm. In the 24 h exposure plant samples, signals corresponding in m/z with protonated metronidazole were visible at intensities of 1.1e5 – 7.71e5 counts, in 3 of the 5 replicates above background intensities (1.06e5 counts). Signals below background intensity (< 1.06e5 counts) were also present in the other two 24 h exposure replicates, with calculated mass accuracies of < 1 ppm in all replicates. Corresponding signals were also detected in all replicates following 7 day metronidazole exposure, at intensities of 1.61e6 – 9.82e6 counts, above that of background signal (1.41e5 counts) and with mass accuracies of < 1 ppm. Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals.
Signals corresponding in m/z with potassiated, [M+K]+, and sodiated metronidazole were also variably detected, with mass accuracies of < 2 ppm. However, signal intensities were generally not discernible from estimated background intensity.
Screening for ionised parent compounds in the sampled holding solutions revealed that signals corresponding with metronidazole were present with varying detection frequencies (table 4.6a). Signals corresponding with protonated metronidazole were detected in holding solutions at intensities of 3.76e3-2.27e6 counts, with mass accuracies of < 1.5 ppm. In the 0 h and 24 h holding solutions, intensities were similar to background intensities and to those detecting in plant samples. In the 7 day exposure plant samples, signals corresponding with protonated metronidazole were visible at intensities discernible from background intensity and holding solution signal intensity (table 4.6a, appendix A). Relevant signals in instrument carry over tests (solvent blanks) were detected at intensities of < 5.61e3 counts, similar to estimated background intensities, with mass accuracies of < 2 ppm (appendix A).
	Metronidazole [C6H9N3O3]
	Signal detection per ionisation species

	Exposure time
	Replicate
	[M + H]+
	[M + K]+
	[M + Na]+

	T = 0 h
	1
	< 1 ppm
	
	< 2 ppm

	
	2
	0 ppm
	
	0 ppm

	
	3
	0 ppm
	
	0 ppm

	
	4
	0 ppm
	
	0 ppm

	
	5
	0 ppm
	
	0 ppm

	T = 24 h
	1
	0 ppm
	0 ppm
	0 ppm

	
	2
	< 1 ppm
	
	< 1.5 ppm

	
	3
	0 ppm
	< 2 ppm
	0 ppm

	
	4
	0 ppm
	
	

	
	5
	0 ppm
	
	

	T = 7 day
	1
	0 ppm
	0 ppm
	0 ppm

	
	2
	0 ppm
	< 0.5 ppm
	0 ppm

	
	3
	0 ppm
	< 0.5 ppm
	0 ppm

	
	4
	0 ppm
	0 ppm
	0 ppm

	
	5
	< 1 ppm
	0 ppm
	< 1 ppm


[bookmark: _Toc59633316][bookmark: _Toc59633668]Table 4.6: Summary of the detected signals corresponding with the theoretical m/z value of metronidazole ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra of cell contents sampled at 0 h, 24 h and 7 day time points. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.

	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data



Table 4.6a  Summary of the detected signals corresponding in m/z with metronidazole, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra in holding solutions sampled at 0 h, 24 h and 7 day time points. Relative intensities (counts) and mass accuracies (ppm) are quoted for each detected signal. ND = not detected.
	Metronidazole
	Target analyte with cationised molecules

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Exposure time
	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	0 hr
	1
	4.50e4
	0.00
	4.10e3
	0.48
	3.22e4
	0.00

	
	2
	1.18e5
	0.00
	ND
	ND
	ND
	ND

	
	3
	3.76e3
	0.00
	7.761
	1.43
	ND
	ND

	24 hr
	1
	2.27e6
	0.00
	ND
	ND
	1.28e1
	1.03

	
	2
	6.73e5
	0.00
	ND
	ND
	ND
	ND

	
	3
	7.40e5
	0.00
	ND
	ND
	ND
	ND

	7 day
	1
	4.20e5
	1.16
	1.32e3
	2.86
	ND
	ND

	
	2
	3.25e5
	0.00
	ND
	ND
	ND
	ND

	
	3
	5.13e5
	0.00
	ND
	ND
	ND
	ND




[bookmark: _Toc68085957]4.3.3 Metronidazole transformation products
Hydroxymetronidazole
Hydroxymetronidazole (1-(2-hydroxyethyl)-2-hydroxymethyl-5-nitromidazole) is a major active metabolite of metronidazole. Transformation products were screened for in all 7 day exposure plant samples (table 4.7). The detection of signals above estimated background intensity was highest where signals corresponded in m/z with potassiated hydroxymetronidazole, [M+K]+. Signals corresponding in m/z with potassiated hydroxymetronidazole were visible in 4 replicates, with intensities of 4.11e3 - 1.79e4 counts, above estimated background intensity (3.86e3 counts) in two of these replicates. Mass accuracies in the two metabolites with signals above background intensity were < 1 ppm, with mass accuracies of < 1.5 and 3 ppm where signals were below estimated background intensity. Signals corresponding in m/z with its protonated form, [M+H]+, were visible at intensities above estimated background in one replicate at an intensity of 4.45e5 counts. In the remaining 4 replicates, signal intensities were below estimated background intensity (< 6.50e4 counts). Signals in all replicates had mass accuracies of 0 ppm. Signals corresponding in m/z with sodiated hydroxymetronidazole, [M+Na]+, were visible in 4 of the 5 replicates, with mass accuracies of < 1 ppm, but at intensities below estimated background intensity (5.60e3 counts). Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals. Signals corresponding m/z with hydroxymetronidazole were detected in dosing solutions at intensities of < 1.65e4 counts (table 4.7a). 
2-methyl-5-nitroimidazole
The compound 2-methyl-5-nitroimidazole is a degradant of metronidazole. Signals corresponding in m/z with protonated 2-methyl-5-nitroimidazole, [M+H]+, were visible in all 5 replicates at intensities of 1.54e5 – 1.09e6 counts (above estimated background intensity of 0 counts) (table 4.7). Mass accuracy was generally < 1 ppm, with a slightly higher mass accuracy in one replicate of < 1.5 ppm. Signals corresponding in m/z with potassiated 2-methyl-5-nitroimidazole, [M+K]+, were also detected at intensities discernible from estimated background intensity in 2 replicates (mass accuracy < 1 ppm). Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals.
Signals corresponding with protonated 2-methyl-5-nitroimidazole were visible in the analysed dosing solutions at high intensities (3.82e7 – 8.02e7 counts, mass accuracy < 0.6 ppm) and potassiated 2-methyl-5-nitroimidazole at intensities of 5.67e2 counts (mass accuracy < 2.5 ppm) (table 4.7a).
	Metronidazole transformation products
	Replicates

	Target analyte
	Chemical formula
	Ionisation species
	1
	2
	3
	4
	5

	Hydroxy-metronidazole
	C6H9N3O4
	[M + H]+
	0 ppm
	0 ppm
	0 ppm
	0 ppm
	0 ppm

	
	
	[M + K]+
	< 0.5 ppm
	< 3 ppm
	< 1 ppm
	< 1 ppm
	

	
	
	[M + Na]+
	< 1 ppm
	< 0.5 ppm
	0 ppm
	< 0.5 ppm
	

	2-methyl-5-nitroimidazole 
	C4H5N3O2
	[M + H]+
	< 1 ppm
	0 ppm
	< 1 ppm
	< 1.5 ppm
	< 1ppm

	
	
	[M + K]+
	< 1 ppm
	< 2.5 ppm
	< 1 ppm
	< 1 ppm
	

	
	
	[M + Na]+
	
	
	
	
	


[bookmark: _Toc59633317][bookmark: _Toc59633669][bookmark: _Hlk58252120]Table 4.7 Summary of detected signals corresponding with transformation products of metronidazole, ionising in their protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms in plant samples subject to 7 day exposure to dosing solutions. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.

	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data







Table 4.7a  Summary of the detected signals corresponding in m/z with transformation products of metronidazole, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra in dosing solutions sampled at the 7 day time point. Relative intensities (counts) and mass accuracies (ppm) are quoted for each detected signal. ND = not detected.
	Metronidazole transformation products
	Target analyte with cationised molecules

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Compound
	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	Hydroxymetronidazole
	1
	9.15e3
	0.53
	ND
	ND
	5.53e1
	0.00

	
	2
	1.65e4
	0.53
	ND
	ND
	1.03e2
	0.00

	
	3
	4.38e2
	0.00
	ND
	ND
	ND
	ND

	2-methyl-5-nitroimidazole
	1
	5.00e7
	0.53
	5.67e2
	2.41
	ND
	ND

	
	2
	8.02e7
	0.53
	ND
	ND
	ND
	ND

	
	3
	3.82e7
	0.53
	ND
	ND
	ND
	ND























[bookmark: _Toc68085958]4.3.4 Clarithromycin
Signals corresponding in m/z with protonated, [M+H]+, potassiated, [M+K]+, and sodiated, [M+Na]+ clarithromycin were detected in samples from each of the exposure time conditions (table 4.8). Detection of signals corresponding in m/z with protonated clarithromycin , [M+H]+, increased in the replicates with increasing dosing solution exposure time.
Signals corresponding in m/z with protonated clarithromycin were visible in one replicate of the 0 h exposure plant samples, with a mass accuracy of < 1.5 ppm and an intensity of 9.88e2 counts (estimated background intensity of 0 counts). Detection of signals above estimated background intensity then increased to 3/4 replicates following 24 h exposure, with signals giving mass accuracies of < 1.5 ppm and signal intensities between 3.68e1 and 2.77e3 (above estimated background intensity of 1.12 counts). Signals corresponding in m/z with of protonated clarithromycin, [M+H]+, were visible in all cell sample replicates following 7 day exposure. Signal intensities ranged from 4.49e4 – 1.54e6 counts and were discernible from estimated background intensity (1.17e1 counts), and all mass accuracies were < 1 ppm. Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals.
A similar trend of increasing detection was observed for signals corresponding in m/z with potassiated clarithromycin. Signals corresponding in m/z with sodiated clarithromycin were detected in 4 replicates across all time points. In all cases, signal intensity was above that of estimated background and mass accuracies were consistently < 2 ppm.
Relevant signals were only detected in holding solutions of 7 day exposure in protonated form, at intensities of 2.63e5-7.72e5 counts, with mass accuracies of < 1 ppm (table 4.8a). Signals corresponding in m/z with clarithromycin were not detected in instrument carryover tests during analysis of the plant samples (solvent blank samples) (appendix A).
[bookmark: _Toc59633318][bookmark: _Toc59633670]Table 4.8 Summary of the detected signals corresponding with the theoretical m/z value of clarithromycin, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra of cell contents sampled at 0 h, 24 h and 7 day time points. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.
	Clarithromycin [C38H69NO13]
	Signal detection per ionisation species

	Exposure time
	Replicate
	[M + H]+
	[M + K]+
	[M + Na]+

	T = 0 h
	1
	
	
	

	
	2
	
	< 1 ppm
	

	
	3
	
	
	

	
	4
	< 1.5 ppm
	< 1.5 ppm
	< 1 ppm

	
	5
	
	
	

	T = 24 h
	1
	< 1.5 ppm
	
	

	
	2
	
	
	

	
	3
	< 1 ppm
	< 2 ppm
	

	
	4
	
	
	

	
	5
	< 1.5 ppm
	
	< 0.1 ppm

	T = 7 day
	1
	< 0.5 ppm
	< 1 ppm
	

	
	2
	< 0.5 ppm
	< 1.5 ppm
	

	
	3
	< 1 ppm
	< 2 ppm
	

	
	4
	< 1 ppm
	
	< 2 ppm

	
	5
	< 1 ppm
	< 0.5 ppm
	< 0.5 ppm


	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data








Table 4.8a  Summary of the detected signals corresponding in m/z with clarithromycin, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra in holding solutions sampled at 0 h, 24 h and 7 day time points. Relative intensities (counts) and mass accuracies (ppm) are quoted for each detected signal. ND = not detected.
	Clarithromycin
	Target analyte with cationised molecules

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Exposure time
	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	0 hr
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	24 hr
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	7 day
	1
	5.45e5
	0.67
	ND
	ND
	ND
	ND

	
	2
	7.72e5
	0.40
	ND
	ND
	ND
	ND

	
	3
	2.63e5
	0.94
	ND
	ND
	ND
	ND



















[bookmark: _Toc68085959]4.3.5 Clarithromycin transformation products
Of the 10 transformation products screened for, signals were detected that correspond in m/z with 8 transformation products of clarithromycin in the contents of cells sampled from seedlings exposed to dosing solutions for 7 days (table 4.9). 
14-hydroxyclarithromycin
Signals corresponding in m/z with the active metabolite 14-hydroxyclarithromycin, were preferentially detected in protonated form, [M+H]+. Corresponding signals were detected in all 5 replicates at intensities of 5.81e2 – 1.38e4 counts, and with mass accuracies of < 1.5 ppm. Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals.
Although detected at intensities above estimated background intensity, corresponding signals of comparatively high intensity (1.38e6 – 3.16e6 counts) were detected in dosing solutions (no plant exposure) with mass accuracies of < 2 ppm (table 4.9a). 
N-desmethylclarithromycin
[bookmark: _Hlk59547932]N-desmethylclarithromycin is an inactive metabolite of clarithromycin. Detected signals preferentially corresponded in m/z with N-desmethylclarithromycin in protonated form, [M+H]+. Signals corresponding with protonated N-desmethylclarithromycin were detected in all 5 plant sample replicates, at intensities of 1.82e2 – 5.60e3 counts, with mass accuracies of < 3 ppm, and < 0.5 ppm in 4 of the replicates. Signal intensities in analysed dosing solutions were considerably higher (1.09e6 – 2.34e6 counts) (table 4.9a). 
Signals corresponding in m/z with N-desmethylclarithromycin in potassiated form, [M+K]+, were visible in 3 replicates in intensities of 1.03e2 – 4.09e2 counts, with mass accuracies of < 1.5 ppm.  Signals corresponding with N-desmethylclarithromycin in sodiated form, [M+Na]+,  were visible in 1 replicate at intensities of 8.42e1 counts, with mass accuracies of < 1 ppm. Signals corresponding with the m/z values of N-desmethylclarithromycin in its potassiated, [M+K]+, and sodiated, [M+Na]+, forms were not detected in dosing solutions (table 4.9a). Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals.



Clarithromycin + O – 2H
Only one plant sample replicate displayed a signal for Clarithromycin + O – 2H, detected in its potassiated form, [M+K]+. Signal intensity was low (7.44e1 counts) and mass accuracy was < 1.5 ppm. Relevant isotopic clusters were accurately aligned with the theoretical isotopic distribution. Corresponding signals were not detected in dosing solutions (table 4.9a).
Clarithromycin – CH2
Signals corresponding in m/z with sodiated Clarithromycin – CH2, [M+Na]+, were detected in 2 plant sample replicates. Although present at intensities (7.00e1- 8.60e1 counts) discernible from background intensities (0 counts), mass accuracies (< 2.5 ppm) were above the ideal calibration threshold in both replicates. Relevant isotopic clusters were well aligned with theoretical isotopic distributions for all recorded signals. Corresponding signals were not detected in dosing solutions (table 4.9a).
Cladinose conjugates
Signals corresponding in m/z with all cladinose conjugates of clarithromycin were detected in the plant cell contents. The majority of signals corresponding with cladinose-conjugated compounds were detected at intensities above background intensities and were detected in a maximum of two replicates per cationised molecule per compound. Mass accuracy was variable however (between < 0.5 and <2.5 ppm), and frequently above the ideal < 1 ppm threshold. Relevant isotopic clusters were accurately aligned with theoretical isotopic distributions for all recorded signals.
Signals corresponding with potassiated and sodiated clarithromycin-cladinose, protonated clarithromycin-cladinose + O and protonated clarithromycin-cladinose – CH2 were not detected in dosing solutions (table 4.9a). Signals corresponding with potassiated clarithromycin-cladinose – CH2 were detected in dosing solutions at intensities above those detected in plant sample replicates (9.95e1 – 1.78e2 counts, mass accuracy < 3 ppm). Signals representative of sodiated clarithromycin-cladinose – CH2 were not detected in dosing solutions (table 4.9a).





[bookmark: _Toc59633319][bookmark: _Toc59633671]Table 4.9 Summary of detected signals corresponding with transformation products of clarithromycin, ionising in their protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms in plant samples subject to 7 day exposure to dosing solutions. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.
	Clarithromycin transformation products
	Replicates

	Target analyte
	Chemical formula
	Ionisation species
	1
	2
	3
	4
	5

	14-hydroxyclarithromycin
	C38H69NO14
	[M + H]+
	< 0.5 ppm
	< 1.5 ppm
	< 1.5 ppm
	< 1.5 ppm
	< 0.5 ppm

	
	
	[M + K]+
	
	
	
	
	< 1 ppm

	
	
	[M + Na]+
	
	
	< 2.5 ppm
	
	< 1 ppm

	N-desmethylclarithromycin
	C37H67NO13
	[M + H]+
	< 0.5 ppm
	< 0.5 ppm
	< 3 ppm
	< 0.5 ppm
	< 0.5 ppm

	
	
	[M + K]+
	
	< 1 ppm
	< 1 ppm
	
	< 1.5 ppm

	
	
	[M + Na]+
	
	
	
	
	< 1 ppm

	CLA + O
	C38H70NO14
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	
	
	

	
	
	[M + Na]+
	
	
	
	
	

	CLA + O - 2H
	C38H68NO14
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	
	< 1.5 ppm
	

	
	
	[M + Na]+
	
	
	
	
	

	CLA + CH2
	C39H72NO13
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	
	
	

	
	
	[M + Na]+
	
	
	
	
	

	CLA - CH2
	C37H68NO13
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	
	
	

	
	
	[M + Na]+
	
	
	< 2.5 ppm
	
	< 1.5 ppm

	CLA - Cladinose
	C30H56NO10
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	< 1.5 ppm
	
	
	
	

	
	
	[M + Na]+
	
	
	< 0.5 ppm
	< 2 ppm
	

	CLA - Cladinose + O
	C30H56NO11
	[M + H]+
	
	
	< 1.5 ppm
	
	

	
	
	[M + K]+
	
	
	
	
	

	
	
	[M + Na]+
	
	
	
	
	

	CLA - Cladinose - CH2
	C29H54NO10
	[M + H]+
	
	
	< 0.5 ppm
	
	

	
	
	[M + K]+
	< 0.5 ppm
	
	
	
	

	
	
	[M + Na]+
	
	
	
	
	< 1.5 ppm

	CLA - Cladinose + CH2
	C31H58NO10
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	< 1.5 ppm
	< 2 ppm
	

	
	
	[M + Na]+
	
	
	
	
	


	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data








Table 4.9a  Summary of the detected signals corresponding in m/z with transformation products of metronidazole, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra in dosing solutions sampled at the 7 day time point. Relative intensities (counts) and mass accuracies (ppm) are quoted for each detected signal. ND = not detected.

	Clarithromycin transformation products
	Target analyte with cationised molecules

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Compound
	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	14-hydroxyclarithromycin
	1
	1.38e6
	1.57
	ND
	ND
	ND
	ND

	
	2
	3.16e6
	1.70
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	4.12e2
	0.37
	ND
	ND

	
N-desmethylclarithromycin
	1
	1.09e6
	0.41
	ND
	ND
	ND
	ND

	
	2
	2.34e6
	0.95
	ND
	ND
	ND
	ND

	
	3
	1.86e6
	0.54
	ND
	ND
	ND
	ND

	Clarithromycin + O
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Hydroxymetronidazole
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin + O - 2H
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin + CH2
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin - CH2
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin - Cladinose
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin - Cladinose + O
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin - Cladinose - CH2
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND

	Clarithromycin - Cladinose + CH2
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	ND
	ND
	ND
	ND
	ND
	ND

	
	3
	ND
	ND
	ND
	ND
	ND
	ND





[bookmark: _Toc68085960]4.3.6 Sulfadiazine
The detection of signals corresponding in m/z with sulfadiazine was low across exposure time points and each of the ionisation species (table 4.10). 
Of the 0 hour exposure samples, signals corresponding in m/z with sodiated sulfadiazine, [M+Na]+, were visible in 4 of the 5 replicates, at signal intensities of 2.05e2 – 1.25e3 counts (estimated background intensity of 0 counts). Mass accuracies were in the upper threshold relative to that indicated by the internal calibration, with mass accuracies of < 3 ppm. Signals corresponding in m/z with potassiated and sodiated sulfadiazine were detected in 3 and 1 replicates, respectively, in replicates following 24 h and 7 day exposure, with mass accuracies of < 2.5 ppm and signal intensities discernible from estimated background. Signals corresponding in m/z with protonated sulfadiazine, [M+H]+, were absent in mass spectra in all replicates at all exposure times. Relevant isotopic clusters were not aligned with theoretical isotopic distributions.
Signals corresponding in m/z with sulfadiazine were detected in holding solutions with all cationised molecules and at all exposure times at intensities of 5.01e1-3.50e5 counts (mass accuracy < 2 ppm), with the exception of 0 h holding solutions where signals corresponding with sulfadiazine were not detected (in sodiated form) (table 4.10a). Corresponding signals were not detected in instrument carry over tests (solvent blanks) during analysis of plant samples (appendix A).

	
Sulfadiazine [C10H10N4O2S]
	Signal detection per ionisation species

	Exposure time
	Replicate
	[M + H]+
	[M + K]+
	[M + Na]+

	T = 0 h
	1
	
	
	< 2.5 ppm

	
	2
	
	
	< 3 ppm

	
	3
	
	
	< 2.5 ppm

	
	4
	
	
	

	
	5
	
	
	< 2.5 ppm

	T = 24 h
	1
	
	< 1 ppm
	

	
	2
	
	
	

	
	3
	
	
	

	
	4
	
	
	

	
	5
	
	< 1.5 ppm
	

	T = 7 day
	1
	
	
	

	
	2
	
	< 2.5 ppm
	

	
	3
	
	
	

	
	4
	
	
	< 2.5 ppm

	
	5
	
	
	


[bookmark: _Toc59633320][bookmark: _Toc59633672]Table 4.10 Summary of the detected signals corresponding with the theoretical m/z value of sulfadiazine, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra of cell contents sampled at 0 h, 24 h and 7 day time points. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.

	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data






Table 4.10a Summary of the detected signals corresponding in m/z with sulfadiazine, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra in holding solutions sampled at 0 h, 24 h and 7 day time points. Relative intensities (counts) and mass accuracies (ppm) are quoted for each detected signal. ND = not detected.
	Sulfadiazine
	Target analyte with cationised molecules

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Exposure time
	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	0 hr
	1
	1.71e4
	0.40
	8.71e3
	0.35
	ND
	ND

	
	2
	4.80e2
	0.40
	5.01e1
	1.73
	ND
	ND

	
	3
	2.39e4
	0.00
	8.92e3
	0.35
	ND
	ND

	24 hr
	1
	1.15e5
	0.00
	7.15e4
	0.35
	4.63e3
	0.73

	
	2
	8.55e4
	0.00
	3.71e4
	0.35
	4.41e3
	1.46

	
	3
	3.50e5
	0.00
	1.43e5
	0.35
	6.31e3
	0.73

	7 day
	1
	ND
	ND
	ND
	ND
	ND
	ND

	
	2
	1.08e4
	0.40
	4.06e3
	0.35
	8.05e1
	1.83

	
	3
	4.77e4
	0.00
	2.12e4
	0.35
	9.76e1
	0.00



[bookmark: _Toc68085961]4.3.7 Sulfadiazine transformation products
All visible signals for both transformation products of sulfadiazine were identified in their sodiated form, [M+Na]+ (table 4.11). Mass accuracies for signals corresponding in m/z with sulfadiazine + CO, were < 1 ppm, but signal intensities were below estimated background intensity (< 9.48e1 counts). Isotopic clusters were well aligned with theoretical isotopic distributions in both replicates. Signals corresponding with sulfadiazine + CO were not detected in dosing solutions.
Signals corresponding in m/z with sulfadiazine + C2H2O were only detected in one replicate, with mass accuracies of < 3 ppm, and intensities below estimated background (< 8.31e1 counts). Isotopic clusters did not correspond with theoretical isotopic distributions for this compound. Signals corresponding with sulfadiazine + C2H2O were not detected in analysed dosing solutions.







[bookmark: _Toc59633321][bookmark: _Toc59633673]Table 4.11 Summary of detected signals corresponding with transformation products of sulfadiazine, ionising in their protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms in plant samples subject to 7 day exposure to dosing solutions. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.
	Sulfadiazine transformation products

	Replicates

	Target analyte
	Chemical formula
	Ionisation species
	1
	2
	3
	4
	5

	Sulfadiazine + CO
	C11H11N4O3S
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	
	
	

	
	
	[M + Na]+
	< 1 ppm
	< 1 ppm
	
	
	

	Sulfadiazine + C2H2O
	C12H13N4O3S
	[M + H]+
	
	
	
	
	

	
	
	[M + K]+
	
	
	
	
	

	
	
	[M + Na]+
	
	< 3 ppm
	
	
	



	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data





















[bookmark: _Toc68085962]4.3.8 Lincomycin
Signals corresponding in m/z with lincomycin were preferentially detected in protonated form, [M+H]+, with a decrease in detection frequency amongst replicates with increasing antibiotic exposure time (table 4.12). Signals corresponding in m/z with protonated lincomycin were detected in mass spectra of 4 of the 0 h exposure samples, with mass accuracies of between 0 and < 2.5 ppm, and intensities between 4.35e2 and 9.38e3 counts (background intensity estimated at 9.23e1 counts). Detection of corresponding signals decreased to 3/5 replicates in 24 h exposure samples, giving mass accuracies of < 0.5 ppm and signal intensities between 4.26e2 and 2.50e3 counts (background intensity estimated at 9.23e1 counts). In the 7 day exposure samples, relevant signals were detected in just one replicate, with a mass accuracy of < 2 ppm and intensity below background intensity (< 9.23e1 counts). 
Signals corresponding in m/z with potassiated, [M+K]+, and sodiated lincomycin, [M+Na]+, were variably infrequently detected across all exposure times, with mass accuracies of < 3 ppm and intensities above and below estimated background intensities. Isotopic clusters were well aligned with theoretical isotopic distributions for all detected signals.
Signals corresponding with lincomycin were detected in all holding solutions and with all cationised molecules at intensities of 1.72e1 – 1.53e7 counts (mass accuracy < 1 ppm) (table 4.12a). Corresponding signals were not detected in instrument carry over tests (solvent blanks) during analysis of plant samples (appendix A).
Transformation products of lincomycin were not screened for due to a lack of characterisation in the available pharmacological and plant uptake literature.



	Lincomycin [C18H34N2O6S]
	Signal detection per ionisation species

	Exposure time
	Replicates
	[M + H]+
	[M + K]+
	[M + Na]+

	T = 0 h
	1
	0 ppm
	< 2 ppm
	

	
	2
	< 2 ppm
	
	

	
	3
	< 0.5 ppm
	
	

	
	4
	
	
	

	
	5
	< 2.5 ppm
	
	

	T = 24 h
	1
	< 0.5 ppm
	
	

	
	2
	< 0.5 ppm
	< 3 ppm
	< 0.5 ppm

	
	3
	
	
	

	
	4
	< 0.5 ppm
	
	

	
	5
	
	
	

	T = 7 day
	1
	
	< 1 ppm
	

	
	2
	
	
	

	
	3
	
	
	

	
	4
	
	
	

	
	5
	< 2 ppm
	
	


[bookmark: _Toc59633322][bookmark: _Toc59633674]Table 4.12 Summary of the detected signals corresponding with the theoretical m/z value of lincomycin, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra of cell contents sampled at 0 h, 24 h and 7 day time points. Mass accuracies are quoted for each detected signal. Intensity of detected signals relative to background signal is indicated by cell shading.

	Key:

	 
	< 1 ppm and above background intensity

	 
	Mass accuracy > 1, < 3 ppm and above background intensity

	 
	Signal below background intensity

	 
	No signal detected (or mass accuracy > 3 ppm)

	 
	No data



Table 4.12a Summary of the detected signals corresponding in m/z with lincomycin, ionizing in its protonated [M+H]+, potassiated [M+K]+ and sodiated [M+Na]+ forms, in the mass spectra in holding solutions sampled at 0 h, 24 h and 7 day time points. Relative intensities (counts) and mass accuracies (ppm) are quoted for each detected signal. 
	Lincomycin
	Target analyte with cationised molecules

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Exposure time
	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	0 hr
	1
	6.06e6
	0.00
	1.40e5
	0.00
	2.27e3
	0.47

	
	2
	2.95e4
	0.49
	6.14e2
	0.45
	1.72e1
	0.47

	
	3
	1.94e6
	0.00
	4.50e4
	0.00
	2.02e2
	0.70

	24 hr
	1
	1.15e6
	0.00
	3.01e4
	0.23
	4.31e2
	0.23

	
	2
	5.32e6
	0.00
	1.17e5
	0.22
	8.86e3
	0.47

	
	3
	1.08e7
	0.00
	2.57e5
	0.00
	2.21e3
	0.70

	7 day
	1
	1.53e7
	0.00
	2.91e5
	0.00
	4.58e3
	0.70

	
	2
	4.49e6
	0.00
	8.84e4
	0.00
	1.43e3
	0.47

	
	3
	1.06e7
	0.25
	2.43e5
	0.00
	4.36e3
	0.23



















[bookmark: _Toc68085963]4.4 Discussion
[bookmark: _Toc68085964]4.4.1 Analysis and instrument mass calibration
Effective and relatively consistent spray was achieved for each analysed sample during injection into the Orbitrap mass spectrometer. Following initiation of injection, spray was generally sustained until the analyte solution was fully expelled from the sampling capillaries, with relatively stable flow rates throughout the nanospray period. Sample loss through capillary fracture was minimal, with only 2 plant samples lost due to capillary breakage (1 x clarithromycin treated plant sample and 1 x lincomycin treated plant sample).
Common laboratory contaminant, diisooctyl phthalate, was used as an indicator of instrument calibration in each sample. Mass accuracies of < 1 ppm were reported in the majority of samples for this compound, suggesting that the instrument was well calibrated. These mass accuracies are synonymous with the lowest achievable mass accuracies reported by the instrument manufacturer. Only one sample showed exception to this, in which signals corresponding with diisooctyl phthalate had a mass accuracy of 2.15 ppm. This value is still within acceptable mass accuracy ranges reported by the manufacturer (< 3 ppm) when using an externally derived indicator of instrument calibration such as in this study. Signals with mass accuracies below these thresholds can therefore be used to tentatively identify compounds with known theoretical monoisotopic mass.










[bookmark: _Toc68085965]4.4.2 Antibiotic parent compounds
Three of the studied antibiotics (metronidazole, clarithromycin and lincomycin) were detected and identified in the contents of single mung bean cells exposed to antibiotic dosing solutions. For these compounds, mass accuracies were almost exclusively < 1 ppm, signals strengths were regularly differentiable from estimated background intensities and alignment of isotopic clusters was consistent with theoretical isotopic distributions. Thus, corresponding signals could be tentatively assigned as respective antibiotics. Detection of these compounds demonstrates uptake of externally applied antibiotics into single plant cells for the first time. These findings also demonstrate the efficacy of this novel application of SCMS for xenobiotic detection in single plant cells.
Trends in time dependant accumulation were observed for each of the compounds detected in the analysed single cell contents. For example, the detection of metronidazole and clarithromycin in replicates increased with increasing exposure time. Due to the lack of literature recording uptake and accumulation of metronidazole in plants, the observed time dependant accumulation of metronidazole is demonstrated here for the first time. For clarithromycin, these findings are in agreement with those of a recent study, in which clarithromycin was shown to accumulate in lettuce tissues; concentrations of clarithromycin reached a peak following 6 days of exposure, and remained relatively stable for the subsequent study period (33). Conversely, the detection of lincomycin in replicates appeared to decrease with increasing exposure time. This trend could be explained by the findings of recent studies, which observed rapid degradation of lincomycin following plant uptake (28,45,51). In these studies, degradation was seen to outpace uptake and accumulation of lincomycin in plant tissues and increasing plant biomass was thought to result in dilution of lincomycin concentrations in lettuce tissues (40,51). These processes could explain the observed decrease in detection of signals corresponding with protonated lincomycin with increasing exposure time.
Sulfadiazine was the only antibiotic not detected in plant samples at any exposure time point using the applied method, despite plant uptake being demonstrated in other studies (33,43,50,56,179). The low frequency of detection, high mass accuracy of signals and disagreement in alignment of isotopic clusters with theoretical isotopic distributions would suggest that detected signals were unlikely to represent sulfadiazine. The absence of corresponding signals could be explained by the findings of recent studies which reported storage of sulfadiazine almost exclusively in the roots of lettuce, willow, hazel and maize (33,43,50). In lettuce, sulfadiazine accumulated in root tissues at concentrations almost 9 times higher than those in leaf tissues following 6 days of hydroponic exposure (33). Herein, cells were sampled from the stems of mung bean seedlings (the edible portion), and the absence of corresponding signals in the analysed plant cell contents is consistent with and validates those studies which have shown limited translocation from roots. This is an example of how SCMS can be used to inform mechanistic understanding of xenobiotic behaviour in plants, for example by helping to reveal or rule out intracellular translocation pathways within plant tissues.
Antibiotic compounds in holding solutions
Signals corresponding with protonated metronidazole were detected in holding solutions and solvent blanks at intensities similar to those seen in 0 h and 24 h exposure plant cell samples. The detection of comparatively higher signal intensities in the 7 day exposure samples however, suggested that the detected signals were representative of plant cell concentrations as signal intensities were differentiable from any form of contamination. 
For clarithromycin, relevant signals were absent in holding solutions and solvent blanks during plant sample analysis, except for in holding solutions related to 7 day seedling exposure, where signal intensities were similar to those observed in cell samples following 7 days of antibiotic exposure. Corresponding signals were not detected in 24 h holding solutions, but were detected in plant samples, suggesting that detection of clarithromycin was unlikely to be influenced by any carry over of antibiotic dosing solutions into holding solutions. Relevant signals in plant samples were also above estimated background intensities and no signals were present in instrument carry over tests, suggesting minimal contamination of these samples.
Lincomycin was identified in holding solutions with higher signal intensities than those from plant samples. Sulfadiazine was identified in all analysed holding solutions but was not detected in plant samples. This difference in signal intensity between holding solutions and the sampled cell contents is significant as it provides evidence that the sampling technique was able to target plant cells without unintentionally sampling surrounding media. Based on these observations and the uptake model proposed by Chuang et al., sulfadiazine uptake may follow the intercellular apoplast pathway and thus unable to penetrate single cells (180). As such, it is likely that observed antibiotic signals are indeed representative of plant cell concentrations, with little influence from contamination, further demonstrating the efficacy of this method for xenobiotic detection in single plant cells.
The presence of antibiotics in the holding solutions could suggest two things. Firstly, that the external rinsing procedure is not completely efficient at removing surface bound antibiotic residues, or secondly, the uptake of these compounds into plants may be reversible. It is possible that antibiotic residues were detected in holding solutions as a result of diffusion out of exposed plants along a concentration gradient or via other active depuration processes. However, in the absence of comprehensive mechanistic studies describing the behaviour of each compound in plants, the origin of detected antibiotics in holding solutions cannot be definitively determined. 
[bookmark: _Toc68085966]4.4.3 Antibiotic transformation products
Transformation products derived from existing pharmacological and plant uptake studies were screened for in the plant cell samples exposed to antibiotic dosing solutions for 7 days.
Transformation products associated with metronidazole and clarithromycin were identified in the mass spectra of the analysed plant cell material following 7 day exposure. The possible transformation products of metronidazole have not yet been identified in the context of plant uptake of pharmaceutical contaminants, however here, a metabolite and degradant of metronidazole determined from existing pharmacological literature were tentatively identified in the contents of single plant cells. 
In the mass spectra of cell samples exposed to clarithromycin, 8 of the 10 possible transformation products identified in existing literature were detected. The two transformation products with the highest detection frequency across plant sample replicates in this study were 14-hydroxyclarithromycin and N-desmethylclarithromycin. These metabolites were identified in pharmacological literature which attributed their formation to mammalian hepatic metabolism of clarithromycin. Neither metabolite has been identified in the existing plant uptake studies. The remaining metabolites were less frequently detected among replicates, with relevant signals detected in a maximum of 2 plant sample replicates per compound. Formation of these metabolites has been identified in lettuce tissues following clarithromycin exposure, confirming that these compound can be formed in plants (33). In this study, the variable detection of corresponding signals that meet identification criteria within replicates would suggest that these compounds are present in the analysed cell contents, but at concentrations below or close to instrumental limits of detection relative to the incredibly small sample sizes analysed here. 
Four of the identified transformation products of clarithromycin were cladinose conjugates. The detection of these compounds is noteworthy as this would suggest that mung bean seedlings are able to transform clarithromycin and phase I metabolites (those formed via oxidation, reduction or hydrolysis of xenobiotic parent compounds) into phase II metabolites (via cladinose conjugation) (33,73). Conjugation reduces toxicity of compounds and cladinose conjugation could thereby represent an important pathway for detoxification of clarithromycin and its active metabolites (181). This is relevant when considering the fate of clarithromycin in environmental systems following plant uptake. Currently the ultimate fate of clarithromycin in plants is not well characterised in the existing literature. The identification of cladinose conjugation in multiple plant species could help accurately determine potential exposure to active and inactive forms of clarithromycin across trophic levels via the food chain. Phase II metabolism of xenobiotics also has the potential to give rise to phase III metabolism, in which conjugated xenobiotics are deposited in plant vacuoles or incorporated into cell wall matter, forming phase III xenobiotic residues (33,181). This could also have significant implications for long-term xenobiotic exposure via the food chain and may also have implications for plant health, and thus agricultural productivity. This highlights the relevance of investigating xenobiotic uptake and transformation on a cellular level, which could give rise to sub-cellular characterisation of xenobiotic detoxification pathways and subsequently help determine the potential for xenobiotic fixing within cellular structures. Investigation of chemical fate on a single-cellular scale could also help elucidate mechanistic behaviours associated with translocation and removal of pharmaceutical compounds following plant uptake. It is worth noting however that in future work, further investigation (such as transcriptomic analysis) is also needed to investigate whether the initiation of transformation pathways in plants exposed to artificially high pharmaceutical concentrations (mg/mL) is consistent with those initiated under environmentally relevant exposure scenarios (pg/mL – ng/mL concentrations).
Two potential transformation products of sulfadiazine were screened for, however neither could be confidently identified in plant cell samples. All corresponding signals were visible at intensities below estimated background and were present in very few replicates. The low mass accuracy of signals corresponding with sodiated sulfadiazine + CO would suggest that detected signals correspond with the target analyte, however signal intensities and detection frequency in replicates was low. A study investigating the uptake and metabolism of sulfadiazine in lettuce found that metabolites cumulatively contributed < 14.23% of total sulfadiazine concentrations in bulk tissues (33). As such, when also working with extremely low sample volumes herein, signals were likely to be frequently below instrument limits of detection.
Potential transformation products of lincomycin have not yet been characterised in either pharmacological or plant uptake literature and so could not be screened for in this study. Studies have detected lincomycin in parent form ubiquitously in environmental settings and have also documented uptake and storage in plant tissues following exposure at environmentally relevant concentrations (40,45,51,171,182) . With such capacity for translocation and persistence in environmental settings, characterisation of the ultimate chemical fate of lincomycin is essential in accurately determining exposure risk. Due to the small sample volumes analysed in SCMS, xenobiotic transformation products are often present in concentrations close to mass spectrometric limits of detection. Methods analysing bulk plant tissues, such as those used by Tian et al. are therefore better suited than SCMS for identification of uncharacterised or unknown transformation products, as the likelihood of concentrations being below instrument limits of detection is reduced (33). 

Antibiotic transformation products in dosing solutions
Target transformation products were screened for in respective antibiotic dosing solutions to determine whether signal presence in the sampled cell contents could be attributed to internal transformation, or whether transformation may have occurred independently of the plant. Several transformation products were detected in dosing solutions, making it unclear whether plant metabolism was responsible for detection of signal in the plant cell contents. For analytes known to be degradation products rather than metabolites, such as 2-methyl-5-nitroimidazole, detection of relevant signals in dosing solutions was expected, as degradant formation can occur independently of biological metabolism. However, in several cases, metabolites were detected in dosing solutions, leaving ambiguity as to the origin of their formation. This uncertainty was observed in the data for metronidazole metabolite, hydroxymetronidazole. For this compound, relevant signal intensities exceeded relative intensities of estimated background and dosing solutions, suggesting that intensities recorded in the plant cell contents were likely to be representative of actual hydroxymetronidazole concentrations. However, the presence of relevant signals in dosing solutions at any intensity leaves ambiguity as to the origin of formation, as the presence of metabolites should theoretically be limited to the plant cell material. This was also observed for clarithromycin metabolites 14-hydroxyclarithromycin and N-desmethylclarithromycin, thus the origin of formation of these compounds is unclear. The presence of metabolites in holding solutions could result from diffusion of metabolised compounds along a concentration gradient into dosing solutions following formation in plants, as previously suggested as a possible explanation for the presence of antibiotic compounds in holding solutions. However, metabolite presence in dosing solutions could also indicate metabolism by some external/unintended mechanism, such as the presence of bacteria in the dosing solutions (despite all experimental work being carried out in sterile conditions). In contrast, signals for all other metabolites of clarithromycin (where detected in plant cell contents) were not detected in dosing solutions, suggesting that their formation can be attributed to in plant metabolism following uptake of clarithromycin in parent form. 



[bookmark: _Toc59633323][bookmark: _Toc59633675]Table 4.13 Comparative summary of relevant signals detected in the plant cell samples and dosing solutions for respective transformation products (X = corresponding signal detected).
	Chemical Compound
	Detected in plant cell contents
	Detected in dosing solution

	
	[M + H]+
	[M + K]+
	[M + Na]+
	[M + H]+
	[M + K]+
	[M + Na]+

	Metronidazole
	Hydroxymetronidazole
	X
	X
	
	X
	
	X

	
	2-methyl-5-nitroimidazole
	X
	X
	
	X
	X
	X

	Clarithromycin
	14-hydroxyclarithromycin
	X
	X
	X
	X
	X
	

	
	N-desmethylclarithromycin
	X
	X
	X
	X
	
	

	
	Clarithromycin + O
	
	
	
	
	
	

	
	Clarithromycin + O - 2H
	
	X
	
	
	
	

	
	Clarithromycin + CH2
	
	
	
	
	
	

	
	Clarithromycin - CH2
	
	
	X
	
	
	

	
	Clarithromycin - Cladinose
	
	X
	X
	
	
	

	
	Clarithromycin - Cladinose + O
	X
	
	
	
	
	

	
	Clarithromycin - Cladinose - CH2
	X
	
	X
	
	
	

	
	Clarithromycin - Cladinose + CH2
	
	X
	
	
	
	

	Sulfadiazine
	Sulfadiazine + CO
	
	
	X
	
	
	

	
	Sulfadiazine + C2H2O
	
	
	
	
	
	





Although the majority of target analytes (as parent compounds and transformation products) were predominantly detected in protonated form, in some cases signals were only detected in potassiated and sodiated forms. This was of particular relevance where signals were close to instrumental limits of detection, such as those corresponding with transformation products of clarithromycin and sulfadiazine. Had these compounds not been screened for in potassiated and sodiated form, they would have been overlooked, highlighting the importance of screening for compounds with other cationised molecules in such small volumes of complex biological samples where concentrations of target analytes are expected to be low.
Many of the targeted transformation products were intermittently detected amongst replicates, which was likely due to concentrations of xenobiotic compounds in cell samples being close to instrumental limits of detection. The detection of parent compounds was shown to increase with exposure time in this study. As such, introduction of a longer exposure time may result in higher frequencies of detection where compound concentrations were low, by providing greater opportunity for uptake and accumulation of xenobiotic parent compounds. This could thus give rise to increased formation of transformation products in cells, and consequently increase the likelihood of signal detection (assuming parent compound accumulation and transformation product formation are positively correlated).  











[bookmark: _Toc68085967]4.5 Conclusion
For the first time, this study demonstrates the detection of exogenously applied antibiotic compounds in the contents of single plant cells using SCMS. Following antibiotic exposure via saturated hydroponic solutions, 3 of the 4 studied antibiotic compounds, metronidazole, clarithromycin and lincomycin were detected in parent form in the analysed contents of single cells. Compounds that are known to be translocated in plants from the roots to other tissues were detected in the contents of stem cells and those that are not susceptible to translocation were not detected, highlighting the effectiveness of this technique for identifying the distribution of xenobiotic compounds in plant tissues. High resolution mass spectrometric analysis of single cell samples identified two transformation products of metronidazole and 8 transformation products of clarithromycin, with many of these compounds formed as a result of plant metabolism following uptake of antibiotic parent compounds. These findings demonstrate the efficacy of this novel application of SCMS, which provides a means through which the contents of in vivo, single cells can be directly extracted individually. This work demonstrates accumulation and transformation of exogenously applied antibiotics in single cells in detectable concentrations for the first time. This could have important implications for research into the ultimate chemical fate of xenobiotic compounds in environmental settings. Analysis of chemical fate on a single cellular level could help elucidate possible mechanisms and pathways for detoxification of xenobiotic compounds and fixation of xenobiotics in sub-cellular structures and thus help characterise and quantify pharmaceutical exposure to humans and wildlife across trophic levels via the food chain. 








[bookmark: _Toc68085968]4.6 Recommendations for future work
SCMS could be used in this way to investigate the accumulation, detoxification and transformation of a diverse range of other xenobiotic compounds and common environmental contaminants. Direct comparison of accumulation and transformation in and within different cell tissues and between plant species could also help elucidate the distribution of compounds in edible crop species and could thus identify crops susceptible to xenobiotic contamination, or, alternatively, identify potential candidates for phytoremediation of contaminated soils. Collection of fragmentation data during sample analysis could also help identify currently uncharacterised metabolites of xenobiotic compounds following xenobiotic uptake. Recommended next steps to build on this study include investigation into the accumulation of xenobiotic compounds in single cells following seedling exposure to contaminants as chemical mixtures, both hydroponically and via spiked soils. Further work to determine the transformation pathways operating should also investigate the effect of exposure to lower concentrations on the initiation of transformation within plant cells. With refinement of microscopical techniques, this technique could also be used to sample material on a subcellular level, helping to further elucidate the pathways used to transport, detoxify, fix, and eliminate xenobiotics from plant tissues.

















[bookmark: _Toc68085969][bookmark: _Hlk59572659]Chapter 5: Conclusions and Future work
[bookmark: _Toc68085970]5.1 Conclusion
As agricultural practice rapidly evolves to meet the demands of a growing global population, the introduction of pharmaceutical contaminants to agroecosystems is an emerging side effect of wastewater reuse for crop irrigation. In the last decade, a suite of unintended toxicological effects have been attributed to pharmaceutical exposure from contaminated soils. Reports of human exposure via consumption of wastewater irrigated crops and concerns over impacts on crop health and productivity have raised debate as to the suitability of this method for application in the arable farming industry. In order to establish policy for the safe use of reclaimed wastewater, comprehensive research into the distribution, behaviour, and ultimate chemical fate of pharmaceuticals in environmental settings is essential. Without this research, accurate assessment of the possible impacts associated with pharmaceutical uptake cannot be carried out.
Here, a new tool for detecting pharmaceutical xenobiotics in exposed plants demonstrates the uptake and storage of exogenously applied, priority compounds in single plant cells for the first time, using SCMS. The presented study addresses current gaps in research by providing a method for the analysis of xenobiotics in single cells, but also records accumulation of certain antibiotics (such as metronidazole) in plant tissues for the first time, and in a previously unstudied crop species (mung bean). This novel approach can provide valuable insights into the ultimate chemical fate of pharmaceuticals following organism uptake, thus elucidating species-specific pathways for transformation and detoxification of xenobiotics, including the potential for intracellular fixing of transformation products in subcellular structures. 
Extensive knowledge gaps still exist in this emerging field of research. As new drugs are developed in response to emerging diseases, and trends in availability and consumption of pharmaceuticals continually evolve, the potential for introduction of new compounds with diverse environmental behaviours increases. The use of reclaimed wastewater for irrigation is designed to be a solution to the pressures of water scarcity, and thus, it is essential that possible knock-on effects do not undermine the sustainability of the original cause. Thus, comprehensive investigation into exposure scenarios representative of complex environmental settings is necessary in order to identify and intercept possible ecotoxicological impacts associated with pharmaceutical contamination before the use of wastewater for irrigation becomes common practice.  


[bookmark: _Toc68085971]5.2 Recommendations for future work
This novel application of SCMS could be used to investigate the uptake, distribution, and fate of a wide range environmental contaminants, applied as chemical mixtures or as single compounds, and in multiple organisms, including other plant species and invertebrates, such as earth worms. Further investigations using this method could thus provide insights into possible mechanisms and pathways for translocation, transformation, detoxification, storage, and elimination of xenobiotics in numerous exposure scenarios, by elucidating their ultimate chemical fate. Characterisation of the chemical fate of xenobiotics in single cells in a variety of organisms could subsequently help characterise potential exposure routes to wider ecosystems via trophic transfer in food chains. Resultant data could then be used to develop and validate models predicting likely exposure pathways and possible receptors of xenobiotics in a variety of exposure scenarios. 
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Instrument carry over tests solvent blank data:
To check for instrument carryover of the target analytes, solvent blanks (clean capillary containing acetonitrile solvent only) were run as per the previously outlined protocol. These samples were analysed incrementally during analysis of the plant cell samples and solutions constitutive of chapter 4.
Solvent blanks samples analysed during plant sample analysis



	Metronidazole solvent blanks
	Target analyte with cationised molecules 

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	1
	ND
	ND
	1.30e1
	0.48
	ND
	ND

	2
	ND
	ND
	ND
	ND
	ND
	ND

	3
	ND
	ND
	ND
	ND
	5.87e3
	1.03

	4
	ND
	ND
	ND
	ND
	ND
	ND

	5
	ND
	ND
	ND
	ND
	ND
	ND

	6
	ND
	ND
	ND
	ND
	ND
	ND

	7
	3.44e3
	0.00
	8.04e2
	0.00
	1.67e3
	0.00

	8
	4.12e3
	1.16
	ND
	ND
	ND
	ND

	9
	ND
	ND
	ND
	ND
	ND
	ND

	10
	ND
	ND
	ND
	ND
	ND
	ND

	11
	1.96e3
	0.00
	2.55e1
	1.90
	4.46e2
	0.00

	12
	1.00e2
	0.58
	1.56e2
	1.90
	ND
	ND

	13
	4.71e1
	1.16
	2.10e2
	2.38
	ND
	ND

	14
	7.69e1
	0.58
	ND
	ND
	ND
	ND

	15
	ND
	ND
	ND
	ND
	ND
	ND

	16
	ND
	ND
	ND
	ND
	ND
	ND

	17
	1.25e3
	0.58
	ND
	ND
	ND
	ND

	18
	7.20e2
	0.00
	3.03e2
	0.95
	2.30e3
	0.00

	19
	5.61e3
	0.00
	ND
	ND
	ND
	ND

	20
	1.16e3
	0.00
	5.26e2
	2.86
	ND
	ND







	Clarithromycin solvent blanks
	Target analyte with cationised molecules 

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	1
	ND
	ND
	ND
	ND
	ND
	ND

	2
	ND
	ND
	ND
	ND
	ND
	ND

	3
	ND
	ND
	ND
	ND
	ND
	ND

	4
	ND
	ND
	ND
	ND
	ND
	ND

	5
	ND
	ND
	ND
	ND
	ND
	ND

	6
	ND
	ND
	ND
	ND
	ND
	ND

	7
	ND
	ND
	ND
	ND
	ND
	ND

	8
	ND
	ND
	ND
	ND
	ND
	ND

	9
	ND
	ND
	ND
	ND
	ND
	ND

	10
	1.57e3
	2.94
	1.34e2
	1.65
	2.19e2
	0.00

	11
	1.62e3
	1.20
	5.05e2
	2.16
	ND
	ND



	Sulfadiazine solvent blanks
	Target analyte with cationised molecules 

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	1
	ND
	ND
	ND
	ND
	ND
	ND

	2
	ND
	ND
	ND
	ND
	ND
	ND

	3
	ND
	ND
	ND
	ND
	ND
	ND

	4
	ND
	ND
	ND
	ND
	ND
	ND

	5
	ND
	ND
	ND
	ND
	ND
	ND

	6
	ND
	ND
	ND
	ND
	ND
	ND

	7
	ND
	ND
	ND
	ND
	ND
	ND

	8
	ND
	ND
	ND
	ND
	ND
	ND

	9
	ND
	ND
	ND
	ND
	ND
	ND

	10
	ND
	ND
	ND
	ND
	ND
	ND

	11
	ND
	ND
	ND
	ND
	ND
	ND

	13
	ND
	ND
	ND
	ND
	ND
	ND

	14
	ND
	ND
	ND
	ND
	ND
	ND










	Lincomycin solvent blanks
	Target analyte with cationised molecules 

	
	[M+H]+
	[M+K]+
	[M+Na]+

	Replicate
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)
	Relative intensity
(counts)
	Mass accuracy (ppm)

	1
	ND
	ND
	ND
	ND
	ND
	ND

	2
	ND
	ND
	ND
	ND
	ND
	ND

	3
	ND
	ND
	ND
	ND
	ND
	ND

	4
	ND
	ND
	ND
	ND
	ND
	ND

	5
	ND
	ND
	ND
	ND
	ND
	ND

	6
	ND
	ND
	ND
	ND
	ND
	ND

	7
	ND
	ND
	ND
	ND
	ND
	ND

	8
	ND
	ND
	ND
	ND
	ND
	ND

	9
	ND
	ND
	ND
	ND
	ND
	ND

	10
	ND
	ND
	ND
	ND
	ND
	ND

	11
	ND
	ND
	ND
	ND
	ND
	ND

	12
	ND
	ND
	ND
	ND
	ND
	ND

	13
	ND
	ND
	ND
	ND
	ND
	ND

	14
	ND
	ND
	ND
	ND
	ND
	ND

	15
	1.46e7
	0.70
	2.83e5
	0.46
	1.11e3
	1.15

















Brivaracetum	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	5.5980200000000004E-3	2.8370304999999998E-2	5.6009909999999996E-2	Carbamazepine	2004	2008	2012	2014	2016	2017	2018	35.572101304999997	39.681570635	38.296745434999998	37.230775025	36.094466914999998	35.351414320000003	34.649850785000005	Clobazam	2004	2008	2012	2014	2016	2017	2018	6.6489450000000005E-2	8.4348823499999989E-2	0.10345578565000001	0.113175153	0.12481360070000001	0.12936062700000001	0.13475627499999998	Clonazepam	2004	2008	2012	2014	2016	2017	2018	1.5705865350000001E-2	1.9553915084999998E-2	2.3889696699999997E-2	2.5904655950000001E-2	2.6551888300000003E-2	2.6557224590000001E-2	2.6659690449999999E-2	Eslicarbazepine Acetate	2004	2008	2012	2014	2016	2017	2018	0	0	0.11393200000000001	0.17526080000000002	0.24961679999999992	0.31335279999999999	0.38592180000000004	Ethosuximide	2004	2008	2012	2014	2016	2017	2018	0.66453549999999995	0.61282890000000001	0.74497180000000007	0.80687184999999995	0.87708495000000009	0.91857320000000009	0.95381870000000002	Felbamate	2004	2008	2012	2014	2016	2017	2018	0	0	3.4091999999999998E-3	6.2976000000000004E-3	5.6862000000000006E-3	6.0467999999999997E-3	6.2363999999999996E-3	Gabapentin	2004	2008	2012	2014	2016	2017	2018	32.752835300000001	51.948606289999987	104.24490313999999	146.31310857	189.22841023999999	206.62608881	214.06145785000001	Lacosamide	2004	2008	2012	2014	2016	2017	2018	0	1.15865E-3	0.35003339	1.2355677700000001	0.68571006000000001	0.76587815000000004	0.86515989999999998	Lamotrigine	2004	2008	2012	2014	2016	2017	2018	4.5814211580000004	6.056482237	8.1152819810000008	9.341565976	10.645318069	11.241907855999999	11.958810344	Levetiracetam	2004	2008	2012	2014	2016	2017	2018	10.22469615	21.16433125	39.50380071	49.938700400000002	61.929380449999996	67.442890950000006	73.04011165	Mesuximide	2004	2008	2012	2014	2016	2017	2018	3.3452999999999998E-3	0	2.4719999999999999E-4	0	0	0	0	Midazolam Hydrochloride	2004	2008	2012	2014	2016	2017	2018	0	2.3558999999999999E-4	4.3507499999999999E-4	8.5427500000000004E-4	1.3701399999999999E-3	1.49325E-3	1.534215E-3	Midazolam Maleate	2004	2008	2012	2014	2016	2017	2018	0	0	3.0849320000000007E-3	2.0451735000000001E-3	1.421425E-3	1.155199E-3	9.8996000000000002E-4	Oxcarbazepine	2004	2008	2012	2014	2016	2017	2018	0.96082106999999994	1.42215201	1.9289174599999999	2.1225044099999999	2.3161721699999998	2.3934990300000001	2.5034477100000001	Paraldehyde	2004	2008	2012	2014	2016	2017	2018	2.622E-5	0	0	0	0	0	0	Perampanel	2004	2008	2012	2014	2016	2017	2018	0	0	1.624E-5	2.6282160000000001E-3	5.0602780000000005E-3	6.0766379999999997E-3	6.9201039999999998E-3	Phenobarbital	2004	2008	2012	2014	2016	2017	2018	0.855647457	0.67465947700000006	0.59352552700000005	0.54282450999999998	0.488734004	0.46109425700000001	0.43639082699999998	Phenobarbital sod	2004	2008	2012	2014	2016	2017	2018	6.7225999999999994E-4	9.0373999999999999E-4	1.5999849999999999E-3	7.6098099999999998E-4	8.8206500000000002E-4	8.8026999999999995E-4	7.6665000000000001E-4	Phenytoin  	2004	2008	2012	2014	2016	2017	2018	0.264468078	0.23686063199999999	0.24952875199999999	0.23302254200000003	0.20863135399999999	0.192380632	0.17469616999999998	Phenytoin Sodium	2004	2008	2012	2014	2016	2017	2018	8.754188825	7.3979239450000014	6.2436055100000001	5.5447845630000003	4.8657991570000005	4.5339795709999997	4.2364096689999995	Pregabalin	2004	2008	2012	2014	2016	2017	2018	0	6.8213310250000001	18.76263887	27.279001224999998	36.101499365000002	40.053167350000003	44.049154625	Primidone	2004	2008	2012	2014	2016	2017	2018	2.1644211700000002	1.8853480924999997	1.775029425	1.6920077	1.5948199499999998	1.5555694599999998	1.5068402750000001	Retigabine	2004	2008	2012	2014	2016	2017	2018	0	0	5.4943849999999995E-2	2.7100525E-2	1.4202474999999999E-2	3.2473999999999997E-3	4.2700000000000001E-5	Rufinamide	2004	2008	2012	2014	2016	2017	2018	0	3.1459599999999997E-2	0.21474260000000001	0.26825760000000004	0.32396910000000001	0.3385611	0.35268319999999997	Sodium Valproate	2004	2008	2012	2014	2016	2017	2018	54.38295686	59.940347329999994	64.279866479999995	65.44011433	64.890378780000006	63.724472679999998	62.124628490000006	Stiripentol	2004	2008	2012	2014	2016	2017	2018	0	1.4567499999999999E-3	4.1964500000000002E-2	6.2119000000000001E-2	7.4804750000000003E-2	8.4276250000000011E-2	8.6222499999999994E-2	Sultiame	2004	2008	2012	2014	2016	2017	2018	4.4298000000000002E-3	1.4052000000000001E-3	2.9165000000000003E-3	2.8560999999999999E-3	2.5968499999999999E-3	3.0435500000000003E-3	3.4601499999999999E-3	Tiagabine	2004	2008	2012	2014	2016	2017	2018	4.1446349999999998E-3	2.7948199999999999E-3	2.118085E-3	1.8423700000000001E-3	1.7817750000000002E-3	1.6383000000000001E-3	1.545615E-3	Topiramate	2004	2008	2012	2014	2016	2017	2018	1.0597706200000001	1.6068895999999999	2.1531053200000003	2.514744635	2.862035804	2.987745748	3.1502863849999998	Valproic Acid	2004	2008	2012	2014	2016	2017	2018	0.14617590000000003	0.23314100000000001	0.39006259999999998	0.43343540000000003	0.42257929999999999	0.47408724999999996	0.46533640000000004	Vigabatrin	2004	2008	2012	2014	2016	2017	2018	1.4435989999999999	0.99329949999999978	0.82854309999999998	0.79363930000000005	0.79385559999999999	0.7816265	0.772034	Zonisamide	2004	2008	2012	2014	2016	2017	2018	0	0.21308964999999996	0.44752887500000005	0.57542443500000018	0.69329485999999996	0.74490020499999998	0.79130054500000002	153.92245192334997	201.03217866208496	289.47484402435009	352.72719509044992	415.53652639499978	441.19333568259009	456.80348349445018	Year


Total Mass Prescribed (Tonnes)




Brivaracetum	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	1E-3	1E-3	Carbamazepine	2004	2008	2012	2014	2016	2017	2018	3.8835549629217182E-2	4.1959333028449369E-2	3.923073106482583E-2	3.7558360926922656E-2	3.5785181850671463E-2	3.482712503831692E-2	3.3917894149774322E-2	Clobazam	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Clonazepam	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Eslicarbazepine Acetate	2004	2008	2012	2014	2016	2017	2018	0	0	1E-3	1E-3	1E-3	1E-3	1E-3	Ethosuximide	2004	2008	2012	2014	2016	2017	2018	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	Felbamate	2004	2008	2012	2014	2016	2017	2018	0	0	0	1E-3	1E-3	1E-3	1E-3	Gabapentin	2004	2008	2012	2014	2016	2017	2018	8.8500156793226911E-2	0.13595300969927523	0.26429841990334924	0.36531120631781461	0.46432721646931896	0.50381511191916373	0.51861036681039052	Lacosamide	2004	2008	2012	2014	2016	2017	2018	0	0	1E-3	1E-3	1E-3	1E-3	1E-3	Lamotrigine	2004	2008	2012	2014	2016	2017	2018	0.18981561348639553	0.24303675091771834	0.31548588129795097	0.35763171044932457	0.40052812621608647	0.4203031386704974	0.44424983015754266	Levetiracetam	2004	2008	2012	2014	2016	2017	2018	3.4995152590293899E-2	7.0158745995093724E-2	0.12686474770688169	0.15793534573627926	0.19248499359597407	0.2082977385571243	0.22414367351243353	Mesuximide	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Midazolam Hydrochloride	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Midazolam Maleate	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Oxcarbazepine	2004	2008	2012	2014	2016	2017	2018	7.0805374890484649E-4	1.0150548598150608E-3	1.3337730882996949E-3	1.4452964244286882E-3	1.5500196660299447E-3	1.5916510507494651E-3	1.6541306512630799E-3	Paraldehyde	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Perampanel	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Phenobarbital	2004	2008	2012	2014	2016	2017	2018	0	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	Phenobarbital sod	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Phenytoin  	2004	2008	2012	2014	2016	2017	2018	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	Phenytoin Sodium	2004	2008	2012	2014	2016	2017	2018	0.13380239315259548	0.10951601193805748	8.95422543606922E-2	7.8310007684524813E-2	6.7537473632452605E-2	6.2534319225660953E-2	5.8056853943681867E-2	Pregabalin	2004	2008	2012	2014	2016	2017	2018	0	0.78285018509632909	2.0860670510738912	2.9867772181913002	3.8847014388668994	4.2826985600739684	4.6798819742495743	Primidone	2004	2008	2012	2014	2016	2017	2018	0.22093947590389398	0.18639870008274162	0.17001283172888543	0.15959471301666703	0.14783792798506248	0.14328866971172619	0.13791336090581235	Retigabine	2004	2008	2012	2014	2016	2017	2018	0	0	1E-3	1E-3	1E-3	0	0	Rufinamide	2004	2008	2012	2014	2016	2017	2018	0	0	1E-3	1E-3	1E-3	1E-3	1E-3	Sodium Valproate	2004	2008	2012	2014	2016	2017	2018	4.4529110088513011E-3	5.0000000000000001E-3	4.938564869121617E-3	4.9511931287788708E-3	4.8250761199833099E-3	4.7084541468506071E-3	4.5609213145516503E-3	Stiripentol	2004	2008	2012	2014	2016	2017	2018	0	0	1E-3	1E-3	1E-3	1E-3	1E-3	Sultiame	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Tiagabine	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Topiramate	2004	2008	2012	2014	2016	2017	2018	8.3882201006040075E-2	0.12318668520643113	0.15990712456815642	0.18392317314987186	0.20571959731136741	0.21339904680937929	0.2235710438925381	Valproic Acid	2004	2008	2012	2014	2016	2017	2018	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	Vigabatrin	2004	2008	2012	2014	2016	2017	2018	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	Zonisamide	2004	2008	2012	2014	2016	2017	2018	0	1E-3	1E-3	1E-3	1E-3	1E-3	1E-3	Year


PEC (µg/L)




Brivaracetum	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	1.3875129682303544E-4	6.9873877652130935E-4	1.370668383614503E-3	Carbamazepine	2004	2008	2012	2014	2016	2017	2018	0.48641525910594535	0.52554064618132845	0.49136490658694365	0.47041847060970637	0.44820940267966014	0.4362097411049195	0.42482162422592351	Clobazam	2004	2008	2012	2014	2016	2017	2018	0	0	0	0	0	0	0	Clonazepam	2004	2008	2012	2014	2016	2017	2018	8.5733747922278906E-5	1.0338164819739561E-4	1.2236160746983816E-4	1.3066292834416424E-4	1.3162185682528401E-4	1.308168002974817E-4	1.3048260501316466E-4	Eslicarbazepine Acetate	2004	2008	2012	2014	2016	2017	2018	0	0	1.9549023373975932E-2	2.9614483001462917E-2	4.1452546891413214E-2	5.1708176525181095E-2	6.3276381370920204E-2	Ethosuximide	2004	2008	2012	2014	2016	2017	2018	9.0687647214557285E-2	8.1000737537207296E-2	9.5392532722798018E-2	0.10174641860035322	0.10869617671647047	0.11311875461213125	0.11670873384641099	Felbamate	2004	2008	2012	2014	2016	2017	2018	0	0	4.3654299741085903E-4	7.9412641025657842E-4	7.0468453488478438E-4	7.4464014995063565E-4	7.6308248911429127E-4	Gabapentin	2004	2008	2012	2014	2016	2017	2018	8.3672875513596274	12.853739098840558	24.988214245407541	34.538514051866073	43.900027738917395	47.633428763266352	49.032252862073243	Lacosamide	2004	2008	2012	2014	2016	2017	2018	0	1.2251576849262198E-4	3.5857004637917217E-2	0.12464392756844839	6.7983437050672516E-2	7.5451957459802266E-2	8.468839330047738E-2	Lamotrigine	2004	2008	2012	2014	2016	2017	2018	0.18981561348639553	0.24303675091771834	0.31548588129795097	0.35763171044932457	0.40052812621608647	0.4203031386704974	0.44424983015754266	Levetiracetam	2004	2008	2012	2014	2016	2017	2018	2.0148724218654048	4.0394429512326653	7.3043339588810605	9.0932471787554636	11.082469328253042	11.99290009874351	12.905241808291615	Mesuximide	2004	2008	2012	2014	2016	2017	2018	2.465237576660744E-5	0	1.7092940173172813E-6	0	0	0	0	Midazolam Hydrochloride	2004	2008	2012	2014	2016	2017	2018	0	2.4911310489946759E-7	4.4568566138338495E-7	8.6179158933173086E-7	1.3583995900630137E-6	1.4711039279139864E-6	1.5018056584394618E-6	Midazolam Maleate	2004	2008	2012	2014	2016	2017	2018	0	0	3.1601676923352725E-6	2.0631685593329297E-6	1.4092451408654001E-6	1.1380664901538986E-6	9.6904770819522014E-7	Oxcarbazepine	2004	2008	2012	2014	2016	2017	2018	4.5420336781599787E-3	6.5113889525914258E-3	8.5559073664261912E-3	9.2713089152240292E-3	9.9430891169032011E-3	1.0210146740363234E-2	1.0610941807361681E-2	Paraldehyde	2004	2008	2012	2014	2016	2017	2018	1.7890918618837459E-7	0	0	0	0	0	0	Perampanel	2004	2008	2012	2014	2016	2017	2018	0	0	8.3180315357882801E-8	1.3256705649510312E-5	2.5084588293184955E-5	2.9932583392973013E-5	3.3869605447051269E-5	Phenobarbital	2004	2008	2012	2014	2016	2017	2018	0.11676826101908637	8.9173201889575615E-2	7.6000062359626822E-2	6.8450088847431742E-2	6.0568269545763137E-2	5.6781983309164667E-2	5.3396542635784118E-2	Phenobarbital sod	2004	2008	2012	2014	2016	2017	2018	4.9540567760319007E-5	6.450405248938635E-5	1.1063287978549312E-4	5.1818178241531551E-5	5.9029208382065286E-5	5.8537005985050751E-5	5.0655712069609801E-5	Phenytoin  	2004	2008	2012	2014	2016	2017	2018	3.6091356680231557E-3	3.1307084058093612E-3	3.1951786148736033E-3	2.9384107403982915E-3	2.5855455076478633E-3	2.3690934487675805E-3	2.1375727702253444E-3	Phenytoin Sodium	2004	2008	2012	2014	2016	2017	2018	0.13380239315259548	0.10951601193805748	8.95422543606922E-2	7.8310007684524813E-2	6.7537473632452605E-2	6.2534319225660953E-2	5.8056853943681867E-2	Pregabalin	2004	2008	2012	2014	2016	2017	2018	1	Primidone	2004	2008	2012	2014	2016	2017	2018	0.35902664834382769	0.30289788763445513	0.27627085155943887	0.25934140865208388	0.24023663297572656	0.23284408828155506	0.22410921147194507	Retigabine	2004	2008	2012	2014	2016	2017	2018	0	0	5.4876731536044375E-3	2.665550250058523E-3	1.3728757873234265E-3	3.1192575410146878E-4	4.0753039225259103E-6	Rufinamide	2004	2008	2012	2014	2016	2017	2018	0	3.3265412941531011E-4	2.1997976833462662E-3	2.7061794323176465E-3	3.2119308438048918E-3	3.3353997257584461E-3	3.4523298585696035E-3	Sodium Valproate	2004	2008	2012	2014	2016	2017	2018	4.4529110088513011E-3	4.7535738036829315E-3	4.938564869121617E-3	4.9511931287788708E-3	4.8250761199833099E-3	4.7084541468506071E-3	4.5609213145516503E-3	Stiripentol	2004	2008	2012	2014	2016	2017	2018	0	1.0397490258693158E-4	2.9016856306517415E-3	4.229926127177549E-3	5.0060541748264556E-3	5.6042797671710188E-3	5.6970744589081475E-3	Sultiame	2004	2008	2012	2014	2016	2017	2018	3.8689582326883868E-4	1.1886879239517191E-4	2.390102361982908E-4	2.3049841873311113E-4	2.0596785586612386E-4	2.3987294075620899E-4	2.7096451796126638E-4	Tiagabine	2004	2008	2012	2014	2016	2017	2018	2.2624356213511943E-5	1.4776227510402182E-5	1.0848705557561649E-5	9.2929031660595289E-6	8.8325369290164724E-6	8.0700136115904372E-6	7.5648242025039146E-6	Topiramate	2004	2008	2012	2014	2016	2017	2018	0.13421152160966413	0.19709869633028981	0.25585139930905026	0.294277077039795	0.32915135569818788	0.34143847489500689	0.35771367022806094	Valproic Acid	2004	2008	2012	2014	2016	2017	2018	1.1968975427621613E-3	1.8489264736204884E-3	2.9968162017225087E-3	3.2793683144066708E-3	3.1421873744058013E-3	3.5029212237515824E-3	3.4162984258945882E-3	Vigabatrin	2004	2008	2012	2014	2016	2017	2018	0.39400933985103181	0.2625789746382366	0.21218742717240707	0.2001555920819181	0.19676330915257342	0.19250859104497933	0.18893131498969365	Zonisamide	2004	2008	2012	2014	2016	2017	2018	0	3.6614696948869374E-2	7.4497030234815367E-2	9.4329214815582277E-2	0.11169505394538448	0.1192510717163288	0.12587003180856327	Year


PEC (µg/L)




Gabapentin	Levetiracetam	Pregabalin	Lamotrigine	Carbamazepine	Topiramate	Primidone	Oxcarbazepine	Phenytoin	0.51861000000000002	0.22414000000000001	4.6798799999999998	0.44324999999999998	3.3919999999999999E-2	0.22356999999999999	0.13791	1.65E-3	1E-3	Calculated PEC Range	Gabapentin	Levetiracetam	Pregabalin	Lamotrigine	Carbamazepine	Topiramate	Primidone	Oxcarbazepine	Phenytoin	49.032249999999998	12.905239999999999	10.141500000000001	0.44424999999999998	0.42481999999999998	0.35770999999999997	0.22411	1.061E-2	2.14E-3	(Margot et al., 2013)	Gabapentin	3.6920000000000002	(Gurke et al., 2015)	1	12.08	(Kasprzyk-Hordern, Dinsdale and Guwy. 2009)	Gabapentin	2.5920000000000001	(Margot et al., 2013)	2	0.33	(Chauveheid and Scholdis, 2019)	2	3.3000000000000002E-2	(Gurke et al., 2015)	3	1.087	(Gurke et al., 2015)	4	0.86199999999999999	(Margot et al., 2013)	5	0.46100000000000002	(Gurke et al., 2015)	5	1.6140000000000001	(Brezina et al., 2017)	5	1.29	(Calderόn-Preciado et al., 2011)	5	0.52600000000000002	(Martinez Bueno et al., 2007)	5	0.13600000000000001	(Chauveheid and Scholdis, 2019)	5	3.1E-2	(Leclercq et al., 2009)	5	0.112	(Leclercq et al., 2009)	5	0.14599999999999999	(Leclercq et al., 2009)	5	0.25800000000000001	(Kasprzyk-Hordern, Dinsdale and Guwy. 2009)	5	0.82599999999999996	(Gurke et al., 2015)	6	0.14000000000000001	(Margot et al., 2013)	7	9.7000000000000003E-2	(Gurke et al., 2015)	7	0.66500000000000004	(Chauveheid and Scholdis, 2019)	7	1.6E-2	(Gurke et al., 2015)	8	0.57899999999999996	(Brezina et al., 2017)	8	0.19800000000000001	(Leclercq et al., 2009)	8	0.129	(Leclercq et al., 2009)	8	0.255	(Leclercq et al., 2009)	8	5.0999999999999997E-2	(Yu, Bouwer and Coelhan, 2006)	9	0.25	Antiepileptic Compound


Concentration (µg/L)
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