Development And Validation Of A Method For Determining Estrogenic Compounds In Surface Water At The Ultra-Trace Level Required By The EU Water Framework Directive Watch List
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Abstract
    	Natural estrogens (estrone: E1, 17β-estradiol: E2, estriol: E3) and the synthetic estrogen (17α- ethinylestradiol: EE2) are endocrine disruptors harmful to aquatic wildlife. The European Commission included these molecules in the surface water Watch Lists issued in 2015 and 2018 under the Water Framework Directive regarding emerging aquatic pollutants, proposing maximum detection limits (LOD) of 0.035 ng/L for EE2 and 0.4 ng/L for E1 and E2. Attaining these limits represents a challenge even with the most up-to-date analytical tools, in particular in surface water. A two-step sample preparation, involving a preliminary extraction of a whole water sample on a solid-phase extraction (SPE) disk and further purification on a Florisil SPE cartridge, was optimized. The purified extract was derivatized subsequently and quantified by LC-MS/MS. The main goal was to maximize the recoveries to achieve the very low LODs required by the European Watch Lists. The method was fully validated in seven surface water. The LODs calculated were below the maximum acceptable limits required by the European Commission.
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Introduction
	
The presence of endocrine-disrupting chemicals (EDCs) in the environment is a growing concern considering their potential ad- verse effects on wildlife and human populations [1,2]. Among EDCs, estrogenic compounds, and in particular 17α-ethinylestradiol (EE2), 17β-estradiol (E2), and estrone (E1) exhibit high disrupting effects at very low concentrations [1,3–6]. E2 is a natural estrogen and has two main metabolites, E1 and estriol (E3), excreted by hu- mans and other mammals [7,8]. EE2 is a synthetic estrogen, commonly part of the contraceptive pill formulation and used for hormone therapy [2]. Natural and synthetic estrogenic compounds are excreted through urine and feces of humans and animals, mainly as biologically inactive conjugates [1,9,10]. However, free active forms have been observed in wastewater treatment plant effiuents and in surface water indicating that enzymatic deconjugation due to the activity of microorganisms may occur [1,8,11,12].
These compounds have been included within the 10 substances (or group) to be monitored in surface water as required in the Watch List (WL) published by the European Union (EU) in 2015, setting very low maximum acceptable method detection limits (MDL): 0.035 ng/L for EE2 and 0.4 ng/L for E1 and E2 [13]. Due to such low MDLs, the monitoring campaign of EE2, E1 and E2 required by the EU [13,14] failed. Sixteen Member States did not reach the sensitivity required for EE2 and 8 Member States the one for E2 [15]. Therefore, the three estrogenic compounds (EE2, E1 and E2) have been maintained in the revised WL published in 2018 [16] and the challenge is still open. It appears evident that the implementation of more sensitive and robust methods is essential. A substantial improvement is required on the sample preparation step to maximize the recovery and minimize the matrix effect, and thus reach the sensitivity that even up-to-date routine analytical methods have failed to achieve up to now [17].

Table 1
Characterization of the water samples studied: pH, suspended particulate matter (SPM) (mg/L), total organic carbon (TOC) (mgC/L), total concentrations of a selection of 43 pharmaceutical residues (PR, ng/L), 4 agricultural tracers (AT, ng/L) and 2 domestic activities tracers (DAT, ng/L). For SWs and GW, river or water resource, as well as the sampling location are reported.
	Water
	
	SPM
	TOC
	PR b,§
	AT c,§
	DAT d,§

	samplea	River/ water resource	Sampling location
	pH
	(mg/L)
	(mgC/L)
	(ng/L)
	(ng/L)
	(ng/L)

	SW 1	Sambre	Namur
	8.0
	48.8
	13.10
	4733.1
	17.41
	1188.3

	SW 2	Ry de Rome	Ry de Rome dam. Couvin
	7.4
	1.86
	3.86
	4.2
	4.6
	197.4

	SW 3	Ourthe	Nisramont dam. Roche-en-Ardenne
	7.3
	6.4
	2.92
	75.5
	38.5
	556.1

	SW 4	La Lhomme	La Lhomme dam. Libramont-Chevigny
	6.9
	3.53
	2.65
	72.6
	4.7
	778.2

	SW 5	Warche	Robertville dam. Waimes
	8.1
	0.7
	2.91
	45.6
	2.0
	67.6

	SW 6	Vesdre	Vesdre dam. Eupen
	5.1
	0.86
	7.23
	<LOQ
	1.3
	<LOQ

	SW 7	Gileppe	Gileppe dam. Jalhay
	5.5
	0.9
	7.07
	<LOQ
	3.3
	<LOD

	MW	/	/
	7.1
	/
	0.60
	/
	/
	/

	GW 1	Houte outlet	Gesves
	7.4
	/
	0.40
	/
	/
	/


a mineral (MW). ground (GW) and surface (SW) water
b sum of the concentration measured for 43 pharmaceutical residues (analgesics. cardiovasculars. neuroleptics. antibiotics. diuretics)
c sum of the concentration measured for 4 agricultural tracers (bentazone. 2.6-dichlorobenzamide. isoproturon. 2-methyl-4-chlorophenoxyacetic acid)
d sum of the concentration measured for 2 tracers of domestic activities (caffeine and cotinine)
§ determined by an SWDE internal validated method using SPE followed by LC-MS/MS (positive and negative electrospray ionization)

Analytical methods developed for the analysis of estrogenic compounds in aqueous samples usually involve an extraction step using solid-phase extraction (SPE) [2,8,18]. A second clean-up step to mitigate the matrix effect during the final analytical determination and increase the sensitivity has also been proposed [7,8] using NH2 [7,19], Florisil [20–23] or Silica cartridges [24]. For the first SPE extraction step, the most employed sorbent is a hydrophiliclipophilic balanced copolymer, OASIS HLB developed and commercialized by Waters Corporation, other alternative polymeric-based sorbents have been proposed, such as Strata-X from Phenomenex and styrene-divinylbenzene (DVB) based sorbent from several sup- pliers [2,8]. Cartridges containing silica-based sorbent like octadecylsilane C18 has also been used [2,8,18]. The latter has been used as sorbent for SPE disk format, which enables the analysis of whole water samples, avoiding the filtration step (carried out when SPE cartridges are used) that could lead to losses of analytes bound to suspended particulate matter (SPM) [19,25], and thus also comply with the request of the EU directive 2008/105/EC (amended by Directive 2013/39/EU) to analyze whole water. Most of the methods reported in the literature involving an SPE disk extraction, do not use any additional clean-up step [25–31]. None of these methods reached the LOD required by the EU for EE2, but most of these methods were multi-residual and not specifically optimized for estrogenic compounds [26–31]. Lardy-Fontan et al. [19] proposed a first extraction on an H2O-philic DVB SPE disk followed by a clean-up with an NH2 cartridge, achieving the required sensitivity but with relatively low accuracy and reliability at the LOD for EE2. Tavazzi et al. [32] developed a multi-residual SPE-LC-MS/MS method for substances included in the first WL. They reported a LOD of 0.03, 0.04 and 0.09 ng/L for EE2, E2 and E1, respectively, calculated on one surface water sample. However, the authors suggested always to verify the sensitivity since it is highly matrix dependent.
In our previous work, a one-step procedure using an Oasis HLB cartridge was validated for the analysis of ground water (GW). However, when applied to surface water (SW), filtration of the sample was necessary to avoid clogging of the SPE cartridge. Moreover, to reach satisfactory LOQs, an additional clean-up step using a Florisil cartridge was carried out before the final LC separation on the biphenyl column and ESI(+)-MS/MS detection [23]. Such a modification was time-consuming and it was not validated. The present work aims to reach several goals, namely increase the sample throughput for SW analysis, analyze whole water samples (no
filtration [14]), and reach the sensitivity required [16]. A two-step extraction and purification procedure was optimized and fully validated for the analysis of E1, E2, EE2, and E3 in SW. Different sorbents were compared for the initial SPE disk extraction (H2O-philic DVB and C18) and the following clean-up step (NH2 and Florisil). The final determination was carried out by LC-MS/MS after derivatization as reported by Glineur et al. [23].

[bookmark: 2_Materials_and_methods]Materials and methods

[bookmark: 2.1_Chemicals]SAMPLES

	One mineral water (MW), one GW, and seven SW samples were studied. The MW sample was bought from a local market; it is produced from a French water source and is one of the most consumed in Wallonia. The GW and the 7 SW samples were collected in Belgium from different sampling points to represent various sample types concerning pH, particulate matter and total organic carbon (Table 1).
[bookmark: 2.2_Samples_and_sample_preparation]CHEMICALS AND REAGENTS 

	E2 and EE2 were bought from MilliporeSigma (Overijse, Belgium) and E1 and E3 from LGC (Köln, Germany). The EE2- d4, E1-d4, E2-d5, and E3-d3 deuterated internal standards (DIS) were purchased from Alsachim (Shimadzu group company, Illkirch- Graffenstaden, France). The standards were dissolved in acetone to prepare a single stock solution at 100 mg/L for EE2, E2 and E3 and 400 mg/L for E1, divided into six aliquots. The stock solutions were stored for one year; no significant variation was observed. Working solutions were freshly prepared for each sequence of analysis by diluting adequate volumes of the stock solution in acetone. All solutions were stored in amber glass tubes at 4°C for not more than 7 days.
Sodium hydrogen carbonate and pyridine-3-sulfonyl chloride (PS-Cl) were bought from MilliporeSigma (Overijse, Belgium). Sodium hydrogen carbonate was dissolved in ultrapure water at 0.1 mol/L, and the pH was adjusted to 10.5 with NaOH at 1 mol/L. PS- Cl was dissolved in acetone at 1 mg/mL.
Absolute methanol (MeOH), acetonitrile (CH3CN) and wa- ter ULC/MS grade were bought from Biosolve (Dieuze, France). Dichloromethane (DCM) (stab. amylene) LV-GC SuperTrace grade and n-heptane HPLC grade were also purchased from Biosolve. Acetone Pestinorm® capillary GC was bought from VWR chemi- cals (Leuven, Belgium). Formic acid and ammonium formate were from MilliporeSigma (Overijse, Belgium). Ultrapure water used for sample preparation was produced by a Millipore system (Overijse, Belgium).
H2O-philic DVB and C18 SPE disks were from Baker (J.T. Bak- er® Bakerbond SpeediskTM). Florisil and NH2 SPE cartridges were purchased from MilliporeSigma (Overijse, Belgium)

[bookmark: 2.2.1_Samples]SAMPLE EXTRACTION AND CLEAN-UP

	Water samples were collected in amber 1 L glass bottles. Glass bottles were stored in the dark at 4°C and samples were extracted within 24 hours after sampling.

SPE-disk extraction
The DISs (1 ng/L each) were added to the water sample before any manipulation. Extraction was performed with a manual SPE disk extraction station (J.T. Baker® Bakerbond SpeediskTM) coupled to a vacuum pump. First, the disk was washed with two aliquots of 10 mL of elution solvent (MeOH for the H2O-philic DVB or CH3CN for the C18 disk). Subsequently, the SPE disk was conditioned with 10 mL of MeOH, (soaked for 1 min), and rinsed twice with 10 mL of ultrapure water. The water sample (1 L or 250 mL) was percolated through the SPE disk at a flow rate of about 150 mL/min. The SPE disk was dried for 10 min by applying the maximum vacuum. Finally, analytes were eluted with 3 aliquots of 5 mL of MeOH for the H2O-philic DVB SPE disk or with 3 aliquots of 10 mL of CH3CN for the C18 SPE disk.
The extract from the disk was evaporated under a flow of nitro- gen at 50°C (TurboVap II from Zymark, Hopkinton, USA) to 1 mL or dryness according to the following clean-up step.

SPE clean-up step using Florisil cartridge: the flow rate was maintained at about 2-3 mL/min (droplets flow). The cartridge was conditioned with 6 mL of n-heptane. After 5 minutes soaking, the dry extract re-dissolved in 6 mL of n-heptane/DCM (1:1, v/v) was quantitatively loaded onto the cartridge and let percolate. Then 6 mL of n-heptane/DCM (1:1, v/v) were used to wash the cartridge. EE2, E1 and E2 were eluted with 6 mL of acetone/DCM (1:9, v/v), while E3 was eluted with an additional 6 mL of MeOH/acetone (5:95, v/v). The eluates were collected in amber glass tubes.

SPE clean-up step using NH 2 cartridge: the flow rate was adjusted to about 2-3 mL/min (droplets flow). The cartridge was conditioned with 4 mL of MeOH. The extract (1 mL MeOH) was quantitatively transferred to the NH2 cartridge. The sample volume (1 mL) was collected in an amber glass tube along with an additional 4 mL of MeOH used to elute the analytes.

Final procedure validated: 250 mL of water sample spiked be- forehand with DISs were extracted on C18 SPE disk. Analytes were eluted with 3 aliquots of 10 mL of CH3CN. The solvent was evaporated to dryness, re-dissolved in 6 mL of n-heptane/DCM (1:1, v/v) and further purified on a Florisil SPE cartridge previously conditioned with 6 mL of n-heptane. After loading the sample, the cartridge was washed with 6mL of n-heptane/DCM (1:1, v/v). 6 mL of acetone/DCM (1:9, v/v) were used to elute EE2, E1 and E2 and additional 6 mL of MeOH/acetone (5:95, v/v). for E3.

DERIVATIZATION

	The derivatization procedure was carried out according to Glineur et al. [23]. Briefly, the purified extract was evaporated to dryness under a flow of nitrogen at 50°C (TurboVap®). The evaporation tube was rinsed with 1 mL of acetone and evaporated again before the addition of 100 μL of an aqueous sodium hydrogen carbonate solution (0.1 mol/L, pH adjusted to 10.5) and 100 μL of PS- Cl (1 mg/mL). A glass Pasteur pipette was used to homogenize and transfer the extract to a 200 μL insert in an amber screw-top HPLC vial. The vial was sealed and put in an oven at 60°C for 5 min, then cooled on ice for 10 min. The vial was centrifuged at 4000 × g for 10 min, and the supernatant was transferred to a new insert and stored at 4°C before injection.

LC AND MS/MS PARAMETERS

	The liquid chromatographic system was an Agilent 1270 Infinity LC device. UHPLC parameters were as in Glineur et al. [23]. The autosampler was maintained at 4°C and the injection volume was 20 μL. Chromatographic separation was performed on a Kinetex biphenyl column (50 mm x 2.1 mm, 2.6 μm; Phenomenex, Nether- lands) at a flow rate of 0.4 mL/min in gradient mode. Solvent A was water and solvent B was MeOH, both containing 0.1 % (v/v) formic acid and 0.6 g/L of ammonium formate. Gradient: 0 min, 50% B; 3 min, 62 % B; 6 min, 65 % B; 10.5 min, 70 % B; 12 min, 75% B; 16 min, 100 % B. From 0 to 3 min, eluent was sent to waste to avoid sending excess reagent and salt to the MS ion source. At the end of each analysis sequence, the chromatographic column was rinsed with 50 % of solvent A for 10 min and then with 100 % of solvent A for 10 min at 0.4 mL/min. Moreover, the system was carefully cleaned by washing the channel from the autosampler needle to the entrance of the chromatographic column with 100 % solvent A for 10 min at 2 mL/min to avoid deposition of salt from the derivatization mixture used.
The detector was a tandem mass spectrometer (Agilent 6490). Source and ion funnel parameters, as well as the precursor and product ions monitored, were as in Glineur et al. [23], supplementary table S1. Briefly, the ions herein monitored were: EE2 (pre- cursor ion: 438.2 m/z) 213.2 (Quantifier ion (Q)), 160.1 (Qualifier ion (q)) and 157.0 (q); E1 (precursor ion: 412.2 m/z) 348.2 (Q) and 185.1 (q); E2 (precursor ion: 414.2 m/z) 350.2 (Q) and 213.1 (q); E3 (precursor ion: 430.2 m/z) 366.2 (Q) and 146.1 (q). 

VALIDATION OF THE ANALYTICAL PROCEDURE

	The external calibration function was built using 6 concentration levels (ranging from 125 to 6250 ng/L for EE2, E2, and E3 and from 500 to 25000 ng/L for E1, concentrations in the vial) and it was run daily. The lowest level of the calibration function (125 ng/L) corresponds to a concentration of 0.1 ng/L in the water sample (LOQ derived from the maximal acceptable detection limit for EE2 of 0.035 ng/L [16]), considering a concentration factor of 1250 from the initial water sample (250 mL to the final volume of 200 μL). The pure standard solutions were prepared by adding appropriate volumes of working solutions (analytes and DISs) in an insert followed by evaporation to dryness and derivatization as described previously (see section 2.4). During the optimization of the procedure, a standard solution at 1250 ng/L for EE2, E2 and E3 (5000 ng /L for E1) and at 1250 ng/L for DISs was used for recovery assessment. Absolute recoveries (also defined as= overall process eﬃciency, [33]) were assessed by calculating the ratio between the area of the analyte recovered from the entire procedure and the area of the analyte in a standard solution corresponding to the theoretical 100 % recovery. The LODs and LOQs, calculated based on a signal-to-noise ratio (S/N) of 3 and 10 respectively, were evaluated on the samples spiked at the lowest level of spiking (0.1 ng/L for EE2, E2 and E3, 0.4 ng/L for E1).
Validation was carried out according to the French NF T90-210 standard, as briefly described below [34]. The external calibration functions were calculated on five different days for evaluating the intermediate precision. The relative difference between the con- centration calculated from the calibration function and the target one (based on the theoretical concentration of the stock solution) was calculated for each assay (relative bias). The accuracy of the method was assessed at three spiking levels (0.1, 0.5 and 2 ng/L for EE2, E2 and E3; 0.4, 2 and 8 ng/L for E1) on seven different SW samples analyzed on different no-consecutive days to evaluate the intermediate precision as well (over a period of roughly 1 month). On each day, two repetitions were carried out. Two equations, i.e., (1) and (2), were verified:
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Where TMRB % is the tolerable maximum relative bias, b % is the relative bias, sIP is the intermediate precision standard deviation, and REF is the conventionally true value corresponding in this study to the spiking level.
Seven SW samples were selected as representative of the variety of samples to which the validated method will be applied during routine monitoring (Table 1). An MW blank following the whole procedure was processed each day as quality control. In total, each sample was analyzed 8 times: two repetitions of the native sample (to assess the possible contamination of the environment) and two repetitions at each of the three spiking levels.



To confirm the identity of the analytes, all the following criteria had to be met:

1) the absolute retention time difference between the analyte detected in a sample and the standard solution has to be of maximum ± 0.1 min [35];
2) the ratio between the retention time of the analyte and the retention time of the DIS in a sample has to be the same as the ratio in the standard solution with a tolerance of 2.5 % [36];
3) the ratios for the product ions (two product ions are required for each compound [35,36]) have to be within the limits specified by the EC Decision 2002/657/EC. For EE2, three product ions were selected (one quantifier and two qualifiers) as the surface water WL requires for this compound a lower LOD. The S/N ratio should be above 3 for all the product ions.
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Fig. 1. Recoveries (calculated for the DISs, spiked at 1 ng/L in water, n=4) obtained for the analysis of 1 L of water (SW1 or GW1) after extraction on a H2 O-philic DVB SPE disk and clean-up on an NH2 cartridge (see Table 1 for samples details).

Results and discussion

	Compared to the previous work where the focus was on the optimization of the final LC-MS/MS determination and the derivatization step, this work focused on the optimization of an effective sample preparation step for SW and its full validation. Particular attention was devoted to maximizing the absolute recovery of the overall procedure to improve the sensitivity. Although the surface water WL does not include E3, it was included in this study as it is often detected in surface water [11,28,37].
Compared to our previous method [23], the first time- consuming step on the HLB cartridge (~2h) was replaced with an SPE disk extraction, which allows to perform a rapid extraction (~20min) of a large amount of whole water sample (1 L), at a high flow rate, and without the need of a prior filtration step. Large volume extraction was suggested in the WL [16] as well as in a JRC report [38] to address the sensitivity problem for EE2.
The protocol proposed by Lardy-Fontan et al. [19] was our starting point, consisting of the first extraction on an H2O-philic DVB SPE disk followed by a clean-up with an NH2 cartridge.
Recovery performances using this protocol were evaluated on two different types of matrices, ground- and surface water, using the sample GW1 and SW1. GW1 was considered as a “clean” water sample, while SW1 was considered as a “complex” water sample. This distinction was primarily based on the total organic carbon (TOC) content (Table 1). Surprisingly, recoveries (based on a spike of 1 ng/L of DISs, 1 L water sample) were much lower than those reported by Lardy-Fontan et al. [19] for both types of water, with values for SW1 (~10 % for EE2, E1 and E2 and ~3 % for E3) lower than those for GW1 (~40 % for EE2, E1 and E2 and ~25 % for E3) (Fig. 1).
It was hypothesized that the difference of recoveries between the two samples was mainly due to matrix effects affecting the final ionization yield and/or to overloading of either the SPE disk and/or the NH2 cartridge with the matrix. To understand the origin of these low recoveries and improve them, further investigations were carried out.

[bookmark: 3.1_Optimization_of_extraction_procedure]COMPARISON OF THE NH2 AND FLORISIL PURIFICATION 

	Both NH2 and Florisil cartridges were tested and compared. The latter purification was based on the previous method developed by Glineur et al. [23]. SW1 was chosen as the worst-case scenario in terms of matrix load (the highest TOC and SPM). A volume of 1.5 L was spiked with the working standard solutions (1 ng/L for EE2, E2, and E3; 4 ng/L for E1; 1 ng/L for DISs) and loaded onto the H2O-philic DVB SPE disk (n=2). Then, the eluate of each SPE disk (15 mL of MeOH) was divided into 3 portions and each loaded onto the NH2 or the Florisil SPE cartridge (n=3 for each SPE cartridge). In this way, the same matrix load was loaded onto the SPE cartridges and the differences observed can only be ascribed to the clean-up step.

[image: Une image contenant texte, capture d’écran, diagramme, Parallèle

Le contenu généré par l’IA peut être incorrect.]
Fig. 2. Study of the recoveries of the two consecutive steps (extraction of a mineral water on SPE disk and evaporation to dryness). Different mixtures of MeOH/CH3 CN (5:95; 30:70) and 100 % CH3 CN and MeOH were tested and two different stationary phases for the SPE disk (H2 O-philic and C18) are compared. (Spiking levels: 1 ng/L for EE2, E2 and E3; 4 ng/L for E1).
Recoveries were significantly higher (p<0.05) with Florisil clean-up compared to NH2 clean-up, although not satisfactory in both cases (<45 %; Supplementary Table S2). E3 is not reported here due to too low recoveries (<LOQ). Although, at this stage, we cannot distinguish between a matrix effect or recovery issue, it is evident that insuﬃcient elimination of interfering compounds may cause an overload of the clean-up SPE cartridge and/or important matrix effects during electrospray ionization. In fact, previously, recoveries over 90 % were reported on Florisil and no significant losses were observed during the subsequent evaporation [23]. Therefore, most of the eﬃciency loss might not be due to the SPE clean-up itself, but most probably to the previous steps: ex- traction on the H2O-philic DVB SPE disk and/or subsequent evaporation. Both steps were investigated further and the results are discussed below.

INVESTIGATION OF THE DIFFERENT STEPS USING MINERAL WATER 

	To study the possible losses during the sample preparation steps, minimizing other confounding variables, such as the matrix effect, an MW was chosen for further investigation.
As a first test, the recoveries for the H2O-philic DVB SPE disk extraction and the NH2 clean-up steps were assessed separately (n=3 each, spiked with 1 ng/L of EE2, E2, and E3; 4 ng/L of E1). Almost quantitative results were obtained for all the analytes of interest for the SPE disk (i.e. 100.7 %, 97.1 %, 100.6 % and 93.6 % for EE2, E1, E2 and E3, respectively), as well as for the NH2 clean- up (i.e. 98.4 %, 93.4 %, 107.4 % and 101.3 % for EE2, E1, E2 and E3,
respectively). Consequently, the two successive evaporation steps of the MeOH eluent were suspected to be a possible cause of the poor recoveries.
15 mL of MeOH (corresponding to the volume of elution from the H2O-philic DVB SPE disk, i.e., 3 × 5 mL) spiked with 20 ng/L of EE2, E2, and E3 and 80 ng/L of E1 were evaporated to dryness. An average recovery below 60 % was observed (Supplementary Figure S1), characterized by a high inter-day variability (RSD between 15.1 % for E3 and 21.2 % for E1). The evaporation of 5 mL of MeOH (which corresponds to the elution volume for the NH2 SPE purification) spiked at the same levels led to better recoveries, ranging from 73 % for E2 to 77 % for E3, but remained unsatisfactory.
CH3CN was tested as an alternative elution solvent. Evaporation of 15 mL of spiked CH3CN to dryness led to higher recovery (> 84%, Supplementary Figure S1) compared to MeOH for each analyte considered, with a lower inter-day variability (RSD between 3.4 % for E1 and 11.9 % for E3). Different evaporation systems were also compared for each solvent (i.e., TurboVap® and Rotavapor®), with no significant differences (data not shown).

STUDY OF THE SPE DISK

SPE DISK ELUTION CONDITIONS SELECTION

	Considering the reduced losses observed during evaporation us- ing CH3CN, the latter was tested as the elution solvent for the H2O-philic DVB SPE disk (3 × 5mL). The elution yield was significantly reduced using CH3CN (76.9 %, 76.7 %, 80.5 % and 66.8 % for EE2, E1, E2 and E3, respectively) compared to MeOH (i.e. 100.7 %, 97.1 %, 100.6 % and 93.6 % for EE2, E1, E2 and E3, respectively). Assuming that analytes were still retained on the SPE disk, an additional volume of eluting solvent was added (3 × 5 mL), but the recoveries improved by only 4 %.
Considering that elution with MeOH provided quantitative recoveries, we hypothesized that the addition of a small amount of MeOH in CH3CN could help the elution of compounds from the SPE disk without a significant loss during the evaporation step. Therefore, different mixtures of MeOH/CH3CN (i.e. 100/0; 30/70; 5/95; 0/100; v/v) were tested. Fig. 2 shows the recoveries obtained (integrating both the SPE disk and evaporation steps) for the different solvent mixtures used.
With the H2O-philic disk, global recoveries (disk extraction and evaporation steps) with pure CH3CN were overall comparable with the recoveries obtained with pure MeOH and better than those obtained for the MeOH/CH3CN mixtures (Fig. 2). This behavior may be correlated to multiple effects. MeOH and CH3CN form an azeotrope (b.p. 63.5°C versus MeOH: 64.7°C and CH3CN: 82.0°C) and an enhancement of the hydrogen bond interactions has been reported in MeOH/CH3CN mixtures, which may have led to an increase of the losses observed during evaporation of only MeOH (probably due to a stripping effect) [39,40].
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Fig. 3. Study of the recoveries for the C18 disk extraction + Florisil clean-up for 1 L of mineral water using the normal capacity disk (MW 1 L NC), for 1 L of SW1 using the normal capacity disk (SW1 1 L NC disk) or the high capacity disk (SW1 1 L HC disk), and for 250 mL of SW1 with the normal capacity disk (SW1 250 mL NC disk). The results obtained using H2 O-philic SPE Disk + NH2 clean-up for SW1 (1 L) are reported for comparison purposes.

Considering the challenging LODs required, recoveries of these two steps (SPE disk and evaporation to dryness) should be maximized. Therefore, an alternative stationary phase for the SPE disk, i.e., C18, was tested. Such an SPE disk phase was used by Sun et al. [27] for the analysis of 15 hormones in deionized water, obtaining recoveries ~ 90 % for EE2, E1, E2 and E3, using CH3CN as elution solvent. Comparable recoveries were obtained here on MW (spiked with 1 ng/L for EE2,E2 and E3; 4 ng/L for E1;) for the C18 SPE disk step only (no evaporation; 94.9 %, 88.8 %, 92.2 % and 86.5 %, respectively for EE2, E1, E2 and E3). These values were slightly lower than those reached with the H2O-philic DVB SPE disk (i.e. 100.7 %, 97.1 %, 100.6 % and 93.6 % for EE2, E1, E2 and E3, respectively) but higher when combined with the following evaporation step (C18 Disk: 80.8 %, 88.9 %, 86.1 % and 65.6 %; H2O-philic disk: 56.4 %, 49.1 %, 58.7 %, and 50.5 % for EE2, E1, E2 and E3, respectively) (Fig. 2). The simpler procedure involving only the C18 SPE disk step (with no clean-up on an SPE cartridge) was tested on SW1. How- ever, as expected, recoveries were drastically low (3.0 %, 5.2 %, 3.3%, and 0,4 %, for EE2, E1, E2, and E3, respectively) underlying the importance of the clean-up step.

STUDY OF THE C18 SPE DISK AND CLEAN-UP WITH FLORISIL

	The C18 SPE disk was then used in combination with the Florisil cartridge clean-up step. The entire procedure was tested on 1 L of an MW and SW1. Recoveries (calculated for the DISs, 1 ng/L) for the MW were 56.0 %, 79.2 %, 65.7 % and 23.1 % for EE2, E1, E2, and E3, respectively (Fig. 3), while they drastically dropped when SW1 was analyzed (13.6 %, 14.0 %, 15.8 % and 2.7 % for EE2, E1, E2, and E3, respectively), although slightly better than those obtained using H2O-philic DVB SPE disk and clean-up on NH2 cartridge, except for E3 (Fig. 3).
Such a drastic change in the recoveries could be explained by matrix effect and/or overloading of the SPE disk or Florisil cartridge. To improve the recoveries for complex SW samples, two approaches were investigated: I) use of a higher sorbent mass SPE disk (high capacity (HC) SPE disk); II) extraction of a lower volume of SW (250 mL) to decrease the amount of compounds from the matrix.
Using the first approach, recoveries for 1 L of SW1 were slightly improved (19.2 %, 17.8 %, 22.4 % and 4.9 % for EE2, E1, E2 and E3, respectively, Fig. 3) compared to those obtained with the normal capacity SPE disk (NC SPE disk) for the same volume extracted. On the other hand, the second approach provided a significant improvement of the recoveries (53.2 %, 42.5 %, 54.2 % and 22.5 %, respectively for EE2, E1, E2 and E3), leading to values similar to the ones obtained extracting MW, except for E1. A recovery loss in a SPE purification is generally related to a breakthrough or a too strong retention. However, if we consider the elution order, as re- ported in ref [23], in a C18 sorbent E1 should elute very close to E2 and EE2 and rather later than E3. Therefore, a similar recovery loss would have been observed in the earliest (i.e., E3) or the latest eluted compound (i.e., EE2). A more likely explanation is that E1 may be subjected to higher ion suppression due to co-elution in the chromatographic run with matrix components. The use of high sample volume (i.e., 1 L vs 250 mL), although suggested as a strategy to increase the signal intensity and hence reach better LOQs, impaired the performance of the method (due to matrix effect and/or matrix overload in the SPE steps), as also underlined by [10]. With the extraction of lower water volume, a rough estimation of the S/N ratio showed that the target sensitivity could be obtained in SW1 (LOQ ~ 0.030 ng/L for EE2 and ~ 0.060 ng/L for E1, E2, and E3, respectively). Therefore, this approach was run through the validation procedure and the results obtained are detailed below.

VALIDATION

	The final procedure (reported in section 2.3) was validated ac- cording to the NF T90-210 standard. The external calibration (six concentration levels) was determined on 5 different days and using independent solutions. The intermediate precision was calculated over no-consecutive 5 days (roughly 1 month) for each level (Table 2): inter-day relative standard deviations (RSDs) for the different concentration levels ranged between 0.6 and 3.2 %, 0.7 and 2.5 %, 0.6 and 3.2 %, and 0.3 and 1.3 % for EE2, E1, E2 and E3, respectively (Table 2). The relative biases (a measure of trueness) were calculated for each level of the calibration for EE2, E1, E2 and E3 (Table 2). The tolerable maximum relative bias of 10 % was verified.
According to the NF T90-210 standard, the accuracy should be tested on at least six samples 
Table 2
Study of the intermediate precision (RSDs, inter-day, n=5) and trueness (relative biases, inter-day, n=5) for the external calibration (6 concentration levels).
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Table 3
Study of the intermediate precision (RSDs, inter-day) and the trueness of the method (relative biases, inter-day) by analyzing 7 SW samples (n=7) at three different spiking levels. The final procedure used during validation is described in section 2.3
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representative of the field of application. Here, the entire analytical procedure was validated on seven different SW samples. One SW (SW1) was representative of large rivers that run through highly populated regions and 6 SW (SW2 to 7) representative of the different SW used in Wallonia to produce drinking water (Table 1). Trace amounts of the E1 and E2 were found in four out of seven samples. The SW samples were spiked at three concentration levels (~ LOQ required, 5-times and 20-times the LOQ required). The validation of such different samples enabled to assess the robustness/ruggedness [41] of the pro- posed protocol. The lowest concentration level tested was at the required LOQ for EE2 (0.1 ng/L). E2 and E3 were validated at the same concentration levels than EE2 considering they are usually measured at very low concentrations in the environment, while E1 is generally found at higher concentrations thus, it was vali- dated at 0.4 ng/L as the lowest concentration level [7,22]. The identity of each component was first verified according to the criteria reported in section 2.6. The absolute retention time difference of each compound to the standard retention time (criteria I) was far below the 0.1 min allowed (generally lower than 0.085 in absolute value), as well as the bias in the retention time ratio (criteria II) was <0.6 % (maximum allowed 2.5 %). The ratios for the qualifier ions were all within the limits specified by the EC Decision 2002/657/EC (Supplementary Figure S2).

Table 4
Estimated LODs and LOQs (S/N= 3 and 10, respectively) and concentrations found in the SW samples. The final procedure used during validation is described in section 2.3.
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Accuracy parameters (bias and inter-day RSD) for each targeted analyte are presented in Table 3. EE2 showed excellent results with a bias lower than 10 % and an inter-day RSD lower than 6 % at each concentration level. E2 and E3 showed comparable results with a bias below 10 % at each concentration level and an inter-day RSD between 4.2 and 23.3 %, with a higher value for the lowest concentration level, as expected. E1 showed slightly higher values of bias, with a bias of ~ 30 % at the lowest concentration level but good intermediate precision, lower than 15 % for all the concentration levels. Since a regulation defining the performance parameters is not in place yet for these specific compounds, the tolerable maximum relative biases, calculated as for the equations (1) and (2) reported in section 2.6, were fixed at 60 % at the lowest concentration level (corresponding to the LOQ required for EE2) and at 40 % for the other two spiking levels (Fig. 4) as for [34].
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Fig. 4. Study of the accuracy at the three spiking levels (from left to right: 0.1, 0.5 and 2 ng/L for EE2, E2 and E3 and 0.4, 2 and 8 ng/L for E1), the equations (1) and (2) are represented in this graph and the tolerable maximum relative bias is 60 % at the lowest level of spiking and 40 % at the higher levels. The final procedure used during validation is described in section 2.3.

Concentrations of the estrogenic compounds in the initial samples, as well as LOQs and LODs, estimated for the seven SW samples, are presented in Table 4. LOD calculation was based on the qualifier transition that should present a S/N ratio of 3. For the LOQ, the quantifier transition has to present a S/N ratio of 10 and the qualifier a S/N ratio of 3. EE2 was never found in the SW samples analyzed, while E1 was present in six out of the seven samples (mean concentration for the quantified samples of 0.514 ng/L). E2 was found in 3 samples (mean concentration for the quantified samples of 0.08 ng/L) and E3 was detected in SW4 but was be- low the LOQ. Recoveries (average of the 7 samples) were >58% for EE2 and E2, slightly lower recoveries were obtained for E1 (~50%). SW6 and SW7 always showed lower recoveries probably due to particular matrix components or their lower value of pH, which can influence the retention of some matrix components competing with target analytes on the retention sites of the disk. The correction of the pH value in the initial sample can be further investigated in future work. However, the calculated LODs were, in all cases, lower than the values recommended by the EU WL (0.035 ng/L for EE2 and 0.4 ng/L for E1 and E2) [16] for all the target com- pounds. The chromatograms (the quantifier as well as the qualifier transitions) of SW1 spiked at 0.1 ng/L for EE2 is presented in Fig. 5.

[image: Une image contenant texte, diagramme, Tracé, ligne

Le contenu généré par l’IA peut être incorrect.]
Fig. 5. MRM signal obtained for EE2 analyzing SW1 fortified at 0.1 ng/L. Precursor ion: 438.2 m/z; product ions: 213.2 (Q), 160.1 (q). The S/N ratio of the qualifier is highlighted in the expanded box.

Conclusion

	A method dedicated to the analysis of EE2, E1, E2, and E3 in surface water was successfully optimized and validated. This method includes the extraction on an SPE disk, an SPE clean-up, derivatization using PS-Cl and the final analysis by LC-MS/MS. The method was fully validated and proved to be robust and sensitive. The challenging LODs recommended by the EU Watch List (0.035 ng/L for EE2 and 0.4 ng/L for E1 and E2) were achieved in the different SW. The present method is suitable for a survey of SW in Europe to evaluate the exposition of the aquatic environment and the associated risks for the ecosystem.
The validated method could also be used to monitor E2 in water intended for human consumption and contribute to the evaluation of the risks for human health. Indeed, the 98/83/EC Directive is currently being recast, and it is proposed to set a parametric value of 1 ng/L for E2 in drinking water (COM/2017/0753).
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