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	 In electron ionization mass spectrometry (MS), the generation of characteristic fragmentation patterns allows reliable and sensitive identification of compounds. However, loss or a less intense signal of the molecular ion (or more diagnostic ions) can often be observed, which can be detrimental for identifi- cation and/or sensitivity, even when MS/MS approaches are applied for quantification. The benefits of applying lower ionization energy (i.e., 20 eV compared to 70 eV) using a gas chromatography (GC) - tandem MS (MS/MS) instrument were investigated in the detection of three estrogenic compounds, namely estrone (E1), 17β-estradiol (E2), and 17α-ethynylestradiol (EE2), emerging aquatic pollutants included in the European Commission Watch List. As expected, the relative intensity of molecular ions (M+. ) or high- mass fragments closely related (M+. − CH3 ) increased significantly at 20 eV compared to 70 eV (from 4.6 % to 35.0 % for EE2, from 22.5 % to 87.3 % for E2, and from 76 % to 100 % for E1). This change in the spectrum profile led to an overall increase in the sensitivity of the compounds when detected us- ing the multiple reaction monitoring mode. These results were compared with the instrumental limit of quantification obtained in liquid chromatography – MS/MS showing a limit of quantification of about 100-folds lower for GC-MS/MS and a completely neglectable matrix effect, thus posing the base for the development of a miniaturized sample preparation method (with an overall lower concentration factor) to achieve the challenging low limits of detection required by the EU regulation for estrogenic compounds. 
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Introduction

	The coupling of a gas chromatograph (GC) with mass spectrometer (MS) has rapidly become the most commonly used “technique” for the analysis of volatile and semi-volatile compounds due to its high resolution, selectivity, and sensitivity [1]. Over the years, the continuous improvement in both GC and MS technologies has enhanced these features. Electron ionization (EI) is the most common ionization technique in GC-MS, using 70 eV as standard electron kinetic energy. 70 eV exceeds the ionization energy required for most volatile and semi-volatile compounds. At this value, a stable plateau in the ionization eﬃciency is observed for most compounds, which assures a highly repeatable fragmentation pattern, allowing the direct comparison with reference library spectra [2–4]. On the other side, such high ionization energy can cause intense fragmentations, generating mainly non-specific low- mass ions and often causing the loss of the molecular ion and the decrease of intensity of other highly informative diagnostic ions, leading to reduced confidence in the identification process. To save the latter information, soft and/or milder ionization with dedicated ion sources in GC-MS has been used [1,2,11,3–10]. An alternative approach, proposed for the first time by Maccoll in the 80s, is the use of lower electron kinetic energies in the conventional EI source [12,13]. It has often been reported that lower electron kinetic energies reduce the ionization eﬃciency, potentially impairing sensitivity [2,14–16]. However, the new generation EI sources have been developed with integrated ion optics to ensure better sensitivity [17–19], even at lower electron kinetic energies when proper tuning conditions are applied [19,20]. Nevertheless, this approach has never been investigated for improving the sensitivity in GC-tandem MS (GC-MS/MS). In this work, the focus was devoted to estrogenic compounds, namely estrone (E1), 17β-estradiol (E2), and 17α-ethynylestradiol (EE2). These compounds have been included in the European Commission Watch List regarding emerging aquatic pollutants in surface water [21]. The maximum acceptable limits of detection (LODs) are extremely low (0.035 ng/L for EE2; 0.4 ng/L for E1 and E2) and still represent a challenge even with the most up-to-date instrumentations [22]. Over the years, both liquid chromatography (LC) and GC coupled to MS or MS/MS have been reported for their determination, rarely reaching the limit of quantification (LOQ) required, especially for E2 and EE2 [22,23]. In this work, the instrument performances (along with the matrix effect) of a conventional GC-EI-MS/MS system were investigated us- ing both 20 and 70 eV, and compared to an LC-MS/MS method previously optimized [24]. The latter method is among the few reaching the LOQs required, but it applied a rather long and tedious sample preparation procedure. Therefore, the work outcomes pro- vide attractive prospects to simplify the sample preparation step.

[bookmark: 2_Materials_and_methods]Materials and methods

[bookmark: 2.1_Chemicals]CHEMICALS AND REAGENTS

	E1 was purchased from LGC standards (Köln, Germany) and E2 and EE2 from MilliporeSigma (Overijse, Belgium). Stable isotope- labeled analytes were bought from Alsachim (Shimadzu group company, Illkirch-Graffenstaden, France). In this study, 2H labeled internal standards (DISs) were used (EE2-d4, E1-d4, E2-d5). A multi-analyte stock solution (at 100 ng/μL for EE2, E2; 400 ng/μL for E1) was prepared by dissolving all analytes (powder) in ace- tone. A multi-DIS stock solution (at 20 ng/μL for EE2, E2; 80 ng/μL for E1) was prepared in acetone. All stock solutions were divided into six aliquots transferred in amber glass tubes and stored at 4°C. 
The	derivatization	agent	was N,O- Bis(trimethylsilyl)trifluoroacetamide) with 1 % trimethylchlorosi- lane (BSTFA + 1 % TMCS) and was bought from MilliporeSigma (Overijse, Belgium) as well as pyridine. Acetone and n-hexane GC
grade were bought from MilliporeSigma.
For full scan MS data acquisition, a solution containing EE2, E2 at 1 ng/μL and E1 at 4 ng/μL was injected. Separately, a solu- tion containing EE2-d4, E1-d4, E2-d5 at the same concentrations as mentioned above was injected. For the selection of the best prod- uct ions and the optimization of the collision energy (CE), a solu- tion containing both analytes and DISs (at 5 ng/μL for EE2, E2; 20 ng/μL for E1) was injected.

[bookmark: 2.2_Samples_and_sample_preparation]DERIVATIZATION PROCEDURE 
[bookmark: 2.2.1_Samples]
	The derivatization procedure was adapted from Grover et al. [25]. A suitable volume of working solution was dispensed in a 2 mL screw top vial and evaporated to dryness under a gentle flow of N2. 50 μL of pyridine and 50 μL of BSTFA + 1 % TMCS were added to the dry residue and the vial was vigorously mixed and maintained at 60°C for 30 min. Afterward, the mixture was evaporated to dryness under a gentle flow of N2 and reconstituted in 200 μL of n-hexane. The derivatized analytes were stored at 4°C until injection (within 48 h).

INSTRUMENTAL PARAMETERS

GC-MS/MS

	A GCMS-TQ8050 NX instrument from Shimadzu (Bruxelles, Belgium), including the Nexis GC-2030 gas chromatograph, was used for all the analyses. The chromatographic separation was performed on an SLB-1ms column [Poly(dimethyl siloxane), 30 m × 0.25 mm × 0.25 μm, Supelco USA]. Three μL were injected in splitless mode (hold 1 min). The injection temperature was set at 280°C. Carrier gas was He in constant linear velocity mode at 42 cm/s. The column oven temperature program is described as follows: 100°C (held 1 min) to 350°C at 15°C/min. The absence of carryover between injections was assessed by injecting hexane solvent blank.

Table 1
Retention times, MRM transitions and their collision energy, of the estrogenic com- pounds. Q: quantifier ion; q: qualifier ion.
	
Analyte
	Retention time
(min)
	
MRM transition
	Collision energy
(V)

	E1
	13.962
	342.1 > 257.2 (Q)
	15

	
	
	342.1 > 244.3 (q)
	18

	E2
	14.376
	416.4 > 285.2 (Q)
	15

	
	
	416.4 > 129.1 (q)
	21

	EE2
	14.953
	425.3 > 193.2 (Q)
	18

	
	
	425.3 > 231.2 (q)
	21





The MS transfer line temperature was set at 280°C and the ion source was kept at 200°C
The MS operated in multiple-reaction monitoring (MRM) mode. The retention time of the targeted analytes and the MRM transitions (Q: quantifier ion; q: qualifier ion) with their respective CE are displayed in Table 1. The cycle (loop) time was set at 300 ms, ensuring 11-13 data points per peak. The minimum dwell time (without considering the switching channel time) was calculated as 37.5 ms. The detector was tuned at 20 eV and 70 eV (the conditions obtained are reported in Supplementary Table S1). Preliminary experiments in scan mode were performed with a mass range of 50-700 m/z. For the study of the final MS/MS method, the absolute detector voltage was set at 1.7 kV, as suggested in the instrument manual.

LC-ESI-MS/MS

	The LC-ESI-MS/MS instrumentation and method applied were exactly as reported in Glineur et al. [26].

FIGURE-OF-MERITS

	The calibration curves were built using six concentration levels (three replicates at each level), namely 125, 312.5, 625, 1250, 2500, 6250 ng/L for EE2, E2; and 500, 1250, 2500, 5000, 10000, 25000 ng/L for E1. DISs were added at 1250 ng/L for EE2,E2, and 5000 ng/L for E1. The lowest concentration point of the calibration curve corresponded to the LOQrequired by the EU Watch List [21], ap- plying the overall concentration factor resulting from the sample preparation procedure used in [24]. The partial least square model was used to build the calibration curve, and the residual plot was inspected to confirm the linearity of the model. The calibration curves were acquired at both 20 and 70 eV, considering the detector voltage relative to tuning and at 1.7 kV. The LOQs were extrapolated from the lowest concentration of the calibration curve as 10-times the signal-to-noise (S/N) ratio.
Matrix effect (ME) was calculated on the GC-MS/MS and the LC- MS/MS instrument by comparing the response obtained by derivatizing a standard mixture of DISs in pure solvents (A) with the response of the same concentration of derivatized DISs added on the derivatized extract of surface water (B) after the sample preparation described in [24]. Matrix effect was finally calculated as: ME= (B/A)∗100 [27].

Results and discussion

[bookmark: 3.1_Optimization_of_extraction_procedure]FULL SPECTRA

	The GC-EI-MS full scan spectrum profile of the three targeted analytes, acquired setting the ionization energy at 70 and 20 eV, were compared and both absolute and relative intensity profiles at 20 and 70 eV of the most dominant ions for each analyte are reported in Fig. 1. The exact values of the relative and absolute intensity of the most intense ions observed in full scan MS spectra, acquired at 20 eV and 70 eV, are reported in Supplementary Table S2. The entire MS spectra are reported in Supplementary Figure S1- S3. For more information on the fragmentation patterns, the reader is directed to [28].
The non-selective trimethylsilyl fragment, i.e., m/z = 73, was not reported in Fig. 1 to amplify the difference between the other ions. In fact, the fragment 73 m/z was the most intense ion in the spectra acquired at 70 eV for all the target analytes but decreased to almost zero when the ionization energy was reduced to 20 eV. When lowering the ionization energy to 20 eV, the base peaks (100 %) became m/z 196, 285, and 342 for EE2, E2, and E1, respectively (Fig. 1). The intensity of the molecular ions [M+.] increased of 2.29, 1.90, 1.25 times in terms of absolute intensity for EE2, E2, and E1, respectively (Fig. 1D, E, and F).
The relative intensity of the molecular ions increased significantly when the ionization energy was decreased from 70 to 20 eV, namely from 4.6 % to 35.0 % for EE2, from 22.5 % to 87.3 % for E2, and from 76 % to 100 % for E1 (Fig. 1 A,B, and C). The gain for E1 was the most limited one because of the stability of the entire molecule, which presented limited fragmentation already at 70eV. In the case of EE2, the fragment corresponding to the loss of a methyl group ([M+. − CH3 ]= 425 m/z) was significantly more intense than the molecular ion, i.e., 15.5 % ([M+. − CH3 ]) vs 4.6 % ([M+.]) at 70 eV. The fragment 425 m/z increased to 94.0 % at 20 eV, while the molecular ion increase to 35.0 %, in terms of relative intensity.
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Fig. 1. Barplot of both relative (A,B, and C) and absolute (D, E, and F) intensity of the most intense fragments obtained at 20 eV and 70 eV for EE2, E2, and E1, respectively.

MRM OPTIMIZATION 

	Different precursor ions were tested for each compound in or- der to establish the most performing transitions to target (Supplementary Table S3). The MRM transition optimization was per- formed at both 20 and 70 eV for comparison purposes and to evaluate the stability of the entire fragmentation process. The CE was varied between 3 and 45 V, at 3 V intervals. The optimization procedure was repeated three times at each electron energy tested (20 eV; 70 eV). The software elaborated the data automatically, providing a list of transitions ranked according to their intensity. Two or three transitions were selected considering their absolute intensity, providing at least two product ions: one Q ion and one q ion, as re- quired for confirmation in several institutional documents [29,30]. To assure the selection of estrogenic specific ions, the fragmentation pattern of the DIS was used as support. Graphs describing the relative intensity as a function of the CE for the MRM transitions selected for EE2, at 20 eV and 70 eV are reported in Supplementary Figure S4. Generally, the best transitions, in terms of intensity, were obtained using [M+.] and [M+. − CH3 ] as precursor ions. The final selected CEs are reported in Table 1.

QUANTITATIVE COMPARISON : 20 eV VERSUS 70eV

	The calibration curves were built by setting the MS detector according to the specific tuning parameters related to the electron energy used (Supplementary Table S1), except for the detector voltage value, which was set at 1.7 kV to increase the LOQ (as suggested in the instrument manual). In fact, although the tuning parameters applied at 20 eV allowed an increment of the slopes of the curves by ~10-times compared to 70 eV, the LOQ was not suﬃcient since the lowest concentration point of the calibration curve was barely detected at 20 eV (Table 2).

Table 2
Instrumental Limits of Quantification (LOQ in ng/L) for the GC-MS/MS instrument calculated at 70 eV and 20 eV and using the detector voltage set as for the result of the tuning (Tune) or setting an absolute value of 1.7 kV. Instrumental LOQs calculated for the LC-MS/MS as used in [24].
	
	
	
	
	
	
	

	
	GC-MS/MS
	LC-MS/MS

	
	1.7 kV
	
	Tune*
	

	
	70eV
	20eV
	
	70eV
	20eV
	

	EE2
	0.57
	0.12
	
	4849
	151
	12.91

	E2
	1.16
	0.12
	
	5778
	181
	10.11

	E1
	0.11
	0.09
	
	434
	91
	12.97


                                      ∗ Detector Voltage used relative to tune

The saturation of the detector occurred at the highest level for E1 at 20 eV, so one calibration point was removed for this com- pound. Linear functions of calibration showed correlation coeﬃcients (R2) > 0.990 when calculated against the absolute area of the target compounds and R2 > 0.996 when corrected for the DIS. The residual plot showed random distribution confirming the linearity of the model.
The stability of the results at 20 eV and 70 eV was also evaluated by considering the average of the relative standard deviations (RSD %), calculated for the absolute area at each concentration level (RSD % Area in Table 3, n=18), showing values lower than 7 % for both the Q and q ions at 20 eV and below 8 % at 70 eV. The stability of the ion ratios was assessed as well by the average of RSDs, calculated for the q/Q ion ratio at each concentration level (Table 3). RSD % (n=18) of 1.2, 5.3, and 4.3 % were reported for the q/Q ion ratios at 20 eV for E1, E2, and EE2, respectively. It has been observed that the q/Q ion ratio was significantly higher at 20 eV for all analytes. Indeed, the ratio increased from 37 % at 70 eV to 44 % at 20 eV for E1, from 30 % to 38 % for E2 and from 58 % to 64
% for EE2, respectively (Table 3). A higher q ion signal (with noise remaining at the same level) results in an improvement of the S/N ratio, thus of the identification of the target compounds based on the q/Q ion ratio. Indeed, as reported in several Guidelines [29,30], the identification of the analyte relied on several criteria based on both chromatographic separation and MS/MS data. The MS/MS criteria require the monitoring of at least two transitions, for which the chromatographic peaks must perfectly overlap. The two transitions must both show a minimum S/N ratio of 3.
The sensitivity was evaluated by comparing the slopes of the linear functions, using 20 eV and 70 eV. The slope of the linear functions at 20 eV increased by a factor of 2.3, 4.3, 2.3 for EE2, E2, and E1, respectively, when compared to 70 eV electron energy. The LOQ was estimated as 10-times the S/N ratio calculated at the lowest concentration of the calibration curves, when the detector voltage was set as relative to tuning and at 1.7 kV (Table 2). The LOQ obtained raising the detector voltage to 1.7 kV was roughly three orders of magnitude lower for all the compounds in both conditions (i.e., 20 and 70eV). The change in the LOQ comparing 20 eV and 70 eV setting the detector voltage value obtained by the tuning or raising it to 1.7kV was very different, suggesting a non- linear proportionality and multiple contributions on the detector response, among others, the specific fragmentation pattern of the molecules of interest.

Table 3
Area stability: average of RSDs calculated for the absolute area (RSD% Area), average of q/Q ion ratios (Average Ratio) and ion ratio stability: average of RSDs calculated for q/Q ion ratio, these 3 parameters were calculated considering all concentration levels (n=18, 6 concentration level, 3 replicate at each level).
	
	20eV
	
	
	
	70eV
	
	

	MRM (m/z)
	Average RSD% area
	Average Ratio%
	Average RSD% Ratio
	
	Average RSD% area
	Average Ratio%
	Average RSD% Ratio
	

	
	
	
	E1
	
	
	
	
	

	Q
	342.10>257.20
	3.5
	100
	-
	3.6
	100
	-

	q
	342.10>244.20
	5.3
	44
	1.2
	5.1
	37
	2.0

	
	
	
	
	E2
	
	
	
	
	

	Q
	416.40>285.20
	5.7
	100
	-
	5.1
	100
	-

	q
	416.40>129.20
	5.0
	38
	5.3
	6.4
	30
	7.3

	
	
	
	
	EE2
	
	
	

	Q
	425.30>193.20
	6.6
	100
	-
	5.4
	100
	-

	q
	425.30>231.10
	6.8
	64
	4.3
	8.0
	58
	9.8



The LOQs obtained in GC-MS/MS were compared with the instrumental LOQs obtained by injecting the same solution concentration in LC-MS/MS. Different from what was reported by Grover et al. [25], who observed similar LODs in GC-MS, GC-MS/MS, and LC-MS/MS, the instrumental LOQs for the GC-MS/MS instrument were ~100 lower than the LC-MS/MS. This finding is of particular interest for future perspectives. Indeed, in the paper of Glineur et al. [24], which reached the LOQs required by the Water Frame- work Directive Watch List [21] for surface water, a relatively long sample preparation procedure was optimized, involving a concentration factor of 1250-times. Despite two purification steps, the recovery and the matrix effect accounted for a ~50 % signal loss, impairing the LOQs. Considering the ~two-orders of magnitude lower instrumental LOQs obtained in GC-MS/MS, an easier preparation method can be foreseen, none or limited concentration factor would be required (a rough conservative estimation would be to applied a 10-times concentration factor), also considering that GC-EI-MS is reported to be much less affected by matrix effect than the LC-API-MS interfaces [31,32]. To verify this statement in our specific application, the matrix effects obtained in GC-MS/MS and LC-ESI-MS/MS were compared using the sample preparation described by Glineur et al. [24] and then injecting the sample both into the LC-MS/MS and the GC-MS/MS instrument. Almost no matrix effect was observed from the GC-MS/MS determination, on average ME%=100 (92.7% for EE2, 101.2% for E1, and 107.0% for E2) compared to LC-MS/MS, on average ME%=76 (87.0% for EE2, 69.8% for E1, and 71.1% for E2)

Conclusion

	This work reported for the first time the exploitation of lower EI energy coupled with MS/MS as an effective alternative to increase instrumental sensitivity. The approach has been proved effective and robust. The ionization eﬃciency was repeatable, providing consistent results at different concentration levels. The change of the fragmentation profile with softer ionization energy (i.e., 20 eV) reflected in a compound-dependent gain of sensitivity compared to 70 eV, ranging between 1.1- and 9.7-times (i.e, 4.8 for EE2, 9.7 for E2, and 1.1 for E1). Noteworthy, compared to the instrumental LOQ of an LC-MS/MS, 100-times lower LOQs were obtained using 20eV and no matrix effect. Therefore, considering the highly promising starting point, a more straightforward sample preparation method can be foreseen to more easily achieve the LOQs required by the European Watch List for this concerning class of emerging pollutants. Theoretically, it should be possible to reach the targeted LOQs using 2.5 mL, thus leading towards miniaturization of the preparative steps.
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